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Having a universal platform for subsurface, three-dimensional, nanoscale imaging of indivi-

dual biomolecules or biomolecular complexes would be an enabling advance. By detecting

magnetic resonance mechanically, as a force or force-gradient, on an ultrasensitive micro-

cantilever, magnetic resonance force microscopy (MRFM) couples the sensitivity of scanning

probe microscopy with the isotopic specificity of magnetic resonance. While MRFM offers

the depth of view and sensitivity required for magnetic resonance imaging with nanometer

resolution, imaging experiments to date have been largely limited by long signal acquisition

times and low signal-to-noise imparted by imaging small spin ensembles. In the limit of

detecting nuclear magnetic moments or electron spin labels from a single biomolecule, the

magnetic resonance signal is largely dominated by statistical polarization fluctuations —

so-called ‘spin noise’ — rather than the well-defined Curie-law magnetization detected in

macroscale magnetic resonance experiments.

In this dissertation, we discuss the development of a microscope with the sensitivity

required to perform three-dimensional nuclear magnetic resonance imaging with nanometer

resolution and imaging of nitroxide spin radicals at the single spin level. We propose and

demonstrate protocols to overcome the spin-noise limit by generating hyperthermal 1H spin

magnetization via microwave-assisted dynamic nuclear polarization for the first time in a

MRFM experiment. The modest 10 to 20 times enhancement in nuclear spin magnetization

reported in this work is sufficient to push a spin ensemble containing ∼ 105 1H spins, the

approximate size of a protein, out of the spin-noise limit and into the regime where thermal



polarization is dominant.

Furthermore, we discuss microscope developments and sample preparation protocols to

reduce the cantilever frequency noise experienced by a nanomagnet tipped cantilever opera-

ting near a sample surface by nearly two orders of magnitude. With these methods imple-

mented, we propose a spin modulation protocol capable of detecting and imaging individual

electron spin probes affixed to a biological sample. Promising preliminary results show the

sensitivity required for imaging a single electron spin with an attonewton sensitivity canti-

lever.

The magnetic resonance force microscope experiments described here offer new paths

to achieving high-resolution, single molecule magnetic resonance imaging — an extremely

exciting prospect.
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CHAPTER 1

INTRODUCTION TO MAGNETIC RESONANCE FORCE MICROSCOPY

1.1 Motivation

One of the main bottlenecks in the development of new biopharmaceuticals is our inability to

determine the three-dimensional, nanoscale structure, and therefore function, of the biologi-

cal assemblies comprising the drug targets. Of particular interest are membrane proteins and

disordered proteins. Membrane proteins represent ∼ 25% of all proteins in the human body

but less than 2% of the known protein structures in the Protein Data Bank [1]. It is believed

that disordered proteins constitute as much as 30 to 50% of the eukaryotic proteome, make

up more than 70% of all signaling proteins, and represent 57% of all proteins associated with

cardiovascular disease [2–4]. Despite the high demand for utilizing membrane proteins and

disordered proteins as drug delivery targets, the underlying biological components of these

systems are not well-understood.

Disordered and membrane proteins are far from the only biomolecules whose nanoscale

structure and function are not well understood. The complex biomolecular assemblies re-

sponsible for processes including cell signaling, transcription, and translation remain difficult

to study with existing techniques [5]. While a suite of tools have been developed to provide

insight into these fundamental processes, current state-of-the-art analysis and imaging tools

remain limited in their ability to study large, complicated biological structures.

To date, fluorescence microscopy, inductively detected magnetic resonance, x-ray cry-

stallography and scattering, and electron microscopy have provided valuable insight into

the three-dimensional structure of biomolecules. However, each of these methods also suf-

fers from distinct limitations to their sensitivity, their achievable imaging resolution, or the
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samples that can be studied.

For some biological systems, imaging resolution of tens of nanometers is sufficient to

provide valuable insight into the structure. For these biological molecules, optical imaging

and magnetic resonance are indispensable tools. Optical imaging of fluorescent labels and

super-resolution microscopy have recently been used for three-dimensional imaging in living

cells with nanometer scale resolution — allowing for the determination of biomacromole-

cular structure in the native environment [6–8]. The exciting opportunities presented by

super-resolution microscopy are, however, limited in resolution to between tens and hund-

reds of nanometers, require demanding sample preparation to attach fluorescence labels and

often suffer from cross-talk between the fluorophores [7, 8]. Inductively detected magnetic

resonance has made significant contributions in the determination of biological structures

through recent advances in both electron spin resonance (ESR) and nuclear magnet reso-

nance (NMR). While magnetic resonance is intrinsically limited by low spin sensitivity, vast

improvements have been made by decreasing the size of detection coils [9–11] and increasing

the frequency (i.e. the external magnetic field) of experiments [12]. With ensemble avera-

ging, and systematic labeling with electron spin radicals, ESR has been used to determine

the interspin spacing, and therefore glean insight into the molecular structure, for spin labels

up to 10 nanometers apart [13–16]. Harnessing the power of magic angle spinning and dyna-

mic nuclear polarization have drastically improved the spin sensitivity in NMR and allowed

for high-resolution characterization of membrane proteins in matrices similar to their na-

tive environment [1, 17–20]. Even with these impressive advancements, magnetic resonance

experiments typically still require high concentrations (1012 to 1015 nuclear spins or 106 to

109 electron spins [12]) of extremely pure samples — a serious limitation in terms of sample

preparation.

To achieve nanometer or subnanometer imaging resolution, X-ray and electron microscopy
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techniques are commonly used. X-ray scattering is routinely used to determine the three-

dimensional arrangement of atoms in biological samples with near atomic resolution [21–24].

Unfortunately, a large number of disordered proteins, membrane proteins, and biomacromo-

lecular complexes simply cannot be crystallized. Even for less complex biomoleucles, cry-

stallization can be a lengthy process requiring extremely pure samples. Electron microscopy,

particularly cryo-electron tomography, is routinely used to generate electron density maps

with a resolution of a few nanometers when thousands of identical copies of the sample are

present [25–27]. For a single molecule, cryo-electron tomography can be used to determine

the structure but the resolution is limited to 5 nm or worse due to radiation damage [28].

In this work, we propose using magnetic resonance force microscopy (MRFM) as a tool

for characterizing individual, single copies of biomolecules or biomolecular complexes with

nanometer, three-dimensional imaging resolution. By detecting magnetic resonance with an

ultrasensitive microcantilever, we can eliminate the stringent sample concentration require-

ments of inductively detected magnetic resonance and the demands for a highly purified,

crystallized sample required by X-ray crystallography. By imaging the biomolecules native

nuclear spins, or uniformly labeled electron spin radicals, we eliminate the large, perturbative

fluorescence labels necessary for super-resolution optical microscopy and the need to seri-

ally attach individual electron spin pairs in pulsed electron spectroscopy. Finally, by using

non-invasive magnetic field gradients and radiofrequency/microwave irradiation to modulate

the sample spins, we eliminate the radiation damage that limits the imaging resolution in

electron microscopy.
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1.2 Introduction to MRFM

Magnetic resonance force microscopy (MRFM) was first proposed by John Sidles in 1991 as

a method for achieving high-sensitivity magnetic resonance imaging (MRI) [29]. In practice,

the mechanical detection of electron spin resonance with MRFM was first realized by Rugar

in 1992 [30], followed shortly thereafter by the detection of 1H nuclear magnetic resonance

in 1994 [31]. Since these initial experiments, improvements to the experimental setup have

increased the experimental sensitivity by nearly 7 orders of magnitude [32] enabling one-

dimensional imaging of a single electron spin in quartz [33] and three-dimensional nuclear

magnetic resonance imaging with one to ten nanometer resolution [34, 35].

High-resolution imaging with MRFM is achieved by marrying the force sensitivity of scan-

ning probe microscopy with the isotopic specificity of magnetic resonance. By detecting mag-

netic resonance as a force or force-gradient on an attonewton sensitivity microcantilever[36–

38], MRFM offers the sub-surface sensitivity required for nanoscale magnetic resonance

imaging. The custom fabricated, high-compliance microcantilevers, or nanowires, used in

MRFM have a spring constant approximately three to four orders of magnitude smaller

than a typical atomic force microscopy (AFM) cantilever [36, 38–41]. With this low spring

constant, these cantilevers routinely demonstrate a force sensitivity of ∼ 10× 10−18 N/
√

Hz

or 10 attonewton/
√

Hz. To avoid these soft, fragile cantilevers snapping into the sample

surface, MRFM cantilevers are not operated in the typical AFM geometry [36]. Rather

than oscillating the cantielver perpendicular to the sample surface, MRFM cantilevers are

oscillated paralell to the sample surface with the cantilever’s long axis along the surface

normal. This orientation precludes the cantilever from detecting surface forces through the

same mechanisms used in conventional scanning probe microscopy experiments but allows

for ultra-sensitive sub-surface detection of magnetic resonance.

A sketch of the MRFM experimental setup can be seen in Fig. 1.1. A detailed description

4



of the magnetic resonance force microscope used for this dissertation work can be found in

Chapt. 2. In brief, a magnet-tipped cantilever is used as a force sensor to detect magnetiza-

tion from an underlying sample. It is worth noting that the forces and detection protocols

described here are equally valid if the magnet tip is located on an underlying substrate and

the sample of interest is located on the cantilever tip. In fact, many of the most sensitive

MRFM imaging experiments to date have been performed with the latter orientation rather

than the magnet-on-cantilever orientation described here [34, 35, 42, 43]. In this work, we

will focus on experiments in which a micrometer scale spherical magnet [44–47] or a nano-

meter scale rectangular magnet [48, 49] is affixed to the end of the cantilever. Having a

high-gradient magnet on the cantilever opens up a range of potential samples — including

flash frozen biomolecules, biomolecular complexes, and organic electronic devices — that can

be studied by allowing for sample preparation to occur on an external substrate rather than

on the tip of a fragile microcantilever.

With a magnet-tipped cantilever in place, the cantilever’s motion is monitored with a

fiber optic interferometer [50]. The cantilever is oscillated at its resonance frequency fc. In

the presence of an external magnetic field B0, the cantilever’s magnetic tip generates an

additional tip field Btip within the sample. A transverse magnetic field is applied to the

sample via a radiofrequency (rf) or microwave (MW) source to modulate the sample spin’s

magnetization. In the experiments described here, a coplanar waveguide is used to deliver

the transverse field (Chapt. 3). When the transverse field is applied, a ‘bowl’-shaped region

of spins below the sample surface — known as the resonant slice — meet the resonance con-

dition and the z-component of the spin magnetization is modulated. To meet the resonance

condition (Fig. 1.1(b)) the frequency of the applied transverse field ω0 must be equal to

the gyromagnetic ratio of the spins to be detected γ multiplied by the total magnetic field

B0 + Btip experienced by the spins. For a nanomagnet tipped cantilever with a magnetic

field gradient on the order of ∂Bz/∂x = 5 mT/nm [49], this resonance condition is only
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Figure 1.1: Sketch of the magnetic resonance force microscope experiment showing (a) the
experimental setup and (b) the resonance condition required for detecting and imaging mag-
netic resonance.

satisfied by a slice of spins that is just a few nanometers thick. As the z-magnetization of

the sample spins Mz is modulated, the spin magnetization exerts a force on the cantilever

tip which is read out as a change in the cantilever amplitude (for a force-based experiment)

or as a change in the cantilever resonance frequency (for a force-gradient based experiment).

Mathematically, the vector force F exerted on the cantilever by the magnetic moment µ

of the resonant spins in the presence of magnet tipped cantilever with field Btip is

F = (µ ·∇)Btip. (1.1)

For the experiments described in this dissertation, the external magnetic field is applied

along the z-direction such that B0 = B0ẑ. Consequently, both the magnet on the tip of

the cantilever and the sample spins are also polarized in the z-direction to align with B0.
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With this orientation, the µz component of the spin magnetization is the only non-zero

component. Contrary to conventional, inductively detected magnetic resonance in which

the in-plane µx component of the magnetization is detected, the non-zero, µz component of

the magnetization is directly measured in MRFM experiments. For a cantilever whose long

axis is perpendicular to the sample surface, and whose oscillation is parallel to the sample

surface, as shown in Fig. 1.1(a), the resulting force from the spin magnetization acting on

the cantilever is

Fx = µz
∂Bz

tip

∂x
. (1.2)

From Eq. 1.2, we see that the force acting on the cantilever from a single spin is dependent

on the spin’s magnetic moment µz — a constant based on the spin’s identity — and the

gradient of the magnet tip ∂Bz
tip/∂x. In theory, the force can be increased indefinitely by

improving the magnet tip-field gradient. In practice, there are experimental limitations to

the achievable magnetic field gradient — particularly for a magnet affixed to the end of an

attonewton sensitivity cantilever.

1.2.1 Force vs. force-gradient detection

In order to detect magnetic resonance mechanically, we must consider how to generate and

read out the spin force signal acting on a cantilever. First, let us consider modulating the

spin resonance with a single adiabatic rapid passage (ARP) sweep to invert the sample

magnetization [44, 47]. Within the resonant slice generated by the magnet-tip field, the

magnetization would be uniformly inverted from µz to −µz. With a spherical or rectangular

magnet tip, the resonant slice forms the shape of a bowl through the sample. As such, the

change in magnetization within this bowl-shaped slice would exert an equal force acting

on the cantilever from all directions as sketched in Fig. 1.2(a). For this type of uniformly

polarized sample, the net force on the cantilever is zero and no change in the cantilever
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Figure 1.2: Force detected and force-gradient detected magnetic resonance force microscopy
experiments. (a) An adiabatic rapid passage (ARP) is applied to the sample to invert the spin
magnetization in a resonant slice generated by the cantilever’s magnet tip. The symmetric
region of inverted magnetization within the resonant slice exerts a net-zero force on the
cantilever. (b) Over a uniformly polarized sample, the magnet tipped cantilever oscillates at
its resonance frequency in a harmonic potential. After an adiabatic rapid passage inverts spin
magnetization in a resonant slice, the resulting change in magnetization alters the potential
well of the harmonic oscillator. As a result, the spin magnetization can be read out with
this force-gradient detection scheme as a change in the cantilever’s apparent spring constant
and therefore its resonance frequency.

oscillation amplitude is observed. To detect magnetic resonance as a force on the cantilever,

the sample must have a left/right imbalance in the spin magnetization. Such a sample could

be achieved by having non-uniform polarization, having a discrete sample located off-center

from the magnet tip, or by measuring magnetization fluctuations (or statistical polarization)

rather than thermal polarization [34, 51–55].

To detect the magnetization from a uniformly polarized sample, we use a force-gradient

based detection protocol as shown in Fig. 1.2(b). For a force-gradient MRFM experiment, the

sample’s magnetization is read out by the cantilever as a change in the cantilever’s apparent

spring constant kc and therefore the cantilever’s resonance frequency [33, 44, 45, 47], rather

than a change in the cantilever’s amplitude. Experimentally, the cantilever is driven at
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its resonance frequency via a positive feedback circuit [56]. When a frequency modulated

adiabatic rapid passage sweep through resonance is applied to invert the spin magnetization

in the resonant slice, the uniform force acting on the sample acts to change the harmonic

potential of the oscillator, and in turn changes the cantilever’s apparent spring constant. A

small shift in the cantilever spring constant can be read out immediately as a change in the

cantilever’s resonance frequency ∆f as

∆f = fc
∆k

2kc

. (1.3)

Here, we will discuss in detail the two force-gradient based detection protocols used throug-

hout this work.

DC-CERMIT detection protocol To overcome the sample limitations of force-detected

protocols, Garner and coworkers proposed a force-gradient based protocol applicable for use

with homogeneously magnetized samples known as cantilever enabled readout of magneti-

zation transients or CERMIT [44]. The CERMIT method allows a direct readout of the

µz component of spin magnetization as a change in the cantilever resonance frequency and

allows for real-time tracking of nuclear spin lattice relaxation [47, 57] assuming that the

spin-lattice relaxation time T1 >> Tc = 1/fc, where Tc is the cantilever’s oscillation period.

As described above, inverting a region of sample magnetization generates a force on the

cantilever Fx as given by Eq. 1.2. We recognize from Hooke’s law that a change in the force

acting on an oscillator is equal to a change in the oscillator’s spring constant and can derive

an expression for the change in cantilever spring constant from j sample spins

∆kc =
∂Fx
∂x

=
∑
j

µz(~rj)
∂2Bz

tip(~rj)

∂x2
(1.4)

where ~rj indicates the location of spin j. Combining Eq. 1.3 with Eq. 1.4 we find that with

this CERMIT experiment, applying an adiabatic rapid passage to invert nuclear spins should
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result in an instantaneous shift in the cantilever resonance frequency

∆fc =
fc

2kc

∑
j

µz(~rj)
∂2Bz

tip(~rj)

∂x2
. (1.5)

As shown, the cantilever resonance frequency will directly track the z-component of the

sample magnetization. As such, fc will remain shifted after an adiabatic rapid passage until

a second ARP sweep is used to re-invert the magnetization or the spins relax back to a state

of thermal equilibrium.

There are several advantages to using this DC-CERMIT detection protocol. First, the

cantilever resonance frequency shift is essentially instantaneous [56]. Second, by monitoring

the cantilever resonance frequency continuously after an adiabatic rapid passage, the spin-

lattice relaxation can be monitored in real-time as spins relax to their equilibrium state

[57]. Finally, this frequency shift signal, as given by Eq. 1.5 has a well-defined magnitude

and sign based on the magnetic field gradient of the cantilever tip. This well-defined signal

reduces the amount of signal averaging required, as compared to force-based experiments and

particularly when compared to those used to detect statistical magnetization fluctuations [34,

51–55]. Furthermore, the cantilever frequency shift signal can be calculated numerically from

the magnetic field gradient of the cantilever tip and the spin’s magnetization as discussed

in Chapt. 8. This DC-CERMIT modulation protocol was implemented extensively in the

experiments of Chapt. 5 to detect both thermally polarized and hyperpolarized nuclear

magnetic resonance.

Modulated-CERMIT detection protocol As noted above, the DC-CERMIT, force-

gradient detection protocol of Garner et al. is of use when the spin-lattice relaxation time of

the sample is significantly longer than the period of the cantilever’s oscillation. This condition

is met for most nuclear magnetic resonance experiments at cryogenic temperatures including

1H in polystyrene, both undoped and doped with 40 mM TEMPAMINE spin radicals at 4
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K [47], 71Ga and 69Ga in GaAs between 4 and 25 K [44, 57, 58], and 19F in CaF2 at 600

mK [42]. Unfortunately, the spin lattice relaxation time of nitroxide radicals — commonly

used as spin labels in biological systems [59–62] — have a T1 ∼ 1 ms rendering them

incompatible for detection with Garner’s CERMIT detection protocol. In 2009, Moore and

coworkers proposed and demonstrated a modulated CERMIT protocol for detecting electron

spin resonance from the nitroxide spin probe TEMPAMINE as a shift in the cantilever

resonance frequency [45].

In the spin modulation protocol outlined by Moore, and implemented in Chapters 5 and

7 of this work, amplitude modulated microwaves were applied in sync with the cantilever

oscillation. By applying a fixed frequency microwave pulse, starting with the cantilever at its

maximum displacement and lasting half a cantilever cycle, the cantilever motion sweeps out

a resonant slice of saturated electron spin magnetization. With the electron spin T1 ∼ 1 ms,

the electron spin magnetization begins to relax to equilibrium and the cantilever resonance

frequency begins to return to its initial value immediately after the pulse is complete and be-

fore the shift in cantilever resonance frequency can be accurately determined. To avoid this

loss of signal, microwave pulses are applied every n cantilever cycles (with n typically equal

to two or 3 in order to maintain the saturation of electron spin resonance but avoid sample

heating from continuous microwave pulses) to repeatedly saturate electron spin magneti-

zation. However, if the electron spins are continuously saturated, the cantilever resonance

frequency remains shifted and we, again, cannot determine δfc. To generate a discernable

cantilever frequency shift signal, the microwaves are periodically turned off, and left off, for a

period of time to allow fc to relax back to its resonance frequency. Modulating these periods

of microwaves on/off at a given frequency causes a modulated cantilever resonance frequency

that can be detected with a lockin amplifier [45]. As with the DC-CERMIT experiments

described above, this modulated CERMIT protocol generates a well-defined cantilever fre-

quency shift signal with data collection and averaging times on the order of 30 seconds to 5
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minutes [45, 47, 48].

1.3 Nanoscale magnetic resonance imaging (nano-MRI) with MRFM

One of the main goals of magnetic resonance force microscopy, and particularly this dis-

sertation work, is performing three-dimensional magnetic resonance imaging (MRI) with

nanometer scale resolution. To date, there have been several milestone, nano-MRI experi-

ments performed with MRFM including a one-dimensional image of a single electron spin

in quartz with 25 nm resolution [33], a one-dimensional image of 1H in polystyrene with

2 nm resolution, and a three-dimensional 1H image of a single tobacco mosaic virus with

between 4 and 10 nm resolution. While these experiments each represents a significant

milestone in the MRFM community, these experiments have yet to be expanded upon or

reproduced. Additionally, the single electron spin imaging experiment and the viral imaging

experiment each had experimental requirements/limitations that render them inapplicable

for high throughput MRFM imaging of biological samples.

In the electron spin detection protocol of Rugar and coworkers [33], a single electron

spin from a γ-irradiated quartz sample was detected as a force-gradient on a magnet tipped

cantilever. This experiment relied extensively on the long (760 ms) spin coherence time of this

particular electron spin — allowing for coherent spin inversions for thousands of cantilever

cycles. For a nitroxide spin radical, the coherence time or the rotating frame relaxation time,

is expected to be only a few microseconds [45, 63–65]. To achieve a detectable spin signal

and a reasonable signal-to-noise ratio, each data point in the 1D image was signal averaged

for 13 hours [33]. While this demonstration of single electron spin sensitivity with MRFM is

impressive, the experimental demands of this particular experiment are impractical for use

in nano-MRI experiments.
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In the viral imaging experiment of Degan et al., a single copy of a tobacco mosaic virus

was affixed to the leading edge of an attonewton sensitivity microcantilever [34]. A high-

gradient nanomagnet tip was positioned on an underlying substrate to provide the magnetic

field gradient necessary for nano-MRI. Immediately, we can see one of the major limitations

of this experimental protocol. Attaching a biological sample to the end of a cantilever

places stringent requirements on the size and robust nature of the sample to be studied.

Additionally, it required several days of cantilever scanning to locate the virus sample by

its magnetic resonance signal before MRI experiments could be performed. The limitation

on the scope of potential samples has been addressed by the nanomagnet tipped cantilevers

of Longenecker and coworkers [49]. The nanomagnet tipped cantilevers of Ref. 49 have

demonstrated a magnetic field gradient, and therefore a measurable spin force (Eq. 1.2), on

par with the off-cantilever magnet tip of Ref. 34. Furthermore, in Chapt. 4 we discuss a series

of protocols developed to rapidly align a nanomagnet tipped cantilever to a specific region of

interest in the sample. These methods have demonstrated micrometer scale accuracy under

experimental operating conditions of ∼ 1× 10−5 mbar and T0 = 4.2 K. Implementing these

protocols into a nano-MRI experiment should help to reduce the experimental setup time

required by Degen and coworkers.

In addition to the long experimental setup times required for the viral imaging experi-

ment of Ref. 34, the imaging protocol required over five days of data acquisition and signal

averaging. Keeping a cryogenic, scanning probe experiment, with an attonewton sensitivity

cantilever stable for five days is quite a feat — and fairly impractical if MRFM is to be

used as a routine nano-MRI characterization tool. The long signal averaging times required

for this imaging experiment stem from a force-based detection protocol and the imaging of

statistical magnetization fluctuations as discussed below [34, 51–55].
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1.3.1 Thermal polarization vs. statistical polarization fluctuations

In the force-gradient-CERMIT detection protocols of Garner [44] and Moore [45], the spin

signal results from the inversion of thermally polarized spins. The degree to which the spins

are polarized under the experimental conditions is given by the Curie-law:

p = N tanh

(
~γB0

2kBT0

)
(1.6)

where p is the polarization or the difference in occupancy between the spin up and spin

down states, N is the number of spins in the sample, ~ is Planck’s constant/2π, γ is the spin

gyromagnetic ratio, B0 is the external applied magnetic field, kB is Boltzmann’s constant,

and T0 is the temperature. As discussed, these experiments generate a cantilever frequency

shift signal with a well-defined magnitude and sign. To increase the signal in one of these

experiments, one could consider increasing the number of sample spins, the external magnetic

field, or decreasing the temperature.

In contrast, the single electron spin imaging experiment [33] and the viral imaging ex-

periment [34] detected statistical magnetization fluctuations rather than the thermal pola-

rization. This allowed for force-based detection as random spin fluctuations acting on the

cantilever generate an asymmetric, measurable force. Additionally, for a small number of

spins in the sample, the statistical magnetization fluctuations actually exert a larger force on

the cantilever than the polarized spin signal. Fig. 1.3 shows the relative magnetic resonance

signal from polarized spins as given by Eq. 1.6 (red line) and from statistical magnetiza-

tion fluctuations that scale as
√
N (blue line) for a representative MRFM experiment at

T0 = 4.2 K and B0 = 2.48 T. The vertical, grey dashed line represents the number of

spins present in the experiment of Ref. 34. As shown, the signal from the magnetization

fluctuations is larger than the polarized spin signal under these sample conditions. While

the fluctuating magnetization signal may be a larger force acting on the cantilever, this

‘spin-noise’ signal is truly random ‘noise’ in the sense that for any given measurement, the
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Figure 1.3: Plot of the polarization expected in a sample containing 1H spins at T0 = 4.2 K
and B0 = 2.48 T. The solid red line is the thermal polarization given by the Curie-law as
shown in Eq. 1.6. The blue line indicates the statistical polarization fluctuations that scale
as the square-root of the number of spins in the sample. The grey dashed line indicates the
number of spins present in the single virus imaging experiment of Ref. 34. The red shaded
region is the potential hyperpolarization accessible through dynamic nuclear polarization —
where the 1H thermal polarization can be enhanced by up to 660 times.

measured Mz can be positive or negative and have any magnitude. Averaging the measured

force over time leads to a measured magnetization of zero. As described in Refs. 34 and

54, by modulating the sample magnetization, performing lockin detection, and taking the

difference in the variance of the in-phase and out-of-phase components, the sample magneti-

zation can be determined. However, this method of signal acquisition requires lengthy signal

averaging times and leads to the impractically long imaging times of Ref. 33 and 34.

In this work, we propose two alternative methods for obtaining three-dimensional nanos-

cale magnetic resonance images — both of which involve detecting well-defined, thermally

polarized spin signal. In Chapter 5, we propose and demonstrate a method for detecting

hyperpolarized nuclear magnetic resonance through microwave-assisted dynamic nuclear po-

larization (DNP) [17, 66–68]. By transferring polarization from well-polarized electron spins

(γe/2π = 28 GHz/T) to the lesser-polarized nuclear spins (γ1H/2π = 42.56 MHz/T), the

nuclear spin signal can be enhanced by up to 660 times (γe/γ1H). This region of potential

enhancement can be seen in the red shaded region of Fig. 1.3. For the number of spins
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present in a typical protein molecule at T0 = 4.2 K and B0 = 2.48 T, a modest nuclear

polarization enhancement of only ∼ 5 times would be enough to push the experiment out of

the ‘spin-noise’ limit. Furthermore, we analyze the mechanism of polarization transfer in the

presence of a magnetic field gradient and consider the prospects of imaging hyperpolarized

1H spin magnetization.

In Chapter 7, we propose a modified version of the electron spin resonance experiment

described in Ref. 45 to perform single electron spin imaging of individual nitroxide spin

probes. The potential signal-to-noise is analyzed in detail and compared to experimentally

determined noise values (Chapt. 6) for feasibility. Initial experiments have led to the deve-

lopment of detailed sample preparation and experimental protocols which will be discussed.
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CHAPTER 2

CORNELL’S 3RD GENERATION MAGNETIC RESONANCE FORCE

MICROSCOPE

2.1 Microscope development, maintenance and operation

A detailed description of Cornell’s 3rd generation magnetic resonance force microscope super-

structure can be found in Ref. 69. Photographs highlighting the main microscope components

can be seen in Fig. 2.1. Throughout the duration of the work described here, the superstruc-

ture of the microscope has remained largely unchanged. However, upon cold-testing and

obtaining the first signal from this microscope, several components of the probe have been

rebuilt or replaced. These modifications will be discussed. Additionally, modifications have

been made regarding standard operating procedures. The design and development of copla-

nar waveguides for delivering a transverse, oscillating field to the sample will be discussed

in Chapter 3.

Cantilever mount and bias clip — For all of the magnetic resonance force microscope

experiments described in this dissertation, the cantilever has been driven at its resonance

frequency and magnetic resonance has been detected as a change in this cantilever resonance

frequency. Inducing self-oscillation of the cantilever was done through the use of a bending

piezo located at the base of the cantilever. The cantilever was positioned on a piezo stack

adhered to the probe’s cantilever stage as shown in Fig. 2.2. The piezo stack was composed

of a ∼ 5 mm by 4 mm non-magnetic, piezo bending actuator (Piezo Systems, Inc. P/N

PSI-5A3, 0.020′′ thick, x-poled) sandwiched between two insulating sapphire plates (0.020′′

thick). The bottom sapphire plate was affixed to the probe’s cantilever stage using Epoxy

907 (Miller-Stephenson). The piezo plate was then affixed to the top of the sapphire plate
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Figure 2.1: Superstructure and component’s of Cornell’s 3rd generation magnetic resonance
force microscope. (a) The microscope superstructure showing the liquid cryogen dewar hou-
sing a variable-field (±9 T), superconducting magnet hoisted over the microscope’s vacuum
can. (b) View of the vacuum can with the dewar lowered from the microscope’s super-
structure. (c) View of the microscope stage within the vacuum can highlighting the main
microscope components and mechanisms for three-dimensional motion. The multicolored
wires are the electrical connections for the Pan-style walker and the yellow optical fibers
form Fabry-Pérot interferometers for watching the cantilever and stage motion. (d) Zoom-in
of the cantilever stage and copper clip used for holding and biasing the cantilever, respecti-
vely. The cantilever stage is positioned to align the cantilever to the coplanar waveguide and
sample that remain stationary/affixed to the sample platform.
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Figure 2.2: Schematic of the cantilever stage and piezo stack used to drive the cantilever into
self-oscillation. (a) Photographs of the cantilever stage including the mirrors used as part of
the fiber-optic interferometers to watch the z and y motion of the stage. The cantilever is
placed on the piezo stack which is driven with a sine-wave via positive feedback to oscillate the
cantilever at its resonance frequency. The yellow optical fiber is aligned with the cantilever
pad to monitor the cantilever motion. (b)Side-view sketch of the piezo stack used to drive
the cantilever’s motion.

and a copper wire was adhered between these pieces using conductive silver epoxy (Epoxy

Technology, Inc. H20E two component silver epoxy). This copper wire was used to apply a

bias to the piezo in order to drive the cantilever at its resonance frequency. On top of the

piezo piece, a 0.001′′ thick copper foil (99.999% Alfa Aesar, P/N 10950, ∼ 7 to 8 mm by 4

mm) was connected using conductive silver epoxy. This copper foil was used to ground the

bending piezo. The copper foil was bent around the edge of the sapphire stack and held in

contact with the probe’s cantilever stage with a copper clip and a screw. It is important to

check that the copper foil does not make electrical contact with the biased side of the piezo

and that the silver epoxy does not short across the edges of the piezo. The second sapphire

plate was then attached to the copper foil and the cantilever was held on top of this second,

insulating plate using 5 minute epoxy.

To enable the surface noise experiments described in Chapter 6 and reduce the interacti-

ons between the cantilever and the sample surface, it was critical to apply a bias voltage to
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the tip of the cantilever. While the silicon cantilever is nominally insulating, by putting a

large DC bias voltage on the base of the cantilever, charges are able to move on and off the

tip of the cantilever to null contact potential differences between the cantilever tip and the

sample surface, and reduce the effects of sample charging. Additionally, applying a bias to

the cantilever was useful in aligning the cantilever to sample features as described in Chapt. 4

[70]. It is useful to note that the amount of charge on the tip of the cantilever and the char-

ging rate is highly dependent on the cantilever, magnet, magnet attachment protocol, and

temperature. Under some conditions, it can take tens of minutes for the cantilever charges

to stabilize after a DC bias is applied to the tip.

To apply this DC bias voltage, a copper clip was fabricated. This clip was positioned on

top of the cantilever and mechanically fastened the cantilever stage — helping to hold the

cantilever in place during thermal cycling and allowing for the application of a bias voltage.

As such, the copper clip was grounded to the cantilever stage, and also to the body of the

microscope. To apply a bias to the cantilever, an insulating sapphire plate was attached to

the copper clip using insulating Epoxy 907. A copper wire was affixed to the opposite side

of the sapphire plate with conductive silver epoxy. When the copper clip was positioned in

place on the cantilever, the copper wire/conductive epoxy was in contact with the cantilever

base. A bias voltage was then applied to the copper wire to bias the tip of the cantilever.

In assembling the various components of the microscope, it is important to note the

stability of the components upon thermally cycling. The various epoxies used in the assembly

are not all rated to cryogenic temperatures and have a finite lifetime. The following empirical

lifetimes should be noted:

1. The cantilever was positioned onto the drive stage with a drop of Apiezon N-type

grease and then secured in place with 5-minute epoxy before the bias clip is secured

on top. The 5-minute epoxy on this stage tends to release after 2 to 3 thermal cycles
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to 77 K or a single cycle to 4 K. If the cantilever has been cooled several times and

the peak-to-peak interferometer signal is diminished, the alignment of the cantilever

should be checked. While the grease and clip usually hold the cantilever in place, the

epoxy can pull or torque the cantilever as it gives out.

2. The cantilever drive stage was held together with silver epoxy for conductive con-

nections, between the piezoelectric/bias/ground, and with Epoxy 907 for electrically

insulating connections, between sapphire and metal stage. Due to differences in the

thermal expansion coefficients of the various materials, both the conducting and non-

conducting epoxies tend to crack after 2 to 3 thermal cycles to 4 K. After each cycle

to 4 K the stability of the drive stage should be tested by gently pushing on the edges

with tweezers. If there is any wiggle in the stage, it should be rebuilt or reglued depen-

ding on the severity of the crack. If this stage is loose, it will often appear as though

the cantilever loses and regains alignment over the course of the experimental setup.

Thermally cycling the microscope while this stage is loose presents an unnecessary risk

of breaking the cantilever and is not recommended.

3. The reflective silicon surface for the x-direction Fabry-Pérot interferometer was held

in place with Apiezon N-type grease. This typically holds the silicon without fail.

However, if no motion can be observed with the Pan-style walker or piezo tube as

described in Section 2.2, it is likely that the silicon chip has fallen off, the surface is

too dirty to be reflective, or the x-fiber is damaged. Checking the cleave voltage of the

fiber can test the latter, while observing the silicon surface and wiping with isopropyl

alcohol before replacing can fix the former.

4. The reflective silicon surfaces for the y and z directions were held in place with either

5 minute epoxy or Epoxy 907. While Epoxy 907 typically remains intact for 2 to 3

cycles to 4 K compared to the 2 to 3 cycles to 77 K of 5-minute epoxy, Epoxy 907

must be cured at atmospheric pressure and room temperature for 24 hours. Failure in
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the y/z fiber-reflective silicon surface setups can be diagnosed in a manner similar to

that of the x-direction setup.

5. The optical fiber used to monitor the cantilever motion was held in place with Stycast

(Lakeshore Cryotronics P/N ES-2-20). This epoxy is rated to liquid helium tempera-

tures and its thermal properties are well matched to the titanium cantilever stage that

the fiber is adhered to. Additionally, this optical fiber typically has to be re-glued to

achieve proper alignment each time the cantilever is changed. It is highly unlikely for

the epoxy holding the cantilever fiber interferometer in place to fail over the course of

an experiment or while cold-testing the microscope.

Characterization and scattering parameters of coaxial cables — Magnetic reso-

nance force microscopy experiments require a high-strength, transverse oscillating magnetic

field to modulate the sample spins and create a detectable force or force-gradient on the can-

tilever. To generate this field, a broadband coplanar waveguide, as discussed in Chapter 3

has been developed and was coupled to commercial frequency generators operating between

20 MHz and 40 GHz. The frequency generators (National Instruments PXI-5421 for radiof-

requency rf and Anritsu-Wiltron 68147B for microwave irradiation MW) are further coupled

to amplifiers (Kalmus 320FCP-CE for rf and Narda West DBP-0618N830 or Marki Micro-

wave ADA-1020CMM for MW) to achieve the power necessary for generating millitesla or

microtesla strength magnetic fields. With the commercial frequency generators, a series of

coaxial cables were used to span the several meters of length from the sources to the top of

the probe’s vacuum can, then further run down the length of the probe superstructure, and

finally into the coplanar waveguide. It is therefore critical to characterize the losses through

these coaxial cables and SMA connectors over a broad range of frequencies to ensure that

the required power reaches the coplanar waveguide.

Within the magnetic resonance force microscope described here, there are two types of
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coaxial cables connecting the input from the frequency power amplifiers to the coplanar

waveguide. The first set of cables running down the length of the probe are semi-rigid

coaxial cables equipped with SMA connectors (Astrolab P/N SemiRigid-Astro-Cobra-Flex).

These cables were rated for operating at cryogenic temperatures, for frequencies up to 26.5

GHz, and were said to have losses of -3 dB per meter at 20 GHz. In total, there were

four of these cables, each one meter in length. The cables were connected such that two

were attached to the input of the microscope and two were connected to the output of the

microscope, each set running from the very top of the probe’s superstructure to the top

of the microscope’s vacuum can. To connect the semi-rigid coaxial cables to the coplanar

waveguide, flexible cables were used (Astrolab P/N Minibend LR-30). Again, these cables

were rated for operation up to 26.5 GHz with -3 dB of losses at 20 GHz. These coiled cables,

however, were not explicitly rated for cyrogenic temperatures.

To ensure the coaxial cables were performing to specifications, and that thermally cycling

the cables had not caused significant damage, scattering parameters of all of the cables and

connectors running down the length of the microscope have been collected. These scattering

parameters can be described as follows:

S21 =
b2

a1

(2.1)

S11 =
b1

a1

(2.2)

where a1 is the incident input voltage at port one, b2 is the voltage exiting port two, and b1

is the voltage exiting port one. As such S21 is the ratio of the through power, ie. the power

exiting port two compared to the power input into port one and S11 describes the reflected

power, ie. the power exiting port one compared to the power input into port one. Figure 2.3

shows the scattering parameters measured through the microscope at radiofrequency and

Figure 2.4 shows the losses at microwave frequencies. This data was collected and compared

multiple times over the past several years and the performance of the coaxial cables has
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remained largely unchanged.

As seen in Fig. 2.3, the coaxial cables perform near their specifications at frequencies

up to 1.5 GHz. For frequencies typically used in nuclear magnetic resonance experiments

(< 260 MHz) only a couple dBm of losses are observed. Given these results, sufficient power

should be delivered to the coplanar waveguide to achieve the millitesla strength transverse

magnetic fields required to adiabatically invert nuclear spins. Figure 2.4 displays significantly

more losses through the coaxial cables at the microwave frequencies necessary for electron

spin resonance experiments but still roughly in agreement with the specifications provided.

Above ∼ 20 GHz, where the cables are nearing or exceeding their maximum frequency

rating, the cables show significantly increased losses and an increase in reflected power. This

was not surprising. Fortunately, saturating electron spin resonance requires only microtesla

of transverse field. Sufficient power should still be achieved at the input of the coplanar

waveguide, even with the demonstrated 10 to 20 dBm of losses through the coaxial cables

running into the microscope.

To increase the performance of our coaxial cables at microwave frequencies, we could

consider replacing the current coaxial cables with cables rated to 40 or even 60 GHz (RF

Coax, Inc. P/N V086FFSB-048R). In doing so, we would also need to replace all of the

SMA connectors with 2.92-mm or 2.4-mm connectors rated to 40 and 50 GHz respectively.

Alternatively, eliminating the need for an external frequency generator would reduce the

losses incurred through these long coaxial cables and potentially reduce the resulting helium

boil off. The design and characterization of cryogenic chip-scale microwave sources for direct

coupling to coplanar waveguides will be discussed in Section 3.2
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Figure 2.3: Scattering parameters through Cornell’s 3rd generation magnetic resonance force
microscope at radiofrequency (1.5 GHz network analyzer, Agilent E5061A). The blue line is
the measured S21 showing the losses through the cables and orange is the measured S11 or
reflected power. The plot on the left shows the measured parameters running all the way into
and back out of the microscope. To have an idea how much power is reaching the coplanar
waveguide, the plot on the right shows the measured scattering parameters for only one set
of cables — those running into the microscope to connect to the coplanar waveguide.
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Figure 2.4: Scattering parameters through Cornell’s 3rd generation magnetic resonance force
microscope at microwave frequency (40 GHz network analyzer, Agilent 8722ES). The blue
line is the measured S21 parameter and the orange line is the measured S11 parameter. The
plot on the left is the parameters measured through all of the coaxial cables in the microscope
— the cables going into the coplanar waveguide and then coming back out to the top of the
probe. The plot on the right shows the scatting parameters through only the cables going
into the coplanar waveguide indicating the power that is actually delivered to the coplanar
waveguide to generate the transverse oscillating magnetic field.
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2.1.1 Cold-testing

Cryogenic dewar hold time — Details of the magnet dewar used throughout this work

can be found in Ref. 69. This dewar was purchased and fit with a 9 T variable field super-

conducting magnet to enable magnetic resonance experiments. To operate the magnet, the

dewar must be filled with liquid helium to a level where the entire magnet, and vacuum can

of the probe insert, are submerged. The dewar holds a total volume of 50 L of liquid helium.

Ideally, when the dewar is filled with liquid helium, the magnet could be ramped up to

field and magnetic resonance force microscopy data could be collected for ∼ 5 days before

the measurements would need to be interrupted to refill the dewar. The dewar, as purchased

from American Magnetics Inc. (AMI) was quoted to have a loss rate of 0.187 L/hr or 4.5

L/day. As such, without the MRFM probe inserted into the dewar, the magnet should

be able to operate for ∼ 10 days. Over the course of the experiments performed for this

dissertation, extensive data was collected to characterize the hold time of this dewar, with

the MRFM probe inserted. On average, with the probe inserted, but the magnet field at

zero tesla, the helium boil off rate is ∼ 0.5 L/hr or 12.5 L/day — almost three times that

quoted without the probe inserted. While this is unexpected, this number is the average

of the amount of helium boiled off immediately after a fill while the entire probe and its

subcomponents are cooled from 77 K to 4.2 K and after re-fills when the system is only

boiling off helium to maintain its base temperature.

With the superconducting magnet in use, the rate of helium boil off is further increased

to ∼ 0.75 L/hour or 18 L/day suggesting a maximum, continuous operating time between

fills of 2.6 days. While this is significantly less than the 5 day hold time that we were hoping

for, it is worth noting that this is likely an overestimate of the actual boil-off rate. This

rate is the average over experiments at fields up to 6 tesla and over experiments where the

magnet was ramped continuously from -7 T up to +7 T. The rate of helium boil off is
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highest when the field is being ramped up or down as large amounts of current are being

moved into or out of the superconducting coil. For an extended magnetic resonance force

microscope experiment with significant averaging, the field would be held constant and the

loss rate would likely be reduced.

It would greatly increase the stability of our MRFM experiments if the hold time of

this dewar were increased to 4 or even 5 days. To assist, it is important to pump on

the vacuum space of the magnet dewar for several days prior to any experimental runs in

which the magnet will be in use. There is a noticeable reduction in the boil off rate if the

vacuum space is pumped into the range of 10−6 mbar when compared to 10−5 or 10−4 mbar.

Additionally, Dr. Doran Smith at the Army Research Laboratory developed protocols for

integrating foam insulation in between the copper baffles of the magnetic resonance force

microscope superstructure and found this to greatly reduce the helium loss rate. It may be

of use to integrate this sort of insulation into our magnetic resonance force microscope to

reduce the frequency of liquid helium fills while the magnet is being operated.

Vacuum feedthroughs — The vacuum can of Cornell’s 3rd generation magnetic reso-

nance force microscope is described in detail in Figure 6.5 of Ref. 69. The design described

in this figure is identical to that in the current microscope, however, the function of each

component has been changed slightly. In the original design, four Swagelocks were built into

the top of the vacuum can for the feedthrough of coaxial cables used to deliver oscillating,

transverse radiofrequency (rf) and microwave (MW) frequency magnetic fields. In addition

to these Swagelock connections, there were three stainless steel vacuum lines feeding down

from the vacuum chamber at the top of the magnetic resonance force microscope to the top

of the vacuum can. This design was two fold — (1) by feeding the coaxial cables through

the Swagelocks, the heat-generating coaxial cables would be fed directly through the liquid

helium, rather than through a vacuum line, for increased cooling and better heat syncing
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of the system and (2) by running the cables outside of the vacuum lines, the vacuum lines

would remain more open. These open lines between the vacuum can and the vacuum pump

could increase the pumping speed and decrease the time required to reach high vacuum

within the system. The four Swagelock design was intended to have four coaxial cables run

down the length of the probe – two for rf irradiation and two for MW frequency irradiation.

One cable in each set was intended to deliver the irradiation to the sample and the second

was intended to return the irradiation back out of the probe, rather than terminating the

radiowaves/microwaves within the probe. Having the second coaxial cables to pass the ir-

radiation back out of the probe prior to termination was integrated, once again, with the

intention of reducing sample heating.

To date, the design described above has not been fully implemented. Over the course

of experiments described here, only two coaxial cables have been introduced into the mi-

croscope. Even for the dynamic nuclear polarization experiments described in Chapter 5,

where both rf and MW frequency irradiation are required to saturate electron spins and

detect nuclear spins, it was found that two coaxial cable lines were sufficient. If nuclear

magnetic resonance (NMR) or electron spin resonance (ESR) experiments were performed

independently, rf or MW frequency irradiation was inserted into the top of the probe with

one coaxial cable and the second was used for the return line. The return line was terminated

outside of the probe. For dynamic nuclear polarization (DNP) experiments requiring both

rf and MW irradiation, rf was fed into the microscope through one line and MW irradiation

was fed into the system through the second line. Additional electrical components were

introduced into the lines to reduce the risk of damage to the rf/MW sources due to reflected

power or irradiation exiting the microscope. To protect the rf amplifier from microwave

bleedthrough, a 10 dB attenuator (Mini-Circuits, P/N BW-N10W+) was added to the lines.

As shown in Fig. 2.4, there are significant losses through the coaxial cables when considering

both the input and the output. Therefore, minimal microwave power was expected to make
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it back to the rf amplifier but attenuating the power by an additional 10 dB should be suf-

ficient to eliminate any potential damage. Due to the low losses of the coaxial cables at rf

frequency (Fig. 2.3), it was of greater concern to protect the microwave frequency generator

from rf through power. To aid in this, an isolator (FairView Microwave, P/N SFT0820; RF-

Lambda, P/N RFLI26G40GA) was added to the system between the microwave amplifier

and the introduction into the microscope.

In addition to only using two coaxial cables for introducing the transverse magnetic field

into the MRFM experiments, the coaxial cables were not fed directly through the liquid

helium bath. Rather, the coaxial cables were fed from the vacuum chamber at the top of

the probe through the stainless steel vacuum lines to the sample stage. This did not seem to

have a negative effect on either the time required to reach high vacuum within the system or

in heating of the sample. Note, however, that running the coaxial cables through the vacuum

lines left four unused Swagelocks, capped with an aluminum insert, on the top of the vacuum

can. It was critical that these Swagelocks be checked regularly as they can be the source of

vacuum leaks both at room temperature and under cryogenic conditions. Before every run

of the microscope, these Swagelocks should be tightened. To create the seal within these

Swagelocks, aluminum ferrules were wrapped approximately ten times with teflon tape. A

small amount of Apiezon N-type grease was added to the inner portion of the Swagelock to

help make a good seal. These connections seem to hold vacuum for 3 to 4 cycles to liquid

helium temperatures before the seals need to be replaced. If the vacuum pump is unable to

reach a base pressure of 1 × 10−5 mbar at 295 K, check to ensure that the Swagelocks are

tight. If this base pressure is reached at room temperature but there is a spike in pressure

while filling the magnet dewar with liquid helium, this is an indication that the teflon on

these seals needs to be replaced. It is often difficult to detect which of these seals is leaking

at room temperature, even with a helium leak detector, so it is recommended that all of the

seals be replaced at once.
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Helium back-filling — In general, the vacuum performance and three-dimensional mo-

tion of the microscope remain fairly consistent between liquid nitrogen and liquid helium

temperatures. That is, if the vacuum systems holds at less then ∼1.0× 10−5 mbar and the

Pan-style walker (see Section 2.2) operates at 77 K it is likely to continue functioning when

the system is cooled to 4.2 K. To that end, it is critical when testing the microscope under

liquid nitrogen that the entire system is allowed to equilibrate and reach 77 K to get an

accurate understanding of the condition of each microscope component.

To increase the efficiency in cold-testing the microscope, it is useful to submerge the

microscope’s vacuum can in a small, open top liquid nitrogen dewar rather than hoisting the

magnet dewar used in magnetic resonance experiments. The use of a smaller dewar not only

increases the turn-around time of the experiment but also decreases the volume of liquid

nitrogen required to cool the probe. To reach a steady temperature within the probe, the

vacuum can, particularly the copper cold finger at the top, should be entirely submerged in

liquid nitrogen for 6 to 12 hours. Submerging the can for only 3 to 4 hours seems to cool

the Pan-style walker and cantilever stage to only ∼120 K which is not an adequate estimate

for determining the microscope performance at 77 or 4.2 K.

The rate of cooling within the vacuum can of the microscope can be increased significantly,

to less than 2 hours, by back-filling the vacuum system with inert helium gas to induce heat

transfer. After the vacuum can has been submerged in liquid nitrogen for approximately

one hour the temperature sensors within the probe should read ∼ 80 K. At this point, a

small amount of helium gas can be introduced into the system. The system is allowed to

equilibrate, with the helium gas and no vacuum pumping, for approximately 30 minutes,

or until the temperature sensors have reached 77 K at which point, the system can be

reconnected to the vacuum pump and the helium gas can be evacuated. With the vacuum

can still submerged in liquid nitrogen, the system should be thermally stable to perform
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cold-tests of the microscope components.

In practice, helium back-filling was performed as follows. The vacuum can was pumped

down to between 1 and 4×10−5 mbar. It is important to note that the probe should never be

cooled to liquid nitrogen temperatures if the pressure is above 1×10−4 mbar. If this is done,

molecules will freeze on the surface of the cantilever, reduce the reflectivity of the silicon

surface, and make it appear as though the cantilever and fiber are no longer aligned. A

vacuum valve was added to the top of the microscope superstructure outside of the vacuum

chamber and tygon tubing was connected between the vacuum chamber and a helium gas

cylinder. It is important that the air from this tubing also be evacuated so that water and

oxygen are not introduced into the cryogenic system and allowed to condense inside the

vacuum can. With the valve to the tygon tubing closed to the vacuum pump, the tubing

was filled with helium gas and an approximately 0.12 cm3 volume of the gas was clamped off

to be introduced into the microscope — enough to raise the pressure in the vacuum system

to ∼ 10−3 mbar. This pressure of helium should generate a mean-free-path length on the

order of 13 cm — the distance between the vacuum can and the microscope components to

be tested. Note that while helium gas is present in the system, the high-pressure will result

in a reduction of the cantilever quality factor, making the cantilever difficult to drive. This

is expected. The high cantilever Q should be recovered when thermal equilibrium has been

reached and the helium gas has been removed from the system.

When all of the microscope components have been tested, the liquid nitrogen dewar can be

lowered. It is important that the vacuum can be allowed to warm up to room temperature

and fully equilibrate before the vacuum pump is turned off or the can is removed. This,

again, can take several hours. The can should not be removed before the temperature

sensors within the probe both read at least 290 K. Allowing air into the system prior to

this point could allow water to condense on the sensitive electronics. It is not unusual to
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see a small spike in the pressure of the vacuum can when the system begins to warm up

(∼ 100 to 140 K) due to the boil off of molecules that were cryopumped onto the walls of

the vacuum can. The pressure should, however, be closely monitored. If the pressure spikes

above ∼ 1.0 × 100 mbar or the vacuum pump can not reduce the pressure in the can, the

turbopump will automatically power off causing the pressure in the system to remain high

and warming to occur excessively rapidly.

2.2 Three-dimensional motion via a Pan-style walker

The three dimensional motion in Cornell’s third generation magnetic resonance force mi-

croscope is comprised of two major components: (1) a piezo tube actuator for fine positio-

ning and (2) a Pan-style, stick-slip piezo walker for coarse motion and positioning [71–75].

The piezo tube actuator is limited to a few micrometers of motion in x, y, and z at room

temperature and approximately 1 µm (z) and 3 µm (x/y) of motion under cyrogenic ope-

rating conditions (4.2 K, 5.0 × 10−6 mbar). The piezotube actuator is used for accurately

determining the tip-sample separation and scanning over hundreds of nanometers in the x

and y dimensions. The Pan-style walker is composed of stacked, shear piezos that allow for

several millimeters of motion in each direction. This range of motion is necessary for alig-

ning the attonewton sensitivity microcantilever to the micrometer scale coplanar waveguide

implemented in magnetic resonance experiments. The components and construction of these

two systems of motion will be discussed in the following sections.
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2.2.1 Fine motion — piezo tube actuator

Fine motion, over the range of a few hundred nanometers is critical in magnetic resonance

force microscope experiments. In order to measure the force or force gradient from a few

hundred sample spins with a high-gradient nanomagnet tipped cantilever, the cantilever must

be operated < 100 nm from the sample surface. Additionally, it is important to know the

exact tip sample separation for simulating the experiment and for image reconstruction in

magnetic resonance imaging experiments. Using a piezotube actuator allows for reproducible

motion with a few nanometer precision. A fiber optic interferometer is used to calibrate the

motion of the piezo tube at various temperatures. This calibration is then used to determine

the distance traveled by the probe head and cantilever that are affixed to the top of the tube

as described in Ref. 69. Additionally, the gentle motion of the piezo tube actuator allows for

the stage to be shuttled back and forth to the same position with nanometer precision.

The piezo tube actuator used in these experiments is a four-quadrant tube composed of

EBL #3 lead zirconate titante (EBL Products, Inc.). The piezo tube has an outer diameter

= 0.250′′, wall thickness = 0.030′′ and is 1.850′′ long. The relevant strain coefficient d31 =

−262 pm/V at 295 K. The center of the piezo tube is grounded while the four-outer gold

electrodes are connected to bias wires as described in Appendix A. To move in the z direction,

for example to measure the tip-sample separation, a uniform voltage is applied to all four

quadrants of the piezo tube actuator in tandem. The net motion of the actuator is given by

∆z =

[
d31L

h

]
Vz (2.3)

where d31 is the relative strain coefficient, L is the length of the piezo tube actuator, h is the

wall thickness, and V is the voltage applied.

The piezo tube actuator can also be used to scan over a few micrometers in the x and y

directions. To obtain lateral motion, a voltage is applied to two quadrants on opposing sides
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of the tube while the other two quadrants remain grounded, resulting in a bending motion.

The degree to which the piezo bends is given by

∆x =

[
2
√

2 d31L
2

πDh

]
Vx (2.4)

with D the inner diameter of the piezo tube and the remaining variables are consistent with

the motion in the z direction.

Piezo tube scanning and shuttling — It is important to note that, in general, measu-

rements are not taken while there is a voltage on the piezo tube. The Pan-style walker was

used to correctly position the cantilever, and then the piezo tube was used to measure the

exact location. All biases were then removed from the piezo tube and all piezos in the walker

were grounded prior to measurements. This is due to the large frequency noise induced from

the Trek amplifiers (Model 2210) used to bias the piezo elements. Even in the absence of an

applied voltage, electrical noise from the amplifiers leads to significant cantilever frequency

noise as seen in Fig. 2.5. For imaging experiments, it will be necessary to scan over 100’s

of nanometers with the piezotube during measurements. To obtain an acceptable signal to

noise ratio, with the piezo tube in use, cross-diodes (diode 1N914) were added to filter out

the amplifier noise. Figure 2.6 shows the significant reduction in cantilever frequency noise

when cross diodes were added to the system between the piezoelectric amplifiers and the

inputs to the magnetic resonance force microscope. As shown, these cross-diodes reduced

the frequency noise to near thermal levels and had little effect on the motion of the piezo

tube actuator at both 295 K and 77 K (Fig. 2.7). These cross-diodes may allow for single

electron spin imaging (Chapt. 7) where the piezo tube must be scanned in the x/y direction

to obtain a two-dimensional force map.

For dynamic nuclear polarization (DNP) experiments (See. Chapt. 5) with a high-

gradient nanomagnet tipped cantilever, it may be necessary to shuttle the cantilever away
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(a) (b) (c)

(d) (e) (f)

Figure 2.5: Cantilever frequency noise from a cobalt, nanomagnet tipped cantilever at 295
kelvin, 10’s of micrometers from the sample surface with the Trek piezo amplifiers (a) turned
off, (b) connected to the piezo tube actuator, (c) connected to the piezo tube actuator with
a bias applied to the piezo, (d) connected to the z-walker, (e) connected to the x-walker,
and (f) connected to the y-walker. The effect of the Trek amplifiers on the Pan-style walker
is fairly minimal. The cantilever frequency noise induced by the Trek amplifiers on the piezo
tube actuator, necessary for scanning in magnetic resonance imaging experiments, is several
orders of magnitude above the thermal noise floor (red dashed line). These levels of noise
would drastically reduce the achievable sensitivity of MRFM experiments by limiting the
minimum detectable frequency shift signal.
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(a) (b) (c)

(d) (e) (f )

Figure 2.6: Cantilever frequency noise from a cobalt, nanomagnet tipped cantilever, several
micrometers from the sample surface with the Trek piezo amplifiers turned off (left), con-
nected to the piezo tube actuator (center), and connected to the piezo tube actuator after
being filtered through cross-diodes to remove low-voltage noise (right). Data was collected
at 295 K (a-c) and 77 K (d-f). The cross-diodes filter enough noise from the amplifiers to re-
turn the cantilever frequency noise to the same levels observed with the Trek piezo amplifiers
turned off. The red dashed line indicates the level of the thermal noise floor.
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(a) (b)

Figure 2.7: The z-interferometer signal observed when a bias voltage is applied to all four
quadrants of the piezo tube actuator at (a) 295 kelvin and (b) 77 kelvin. The blue line
shows the motion of the piezo tube actuator when the output of the Trek piezo amplifiers is
connected directly to the piezo tube actuator while the orange line shows the motion when
the amplifier output is filtered through cross-diodes. The offset of the two signals in (a)
is due to laser drift between the measurements. The motion of the piezo tube actuator is
nominally unaffected by the use of cross-diode filters.

from the sample during polarization transfer. In the absence of a magnetic field gradient,

DNP experiments should proceed through the same mechanisms observed in conventional

magnetic resonance experiments. Initial data indicating the feasibility of cantilever shutt-

ling, at both 77 K and ∼25 K can be seen in Fig. 2.8. In both cases, a DC bias was applied

to the piezo tube actuator to shuttle the cantilever away from its starting position by 1.3

µm in the y-direction (perpendicular to the direction of cantilever oscillation). The canti-

lever was moved away gently, moving the total distance in 10 steps, or rapidly, moving the

total distance in a single step. For these proof-of-concept experiments, the cantilever was

positioned ∼10 µm from the sample surface during shuttling to reduce the risk of crashing

the tip into the sample surface. In an actual experiment, the cantilever would have to be

10’s of nanometers from the sample surface. If cantilever-sample contact during cantilever

shuttling becomes problematic, the cantilever could be shuttled away from the sample by

moving in the z-direction and increasing the tip-sample separation.
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(a) (b)77 kelvin 25 kelvin

Figure 2.8: Cantilever shuttling experiments at (a) 77 K and (b) 25 K. At both temperatures,
the cantilever was approximately 10 µm from the sample surface and shuttled in the y-
direction by 1.3 µm. ∆pos indicates the difference between the starting position and ending
position of the cantilever as given by the y-interferometer. The difference in the cantilever
resonance frequency at the start and end of each cycle is recorded as δfc. The average time
for the shuttling at 77 K (25 K) was 1.2 (1.1) seconds for 2 steps round trip and 6.8 (6.5)
seconds for 20 steps round trip.

To be able to use cantilever shuttling in an experiment, it is important that the cantilever

reproducibly returns to its starting position and the cantilever resonance frequency remains

unchanged. To test the reproducibility, under each set of conditions, the cantilever shuttling

was repeated for several cycles. For each cycle of shuttling, the y interferometer was used to

record the location of the stage each time a voltage was applied or removed from the piezo

tube. In Fig. 2.8, ∆ pos indicates the difference between the starting and ending signal from

the interferometer, converted to nanometers for a single cycle of cantilever shuttling (away

from the sample and back). The cantilever resonance frequency was also recorded at the

start and end of each shuttling cycle with the difference displayed as δfc.

At 77 kelvin, the reproducibility of the cantilever position during shuttling is notable.

While the cantilever does not return to exactly its starting position, it reproducibly returns

to the same location. At 25 kelvin, the cantilever, again, returns to the same location but

also returns to a position significantly closer to its starting position. This trend is consistent
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with observations of how the piezo tube motion changes with temperature. The change in

cantilever position between the start and end of cantilever shuttling is likely due to noise or

offset in the output of the piezo amplifiers. The piezo amplifiers are operated under constant,

room temperature conditions and are, therefore, expected to have a consistent output as the

temperature of the piezo elements is varied. As the piezo tube actuator is cooled, it requires

more voltage to move a given distance. As such, any noise/offset of the piezo amplifiers

would have a lesser effect on the piezo tube motion at lower temperatures. Consequently,

we may expect even less variation in cantilever position during shuttling as the temperature

is decreased further to 4 K.

The reproducibility of the cantilever frequency during shuttling is less robust. While

the average frequency change over all cycles is close to zero, the standard deviation of the

cantilever frequency is significant. At both 77 K and 25 K, the rapid shuttle (2 steps) resulted

in a small root-mean-square variation in the cantilever frequency, 17 mHz and ∼ 27 mHz

respectively. The slower shuttling process had a root-mean-square variation of ∼ 25 mHz

at 77 K and ∼ 30 mHz at 25 K. We see that while the position is more reproducible at

lower temperatures, the cantilever resonance frequency has larger variations. In part, this

may be due to the longer ringdown time τ of the cantilever at lower temperatures (τ = 1.62

seconds, Q ∼ 22750 at 25 K cf. 1.31 seconds, Q ∼ 18000 at 77 K). To reduce this variation

in cantilever resonance frequency, it may prove useful to damp the cantilever Q via negative

feedback to reduce the ringdown time – and therefore shorten the cantilever response time

– during cantilever shuttling. It is also worth noting that this shuttling data was collected

without the use of cross-diodes to filter cantilever frequency noise induced from the piezo

tube actuator. It is possible that this variation in cantilever resonance frequency could be

significantly reduced by integrating the cross-diode filters described previously.
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2.2.2 Coarse motion — Pan-style walker

Theory and forces for stick-slip piezo motion — The Pan-style walker operates on

the principles of stick-slip motion from shear piezo elements. For this style walker to function,

it is critical that there is adequate friction between the piezos and the stage plates to hold

the stage steady while measurements are being performed. On the contrary, the tension and

frictional forces must be weak enough for the stage to smoothly slide along the surface of

the piezos when a voltage is applied in order to move the stage to the desired location. This

style walker is used to provide several millimeters of motion in the x, y, and z-directions

with excellent stability and without inducing measurable noise into the experiment.

Figure 2.9 shows the forces acting on the piezos at any given time. In the x and y

directions, tension between the piezo stacks and the titanium stage plates is provided by

three compression springs. The springs are adjusted such that the plates are held in place

until a voltage is applied to accelerate and shear the piezos, breaking friction with the surface

as follows:

α
d2V

dt2
= ±µs

(
Fspring

m
+ g

)
(2.5)

where α is the proportionality constant relating the change in voltage applied to the piezo

and the resulting motion as given by ∆x = α∆V , d2V/dt is the acceleration of the piezo

element, µs is the coefficient of static friction between the piezo stacks and the stage plate,

Fspring is the force from the springs, m is the mass of the plate and g is the gravitational

constant [73–75]. In general, the tension on the x and y springs is fairly straightforward

to adjust. In the resting state, there are no forces contributing to motion in the lateral

direction. Therefore, the compression springs should be adjusted so that even contact is

made with each of the piezo stacks without applying excessive force to prevent the plates

from breaking friction.

In the z-direction the forces acting on the walker — and therefore, the motion — is
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further constrained. There are additional gravitational forces that can cause the walker to

slip in the −z direction. These additional forces require a balancing act for the z-motion to

function properly; the tension must be strong enough to hold the stage in place and keep it

from falling due to gravity, yet still weak enough to allow the stage to approach the surface.

The resulting holding condition in z requires

Fspring

m
=

g

µs
, (2.6)

meaning that in order to obtain motion in z, the following equation must be satisfied:

α
d2V

dt2
= ±µs

Fspring

m
− g. (2.7)

References 73 and 75 provide detailed plots showing the balance of these forces and the

regions of tension where both the holding and moving conditions can be met. While the

exact spring forces for our Pan-style walker have not been explicitly measured, keeping these

design rules in mind while assembling the walker has been critical to making appropriate

adjustments.

Components and assembly of Pan-style walker — Properly assembling and adjus-

ting the components of the Pan-style walker is critical in obtaining reproducible motion from

295 K down to 4 K. With the pan-style walker properly assembled and the spring tensions

adjusted appropriately, the walker can be thermally cycled ten’s of times without readjus-

tment. However, over the course of this dissertation it has been found that the Pan-style

walker does undergo significant stress leading to wear and tear. For example, after the first

5 years of thermally cycling the components, the original beryllium copper springs (Beryl-

lium Copper, Cu172 compression spring, OD = 0.240′′, wire size = 0.018′′, free length =

0.670′′, 11 coils, end type = closed/not grounded, and spring constant = 0.938 lbs/in; Small

Parts, Inc. P/N CS-48-01) responsible for holding the tension of the x/y stage, no longer

held consistent tension and needed to be replaced. Additionally, the solder and copper wires

41



piezo stack

piezo stack

stage 
plate

piezo stack
fspring + fg

 fs

pi
ez

o 
st

ac
k

pi
ez

o 
st

ac
k

stage 
plate

fspring

fg

 fs

leaf  
spring

(a) (b)

compression 
springs

 fN

 fN

Figure 2.9: Forces acting on the Pan-style walker and contributing to motion in (a) the x
and y directions and (b) the z direction. In both cases, the cantilever sits on the stage plate
which is moved by the walker. The piezo stacks are composed of two piezos for each direction
of motion. Tension is applied to the piezo stacks via springs. Note: the sapphire/alumina
plates used to provide a low friction surface between the piezo stacks and the stage plate
are not shown. The forces on the system are the normal force fN , the gravitational force
fg = −mg, the force provided by the spring fspring, and the force required for the stage plate
to slip fs.
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providing a bias to the shear piezos frequently became disconnected and required repair. As

such, the entire x/y stage has been rebuilt with several modifications to the design — allo-

wing for easier adjustment and providing more reliable connections to bias the shear piezo

stacks. Outlined below is the procedure for assembling the shear piezo stacks and stage, the

materials used throughout the assembly, and the changes made for this iteration of Cornell’s

Pan-style walker.

Testing the polarization direction of the shear piezos — For Cornell’s Pan-style

walker, the shear piezos used were EBL # 4 lead zirconate titanate piezoceramic plates

(EBL Products Inc.). The plates are 0.275′′ × 0.275′′ × 0.050′′ thick with gold over copper

electrodes. At 295 K these piezos have a shear strain coefficient d15 = 330 pm/V. In

the original design, one corner (0.07′′ × 0.07′′) of the piezo was removed so that a soldered

electrical lead could be made to the gold electrode. This electrical connection was found

to have a high rate of failure and was difficult to fix. With the very thin layer of gold

atop the ceramic surface, soldering to the electrode more than once without overheating

and evaporating the metal coating was problematic. As such, this aspect of the design was

altered for the second iteration of the Pan style walker and the removal of one corner of the

piezos is not essential for future shear piezos.

The first step in assembling the Pan-style walker was testing the polarity of the shear

piezoelectric pieces. In order to increase the step size of the walker, two pieces, polarized

in opposite directions are assembled on top of one another as shown in Figure 2.10. When

a bias is applied to the center of these two stacks, the resulting electric field is in opposite

directions for the two piezos. Consequently, the shearing of the piezos generates a net motion

twice that of a single piezo. It is therefore essential that the polarization direction of each

individual piezo is known prior to assembling the piezo stacks. Additionally, it was important

that this determination be accurate and rapid with high throughput.
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Figure 2.10: Design for shear piezo stacks in x, y, and z directions. (a) Photograph of a
representative shear piezo stack in a single direction. Two shear piezos were stacked with a
copper electrode in the middle for soldering connections to. The two piezos were polarized
in opposite directions as indicated by the black and red edges in the front. (b) Schematic of
the polarization and electric fields contributing to the motion of the piezo stack. The two
piezos were grounded on the outer electrodes. A bias was applied to the center electrode
between the two piezos. The electric field was therefore in opposite directions for the two
piezo pieces. (c) Diagram of the motion resulting from the piezos stacked with opposite
polarization. With the application of a bias to the center, each piezo shifts — in the same
direction — by a distance ∆L. This results in a net movement of 2∆L with the application
of a single bias voltage.

To test the polarization direction of each piezo, the setup seen in Fig. 2.11 was used. Due

to instability in the system and the small motion of the piezoelectric element (∼ 30 nm for 100

V), the relative motion between two shear piezos was determined rather than the absolute

direction of a single piezo. A fiber optic interferometer was assembled on a micrometer

stage to watch the motion of the piezos. A second micrometer stage was placed in front

of the optical fiber. A glass microscope slide was affixed to this second micrometer stage

using double stick tape. Two-150 µm wide copper wires were placed on this slide as ground

electrodes. Using two wires allowed us to check that a good electrical connection was being

made to the piezo electrode by measuring the resistance through the system after a piezo was

placed on top of the wires. A second glass microscope slide was placed atop this reference

piezo with two more copper wires on the bottom to apply a bias voltage to this piezo. On

the top of this glass slide were additional copper wires to ground the test piezo as seen in

Fig. 2.11(a). Finally, a glass slide with bias wires was placed on top of the test piezo and two

large copper masses were balanced on the system. The purpose of the copper weights was
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Figure 2.11: Setup for testing shear piezo polarization. (a) Top down view of setup showing
the two micrometer stages. One stage held the optical fiber interferometer used to monitor
the piezo motion. The second stage held the piezos for testing. (b) Side view showing the
reference piezo and piezo under test below two copper weights. The piezos were sandwiched
between glass microscope slides with 150 µm thick copper wires used as ground and bias
leads. The copper weights helped to stabilize the stack, provide pressure to ensure good
electrical contact between the leads and piezos, and provide a reflective surface for the fiber
interferometer. The micrometer positioner below the optical fiber was used to align the
optical fiber within a couple hundred micrometers of the copper weights.

two-fold: (1) the mass of the copper provided enough pressure on the pieces/wires to make

good electrical contact, and (2) the copper surface was reflective enough for the fiber optic

interferometer to register the motion of the piezos below the copper. It is also important

to note that copper shims were placed around the reference piezo. These shims helped to

keep the system stable and avoid tipping when the second piezo and masses were added to

the top. For consistent measurements, the optical fiber micrometer stage was fully extended

during the setup. After the copper blocks were placed on top, the fiber was retracted by a

couple hundred micrometers — the same distance was used for each piezo calibration.

As mentioned previously, thermal and mechanical drift in this experimental setup were

prohibitive to measuring the exact direction of the motion for a single piezo. Even after

the system had been set up and allowed to stabilize for several minutes, the interferometer
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still drifted through several fringes on the minutes timescale as seen in Figure 2.12. The

following measurement was devised to determine the relative motion of the two piezos in the

presence of this thermal drift. The reference piezo and the piezo under test were oscillated

independently with a sine wave. The sine wave oscillation was generated with the A and B

channels of the Wavetek 302 arbitrary waveform generator. The outputs of channel A and

B were connected to two of the Trek 2210 amplifiers to increase the voltage by 100 times

before being applied to the shear piezos. The sine wave outputs oscillated with an amplitude

of 1 V peak to peak before amplification and had an offset of ±0.5 V. A sine wave with

a −0.5 V offset – ie. oscillating between 0 and −100 V was first applied to the reference

piezo as seen in Fig. 2.12I while on the downward sloped side of an interferometer fringe.

The oscillation induced by the piezo motion was positive with respect to the baseline of the

interferometer drift. A sine wave with the same offset was then applied to the piezo under

test. Care was taken to observe the oscillation on an interferometer fringe with the same

slope as observed with the reference piezo. In Fig. 2.12II, it can be seen that the oscillation

of the piezo under test also caused an oscillation above the baseline indicating that the two

shear piezos were oscillating in the same direction. Figure 2.12III and IV show the result of a

sine wave with a +0.5 V offset applied to the reference and test piezos, respectively. In both

of these cases, the induced piezo oscillations were below the baseline of the interferometer

fringe indicating that these two piezos were moving in the same direction as each other but

the opposite direction as induced by the oscillations of I and II. In both cases, the reference

piezo appeared to move significantly less than the piezo under test. This is likely the result

of the additional masses of the assembly placed on top of the reference piezo.

The test measurement described above was repeated for each shear piezo. To aid in later

assembly, the piezos were all marked with black/red marker on the edges to indicate the

direction of polarization as shown in Fig. 2.10. If the motion of the shear piezo was consistent

in direction with the reference piezo, the edge nearest the optical fiber was marked black
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Figure 2.12: Testing the polarization direction of the shear piezos used in the Pan-style
walker. (a) Interferometer fringes observed from the experimental setup shown in Figure 2.11.
These fringes, resulting from thermal and mechanical drift in the system, settled over time
but hindered the ability to directly measure the absolute direction of motion for a single
piezo. (b) Zoomed in regions of the interferometer fringes seen in (a) when a sine wave
with peak to peak amplitude of 0 to ±100 V was applied to the reference piezo or the
piezo under test. The resulting piezo oscillation observed by the fiber optic interferometer
oscillated either above or below the interferometer baseline depending on the direction of
motion. Regions I and II correspond to a negative offset voltage applied to the reference and
test piezos, respectively. Regions III and IV correspond to a positive offset voltage applied
to the reference and test piezos, respectively. Since the direction of induced oscillations in
the reference and test piezos are identical for sine waves offset in the same direction, it can
be concluded that the two piezos were polarized in the same direction.

and the edge furthest from the optical fiber was marked red. This color mark was critical

for consistently assembling the piezo stacks as any arrows indicating polarization on the

top/bottom of the piezo would be obscured.

Assembling the Pan-style walker — The Pan-style walker is comprised of six piezo

stacks for each of the x, y, and z directions. Each stack has two shear piezos polarized in

opposite directions, as shown in Figure 2.10. The z piezo stacks consist of only these two
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piezos while the x and y stacks are further stacked on one another with a 90◦ offset between

the two stacks.

In the original design of the Pan-style walker, the shear piezos were attached to one

another using conductive silver epoxy (Epoxy Technology, Inc. H20E two component silver

epoxy). To provide a bias voltage between the two piezos, a copper wire was soldered to

the gold coated surface where the corner of the adjacent piezo was removed (Fig. 2.13).

Unfortunately, this thin gold coating rapidly became worn, making additional/reconnection

soldering attempts difficult, if not impossible. To overcome this limitation, we had some

success in reconnecting wires using conductive silver epoxy. A small amount of the epoxy

was applied to the piezo to secure the wire. The wire was held in place for ∼1 minute

while a heat gun was used to set the epoxy (cure time = 175 ◦C for 45 seconds). While

this approach resulted in functioning electrical contacts, it was challenging to hold the wires

in place while the epoxy set and these connections seemed to have a shorter lifetime than

soldered connections.

In the second iteration of the Pan-style walker, copper electrodes were added between

adjacent piezo stacks. A thin copper foil was cut in the size of the shear piezo pieces and

a small tab was left to overhang the outer edge of the piezo as seen in Fig. 2.13(b). This

copper electrode provided an easier access point for soldering connections and a surface that

could be easily soldered to multiple times. These electrodes were held in between the shear

piezos with conductive silver epoxy.

There are several important notes to be made about the assembly of the piezo stacks.

(1) It is very important that the piezos are square with one another. This will ensure that

the piezos are moving perfectly parallel to one another within a stack and the maximum

possible motion is obtained. (2) It is critically important that all piezo stacks are equivalent

in height. This will ensure that when fully assembled in the walker, all piezos are flush with
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Figure 2.13: Design of the shear piezo stacks in the Pan-style walker. The stacks shown
contain 4 shear piezos for x/y motion. The top two piezos are oriented 90◦ relative to
the bottom two. The red and black edges of the piezo elements indicate the direction of
polarization. The two x (and y) piezos are stacked with opposite polarization to obtain
twice the displacement when a bias is applied to the center of the two. (a) Previous design
of the piezo stacks showing the bias/ground wires soldered directly to the piezo electrode
where the corner of an adjacent piezo has been removed. (b) Second generation design of
piezo stacks showing a copper electrode affixed between adjacent piezos. This electrode
provides a large surface for soldering connections. Additionally, the copper electrode is more
conducive to multiple soldering attempts than the gold electrode on the surface of the piezo.
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the surface and have even friction. If this condition is not met, not all of the piezo stacks

will contribute to the motion of the Pan-style walker resulting in hindered, or in severe cases,

no motion from the Pan-style walker — often exacerbated at cryogenic temperatures. These

two conditions were met by assembling all of the piezo stacks at once, on a glass microscope

slide. A line of six piezos, oriented in the same direction as indicated by the colored edges,

were placed on the edge of a piece of double-stick tape. A small amount of silver epoxy was

placed on top and a copper bias electrode was centered on each piezo. Silver epoxy was again

placed on top of the copper electrode and a second piezo was added on top — oriented in the

opposite direction so the two colored faces were alternating black and red. Each piezo stack

was squared by eye and another glass microscope slide was placed on top. The microscope

slide stacks were set on a hotplate and additional metal weights were place on top to provide

even pressure while the epoxy was set. This setup can be seen in Figure 2.14. The full x

and y stacks were assembled in a similar fashion with a ground electrode in the middle and

the two stacks offset by 90◦.

Before attaching the piezo stacks to the titanium x/y/z plates, the plates should be

well cleaned. To clean the stage and remove any sapphire plates that remained affixed with

Stycast 2850-FT, the stage was soaked in acetone for approximately one hour. The stage was

then sonicated in soapy water for an additional hour. At this point, many of the sapphire

plates had detached from the surface of the titanium. A razor blade was used to scrape

any remaining epoxy off the surfaces. The stage was then sonicated in toluene to remove

any remaining residue or vacuum grease from the surface. Gloves were worn throughout the

entire assembly to keep the surface clean for assembling the stage.

To affix the piezo stacks to the titanium plates, silver epoxy was again used. This ensures

that the bottom of the stacks are well grounded to the microscope. The top of the stacks are

grounded to the microscope by soldered wires that are held in place using Varian TorrSeal

50



Figure 2.14: Photographs of shear piezo stack assembly. (a) Top down view of x/y piezo
stacks with a copper electrode in the middle. The piezo stacks were assembled on a glass
microscope slide to hold them in place and allow for all six to be set and cure simultaneously.
(b) Setup for curing silver epoxy on piezo stacks. A second glass microscope slide was set
on top of the piezo stacks. The entire stack was placed on a hotplate and metal masses were
placed on the top to ensure that the stacks cured under even pressure. (c) Assembly for at-
taching the alumina and sapphire plates to the piezo stacks and titanium plates respectively.
Epoxy was placed on all 12 pieces simultaneously and the Pan-style walker was assembled.
The epoxy was cured at room temperature in this configuration to ensure that all stacks
cured flush with the surface of the center plate.

epoxy to reduce strain. Again, the stacks should be affixed all at once, parallel to one another

on the surface, and set with a mass atop to ensure they are level.

The final pieces in the assembly process of the Pan-style walker were the sapphire and

alumina surfaces. These low friction surfaces were attached to the titanium plates and the

piezo stacks, respectively, to provide smooth sliding faces. The x/y sapphire plates were

purchased from Valley Design (Part No. 45877 - sapphire substrate 0.5′′ × 0.5′′ × 0.020′′

thick with one side polished). The z walker sapphire plates were originally purchased from

Valley Design (Part No. 45878 - random orientation sapphire substrate 1.5′′ × 0.6′′ × 0.020′′

with one side polished) with replacements purchased from Insaco, Inc. (Part No. DESC-

45878 - random orientation sapphire substrate, length = 1.5′′ ± 0.005′′, width = 0.6′′ ±

0.005′′, and a thickness = 0.020′′ ± 0.002′′. One side polished with 60-40 scratch dig and the

other side finished with a fine ground). The alumina plates for x, y, and z were purchased

from Valley Design and are 0.020′′ thick with one side polished. The x/y pieces (Part No.
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45879) are 0.150′′ square and the z pieces (Part No. 45880) are 0.200′′ square. Again, it was

imperative that these pieces were glued with the entire stage intact. The sapphire pieces

were affixed to the titanium plates using Stycast-2850-FT (Lakeshore Cryotronics) and the

alumina pieces were affixed to the piezo stacks with Varian TorrSeal. These two epoxies

are viscous and can be cured at room temperature. Thus they were used to fill gaps in the

setup, ensure that all of the piezo stacks were flush with the surface, and consequently that

the forces on each piezo stack were even. All of the sapphire and alumina pieces were affixed

in tandem, with the Pan-style walker fully assembled while the epoxy cured. Care should

be taken to use the minimum volume of epoxy required to fill the gaps. If excess epoxy is

applied and seeps from the edges of the plates, it can leave residue on the sapphire plates or

form bumps, both of which can hinder the motion of the Pan-style walker.

Making adjustments to Pan-style walker springs/tension — Once all of the com-

ponents of the Pan-style walker were fully assembled, electrical connections were made. Each

piezo stack was grounded where it was attached to the titanium plate and via a copper wire

on the surface where the alumina plate was attached. A diagram of the remaining electrical

connections can be found in Appendix A.

The final step in achieving three-dimensional motion with the Pan-style walker was pro-

perly adjusting the springs that provide tension between the moving plates and the piezo

stacks. In the z-directions, tension was provided by two beryllium copper leaf springs. These

springs were 0.015′′ thick and were fabricated at the Cornell Laboratory for Atomic and So-

lid State Physics Machine Shop. Even pressure was ensured by affixing a 1/8 inch diameter

stainless steel ball to the center of the leaf spring. It was critical that this metal ball be

electrically connected to the copper spring as these were used to ground the titanium plate

and therefore the piezos on the front of the z-prism. To make good electrical connection, the

stainless steel balls were attached with conductive silver epoxy. Tension in the x and y di-
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rection was provided by three compression springs. Originally, these springs were beryllium

copper (Cu172, OD = 0.240′′, wire size = 0.018′′, free length = 0.670′′, 11 coils, end type

= closed/not grounded, and spring constant = 0.938 lbs/in) purchased from Small Parts,

Inc. As mentioned previously, these springs became worn after ∼ five years of thermally

cycling and were replaced by beryllium copper (OD = 0.280′′, wire size = 0.020′′, free length

= 0.600′′, 7 coils, rate = 1.66 lbs/in) purchased from The D.R. Templeman Co. (CCJ-0600-

00166-B). Additional phosphor bronze springs with a spring constant similar to the original

beryllium copper springs were also purchased. Both phosphor bronze and beryllium copper

have similar thermal properties and have been used to provide tension in Pan-style walkers.

The springs for the Pan-style walker must be adjusted with the appropriate tension as

described in the theory section above. While calculating the exact force applied by each

spring is difficult, there are some experimental observations that can be used as guidance.

For z motion, it was important that the screws on either side of each leaf spring apply

approximately even tension. To some degree, the tension of the leaf springs can be felt in

the resistance of the screw as it is tightened. However, it was also important to inspect the

screws from the side to make sure that the gap between the leaf spring and the z walker

prism for all four screws was approximately even. The z leaf springs were held in place

on either side with titanium plates. When adjusting the z motion, it was important that

these plates also remain centered over the leaf springs. If the plates were uncentered or the

tension on the screws was uneven, the z-prism did not sit flush against all six piezo stacks

and motion was obscured. Additionally, while adjusting the tension, it was important to

check the direction of motion by watching small movements in the positive and negative z

directions starting in the middle of an interferometer fringe. As motion in the positive z

direction is opposing gravity, the motion sometimes looks very clean but in reality is just

falling due to the force of gravity rather than being pushed upward. In all directions (x,

y, and z), it was important that the motion looks smooth through the course of the pulse
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pattern that was applied. To achieve stick-slip motion, a voltage is first applied to each

shear piezo individually. This voltage is applied quickly such that the piezo breaks friction

and shears across the surface while the stage is held in place by the other piezo stacks. Once

each piezo has sheared individually, the voltage is slowly removed from all of the piezos in

tandem. This slow retraction does not break friction with the surface of the sample stage

and slides the stage to a new position. Consequently, if the motion of the stage is monitored

throughout the course of this waveform application, there should be a period of time where

the motion is flat – when the voltage is being applied to each piezo individually, and then a

large change in motion as the piezos slowly retract and move the stage. An example of this

motion can be seen in Fig. 2.15(a). If the tension on the springs is too tight, the motion of

the individual piezos cannot break friction and the Pan-style -walker stage is pulled back and

forth or there is less movement from the piezos than expected. This characteristic motion is

generally accompanied by a loud clicking noise of the piezos and can be seen in Fig. 2.15(b).

If the tension on the springs is too loose, the stage is, again, not held in place and large

oscillations are seen in the motion (Fig. 2.15 (c)). If the motion of the z-walker appears fluid

but deteriorates after approaching the sample surface for several micrometers, this generally

indicates that the z walker is not flush or is torqued in the prism. To check this, the entire

Pan-style walker should be removed from the microscope base. By looking at the z walker

from the top down, any misalignment of the center prism can be assessed and corrected by

manually moving the center prism or adjusting the screws and leaf springs.

Waveform to drive the shear piezos in Pan-style walker — As described in the

theory section above, the Pan-style walker functions using stick-slip motion. The walker is

nominally held in place with friction as a voltage is applied to each of the piezos individually.

This means that each individual piezo must accelerate quickly enough to break friction with

the surface while the remaining piezos hold the stage in place. After a voltage has been
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Figure 2.15: Example motion of the Pan-style walker for various spring tensions. (a) Motion
corresponding to adequate spring tension. When voltages are applied to the piezo stacks,
there are regions of no motion (flatness) followed by regions of slips (large increase or decrease
in signal). These two regions correspond to the voltage being applied individually to each
piezo and to the voltage being removed from all piezos in tandem. (b) Motion corresponding
to too much spring tension. While there is net motion overall, each pulse pattern moves
the stage only a very small amount. Small oscillations are observed as the piezos pull the
stage back and forth. The large applied tension prevents the piezos from breaking friction.
(c) Motion corresponding to too little spring tension. Large oscillations are observed as the
stage is not held in place while voltage is applied individually to each piezo stack.

applied to each individual piezo, the voltage is removed from all of the piezos in tandem.

The step constitutes the net motion of the stage. The acceleration of the piezos in this step

must be such that friction is not broken with the stage — the entire stage is slid with the

piezos as they retract.

An example of the typical waveform used to drive the Pan-style walker can be seen in

Figure 2.16. Each colored line represents the voltage applied to a single piezo stack. As

shown, the entire pulse pattern is typically performed in 10 ms. It is important to note

that the voltages shown here are the voltages applied by the DAQ, prior to amplification.

Before being applied to the actual piezo elements, these voltages are multiplied by 100× via

Trek Model 2210 amplifiers. The rapid acceleration of the piezo stacks, necessary to break

friction, is limited by the slew rate of these amplifiers (150 V/µs). The slow removal of the

bias voltage from the piezo elements, as shown in Fig. 2.16 as ∼ 2 ms, is slow enough to

maintain contact with and move the cantilever stage.
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Figure 2.16: A characteristic pulse pattern used to drive the Pan-style walker. Each colored
line represents a voltage pulse to an individual piezo. A voltage is rapidly applied to a single
piezo while the remaining five piezos hold the stage in place. The voltage is slowly removed
from all six piezos simultaneously to move the stage. (a) A typical pulse pattern ramping
from 0 to 2.5 V. (b) A pulse pattern ranging from -2.5 to 2.5 V. This pulse pattern is used
when the Pan-style walker is difficult to move. Applying a voltage from -2.5 V to +2.5V has
a resulting ∆L equal to application of a 5 V bias without the risk of damaging the shear piezo
elements with high voltages. Note: the y-axes represent the voltages applied via LabView
which are then multiplied by 100× before being applied to the piezos.

In addition to the speed at which voltages are applied/removed from the piezo stacks, it

is important to consider the magnitude of the voltage being applied to the Pan-style walker.

As discussed previously, the larger the voltage applied to the piezo, the greater the distance

moved by the piezo. For the piezo to break friction, we can either decrease the time it takes

for a voltage to be applied or increase the distance moved by increasing the magnitude of

the voltage applied. In general, the latter option is implemented due to slew rate limitations

of the amplifiers. We cannot, however, increase the applied voltage indefinitely. The shear

piezo elements used are rated for continuous use with ±400 V. Applying higher voltages (up

to 1000 V as limited by the Trek Model 2210 amplifiers) is acceptable for brief pulses if a

piezo becomes stuck, but may damage the piezos if used extensively. Table. 2.1 contains a

list of the typical voltages used to move the Pan-style walker at various temperatures. One

method used to overcome the necessity of applying voltages >400 V to the piezos is shown
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Table 2.1: Maximum acceptable voltages to apply to the shear piezos of the Pan-style walker
at each temperature. If larger voltages are required, the Pan-style walker is likely not opera-
ting as it should be and may not function properly at lower temperatures. Additionally, the
shear piezos are only rated to 400 V. Higher voltages can be pulsed if the Pan-style walker
becomes stuck but should not be used regularly/continuously. Note: these are the voltages
applied via LabView and are multiplied by 100× prior to reaching the shear piezos.

Temperature
[K]

Max applied voltage[V]
x y z

295 K ± 1.5 ± 1.5 + 2.0; -1.5
77 K ± 2.5 ± 2.5 + 3.5; - 2.0
4 K ± 4.0 ± 4.0 +4.5; -3.0

in Fig. 2.16(b). To increase the distance moved by the piezos, the pulse pattern can range

from a negative voltage to a positive voltage, rather than using the typical base zero. This

essentially doubles the net motion of the piezo while still applying absolute voltages within

the recommended range.
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CHAPTER 3

DEVELOPMENT OF HIGH FREQUENCY MICROSCOPE COMPONENTS

3.1 Broadband coplanar waveguide devices

To obtain high sensitivity in a magnetic resonance force microscope experiment, the can-

tilever must be operated in high-vacuum – to maintain a high quality factor Q – and at

cryogenic temperatures to reduce thermal mechanical noise. Additionally, operating at cryo-

genic temperatures increases the Curie-law polarization when detecting polarized spin signal

rather than statistical spin fluctuations. For these reasons, our MRFM experiments take

place under high-vacuum and at 4.2 K. To detect magnetic resonance, the sample is placed

in an external magnetic field to generate an energy splitting between the spin up and spin

down states of the sample spins to be studied. A transverse oscillating field is then applied to

saturate or invert the spins and generate a net force or force-gradient acting on the cantilever

tip as described in Chapter 1.

Modulating nuclear or electron spin polarization puts stringent requirements on the

strength of the applied transverse field. To perform an adiabatic rapid passage experiment,

the strength of the transverse magnetic field B1 must be such that

B2
1 �

1

2π

1

γ

d

dt
∆B0 (3.1)

where γ is the gyromagnetic ratio of the spin, ie. 42.56 MHz T−1 for 1H and d
dt

∆B0 is the rate

of change in the magnetic field. Meeting the condition given in Eq. 3.1 requires a transverse

field of millitesla strength in the megahertz frequency range for inverting nuclear spins. For

example, consider the strength of B1 required for a 2 MHz (peak-to-peak) radiofrequency

sweep, centered at the resonance frequency, applied during one cycle of cantilever motion to

invert 1H magnetization. For a typical nanomagnet tipped cantilever, fc ∼ 5000 Hz. The
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length of the rf sweep would be Tc = 1/fc = 2× 10−4 s. Combining these parameters gives

∆B0 = 2 MHz/(42.56 MHz T−1) = 0.050 T and d
dt

∆B0 = 250 T s−1. To meet the adiabatic

condition would therefore require B1 � 1.0 mT.

Saturating electron spin resonance requires a transverse field operating at microwave

frequency with a strength given by the saturation condition

B2
1 �

1

γ2T1T2

(3.2)

where γ is the gyromagnetic ratio, T1 and T2 are the spin-lattice relaxation time and the

spin-spin relaxation time respectively. For the nitroxide spin radicals used throughout this

work, γ = 28 GHz/T, T1 ∼ 1 ms and T2 ∼ 500 ns. To saturate the electron spin resonance of

a nitroxide radical, only microtesla of field are required at frequencies in the gigahertz range.

The challenges in performing magnetic resonance experiments under these conditions is thus

two-fold: (1) to perform both NMR and ESR experiments with a single setup, broadband

irradiation ranging from 20 MHz up to 40 GHz must be integrated, and (2) transverse fields of

millitesla or microtesla strength must be achieved on a minimum power budget (< 200 mW)

to maintain a sample temperature of 4 K and avoid losing sample magnetization or increasing

thermomechanical fluctuations.

In many magnetic resonance force microscope experiments, a tuned coil has been used

to deliver the transverse oscillating field [33, 42, 44]. While successful in detecting magnetic

resonance, these experiments were limited to operating at a single frequency and had to

contend with the power dissipated from the coil. To reduce the power required in achieving a

high strength transverse field, Wago et al. and later, Moore et al. introduced a microstripline

half-wave resonator fabricated on a printed circuit board [45, 48, 76–78]. These devices

allowed for the development of novel electron spin resonance experiments on nitroxide spin

radicals with minimal sample heating but were still limited to a single, tuned frequency of

irradiation.
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In 2007, Poggio et al. introduced a microwire radiofrequency source in order to address

both the power limitations and frequency requirements of a magnetic resonance force mi-

croscope experiment [79]. The 1 µm wide, 2.6 µm long, and 0.2 µm thick copper wire was

patterned on a silicon substrate. Operating at 4 kelvin, the microwire was used to generate

a transverse magnetic field at 115 MHz with a strength of over 4 mT and was successfully

used to detect statistical polarization fluctuations from 19F in a calcium fluoride sample.

In addition to the notable strength of the magnetic field achieved, the microwire frequency

source limited sample heating by dissipating less than 350 µW of power [79]. These mi-

crowire rf sources have since been integrated into a number of notable MRFM experiments

including the nanometer scale viral imaging experiment of Degen and coworkers [34] and the

record-high field gradient nanomagnet tipped cantilevers of Longenecker et al. [49].

In this chapter, I report on the extension of microwire frequency sources into coplanar

waveguides. By designing and integrating coplanar waveguide devices coupled to commer-

cial frequency generators, we have successfully demonstrated our ability to both saturate

electron spin resonance at frequencies up to 40 GHz and adiabatically invert nuclear spin

magnetization at frequencies ranging from 25 to 250 MHz using a single device to deliver the

transverse field [47]. Furthermore, I will discuss a collaborative project to develop tunable

chip-scale microwave sources, coupled to coplanar waveguides to be directly integrated into

our magnetic resonance force microscope.

3.1.1 Design and simulation of silicon coplanar waveguide chips

The coplanar waveguides described in this chapter are composed of a conducting centerline

with a gap between two semi-infinite flanking ground planes. The entire device is fabricated

on a dielectric substrate [80]. A diagram describing the general performance of the coplanar

waveguide can be seen in Fig. 3.1. In short, an oscillating voltage is applied to the centerline
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Figure 3.1: Sketch of a functioning coplanar waveguide (CPW). An oscillating electric (E)
field is applied to the centerline. This oscillating E-field generates an oscillating magnetic
(B) field concentrated around the centerline. Inset: The dimensions of the CPW with
centerline/conductor width w, gap/spacing s, and a substrate with thickness H and dielectric
constant εR.

of the CPW. The electric field (E-field) lines travel to the flanking ground planes as shown.

In turn, this oscillating E-field generates an oscillating magnetic field (B-field) around the

centerline. With the ground planes flanking the centerline and not below the device, the B-

field is concentrated just above the conducting line. In a magnetic resonance force microscope

experiment, this is the location where the cantilever tip detector should be operated. Sample

spins located above the centerline of the coplanar waveguide will experience the high-strength

oscillating magnetic field required to modulate sample spins and generate a detectable force

on the tip of the cantilever.

Taking full advantage of the broadband nature of coplanar waveguides, the CPWs des-

cribed here were designed to have a characteristic 50-Ω impedance, allowing them to be

coupled to commercial frequency generators. In addition, the output of the coplanar waveg-

uide can easily be terminated with a 50-Ω load after the lines have exited the microscope.

Using the design parameters outlined by Ghione and Carlo, the ratio between the centerline

width w and gap spacing s between the ground planes required to achieve 50-Ω was calcu-

lated [81]. For the H = 500 µm thick high-resistivity silicon substrate (εR = 11.8 nominal;

> 10, 000 Ωcm, undoped; University Wafer 2648) the ratio of w to s of 5:3 gives a charac-
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teristic impendence of 50.2 Ω. The devices described here were designed to have a broad

coplanar waveguide region at either end, tapered to a narrow microwire-coplanar waveguide

region in the center. The 5:3 w to s ratio was held constant throughout the wide, tapered,

and microwire regions.

Before fabricating any coplanar waveguide devices, all designs were simulated using the

3D high-frequency electromagnetic software, Sonnet (www.sonnetsoftware.com). The un-

derlying theory for the simulations performed in Sonnet can be found in References 82–84.

In brief, the waveguide was modeled as the 500 µm thick dielectric silicon substrate with

a 200 nm thick copper layer forming the conducting line and flanking ground planes. A

modified method of moments calculation based on Maxwell’s equations was used to perform

a three-dimensional analysis of the current in the CPW design. The resulting scattering

parameters, S11 and S21, as well as the current density distribution across the device were

calculated for the frequency values and power inputs specified by the user. From the simula-

ted current density in the microwire region of the coplanar waveguide, the strength of the B1

field could be calculated by multiplying the current density by µ0, the vacuum permeability

constant (1.2×10−3 mT/Am−1). All simulated B1 values reported here are B1 in the rotating

frame of reference Brot
1 = B1/2.

Initial coplanar waveguide designs were simulated with two versions of each chip — (1)

with the device having a full transmission line and (2) with the microwire shorted in the

center of the long direction and the latter half of the waveguide having no copper coating

(ie. a bare silicon substrate). Examples of these two styles of devices can be seen in Fig. 3.2.

The transmission line version of the waveguide was used to analyze the scattering parameters

while the shorted version was intended for use in our magnetic resonance force microscope.

The short at the end of the transmission line would force a region of high current density

and therefore high strength B1. One concern with these devices was that there would be
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Figure 3.2: (a) Shorted coplanar waveguide design and (b) transmission coplanar waveguide
design. (upper) Optical image of fabricated silicon coplanar waveguide chips. (middle)
Scanning electron micrograph of the microwire region of fabricated CPWs. (lower) Sonnet
simulation and zoom-in showing high current density region of coplanar waveguide in red.

increased dissipated power and therefore sample heating at the device short. In practice, a

more fundamental limitation arose — it was difficult to position the cantilever in the shorted,

high-current density region of the coplanar waveguide. The most striking consequence of this

design was the cantilever dissipation differences between the gold, shorted side of the CPW

and the insulating silicon side of the coplanar waveguide. The short was, typically, just a few

micrometers in length. Empirically, it was found that it was difficult to drive the cantilever

via positive feedback, within a few micrometers of the sample surface in this region. The

cantilever surface dissipation varied drastically between the silicon surface and metal surface

of the coplanar waveguide. As such, the shorted design of the coplanar waveguide was

abandoned and CPWs with full transmission lines were used throughout all of the work

discussed here.

Thus far, the following constraints have been placed on our coplanar waveguide design:

(1) the centerline must be a transmission line to reduce dissipated power and aid in operating

the cantilever in the high current density region; (2) the ratio of the centerline width w to

the gap s must remain constant to achieve 50-Ω impedance; and (3) the current density
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in the microwire region must be such that B1 is in the millitesla range for rf frequencies

and in the microtesla range for microwave frequencies. To optimize the performance of the

CPWs, we want to maximize the transmitted power, i.e. minimize the dissipated power (S21)

and the reflected power (S11). To achieve a high current density and consequently a high-

strength B1 field, the microwire region should be as narrow as possible. As the centerline

becomes more narrow, the power dissipated across the microwire region increases. To make

the cantilever/waveguide alignment easier, it would be ideal to have a very long microwire

region — with significant drift upon thermal contraction, we would essentially only have a

1D scan (across the short direction of the CPW) required to find the microwire. To reduce

the dissipated power, however, we want to keep the microwire region of the CPW as short

as possible. As shown in Fig. 3.3(a), the strength of the B1 field for a given input power

also scales inversely with the length of the microwire region — the longer the microwire, the

lower the B1 field strength. An additional design parameter that can be varied is the length

over which the coplanar waveguide is tapered from the outer, wide region to the narrow,

microwire center region.

Through a series of simulations, measurements of scattering parameters, testing our alig-

nment protocols, and analyzing how the cantilever resonance frequency was affected by rf in

the CPW, it was determined that a microwire width w = 5 or 10 µm would meet all of the

design criteria above. To optimize the scattering parameters, it was found that the taper

to the microwire region should occur over a relatively short distance, meaning the majority

of the design consists of the untapered CPW design. While the sharp corners of this de-

sign may be of concern for high-frequency operation, a device with a taper occurring over a

length of 450 µm outperformed longer, more gentle tapers in Sonnet simulations, presumably

balancing the losses from a narrow taper and the effects of sharp corners.

The last design parameter to be varied was the length of the microwire. A series of
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(a)

(b)

(c)

Figure 3.3: Characterization of the silicon coplanar waveguide chip. (a) Simulated strength
of the transverse oscillating field B1 generated for an input power of 200 mW at 200 MHz.
(b) Measured resistance across the centerline. (c) Measured resistance across the centerline
at various temperatures. In (a) and (b) the blue data is for a w = 5 µm wide microwire with
an s = 3 µm wide silicon gap between the flanking ground planes. The orange data is for a
w = 10 µm wide microwire with s = 6 µm. In (c) the coplanar waveguide chip was tapered
to a 500 µm long, w = 10 µm, and s = 6 µm microwire.
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Table 3.1: Simulated (Sonnet) strength of transverse B1 field for representative coplanar
waveguide designs for an input power of 200 mW.

w [µm] Microwire length [µm] B1 (200 MHz) B1 (17 GHz)
5 500 4.8 mT 3.4 mT
10 500 2.5 mT 1.5 mT
5 300 5.0 mT 3.7 mT
10 300 2.6 mT 1.7 mT

coplanar waveguides were fabricated with microwire regions ranging from 100 to 2500 µm

long. To maintain a 50-Ω impedance, the DC resistance through the device should be kept

well below 50-Ω. Figure 3.3(b) shows the DC resistance measured across the centerline of

5 and 10 µm wide microwire coplanar waveguides with various microwire lengths at room

temperature. To keep the DC resistance below, say 20 Ω, a 10 µm wide microwire should be

no longer than ∼ 1500 µm and a 5 µm wide microwire should be no longer than ∼ 650 µm.

It is also worth noting how the resistance of the devices scales from room temperature to

4.2 K where the devices will be operated. The resistance of a 500 µm long, 10 µm wide

microwire over this temperature range can be seen in Fig. 3.3(c). To reduce the resistance,

while keeping a design that would be relatively straightforward to align to, microwires with

a length of 500 µm have been used throughout this work.

The final design that has been used throughout the MRFM experiments shown here

are 10 mm by 2 mm chips. The wide, untapered region of the coplanar waveguide has

a centerline width w = 480 µm and a gap to the flanking ground plane s = 230 µm on

either side. This wide coplanar waveguide has a constant taper over a distance of 450 µm

to a narrow microwire. The microwire section is either 300 or 500 micrometers long. The

microwire width is either w = 5 µm or 10 µm with a gap s = 3 µm or 6 µm, respectively.

Table 3.1 gives the simulated B1 strength for this coplanar waveguide design, with 200 mW

of input power, at representative radiowave and microwave frequencies.
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3.1.2 Fabrication

The fabrication protocol for the silicon coplanar waveguide chips described throughout this

chapter was developed by Christine Gleave. The fabrication was carried out at the Cornell

NanoScale Science and Technology Facility (CNF) by both Christine Gleave and Paméla

Nasr. Briefly, the design of the waveguide was modeled in CAD and a mask was generated

for use with the ASML 300C DUV stepper. In designing the CAD it is critical to account

for the dimensions of the dicing saw that will be used to release the individual waveguides

in the end. Using the 50 µm blade requires the correct spacing between waveguides for

the patterned CPW design to occupy the entire chip once diced. Any misalignment in the

CAD file will result in unusable (incorrect dimensions, unpatterned regions at the end of

the chip, etc.) CPW chips after dicing. The mask must also be properly aligned with

the pattern/spacing during exposure to ensure that dicing will produce adequate waveguide

chips.

The CPWs were fabricated on a 500 µm thick high-resistivity silicon substrate (εR = 11.8

nominal; > 10, 000 Ω − cm, undoped; University Wafer 2648). Resist (DSK-101-312) was

spun onto the wafer and exposed using the ASML 300C DUV stepper. After exposure, the

wafer was baked, developed, and descummed. To fabricate the waveguide features, 5 nm of

titanium was deposited on the wafer as an adhesion layer using electron beam evaporation.

The main waveguide layer, 200 nm of copper was then deposited followed by a 30 nm gold

capping layer. Lift off was used to remove the metal from the spacing between the centerline

and flanking ground planes. An additional layer of SPR-220-3 resist was spun on the wafer

before the CPW chips were diced. This resist should be removed from each CPW chip

individually, before use in an MRFM experiment, by soaking the chip in acetone, then

rinsing the chip with isopropyl alcohol and drying with nitrogen gas.
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3.1.3 Characterization and performance

To characterize the fabricated silicon chip coplanar waveguides, the chips must be coupled

to commercial SMA connectors. Here, I report three methods for coupling the waveguides

(see Fig 3.4): (1) millimeter length aluminum wire bonds to a commercially fabricated

printed circuit board (Fig. 3.4(a)), (2) micrometer length aluminum or gold wire bonds to

a commercially fabricated coplanar waveguide on a ceramic board (Fig. 3.4(b)), and (3) a

press fit, ‘flip-chip’ connection to a second coplanar waveguide either commercially or custom

fabricated (Fig. 3.4(c)). While both the printed circuit board and ceramic CPW board are

useful for quickly characterizing newly fabricated coplanar waveguide chips, the most robust

method for integrating the coplanar waveguides into our magnetic resonance force microscope

is using the ceramic boards as discussed below. Using a ‘flip-chip’ connection has yet to be

realized but may be critical in implementing flash frozen biological samples into our magnetic

resonance force microscope; the prospects of which will be discussed below.

Printed Circuit Boards — For testing coplanar waveguides, printed circuit boards

(PCB) from Express PCB were purchased. While these boards can be used in our magnetic

resonance force microscope, they do not fit on the sample stage in a well-defined orientation

making alignment between the cantilever and coplanar waveguide challenging. The PCB

was fabricated on a 25.4 by 12.7 mm board. Three metal pads were deposited on each

end — two ground pads 3.7 by 6.8 mm and one 2.8 by 6.8 mm pad for the centerline. To

make a connection between the PCB and a commercial frequency source, female SMA end

launch connectors (Digi-Key P/N 132255-12) were soldered to the pads on the PCB board.

A photograph of this setup can be see in Fig. 3.4(a).

To use these boards with a coplanar waveguide, the waveguide was held onto the board

with a small amount of 5 minute epoxy on either side. It is important not to use too much
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SMA connector silcon CPW chipcopper plate

Figure 3.4: Various methods for making electrical connections to the silicon coplanar wa-
veguide (CPW) chips. (a) The silicon CPW chip was wire bonded to the printed circuit
board (PCB) with commercial SMA connectors soldered to each end. (b) (upper) The sili-
con CPW chip was wire bonded into the center of a commercially available ceramic CPW
board. The ceramic CPW board was attached to a copper plate for heat sinking and SMA
connectors were soldered to the center pins at either end. (lower) Side view of the ceramic
CPW board setup showing the SMA connectors. (c) (upper) A ceramic CPW board with
a notch removed from the side to facilitate alignment with, and to allow a cantilever to be
brought into proximity of, an underlying silicon CPW chip. (lower) The silicon CPW chip
was connected to an inverted ceramic CPW board via a press-fit connection to eliminate the
potential deleterious effects of wire bonds on the CPW performance. In both (a) and (b) the
silicon CPW chip was 10 mm by 2 mm and the location of wire bonds is highlighted by a
black box. To facilitate contact between the silicon CPW chip and the ceramic CPW board
in (c) a 13 mm by 2 mm silicon CPW was implemented.

epoxy as any epoxy beneath the CPW may make the surface uneven and consequently be

more difficult to wire bond. These boards have been characterized with millimeter length

aluminum wire bonds (see Appendix B) spanning the gap between the custom fabricated

silicon coplanar waveguide chip and the commercially fabricated printed circuit board as

indicated by the black box in Fig. 3.4(a). Aside from the notable length of the wire bonds

required to span the gap between the PCB pads and the coplanar waveguide, their is also a

significant height difference between the level of the PCB pad and the coplanar waveguide.

Ceramic boards — To couple the silicon coplanar waveguide chips to a commercial

frequency generator and integrate the device into our magnetic resonance force microscope,

custom ceramic boards were purchased from PCB Fab Express. An image of the silicon

coplanar waveguide chip wire-bonded into the ceramic board can be seen in Fig. 3.4(b). The
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ceramic coplanar waveguide boards were designed to have a 50-Ω characteristic impedance

and an opening in the center for the coplanar waveguide chip. When fabricating new CPW

chips, the dimensions of the inside of the ceramic board should be measured carefully. The

CPW chips should be designed, fabricated, and diced to match the dimensions of the ceramic

coplanar waveguide board as closely as possible. If the CPW chip is significantly smaller

than the ceramic CPW board opening, the silicon chip will not remain in place during wire

bonding and increased losses may be observed in the microwave frequency range due to the

long wire bonds necessary to make connections between the board and the chip. If the CPW

chip is larger than the ceramic CPW board opening, the chip will not fit in the board and

cannot be used with this setup.

The ceramic CPW boards purchased from PCB Fab Express were fabricated on a 4.57

cm by 1.14 cm TMM10i ceramic board having a relative permittivity of 9.8 and a thickness

of 2540 µm. The indent for the silicon CPW chip in the center of the board has a depth of

500 µm and is approximately 10 mm in length and 2 mm wide. The coplanar waveguide was

patterned on the surface with 35 µm thick copper (1 oz/ft2) and a gold finish. The centerline

width w, near the connection to the silicon chip was 457 µm and the ground plane spacing

s was 228.6 µm. Combined, these parameters give a calculated characteristic impedance of

52 Ω. On each end of the ceramic CPW board are 3 holes — one in each ground plane

and one in the centerline — to connect the board to a copper plate and commercial SMA

connectors. Screws through the holes in the ground planes were used to attach the board to

a copper heat sinking plate and actded to ground the board to the microscope body. The

hole in the centerline of the board was plated with gold and fit with a 27.0 GHz SMA panel

jack receptacle (Delta Electronics P/N 1396-000-K911-002) and glass hermetic seal (Delta

Electronics P/N 41-10046-01-AU) which was soldered to the centerline of the ceramic board.

An image of this setup can be seen in the lower frame of Fig. 3.4(b).
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Figure 3.5: A sketch of a flip-chip connection using indium bumps to facilitate electrical
contact in a magnetic resonance force microscope experiment.

To use the coplanar waveguide device, the silicon CPW chip was wirebonded into the

ceramic board. Before placing the silicon CPW chip into the ceramic board to be wire

bonded a small dot of Apiezon N-type grease was placed into the board to help secure the

CPW. Either gold or aluminum wire bonds were used to make this connection. The settings

for wire bonding with the TPT-HB05 wire bonder can be found in Appendix B.

Flip-chip connections — Integrating biological samples into our magnetic resonance

force microscope will present its own set of challenges. To preserve the molecules in their

native structure, we propose integrating flash-frozen samples — building off the techniques

developed in the cryo-electron microscopy community as a starting point. Biological samples

in an amorphous, frozen water matrix will have to be placed on a silicon coplanar waveguide

chip or the sample will have to be flash frozen after being placed on the CPW chip. Electrical

connections will have to be made quickly to connect the silicon CPW chip to the ceramic

CPW substrate equipped with SMA connections while the sample remains at near liquid

ethane temperatures so the ice cannot crystallize and deform the molecular structure. Under

these conditions, holding the waveguide at ∼ 90 K, it would be extremely difficult to make

wirebonds to connect the CPW to the sample substrate. As an alternative procedure, we

propose using a ‘flip-chip’ connection [85–89].
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A flip-chip connection is a method commonly used in commercial packaging for ma-

king low resistance, high-frequency electrical connections without the need for lengthy wire

bonds. In a conventional flip-chip connection, metal contacts are patterned onto the sample

and substrate surfaces where bonding is desired. In the case of our experiment, we would

want to pattern contacts onto the end of the silicon coplanar waveguide chips and on the

corresponding edges of an inverted, ceramic coplanar waveguide board as seen in Fig. 3.4(c).

Typically, the solder contacts are alloys of tin, Sn-Au or Pb-Sn [86, 88], or Au [89]. To make

a robust connection, the two pieces are aligned, pressed together under sufficient pressure

and heated. For our MRFM experiment, we need to eliminate the need for high tempera-

ture processing. To do so, indium can be patterned on the coplanar waveguide surface as

described in Ref. 87. Due to the low melting point of indium, these connections can be made

by applying pressure to the connections at room temperature. A sketch of this flip-chip

connection can be seen in Fig. 3.5.

In proof-of-concept experiments making flip chip connections, no indium was used. A

silicon coplanar waveguide chip was fabricated with dimensions of 13 mm by 2 mm — 3

mm longer than the opening in the center of the ceramic boards. One side of the ceramic

board was removed with a dremel to facilitate alignment with the coplanar waveguide and

provide an area for the cantilever to approach the underlying coplanar waveguide (Fig. 3.4(c

- upper)). The CPW chip and ceramic board were simply pressed together with an air gap to

test alignment and feasibility. Initial studies were also performed to test the patterning and

deposition of indium bumps as described by Olver [87]. These experiments were successful

in depositing 200 µm by 200 µm squares of indium on the ground plane and conducting line

of a coplanar waveguide on silicon chip — indicating a promising approach for future cold-

bonding, indium flip-chip connections in magnetic resonance force microscopy experiments.
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Performance — With coplanar waveguides fabricated, it is important to test their functi-

onality before integrating the devices into our magnetic resonance force microscope. Ideally,

we would be able to measure the performance of the silicon coplanar waveguide chips directly

using a three point probe. A three-point probe measurement would provide direct evidence

of the losses across our CPWs. Unfortunately, the pitch of the three-point probes available

at the Cornell Center for Materials Research and Cornell’s Ultra High-speed Nonlinear Inte-

grated Circuit Lab are incompatible with the pitch of our coplanar waveguides. In order to

measure the losses of our waveguide devices, the silicon CPWs were connected to commercial

SMA connectors as described above and the scattering parameters (see Eq. 2.1 and Eq. 2.2)

across the entire device were measured. This provides valuable insight into the strength of

the oscillating transverse field we can achieve with these devices but little insight into the

cause of device losses — whether the observed losses are intrinsic to the silicon CPW chip,

the wirebonds, or the sample substrate.

To gain some insight into device losses, we have studied a variety of coplanar waveguide

device setups as described in the above section over frequencies ranging from 25 MHz to 40

GHz. We compared the scattering parameters from measurements with different substrates

(PCB or ceramic boards), wire bonds of various length (micrometer scale, millimeter scale,

or no wire bonds in flip-chip connections), and wire bonds of various composition (gold vs.

aluminum) to glean information about the underlying loss mechanisms in the devices. We

anticipated that keeping wire bonds as short as possible would reduce the losses of the devices

by reducing variations in impedance over the length of the coplanar waveguides. Previous

studies on the effect of wirebonds on device performance have found that measured losses

are increased significantly as the operating frequency is increased throughout the microwave

range and as the length of the wirebonds is increased — specifically when the length of the

wirebonds becomes a significant fraction of the irradiation wavelength [85, 90]. Krems et al.

suggest a general rule of thumb: to reduce the losses incurred from wirebond connections,
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Table 3.2: Calculated wavelengths for representative irradiation frequencies commonly used
in magnetic resonance force microscopy experiments.

Frequency λ λ/2 λ/4 0.033λ
25 MHz 12 m 6 m 3 m 395 mm
210 MHz 1.4 m 700 mm 350 mm 45 mm

1 GHz 300 mm 150 mm 75 mm 10 mm
20 GHz 15 mm 7.5 mm 3.8 mm 500 µm
40 GHz 7.5 mm 3.8 mm 1.9 mm 250 µm

the wirebonds should be no longer than 0.033λ where λ is the wavelength of irradiation.

For our devices, this would suggest the wirebond length limitations outlined in Table 3.2.

Given these parameters, we would expect the few millimeter length wire bonds used in

connections to the PCB setup to have deleterious effects at frequencies above ∼ 1 GHz and

the few hundred micrometer length wirebonds used in the ceramic board CPW setup to have

negative effects on waveguide performance at frequencies greater than ∼ 20 GHz. Using a

flip-chip connection should eliminate the effect of bond length and should not hinder the

waveguide performance in the frequency ranges investigated here.

The measured scatting parameters of the various CPW setups are summarized below

over subsets of the frequency range. As discussed, we would predict that below 1 GHz all of

the setups should perform equally well. Between 1 and 20 GHz we might expect the PCB

CPW setup to begin displaying increased losses and well above 20 GHz both the PCB and

ceramic CPW board setups are expected to show increased losses across the devices.

Below 1 GHz — At frequencies throughout the megahertz range, we expected the copla-

nar waveguides to nominally perform as predicted by electromagnetic simulations performed

in Sonnet. At frequencies below 1 GHz, the wavelength of irradiation is such that even

0.033λ is significantly larger than any of the CPW features and the wirebonds in all of the

setups described above. Figure 3.6 shows the measured and simulated scattering parameters

for the silicon CPW chips connected via (a) mm scale aluminum wire bonds to a PCB, (b)
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Figure 3.6: Scattering parameters at frequencies below 1 GHz for the coplanar waveguide
devices integrated into the various connection methods described in Section 3.1.3: (a) copla-
nar waveguide wirebonded to a printed circuit board, (b) coplanar waveguide wirebonded
to a ceramic board, and (c) flip-chip connection to an inverted ceramic board. The power
reflected through the device (S11) is plotted in orange and the power transmitted through
the device (S21) is plotted in blue. The circles indicate measurements from the devices while
the solid lines are the results of electromagnetic simulations of just the silicon coplanar wa-
veguide (CPW) chips performed in Sonnet. The silicon CPW chip in all cases was tapered
in the center to a microwire 10 µm wide (with 6 µm silicon gaps) and 500 µm long.

µm scale gold wire bonds to a ceramic CPW board, and (c) an air-gap flip-chip press fit

connection to an inverted ceramic CPW board. The measured S-parameters are indicated

by circles while the simulated parameters are plotted as solid lines. It is important to note

that the simulated parameters are only for the silicon CPW chip and do not, in any way,

account for additional CPWs, substrate boards, or connections — including wire bonds,

solder connections, and SMA connections. The data plotted in blue indicates the power

transmitted through the entire CPW device, the S21 parameter. The data plotted in orange

gives the power reflected back to the input port or the S11 parameter.

Between 100 and 1000 MHz all of the waveguide setups performed remarkably well. The

measured transmission losses over this entire range were less than 5 dBm and agreed with the

simulation results to within a couple of dBm. This discrepancy could be due to losses from

the SMA connections or the connections between the silicon CPW chip and the substrate that

are unaccounted for in simulations. The length, composition, or absence of wirebonds had
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Figure 3.7: Scattering parameters at frequencies between 1 and 20 GHz for the coplanar
waveguide (CPW) devices with the connections described in Section 3.1.3: (a) CPW wire-
bonded to a printed circuit board, (b) CPW wirebonded to a ceramic board, and (c) flip-chip
connection to an inverted ceramic board. The power reflected through the device (S11) is
plotted in orange and the power transmitted through the device (S21) is plotted in blue.
The circles indicate measurements from the devices while the solid lines are the results of
electromagnetic simulations of just the silicon CPW chips performed in Sonnet. The silicon
CPW chip in all cases was tapered in the center to a microwire 10 µm wide (with 6 µm
silicon gaps) and 500 µm long.

little effect on the S21 parameter over this low frequency range. The reflected power showed

slightly worse agreement between measurement and simulation with the flip-chip connection

performing the closest to predictions. While these differences are not well-understood, the

excellent agreement of the S21 parameters suggested that these devices should be capable

of producing millitesla strength magnetic fields to adiabatically invert nuclear spins, with

< 200 mW of input power for external applied magnetic fields ranging from 1 to 6 tesla.

Between 1 and 20 GHz — To saturate electron spin resonance in a magnetic resonance

force microscope experiment, irradiation must be applied at frequencies of ∼ 17 GHz (0.6 T)

or greater. Figure 3.7 shows measured and simulated scattering parameters for frequencies

ranging from 1 to 20 GHz. In this frequency range, Table 3.2 suggests that the wirebonds

on the PCB device may be longer than the 0.033λ condition. We therefore expected to see

increased losses from the PCB device in this frequency range. The wirebonds on the ceramic

board should not be long enough to negatively effect the waveguide performance.
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As seen in Fig. 3.7, the scattering parameters of all devices in the gigahertz range show

significantly more loses and significantly worse agreement with simulations than those in

the megahertz range. Surprisingly, the device with the best performance over the largest

frequency range was the PCB device shown in Fig. 3.8(a). As predicted by Ref. 85, the

power transmitted through the coplanar waveguide with millimeter scale wirebonds on the

PCB substrate did show a decrease in performance above ∼ 7 GHz indicating that the long

wirebonds may be playing a role. However, the device recovered and agreed with simula-

tions within in few dBm for frequencies between 12 and 17 GHz. Equally surprising was

the relatively poor performance of the ceramic board CPW setup over this frequency range

(Fig. 3.8(b)). The 0.033λ criteria would suggest very little effect from the wire bonds for

frequencies less than 20 GHz, yet a very distinct drop in transmitted power was observed

at 5 GHz. The measured S21 parameters in these two cases indicate that the device perfor-

mance may not be entirely limited by the length of the wirebonds. It should also be noted

that these measurements were collected using wirebonds of different compositions (38 µm

diameter aluminum or 25 µm diameter gold) and with different numbers of wirebonds. For

all variations in the wirebonds that were tested, very little variation in device performance

was observed — indicating that the wire bonds may not be the dominating contributor to

the reduction in device performance observed in the gigahertz frequency range.

While the device performance observed here was not expected based on the length of

the wirebonds in these setups, there were still frequencies > 17 GHz at which the measured

transmission power was within a few dBm of the simulated transmission power. Operating

at these frequencies, these measurements would predict that we could provide more than

sufficient transverse magnetic fields (microtesla strength) to saturate electron spin resonance

using these devices. The scattering parameters for the flip-chip CPW device can be seen

in Fig. 3.8(c). Unlike in the megahertz range, the transmitted power through this device

dropped off almost immediately once in the gigahertz range and was more than 20 dBm
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below the simulated power. This is not exceptionally surprising given the fact that there

was no conducting layer coupling the silicon CPW chip and the inverted ceramic CPW

board. Integrating a metal connection, such as the indium bumps described above, may

help drastically decrease the transmission losses seen here.

Above 20 GHz — Due to the poor performance of the flip-chip devices at frequencies

up to 20 GHz, and the challenges of integrating the PCB setup into our magnetic resonance

force microscope, only the ceramic CPW devices were tested at higher frequencies – up to 40

GHz. The measured S11 (orange) and S21 (blue) parameters can be seen in Fig. 3.8. Again,

based on the 0.033λ argument of Krems et al., we expected the ∼ 200 to 300 µm long wire

bonds on the ceramic board to have little effect on the device performance between 20 and

30 GHz. The measured transmitted power, however, suggested between 20 and 60 dBm of

losses for all frequencies between 25 and 35 GHz. Surprisingly, there were regions (< 25 GHz

and > 37 GHz) in which the transmission losses were less than 20 dBm. While these losses

are significant, simulations suggested that even with these losses, the coplanar waveguides

should be capable of producing microtesla strength magnetic fields in these frequency re-

gions. Additionally, it is noted that the scattering parameters shown here were collected

with aluminium wire bonds rather than the gold wire bonds reported previously. These

measurements were collected with both gold and aluminum wire bonds with no noticeable

differences between the two metals.

3.1.4 First NMR-MRFM signal with coplanar waveguides

As discussed in the previous section, the ceramic CPW device was best suited for inte-

gration into Cornell’s 3rd generation magnetic resonance force microscope due to physical

design constraints and heat sinking. With the excellent agreement between measured and
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Figure 3.8: Scattering parameters measured from a silicon coplanar waveguide (CPW) chip
connected to a ceramic coplanar waveguide board via aluminum wire bonds for frequencies
between 20 and 40 GHz. The silicon CPW chip was tapered to a 10 µm wide and 500 µm
long microwire with 6 µm gaps between the centerline and flanking ground planes. The
orange circles are the measured S11 values and the blue circles are the measured S21 values.

simulated scattering parameters at MHz frequencies, the devices were first tested in nuclear

magnetic resonance (NMR-MRFM) experiments. Using the alignment protocols discussed

in Chapt. 4 [70], the cantilever was aligned to the coplanar waveguide and DC-CERMIT 1H

NMR experiments were performed at an external applied magnetic field of 5 T. To further

characterize the waveguide performance, the input power to the CPW was varied to look at

the effects of power dissipation, sample heating, and the adiabaticity of the rf sweeps.

Preliminary NMR-MRFM signal — For initial, proof-of-concept experiments, a 200

nm thick polystyrene film was spun cast as a sample onto a silicon coplanar waveguide chip.

The silicon CPW was tapered to a 500 µm long, 10 µm wide microwire. The CPW chip

was wirebonded into a ceramic CPW substrate with 2 to 3 gold wires connecting each end

of the centerline and each end of the flanking ground planes. To modulate the nuclear

spins in the sample, an adiabatic rapid passage rf sweep was periodically applied to one

end of the CPW. The other end of the CPW was terminated with a 50-Ω load outside of

the microscope’s top vacuum chamber. In an external field B0 ∼ 5 T, on resonance ARP
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sweeps were ∆frf = 1 MHz wide and centered at frf = 210 MHz. To test the performance

of the coplanar waveguide and the resulting adiabaticity of the applied rf, the input power

and length of the rf sweeps were varied. For the sweeps to remain adiabatic, the CPW must

provide a sufficient B1 field to satisfy Eq. 3.1. Nuclear spin detection was performed with

a 200 µm long silicon cantilever with a ∼ 6.5 µm diameter, overhanging, nickel magnet tip

hand-glued to the end. At 4.2 K the cantilever had a resonance frequency fc = 3050 Hz,

quality factor Q ∼ 30, 000, and spring constant kc ∼ 1.0 mN/m.

The first NMR-MRFM data collected from Cornell’s 3rd generation magnetic resonance

force microscope is plotted in Fig. 3.9. At 4.92 T, two adiabatic rapid passage sweeps were

applied to the sample, at 4 and 8 seconds, as seen in Fig. 3.9(a). As expected, a step change

in cantilever resonance frequency was observed during each sweep. The first sweep, inverts

the nuclear spins in a ‘bulk’ resonant slice of spins far from the cantilever magnet tip. If spins

are inverted adiabatically, and spin diffusion and spin relaxation are not contributing factors,

the second rf sweep should reinvert the same region of sample spins and return the cantilever

resonance frequency to its initial value. As seen here, while sample spins are clearly inverted

during both rf sweeps, all of the sample spins in the region are not being reinverted during

the second sweep.

Nevertheless, using the first adiabatic rapid passage signal only, the NMR signal versus

external applied magnetic field was studied at various tip-sample separations (Fig. 3.9(b)).

This data demonstrates the expected bipolar lineshape of a DC-CERMIT detection protocol

where the cantilever frequency shift is coupled to the second derivative of the magnetic-

tip field gradient. As the cantilever is moved further away from the sample surface, the

frequency shift becomes smaller and narrower in B0 as expected. Numerical simulations

were performed using the sample, cantilever, and magnet parameters measured. To obtain

a quality fit to the observed signal, as seen in the solid lines of Fig. 3.9, the strength of the
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Figure 3.9: Preliminary DC-CERMIT nuclear magnetic resonance signal collected using
a coplanar waveguide to provide the transverse oscillating magnetic field. (a) Cantilever
frequency versus time. Two adiabatic rapid passages (ARP) were applied at 4 and 8 seconds
to invert the nuclear spins. Experimental parameters: B0 = 4.92 T, ∆frf = 1 MHz, frf =
210 MHz, length of ARP sweep trf = 10 ms, and rf power Prf = 316 mW. (b) Cantilever
frequency shift vs. external applied field for three different tip-sample separations, h = 1000
nm, h = 400 nm, and h = 200 nm. The solid lines are numerical simulations of the expected
cantilever frequency shift. Experimental rf parameters are the same as in (a). Simulation
parameters: B1 = 1.5 mT, ρH = 49 1H/nm3, sample dimensions 10 µm by 30 µm by 200 nm
thick, grid spacing: dx = dy = 40 nm, dz = 10 nm, T = 4 K, fc = 3050 Hz, and kc 1 mN/m.
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Figure 3.10: The simulated strength of the oscillating transverse B1 field for various input
powers to the coplanar waveguide. The simulations are for a silicon coplanar waveguide chip
tapered to a 500 µm long, 10 µm wide microwire.

B1 field was set to 1.5 mT. This is approximately 2.5 times less than the simulated B1 field

for Prf = 316 mW into the coplanar waveguide as shown in Fig. 3.10. This was unexpected

from the low losses measured through the coplanar waveguide devices in the MHz frequency

range.

Effects of rf input power — The unexpectedly poor performance of the coplanar wa-

veguides in the megahertz frequency range raised concerns about rf heating effects and our

inability to adiabatically modulate nuclear spins. Described here are a series of experiments

varying the rf input power and looking at the effects on cantilever resonance frequency

and nuclear magnetic resonance signal. Figure 3.11(a) shows the effect of rf pulses on the

cantilever resonance frequency. To avoid a spin contribution to the cantilever frequency

(ie. analyzing only the rf effect on fc), a ∆frf = 1 MHz sweep centered off resonance at

frf = 250 MHz was applied to the coplanar waveguide at 4 and 8 seconds. The sweep lasted

60 ms with an input power of 200 mW. As shown, the rf sweep had very little effect on

the cantilever resonance frequency. At 4 seconds, a spurious, transient cantilever frequency
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Figure 3.11: Analyzing the effect of rf frequency sweeps on the cantilever resonance frequency.
(a) Cantilever resonance frequency when two off resonance rf sweeps are applied to the
coplanar waveguide at 4 seconds and 8 seconds. Experimental parameters: B0 = 4.92 T,
frf = 250 MHz, ∆frf = 1 MHz, Prf = 200 mW, trf = 60 ms. (b)Observed cantilever
frequency shift δfc after an rf sweep lasting 10 ms (blue) or 6.5 ms (orange). Experimental
parameters: B0 = 4.92 T, frf = 250 MHz, ∆frf = 1 MHz.

shift was observed. However, the rf had no lasting impact on fc suggesting that dissipated

power/rf heating were not an issue.

To assess the strength of the oscillating field in Fig. 3.11, the rf power into the coplanar

waveguide was varied for two different sweep lengths, 10 ms (blue) and 6.5 ms (orange).

These experiments were performed at 4.92 T with a frf = 210 MHz and ∆frf = 1 MHz

ARP sweep. According to the adiabatic condition (Eq. 3.1), the strength of B1 required

scales inversely with the time of the rf sweep. We would therefore expect that at low power

a longer frequency sweep would be closer to meeting the requirements for adiabaticity and

provide a larger δfc. At higher input powers, where B1 meets the adiabatic condition for

both sweep lengths, the δfc signals should converge. While this trend appears to be followed,

the limits on the maximum input power to the coplanar waveguide made it difficult to say

with certainty if the adiabatic condition was met or not.

While the data presented here does not definitively indicate the strength of the trans-
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verse B1 field supplied by the coplanar waveguide, it does indicate that these waveguides

can successfully invert the z-component of 1H spin magnetization. Additionally, in further

analyzing simulated B1 fields, and looking at the location of the cantilever over the copla-

nar waveguide at room temperature, it was hypothesized that the experiments shown here

were actually performed in the tapered region of the coplanar waveguide rather than in the

narrow microwire region. Operating in this location would drastically reduce the strength

of B1 and require additional input power as observed. For future experiments, systematic

scans of the sample surface were used to confirm that the cantilever was properly located in

the microwire region of the coplanar waveguide. Nevertheless, nuclear magnetic resonance

signal was successfully detected with our silicon coplanar waveguide integrated into ceramic

CPW board devices.

3.1.5 Conclusions and future experiments

The performance of the coplanar waveguides at megahertz frequencies was demonstrated

through the detection of proton magnetic resonance. The operation of the CPWs at gigahertz

frequencies was predicted to be sufficient for electron spin resonance based on electromagnetic

simulations and measured scattering parameters. The measured losses at high frequency,

however, were quite significant and could contribute to sample heating. Implementing an

indium-flip-chip connection could help eliminate any deleterious effects from the wire bonds

used to connect the CPWs. Here, I propose additional modifications to the waveguide design

to help reduce high-frequency transmission losses and increase the efficiency of the silicon

coplanar waveguide chips.

One consideration to improve the efficiency of our coplanar waveguide devices over the

entire frequency range is the skin depth of the metal. The skin effect is a well known effect

in metals in which the current density is confined to the surface region of a conductor when
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Figure 3.12: Skin depth of copper vs. frequency of applied irradiation. The black line is the
skin depth. The red dotted line indicates the thickness of copper on the coplanar waveguides
described here — 200 nm.

an alternating electric field is applied. The depth to which the current is confined, the skin

depth δ, is given by

δ =

√
2ρ

2πfµrµ0

(3.3)

where ρ is the resistivity of the conductor, f is the frequency of the applied electric field,

µr is the relative magnetic permeability of the conductor (µr = 1 for copper) and µ0 is the

permeability of free space (4π× 10−7 Tm/A) [91]. As the frequency of the applied current is

increased, the skin depth is reduced. As such, the effective resistance of the metal increases

at higher frequency. In Fig. 3.12, we show how the skin depth of copper varies with frequency.

In all experiments to date, the copper used to fabricate the coplanar waveguide has

been 200 nm thick (red, dotted line in Fig. 3.12). To achieve a skin depth of 200 nm, the

alternating current applied to the coplanar waveguide would need to be 100 GHz, well above

the frequencies used in these magnetic resonance force microscopy experiments. Increasing

the thickness of copper, would decrease the resistance of the device and would likely decrease

losses and device inefficiencies. For the highest frequencies used in this work, 40 GHz, the
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skin depth is 325 nm. Fabricating new coplanar waveguide devices with ∼ 350 nm thick

copper would allow for current to flow though the entire skin depth at 40 GHz.

Another set of considerations in improving the coplanar waveguide performance at high

frequencies is the shape of the waveguide features. For the waveguides described above, a

broad centerline was tapered down to a narrow microwire region. In settling on this design,

various lengths of taper were considered. In general, it is thought that for high frequency

devices, one should avoid corners and sharp edges. Rather, the devices should be designed

to have smooth or rounded curvature through any bends. When comparing the wavelength

of irradiation to the dimensions of the bends in our waveguides, the waveguide features are

significantly smaller than any wavelengths used throughout these experiments. Empirically,

the design shown here with a sharp taper was found to outperform a CPW with similar

dimensions but an elongated tapered region. Taken together, it does not seem like the sharp

taper of our waveguide is the largest contribution to waveguide performance degradation in

the gigahertz frequency range.

Finally, we should consider the method of fabrication. In considering the conductivity of

a thin-film copper layer, careful consideration should be given to any defects that could serve

as scattering centers to the electrons being transmitted. Such defects could be the result of

contamination, such as oxygen, or grain boundaries. To increase the grain size and reduce

the impurities in the copper, sputtering could be used for the metal deposition rather than

electron beam evaporation [92].

3.2 Chip-scale microwave sources

The sensitivity of magnetic resonance experiments depends, in part, on the spin polariza-

tion. As such, to increase the sensitivity of electron-spin resonance (ESR) and increase
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the efficiency of dynamic nuclear polarization (DNP), these experiments are often perfor-

med at cryogenic temperatures and in high strength external magnetic fields (see Eq. 1.6)

[17, 66, 93–96]. The field used in MRFM experiments, however, has been limited by the

corresponding high-frequency irradiation required to saturate electron spin resonance —

fMW = γe/(2π)× B0 = 28 GHz/T× B0. While there is some president for operating at fre-

quencies above 90 GHz (B0 = 3.2 T) in mechanically detected magnetic resonance [97–101],

operating at these high frequencies is technically challenging. High-field, high-frequency ESR

and DNP experiments typically use a fixed frequency gyrotron or Gunn oscillator coupled via

a horn/waveguide to generate the high-frequency irradiation required to saturate electron

spin resonance. Coupling these macroscale devices to a microscale, vibrationally sensitive

scanning probe experiment, and minimizing power dissipation is extremely challenging.

To date, electron spin resonance and dynamic nuclear polarization experiments in Cor-

nell’s magnetic resonance force microscope, as discussed in the following chapters, have occur-

red at fields up to 1.4 T and 0.6 T, respectively. With our commercial microwave frequency

generator (Anritsu-Wilton 68147B), microwave amplifier (Narda West DBP-0618N830) and

microwave switch (American Microwave Corp. SWN-218-2DT option 912) we are limited

to operating at 18 GHz (0.64 T). With a microwave amplifier/doubler (Marki Microwave

ADA-1020CMM), the operating frequency for ESR-MRFM and DNP-MRFM experiments

can be pushed to ∼ 40 GHz. The high-frequency microwave source is coupled via SMA

connections and coaxial cables, into the probe’s vacuum can and through a couple meters

of cabling before being fed into the coplanar waveguide. Furthermore, the power input into

the coplanar waveguides at these high frequencies is severely limited by losses and power

dissipation through the microscopes coaxial cables as shown in Fig. 2.4. Implementing a

quadrupler to further increase our operating field would require significantly higher input

power to compensate for power dissipated in the cables and connectors and/or replacing our

current coaxial cables and SMA connectors with 2.4 mm or 2.92 mm connectors and cables
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rated up to 60 GHz — still significantly below the strength of the high magnetic fields used

in conventional ESR and DNP experiments. Increased losses in the probe cabling could also

lead to increased heat dissipation within the microscope which could, in turn, lead to unde-

sirable sample heating and an increased rate of liquid helium boil-off — both detrimental to

MRFM sensitivity and signal-to-noise.

An enticing alternative to an external, commercial frequency generator for coupling high-

frequency microwaves into a cryogenic scanning probe microscope experiment is developing

a chip-scale microwave source capable of operating at cryogenic temperatures. Developing a

tunable, voltage controlled oscillator (VCO) delivering 10’s to 100’s of microwatts of power

at frequencies up to 200 GHz directly into a coplanar waveguide on the sample platform

of our magnetic resonance force microscope would be an enabling advance. The oscillating

magnetic field generated by a coplanar waveguide, designed and optimized for use with

the VCO would provide sufficient transverse oscillating magnetic fields to saturate electron

spin resonance and enable DNP experiments at high fields without the losses incurred from

coupling microwaves from a source external to the microscope.

Variations of chip-scale oscillators have been implemented in a variety of magnetic re-

sonance experiments previously. Ha and coworkers implemented 4 mm2 silicon chips as

detectors in nuclear magnetic resonance experiments [102], while Anders et al. have inte-

grated <0.5 mm2 chip detectors fabricated from 0.13 µm CMOS for NMR spectroscopy and

imaging at 295 K [103, 104]. For ESR experiments, chip-scale oscillators have been demon-

strated at 295 K operating at 9.4 GHz [105], 14 GHz, [106], and very recently at 50, 92,

and 146 GHz [107]. The 14 GHz oscillator is of note as the frequency could be tuned over a

∼ 1 GHz range between 13 and 14 GHz [106]. There are only a couple of magnetic resonance

experiments in which chip-scale oscillators have been implemented at 77 K (27 GHz) [108],

30 K (92 and 146 GHz) [107], 10 K (92 and 146 GHz) [107], or 4 K (20 GHz) [109]. For our
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Figure 3.13: Chip-scale microwave source. (a) Simulation schematic of the chip scale mi-
crowave source showing the dimensions of the chip. (b) Optical image of the fabricated
microwave source. The pads on the top are connected to the output of the oscillator with
alternating ground G and signal output (inverting and non-inverting, S− and S+). The pads
on the bottom are the oscillator inputs: the amplifier voltage Vamp, the control voltage Vc to
set the chip’s oscillation frequency, the supply voltage Vdd, and the oscillator voltage Vosc.

magnetic resonance force microscope experiments, we would require an oscillator operating

at frequencies up to 200 GHz, at temperatures down to 4 K, with a tuning range similar to

that of Ref. 106.

Building off their design principles for developing low noise, chip-scale oscillators ope-

rating at 100’s of gigahertz [110–114], Tarkeshdouz, Afshari and coworkers have developed

protocols for designing 36 GHz BiCMOS oscillators operating at cryogenic temperatures.

By comparing the effects of temperature change to those of scaling the size of the oscillator

components, the oscillators shown in Fig. 3.13 were designed to operate with high efficiency

and a > 5% frequency tuning range at temperatures down to 4.2 K. The underlying de-

sign principles for these voltage controlled oscillators have been described in detail elsewhere

[115, 116]. Here, I will discuss the design and simulation of coplanar waveguides to be cou-

pled to these VCO’s and the performance characterization of these devices over temperatures

ranging from 295 K down to ∼ 12 K.

The fabricated 0.130 µm BiCMOS (SiGe) chip-scale oscillator studied here can be seen

in Fig. 3.13. The chip was designed to operate at 36 GHz with four voltage inputs and 5

90



output pads delivering a few milliwatts of power. The inputs required to bias the chip were

the amplifier voltage Vamp, the control voltage to set the chip’s frequency Vc, the supply

voltage Vdd, and the oscillator voltage Vosc. The output pads contained an inverting S−

and non-inverting S+ signal, both flanked with ground pads to be coupled to a coplanar

waveguide or three point probe for characterization.

In order to test the function of these voltage controlled oscillator chips, a printed circuit

board (PCB) was designed as a substrate to apply the appropriate bias voltages. The PCB

and the corresponding connections can be see in Figure 3.14. Fig. 3.14(a) shows all of the

inputs in the cryogenic probe station used for the variable temperature measurements discus-

sed below (Lakeshore Tabletop Cryogenic Probe Station, up to 40 GHz, variable temperature

between 4 and 400 kelvin). The 1.6 mm thick FR-4 glass fiber epoxy PCB (PCBminions.com)

was designed to have dimensions of 56 mm × 27 mm – matching the sample platform in

Cornell’s magnetic resonance force microscope – to be directly integrated into MRFM expe-

riments. The PCB was placed on a copper plate with Apiezon N-type grease to enable good

thermal contact before it was positioned on the cold finger of the probe station. The three

pads on the PCB were designed for integration with the three DC probes in the cryogenic

probe station: (1) to ground, (2) to the control voltage, and (3) to the supply voltage. The

oscillator voltage and the amplifier voltage were supplied to the corresponding inputs of the

VCO through two variable 4 kΩ resistors (Fig. 3.14(a), blue; BOURNS 3386). At room

temperature, these resistors were adjusted to provide a Vosc = 0.632 V and Vamp = 0.500 V.

To make a robust electrical connection with the resistors, the leads were soldered to the

bottom of the PCB. It was critical when operating the device to ensure that these soldered

connections were not shorted to the underlying copper plate. Small pieces of electrical tape

were used to cover these leads — preventing shorting of the contacts while still allowing good

thermal contact between the rest of the board and the underlying cold finger.
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Figure 3.14: Characterizing the chip-scale microwave source. (a) Photograph of the 3-point
probe setup used for the characterization of the voltage controlled oscillator. The VCO was
affixed to a PCB substrate. The inputs to the VCO were wired to the corresponding pads
on the PCB and the VCO outputs were wire-bonded to a coplanar waveguide (CPW). Three
DC probes were used to provide Vdd, Vc, and a ground G. Vosc and Vamp were supplied to
the board through variable 4 kΩ resistors shown in blue. (b) An optical image showing the
wirebonds to the VCO and the CPW.

The bias voltages necessary for operation of the VCO were applied to the PCB with two

external DC power supplies (Yokogawa 7651 DC Programmable Power Source and Agilent

E3634A DC Power Supply). The power supply grounds were further connected to the ground

pad of the PCB through a DC probe so that the chip and both power supplies were refe-

renced to a common ground. As shown, various 1 µF and 0.1 µF capacitors were added to

the lines between the bias voltages on the PCB and the VCO to prevent any low-frequency

noise from the voltage supplies reaching the chip-scale microwave source. The chip-scale

source was connected to the PCB via 32 µm wide aluminum wire bonds to the input pads.

To characterize the performance of the oscillator for use in a magnetic resonance force mi-

croscope experiment, the VCO was coupled to a coplanar waveguide, as described below.

The output of the coplanar waveguide was coupled to a microwave frequency three-point

probe for characterization.
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3.2.1 Integration with coplanar waveguides

As discussed in Sec. 3.1, detecting magnetic resonance requires a high-strength, transverse

oscillating field that is delivered via a coplanar waveguide in our magnetic resonance force

microscope experiments. The waveguides described previously, however, are incompatible

with these new chip-scale microwave sources. Building off the same design principles used for

the previous coplanar waveguides, smaller silicon CPW chips were designed and simulated.

The CPW was designed with dimensions that could be used with either wirebond or flip-

chip connections to the chip-scale oscillator. Additionally, for characterization purposes —

to rapidly test the output power without wirebonding the sample and having to account

for additional losses through coaxial cables — the CPW was designed to have dimensions

compatible with the three-point probe available at the Cornell Center for Materials Research

(Lakeshore Tabletop Cryogenic Probe Station).

The smaller coplanar waveguide chips were designed to be 2.5 mm × 0.5 mm. To be

coupled to the VCO, with a pad width of 60 µm and a pitch of 100 µm, as well as the

3-point probe, with a pad width of 50 µm and a pitch of 150 µm, the coplanar waveguides

were designed to have an outer, untapered centerline width of 60 µm with a gap of 35 µm.

For devices fabricated on the same high resistivity silicon wafers described earlier, these

dimensions should provide a 49.9 Ω impedance. As with the larger version of the waveguide,

these CPWs were tapered down to a microwire with w = 5 or 10 µm and s = 3 or 6 µm,

respectively. The length of the taper was scaled to keep the angle of the taper consistent

with the 10 mm × 2 mm CPW chips. As such, the taper from the wide outer region to

the narrow microwire region occurred over a length of 125 µm. The length of the microwire

region was varied from 20 to 1000 µm and the performance of the devices was simulated.

As shown with the previous CPW chips, the strength of the oscillating magnetic field

produced from the coplanar waveguide chips increases with decreasing length and width of
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the microwire region. However, we must again balance the demands for a high B1 field with

the challenges of aligning the high-compliance microcantilever to the microwire region of the

coplanar waveguide. The CPW chosen for use in ESR-MRFM experiments with chip-scale

microwave sources would likely have a microwire length of 300 or 500 µm. Electromagnetic

(Sonnet) simulations suggest that for 14 mW of power into the CPW at 40 GHz — the

simulated performance specifications of the VCO — the waveguide should produce a B1 ∼

140 µT for a 10 µm wide wire and a B1 ∼ 360 µT field for a 5 µm wide wire. In either case,

this should be sufficient to saturate the electron spin resonance of a nitroxide spin radical.

It should be noted here that the coplanar waveguide devices actually fabricated and used

in these characterization experiments had slightly different dimensions from the simulations

described above. The fabricated devices had an outer centerline width of 70 µm and a gap

of 40 µm. While this still provides a ∼ 50 Ω impedance, the dimensions of this waveguide

would be incompatible with a flip-chip connection to the chip-scale microwave source pads.

The taper from the outer region to the microwire region was also more gradual, occurring

over a length of 510 µm. The microwire region of the waveguides, however, were consistent

in dimensions to the simulated devices. With the more gradual taper of the waveguides but

a similar microwire region, these devices are expected to generate similar strength B1 fields.

For the measurements described in the next section, the VCO was connected to the coplanar

waveguide via 35 µm wide aluminum wire bonds, one to each ground plane and one to the

centerline so the exact dimensions of the CPW are not expected to have a significant effect

on the coupling of the devices.

3.2.2 Testing and characterization

For use in a magnetic resonance force microscope experiment, these chip-scale microwave

sources must provide a few milliwatts of input power, at ∼ 36 GHz, ideally with a tunable
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range of irradiation frequencies, under high vacuum and at a temperature of 4 K. To test

the function of these VCOs, we placed the PCB setup into a cryogenic probe station at

∼ 10−4 mbar. In all measurements, at all temperatures, Vosc and Vamp were fixed at 0.632 V

and 0.500 V respectively. To collect data at various temperatures, liquid helium was used to

cool the probe’s cold finger. The temperature was monitored by a sensor on the underside

of the cold finger. Various temperature setpoints were achieved by controlling the flow of

helium through the system and through the use of a substrate heater and feedback controller.

The lowest temperature (12 K) was measured first and the chip was allowed to settle at this

temperature for 40 minutes before data was collected. The other temperature setpoints were

reached as the probe was allowed to warm back up to room temperature. The VCO was

allowed to equilibrate at each temperature point for at least 15 to 20 minutes before any

data was collected. All data described below was collected with a 50 GHz spectrum analyzer

(Agilent 8565A) to measure the signal output.

At each temperature setpoint — 295, 77, 50, 20, and 12 K — three sets of data were

collected: (1) the control voltage Vc was varied as the supply voltage Vdd was held constant

to investigate the frequency tuning range of the oscillator (Fig. 3.15), (2) the supply voltage

was varied while the control voltage was held constant to study the efficiency of the chip at

a given frequency (Fig. 3.16), and (3) the phase noise was measured under each of the these

conditions to investigate the stability of the oscillator (Fig. 3.15 and 3.16 bottom). These

measurements will be discussed in detail below. It is important to note here that all of the

data presented is the data directly collected from an external spectrum analyzer. The data

has not been corrected in anyway to account for coupling losses between the VCO and the

CPW or for transmission losses through the coaxial cables, SMA connections, or within the

probe station. As such, the reported output power and efficiencies are underestimates of the

actual chip performance.
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To test the frequency tuning range of these chip-scale microwave sources, the control

voltage Vc of the oscillators was varied while the supply voltage Vdd was held constant at

1.31 V. This value of Vdd was determined empirically, in a separate experiment, to be the

supply voltage where the oscillator operated with maximum efficiency. The control voltage

was varied from 0 to ∼ 3 V. At all temperatures, the frequency of the output signal along

with the magnitude of the signal were recorded for each Vc. Additionally, the current Idd

and the voltage Vdd were recorded from the DC power supply and used to calculate the input

power to the VCO,

Pin = Idd × Vdd. (3.4)

The frequency tuning range, output power Pout, and efficiency at 295, 77, 50, 20, and 12

K can be seen in the top three plots of Fig. 3.15. We see that over the entire temperature

range, the frequency tuning range of the oscillator remains largely unchanged. The VCO

has a ∼ 5 to 6 % tuning range (from approximately 35.5 to 37.5 GHz). The output power

and efficiency are also fairly steady over this entire range, hovering around 400 to 600 µW

and 0.5 to 1 % respectively. The uniform output signal over a broad range of temperatures

is encouraging for the prospect of integrating these devices into a cryogenic scanning probe

microscope experiment. The large tuning range, ∼ 2 GHz, corresponds to an electron spin

resonance field range of ∼ 70 mT at an external field B0 = 1.29 T.

To test the efficiency of these chip-scale microwave sources, the device performance was

measured as a function of the supply voltage. The results for this measurement at 295,

77, and 12 kelvin with Vc = 2.7 V can be seen in Fig. 3.16. Again, the output power was

measured with a spectrum analyzer and was not corrected for any losses. The efficiency was

calculated with Eq. 3.4. For all temperatures shown, the power output of the chip increases

slightly as Vdd is increased. However, the input power to the VCO also increases causing a

decrease in the chip’s efficiency. The VCO operates most efficiently with a supply voltage

of approximately 1.3 V. While the overall efficiency of the VCO, as reported here, seems
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Figure 3.15: Performance of the voltage controlled oscillator as a function of the control
voltage Vc for temperatures ranging from 295 down to 12 K. The measurements were col-
lected from the non-inverting S+ signal connected via aluminum wire bonds to a coplanar
waveguide. The inverting S− signal was left unconnected as an open-circuit. The measured
output frequency (top) and power (upper middle) of the carrier are plotted for a supply
voltage Vdd = 1.31 V. The efficiency (lower middle) was calculated using the measured out-
put power from the CPW and the input voltage/current without correcting for any losses
from the wirebonds/probe station. The single sideband phase noise (bottom) is shown at a
1 MHz separation from the carrier frequency. At 295 K, the phase noise was measured with
Vdd = 1.31 V. The lower temperature phase noise data was collected with Vdd = 1.73 V.
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Figure 3.16: Performance of the voltage controlled oscillator as a function of the supply
voltage Vdd at 295, 77, and 12 K. As in Fig. 3.15, the output power and efficiency were
measured/calcuated through a coupled coplanar waveguide without accounting for any losses
in the system. The measurements shown here were collected with the control voltage Vc =
2.7 V.

low, the losses associated with the coaxial cables and the probe station, after the output of

the coplanar waveguide have not yet been accounted for. These losses, as measured using a

40 GHz Network Analyzer (Agilent 8722ES) could be as high as 10 to 15 dBm resulting in

an attenuation of the signal by a factor of 25. Accounting for these losses, the chips output

power could be upwards of 7.5 to 15 mW — falling within range of the simulated 14 mW

expected output of this VCO. Based on the CPW simulations described above, these coplanar

waveguides, in concert with these VCOs, should be sufficient for use in an MRFM experiment

providing a transverse field greater than the 1.5 µT required for saturation experiments and

the 80 µT necessary for pulsed electron spin resonance experiments.

The phase noise of the oscillator chips was also studied at various temperatures. These

phase noise measurements were performed with a 50 GHz spectrum analyzer (Agilent 8565A)
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and all data was collected through a coplanar waveguide wirebonded to the output of the

VCO. The single sideband (SSB) phase noise L (f) was calculated using

L (f) = Pn − Ps (3.5)

where Pn is the noise in a 1 Hz bandwidth and Ps is the amplitude of the signal peak

[117]. The noise Pn was measured at various offset frequencies from the carrier while both

the control voltage Vc and the supply voltage Vdd were varied. Plotted in the bottom of

Fig. 3.15 and Fig. 3.16 are the single sideband phase noise values for a 1 MHz offset from

the carrier frequency. For the experiments shown in Fig. 3.15, there is a clear decrease in

the phase noise as the temperature of the experiments was decreased. It is of note that at

295 K the phase noise was measured for a fixed supply voltage of Vdd = 1.31 V while at all

lower temperatures Vdd = 1.73 V. This increase in the supply voltage was required to obtain

any output from the oscillator. It is hypothesized that at cryogenic temperatures, in the

relatively poor 10−4 mbar vacuum of the probe station, a layer of ice/contamination froze on

the surface of the chip, resulting in a poor connection with the Vdd bias probe. This increased

voltage was not required in all cryogenic experiments, consistent with non-uniform surface

contamination. The phase noise reported here is on par with that observed in state-of-the-art

oscillators at both room temperature and under cryogenic conditions [110, 118–122].

3.2.3 Future work and implementation

With the successful performance of these chip-scale microwave sources, there are a variety

of exciting avenues to pursue, from demonstrating their applicability in magnetic resonance

and MRFM experiments to developing higher frequency sources operating up to 200 GHz.

Having a high-frequency, low-power, microwave source in-situ could enable high field, high-

sensitivity single electron spin imaging as discussed in Chapt. 7 and high-resolution 1H
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imaging of hyperpolarization generated through high efficiency dynamic nuclear polarization

as discussed in Chapt. 5. Both of these experiments would open new pathways for studying

large, disordered, biomacromolecules and macromolecular complexes. Beyond the scope of

magnetic resonance, another exciting application of these tunable, high-frequency, chip-scale

oscillators is time-resolved microwave conductivity measurements to study charge motion in

novel semiconductor materials and organic electronic devices [123]. The opportunities for

integrating these chips in electron spin resonance and dynamic nuclear polarization experi-

ments, as well as the development of higher frequency sources will be discussed briefly in

this section.

Electron spin resonance detection — There are several different approaches that could

be pursued for detecting electron spin resonance using these chip-scale microwave frequency

generators. The first approach would be to integrate these VCOs into Cornell’s 3rd gene-

ration magnetic resonance force microscope. As discussed above, the PCB substrate was

designed with dimensions commiserate with the sample stage of the MRFM. As described

in Appendix A, there are sufficient electrical connections available within the microscope to

provide the DC connections to the PCB required to power and tune the oscillator. It has

been shown in this work that using aluminum wire bonds to couple a micrometer scale mi-

crowire, integrated into a 2.5 mm×0.5 mm coplanar waveguide chip should provide sufficient

transverse field to saturate electron spin resonance. To ensure an adequate field is supplied

to irradiate the sample, a 5 µm wide microwire should be implemented with a nanoscale

magnet tipped cantilever. As discussed in Chapt. 5, a nitroxide-doped polymer film could

be spun cast onto the waveguide surface as a proof-of-principle sample. Currently, each of

these components is available and ready for use in our MRFM.

The challenge using these chip-scale oscillators in an MRFM experiment comes with

aligning the cantilever to the microwire of the coplanar waveguide. In Chapt. 4, a series of
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protocols for aligning a cantilever to a 10 mm× 2 mm CPW chip are discussed [70]. These

same principles could be used to align the cantilever to the smaller waveguides coupled

to this VCOs. However, these protocols assume that the CPW is well centered in the

microscope sample stage — as is the case when the CPWs are integrated into the ceramic

CPW board with SMA connections described above. This ensures that the microwire region

is positioned where the Pan-style walker has a large scan range and can be readily moved

across the sample surface. As shown in Fig. 3.14, the CPW coupled to the VCO on the

PCB is significantly offset from the center of the substrate. While the microwire is the same

length and width in the 10 mm long and 2 mm wide chip, the location of the CPW on the

PCB may prohibit the Pan-style walker and cantilever stage from reaching the necessary

location for alignment. Additionally, the orientation of the coplanar waveguide on the CPW

is different than in the ceramic CPW board. To align to the ceramic CPW, the board is

fixed in the microscope, square to the cantilever scan stage. To scan across the microwire

narrow direction, the cantilever stage is scanned in the x-direction which tends to be the

more reproducible direction of motion for the walker. With the length of the microwire

(500 µm), aligning the cantilever to the microwire typically only requires scanning in the

x-direction and drift in the y-direction is not detrimental. For the CPW on PCB sample,

the CPW is orientated so the length of the microwire is parallel to the x-direction. To align

to the microwire, the cantilever stage would need to primarily be moved in the y-direction.

Additionally, the VCO and CPW have, up until this point, been affixed to the PCB by hand.

As such, the two components are not necessarily square with the board edges. This could

greatly complicate the alignment procedure. If care was taken to properly align the CPW

on PCB such that the orientation was fixed and the location on the board was well within

the scan range of the Pan-style walker, the components for the VCO-enabled MRFM ESR

experiment are in place at this time.

Avoiding the complications of integrating the VCO/CPW/PCB sample into our magnetic
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resonance force microscope, conventional electrical magnetic resonance detection could be

used to confirm the functionality of the chip-scale microwave sources. To do so, the chips

would still be coupled to the CPW with aluminum wire bonds as described above. The

output of the coplanar waveguide would be coupled to a commercial rf probe, like that used

for characterization or a standard SMA connection. In the presence of an external magnetic

field, the electron spins would be saturated, repeatedly. The power transmitted through

the waveguide would be monitored via lockin detection. This would require well timed

modulation of the irradiation frequency output by the VCO or careful field modulation to

saturate the spins at a specific frequency. When the irradiation is in resonance with the

electron spins in the sample, a decrease in the power transmitted through the waveguide

should be observed due to absorption by the electron spins. This setup would require very

sensitive monitoring of the CPW output to detect a small change in the electrical signal.

Additionally, an rf detector operating up to 40 GHz would need to be acquired for converting

the ∼ 36 GHz output of the CPW to a DC voltage that could be monitored by a lockin

amplifier.

Dynamic nuclear polarization experiments — Dynamic nuclear polarization experi-

ments require both high-frequency microwave irradiation to saturate electron spin resonance

and low-frequency radiowaves to read out the nuclear spin magnetization after polarization

transfer. For this 36 GHz oscillator, the resonance field would be 1.29 T corresponding to

∼ 55 MHz rf irradiation. As such, the VCO/CPW on PCB setup described above would

require modification to integrate radiofrequency irradiation into the CPW. For the experi-

ments described in Chapt. 5, rf was coupled into one end of the coplanar waveguide while

microwave irradiation was coupled into the other end. The frequency sources were protected

from reflected/transmitted power through a series of attenuators, isolators, and couplers. A

similar approach could be used here. Given the high-frequency of the microwave source, the
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low through power of the CPW, and the large losses associated with transmission lines down

the microscope, it is unlikely that transmitted microwaves would be problematic to the rf

source. The main concern would be the rf input to the CPW causing damage to the VCO.

The rf could be coupled into the CPW through long wire bonds from a second coplanar

waveguide with dimensions compatible with a commercially available SMA connector. At

rf frequencies, millimeter length wire bonds should not contribute to significant loses. It is

predicted that the short rf pulses required to invert nuclear spins would not be sufficient to

damage the VCO. The output of the VCO is protected by a matching network and a buffer.

Given the large frequency difference — more than 600 times — between the microwave and

rf irradiation, the buffer and matching network should protect the VCO and reflect the rf.

Again, the attenuators in the rf lines should protect the rf amplifier from this reflected signal.

If the current buffers in the chip-scale source are not sufficient to protect the oscillator, an

additional second order filter could be added to the VCO output. This filter would shunt

the rf irradiation away from the oscillator’s core.

Higher frequency chip source designs — The 36 GHz chip-scale sources described

here would be an enabling advance to our magnetic resonance force microscope experiments.

This chips would enable us to increase electron spin polarization by operating at B0 ∼

1.2 T. Designing new chip-scale sources, with a similar tuning range capable of operating at

cryogenic temperatures and fields up to 5 (140 GHz) or 6 (168 GHz) T would greatly enhance

the sensitivity of both ESR and DNP experiments. Operating at these high-frequencies with

an external frequency generator would be extremely difficult due to the large transmission

losses and the challenges of coupling these high frequency waves over a distance of several

meters. Development of CMOS oscillators operating at 90 GHz are currently underway with

plans to push the operating frequency upwards of 200 GHz (7.14 T). These chips would be

the first of their kind used in any cryogenic physical sciences experiment.

103



Acknowledgements

Thanks to Prof. Ehsan Afshari and Cornell University’s Department of Electrical and Com-

puter Engineering for access to their server and for the use of Sonnet software for the EM

simulations shown in this chapter. Thanks to Christine Gleave for her initial coplanar wa-

veguide designs that the devices described here are based upon. Also, for designing the

fabrication protocols used to generate the silicon coplanar waveguide chips. Thanks to

Paméla Nasr for fabricating later generations of these coplanar waveguide chips and deve-

loping methods for depositing the indium bumps necessary for ‘flip-chip’ connections. The

chip-scale microwave sources were designed and characterized in a collaborative project with

Prof. Ehsan Afshari, Amirahmad Tarkeshdouz, and Paméla Nasr. The theory for the design
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CHAPTER 4

PROTOCOLS FOR CRYOGENIC ALIGNMENT

4.1 Introduction

The development of high-compliance microcantilevers [36, 38] and nanowires [40, 41] capa-

ble of observing attonewton-scale forces has enabled a number of interesting studies.1 These

include the observation of near-surface electric-field fluctuations over metals [124] and dielec-

trics [125, 126], the detection of electron-spin resonance from a single buried spin in quartz

[33], nuclear magnetic resonance imaging of a polymer film [35, 43] and an individual virus

[34] with 2 and 4 to 10 nm resolution, respectively, and the observation of spin-lattice re-

laxation in real time [47, 57, 127, 128]. While each of these proof-of-concept experiments

represents a notable milestone, each experiment also required significant simplifications to

enable its success. The sample in the fluctuation studies [124–126], for example, was transla-

tionally invariant. The virus sample in the imaging experiment of Ref. 34 was affixed to the

leading edge of a fragile microcantilever; it took weeks of scanning to locate the virus via its

magnetic resonance signal.2 The creation of high-compliance microcantilevers with integra-

ted nanomagnet tips [48, 49, 129] creates exciting opportunities for measuring charge and

spin fluctuations in patterned thin-film devices [130–135] and observing magnetic resonance

in both devices and optically labeled, flash-frozen biological samples [136]. To realize these

opportunities in a magnetic resonance force microscope (MRFM), we must first position the

cantilever over a chosen micrometer-scale feature on a centimeter-scale sample substrate.

To achieve high sensitivity cantilever detection of magnetic resonance via MRFM, ex-

periments should be carried out in vacuum at a temperature near 4.2 kelvin [43, 47, 49] or

1The work presented in this Chapter is reprinted with permission from Isaac et al., Rev. Sci. Instrum.
89, 013707 (2018). Copyright AIP Publishing.

2Dan Rugar, personal communication.
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below [33, 34, 127, 128]. In order to detect a spin signal, transverse radiofrequency magnetic

fields of millitesla strength or microwave frequency magnetic fields of microtesla strength

must be applied to modulate nuclear or electron spins, respectively. These transverse os-

cillating magnetic fields have traditionally been applied at a single frequency using a tuned

coil [33, 42, 44] or with a microstripline half-wave resonator [45, 48]. However, at cryogenic

temperatures, achieving high strength fields with these devices is limited as they must ope-

rate using only a few milliwatts of input power to avoid sample heating. To address these

stringent requirements, Poggio et al. [79], demonstrated the detection of nuclear magnetic

resonance with a 1 µm wide microwire capable of generating > 4 mT of field at 115 MHz

while dissipating just 350 µW of power. These microwires have been used in a number of

notable magnetic resonance experiments [49, 54, 127] including the nanometer-scale virus

imaging experiment of Degen and coworkers [34]. To further increase the applications of

these microwire devices, Isaac et al. demonstrated that by integrating a microwire into a

50-Ω coplanar waveguide, the devices can be operated at frequencies ranging from 1 Hz to

40 GHz, enabling the detection of nuclear magnetic resonance and electron spin resonance

with a single source of transverse field [47]. While these microwire and coplanar waveguide

devices provide adequate transverse fields for a variety of magnetic resonance experiments on

a limited power budget, they introduce an additional challenge — aligning a high-compliance

microcantilever to a 1 to 10 micrometer wide wire.

To avoid snap-in to contact, high-compliance cantilevers must be operated in the “hang-

down” geometry [36, 41] — oscillating parallel to the sample surface, with the cantilever’s

long axis oriented along the surface normal. This geometry precludes using the cantilevers

in conventional atomic-force-microscope mode to locate sample features. Additionally, upon

cooling to cryogenic temperatures any positioning strategy implemented must contend with

misalignment of the cantilever and sample, which can exceed 100’s of micrometers, due to

thermal contraction of the microscope assembly. Finally, to minimize sample-induced fre-
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quency noise [49, 126, 134, 137, 138] it is often advantageous to coat the thin-film sample

with an anti-static metal film [44, 45]; this coating creates the additional challenge of locating

a sample feature buried beneath a metal ground plane.

Here we describe a series of protocols developed to rapidly align a scanned, high-compliance

microcantilever operating in the “hangdown” geometry with a few-micrometer-wide micro-

wire integrated into a coplanar waveguide (CPW) onto which a thin-film sample has been

deposited [47]. These protocols use voltages applied to the sample or cantilever to induce

small electrostatic shifts in the cantilever’s mechanical resonance frequency and, in paral-

lel, use an optical fiber attached to the scanned-probe head to observe reflectance signals

from patterned metallic features on the fixed sample stage. We demonstrate aligning a

high-compliance cantilever to the waveguide’s microwire with micrometer precision in high

vacuum at 295, 77, and 4.2 kelvin; the protocols work well even when the waveguide lies

buried below a thin, anti-static metallic overlayer. The protocols elaborated here recently

allowed our team to observe — for the first time in a single scanned-probe experiment —

electron-spin resonance, nuclear magnetic resonance, and the creation of microwave-induced

nuclear hyperpolarization [47].

While the protocols described here were developed specifically for a magnetic resonance

force microscope, the methods are potentially applicable to a wide range of high-sensitivity,

high precision scanned-probe microscope experiments — particularly those involving mi-

crocantilevers or nanowires to study precious samples, patterned samples, or metal coated

devices [34, 35, 41, 43, 49, 127, 139, 140].
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Figure 4.1: Experimental schematic. (a) Cross-sectional sketch of a coplanar waveguide sho-
wing the electric field lines (solid) and resulting magnetic field lines (dashed) expected when
an oscillating voltage is applied to the centerline. The cantilever oscillates in the x-direction
as shown. (b) Scanning electron microscope images of representative high-compliance silicon
microcantilevers used including (1) a 200 µm long cantilever with no magnetic tip [38], (2)
a silicon cantilever with a handglued, micrometer-scale nickel magnet tip, and (3) a silicon
cantilever with a serially attached nanometer-scale cobalt magnet chip [49]. (c) upper: Pho-
tograph of a coplanar waveguide (CPW) device showing the silicon CPW chip wirebonded
into a ceramic CPW board. lower: Optical image of a coplanar waveguide with a 12 nm
thick gold coating over the center. This gold top contact was connected to the ground plane
of the CPW via three aluminum wire bonds.

4.2 Microscope description

The following experiments were carried out on a custom-built magnetic resonance force mi-

croscope described in Ref. 47. The experimental geometry is sketched in Fig. 4.1(a). Briefly,

we employed a custom-fabricated, high-compliance, silicon microcantilever [38] having either

a micrometer-scale nickel magnet tip [44] or a submicrometer-scale cobalt magnet tip [49, 129]

as a force detector (Fig. 4.1(b)). Cantilever motion was observed with a fiber-optic inter-

ferometer (wavelength λ = 1310 nm; estimated power P = 2.5 µW). The interferometer

output was fed into a controlled-gain phase-shifting circuit whose output was used to drive a

piezo element to which the cantilever was mounted. The cantilever was thus driven into self-

oscillation using this positive-feedback network [56] and its frequency was measured using

a commercial frequency counter (Stanford Research Systems SR620; Fig. 4.2, 4.3, 4.4, and

4.5) or a software frequency demodulator (Fig. 4.4(c)) [141].
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To perform magnetic resonance experiments, a magnetic field was applied along the z-

direction with strength ranging from 0.6 to 1.4 T for electron spin resonance and up to 6 T for

nuclear magnetic resonance. A coplanar waveguide (CPW) was used to manipulate spins by

delivering a transverse oscillating magnetic field at frequencies ranging from 1 Hz to 40 GHz.

The high field intensity was achieved by tapering the centerline of the waveguide to a narrow

microwire. The tapered coplanar waveguide enabled the delivery of a radiofrequency field

with strength B1 ≥ 2.5 mT (at frequencies between 25 and 250 MHz) and a microwave field

of intensity B1 ≥ 5 µT (at frequencies between 20 and 40 GHz) within the modest 200 mW

power budget of a liquid-helium cooled experiment. The coplanar waveguide was fabricated

by depositing 0.2 µm copper capped with 0.03 µm gold on a 10 mm× 2 mm high-resistivity

silicon (>10,000 Ω cm; εn = 11 nominal) chip coupled via multiple 38 µm wide aluminum

wire bonds to a commercially fabricated ceramic (Rogers Corporation: TMM10i, εR = 9.8)

CPW substrate equipped with SMA connections (Fig. 4.1(c)). The device resistance and

performance was found to be dominated by the silicon chip itself and was largely unaffected

by the composition, length, or number of wire bonds. The silicon portion of the CPW was

tapered from a 480 µm wide copper/gold centerline with a 230 µm silicon gap over a distance

of 450 µm to the microwire portion having a 10 µm wide wire with a 6 µm gap or a 5 µm

wide wire with a 3 µm gap and a length ranging from 20 µm to 500 µm (Fig. 4.1(c)) [47]. In

all experiments shown, a ∼200 nm thick nitroxide-doped polystyrene film sample was spun

cast over the entire silicon coplanar waveguide.

To help mitigate surface frequency noise [125] and decrease sample charging at cryogenic

temperatures, some experiments employed a 12 nm thick gold coating deposited via electron

beam evaporation over the polymer film in the tapered region of the coplanar waveguide

(Fig. 4.1(c)). The metal thickness was estimated using a crystal monitor on the electron

beam evaporator (CVC SC4500) and verified using atomic force microscopy (Veeco Dimen-

sion 3100). A measured surface roughness of 1.8 nm rms — equal to that of the underlying
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polymer film — was determined by depositing the gold film through a grid composed of 35

µm wide wire and 90 µm diameter holes. This mesh pattern enabled AFM scans across the

gold/polymer edges in a 20 µm scan range while reducing sample charging in the polymer

regions. A thickness of 12 nm was chosen for the film as it seemed thick enough to be con-

tinuous, yet thin enough to maintain a working distance of ≤ 50 nm between a nanomagnet

tipped cantilever and the underlying sample. The resulting metal layer was semi-transparent

to visible light and had a ∼120 Ω resistance when measured through 3 to 4 aluminum wire

bonds connected to the CPW ground plane. Additionally, the gold coating was successful in

mitigating surface-induced cantilever frequency fluctuations with a carefully set cantilever-

tip-bias voltage [124, 125, 142]. Taken together, these observations imply the presence of a

continuous metal coating over the polymer sample.

Magnetic resonance force microscope experiments were carried out at a temperature

of 4.2 K and a pressure of 5 × 10-6 mbar [47]. For these experiments the cantilever was

oriented in the “hangdown” geometry (Fig. 4.1), positioned over the microwire of the CPW,

and brought within 10’s of nanometers of the surface. Three dimensional motion in our

magnetic resonance force microscope was achieved using custom built Pan-style walkers for

coarse motion and a piezo tube actuator for fine positioning [71, 75]. At 4.2 K the piezo

tube actuator has a scan range of ∼ 1 µm in z and ∼ 3 µm in the x and y-directions.

The tip-sample separation was measured by applying a bias to the piezo tube actuator to

gently touch the cantilever to the surface, and then removing the bias voltage. We note

that separate fiber optic interferometers were used to observe the x and y motion of the

walkers simultaneously. These two interferometers allowed us to record and correct for any

undesired orthogonal-stage drift when scanning the cantilever stage in the lateral direction.

While the coarse positioning system allowed for several millimeters of motion in the x, y,

and z-directions, this freedom in the system caused difficulties in the alignment upon cooling

to cryogenic temperatures. Large, unpredictable drifting due to thermal contraction allowed
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the cantilever to shift by hundreds of micrometers in an arbitrary direction between the

setup at ambient conditions and operation at 4.2 K

4.3 Alignment methods and results

Below we describe two sets of methods for aligning a high-compliance cantilever to a 5 to 10

µm wide wire integrated into a coplanar waveguide in a magnetic resonance force microscope:

(1) methods in which cantilever frequency shifts are used to map the electrostatic forces

associated with the underlying coplanar waveguide substrate and (2) methods in which a

single optical fiber is used to obtain linescan images of the sample surface. Integrating various

combinations of these techniques has proven useful depending on the sample of interest. To

date, the electrostatic methods have been used when studying polymer thin-films both with

and without a metal ground plane coating on the sample surface. The optical methods,

while extremely useful in providing directional guidance and reducing the time required to

approach the cantilever to the sample surface, have only been demonstrated on thin-film

polymer samples in the absence of a metal coating. However, due to the transparency of the

metal coating, we anticipate the optical methods described below would remain viable with

a ∼ 10 nm metal surface coating on the sample.

4.3.1 Cantilever frequency shift methods

Figure 4.1(a) shows a cross-sectional sketch of the coplanar waveguide and the cantilever;

the cantilever oscillates in a direction perpendicular to the long axis of the CPW centerline.

To align the cantilever to the microwire section of the coplanar waveguide, we applied a bias

voltage to the cantilever tip and/or the coplanar waveguide, self-oscillated the cantilever
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Figure 4.2: Proposed mechanisms for the cantilever frequency shifts observed while aligning
a high-compliance cantilever, operated in the “hangdown” geometry, to a micrometer scale
coplanar waveguide. (a) upper: A positive voltage applied to the CPW microwire generates
an electric field Ex as shown in the Fig. 4.1(a). As the cantilever is scanned laterally across
the surface, the electric field gradient ∂Ex/∂x interacts with charges q on the cantilever
tip to generate a force-gradient ∂Fx/∂x which shifts the cantilever resonance frequency fc.
(b) upper: A positive voltage applied to the CPW centerline builds up image charges in the
underlying silicon substrate. These charges result in a contact potential difference φ between
the conducting metal layer and the insulating silicon gaps of the CPW. As the cantilever
is scanned laterally across the surface, charges q on the tip of the cantilever interact with
a combination of the first and second derivatives of φ to generate the observed δfc. lower:
A representative lateral scan of the cantilever across the untapered region of the CPW
at 295 K. Experimental parameters: 200 µm long silicon cantilever with no magnet tip,
cantilever spring constant kc ∼1.0 mN m−1, cantilever quality factor Q ∼15, 000; tip-sample
separation h ∼3 to 4 µm, cantilever bias voltage Vtip = −10 V, coplanar waveguide centerline
bias VCPW = +10 V.
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via positive feedback [56], and recorded the cantilever frequency with a hardware frequency

counter as the cantilever was scanned laterally across the sample surface. Figure 4.2 (lower)

shows a representative plot of the observed changes in cantilever resonance frequency as the

cantilever was scanned in the x-direction across the wide, untapered region of the coplanar

waveguide. Characteristic shifts in the mechanical resonance frequency of the cantilever were

observed along the gold/silicon interfaces. It is of interest to note that these characteristic

shifts in fc were detectable at the gold/silicon interfaces with a bare silicon cantilever, and

silicon cantilevers with both a micrometer scale nickel magnet tip and a nanometer scale

cobalt magnet tip. We also found that it was possible to detect small frequency shifts

without applying a bias to the cantilever or coplanar waveguide. These shifts were present

at cantilever operating distances of several micrometers from the sample surface and were

fairly insensitive to drift in the tip-sample separation or changes in sample topography.

Following these observations, we developed two hypotheses to explain the observed changes

in cantilever frequency: (1) cantilever-tip charges interacting with the electric field emanating

from the coplanar waveguide (Fig. 4.2(a)) and (2) cantilever-tip charges interacting with

contact potential differences in the conducting metal and insulating silicon features of the

coplanar waveguide (Fig. 4.2(b)).

For a high-compliance, beam cantilever oscillating parallel to a surface in the x-direction,

Stowe et al. have derived a series of equations describing the effect of near-surface forces on

the cantilever spring constant [36, 143]. Assuming the surface force potential is conservative

and the cantilever is oriented perpendicular to the surface at zero displacement, the effective

spring constant ke is

ke = kc −
∂Fx
∂x
− Fz

`
(4.1)

where kc is the intrinsic spring constant of the cantilever, Fx is the force acting on the

cantilever in the direction of oscillation (x), and Fz is the force acting along the length ` of
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the cantilever.3

Hypothesis 1 suggests that the observed changes in cantilever frequency resulted from

cantilever-tip charges interacting with the lateral electric field associated with the coplanar

waveguide as shown in Fig. 4.1. In this case, we expect the z-force term in Eq. 4.1 to be

negligible when Fx and Fz are comparable in magnitude and h� `, which is the case here,

leaving ∆k = ke − kc = ∂Fx/∂x. The force Fx would be the result of a charge q on the

cantilever interacting with the E-field emanating from the coplanar waveguide, Fx = qEx.

Substituting this force into Eq. 4.1, we see that ∆k, and therefore the cantilever frequency,

resulting from interactions with a lateral electric field is dependent on the electric field

gradient as

∆kE = q
∂Ex
∂x

. (4.2)

The frequency shift expected from this interaction is sketched in Fig. 4.2(a). This proposed

mechanism is inconsistent with the observed frequency shift versus x data.

Hypothesis 2 proposes a cantilever frequency shift resulting from surface potential diffe-

rences between the insulating silicon and conducting metal layers of the coplanar waveguide.

The surface potential energy U contributing to the frequency shift in this mechanism, assu-

ming a constant tip charge, is given by

U = −1

2
C(V − φ)2 (4.3)

where C is the capacitance between the sample surface and the cantilever tip, V is a voltage

applied to either the cantilever or the sample, and φ is the potential difference between the

two components of the system [138, 144]. The resulting force on the cantilever Fx = −∂U/∂x

is

Fx =
1

2

∂C

∂x
(V − φ)2 − C(V − φ)

∂φ

∂x
. (4.4)

3We note that there is a sign error in this equation as given in Ref. 36 that was corrected in Ref. 143.
The signs given in Eq. 4.1 agree with the corrected version of this equation.
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Again, we substitute this into our equation for ∆k and obtain

∆kφ = −2(V − φ)
∂C

∂x

∂φ

∂x
+ C

(
∂φ

∂x

)2

+
1

2
(V − φ)2∂

2C

∂x2
− C(V − φ)

∂2φ

∂x2
. (4.5)

For our operating distances of several micrometers, the contributions from ∂C/∂x and

∂2C/∂x2 over our fairly homogeneous sample substrate are assumed to be negligible. The

resulting ∆kφ is therefore approximately

∆kφ ' C

(
∂φ

∂x

)2

− C(V − φ)
∂2φ

∂x2
. (4.6)

In Fig. 4.2(b), we sketch the expected cantilever frequency shift for fc ∝ (∂φ/∂x)2−∂2φ/∂x2

(i.e. (V − φ) ∼ 1 V) and find good agreement with the observed shape of the cantilever

frequency transients. While assuming a (V − φ) value of 1 V is reasonable for these expe-

riments, changing this difference serves to alter the symmetry of the cantilever frequency

shifts. Increasing the value of (V − φ) results in the cantilever frequency shifts becoming

more symmetric while decreasing the magnitude of (V − φ) results in a larger asymmetry.

Additionally, we note that if the sign of the bias voltage applied to the centerline or the can-

tilever was changed, the direction of cantilever frequency shifts was also inverted as expected

from the second term in Eq. 4.6.

This positioning method was used to successfully and reproducibly align the cantilever

with respect to the waveguide at 295 K and 77 K. Fig. 4.3 shows lateral scans over various

regions of the coplanar waveguide showing how this method was used to map out the surface

of the CPW. In Fig. 4.4(a), we show a scan over a 5 µm wide microwire. The observed

lineshape is reproducible but does not show all of the edge effects observed in Figure 4.2 and

Figure 4.3. This lineshape is still consistent with the mechanism of hypothesis 2. At large

tip sample separations, the capacitance and tip-sample interactions are dominated by the 5

micrometer wide cantilever tip — on the order of or larger than the sample features of the 5

µm wide wire and 3 µm wide silicon gaps — leading to a ‘blurring’ of the sample features. At

115



4.2 K charge accumulation within the polymer thin film resulted in large, spurious cantilever

frequency shifts that masked the desired frequency-shift signal (Fig. 4.3(c)).

In an attempt to mitigate this sample charging observed at 4.2 K, the sample was coated

with a 12 nm thick gold coating. We expected the gold ground plane to shield the cantilever

from any electrostatic fields arising from the buried CPW microwire [145, 146]; nevertheless,

a characteristic microwire-related cantilever frequency shift was cleanly observed, over tem-

peratures ranging from 295 to 4 K (Fig. 4.4(a, b)). As shown in Fig. 4.4(a), the lineshape

of the cantilever frequency shift changes slightly when the metal top contact is added, sug-

gesting a slightly different mechanism. For both experiments, with and without the metal

coating, an operating distance of h = 3 to 5 µm between the cantilever tip and sample was

used with a +0.5 V bias applied to the centerline of the coplanar waveguide. While there is

a height difference between the 0.20 µm thick copper forming the CPW microwire/ground

plane and the underlying silicon substrate, atomic force microscopy and contact profilome-

try (Alpha Step 500 Stylus Profilometer), indicate the polymer sample and gold top contact

coated the waveguide conformally. Additionally, for the h used throughout, we would expect

this < 5% change in tip-sample separation to contribute less than 1 Hz to δfc. These findings

suggest that the observed 6 to 8 Hz shift in cantilever frequency (Fig. 4.4) does not result

solely from changes in h. As in previous experiments without the ground plane between

the sample and cantilever, the cantilever frequency shift does change sign with a change

in the sign of the applied bias suggesting some electrostatic origins. While the mechanism

underlying the frequency shift observed over a buried feature is puzzling, it is nevertheless

reproducible and a useful tool for finding the coplanar waveguide microwire.

To confirm the cantilever’s alignment with the coplanar waveguide microwire and avoid

misinterpreting spurious cantilever frequency shifts, we developed a modulated detection

scheme. Rather than applying a DC bias to the CPW, we applied an fm = 10 Hz voltage and
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Figure 4.3: Detecting cantilever frequency shifts for cantilever alignment. (a) Top-down ske-
tch of a coplanar waveguide. The input and output ports of the microwire are labeled as (1)
and (2), respectively. Arrows indicate the location and direction of the scanning cantilever.
(b) Observed cantilever frequency shift δfc versus position, starting from the starred position
in (a) and proceeding to the right. The first scan (red) shows two silicon/gold edges with
the center of the scan over silicon. As the cantilever scans across the microwire region, the
lineshape observed in Fig. 4.2 becomes compressed as seen in the center (green) plot. As the
cantilever moves back to the tapered region of the coplanar waveguide, the uncompressed
lineshape is once again visible with the lower-frequency center region indicating the gold
centerline (purple). Experimental parameters: 400 µm long silicon cantilever with a d ∼ 4
µm nickel magnet tip, fc ∼ 1460 Hz, kc = 0.2 mN m−1, Q ∼ 5, 000; temperature T ∼ 295
kelvin, h ∼ 4 µm, no metal sample coating, scanning near tapered region of a 10 µm
wide microwire CPW, Vtip = −4 V, VCPW = 0 V. (c) Representative scan at 4.2 kelvin
showing spurious shifts in fc. Experimental parameters: 200 µm long silicon cantilever with
a d ∼ 4 µm nickel tip, fc ∼ 3540 Hz, kc = 0.67 mN m−1; h ∼ 4 µm, no metal coating on
sample, Vtip = −4 V.
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Figure 4.4: Aligning a nanomagnet tipped cantilever to a micrometer scale feature beneath
a metal ground plane. (a) Cantilever frequency shift δfc observed with a nanomagnet tipped
cantilever over a 5 µm wide microwire (VCPW = −0.5 V) integrated into a coplanar waveguide
(CPW) at 295 K. The solid black line is the frequency shift observed in the absence of a
gold metal coating on the sample while the blue, dotted line shows the resulting δfc in the
presence of a 12 nm thick ground plane deposited over the sample surface. Both scans were
obtained with h ∼5 µm. (b) Observed δfc with a metal coating on the sample and a +0.5 V
bias applied to the CPW microwire. The y-axes have been offset for clarity. (c) Cantilever
frequency-shift power spectrum Pδfc for a cantilever aligned over the CPW microwire (upper)
and for a cantilever aligned over the flanking CPW ground plane (lower). An fm = 10
Hz, +0.5 Vrms bias was applied to the CPW centerline in both instances. Experimental
parameters: 200 µm long silicon cantilever with r = 67 nm cobalt magnet tip, fc ∼6500 Hz,
kc = 2.0 mN m−1, Q ∼ 20, 000 (295 K) to ∼ 70, 000 (4.2 K); h ∼ 3 to 4 µm; sample coated
with a 12 nm thick gold layer; scans over 5 µm wide microwire region of coplanar waveguide.
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recorded the cantilever frequency-shift power spectrum Pδfc . As seen in Fig. 4.4(c), a peak

several orders of magnitude above the thermal noise floor was observed at the modulation

frequency when the cantilever was near the CPW microwire. This modulation peak decreased

in magnitude as the cantilever was scanned away from the CPW microwire and was absent

at a lateral distance of 10 to 20 micrometers. Again, we believe this modulation signal

originates from cantilever tip charges interacting with an electric field from the coplanar

waveguide rather than capacitive forces as it scales linearly with the magnitude of the voltage

applied the CPW.

4.3.2 Optical alignment methods

The cantilever-frequency-based methods described above have proven extremely useful in

definitively aligning an attonewton sensitivity cantilever to the 5 to 10 µm wide wire of our

CPW device. While these methods are reliable, they provide little insight into the cantilever’s

location over the CPW when the cantilever is far from the surface or positioned over the

CPW’s flanking ground plane. To overcome these limitations and dramatically decrease the

time required to position the cantilever both laterally and vertically, we developed a single

fiber optical imaging protocol. This simple setup, shown in Figure 4.5(a), consists of an

optical fiber and a photodetector. The cleaved end of the optical fiber was affixed to a

silicon chip for ease of positioning and placed on the microscope scanning stage adjacent

to the cantilever, and pointed toward the sample surface. The fiber was aligned such that

the cantilever-sample separation and fiber-sample separation were approximately equivalent.

This setup did not require any lenses to focus or collect the laser light reflected off the

surface, allowed for rapid approach to the surface and demonstrated micrometer resolution

in distinguishing silicon and gold sample features.

Far from the surface, the magnitude of the optical signal was comparable to the amount
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of light reflected off the cleaved end of the fiber. This surface-reflection signal increased

rapidly, however, as the fiber came within a few micrometers of the surface — allowing for

a rapid approach of the cantilever to the surface without the risk of crashing the tip. A

final, slow approach to the surface could then be made over a much smaller (a couple µm)

distance. By watching the interferometer oscillations in the optical fiber, any stage drift in

the vertical direction or sample offset angle could be measured. A very distinct reflection

signal was observed when the optical fiber was scanned laterally across the gold/silicon/gold

pattern of the CPW as seen in Fig. 4.5. Using the methods described in the prior section

to calibrate the distance between the optical signal and cantilever frequency shift signal at

room temperature (Fig. 4.5(b)), an offset vector was determined. The cantilever was moved

in the x/y-directions by an amount equal to this offset vector at cryogenic temperatures for

rapid lateral alignment of the cantilever to the CPW. This hybrid optical/electromechanical

alignment protocol provided two advantages: (1) it increased the scan speed by a factor of

two — from 200 to 400 nm/s and (2) it reduced the risk of sample charging by eliminating

the need for applying a bias voltage to the cantilever or CPW at 4.2 K. The increased

scan rate came from eliminating the 2 to 3 second wait time required after each step of

the Pan walker before reading the cantilever frequency. The abrupt motion of the coarse

stepper induced cantilever ringing artifacts that made it difficult to accurately determine the

cantilever resonance frequency immediately after moving. This motion-induced cantilever

amplitude effect could, alternatively, be reduced by using amplitude feedback control.

To further assist in the alignment, we developed a reticle to help determine the direction

of motion required to bring the cantilever and waveguide into alignment. As seen in Fig. 4.6,

we fabricated 1 mm × 1 mm silicon chips patterned with 50 nm thick gold grid lines. The

pattern consisted of 30 µm wide gold lines spaced by either 30 or 50 µm of bare silicon. The

various quadrants were separated by a 50 µm wide gold line. The optical signal shown in

Fig. 4.6(b) demonstrates the resolution of this single optical fiber imaging. The regions of
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Figure 4.5: Aligning a high-compliance cantilever to a micrometer-scale coplanar waveguide
using optical reflection and cantilever frequency shifts in tandem. (a) Sketch showing the
placement of an optical fiber in proximity of the cantilever, pointed at the sample surface;
(inset) a photograph of the experimental setup. Reflected optical signal (red, left) and
cantilever frequency (blue, right) versus position at (b) 295 kelvin, (c) 77 kelvin, and (d)
4.2 kelvin. The optical signal corresponding to the CPW microwire has a distinct lineshape
resulting from the gold/silicon/gold/silicon/gold pattern of the waveguide. The sine wave
observed in the background of the optical signal is the interferometer signal resulting from
drift in the tip-sample separation over the lateral scan range. The cantilever frequency signal
shows the same derivative lineshape seen in Fig. 4.3(b). Experimental parameters: 200 µm
long silicon cantilever with r = 1.5 µm nickel tip, kc ∼3.0 mN m−1, Q ∼ 22,000 at 295 K to
70,000 at 4.2 K; h ∼4 to 6 µm; sample not coated with metal layer; scans over the narrow
10 µm wide microwire region of CPW. At 295 K: Vtip = −4 V, VCPW = −1 V; At 77 K:
Vtip = 0 V, VCPW = −1 V; At 4 K: Vtip = 0 V, VCPW = −0.25 V.
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200 μm(a) (b)

Figure 4.6: Using a microfabricated reticle. (a) Scanning electron micrograph and optical
photograph of gold/silicon reticle. Overlaid is a line indicating the regions of different di-
mensions. (b) Reflected optical signal versus lateral displacement of the optical fiber. The
spacing between and widths of the intense signal correspond to the various regions of the
optical pattern shown in (a). The left (blue) region has 30 µm gold lines separated by 30
µm silicon, the center (orange) gold line is 50 µm wide, and the right (red) region has 30 µm
gold lines separated by 50 µm of silicon.

the chip can be easily differentiated with the more intense reflection signal corresponding

to regions of gold and the weaker signal corresponding to regions of silicon. Again, by

calibrating the position of the optical fiber and cantilever at room temperature, this grid

system could direct the motion for alignment under operating conditions. To eliminate the

complication of aligning an external grid chip and an optical fiber, a similar grid system

was implemented in the ground plane of the CPW as seen in Figure 4.1(c). These added

features reduced the amount of “signal-less” area when scanning the optical fiber/cantilever

and the reticle feature spacing provided guidance on which direction to move when aligning

the cantilever to CPW.

4.3.3 Mechanical methods

As a fail-safe, an L-shaped mechanical stop was affixed to the sample stage as shown in

Fig. 4.7. This mechanical stop provided a corner as a point of reference in the x and y
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directions to guide motion and reduced the scan range of the Pan-style walker by several

millimeters. Under ambient conditions, the stop was positioned to come into contact with the

cantilever stage when the cantilever was ∼100 to 200 µm from alignment with the microwire.

Under vacuum, the cantilever was aligned to the microwire using the cantilever frequency

shift methods described previously. After the cantilever was aligned to the microwire, the

stage was moved toward the stop. It was determined that the cantilever stage was in contact

with the mechanical stop when the voltage required to move the Pan-style walker increased

significantly. The distance between the microwire and the mechanical stop, in both the x

and y directions, was recorded. This distance remained unchanged at cryogenic temperatures

as the mechanical stop and sample substrate were both firmly affixed to the same copper

plate. Therefore, if thermal drift of the cantilever stage caused misalignment upon cooling to

4.2 K, the cantilever stage could be quickly moved toward the stop until contact was made.

Once the stage was in contact with the stop, it was clear which direction, and how far, the

cantilever stage needed to be moved to align the cantilever to the CPW microwire. This

mechanical barrier to motion allowed for rapid scanning of the sample stage and provided a

safeguard if any of the previously described alignment methods failed upon cooldown.

4.4 Conclusions

Approaching a cantilever to a surface and aligning to features of interest is necessary in

many scanned-probe experiments. Additionally, having the ability to locate features buried

beneath a metal coating may prove useful in studying electronic devices in scanning probe

microscopy experiments. Protocols to align a cantilever and sample rapidly and reproducibly

are critical for experimental throughput and accuracy. Here we introduced two classes of

methods for reliable cryogenic alignment with micrometer precision: (1) cantilever frequency

shift protocols applicable to experiments involving a high-compliance cantilever operating
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Figure 4.7: Implementing a mechanical stop. (a) Side-view sketch of the microscope setup
with the mechanical stop shown (boxed in red; not drawn to scale).(b) A 3-dimensional
sketch of the cantilever stage and the mechanical stop showing the stops in both the x and
y directions. (c) A photograph of the mechanical stop used in experiments (boxed in red)
showing its position relative to the coplanar waveguide. The cantilever stage is omitted for
clarity.

in the “hangdown” geometry and (2) optical-fiber-based alignment protocols applicable to

essentially any scanning probe microscopy experiment. At low temperature, full optical

imaging of the cantilever and waveguide is prohibitively complicated; the use of a single

optical fiber, in contrast, was found to be straightforward. Upon introducing these techniques

into our magnetic resonance force microscopy experiments, we have decreased the alignment

time under operating conditions (4.2 K, 5× 10-6 mbar) from several days to just a couple of

hours. Additionally, we have increased the reproducibility of our alignment to the coplanar

waveguide microwire. These dramatic improvements have allowed for higher throughput

and new experiments such as the integration of electron spin resonance, nuclear magnetic

resonance, and dynamic nuclear polarization into a single scanned-probe experiment for the

first time [47].

124



Acknowledgments

I thank Beth Curly for her work in developing methods for depositing metal contacts on

polymer sample surfaces and characterizing the resulting layers. I acknowledge Paméla Nasr
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CHAPTER 5

DYNAMIC NUCLEAR POLARIZATION IN A MRFM EXPERIMENT

5.1 Introduction

Magnetic resonance force microscopy (MRFM) is a highly sensitive method for detecting and

imaging magnetic resonance [32, 142].1 The highest-resolution MRFM imaging experiment

to date achieved a spatial resolution of 4 to 10 nm [34], on the verge of what is necessary to

study individual macromolecular complexes, but this experiment required that the sample be

affixed to a high compliance microcantilever. Proton magnetic resonance was observed in a

polymer film at comparable sensitivity in a scanned-probe experiment employing a magnet-

tipped cantilever [49], suggesting the possibility of performing a nanometer-resolution mag-

netic resonance imaging (nano-MRI) experiment on an as-fabricated device or a flash-frozen

biological sample. Remarkably, these experiments detected magnetic resonance as a mo-

dulation of statistical fluctuations in the sample’s proton magnetization. In a small spin

ensemble, these random-sign, statistical “spin noise” fluctuations in magnetization greatly

exceed the thermal equilibrium, Curie-law magnetization that one usually observes in a

magnetic resonance experiment. Here we use dynamic nuclear polarization (DNP) to create

hyperthermal nuclear spin magnetization in an MRFM experiment, with the goal of pushing

the experiment out of the spin-noise limit.

The ultimate goal of this work is to increase the signal-to-noise ratio (SNR) of the MRFM

experiment. The SNR enhancement achievable with DNP in an inductively-detected magne-

tic resonance experiment is determined primarily by the ratio of the hyperpolarized magneti-

zation to the thermally-polarized magnetization. Assessing the SNR achievable with DNP in

1The work described in this Chapter is reprinted from Isaac et al. Phys. Chem. Chem. Phys. 18,
8806-8819 (2016) with permission from the PCCP Owner Societies.
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an MRFM experiment is not so simple. Because of the small spin ensembles observed in an

MRFM experiment, at low polarization it is preferable to detect magnetization fluctuations,

while at high polarization detecting the average magnetization gives higher SNR. To assess

the DNP gain in MRFM, one therefore needs to compare the SNR of two very different

experiments.

Before continuing, it is helpful to consider the ratio of magnetization fluctuations to the

thermal-average magnetization. The thermal Curie-law magnetization is

µz = Ns µp ptherm, (5.1)

where Ns is the number of spins in the sample, assumed here to be protons; µp = 1.41 ×

10−26 J T−1 is the proton magnetic moment; and ptherm = tanh (µpB0/kBT0) is the ther-

mal spin polarization, with B0 the external magnetic field, T0 the temperature, and kB

Boltzmann’s constant. There is a statistical uncertainty in the spin magnetization whose

root-mean-square variation is given by

δµrms
z =

√
Ns µp

√
1− p2

therm. (5.2)

At thermal equilibrium, the probability of measuring a certain magnetization is described

by a Gaussian distribution whose mean is given by Eq. 5.1 and whose standard deviation

is given by Eq. 5.2 (Fig. 5.1(a))2. In a large ensemble the Curie-law magnetization exceeds

the root-mean-square variation, while in a small ensemble the root-mean-square variation

exceeds the Curie-law magnetization. In most experiments ptherm � 1, and in this limit the

crossover from large-ensemble to small-ensemble behavior occurs when Ns ≤ 1/p2
therm.

Dynamic nuclear polarization increases the spin polarization to

p = ε ptherm (5.3)

2Figures 5.1, 5.2, 5.4, 5.6, 5.7, 5.8, 5.9, 5.11, and 5.12 were reprinted from Isaac et al. Phys. Chem.
Chem. Phys. 18, 8806-8819 (2016) with permission from the PCCP Owner Societies. Figures 5.3, 5.5,
5.10, and 5.13 were reproduced from the Supporting Information of Isaac et al. Phys. Chem. Chem. Phys.
18, 8806-8819 (2016) with permission from the PCCP Owner Societies.
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Figure 5.1: Detecting DNP-enhanced nuclear magnetization in a magnetic resonance force
microscope experiment. (a) Magnetization distribution for Ns protons in a small ensemble
(blue curve) and large ensemble (red curve) in an external magnetic field, without DNP
(unshaded curve) and with DNP (shaded curve). (b) Detecting magnetic resonance as a force
acting on the cantilever: cantilever, resonant slice of magnetization, and tip-field gradient.
Because of the symmetry of the gradient, the net force on the cantilever from uniformly
polarized spins is zero. (c) Detecting magnetic resonance as a cantilever frequency shift:
cantilever, resonant slice of magnetization, and the tip-field second derivative.

and increases the magnetization to µz = pNs µp, with ε an enhancement factor that lies

between −660 and +660 for protons. The time-averaged net magnetization now exceeds the

root-mean-square magnetization fluctuations when

Ns ≥
1

p2
⇔ p

√
Ns ≥ 1. (5.4)

By increasing p, DNP allows us to study smaller ensembles of spins while remaining in a

regime where the average magnetization dominates over the magnetization fluctuations.

Now let us assess the potential signal-to-noise ratio achievable in a magnetic resonance

force microscope experiment enhanced by DNP. Degen and coworkers carefully considered

the SNR for detecting magnetization fluctuations from Ns protons in an MRFM experiment

[54]. Fluctuating proton magnetization gives rise to a stochastic force acting on the cantilever
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whose variance is

σ2
spin = Nsµ

2
p(Gtip

zx )2 = NsF
2
1 (5.5)

where Gtip
zx = ∂Btip

z /∂x is the field gradient from the magnetic tip at the location of the

spins. In the above equation we have written the variance in terms of the magnitude of

force from a single proton, F1 = |µpG
tip
zx |. The challenge is to perform enough measurements

to determine this variance with certainty. In the MRFM experiment, radiofrequency (rf)

waves are applied to cyclicly invert the proton spins twice per cantilever period, creating

a cantilever-resonant spin force. In the presence of the rf, the magnetization fluctuations

exhibit a correlation time τm that is typically shorter than T1, the spin-lattice relaxation

time, but longer than T1ρ, the spin-lattice relaxation time in the rotating frame. Degen

and coworkers showed that the magnetization fluctuations could be detected with improved

SNR by applying rf pulses every t seconds to actively randomize the sample magnetization.

Ideally, t < τm, allowing the acquisition of more independent measurements of the sample’s

magnetization than without the periodic randomization. Decrease the measurement time

too much, however, and cantilever mean-square force fluctuations begin to obscure the spin

signal. There is an optimal reset time given by [54]

topt
r =

PδF√
2σ2

spin

(5.6)

with

PδF = 4kBT0 Γ (5.7)

the power spectrum of environmental force fluctuations acting on the cantilever and Γ =

kc/(2π fcQ) the cantilever dissipation constant at a temperature T0. The SNR for detecting

magnetization fluctuations may be written as[54]

SNR1 = α1(r)×
√
Tacq

topt
r

(5.8)

with Tacq the total signal-acquisition time,

r =
t

topt
r

, and α1(r) =

√
r

2 + 2
√

2 r + 2 r2
. (5.9)
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Here t is the measurement time and α1 is a unitless constant that depends weakly on the

ratio r of the measurement time to the optimal reset time. With t adjusted to be optimal,

r = 1 and α1 = 0.38. Plugging Eq. 5.5 into Eq. 5.6 and substituting the result into Eq. 5.8

we obtain the following expression for the SNR governing the detection of magnetization

fluctuations in an MRFM experiment:

SNR1 = 1.19α1

√
NsF1√

PδF/Tacq

(5.10)

The numerator in Eq. 5.10 is the root-mean-square force fluctuation produced by Ns spins.

The denominator is the mean square force noise in a detection bandwidth of 1/Tacq.

Now let us consider the SNR for detecting the average magnetization in a magnetic

resonance force microscope (MRFM) experiment. For simplicity, let each experiment begin

with the average magnetization equal to zero. After waiting a time T for the sample to

polarize, there is now a spin force acting on the cantilever equal to

F init
s = pNsF1 (1− e−T/T1) (5.11)

The spin magnetization is cyclicly inverted as described above and the force on the cantilever

is observed with a lock-in detector. At a time t the force acting on the cantilever is

Fs(t) = F init
s e−t/τm (5.12)

This signal is multiplied by a matched filter e−t/τm , integrated, and the resulting integral

divided by the observation time t to obtain the following estimate of the mean spin-force

signal:

F avg
s =

1

t

∫ t

0

Fs(t) e
−t/τm dt = pNsF1 (1− e−T/T1)

τm

2t
(1− e−2t/τm). (5.13)

Now we consider the noise. There are two contributions to the force noise acting on the

cantilever: the environmental force noise, whose power spectrum is given by Eq. 5.7, and the
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force noise arising from magnetization fluctuations, whose variance is given by 5.5. The two

noise sources are uncorrelated. Consequently, we add their variances to obtain the total force

noise variance observed during one measurement period: PδF/(4t) + σ2
spin, where b = 1/(4t)

is the noise equivalent bandwidth of the matched exponential filter.

The measurement is repeated Navg times and the resulting signals are averaged together;

in terms of the total acquisition time Tacq, the polarizing time T , and the detection time

t, the number of averages is Navg = Tacq/(T + t). As a result of the averaging, the noise

variance will be reduced by a factor of 1/Navg. The noise variance is thus

σ2
F =

T + t

Tacq

(
PδF
4 t

+ σ2
spin

)
(5.14)

The resulting signal-to-noise ratio for the experiment is

SNR2 =
F avg

s

σF
, (5.15)

which expands to

SNR2 =
pNsF1(1− e−T/T1)

τm

2t
(1− e−2t/τm)√

T + t

Tacq

(
PδF
4t

+ σ2
spin

) . (5.16)

To examine limiting cases, it will be convenient to rewrite the above equation as follows:

SNR2 = p
√
Ns (1 − e−T/T1)

τm

2t
(1 − e−2t/τm)

(
Tacq

T + t

)1/2( 4 t σ2
spin

PδF + 4 t σ2
spin

)1/2

(5.17)

We are interested in two limiting cases: (1) the detector noise limit and (2) the spin-

noise limit. The measurement is detector-noise limited when PδF � 4 t σ2
spin, or equivalently

t � topt
r . In this limit, for t � T , SNR2 is maximized by setting T ≈ 1.256T1 and t ≈

0.628 τm. In the extreme case that τm → T1, SNR2 is maximized by setting T ≈ 1.655T1

and t ≈ 0.461T1. In the detector-noise limit, the signal-to-noise ratio for the polarized-spin
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experiment may be summarized as

SNR2 ≈
pNsF1√
PδF/Tacq

×

0.58

(
τm

T1

)1/2

τm � T1 (5.18a)

0.49 τm → T1 (5.18b)

In the spin-noise limit, we find that the SNR is maximized by setting T ≈ 1.256T1 and

keeping t� τm. Using these values gives an SNR expression

SNR2B ≈ 0.64 p
√
Ns

√
Tacq

T1

. (5.19)

Our motivation for pursuing DNP in an MRFM experiment is revealed by comparing

the SNR in the polarized-spin experiment, Eq. 5.17, to the SNR in the unpolarized-spin

(spin-noise) experiment, Eq. 5.8. An analytical result for this ratio can be obtained in two

limiting cases. Above we considered Eq. 5.17 in the detector-noise limit. The measurement

is spin-noise limited when PδF � 4 t σ2
spin, or equivalently t� topt

r . For t� T , SNR2 is now

maximized by setting T ≈ 1.256T1, and keeping t� τm.

The signal to noise ratio in these two limits is

SNR2

SNR1

= p
√
Ns ×


0.48

α1

√
τm

T1

detector-noise limit

0.64

α1

√
topt
r

T1

spin-noise limit

(5.20)

We see that in both cases the SNR of the polarized-spin experiment is larger than that of the

unpolarized-spin experiment by p
√
Ns times a numerical factor. The potentially significant

numerical factor depends on the relaxation times of the sample and the measurement sensiti-

vity expressed in terms of Degen’s optimal reset time topt
r . In the limit of slow modulation τm

approaches T1 and SNR2A/SNR1 ≥ 1 when p
√
Ns ≥ 1 — precisely the spin-noise-avoidance

criterion introduced in Eq. 5.4.

In addition to improving SNR, there are a number of other reasons for wanting to detect

signal from well-polarized sample spins in an MRFM experiment. Imparting the nanoscale
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ensemble of spins detected in an MRFM experiment with a non-zero net spin polarization will

facilitate the detection of dilute species via polarization transfer [147] and double resonance

[148]. Moreover, the ability to create and detect a net spin polarization in a nanometer-

scale sample is expected to increase the resolution of imaging experiments. In the virus

imaging experiment of Ref. 34, Degen and co-workers collected a force-noise map while

slowly scanning the sample with respect to the magnet. They subsequently applied a time-

consuming, iterative non-linear deconvolution to the force-noise map to reconstruct an image

of the sample’s spin density. Nichol and Budakian showed that a spin-density map could

instead be obtained by evolving spin fluctuations in a pulsed magnetic field gradient; they

built up a multi-dimensional correlation function through signal averaging and applied a

Fourier transform (FT) to obtain an image[43]. While this FT approach has many advantages

including rapid and essentially linear image reconstruction and a favorable signal-to-noise

ratio, obtaining an FT image in the spin-noise limit requires an inordinate amount of signal

averaging. The experiments described below were motivated by our conclusion that the time

required to perform an FT-MRFM imaging experiment on a nanoscale ensemble of spins

could be decreased significantly by using DNP to create a magnetic resonance signal with a

well-defined sign.

In an inductively-detected magnetic resonance experiment, the Curie-law magnetization

and the DNP-enhanced magnetization are both detected as a Faraday-law voltage. In an

MRFM experiment, detecting DNP-enhanced nuclear magnetization requires some thought.

The most sensitive MRFM experiments to date[33, 34, 41, 49] have detected resonance-

induced modulations of longitudinal spin magnetization as a change in the force acting on a

cantilever,

∆F spin(t) =
∑
k

∆µz,k(t)G
tip
zx (rk, t). (5.21)

Here z is the direction of the applied magnetic field, Gtip
zx = ∂Btipz/∂x is the derivative

of the tip magnetic field in the direction x of the cantilever motion, rk is the location
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of the kth spin, and the sum is over all spins in resonance. To avoid snap-in to contact,

the cantilever is operated in the “hang-down” geometry [51]. Due to the symmetry of the

gradient, Fig. 5.1(b), the net force from uniformly polarized spins is zero in this geometry.3

The gradient in the spin force shifts the resonance frequency of the cantilever by an amount

∆f spin(t) =
fc
2kc

∑
k

∆µz,k(t)G
tip
zxx(rk), (5.22)

where fc is the cantilever frequency, kc is the cantilever spring constant, Gtip
zxx = ∂2Btipz/∂x2,

and the sum is over all spins in resonance. As can be seen in Fig. 5.1(c), the second deri-

vative of the tip field Gtip
zxx is a symmetric function of x. Consequently, the frequency shift

given by Eq. 5.22 is sensitive to the average, net magnetization [44, 45, 57] as well as mag-

netization fluctuations [42]. In the experiments detailed below, we detect changes in sample

magnetization due to magnetic resonance and DNP as a shift in the resonance frequency of

a magnet-tipped cantilever.

There are only a few examples of observing hyperthermal spin polarization in an MRFM

experiment. Thurber, Smith, and coworkers used optical-pumping DNP to increase the nu-

clear spin magnetization 12-fold in a gallium arsenide sample affixed to a cantilever in a

magnetic resonance force microscope experiment [149, 150]. Optical pumping is challenging

to implement in an MRFM experiment because of heating, and the optical nuclear polari-

zation mechanism is restricted to semiconducting samples. Chen, Marohn, and coworkers

observed a long-lived shift in the frequency of a magnet-tipped cantilever in an ESR-MRFM

experiment carried out on a nitroxide-doped perdeuterated polystyrene film [46, 151]. The

size and buildup time of the frequency shift signal led them to hypothesize that it arose

from a DNP enhancement of 2H magnetization; they were unable to definitively prove this

hypothesis, however, because they were not able to apply the radiowaves required to flip the

2H nuclear spins.

3Spin fluctuations create a temporary left/right imbalance in magnetization observable as a force fluctu-
ation in the experiment of Fig. 5.1(b) [54].
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Figure 5.2: Schematic of the experiment. A 7 µm diameter nickel tip was affixed to the end of
a silicon cantilever; the magnet-tipped cantilever was brought over the center conductor of a
10µm wide coplanar waveguide; the waveguide was coated with a 250 nm thick film of 40 mM
TEMPAMINE in polystyrene. A polarizing magnetic field was applied in the direction of
the cantilever’s long axis (z, black arrow) and the cantilever oscillated in the x direction.
An optical fiber was used to monitor the cantilever motion. For clarity, the substrate and
cantilever are not drawn to scale.

Below we use DNP to create enhanced 1H magnetization in a magnet-on-cantilever

MRFM experiment carried out on a nitroxide-doped polystyrene film at 4.2 kelvin. The

experiment is sketched in Fig. 5.2. In these experiments, we can simultaneously apply both

microwaves and radiowaves to the sample and thereby verify that DNP-enhanced magnetiza-

tion has been created, can measure the background Curie-law signal and therefore quantify

the enhancement, and can vary the rf center frequency to probe the spatial distribution of the

enhanced nuclear magnetization. There are only a few examples of observing DNP at liquid

helium temperatures or in the TEMPAMINE/polystyrene system studied here [93, 94, 152].

We know of no precedent for observing DNP in the large magnetic field gradient present in

our MRFM experiment.
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5.2 Materials and Methods

Sample — The sample was a 250 nm thick film of 40 mM TEMPAMINE (4-amino-

2,2,6,6-tetramethylpiperidine-1-oxyl; Sigma, 14691-88-4) in polystyrene (Scientific Polymer,

282639, Mn = 139.5 × 103 and Mw/Mn = 1.09). The film was prepared and spin cast onto

the coplanar waveguide described below following the protocols given in the Supporting

Information of Ref. 45.

Cantilever — Magnetic resonance was detected with a custom-fabricated attonewton-

sensitivity silicon cantilever, as described in Refs. 38 and 48. A radius r = 3.5 µm nickel

sphere (saturation magnetization µ0M = 0.6 T) was manually affixed to the leading edge of

the cantilever with epoxy.

Cantilever displacement was observed with a temperature-tuned fiber optic interferometer

[50] (wavelength λ = 1310 nm). The power spectrum of cantilever displacement fluctuations

was recorded and a spring constant kc computed from the integrated fluctuations and the

known temperature using the equipartition theorem [153]. The cantilever frequency fc and

ringdown time τc were determined by exciting the cantilever at resonance and measuring

the decay of the induced cantilever oscillation; the cantilever quality factor was computed

using Q = π τc fc. A dissipation constant was calculated using Γ = kc/(2π fcQ) and a power

spectral density of thermomechanical force fluctuations computed using PδF = 4 Γ kb T0.

At a temperature of T0 = 4.2K, a pressure of P = 5×10−6mbar, and an applied magnetic

field B0 of zero, the cantilever had an apparent spring constant of kc = 1.0 mN m−1, a

resonance frequency fc = 3500 Hz, and a quality factor of Q = 5× 104. With the magnetic

field applied parallel to the long axis of the cantilever, the cantilever’s quality factor decreased

to Q = 1.0×104 at B0 = 1T and to 1.6×103 at B0 = 6T. The cantilever was positioned over
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the center of the coplanar waveguide in the “hang-down” geometry (Fig. 5.2); the cantilever

was brought near the sample surface with its long axis parallel to the surface normal ẑ, an

external magnetic field was applied along the z direction, and the cantilever oscillated in the

x direction. At T0 = 4.2 K, over the copper centerline of the coplanar waveguide, with a tip-

sample separation of h = 1500 nm, the power spectral density of cantilever force fluctuations

ranged from PδF = 1300 aN2 Hz−1 at B0 = 1 T to PδF = 8100 aN2 Hz−1 at B0 = 6 T.

To continuously measure the cantilever frequency, the cantilever was driven into self

oscillation by making it part of an analog positive feedback loop [56], as follows: the cantilever

displacement signal was measured, phase shifted by ninety degrees, amplitude limited, and

fed to a piezoelectric element located below the cantilever mount. The feedback gain was

adjusted to achieve a zero-to-peak cantilever amplitude of x0p = 100nm during the magnetic

resonance experiments described below. The cantilever displacement-versus-time signal was

digitized and the instantaneous cantilever frequency determined using a software frequency

demodulator [141].

Coplanar waveguide — Poggio and coworkers showed that nuclear spin transitions in an

MRFM experiment could be excited efficiently with a transverse magnetic field produced by

passing a radiofrequency (rf) current through a microwire[79]. By integrating the microwire

into a coplanar waveguide [80], as described in Chapter 3, we are able excite the sample at

frequencies up to 20 GHz for ESR experiments. The long axis of our waveguide’s center line

was oriented parallel to the y axis in Fig. 5.2.

The coplanar waveguide (CPW) was fabricated in two sections — a copper CPW on an

ceramic substrate and a copper CPW fabricated on high resistivity silicon.

Ceramic section — The first section served to couple microwaves (MW) from a semi-rigid

coaxial cable with an SMA connector to a CPW, made of copper plated onto an ceramic
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substrate. The CPW-on-ceramic section was purchased from PCB Fab Express with precut

holes to facilitate making a connection to an SMA coaxial connector. The ceramic substrate

had a thickness of H = 2540 µm and a (specified) relative permittivity of εr = 9.8. The

waveguide was made of 35 µm thick copper. The waveguide’s center line was w = 457 µm

wide and the gap to the flanking ground plane was s = 228.6µm wide on each side. A 10mm

by 2 mm section was removed from the center of the ceramic substrate to accommodate the

CPW-on-Si section described below.

Silicon section — The second section consisted of a copper CPW microfabricated on a

high resistivity silicon substrate. The CPW-on-Si section of the waveguide was microfabri-

cated at the Cornell Nanoscale Science and Technology Facility. The substrate was made of

high-resistivity silicon, had a thickness of H = 500µm, and had a (specified) relative permit-

tivity of εr = 11.8. The waveguide was made of 0.2 µm thick copper. The waveguide’s outer

center line was w = 480µm wide and the gap to the flanking ground plane was s = 230µm on

each side. This section tapered, over a distance of 450µm, to a narrower waveguide; the w/s

ratio was maintained in the tapered region. The narrower, “microwire” section of coplanar

waveguide was L = 500µm long, w = 10µm wide, and had an s = 6 µm gap. The dimensions

of the 10 mm by 2 mm hole in the CPW-on-ceramic section were precisely measured, and

the CPW-on-Si was cut using a dicing saw to fit into the hole leaving less than a 200µm gap

between the two sections.

Connections —The two sections were brought to within approximately 200 µm of each

other and their center lines and ground planes were connected via multiple wire bonds. Three

gold wire bonds were used to connect the center line and three gold wire bonds were used

to connect each of the flanking ground planes.

Scattering parameters and transmission losses — Transmission losses were low at frequen-

cies ≤ 5GHz and at certain frequencies between 5 and 20GHz— presumably line resonances.

138



Table 5.1: Coplanar waveguide scattering parameters measured at room temperature in air
and simulated using SONNET.

frequency parameter measured simulated
210 MHz S21 −1.1 dB −0.95 dB
210 MHz S11 −19.0 dB −19.6 dB
17 GHz S21 −17 dB −1.2 dB
17 GHz S11 −12 dB −13.2 dB

For electron spin resonance experiments, the irradiation frequency was set to one of these

line resonances. The measured and calculated scattering parameters for frequencies used in

these experiments are given in Table 5.1.

Probe and nanopositioning — Experiments were performed at T0 = 4.2 K, nominal

P = 5× 10−6 mbar, and at external fields from B0 = 0.6 to 6T using a custom-built magnetic

resonance force microscope. The CPW and sample were affixed to a stationary cooling

block while the cantilever and associated driving piezo and optical fiber were mounted on a

custom-built scanner. Coarse x, y and z scanning was achieved using custom-built Pan-style

walkers [71], while fine motion was achieved with a piezo-tube actuator. Three fiber-optic

interferometers were used to observe the motion of the cantilever holder relative to the sample

and CPW. The Pan-style walkers were used to position the cantilever over the centerline of

the CPW. Alignment of the cantilever to the CPW was registered by observing a small shift

in the cantilever frequency fortuitously present when the cantilever was located at the edge

of the CPW’s center line or ground plane. The cantilever was brought into contact with

the sample surface using a combination of coarse and fine motion; the h = 0 location was

determined by gently touching the cantilever to the surface while looking for the cantilever

to stop oscillating and undergo a small buckling motion.

Spin detection and modulation — Magnetic resonance signals from both nuclear

spins and electron spins were observed using the force-gradient detection protocol CER-
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MIT (Cantilever-Enabled Readout of Magnetization Inversion Transients) [42, 44–46, 57,

127, 151].

Nuclear magnetic resonance —

Nuclear magnetic resonance (NMR) signal from 1H Curie-law magnetization was de-

tected at fields between 4 and 6 tesla. Frequency-modulated sine and cosine waves were

generated at 27 MHz using a National Instruments PXI-5421 arbitrary waveform generator

and up-converted to a final rf frequency frf between 170 and 260 MHz using single-sideband

mixing. The resulting frequency-modulated radiowaves were amplified at room temperature

(Kalumus Model 320CP-CE) and delivered to the CPW at 4.2 K through a combination of

flexible and semi-rigid coaxial cables equipped with SMA connectors. An adiabatic rapid

passage (ARP) through resonance (linear sweep; width ∆frf = 1 MHz, except where noted)

was used to invert 1H magnetization. Each passage lasted between one and ten cantilever

cycles (Tc) and was triggered to start when the cantilever was at maximum displacement.

The FM-modulated rf inverted the sample’s 1H magnetization in a region of the sample —

a “resonant slice” — whose location and size was determined by the static field B0, tip field

Btip (e.g., tip-sample separation h), rf center frequency frf, and ∆frf. The inversion of the

sample’s Curie-law 1H magnetization was detected as a dc shift of the cantilever’s resonance

frequency[44].

Electron spin resonance —

Following Moore et al. [45], electron spin resonance (ESR) from Curie-law electron-spin

magnetization was detected near 0.6 T. Amplitude-modulated 18.5 GHz microwave irradia-

tion (Anritsu-Wiltron source, model 6814B; American Microwave Corporation switch, mo-

del SWN-218-2DT, options 912 and B05HS20NS; Narda Microwave amplifier, model DBP-

0618N830) was delivered to the CPW through a second coaxial cable. Microwave delivery
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was timed to start when the cantilever was at its maximum displacement. Microwave irra-

diation was applied for one cantilever cycle, during which time the cantilever motion swept

out a region of partially saturated electron spin magnetization in the sample. A 1Tc interval

of irradiation was followed by a 2Tc interval during which no MW irradiation was applied to

avoid sample heating. As in Ref. 45, this on/off modulation sequence was interspersed with

intervals of no irradiation in order to impose a square-wave modulation on the spin-induced

cantilever frequency shift. The modulation frequency fmod was set to between 4 and 20 Hz

to avoid 1/f frequency noise from sample dielectric fluctuations and ∝ f 2 frequency noise

arising from white voltage noise in the interferometer circuitry [137]. With fmod so chosen,

the cantilever frequency noise in the ESR experiment was close to the thermomechanical li-

mit. The spin-induced frequency shift was obtained from the frequency-demodulator output

using a software lock-in detector.

The electron spin magnetization was measured for various microwave powers P and fit to

the following equation to obtain a value for the coil constant cp of the coplanar waveguide:

δfc = δf peak
c

S

1 + S
(5.23)

where δf peak
c is the maximum cantilever frequency shift and the saturation parameter S is

given by

S = P c2
p γ

2
e T1 T2 (5.24)

with γe = 28 GHz T−1 the gyromagnetic ratio of the electron, T1 the electron spin-lattice

relaxation time, and T2 the echo decay time. The coil constant was determined assuming

[45] T1 = 1.3 ms and T2 = 450 ns.

Dynamic nuclear polarization —

Dynamic nuclear polarization experiments were performed at 0.6 tesla. Microwaves and

radiofrequency waves were applied to the CPW simultaneously through two separate SMA
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connections on either end of the waveguide. An rf isolator was used to keep transmitted rf

from damaging the microwave amplifier and a low-pass filter and attenuator eliminated trans-

mitted microwaves before reaching the rf amplifier. The cantilever’s resonance frequency was

recorded continuously during each DNP experiment. To create DNP-enhanced nuclear mag-

netization, electron spins in the sample were saturated by applying microwave irradiation

starting at time t = 0; while on, the microwaves were continuously modulated in a Tc-on:

2Tc-off sequence. Subsequently, the cantilever frequency shifted because of microwave hea-

ting, saturation of electron-spin magnetization, and buildup of nuclear-spin magnetization.

To infer the change in cantilever frequency arising from nuclear magnetization, with the

microwaves still on a single ARP was applied at time t = τ to invert the 1H magnetization

as described previously in Sec. 5.2. The resulting frequency shift δfc was fit to

δfc(τ) = δf max
c (1− e−τ/τbuildup) (5.25)

where δf max
c is the maximum, steady-state frequency shift due to microwave-enhanced 1H

magnetization and τbuildup is the time constant associated with the enhancement.

Real-time measurements of the spin relaxation time were performed following Alexson

and coworkers [57]. After an interval of DNP, an ARP was applied to invert the 1H mag-

netization. With the microwaves still on, the cantilever frequency shift was recorded with a

commercial frequency counter (Stanford SR620) as a function of time t and fit to

δfc(t) = δf initial
c e−t/T

eff
1 (5.26)

to obtain δf initial
c , the initial frequency shift due to microwave-enhanced 1H magnetization,

and T eff
1 , an effective 1H spin-lattice relaxation time with the microwaves on.

Signal simulation — The cantilever frequency shift was calculated using Eq. 5.22 and

measured values for fc and kc. The sum over spins in resonance in Eq. 5.22 was evaluated
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numerically, approximating the sample as a collection of independent spin 1/2 particles.

Equation 5.22 is valid when the cantilever amplitude, x0p = 0.1µm, is small compared to the

distance r+ h = 5.0 µm between the center of the magnetic sphere and the sample, which is

the case here.

The tip magnetic field component Btip
z and second derivative Gtip

zxx were calculated using

analytical formulas for a uniformly magnetized sphere. The sample was modeled as a box

having dimensions ∆x = 10 µm (the width of the CPW center line), ∆y = 30 µm, and

∆z = 0.25 µm. At each point in the sample, the change in electron or nuclear Curie-law

magnetization ∆µz,k due to either inversion or saturation was computed using the Bloch

equations.

Nuclear magnetic resonance — The sample box was approximated using Nx = 250,

Ny = 750, and Nz = 13 grid points. The simulations employed a proton density of ρp =

49 spins nm−3 and a proton magnetic moment of µp = 1.4106× 10−26 J T−1. The magnitude

of the (assumed perfectly homogeneous) transverse oscillating magnetic field was taken to

be B1 = 2.5 mT. This number was obtained from electromagnetic simulations of the CPW

(Sonnet Software, Inc.) carried out using the measured input power of 200 mW. The Bloch

equations were used to compute ∆µz,k under the assumption that spin-locked magnetization

followed the effective field in the rotating frame adiabatically. The only free parameter in

each simulation was a lateral x offset between the center of the magnetic sphere and the

center of the CPW; this parameter was adjusted to achieve improved agreement between the

measured and calculated frequency shift versus magnetic field curves.

Electron spin resonance — The sample box was approximated using Nx = 400, Ny =

1200, and Nz = 13 grid points. It was assumed that the magnetic sphere was positioned

directly over the center of the CPW. The simulations employed an electron-spin density of

ρe = 2.41 × 10−2 spins nm−3, an electron magnetic moment of µe = −928.4 × 10−26 J T−1,
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Figure 5.3: Power spectrum of cantilever frequency fluctuations Pδfc versus offset frequency
f at B0 = 0.655 T (red line) and B0 = 6.0 T (blue line). The Pδfc data above f ≥ 102 Hz was
fit to Eq. 5.27 with xrms = 69 nm to obtain P det

δx = 3.6× 10−6 nm2 Hz−1 (dotted black line),
the power spectrum of detector noise expressed in units of equivalent position noise. The
right-hand axis is Pδfc rewritten in terms of an equivalent force fluctuation using Eq. 5.36
and kc = 1.0 mN m−1, fc = 3500 Hz, and xrms. The dashed lines are the thermo-mechanical
force fluctuations calculated from Eq. 5.37 at B0 = 0.655 T (dashed red line), where the
cantilever ringdown time τc = 0.94s, and at B0 = 6.0 T (dashed blue line), where τc = 0.15 s.
Other experimental parameters: temperature T0 = 4.2K, tip-sample separation h = 1500nm,
acquisition time Tacq = 10 s per average, and number of averages navg = 32.

T1 = 1.3 ms, T2 = 450 ns, and B1 = 1.3 µT. The B1 was taken from a Sonnet simulation

of the CPW operating at 18.5 GHz; the input power used in the simulation was computed

from the estimated experimental input power and the measured transmission losses.

5.3 Results

5.3.1 Frequency noise and equivalent force noise.

In the experiments described in this chapter, electron-spin resonance and nuclear magnetic

resonance were registered as a change in the mechanical resonance frequency of a cantilever.

Thermo-mechanical position fluctuations place a fundamental limit on how small a cantilever
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frequency shift can be measured in a given averaging time [56, 137, 141, 154]. In this section

we present cantilever frequency-fluctuation power spectra and use these spectra to assess

how close the experiments in this chapter were to operating at the thermo-mechanical limit.

A power spectrum of cantilever frequency fluctuations Pδfc(f) was collected at B0 =

0.655 T and B0 = 6 T, in vacuum, at 4.2 K (see Fig. 5.3). Apparent in the spectrum are

∝ 1/f dielectric fluctuations at low offset frequency f [126] and detector noise ∝ f 2 at high

f [137]. The detector-noise contribution to the cantilever frequency-noise power spectrum is

[137, 141]

P det
δfc

(f) =
P det
δx

x2
rms

f 2 (5.27)

where xrms is the root-mean-square cantilever amplitude and P det
δx is the power spectrum of

detector noise expressed in units of equivalent position noise. The high-f data in Fig. 5.3

was fit to Eq. 5.27 to obtain P det
δx = 3.6× 10−6 nm2 Hz−1.

The cantilever frequency fluctuations can be analyzed, as follows, to obtain a power

spectrum of equivalent force fluctuations. Fluctuating forces acting on the cantilever lead to

fluctuations in the cantilever position whose power spectrum is given by

Pδx(f) =
PδF (f)

k2
c

f 4
c

(f 2
c − f 2)2 − f 2f 2

c /Q
2

(5.28)

where PδF (f) is the power spectrum of force fluctuations and kc, fc, and Q are the cantilever

spring constant, resonance frequency, and quality factor, respectively. These fluctuations

in cantilever position contribute noise to the measured cantilever frequency. The resulting

power spectrum of induced frequency fluctuations is given by

Pδfc(f) =
f 2

2x2
rms

(Pδx(f + fc) + Pδx(f − fc)) . (5.29)

We could at this point substitute Eq. 5.28 into Eq. 5.29 and obtain a relation between Pδfc

to PδF . Before doing so, it is helpful to examine

Pδx(f ± fc) =
PδF (f ± fc)

k2
c

× f 4
c

(f 2
c − (f ± fc)2)2 − (f ± fc)2f 2

c /Q
2
, (5.30)
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which simplifies to

Pδx(f ± fc) ≈
PδF (f ± fc)

k2
c

f 4
c

4f 2f 2
c + f 4

c /Q
2

(5.31)

where in going from Eq. 5.30 to Eq. 5.31 we have used that f � fc. Substituting Eq. 5.31

into Eq. 5.29 yields

Pδfc(f) =
f 2

c

k2
c x

2
rms

× 1

2
(PδF (fc + f) +PδF (fc − f))× f 2f 2

c

4f 2f 2
c + f 4

c /Q
2

(5.32)

where we have used that PδF (f) is an even function of f to write PδF (f ±fc)→ PδF (fc±f).

This expression may be simplified further by defining

P avg
δF (fc, f) =

1

2
(PδF (fc + f) + PδF (fc − f)) , (5.33)

the average power spectrum of force fluctuations at an offset frequency f below and f above

the cantilever frequency. Substituting Eq. 5.33 into Eq. 5.32 gives

Pδfc(f) =
f 2

c

4 k2
c x

2
rms

P avg
δF (fc, f)

1

1 + f 2
c /(4f

2Q2)
. (5.34)

The last term in Eq. 5.34 becomes 1 in the limit that f � fc/(2Q), that is, when f is larger

than the width of the oscillator resonance in cycles s−1. In this limit,

Pδfc(f) =
f 2

c

4 k2
c x

2
rms

P avg
δF (fc, f). (5.35)

Solving for P avg
δF we obtain

P avg
δF (fc, f) =

4 k2
c x

2
rms

f 2
c

Pδfc(f). (5.36)

If the only source of frequency noise was the underlying force noise, then we could use

Eq. 5.36 to calculate the fluctuating forces driving the cantilever from the measured power

spectrum of cantilever frequency fluctuations. In practice, however, Pδfc(f) contains additi-

onal contributions from surface noise and detector noise. Applying Eq. 5.36 to the measured

frequency fluctuations we obtain an equivalent or effective power spectrum of force noise.

In this case Eq. 5.36 can be interpreted as the power spectrum of force fluctuations that,
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when applied to the cantilever, would yield frequency fluctuations having the observed power

spectrum Pδfc . The P avg
δF calculated in this way is shown as the right-hand y axis in Fig. 5.3.

For comparison, we can plot the power spectrum of thermo-mechanical force fluctuations

P therm
δF . This power spectrum is independent of frequency. In terms of measured parameters,

P therm
δF =

2kBT0kc

π2f 2
c τc

(5.37)

where kB is Boltzmann’s constant, T0 is temperature, and τc is the cantilever ringdown

time. Comparing the observed P avg
δF data in Fig. 5.3 to the calculated P therm

δF , we see that

the equivalent force noise at B0 = 6.0 T was near the thermo-mechanical limit at offset

frequencies 20 Hz < f < 50 Hz while at B0 = 0.655 T the equivalent force noise was never

better than 10× the thermo-mechanical limit.

5.3.2 Nuclear magnetic resonance at high field.

Nuclear magnetic resonance signal is shown in Fig. 5.4. In Fig. 5.4(a,b) we show represen-

tative plots of cantilever frequency shift versus time acquired at six different combinations

of rf center frequency and magnetic field. The spin-inverting ARP sweep was applied at

t = 2.0 s in each plot. The sweep induced a transient positive frequency shift whether or

not the rf was in resonance with sample spins. When the sweep was in resonance with sam-

ple spins it induced a long-lived shift in the cantilever frequency. This long-lived shift —

the mechanically-detected nuclear spin signal — is highlighted in gray in Fig. 5.4(a,b). A

spin signal was calculated by subtracting the cantilever frequency before and after the ARP

sweep, with the “after” time window adjusted to reject the spurious rf-induced frequency-

shift transient.

In Fig. 5.4(c,d,e) we plot the resulting spin signal acquired as a function magnetic field

B0 at three different rf center frequencies. The spin signal is either positive or negative,
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Figure 5.4: Force-gradient detected nuclear magnetic resonance signal. Upper: Cantilever
resonance frequency shift δfc versus time at selected values of the rf center frequency frf

and magnetic field B0 = Ba, Bb, . . . , Bf. A single adiabatic rapid passage through resonance
was applied at time t = 2 s to invert 1H nuclear spin magnetization. Center frequency: (a)
256 MHz and (b) 210 MHz. Bottom: Observed (open black circles) and calculated (solid
blue line) rf-induced cantilever frequency shift — the spin signal, δfspin — versus magnetic
field for three experiments centered at fields of (c) 6.0 T, (d) 5.0 T, and (e) 4.0 T. The rf
center frequency frf is indicated in the lower left of each subfigure (c,d,e). (f) Calculated
resonant slice of magnetization at frf = 171 MHz and two selected fields. The color indicates
the change in spin polarization induced by the adiabatic rapid passage. Upper: at 4.01 T,
“bulk” spins far away from the magnetic tip are inverted. Lower: at 3.91T, “local” spins right
below the tip are inverted. Experimental parameters: tip-sample separation h = 1500 nm
and rf frequency sweep width ∆frf = 1 MHz.
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depending on the exact rf center frequency and field [44]. In Fig. 5.4(f) we show the calculated

spatial distribution of the change in spin polarization induced by the ARP at two B0 values

in the experiment of Fig. 5.4(e). At 4.01 T, the spin signal is dominated by “bulk spins”

far away from the magnet where Gtip
zxx is positive. At 3.91 T, in contrast, the spin signal

is dominated by “local spins” close to the magnet where Gtip
zxx is negative. The calculated

signal is shown as solid lines in Fig. 5.4(c,d,e). Both the absolute size of the nuclear spin

signal and its complicated dependence on field are in excellent agreement with simulations

and consistent with our observing Curie-law magnetization from 1H spins at T0 = 4.2 K.

Adiabaticity of nuclear spin inversion — The CPW described above was designed

to deliver broadband irradiation. Electromagnetic simulations (Sonnet Software, Inc.) pre-

dicted a transverse magnetic field strength B1 of 2.5 mT with only 200 mW of input power

at frequencies below 5 GHz where simulated and measured scattering parameters agreed

within 1 dB. To invert the nuclear magnetization reversibly, the nuclear spin magnetization

must stay aligned with the effective field in the rotating frame during an adiabatic rapid

passage through resonance. Maintaining this alignment requires a B1 large enough to meet

the adiabatic condition,

B2
1 �

1

2πγ

d

dt
∆B0 (5.38)

with d∆B0/dt the rate of change in the magnetic field and γ = 42.56 MHz T−1 the 1H

gyromagnetic ratio. According to Eq. 5.38, a transverse magnetic field of strength B1 =

2.5 mT should meet the adiabatic condition during a ∆frf = 1 MHz sweep as long as the

sweep duration ∆trf was ≥ 0.014 ms.

Harrell et al. provide guidelines that allow us to further quantify how efficiently we are

inverting nuclear spins [155]. Considering a spin-1/2 system and a finite radiofrequency

sweep rate, one can calculate the probability that spins undergo a diabatic transition rather
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Figure 5.5: The percent return of the cantilever resonance frequency following the application
of two ARP sweeps applied to invert the sample’s 1H magnetization. (a) Percent return versus
the duration of the sweep, ∆trf, with the delay between the sweeps fixed at 2 s. (b) Percent
return versus the delay between the sweeps, with the sweep duration fixed at ∆trf = 0.28ms.
(c) The cantilever frequency shift following a single ∆trf = 0.28ms duration sweep. The solid
black line is a fit to an exponential decay with time constant T1 = 30.9±0.9 s. Experimental
parameters: B0 = 4.93T, h = 1500 nm, frf = 210 MHz, ∆frf = 1 MHz, and B1 = 2.5 mT
(estimated).

than an adiabatic transition using

P = exp

(−(2πγ B1)2

4 |d frf/dt|

)
. (5.39)

Under our experimental conditions, we calculate a 10% likelihood of a diabatic transition

with a ∆frf = 1 MHz sweep lasting ∆trf = 0.021 ms.

Equation 5.39 is valid in the limit that ∆frf ≥ 5γB1. This condition sets a lower limit

on the width of an ARP frequency sweep necessary to prevent projection losses — losses

incurred from projecting the magnetization on the effective field when the rf is turned on. For

B1 = 2.5 mT, the 1 MHz wide frequency sweep used throughout these experiments should be

adequate. The ∆frf = 0.3 MHz ARP sweeps used to map the DNP enhancement, however,

do not strictly satisfy this condition. The signal from the 0.3 MHz sweeps was likely affected

by (modest) projection losses.

The applied sweeps in our experiments were 0.28 to 2.8 ms in duration – sufficient, we
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predicted, to meet the adiabatic condition with negligible diabatic transitions and projection

losses. After applying consecutive adiabatic rapid passage sweeps through resonance, howe-

ver, we did not observe a complete return of the cantilever resonance frequency to its initial

value (see the experiments and data presented in Fig. 5.5). Figure 5.5(a) shows the percent

return of the cantilever frequency to its initial value following two identical ARP sweeps with

a two second delay between them. The fidelity of the inversions is poor. Three hypotheses

were developed to explain the observation:

1. the oscillating field was not as strong as predicted; thus, we were not meeting the

adiabatic condition;

2. a short T1ρ was causing a loss of magnetization during the rf sweep; and

3. spin diffusion was moving polarized spins out of the resonant slice during the delay

before the second rf sweep was applied to re-invert the spins.

As the duration of the sweep was shortened, the percent return improved, indicating that

we were likely meeting the adiabatic condition but were possibly losing magnetization due

to a short T1ρ. Fig. 5.5(b) shows that the percent return improves as the inter-sweep delay

is decreased. Fig. 5.5(c) shows a real-time measurement of the 1H spin-lattice relaxation

time; the measured T = 30.9 ± 0.9 s is considerably longer than the few-second lifetime of

the inverted magnetization apparent in Fig. 5.5(b). Taken together, these findings support

the hypothesis that spin diffusion is carrying the inverted spin polarization away from the

resonant slice on the time scale of just a few seconds.
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Figure 5.6: Force-gradient detected electron-spin resonance signal. (a) Observed (circles)
and calculated (grey line) spin-induced cantilever frequency shift versus magnetic field at
three different microwave powers: 50 mW (red circles), 79 mW (blue circles), and 126 mW
(green circles). (b) Absolute value of the cantilever frequency shift in mHz versus microwave
power with the field set to be in resonance (field B0 = Bb; circles) and out of resonance
(B0 = Bc; squares) with electron spins. The solid blue line is a fit to Eqs. 5.23 and 5.24
to give a coil constant cp = 1.6µT/

√
mW at 18.5 GHz; the red line is a guide to the eye.

Note the log-log scale. (c) Cantilever frequency-shift power spectrum for the field set to be
on resonance (center) and off resonance (left and right). Note the logarithmic y axis. A
modulated cantilever-frequency signal is apparent in each plot as a large peak at f = fmod

and its harmonics. The noise floor is orders of magnitude higher with the field set off
resonance to Ba and Bc. Experimental parameters: tip-sample separation h = 1500 nm and
microwave frequency fMW = 18.5 GHz.
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5.3.3 Electron-spin resonance at low field.

The applied magnetic field was reduced to near 0.6 T and electron-spin resonance signal was

acquired as a function of magnetic field as described in the Methods section (see Fig. 5.6).

The observed frequency shift versus magnetic field had a lineshape similar to that seen in

the NMR case but with larger deviations from the calculated signal.

No signal was observed at high field (Fig. 5.6(a); region I), as expected. As the field was

lowered, large microwave-induced shifts in cantilever frequency were seen at certain magnetic

fields (Fig. 5.6(a); grey shaded region II). The magnitude of these signals depended linearly

on microwave power (Fig. 5.6(b); red line) and their associated frequency-shift power spectra

exhibited large, low-frequency fluctuations (Fig. 5.6(c); right); we tentatively attribute the

region II frequency shifts to spurious excitation of ferromagnetic resonances in the cantilever

tip. As the field was lowered further, sample spins came into resonance and we observed

the expected spin-induced changes in cantilever frequency. The size and lineshape of the

region-III signal agreed well with the simulated force-gradient ESR signal (Fig. 5.6(a); grey

line). The region-III frequency shifts had a dependence on microwave power consistent with

saturation of an electron-spin magnetic resonance signal (Fig. 5.6(b); blue line). When

the field was lowered further, to below 580 mT (region IV; Fig. 5.6(a)), large variations

in the cantilever frequency shift versus field signal were observed. There variations arose,

we hypothesize, from either ferromagnetic resonances or magnetization fluctuations in the

cantilever’s magnetic tip; below B0 = 580 mT, the magnetization may not be fully saturated

at all locations in the magnet given that the saturation magnetization for nickel is µ0 M =

600 mT.

In summary, while spurious frequency-shift signals were present in regions II and IV of the

Fig. 5.6 electron-spin resonance signal, a microwave-induced spin signal could be observed

in field region III whose dependence on magnetic field and microwave power was consistent
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Figure 5.7: Evidence for dynamic nuclear polarization in a magnetic resonance force mi-
croscope experiment. The experiment was carried out on a TEMPAMINE-doped polystyrene
sample at B0 = 655 mT and T0 = 4.2 K. Upper: Microwaves were turned on at time t = 0 s
to saturate electron spins (Section 5.2). A duration ∆trf = 10 Tc adiabatic rapid passage
through resonance was applied at time τ = 25 s to invert nuclear spins. Lower: Cantilever
frequency shift versus time. From top to bottom: microwaves absent, rf on resonance (black
line); microwaves on resonance, rf off resonance (red line); microwaves on resonance, rf on
resonance (blue line); and microwaves off resonance, rf on resonance (green line). The traces
have been offset vertically for clarity.

with magnetic resonance signal from Curie-law electron spin magnetization at T0 = 4.2 K.

5.3.4 Microwave-enhanced nuclear magnetic resonance at low field.

The above experiments demonstrate our ability to excite nuclear spins at high field and

electron spins at low field using a single coplanar waveguide. We detected magnetic resonance

in both experiments as a change in the mechanical resonance frequency of a magnet-tipped

cantilever. We next looked for evidence that hyperthermal nuclear magnetization could

be created in our microscope at low field via the dynamic nuclear polarization effect. We

emphasize that the same sample, waveguide, and magnet-tipped cantilever was employed in
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all three experiments.

Microwaves and radiowaves were applied as indicated in the timing diagram of Fig. 5.7.

To demonstrate DNP, cantilever frequency was recorded as a function of time in experiments

employing combinations of on- and off-resonance microwaves and rf. A frequency shift due

to nuclear magnetization was observed following a period of on-resonance microwave irradi-

ation. This microwave-enhanced nuclear-spin signal is shown shaded in blue in Fig. 5.7. No

such nuclear-spin signal was observed when either the microwaves or the radiowaves were

applied off resonance. Application of microwaves led to a decrease in cantilever frequency

at times 0 < t ≤ 15 s; because it was present when both on- and off-resonance microwave

irradiation was applied, we attribute this decrease to a heating-related artifact. Significantly,

no nuclear spin signal could be detected at B0 = 0.6 T without first applying microwaves.

This is expected. The Curie-law nuclear-spin signal apparent at B0 = 6 T in Fig. 5.4 scales

linearly with B0; we would predict the Curie-law signal at B0 = 0.6 T to fall below the

cantilever frequency noise floor and therefore be undetectable. Comparing the nuclear spin

signal observed following microwave irradiation at B0 = 0.6 T to the nuclear spin signal

extrapolated from the B0 = 6 T experiments, we can nevertheless estimate that the app-

lied microwaves are inducing a hyperthermal nuclear magnetization enhanced by a factor of

between ε = 10 and 20.

The dependence of the microwave-enhanced nuclear spin signal on microwave power is

shown in Fig. 5.8(a). Both the nuclear-spin signal and the electron-spin signal plateau at

the same microwave power, suggesting that the Fig. 5.7 nuclear-spin signal originates in the

electron-spin magnetization. The dependence of the nuclear-spin signal on microwave irradi-

ation time is shown in Fig. 5.8(b); the measured buildup time is τbuildup = 12.7±3.3s. Ideally

the DNP buildup time should be compared to the nuclear spin’s spin-lattice relaxation time,

T1. The 1H spin-lattice relaxation time in the absence of microwave irradiation was difficult
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Figure 5.8: Dependence of the microwave-enhanced nuclear spin signal on microwave power
and time. (a) Absolute value of the nuclear-spin frequency shift following a single ARP (black
circles) versus microwave power and, for comparison, electron-spin signal (red squares) versus
microwave power. The solid red line is a fit to Eqs. 5.23 and 5.24. The black line is a guide to
the eye. (b) Nuclear-spin frequency shift acquired after τ seconds of microwave irradiation.
The solid line is a fit to Eq. 5.25. (c) Decay of the nuclear-spin frequency shift. A single
ARP was applied at time t = 15 s to invert nuclear spin magnetization; microwaves were
applied in an on/off pattern continuously. The solid line is a fit of the t ≥ 15 s data to
Eq. 5.26. Experimental parameters: h = 1500 nm, fMW = 18.5 GHz, and B0 = 0.655 T; in
(b), the ARP had an initial and final frequency of f initial

rf = 27.0 MHz and ffinal
rf = 28.0 MHz,

respectively; in (c), f initial
rf = 27.6 MHz and ffinal

rf = 28.1 MHz.
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Figure 5.9: Evidence that the net microwave-enhanced nuclear polarization is zero. Mi-
crowave irradiation was turned on at t = 0 s. (a-c) At time t = 25 s, an ARP rf sweep
was initiated that ran from (a) 27.6 to 28.6 MHz, (b) 27.6 to 28.0 MHz, and (c) 28.1 to
28.4 MHz. (d) Two ARP sweeps were initiated: (blue) one at time t = 10 s running from
27.6 to 28.1 MHz and (red) a second one at time t = 13 s running from 27.6 to 28.6 MHz.
The nuclear-spin induced frequency shift is shaded grey.

to measure at B0 = 0.6 T because of the large transient change in cantilever frequency cre-

ated by turning off the microwave irradiation. An effective 1H T1 could be measured in the

presence of resonant microwave irradiation by observing the cantilever frequency shift in real

time [57, 127] after the application of a single ARP sweep (Fig. 5.8(c)). The resulting canti-

lever frequency transient was well described by a single exponential decay having an effective

spin-lattice relaxation time of T eff
1 = 14.3± 1.0 s. This value is in reasonable agreement with

the 1H spin-lattice relaxation time T1 = 30.8 ± 0.9 s measured at B0 = 5 T (Figure 5.5(c)).

The factor-of-two agreement between these estimated 1H spin-lattice relaxation times and

τbuildup is consistent with buildup of nuclear magnetization via a DNP effect.

During the NMR, ESR, and DNP experiments described here, the cantilever was oscilla-

ted at its resonance frequency. According to Eq. 5.35, cantilever root-mean-square frequency

noise is inversely proportional to cantilever amplitude. Moreover, in the ESR experiment

some cantilever motion is required to scan the resonant slice through the sample and bring
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Figure 5.10: DNP-enhanced 1H spin signal versus peak-to-peak cantilever amplitude. Expe-
rimental parameters: B0 = 0.655T, h = 1500nm, fMW = 18.5GHz, irradiation time τ = 20s,
frf = 27.5 MHz, ∆frf = 1 MHz.

a measurably large number of electron spins into resonance.

The microwave induced 1H spin signal was found to be independent of the peak-to-peak

displacement of the cantilever as seen in Fig. 5.10. This observation is consistent with the

manuscript’s finding that the nuclear spins are polarized in a thin region on the proximal

and distal sides of the resonant slice. Oscillating the cantilever in the x direction causes

a lateral blurring of the resonant slice but does not, to first order, change the location or

thickness of the slice in the z direction. Consequently, increasing the oscillation amplitude

of the cantilever should not cause any cancelation of the DNP enhancement.

The reader will have noticed that, in the experiments of Fig. 5.7 and 5.8, the rf was

not exactly in resonance with nuclear spins in the center of the resonant slice defined by

the applied microwaves.4 If the ARP was adjusted to flip nuclear spins in a region exactly

centered on the resonant slice, Fig. 5.9(a), then there was no observable frequency shift,

implying a net nuclear-spin enhancement of zero. Further experiments were carried out in

which resonant microwave irradiation was applied at t = 0 s to initiate DNP, one or two ARP

sweeps were applied subsequently to generate a frequency shift proportional to the nuclear

polarization, and the center frequency of the ARP sweep was varied to selectively invert

nuclear spins that were nearer to or further from the magnet tip than were the resonant

4This would require an ARP sweep centered at 18.50 GHz× γp/γe = 28.0 MHz.
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Figure 5.11: Mapping the spatial distribution of enhanced nuclear polarization. (a) The spa-
tial distribution of microwave-enhanced nuclear-spin polarization consistent with the Fig. 5.9
data. ARP-induced change in cantilever frequency versus radiofrequency resonance offset at
(b) B0 = 568 mT, where “local” electron spins are in resonance and at (c) B0 = 655 mT,
where “bulk” electron spins are in resonance. The solid red lines are guides to the eye. The
labels Ba and Bb refer to fields indicated in Fig. 5.6(a). Upper: The corresponding regions of
electron-spin magnetization in resonance. Experimental parameters: microwave frequency
fMW = 18.5 GHz, ARP sweep width ∆f rf = 0.30 MHz, ARP sweep duration ∆trf = 1Tc, and
rf frequency step = 0.10 MHz.

electron spins. The results of these experiments are shown in Fig. 5.9(b-d). These results

are consistent with the nuclear spins proximal to the magnet tip having a positive ε and

distal spins having a negative ε.

The associated spatial distribution of enhanced nuclear magnetization is sketched in

Fig. 5.11(a). To map out this distribution, the ARP sweep width was reduced to ∆f rf =

0.3MHz, the rf center frequency varied systematically about frf = 28MHz, and the above ex-

periments were repeated. The B0 field was varied to examine the nuclear enhancement about

both a “local” resonant slice, Fig. 5.11(b), and a “bulk” resonant slice, Fig. 5.11(c). Consi-

dering that Gtip
zxx is negative in the local slice and positive in the bulk slice, the Fig. 5.11(b,c)

data is consistent ε > 0 for proximal spins and ε < 0 for distal spins in both slices.
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5.4 Discussion

In summary, the dependence of the cantilever frequency shift seen in Figs. 5.7, 5.8, 5.9, and

5.11 on

1. the longitudinal magnetic field;

2. the frequency and timing of the applied rf; and

3. the microwaves’ frequency, timing, and intensity

is consistent with signal arising from DNP-enhanced nuclear magnetization interacting with a

magnet-tipped cantilever. A number of DNP mechanisms [68, 156] are possible in TEMPAMINE-

doped polystyrene, including the solid effect, thermal mixing, the cross effect, and the

recently proposed separative magnetization transport (SMT) mechanism [157–159]. The

spatial distribution of the DNP enhancement ε in Fig. 5.11 is inconsistent with the SMT

mechanism alone. The relative values of line widths and resonance frequencies govern which

of the established DNP mechanisms is active in a sample at a given field. The homogeneous

linewidth of the ESR spectrum in our sample is δ = 1/(γeT2e) = 2 MHz. At B0 = 0.6 T, the

inhomogeneous linewidth of the ESR spectrum is approximately ∆ ∼ 77MHz (due primarily

to hyperfine anisotropy, ∼ 77 MHz, and not g-factor anisotropy, ∼ 61 MHz). The nuclear

Larmor frequency is ω = 28 MHz here. These line widths and frequencies satisfy [160]

∆ > ω > δ, making cross-effect the most likely DNP mechanism at play in our experiment.

We expect the large magnetic field gradient present in our experiment to have a number

of effects on the sample’s nuclear and electron spins that we will now consider. Relevant

properties of our sample’s 1H and electron spins are summarized in Table 5.2.

The presence of the cantilever tip’s magnetic field gradient qualitatively explains why

cross-effect DNP would produce the enhancement profile shown in Fig. 5.11. In a homo-
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Table 5.2: Relevant properties of proton spins and unpaired electron spins in polystyrene
doped with 40 mM TEMPAMINE

quantity
value

unit
electron 1H

concentration ρ 2.41× 10−2 49 spins nm−3

interspin spacing a 3.5 0.27 nm

local fielda,b BL 0.17 0.19 mT

diffusion constantc,d D 58× 106 450 nm2 s−1

relaxation timee,f T1 1.3× 10−3 14.3 s

diffusion lengthg `D 275 80 nm

1st critical gradienth G crit
1 0.0006 0.003 mT nm−1

2nd critical gradienti G crit
2 0.05 0.7 mT nm−1

aCalculated using BL = 7.6µ0µeρ/4π, adapted from Ref. 161, with ρ the electron spin density,
µe = 9.28 aN nm mT−1 the electron magnetic moment, and µ0/ 4π = 0.1 mT2 nm2 aN−1 the
free-space permeability (in practical units). bCalculated as HL/γp with HL = 8 kHz taken from
Afeworki et al., Ref. 162. cEstimated using D = γeBLa

2. dFrom Afeworki et al., Ref. 162. eFrom
Ref. 45. fVide supra. gCalculated using `D =

√
DT1. hCalculated using Eq. 5.40. iCalculated using

Eq. 5.41.
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geneous magnetic field, an ensemble of randomly oriented nitroxide molecules will absorb

microwaves across a distribution of frequencies ν because of the anisotropy in the nitroxide

electron’s hyperfine coupling and g tensor. In our experiment, each nitroxide’s resonance

frequency is shifted by an additional amount inversely proportional to its distance from the

cantilever’s magnetic tip. The observed polarization profile can be understood by conside-

ring both these effects together (Fig. 5.12). The observed profile is rationalized by realizing

that applied microwaves simultaneously excite distal molecules at the high-ν end of the ab-

sorption profile a(ν), yielding ε < 0 proton polarization, and proximate molecules at the

low-ν end of the a(ν) profile, yielding ε > 0 proton polarization.

The picture of Fig. 5.12 predicts that the nuclear spin enhancement should be limited to

distances away from the central resonance slice where the electron Larmor frequency is shifted

by no more than ±ω due to the magnetic field gradient. The electron spins directly below the

magnetic tip experience a gradient of Gtip
zz = −2µ0Msata

3(h + a)−4. With µ0Msat = 600 mT

for nickel, a tip radius of a = 3500 nm, and a tip-sample separation of h = 1500 nm, the

gradient is estimated to be Gtip
zz = 0.082 mT nm−1. The peak enhancement is therefore

predicted to occur at a distance ∆z = ω/(γeG
tip
zz ) = 12 nm to either side of the resonant

slice. The nuclear spin polarization in Fig. 5.11(b,c) is observed to peak at a distance

approximately 0.25 MHz/(γp G
tip
zz ) = 72 nm from the center of the resonant slice, a distance

that is good agreement with the calculated proton spin-diffusion length `D =
√
DT1 = 80nm;

see Table 5.2. Based on the calculated ∆z, we would expect spin diffusion during DNP to

lead to a “blurring” of the enhanced nuclear magnetization in our experiment. This blurring

of the bipolar magnetization profile by spin diffusion may account for the modest 1.5 to 3.0

% efficiency of DNP seen here.

The large magnetic field gradient present in an MRFM experiment has been shown to

affect both electron [161] and nuclear [163] spin diffusion. For each kind of spin, there are
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two effects to consider. Eberhardt and co-workers [163] studied nuclear spin diffusion and

showed that spin diffusion was impeded when the gradient was large enough to be felt by

diffusing spin polarization during the spin polarization’s lifetime T1. They concluded that

the onset of reduced spin diffusion should occur at a critical gradient of

G crit
1 =

BL

`D

=
BL√
DT1

(5.40)

where BL (in our notation) is the mean-square “local field” produced by dipolar interactions

with the other spins in the sample. Budakian et al. [161], in their MRFM study of electron

spin-lattice relaxation, argued that spin diffusion should be quenched entirely when the

resonance frequency difference at different lattice sites is larger than the spin-spin dipolar

coupling. According to this argument, the onset of spin diffusion quenching should occur at

a critical gradient of approximately

G crit
2 =

BL

a
(5.41)

with a the lattice spacing.

In Table 5.2 we provide estimates of G crit
1 and G crit

2 for both the 1H and electron spins in

our sample. For electron spins, we estimate that Gtip
zz ≥ G crit

2 > G crit
1 ; electron spin diffusion

should be quenched or at least strongly affected by the magnetic field gradient present in

our experiment. For the 1H spins, on the other hand, G crit
2 > Gtip

zz > G crit
1 ; we should be in

a regime where nuclear spin diffusion is impeded, but not quenched, by the tip’s magnetic

field gradient. The localized polarization profile in Fig. 5.11(b) is consistent with the electron

spin diffusion length being negligibly small but the nuclear spin diffusion length being close

to the unperturbed bulk value.

Sensitivity and resolution — The experiment described in this chapter is the first time

that microwave-assisted DNP has been definitively demonstrated in an MRFM experiment.

A 10 to 20-fold 1H polarization enhancement was achieved. Figure 5.13 summarizes the
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absolute polarization and buildup time achieved in inductively-detected DNP experiments

carried out at temperatures ranging from T0 = 4.2 K to T0 = 7 K. The significantly greater

enhancements achieved in these previous DNP experiments often came at the expense of

long polarization buildup times. The buildup time of τ ∼ 13 s seen in this experiment is

favorably low compared to prior inductively-detected low temperature DNP experiments.

Implementing more optimized polarizing agents[17, 93, 94, 96, 164, 165], freezing the sample

in a partially deuterated glass-forming solvent matrix, and operating at higher fields should

lead to significantly greater absolute 1H polarization in the MRFM experiment.

The absolute proton spin polarization achieved here is far less than unity but nevertheless

significant. At B0 = 0.568 T and T0 = 4.2 K, ptherm = 1.58 × 10−4. Given the estimated

enhancement of ε = 10 to 20, the absolute polarization after 15 seconds of DNP is p =

ε ptherm = 1.6×10−3 to 3.2×10−3 (e.g., 0.16 to 0.32 percent). From simulations, we estimate

the number of spins contributing to the signal to be 7.86 × 1010 in a gradient of Gtip
zxx =

1.1 × 10−5 mT nm−2. To determine the sensitivity of our experiment, we calculate an

equivalent magnetic moment noise of [45] Pδµ = 4 k2
c Pδf/f

2
c (Gtip

zxx)
2 = (2.6× 107 µp/

√
Hz)2

from the δf rms
c = 3.5 mHz frequency noise observed in a 0.25 Hz bandwidth in the Fig. 5.11(c)

experiment. As a point of comparison, given the estimated spin polarization of 3.2×10−3 and

proton density of 50 spins nm−3, 2.6 × 107 µp is the net magnetic moment from (550 nm)3

of spins.

The sensitivity and imaging resolution achievable in a small-magnet tip MRFM experi-

ment with hyperpolarized magnetization is estimated using Eqs. 5.18a and 5.18b in Table 5.3.

The table considers two example cases. In Expt. A, we assume the tip and surface noise from

Ref. 49 with the number of spins detected per point from Ref. 34. We take the base electron

polarization to be 0.1, consistent with our present operating conditions of 18 GHz and 4.2 K.

Assuming a DNP efficiency of 10 percent (e.g. ε = 66) gives p = 0.01. We calculate the SNR
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Figure 5.13: Proton spin polarization achievable via dynamic nuclear polarization at T0 =
4.2 K as a function of magnetic field, for representative enhancement factors ranging from
ε = 1 (no enhancement; lower curve) to ε = 660 (full enhancement; upper curve). At full
enhancement, the proton polarization is equal to the electron spin polarization. Also plotted
is the absolute 1H polarization achieved in previous low-temperature DNP experiments:
(a) this experiment, (b) Ref. 93, (c) Ref. 96, (d) Ref. 164, (e) Ref. 94, and (f) Ref. 165.
The marker type indicates the operating temperature: circles for T0 = 4.2 K, triangles for
T0 = 6K, and squares for T0 = 7K. The fill color indicates the nuclear magnetization buildup
time; see the legend on the right-hand side of the plot. The buildup time for experiment (b)
is unknown.
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in two cases. The Eq. 5.18a calculation assumes T1 = 12 s (vide supra) and τm = 0.020 s [34]

while the Eq. 5.18b calculation assumes τm → T1. In Expt. B we assume a smaller-radius

tip having a gradient improved by a factor of two, a base electron polarization of p = 0.60

(e.g. 60 GHz, 2.1 K), a DNP efficiency of 30 percent (e.g. ε = 200), an optimized force noise

taken from Ref. 48, and consider the same two τm cases.

In the virus imaging experiment of Degen and co-workers [34] the peak lateral gradient

was Gtip
zx = 4mTnm−1; the peak spin variance signal, σ2

spin = 600aN2, arose from approxima-

tely Ns = σ2
spin/(µ

2
p (Gtip

zx )2) = 1.9×105 protons in resonance. The associated volume of spins

in resonance is Vs = 3800 nm3 (assuming a proton density of 50 spins/nm3). The computed

spin density at each sample point in the Ref. 34 experiment contains contributions from

signal measured at many sample locations; due to this signal averaging, the imaging resolu-

tion is smaller than Vs by nearly an order of magnitude, 4 nm× 10 nm× 10 nm = 400 nm3.

Let us take the Ns used to compute the signal-to-noise ratios in Table 5.3 and divide by

ten to account for the improvement in the signal-to-noise ratio expected from the image-

reconstruction step. The implied imaging resolution ranges from slightly worse than (6 nm)3

in the τm � T1 case of Expt. A to much better than (2 nm)3 in the τm → T1 case of Expt. B.

In both experiments, the SNR is improved 25 fold by pushing τm to the T1 limit.

Creating, detecting, and imaging DNP-enhanced nuclear magnetization in a small-tip

nanometer-resolution MRFM experiment will be challenging. We can draw on the above

analysis and prior work to enumerate the key expected challenges.

Polarization — The cross-effect DNP mechanism is a three-spin process requiring two

electrons in close proximity having a difference in Larmor frequencies equal to the Larmor

frequency ω of the adjacent nuclear spins. Spin diffusion is needed to share the nuclear

spin polarization created near the paramagnetic site with spins many nanometers away; to
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achieve homogeneous magnetization in a single macromolecule, it will therefore be important

to keep the gradient below Gcrit
2 = 0.7 mT nm−1. The gradient could impede CE-DNP in

a more fundamental way as well, by creating a difference in Larmor frequency for adjacent

electrons that could exceed ω = γp B0 and therefore shut down the cross-effect mechanism.

The associated critical gradient is

G crit
CE-DNP =

γn
γe

B0

a
(5.42)

where a is the distance between paramagnetic molecules. For a paramagnetic dopant con-

centration of 40 mM, the critical gradient is G crit
CE-DNP = 0.29 mT nm−1 at B0 = 0.6 T

(fMW = 17 GHz), rising to G crit
CE-DNP = 2.9 mT nm−1 at B0 = 6 T (fMW = 170 GHz).

Imaging — Harnessing DNP-enhanced nuclear magnetization for nanometer-scale ima-

ging, on the other hand, will require reducing or eliminating spin diffusion. Assuming one-

dimensional diffusion for simplicity, spin diffusion will broaden a σ(0) = 1 nm wide Gaussian

distribution of magnetization to a width of σ(t) = 2 nm in only t = 1.5σ2/D = 3.3 ms.

This calculation indicates that nanometer-scale spin-magnetization gradients created during

Fourier image encoding [43, 166] in an MRFM experiment will be erased rapidly by spin

diffusion. To avoid this problem, Kempf and Marohn have proposed applying rf pulses in

synchrony with cantilever motion to enable FT-image encoding while eliminating spin evo-

lution from dipolar couplings [166]. Alternatively, an image can be acquired by collecting

signal while slowly scanning the cantilever [34]. To image a polarized-spin sample in this

way, it will be important to keep magnetization from transferring between adjacent slices

by, for example, detecting in a gradient larger than Gcrit
2 to suppress spin diffusion.

Detection — For simplicity, here we used the dc CERMIT effect to observe the polarized

nuclear spins. The signal-to-noise ratio in our experiments was limited by surface frequency

fluctuations and not thermomechanical noise. It is likely that surface frequency noise will be
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an even more pronounced problem in a small-tip experiment [49, 126, 137]. In future expe-

riments, optimizing the signal-to-noise ratio will require balancing two competing demands.

To achieve long τm, the nuclear magnetization should be modulated slowly. To evade surface

frequency noise, the nuclear magnetization should be modulated rapidly; at fast modulation

frequencies parametric upconversion may be necessary to evade detector noise [167]. It is

unknown how well this upconversion scheme will work in practice in a high surface noise

environment.

In an MRFM experiment, the per-spin sensitivity is proportional to the magnetic field

gradient. The gradient in the experiment of Ref. 49 was 5.5mTnm−1, enabling 500µp sensiti-

vity but already larger than both Gcrit
2 and G crit

CE-DNP; the gradient requirements for achieving

optimized polarization, imaging, and high-sensitivity detection are seemingly incompatible.

Eberhardt, Meier, and coworkers encountered a similar problem when trying to perform

NMR spectroscopy measurements in a sample-on-cantilever MRFM experiment [168]. They

obtained high-resolution spectra by cycling their millimeter-scale gradient source away from

the sample temporarily to allow for a period of spin evolution under the chemical shift in

a homogeneous field. Shuttling the 200 nm wide tip of Ref. 49 laterally by 500 to 1000 nm

on the timescale of T1 (many seconds at cryogenic temperatures) appears feasible and would

enable the independent optimization of the gradient during periods of polarization, image

encoding, and spin detection.

5.5 Conclusions

Many magnetic resonance experiments have been shown to be compatible with magnetic re-

sonance force microscopy. These experiments include the Rabi nutation experiment [53, 169],

spin echoes [78], dipolar spectroscopy [170, 171], cross polarization [172], indirect observa-
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tion of low gamma nuclei via cross depolarization [147], two-dimensional spectroscopy [168],

and nuclear double resonance [55]. Here we have used the widely applicable cross-effect

DNP mechanism to create hyperthermal nuclear spin polarization in a thin-film polymer

sample in a magnet-on-cantilever MRFM experiment. If the challenges discussed above can

be addressed, using DNP to create hyperthermal spin polarization in an MRFM experiment

offers many exciting possibilities for increasing the technique’s sensitivity in both imaging

and double-resonance experiments.
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CHAPTER 6

SURFACE DISSIPATION AND NON-CONTACT FRICTION STUDIES

6.1 Introduction

Currently, high resolution, three-dimensional magnetic resonance imaging is largely limited

by the achievable spin sensitivity and the resulting signal-to-noise ratio (SNR) [33, 34, 147,

173, 174]. As discussed in Chapt. 5, one way to increase the SNR of an 1H MRFM experiment

is to increase the signal through the use of dynamic nuclear polarization [17, 47, 66, 175].

However, for single electron spin imaging experiments, as discussed in Chapt. 7, the only way

to increase the SNR is the reduce the noise levels as the force exerted on a microcantilever

by a single electron spin is fixed. In general, the minimum magnetic moment sensitivity µmin

of a magnetic resonance force microscope experiment is given by

µmin =
Fmin

Gzz

=
1

Gzz

√
4kBT0Γtbw (6.1)

where Fmin is the minimum detectable force dependent on the total dissipation Γt, Boltz-

mann’s constant kB, the temperature T0, and the measurement bandwidth bw, and Gzz is

the field gradient of the magnet tip. To increase the sensitivity in a given bandwidth at a

specific temperature, we have two knobs to turn: (1) increase the magnet tip field gradient

or (2) decrease the total dissipation, or the non-contact friction between the cantilever and

the sample.

Throughout the past several years, both Hickman and coworkers and Longenecker et

al. have worked to develop high-gradient nanomagnet-on-tip cantilevers [48, 49, 129, 176].

The work described in the previous chapters of this dissertation has involved micrometer-

scale, nickel magnet tipped cantilevers. In Chapt. 5, the 7.0 µm diameter nickel magnet

(µ0M = 0.6 T) was estimated to have a magnetic field gradient of Gtip
zz = 0.082 mT nm−1.
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While significant on the atomic scale, to achieve nanometer resolution imaging, increasing

the magnetic field gradient by 2 to 3 orders of magnitude would be extremely beneficial.

For example, a 1 MHz wide adiabatic rapid passage (ARP) sweep, with the d = 7 µm

nickel magnet, would invert 1H spins in a ∼ 300 nm thick slice. Implementing a cobalt

nanomagnet tipped cantilever with a gradient Gtip
zz = 5 mT nm−1 with a 1 MHz wide ARP

sweep would reduce the width of the resonant slice to ∼5 nm. As shown in Eq. 6.1, this 100

times increase in the magnet tip’s field gradient can have a dramatic effect on the minimum

detectable magnetic moment.

The second issue that arises in increasing the sensitivity of an MRFM experiment is that

of reducing the total cantilever dissipation and overall noise levels. As the detection volume

of spins decreases, the number of spins in resonance and contributing to the spin signal also

decreases. As this becomes the case, the signal-to-noise ratio is largely limited by the noise.

In the experiment of Ref. 49, high-gradient nanomagnet tipped cantilevers demonstrated a

sensitivity of 500 protons in a 1 mHz bandwidth. While this is similar to the sensitivity

achieved by Degen et al. in the single virus imaging experiment of Ref. 34, the cantilever

frequency noise [138, 177] and dissipation [125, 131, 178] of the magnet-on-cantilever experi-

ment was several orders of magnitude above the lower limit set by thermomechanical position

fluctuations. These position fluctuations set the fundamental limit on the magnitude of a

cantilever resonance frequency shift that can be observed in a given averaging time for a

force-gradient detected experiment [56, 137, 154, 177]. The increased level of noise observed

in Ref. 49 would be prohibitively large in achieving the signal-to-noise ratio necessary for a

single electron spin imaging experiment.

At the time of Longenecker’s experiment [49], Cornell’s 3rd generation magnetic resonance

force microscope was still under construction. The noise and dissipation from the cobalt na-

nomagnet tipped cantilever shown in Fig. 6.11 was collected on the magnetic resonance force

1This figure was adapted with permission from J. G. Longenecker et al., ACS Nano 6, 9637-9645 (2012);
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(a) (b)

Figure 6.1: Noise and dissipation from an attonewton sensitivity cantilever with a d =
200 nm cobalt magnet tip. (a) Power spectral density of cantilever frequency fluctuations
Pδfc and equivalent force fluctuations PδF versus cantilever modulation frequency. Cantilever
frequency noise was measured over a 40 nm thick polystyrene film coated over a silicon
substrate (blue; B0 = 0 T) and over a copper microwire (black; B0 = 2.63 T). In both cases
the tip-sample separation was 90 nm with a peak-to-peak cantilever amplitude of 60 nm.
The dotted line shows the calculated thermal noise floor. The equivalent force noise was
calculated using Eq. 5.37 with T0 = 5.5 K, fc = 6644 Hz, kc = 1.0 mN/m, and Q = 84000.
(b) Cantilever dissipation Γ versus tip-sample separation over the polystyrene coated silicon
substrate (blue triangles) and over a copper microwire (black circles). The open symbols
are from measurements collected at B0 = 0 T and the solid symbols were collected at
B0 = 2.63 T. The dotted line is the cantilever’s intrinsic dissipation calculated from fc, kc,
and Q. Adapted from Ref. 49.

microscope in Dan Rugar’s laboratory at IBM Almaden. While some of the noise observed

in this experiment could be intrinsic to the IBM microscope setup and its environment, it is

unlikely that the noise would be entirely reduced to the thermal limit by integrating these

nanomagnet tipped cantilevers into Cornell’s magnetic resonance force microscope.

In the spectrum of Fig. 6.1(a), below ∼ 10 Hz we can see a strong noise component ∝ 1/f

arising largely from dielectric fluctuations in the underlying sample [49, 177]. This noise is

present, in similar magnitude, over both the silicon substrate and the copper microwire. It

is likely that this surface induced frequency noise results from the thin film polymer sample

— which may also be present in future experiments in Cornell’s magnetic resonance force

microscope. The second region of noise present in both spectra is the high-frequency (above

Copyright 2012 American Chemical Society.
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∼ 60 Hz) detector noise ∝ f 2 [137]. While the detector in the Cornell microscope will be

slightly different than that in the IBM microscope, detector noise of similar magnitude will

be present in both experiments. Additionally, modulating spins for detection at a frequency

above ∼ 50 Hz requires a very high strength transverse B1 field to meet the adiabatic

condition and keep the spins locked. The most drastic difference between the two noise

spectra is in the region between ∼ 8 and 40 Hz. In this region, the silicon substrate remains

at the 1/f surface noise and f 2 detector noise limits. The noise over the copper microwire,

however, shows large deviations from the predicted ∝ 1/f and ∝ f 2 levels — with variations

as much as five orders of magnitude above the thermal-mechanical floor. It was hypothesized

that these large peaks of noise over the microwire were the result of mechanical vibrations in

the microscope [49, 138] — a noise source that may not be present in Cornell’s microscope

— or electric field fluctuations from the copper microwire — a noise source that would likely

persist with a microwire irradiation source integrated into a coplanar waveguide

Furthermore, the dissipation of nanomagnet tipped cantilevers has been investigated

[48, 49] to determine the current sensitivity limits of MRFM experiments. Dissipation Γ is

a measure of the friction that a harmonic oscillator, here the cantilever, experiences from

its environment — i.e. a measurement of the underlying sample fluctuations occurring at

the cantilever resonance frequency [125, 131, 134, 178]. The total dissipation (Γt, Eq. 6.2) of

the cantilever is a combination of the intrinsic cantilever dissipation Γ0 and the non-contact

friction Γs resulting from interactions of the cantilever tip with the sample surface:

Γt = Γ0 + Γs. (6.2)

The intrinsic cantilever dissipation (Eq. 6.3) is determined by the cantilever spring constant

kc, resonance frequency fc, and quality factor Q = πτfc where τ is the cantilever ringdown

time:

Γ0 =
kc

2πfcQ
. (6.3)
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While de Voogd et al. have proposed additional dissipation mechanisms for oscillators cou-

pled to spins [179, 180], for a cantilever operating at ∼ 4 K the surface dissipation Γs is the

dominant source of noncontact friction as a nanomagnet tipped cantilever is brought within

10’s of nanometers of a sample surface [48, 49, 125, 178]. The main contribution to these

near-surface interactions is thought to be fluctuating electric fields in the sample such that

Γs =
q2

4kBT0

PδE(fc) (6.4)

where q is a free charge on the cantilever tip, kB is Boltzmann’s constant, T0 is the tempera-

ture, and PδE(fc) is the power spectral density of electric field fluctuations [124, 125, 125, 181].

Both Hickman [48] and Longenecker [49] observed increased cantilever dissipation as the

cantilever was brought within proximity of the sample surface. Figure 6.1(b) shows the

dissipation of Longenecker’s cobalt nanomagnet tipped cantilevers over a silicon substrate

(blue) and over the copper microwire (black) as a function of tip-sample separation. We

see that the cantilever’s intrinsic dissipation (dotted grey line) is significantly degraded as

the cantilever is brought within ∼ 50 nm of the sample surface over the microwire — the

exact region where the cantilever must be operated for high-sensitivity magnetic resonance

experiments. Specifically, the minimum detectable force Fmin =
√

4kBT0Γ is reduced from the

intrinsic cantilever value of 9 aN/
√

Hz to 40 aN/
√

Hz over the polystyrene coated microwire

at tip-sample separations h < 20 nm [49]. This is a stark contrast to what was observed

by Hickman et al. where the intrinsic force sensitivity of the cantilever (10 aN/
√

Hz) was

maintained to within just a few nanometers of the sample surface [48].

To overcome the sensitivity limitations resulting from non-contact surface interactions, it

is important to understand their origins and critical to develop methods to reduce their ef-

fects. In Longenecker’s experiments, it was hypothesized that the increased dissipation obser-

ved was the result of the cantilever magnet tip coupling to either magnetic field fluctuations

emanating from the underlying microwire substrate [182, 183] or from charges on the canti-
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lever tip coupling to electric field fluctuations in the sample/substrate [125, 137, 177, 178].

Either hypothesis is supported by the significantly lower dissipation observed over the insu-

lating silicon substrate when compared to the conducting copper microwire. To rule out the

first hypothesis, that fluctuating magnetic fields lead to eddy-current damping, dissipation

measurements were conducted at B0 = 0 T (Fig. 6.1, open symbols) and at B0 = 2.63 T

(solid symbols). It was expected that eddy current damping would play a more significant

role at higher applied fields where the magnet tip has a larger magnetization. This was not

observed. The dissipation measured over both the silicon substrate and the copper microwire

were largely unaffected by the presence of an external magnetic field.

The second hypothesis for the increased dissipation observed by Longenecker et al. over

copper — that the dissipation resulted from electric field fluctuations originating in the

underlying copper substrate — is supported by the dissipation observed by Hickman and

coworkers [48, 49]. To understand this observation, it is important to understand the diffe-

rences in the sample preparation of these two experiments. In both cases, the sample was a

polystyrene thin-film spun cast onto a substrate designed to deliver an oscillating transverse

magnetic field. In Ref. 48, the sample substrate was a gold, half-wave microwave resonator.

Additionally, the polymer sample was coated with 20 nm of gold and a bias voltage was

applied to the tip of the cantilever to minimize the dissipation. This method has proven

useful in reducing the surface induced noise in several other MRFM experiments as well

[44, 45]. In Ref. 49, the polymer thin film was spun onto a copper microwire substrate. No

metal coating was deposited onto the sample surface and microscope electrical connection

limitations precluded the application of a cantilever tip-bias voltage. The work described

in this chapter is aimed at generating a better understanding of the role a metal sample

coating and the application of a tip-bias voltage play in reducing surface induced dissipation

and cantilever frequency noise for a cobalt nanomagnet tipped cantilever in Cornell’s 3rd

generation magnetic resonance force microscope.
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6.1.1 Theory

To understand the reduced cantilever frequency noise observed by Hickman et al., we can

rewrite Eq. 6.4 in terms of the tip-sample capacitance C,

Γs(Vtip, h) =
C2(Vtip − φ)2

4kBT0

PδE (6.5)

where Vtip is a voltage applied to the cantilever tip, and φ is the contact potential difference

between the cantilever tip and the sample surface [125, 177]. We see that if we can null the

contact-potential difference with a bias voltage applied to the cantilever tip, i.e. Vtip = φ,

Eq. 6.5 goes to zero. As such, the effect of any electric field fluctuations PδE on the cantilever

dissipation is also nulled. This method of coating a sample surface with gold and applying a

bias voltage to the tip of the cantilever to null the underlying electric field fluctuations [125]

has proven useful in previous magnetic resonance force microscopy experiments including

the detection of 71Ga NMR in Ref. 44 and the ESR experiments of Ref. 45 and 48.

A significant open question in the study of cantilever tip-surface interactions is the exact

origin of the underlying electric field fluctuations leading to the cantilever dissipation. It

has been proposed that the non-contact friction results from static, patch charges [124,

184], fluctuating currents or induced currents [185–187], and dielectric fluctuations [125,

137, 177, 178]. Furthermore, it is not well understood what effect the properties intrinsic

to the underlying sample have on the induced dissipation. In 1981, Schaich and Harris

developed a theory for non-contact friction in which they predicted that the interactions

between two metal surfaces should be independent of any specific metal properties [188].

To the contrary, in 1998, Persson and Zhang introduced a modified version of Schaich’s

theory in which the metal properties would play a role in the observed friction between two

metal surfaces in relative motion [189]. Persson, Volokitin and coworkers later proposed

that the surface dissipation was not due to interactions between the cantilever tip and the

metal surface at all, but rather due to the interactions between the cantilever tip and surface
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adsorbates on the metal sample [186, 187, 190, 191]. As the cantilever oscillates, Persson

suggests that the surface adsorbates fluctuate, particularly through their vibrational modes

or acoustic excitations, and interact with the cantilever tip. With this modified theory, the

calculated dissipation/non-contact friction was much closer in magnitude to that observed in

practice, particularly that observed by Stipe and Rugar for a gold tipped cantilever oscillating

parallel to a gold sample surface at temperatures ranging from 295 K to 4 K [124]. Further

experiments and theories have also predicted that surface defects, rather than the bulk sample

properties dominate the tip-sample interactions and non-contact friction of an oscillator [192–

195].

Additionally, depending on the underlying mechanism, each of these theories predicts a

different dependence of the surface induced friction on the tip-sample separation h. Hite et

al. have presented theoretical analysis for the noise from surface ion traps and predicted that

friction caused by thermal noise should scale as h−2 and friction from single patch charges

should scale as h−4 [194]. For a system more similar to ours, Volokitin and Persson have

predicted that friction from the vibrational modes of surface adsorbates would scale as h−6

[186]. Stipe and coworkers experimentally have found that noncontact friction between an

ultrasensitive cantilever and a gold surface scales as h−1.3. Furthermore, they found that

the tip-bias voltage required to minimize the contact potential difference was independent of

the sample/cantilever temperature [124]. Yazdanian and coworkers have predicted and ex-

perimentally verified that over an insulating polymer surface, thermal dielectric fluctuations

cause non-contact friction that scales ∝ h−3 [137, 177]. Using a cobalt nanomagnet tipped

cantilever, over a variety of metal surfaces in a high-vacuum, variable temperature experi-

ment, we were able to test some of these theories in a single set of experiments looking at the

non-contact friction, electric field fluctuations and cantilever frequency noise as a function

of sample composition, temperature, tip-sample separation, and applied cantilever tip bias.
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To study the electric field fluctuations from the sample surface/substrate, we can derive

an expression for the electric field fluctuations from Eqs. 6.2, 6.3, and 6.5:

PδE =
4kBT0Γs

C2(Vtip − φ)2
=

4kBT0(Γtot − kc/(2πfcQ))

C2(Vtip − φ)2
(6.6)

[125, 177]. Unfortunately, we cannot exactly calculate the electric field fluctuations without

knowing their origin. We can study the effect of temperature T0, sample composition, tip-

sample separation h, and tip-bias voltage Vtip but we must implement a model system for

the tip-sample capacitance. There are several models that can be used to calculate the

capacitance between the magnet tipped cantilever and the planar metal sample. The first,

simplest approach is to model the magnet as a sphere over an infinite ground plane [137,

138, 196]. Here the capacitance is given by

C(d) = 4πε0R
∞∑
n=1

sinh(α)

sinh(nα)
(6.7)

where α = cosh−1(1 + d/R), d is the distance between the edge of the sphere and the

metal surface, R is the radius of the sphere, and ε0 is permittivity of free space. For the

rectangular, nanomagnet used throughout these experiments (Fig. 6.2(a)), the magnet radius

was estimated as the geometric mean of the magnet’s leading edge (i.e. the geometric mean

of the x and y dimensions; see Table 6.1). The infinite sum was found to rapidly converge,

and was therefore estimated with n = 20. In analyzing this tip-capacitance model, one

realizes that the majority of the interactions between the cantilever and the sample surface

are likely not interactions between the 100 nm wide magnet but rather the 1.3 µm wide

silicon chip used to affix the magnet to the cantilever which is located only ∼ 250 nm further

from the sample surface or the 5.5 µm wide silicon cantilever which is just a few micrometers

further from the sample surface. To increase the accuracy of this capacitance model, the

sphere model was used to calculate the capacitance of the magnet, the magnet chip, and the

cantilever as shown in Fig. 6.2(b). The three contributions to the capacitance were added

together to give an estimate for the total tip-sample capacitance.
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Figure 6.2: Nanomagnet tipped cantilever and models used to calculate the tip-sample capa-
citance. (a) Scanning electron micrograph of the nanomagnet tipped cantilever. (b) Sketch
of the three-sphere model used to calculate the tip-sample capacitance. (c) Sketch of the
rectangular model of the magnet, magnet chip, and cantilever used to the calculate the tip-
sample capacitance in FasterCap. Note: (b) and (c) are not drawn to scale. The dimensions
of the spheres and rectangles used in these models, as well as the distance of each component
from the sample surface can be found in Table 6.1.

As an alternative model, the cantilever-sample capacitance was calculated numerically

using Maxwell’s equations. To realize these calculations, the 3D simulation package Faster-

Cap [197, 198] was implemented. The advantage of these simulations was that the entire

magnet, with an accurate shape and dimensions, in addition to the silicon magnet chip

could be modeled. For completion, the end of the cantilever, where the magnet and magnet

chip were attached was also modeled. A sketch of this rectangular model can be found in

Fig. 6.2(c). The dimensions of the magnet, magnet chip, and cantilever used in both the

sphere capacitance and numerical capacitance models are summarized in Table. 6.1.

To fully understand the origin of these electric field fluctuations, we first want to in-

dependently verify our capacitance model. To do so, we turn to the work of Stowe and

coworkers to look at the effect of surface forces on the cantilever spring constant [36, 143].

For a cantilever, oriented nominally perpendicular to a surface, Stowe showed that the forces

on the cantilever act to change the cantilever spring constant, and therefore the cantilever
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Table 6.1: Dimensions of the magnet, magnet chip, and cantilever used in capacitance
calculations and FasterCap simulations. The dimensions were determined using scanning
electron micrographs (SEM) of the cantilever/magnet chip obtained during the focussed
ion beam attachment of the magnet chip to the cantilever. The magnet dimensions were
determined from a separate SEM of the fabricated wafer of magnets so as to not damage the
magnet surface with ion irradiation/implanation. The cantilever was modeled as 10 µm long
rather than the actual value of 200 µm long to keep the scaling of the objects similar, with a
reasonable grid size in the numerical simulations. As the capacitance falls off with distance,
the contributions from the cantilever further than 10 µm from the sample surface should be
negligible. Separation is the distance between the component and the sample where h is the
measured tip-sample separation.

material width thickness length estimated radius separation
magnet cobalt 0.100 µm 0.100 µm 1.5 µm 0.050 µm h

magnet chip silicon 1.3 µm 0.340 µm 2.91 µm 0.33 µm h + 0.25 µm
cantilever silicon 5.5 µm 0.680 µm 10 µm 0.967 µm h + 3.16 µm

frequency f such that

f = f0 + δf = f0 +
f0

2kc

(−C ′
2L

(Vtip − φ)2 cos θ − 1

2
C ′′(Vtip − φ)2 sin2 θ

)
(6.8)

where f0 and kc are the cantilever’s resonance frequency and spring constant far from the sam-

ple surface, C ′ = ∂C/∂z is the first derivative of the tip-sample capacitance, C ′′ = ∂2C/∂z2

is the second derivative of the tip-sample capacitance, L is the length of the cantilever, Vtip

is the bias voltage applied to the cantilever tip, φ is the contact potential difference between

the cantilever tip and the sample, and θ is an offset angle measured as the difference between

the actual canitlever/sample angle and a perfectly perpendicular angle of 90◦. We note here

that Eq. 6.8 is derived under that assumption that as the cantilever is oscillated, parallel

to the sample surface, both the bias voltage Vtip and the tip sample separation h — and

therefore the tip-sample capacitance C — are constant [36, 126, 143]. Looking at Eq. 6.8 we

can see that for a cantilever with a known spring constant and resonance frequency, we can

verify our capacitance model and determine the contact potential difference between the tip

and the sample surface by measuring the cantilever resonance frequency as a function of the

bias voltage applied to the tip of the cantilever.
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To analyze the underlying cantilever dissipation and frequency noise mechanisms, here

we have studied the cantilever interactions with the sample surface as a function of tempera-

ture, tip-sample separation, and sample coating (gold, carbon, platinum, or aluminum). To

glean insight into the origin of electric field fluctuations PδE, we have studied the cantilever

dissipation as the cantilever tip-bias voltage was varied. Furthermore, we have looked at the

cantilever frequency as a function of Vtip in order to verify the tip-sample capacitance model.

Finally, the cantilever frequency fluctuations, or jitter [138, 199–201], were studied to assess

the reduction in low-frequency, surface interactions with the application of a carefully set

cantilever tip-bias.

6.2 Methods

Cantilever — All experiments in this chapter were performed with a cobalt nanomag-

net tipped cantilever as described by Longenecker et al. The nanomagnet had dimensions

dx = dy = 100 nm and dz = 1500 nm as determined by a scanning electron micrograph.

Experiments were performed at a nominal base pressure of 1× 10−5 mbar and at tempera-

tures of 295, 77, and 4 K. At each temperature, the cantilever’s intrinsic spring constant kc,

quality factor Q, and resonance frequency fc were determined. To do so, the cantilever was

positioned tens of micrometers from the sample to minimize surface interactions. The po-

wer spectrum of the cantilever’s thermomechanical (Brownian) motion was recorded. Each

spectrum was collected for 30 seconds and 32 spectra were averaged together. Using the

equipartition theorem and the temperature measured on the sample stage, the integrated

fluctuations were used to calculate kc as described by Hutter and Bechhoefer [153, 177]. It

is of note that due to the uncertainty in the exact location of the fiber optic interferometer

incident on the cantilever beam, there is an uncertainty in the value of kc calculated by this

method of up to ∼ 40% [49]. By demodulating the power spectrum, the value of fc was
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determined. The cantilever quality factor Q was determined from the decay of the cantile-

ver’s motion or the cantilever ringdown. The cantilever was driven into self-oscillation, on

resonance, via a positive feedback circuit [56] and an oscillating voltage applied to a piezo

located at the base of the cantilever. The drive bias applied to the base piezo was halted

and the cantilever’s oscillation was recorded as the amplitude decayed to thermal levels. The

cantilever’s ringdown time was determined by fitting the absolute value of the oscillation am-

plitude to an exponential decay e−t/τ where t is the time. The cantilever’s Q was calculated

using Q = ω0τ/2 = πfcτ .

The cantilever parameters varied slightly at each temperature. At 295 K, the cantilever

had a resonance frequency fc = 4735 Hz, a quality factor Q = 20, 000, and a spring constant

kc = 3.5 mN/m. At 77 K, fc increased to 4770 Hz, while Q and kc remained unchanged. At

4.2 K, the cantilever resonance frequency was consistent with that measured at 77 K while

the quality factor decreased to ∼ 6, 000 and the apparent spring constant increased to 4.5

mN/m.

Sample — To study the effect of different surfaces on the cantilever/surface interactions,

a sample was prepared with four different potential sample coatings. A silicon wafer was

patterned as shown in Fig. 6.3. The desired surface coating, gold (Au), carbon (C), platinum

(Pt), or aluminum (Al), was deposited on the surface via electron-beam evaporation through

a shadow mask. The three metals were chosen for their differing work functions (Au: 5.31

to 5.47 eV, Al: 4.06 to 4.26 eV, and Pt: 5.64 to 5.93 eV [202]). The metal/carbon coatings

were patterned in 200 µm wide strips with a spacing of the same width between each. This

spacing was wide enough to allow each surface coating to be studied independently but

still narrow enough that the cantilever could be scanned across the entire sample surface

with the magnetic resonance force microscope’s Pan-style walker. The three metals were

each deposited to a thickness of 80 nm while the carbon sample coating was deposited to
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Figure 6.3: Sample for surface noise studies with a nanomagnet tipped cantilever. (a) Op-
tical image showing the fabricated metal sample wirebonded into a commercially fabricated
ceramic board for biasing. (b) Sketch of the sample used in noise measurements. The sam-
ples were deposited on a silicon wafer via electron beam evaporation. Each of the metal
samples was 80 nm thick. The carbon sample was 10 nm thick.

a thickness of only 10 nm. At one end of the four metal samples, a ‘T’-shaped conducting

pad was deposited. The entire sample chip was diced to fit within the ceramic coplanar

waveguide (CPW) board described in Chapt. 3. The ‘T’ conducting pad was wirebonded

to the centerline of the coplanar waveguide. When the sample was positioned into Cornell’s

magnetic resonance force microscope, commercial coaxial cables with SMA connectors were

attached to the ceramic CPW. To align the cantilever over a specific sample, a small (< 2 V)

bias voltage was applied to the ceramic CPW to bias the sample coating. With the sample

coating biased, the ‘edge-finder’ cantilever frequency shift methods described in Chapt. 4

were used to position the cantilever [70]. While the following noise measurements were

collected, the conducting line of the CPW — and therefore the sample coatings — was

grounded.

Experimental setup — The noise measurements described here were collected under a

variety of different experimental conditions. Data sets were collected at temperatures of

295, 77, and 4.2 kelvin. Measurements were collected at tip-sample separations ranging from

several micrometers to just a few nanometers and with a variety of tip-bias voltages applied

to the cantilever. To determine the tip-sample separation, a DC voltage was applied to the
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MRFM probe’s piezo tube actuator until the cantilever gently made contact with the sample

surface. It was determined that the cantilever was in contact with the sample surface when

the cantilever’s self-oscillation, induced by positive feedback driving of the cantilever, was

no longer effective or a change in the interferometer’s DC deflection was observed due to

cantilever ‘buckling’ at the sample surface. The bias voltage was then removed from the

piezo tube actuator and a fiber optic interferometer was used to measure the distance that

the piezo tube, and therefore the cantilever, was retracted from the sample surface. This

method provided the cantilever tip-sample separation to within a couple of nanometers.

To apply a bias to the cantilever tip, a copper clip with a bias wire attached was placed

on the silicon handle of the nanomagnet tipped cantilever. While the silicon is nominally

insulating, some charges were able to move on/off the cantilever tip. We could confirm

the presence of charges on the cantilever tip by approaching the cantilever to the sample

surface and varying Vtip. According to Eq. 6.8, the cantilever resonance frequency should

vary proportional to V 2
tip. It is important to note that the rate at which charges moved on

and off the cantilever (and likely the percent of applied charges that moved on and off the tip

of the cantilever) varied with different magnet tips and with temperature. As such, care was

taken to let the cantilever frequency settle with each application of a different bias voltage

before any data was acquired. For this specific tip, a wait time as long as ten to fifteen

minutes was implemented between the application of Vtip and the acquisition of any data.

Experimental measurements and calculations — To investigate the interactions be-

tween the cantilever tip and the sample surface, measurements were obtained to study the

surface induced dissipation, cantilever jitter, and the tip-sample capacitance in order to

glean insight into the underlying electric field fluctuations. At each tip-sample separation

h and for each applied tip-bias Vtip, the cantilever resonance frequency fc, ringdown time

τ , and quality factor Q were determined from the cantilever’s ringdown. These values were
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used with Eq. 6.3 to calculated the cantilever’s dissipation. Additionally, at each of these

points, the power spectrum of cantilever frequency fluctuations was recorded to calculated

the cantilever’s jitter. To obtain this spectrum, 10 averages of the cantilever motion were

collected over ten second intervals. Far from the sample surface, the cantilever’s frequency

fluctuations at low modulation frequencies (<∼ 60 Hz) should be at approximately thermal

levels. This thermal noise floor is defined as

P therm
δf =

kBT0

2π2x2
rmskcτ

. (6.9)

At higher modulation frequencies, the detector noise begins to dominate the power spectrum

of cantilever frequency fluctuations as described in Section 5.3.1 [137, 177]. As the tip-sample

separation is decreased and the cantilever begins to interact with the sample, cantilever

frequency noise at low modulation frequencies, < 10 to 20 Hz, tends to become prominent. To

quantify the cantilever tip-surface interactions, we define the jitter to be the integrated area

under the power spectrum of cantilever frequency fluctuations for modulation frequencies

less than 10 hertz. This analysis procedure allows us to analyze the cantilever’s 1/f surface

noise, while avoiding the spurious noise at modulation frequencies between 10 and ∼ 60 Hz

as observed by Longenecker et al. and shown in Fig. 6.1(a, black line) [49].

Over the course of these measurements, and as shown in Fig. 6.4, it was determined

that varying the bias applied to the cantilever tip had a significant impact on the measured

tip-sample separation. Consequently, trying to operate the cantilever at a specific tip-sample

separation and varying the tip-bias provided irreproducible results. It was hypothesized that

this ∆h was the result of the cantilever being torqued with respect to both/either the optical

fiber interferometer and/or the sample surface as a result of changing interactions due to

Vtip. To avoid complications in data analysis due to this varying tip-sample separation, the

data shown in Figures 6.5, 6.6, 6.7, and 6.8 was collected by applying a bias voltage to

the tip of the cantilever, letting the system sit for ∼ 10 minutes, and then adjusting the

tip-sample separation h — performing noise measurements at each setpoint.
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(a) (b) (c)

Figure 6.4: Tip-sample separation h (blue squares, left) and cantilever resonance frequency
fc (red circles, right) as a function of bias voltage applied to the tip of the cantilever Vtip

for tip-sample separation centered around (a) 100 nm, (b) 250 nm, and (c) 470 nm. In
each case, the expected parabolic trend in cantilever resonance frequency was observed. The
tip-sample separation, however, varied significantly, by over 50 nm as the bias voltage was
varied. This data was collected at T0 = 77 K.

6.3 Results

6.3.1 Comparing sample coatings at various temperatures

In Fig. 6.5, we compare the data collected over the four different sample surfaces at 295

(left), 77 (center), and 4 (right) kelvin. The cantilever resonance frequency fc, dissipation Γ,

and jitter data were collected by setting the tip-bias voltage Vtip and varying the tip-sample

separation h. The symbols are the experimental data with the orange triangles collected over

aluminum, the blue squares over platinum, the green circles over carbon, and the purple ×

over gold. For the data shown here, the tip-sample separation was fixed at h = 40 nm. The

solid lines plotted with the fc and Γ data are parabolic fits. We see that for all temperatures,

the cantilever resonance frequency and dissipation versus Vtip fit well to a quadratic function

as predicted by Eqs. 6.5 and 6.8. Note that the calculated jitter versus Vtip is plotted on a log

scale but also shows a fairly quadratic dependence on the voltage applied to the cantilever tip.
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At 4 kelvin, the magnetic resonance force microscope’s Pan-style walker was not functioning

and data was only collected over aluminum. The experimental data collected over carbon at

77 kelvin can be seen in Fig. 6.6. Due to the large difference in parabolic curvature observed

over the carbon sample, this data was plotted on a separate set of axes for clarity.

Overall, we see that at each temperature the value of Vtip required for the parabolas to

reach a minimum was essentially independent of the underlying sample. This observation

is consistent with the predictions by Volokitin and coworkers that the cantilever surface

interactions are dominated by surface adsorbates rather than the underlying sample [186,

187, 191]. This is particularly of interest here as the carbon surface coating and the metals

used have very different properties but were all prepared on a single substrate and exposed

to the same experimental conditions. At room temperature, aluminum — the metal with

the lowest work function — displayed parabolas centered at a slightly larger tip-bias voltage

than gold and platinum. However, this less than one volt offset between the parabolas was

not very significant and was not observed at 77 kelvin. This supports the hypothesis that the

tip-sample interactions are dominated by surface adsorbates and the various metal properties

seem to have little effect on the observed dissipation and tip-sample interactions.

While the overall shape of the curves shown in Figs. 6.5 and 6.6 matched our theoretical

predictions, there were several features of these plots that were unexpected. First, we note

the location of parabola centers at cryogenic temperatures compared to that observed at 295

K. At 77 K, the parabolas were shifted from having a minimum at +1 to 2 V to having the

minimum occur when between 20 and 30 V were applied to the cantilever base. This was

extremely surprising and contrary to what was observed by Stipe et al. upon cooling from

295 to 4 kelvin [124]. Seemingly, this offset was the result of a buildup of charges on the

cantilever tip as the parabola centers slowly drifted back toward zero volts over the course

of several weeks. It is unclear, however, why there would be a build up of charge on the tip

189



295 K 77 K 4 K(a) (b) (c)

Figure 6.5: Cantilever frequency fc, dissipation Γ, and jitter as a function of bias voltage
applied to the tip of the cantilever Vtip at (a) 295 K, (b) 77 K, and (c) 4 K. All data was
collected at a tip-sample separation h = 40 nm. The cantilever frequency was determined
from demodulation of the cantilever ringdown spectrum. Dissipation was calculated using
Eq. 6.3 with fc and Q values measured from cantilever ringdown and the cantilever spring
constant kc determined from the cantilever brownian motion spectrum. The jitter was calcu-
lated by integrating the area under the power spectrum of cantilever frequency fluctuations
Pδfc for modulation frequencies less than 10 Hz. The solid circles are measured data collect
over aluminum (orange triangles), platinum (blue squares), carbon (green circles), and gold
(purple ×). The solid lines are quadratic fits to the data. Note the log scale on the y-axis
of the jitter plots.
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Figure 6.6: Cantilever frequency fc, dissipation Γ, and jitter as a function of cantilever
tip-bias voltage over carbon at 77 K. Data was calculated as described in Fig. 6.5.
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of the cantilever upon cooling to 77 K. Additionally, as noted previously, applying a bias

to the cantilever required ∼ 10 minutes to allow the charges to equilibrate on the cantilever

tip and these charges could be removed over a similar timescale. This shift of the parabolas

upon cooling the cantilever however was not dissipated if the cantilever base was grounded

for hours or even days. One hypothesis to explain this excessive buildup of charge on the

cantilever tip would be the formation of a piezoelectric or pyroelectric oxide or silicide on

the cantilever tip during the serial processing/magnet attachment [49]. Upon cooling, the

forces of the material contracting or torquing could cause a buildup of charge. There are

several candidate piezoelectric materials/crystal structures containing silicon, cobalt, and/or

titanium (used as an adhesion layer in the magnet processing) including Ti5Si4, Ti3Si, CoSi,

and Co2Si3 that could be formed [203, 204]. However, it is worth noting that none of these

materials were observed by Longenecker et al. [49] in the initial characterization of these

cobalt nanomagnet tipped cantilevers and this large shift in the center of the parabolas

has not been observed when other micrometer scale magnet tipped cantilevers, nanomagnet

tipped cantilevers, or bare silicon cantilevers have been cooled to cryogenic temperatures.

Also of note is the difference in parabola curvature as the cantilever is cooled from 295

K to 77 K. At 295 kelvin, all of the samples displayed parabolas with similar curvature.

When the system was cooled to 77 kelvin, the parabolas became significantly more broad

for the metal samples (Fig. 6.5). Surprisingly, the carbon coating displayed the opposite

behavior and became significantly more narrow than the corresponding parabolas at 295 K

(Fig. 6.6). As shown, the cantilever resonance frequency and dissipation varied drastically

over a very narrow operating window. Consequently, the cantilever could not even be driven

into self-oscillation near the sample surface unless the tip-bias was within ± ∼ 10 V of the

parabola’s minimum. Based on these observations, it was determined that carbon was not a

viable candidate for coating the sample surface to reduce the cantilever-surface interactions

and further studies over carbon were not pursued.
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At 4 kelvin, measurements were only collected over aluminum as discussed previously. Ad-

ditionally, due to the time constraints and costs of operating under liquid helium conditions,

only a few tip-bias data points were collected at a tip-sample separation of 40 nanometers.

Due to the modest amount of data collected under these conditions, it is difficult to make

direct comparisons or conclusions about the curvature of the parabolas. In Fig. 6.7(a) we

plot the data collected over the aluminum sample vs. Vtip at h = 40 nm on a single set

of axes for comparison. The data collected at 295 K is plotted as red triangles, the 77 K

data is plotted as purple circles, and the 4 K experiments are plotted as blue squares. From

this comparison, we see that the frequency parabola at 4 K seems to have been inverted

compared to 295 and 77 kelvin. Additionally, the cantilever dissipation and jitter do not

seem to reach the same minimum as observed at higher temperatures. However, due to the

small number of data points collected, it is possible that the bias voltage necessary to reach

the minimum Γ and jitter was not properly identified.

6.3.2 Dependence of non-contact friction on tip-sample separation

Aside from studying the effect of varying the sample, in this study we aimed to look at the

dependence of cantilever-surface interactions on the tip-sample separation. In Figs. 6.7(b)

and (c) and 6.8 we show the results of these studies. For all of the data shown in these two

figures, the Γ and jitter values plotted correspond to the Vtip value where, at h = 40 nm, the

dissipation was a minimum. Fig. 6.7(b) and (c) show the cantilever dissipation and jitter,

respectively, over the aluminum sample at 295 K (red), 77 K (purple), and 4 K (blue). In

Fig. 6.8, we plot the cantilever Γ and jitter at 295 K (a) and 77 K (b) with the cantilever

positioned over aluminum (orange triangles), platinum (blue squares), carbon (green circles),

and gold (purple ×). Over four possible samples and at all temperatures, we see that with

a carefully set cantilever tip-bias, the cantilever dissipation is essentially independent of
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Aluminum

4 K  77 K295 K                     

Figure 6.7: Summary of cantilever noise and sensitivity over aluminum at 295 K (red triang-
les), 77 K (purple circles), and 4 K (blue squares). (a) Cantilever frequency fc, dissipation
Γ, and jitter versus cantilever tip-bias voltage Vtip for a tip-sample separation of 40 nm.
(b) Cantilever dissipation and (c) cantilever jitter versus tip-sample separation when the
tip-bias voltage was set to minimize the non-contact friction between the cantilever tip and
the sample surface.
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the tip-sample separation. This is an encouraging result. By carefully adjusting Vtip, we

are able to maintain the cantilever’s force sensitivity to within tens of nanometers of the

sample’s surface. Surprisingly, however, we see that while we are able to maintain Γ at the

cantilever’s intrinsic value, Γ0 (Eq. 6.3) increases as the cantilever is cooled. This unusual

increase in the cantilever’s intrinsic dissipation is the result of the cantilever’s quality factor

dropping from 20,000 at 295 kelvin to just 6,000 at 4 kelvin. Observing such a drop in the

cantilever’s quality factor upon cooling is inconsistent with previous observations of other

micrometer scale magnet tipped cantilevers, nanomagnet tipped cantilevers, and bare silicon

cantilevers. If this nanomagnet tipped cantilever followed the usual trend ofQ increasing with

decreased temperature and demonstrated a quality factor closer to the Q ∼ 84, 000 observed

by Longenecker et al. [49], having a dissipation independent of tip-sample separation would

allow the cantilever to have a dissipation ∼ 1.8 pNs/m and force sensitivity of ∼ 20 aN/
√

Hz

with the cantilever positioned just tens of nanometers from the sample surface.

In contrast to the cantilever dissipation, the cantilever’s jitter shows a stronger variation

with changes in the sample composition, the sample temperature, and the tip sample sepa-

ration. As described by Eq. 6.9, we would expect the thermal level of cantilever frequency

fluctuations to decrease with decreasing cantilever temperature. If the cantilever frequency

fluctuations were able to remain at the thermal level, as the cantilever dissipation was, with a

carefully set Vtip we would expect the calculated cantilever jitter to decrease with decreasing

temperature and remain constant as h was decreased. In Fig. 6.7(c), we see that this was

not the case over the aluminum sample. While the cantilever jitter did remain relatively

flat as the tip-sample separation was decreased at 295 and 77 K and the cantilever jitter did

decrease slightly as the sample was cooled from 295 K to 77 K, this trend did not hold as the

sample was cooled to 4 kelvin. As expected, far from the sample surface, for h ≥ 600 nm,

the jitter at 4 K was significantly less than that observed at higher temperatures. However,

the jitter increased by several orders of magnitude as the cantilever was brought near the
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(b)(a) 295 K 77 K

Figure 6.8: Cantilever dissipation Γ and jitter as a function of tip sample separation at (a)
295 K and (b) 77 K. The data plotted corresponds to the tip-bias voltage Vtip, in each
case, where the cantilever dissipation was a minimum. The solid circles correspond to the
calculated values for aluminum (orange triangles), platinum (blue squares), carbon (green
circles), and gold (purple ×).
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sample surface.

In Figure 6.8(lower), we plot the calculated jitter over all of the different sample substrates

versus tip-sample separation at 295 K and 77 K in (a) and (b), respectively. At 295 K, we

see that the calculated jitter varied by less than an order of magnitude as the cantilever was

approached to the surface over all of the sample surfaces tested. While carbon (green circles)

showed slightly lower dissipation than the other metals, and aluminum (orange triangles)

seemed to remain slightly more consistent than platinum (blue squares) and gold (purple ×),

all four increased by less than an order of magnitude above thermal levels. Surprisingly, at

77 K, the jitter over carbon and platinum increased by more than two orders of magnitude.

The jitter over aluminum remained relatively constant and the values measured over gold

displayed a slight improvement. It is worth noting here that the jitter values plotted are for

a tip-bias voltage where the corresponding dissipation Γ was at a minimum. While this is

likely very close to the required Vtip for the jitter to be minimized, it may not be the true

minimum jitter for each sample coating.

Comparing the jitter values calculated over each of the sample surfaces, it is interesting

to note just how much the values varied. When the sample bias was varied, the observed

cantilever frequency, dissipation, and jitter parabolas were extremely consistent over the

aluminum, gold, and platinum samples at a given temperature (Fig. 6.5). Additionally,

operating the cantilever with a Vtip to give the minimum dissipation, each metal displayed

almost identical dissipation versus tip-sample separation curves — maintaining the intrinsic

cantilever force sensitivity down to tip-sample separations of just a few nanometers. While

the jitter versus Vtip curves of Fig. 6.5 show very similar results over all of the metals, these

trends seem to break down when looking at the jitter as a function of tip-sample separation

in Figs. 6.7(c) and 6.8. These increased levels of noise at low modulation frequencies could

prove detrimental for DC-CERMIT experiments, such as the NMR and DNP experiments
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described in Chapt. 5, in which spin resonance is detected as a step change in cantilever

resonance frequency. However, for modulated CERMIT experiments, such as the ESR expe-

riments in Chapters 5 and 7 and Ref. 45, it is more important that the cantilever dissipation

remains low and the increased jitter near the sample surface should not be enough to prevent

high sensitivity magnetic resonance experiments.

6.3.3 Analysis of capacitance models

In addition to directly analyzing the levels of noise and cantilever sensitivity achievable

with a cobalt nanomagnet tipped cantilever oscillating near a metal coated sample surface,

we aimed to glean some insight into the origin of the observed forces, non-contact friction,

and induced cantilever noise as the cantilever was brought into proximately of the sample

surface. Using Eq. 6.6, and the measured Γ described above, we can calculate the electric

field fluctuations contributing to the observed noise. As described previously, we use various

models to estimate the tip-sample capacitance, which is in turn used to calculate the electric

field fluctuations. Figure 6.9(a) shows the results of these various models. In black (circles)

we plot the capacitance calculated from the sphere model (Eq. 6.7) where the contributions to

the overall capacitance are calculated for the magnet tip, the magnet chip, and the cantilever

separately and these values were summed together. The capacitance for the system modeled

in FasterCap [197, 198] was calculated using two different methods. In method 1, shown

in red (triangles), the magnet, magnet chip, and cantilever were modeled as a single unit.

Using this model, there was concern that the grid size used for the micrometer scale magnet

chip and cantilever would be too large to capture the details of the capacitance contribution

from the nanomagnet tip. To avoid any errors from the finite grid size of the simulations,

the calculations were repeated with the capacitance from the magnet calculated separately

from the capacitance of the magnet chip and cantilever. Plotted in blue (squares) is the sum
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(a) (b) (c)

Figure 6.9: Results from various models for the (a) capacitance, (b) first derivative of the
capacitance ∂C/∂z, and (c) the second derivative of the capacitance ∂2C/∂z2 versus tip-
sample separation for three different capacitance models; (black circles) the capacitance was
modeled as the sum of the capacitance from the cantilever, the magnet chip, and the magnet
where each component was modeled as a sphere with radius equal to the geometric mean
of the length and width of the component, (red triangles) the capacitance modeled using
FasterCap with the cantilever, magnet chip, and magnet modeled as a single unit, and (blue
squares) the capacitance modeled in FasterCap with the capacitance being the sum of the
capacitance from the cantilever and magnet chip modeled as a single unit and the magnet
modeled separately.

of these two calculated capacitance values.

Looking at the calculated capacitance values in Fig. 6.9(a), we see very encouraging

results. Although the sphere model and the numerical simulations for capacitance are very

different methods, they produce capacitance values with remarkably similar magnitudes – the

results of the sphere model and the FasterCap model calculated as the sum of capacitance

from the cantilever/chip and the magnet agree within 15%. The most notable difference

between the various models is the curvature of the capacitance as the tip-sample separation

is reduced to < 100 nm. For the sphere model, the capacitance displays a greater curvature

while the FasterCap model increases with a more linear slope. This is likely the result of the

finite grid size used in the FasterCap simulations and the different shapes used for the two

models.
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While our various capacitance models produce extremely similar results, it is still im-

portant to verify our models before making conclusions about the electric field fluctuations

contributing to the cantilever’s noise near a sample surface. To do so, we turn to Equa-

tion 6.8. To asses the capacitance models, at various temperatures, over different sample

surfaces, the cantilever frequency was recorded as the cantilever tip bias voltage was varied

and the cantilever was moved from a tip-sample separation of ∼ 1 µm to ∼ 50 nm. This

data was collected in two ways: (1) the tip-sample separation was set and the cantilever

tip-bias was slowly swept in one direction and then back in the other direction for reproduci-

bility while the cantilever frequency was read from a hardware frequency counter (Stanford

Research Systems SR620) with each applied tip-bias, or (2) the tip-bias voltage was set and

the tip-sample separation was varied. The resulting cantilever frequency versus cantilever

tip-bias voltage sweeps were then compiled from all of the data collected at a given tip-

sample separation. We saw from Fig. 6.4 that the tip-sample separation varied significantly

as the tip-bias voltage was swept, making method (1) a less accurate measurement for a

given tip-sample separation. However, it was found that for tip-sample separations greater

than ∼100 nanometers, methods (1) and (2) produced very similar results. Given the fact

that method (1) produced cantilever frequency parabolas much more quickly than the data

collection process of method (2), method (1) was primarily used for the validation of the

capacitance models.

Figure 6.10(a) shows a representative set of cantilever frequency versus tip-bias voltage

parabolas collected at T0 = 77 K over the platinum surface. The data shown as black circles

was collected by fixing the cantilever tip-sample separation and varying the tip-bias voltage.

The two data sets are a sweep from -15 to +25 volts and a sweep from +25 to -15 volts

to show the reproducibility of the cantilever frequency shifts. The data shown in red was

collected by fixing Vtip and varying h. As shown, the agreement between these two methods

is quite good.

200



h = 100 nm 

h = 600 nm h = 700 nm h = 800 nm h = 500 nm 
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(b)

Figure 6.10: Cantilever frequency parabolas. (a) Cantilever resonance frequency fc at various
tip-sample separations h as the bias applied to the cantilever tip Vtip was varied. Black
circles are the cantilever resonance frequency recorded from a hardware frequency counter
as Vtip was varied with the cantilever at a fixed tip-sample separation. The red data points
correspond to fc as determined from the cantilever ringdown as Vtip was fixed and h was
varied. The solid blues lines are parabolic fits of the data to Eq. 6.8 with f0, θ and φ as
fit parameters. The tip-sample capacitance used in these fits was that of the three-sphere
model described in the text. (b) Fit parameters f0, θ, and φ for the parabolic data fits shown
in (a). Experimental parameters — sample: Pt, T0 = 77 K; cantilever: kc = 3.5 mN/m and
L = 200 µm.
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For almost all tip-sample separations, we see very parabolic curves as expected from the

V 2
tip dependence of Eq. 6.8. We observe that for some tip-sample separations far from the

sample surface (h > 500 nm), the cantilever frequency parabolas open upwards while for

small tip-sample separations (h < 500 nm), the cantilever parabolas open downward. There

is also a region in the intermediate, where the parabolas lose their shape entirely while

transitioning from opening in one direction to the other (h ∼ 500 nm). We can understand

the origin of this transition by looking at the two terms comprising Eq. 6.8. The first term

depends on the first derivative of the tip-sample capacitance C ′ = ∂C/∂z and cos θ. The

second term depends on the second derivative of the tip-sample capacitance C ′′ and sin2 θ.

In Fig. 6.9(b) we plot the first derivative of the tip-sample capacitance as calculated from

our three models. Again, the excellent agreement between the models is remarkable. The

derivatives for the FasterCap models shown in blue and red are the slope of the lines in

(a), calculated numerically between adjacent points — leading to the discontinuities shown.

The second derivative of the capacitance is plotted in Fig. 6.9(c). Due to the discontinuities

in (b) for the FasterCap models, the second derivative is only shown for the sphere model

of the capacitance. As shown, the first derivative of the capacitance is negative while the

second derivative of the capacitance is positive. The change in the direction of the cantilever

frequency parabolas, therefore, depends on which of these two terms dominates. When the

C ′ term dominates, the cantilever frequency parabolas will open in the positive direction

while the parabola will open in the negative direction when the C ′′ term dominates. The

region where the parabolas turn over is the point where the first term is equal to the second

term or

C ′

2L
cos θ − 1

2
C ′′ sin2 θ = 0. (6.10)

Furthermore, we see that the change in curvature of the parabolas is due to the cantilever

offset angle θ as sketched in Fig. 6.11. If the cantilever were oriented perfectly perpendicular

to the sample surface, i.e. θ = 0, the second (sin2 θ) term in Eq. 6.8 would go to zero, and the
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cantilever frequency parabolas would depend only on the first derivative of the tip-sample

capacitance. Under these conditions, the parabolas would always have a frequency minimum.

For this experiment however, we have the setup sketched in Fig. 6.11(b). As discussed in

the methods, the silicon sample substrate was positioned in the magnetic resonance force

microscope such that the cantilever forms an angle θ with the sample surface. We have

estimated the value of θ in two ways. Assuming that the only contribution to the cantilever

tip/sample surface offset angle is a sample offset angle, we measured the angle of the sample

surface by carefully measuring the tip-sample separation at a position xi. The cantilever

was then scanned in the x-direction to a new position xf where the tip-sample separation

was again carefully measured. Using the measured change in tip-sample separation with the

known distance that the cantilever was moved in x, the angle of the sample surface and

the offset angle of the cantilever were calculated. From this analysis, the cantilever offset

angle θ was determined to be ∼ 0.09 rad. This calculation, however, operates under a few

assumptions that may not be explicitly valid. First, this approximation assumes that the

entire offset angle is the result a sample surface offset. While we know that a sample surface

offset was present, we do not know that the sample offset was the only contribution to θ.

Second, this calculation assumes that when scanning the Pan-style walker in the x direction

to move from xi to xf , there is no vertical drift in the stage location, i.e. the cantilever stage

does not drift in the z-direction when moving in the x-direction. While this is nominally

true over very short distances, there is some vertical drift of the cantilever stage with lateral

motion. As a second means of calculating the cantilever offset angle, Eq. 6.10 was used. We

see in Fig. 6.10(a), that at tip sample separations between 500 and 600 nm, the cantilever

frequency parabolas invert meaning that Eq. 6.10 is applicable. Using the sphere model for

the tip-sample capacitance, we see that for the first and second terms of Eq. 6.8 to be equal

at this tip-sample separation, the cantilever offset angle θ ∼ 0.04 rad. While these two values

for θ are approximately within a factor of two of one another, this agreement is not great.
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Figure 6.11: Schematic of cantilever offset angle. (a) Orientation of cantilever where the
cantilever offset angle θ results from the cantilever/cantilever stage being offset with respect
to the surface normal. Diagram modified from Ref. 143. (b) Orientation of the cantilever
where the cantilever offset angle is the result of the sample surface being offset. This is likely
the origin of the cantilever offset angle in our microscope. In both (a) and (a), L is the length
of the cantilever, and θ is the cantilever offset angle from the surface normal. In (a) z0 is the
measured tip-sample separation while in (b) h is the measured tip-sample separation,

In verifying the capacitance model, rather than fixing the value of θ, both θ and the contact

potential difference φ were therefore left as free parameters. For an accurate capacitance

model, we should find that the cantilever frequency parabolas can be fit with a single value

of θ and φ over the entire range of tip-sample separations.

In Fig. 6.10(a) we show the parabolic fits to the cantilever frequency parabolas (blue)

using the sphere model for capacitance and f0, θ and φ as free parameters. The cantilever

parameters were fixed at the values measured at 77 K and the length of the cantilever was

L = 200 µm. In Fig. 6.10(b) we show plots of the fit parameters f0, θ and φ for each of

the parabolic fits in (a). As expected, f0 is very consistent over the tip-sample separations

measured with the only outlier being the closet tip-sample separation. This is expected.

At small tip-sample separations, there is increased frequency noise and we observed less

reproducibility between the two frequency scans shown in black. With this small h, we also

expect the effect of Vtip on h to be more pronounced. The calculated value of φ is quite
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consistent for all of the data that was fit as well, except for the data points between h = 400

and 600 nm. This is also expected as this is the region where the parabolas invert and have

a less well-defined parabolic shape. The largest variation is the fits is in the values of θ. As

shown, close to the sample surface, the parabolic fits to the data require a θ value near 0.9

radians. This value, however, increases and then decreases to approximately zero radians at

large tip-sample separations. Coupling this observation to the observation shown in Fig. 6.4

that the tip-sample separation varies with an applied tip-bias voltage, we hypothesized that

the cantilever offset angle may also change with an applied tip-bias voltage and/or with the

tip sample separation. This is likely the result of torsional forces acting to pull the cantilever

toward/away from the sample surface or the optical fiber used to watch the cantilever motion

[36]. Unfortunately, with this seemingly large variation in the value of θ, it is difficult to

confirm our tip-sample capacitance model.

Frequency-modulated (FM)-MRFM digital lock-in detection To verify our capa-

citance model, while avoiding the difficulties of dealing with a varying tip-sample separation

as the tip-bias was varied, we attempted a frequency-modulated (FM) measurement. To

do so, we operated the cantilever tip bias near the parabola minimum (or maximum). A

small modulation to the bias voltage was applied to determine the curvature of the cantile-

ver resonance frequency parabolas. Looking at Eq. 6.8, we now know that z(V ) and θ(V ),

so the cantilever tip bias voltage was modulated over only a vary small range — limiting

the variations in the tip-sample separation and θ. The applied voltage V therefore becomes

VDC + Vm where VDC is a DC offset voltage, centered at the minimum or maximum of the

cantilever frequency parabola and Vm = Vm cos(ωmt) is a modulated voltage at a frequency

ωm. The (V − φ)2 term becomes

(V − φ)2 = (VDC − φ)2 + 2(VDC − φ)Vm cos(ωmt) + V 2
m cos2(ωmt). (6.11)
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Implementing the cosine identity cos2(ωt) = 1/2 + 1/2 cos(2ωt) gives

(V − φ)2 = (VDC − φ)2 + 2(VDC − φ)Vm cos(ωmt) + 1/2 V 2
m + 1/2 V 2

m cos(2ωmt). (6.12)

Plugging Eq. 6.12 into Eq. 6.8, the resulting equation has two different dependencies on the

applied voltage, ωm and 2ωm, where

f(ωm) =
fc

2kc

Vm(VDC − φ)

(−C ′ cos θ

L
− C ′′ sin2 θ

)
(6.13)

is the frequency shift of the first harmonic and

f(2ωm) =
fc

8kc

V 2
m

(−C ′ cos θ

L
− C ′′ sin2 θ

)
(6.14)

is the frequency shift of the second harmonic. To determine the curvature of the frequency

parabola, a PID loop was used to feedback on the DC component of the voltage. This

feedback was used to keep the f(ω) component of the cantilever frequency shift nulled,

i.e. VDC = φ. The second harmonic, the f(2ωm) component, was monitored via a lock-in

amplifier (Stanford Research Systems SRS 830) to give the curvature α of the frequency

parabola:

α =
f(2ωm)

V 2
m

. (6.15)

From this analysis, we see that in order to accurately determine the curvature of the

frequency-bias parabolas, we must know the magnitude of the voltage being modulated

on the cantilever tip. While we know the modulated voltage being applied to the cantilever

base, we do not know that all of applied charge is moving on/off the cantilever as quickly

as the voltage is being modulated. As noted previously, with this particular cantilever se-

tup, several minutes were required for the charge on the cantilever tip to equilibrate after

a bias voltage was applied. Based on this observation, it is unlikely that the magnitude of

the voltage being modulated on the cantilever tip is equal to the modulated voltage being

applied to the cantilever base via the copper clip and bias wire.
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To better understand the voltage scaling, FM-MRFM experiments were performed at

various modulation frequencies ωm and with various modulation voltages Vm. In Fig. 6.12(a)

we show the peak-to-peak modulation of the cantilever frequency as a function of ωm, the

frequency of the applied bias voltage. At modulation frequencies above ∼ 2 Hz very little

change in the cantilever resonance frequency was observed. As expected, reducing the mo-

dulation frequency allowed more charges to move on and off the tip of the cantilever and

resulted in a larger cantilever frequency shift. Empirically, it was determined that at a mo-

dulation frequency of 2 Hz, approximately 10% of the charges applied to the base of the

cantilever were able to move on/off the cantilever tip and contribute to the observed vari-

ation in the cantilever resonance frequency. Under these conditions, Fig. 6.12(b) shows the

measured parabola curvature as the tip-sample separation was varied during these frequency-

modulated noise measurements. For the data shown, the cantilever was operated over the

platinum sample at 77 kelvin. The rms modulation voltage was varied between 0.25 and

1.25 V, in 0.25 V increments, with the average calculated curvature plotted. As with the

previous frequency vs. Vtip parabolas, the curvatures measured here were fit to Eq. 6.8 using

the sphere model for the tip-sample capacitance. The cantilever offset angle θ determined

from these fits can be seen in Fig. 6.12(c, black circles). Also plotted in this figure (red

squares) is the corresponding θ values calculated from the parabolas measured by setting

the cantilever tip-bias and varying the tip-sample separation — where we hypothesized that

the large range of applied Vtip led to variations in both θ and h during the measurement

of a single fc vs. Vtip parabola. From these FM experiments, we see that the θ values still

varied with the tip sample separation but in a more reasonable manner than was observed

with the previous (red squares) measurement. In agreement with Stowe et al., the FM data

tells us that when the cantilever was close to the surface, the cantilever was torqued, or

pulled toward the perpendicular direction and the cantilever offset angle was reduced [36].

As the cantilever was moved further from the sample surface, these torsional forces were
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Figure 6.12: Frequency-modulated MRFM cantilever noise experiments collected at 77 K
over a platinum metal coating. (a) Peak-to-peak amplitude of the modulated cantilever
frequency as a bias voltage was applied at a frequency ωm. (b) Calculated curvature α
of the cantilever frequency-bias parabola versus tip-sample separation h. The modulation
frequency was ωm = 2.0 Hz and Vm was varied from 0.25 to 1.5 Vrms. The curvature plotted is
the average of the curvature calculated from the various Vm measurements. In calculating α,
the applied voltage Vm was reduced by a factor of 10 to account for the percentage of charges
moving on/off the cantilever tip. (c) Calculated θ values used to fit the measured cantilever
frequency versus tip-bias parabolas for the frequency-modulated experiments (black circles)
and for the experiments where the tip-bias was set to a voltage and the cantilever ringdown
was used to measure the cantilever frequency at various tip-sample separations (red squares).

reduced and the cantilever offset value settled back toward θ = 0.04 radians — the value

predicted by Eq. 6.10. Based on these frequency-modulated noise experiments, we were able

to obtain reasonable and consistent values for θ indicating that our capacitance model was

likely accurate.

6.3.4 Electric field fluctuations and jitter

Having validated our spherical capacitance model for the cobalt nanomagnet-tipped cantile-

ver used throughout these experiments, we turn to looking at the electric field fluctuations

and cantilever jitter. Knowing C and using Eq. 6.6, we can calculate the power spectral

density of electric field fluctuations as a function of tip-sample separation from the measured

dissipation. In Fig. 6.13(a), we plot the calculated PδE at 295 K (red), 77 K (purple), and 4
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K (blue) over the various metal sample surfaces — aluminum (circles), gold (squares), and

platinum (triangles). To calculate the electric field fluctuations, φ was assumed to be the

minimum of the Γt versus Vtip parabolas. The Γt values used in these calculations correspon-

ded to Vtip values that were offset from φ by 1.75 V at 295 K, 15 V at 77 K, and 4 V at 4 K.

Ideally, the value of (Vtip − φ) would have been consistent for all of the calculations. Here,

we were limited by the values of Vtip at which data had been collected at each temperature

as these values were not evenly spaced. As a control at 295 and 77 K, PδE was calculated for

several different (Vtip − φ) values. Similar PδE vs. h curves were observed in all cases. The

intrinsic cantilever dissipation Γi at each temperature was calculated using the cantilever

parameters given in Section 6.2. For the tip-sample capacitance, the three-sphere model

shown in black in Fig. 6.9 was used. The other two numerical capacitance models were also

used to calculate PδE and provided essentially indistinguishable results. We note that in

calculating PδE, we make the assumption that φ is constant as the tip-sample separation is

varied. As shown by Yazdanian et al., this may not be explicitly true but is likely a very

close approximation as long as the minimum of the dissipation vs. Vtip parabola is used to

estimate φ, rather than the cantilever frequency parabola [177].

To investigate the origins of the electric field fluctuations, we first look at the dependence

of PδE on the tip-sample separation. In Fig. 6.13(a) we have fit each data set to a ∝ 1/h tip-

sample separation dependance. The solid lines are fits to the data collected over aluminum

while the dash-dotted and dashed lines correspond to fits of the gold and platinum data

respectively. Over all of the metals shown, and across the entire range of temperatures,

the electric field fluctuations show a clear 1/h dependence. Furthermore, we see that at

a given temperature, the electric field fluctuations over the different metals are essentially

indistinguishable — independent of the metal. In contrast, there is a clear reduction in the

magnitude of the electric field fluctuations as the temperature is lowered. From 295 to 77 K,

PδE is reduced by approximately an order of magnitude. Cooling the system from 77 to 4 K,
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Figure 6.13: Dependence of (a)electric field fluctuations PδE and (b) jitter on the cantilever
tip-sample separation h over aluminum (open circles, solid line fits), gold (open squares,
dashed-dotted line fits), and platinum (open triangles, dashed line fits). The data plotted in
red, purple, and blue was collected at 295 K, 77 K, and 4 K respectively. The electric field
fluctuations at all temperatures were fit to ∝ 1/h. The cantilever jitter was fit to ∝ 1/h at
295 K and ∝ 1/h3 at both 77 and 4 K.

we see an additional reduction of ∼ 2 orders of magnitude in the electric field fluctuations.

In Fig. 6.13(b), we plot the calculated jitter vs. tip-sample separation under the same

experimental conditions. The jitter is the integrated area beneath the power spectrum of

cantilever frequency fluctuations for modulation frequencies less than 10 Hz. For clarity,

we plot the 295 (red), 77 (purple), and 4 kelvin (blue) data on separate axes. As with the

electric field fluctuations, we see very little dependence of the jitter on the sample material.

However, there are two striking differences in the T0 and h dependence of the jitter compared

to PδE. First, we see fairly consistent jitter values over the entire range of temperatures from

295 to 4 K. Unlike the electric field fluctuations, there is no clear reduction of the jitter

with temperature. At 295 K, the jitter vs. h data retains its ∝ 1/h dependence. However,

at both 77 and 4 K, we observe a very different dependence on the tip-sample separation.

The experimental jitter was fit to a ∝ 1/h3 dependence. While the 1/h3 fits shown are not

perfect representations, they are the best integer fit to the data.

The h−1 dependence of the noncontact friction — leading to a h−1 dependence in the

electric field fluctuations is consistent with that observed by Stipe et al. (h−1.3) for a metal
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coated cantilever over a gold surface [124]. For a cantilever oscillating parallel to a polymer

sample surface, Yazdanian and coworkers have theoretically predicted, and experimentally

demonstrated that thermal dielectric fluctuations lead to cantilever dissipation that scales as

1/h3 and jitter that scales as 1/h−5 [137, 177]. The h dependence of both the dissipation and

jitter shown here over a conducting metal surface has a comparatively small h dependence

— 1/h and nominally 1/h3 for dissipation and jitter, respectively. Especially puzzling is the

1/h jitter dependence observed at 295 K.

Following the analysis of Yazdanian et al., we see that the cantilever dissipation and

the cantilever frequency jitter are both related to the underlying electric field fluctuations

in the sample [137]. To model the cantilever dissipation Γ, we implement the correlation

function of electric field fluctuations Cxx = 〈Ex(t)Ex(0)〉, where Ex represents the electric

field fluctuations at time 0 and a later time t. From this correlation function, we see that

the underlying electric field fluctuations responsible for the cantilever’s noncontact friction

in this experiment must have a dependence Ex ∝ 1/
√
h to give the observed 1/h dependence.

Furthermore, we see that the cantilever jitter is the result of a correlation function Cxx,xx =

〈Exx(t)Exx(0)〉. In this correlation function, Exx = ∂Ex/∂x represents fluctuations in the

electric field gradient. As such, we would expect the observed jitter to have a 1/h2 times

larger dependence on the tip-sample separation than the dissipation. This is confirmed with

our measurements at both 77 K and 4 K but is not the case at 295 K where we see an

identical 1/h dependence for both the cantilever dissipation and the cantilever jitter.

Fluctuations in the electric field gradient parallel to the sample surface Exx are not the

only source of cantilever frequency jitter. Another source of jitter that could be present in

this experiment is the electric field fluctuations perpendicular to the sample surface [137].

In general, a cantilever oscillating parallel to the sample surface would not be affected by

these Ez fluctuations. However, as we have noted, the cantilever in this experiment has an
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offset angle θ with the cantilever surface and therefore could interact with δEz. However,

the contribution to the cantilever jitter from Ez is inversely proportional to the length of

the cantilever L. For the L = 200 µm long cantilever used throughout these experiments,

the Ez contribution to the cantilever jitter is not likely to be significant. Additionally, any

anharmonic contributions to the cantilever motion can induce cantilever frequency jitter. For

example, a cubic perturbation to the cantilever potential would couple Ex to the cantilever

frequency jitter [137]. While these contributions could be significant, it is hard to imagine

how the additional contribution from the autocorrelation function of electric field fluctuations

and the cross-correlations between electric field fluctuations and the electric field gradient

fluctuations would reduce the 1/h3 jitter dependence to a 1/h dependence. Furthermore,

experimentally we found the cantilever offset angle θ was found to be fairly consistent with

temperature. No obvious cubic perturbations to the cantilever potential were observed when

the cantilever frequency was studied as a function of the peak-to-peak oscillation amplitude

[177]. The surprising 1/h dependence of jitter at 295 K and the 1/h3 dependence at cryogenic

temperatures suggests that the underlying mechanism leading to these fluctuations changes

with temperature.

6.4 Conclusions

In Figure 6.142, we plot the power spectrum of cantilever frequency fluctuations for a

Cornell-fabricated nanomagnet tipped cantilever in Dan Rugar’s magnetic resonance force

microscope at IBM Almaden [49] (black and blue) and in Cornell’s MRFM (grey, purple,

and red). We have shown here that by operating the cantilever over a metal sample and ap-

plying a carefully adjusted cantilever tip-bias voltage, we were able to reduce the cantilever

2This figure was partially adapted with permission from J. G. Longenecker et al., ACS Nano 6, 9637-9645
(2012); Copyright 2012 American Chemical Society.
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Figure 6.14: Comparing the cantilever frequency noise observed in the IBM microscope as
reported in Ref. [49] and observed in the Cornell microscope with a similar nanomagnet
tipped cantilever. The blue and black lines are the same spectra plotted in Fig. 6.1(a) where
the tip sample separation was 90 nm. The dashed grey line shows the corresponding thermal
noise floor. The red, grey, and purple lines were measured in Cornell’s magnetic resonance
force microscope over an aluminum metal surface at a tip sample separation of 70 nm. The
data plotted in red was collected in the absence of an external applied magnetic field B0

with a tip-bias voltage Vtip = 4.0 V. The grey line, collected at B0 = 2.0 T and Vtip = 0 V,
shows similar noise to that observed in the IBM microscope over a copper microwire. The
purple line, collected at B0 = 2.0 T and Vtip = 5.25 V, demonstrated reduced cantilever
tip-sample interactions. The black dot-dashed line is the thermal noise floor for the red,
grey, and purple spectra.

frequency noise by two to three orders of magnitude both at B0 = 0 T and B0 = 2.0 T. In

doing so, we were also able to reduce the mid-range frequency noise (cantilever modulation

frequencies between 10 and 50 Hz) by as much as 5 orders of magnitude. By reducing both

the low frequency and mid-range frequency noise, we anticipate having the sensitivity requi-

red for detecting thermally polarized nuclear and electron spins in force-gradient detected,

cantilever frequency shift MRFM experiments [44, 45, 47, 48].

In addition to the promisingly low levels of cantilever frequency noise achieved, we have

found that over a metal surface, these nanomagnet tipped cantilevers are able to maintain

force sensitivity when within 10’s of nanometers of the sample surface (Fig. 6.8). While the

Γ levels were significantly degraded at low temperatures (Figure 6.7(b)), due to a decrease
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in Q, the lack of dependence on h is encouraging. We have also found that the cantilever

surface interactions are largely independent of the surface coating as long as the coating is

a continuous, conducting metal film.

Somewhat surprisingly, for this magnetic resonance force microscope experimental setup,

we have found that both the tip-sample separation and the cantilever offset angle θ were a

function of the bias voltage applied to the cantilever tip. Care was therefore taken to measure

the tip-sample separation each time Vtip was modified and frequency-modulated measure-

ments were performed to avoid large variations in Vtip. These FM-MRFM measurements

allowed us to verify our tip-sample capacitance models and enabled us to quantitatively me-

asure the samples’ electric field fluctuations. We have found a 1/h dependence of the electric

field fluctuations/cantilever dissipation, that is independent of the underlying sample and

the temperature of the measurements. The cantilever frequency jitter was found to also have

a 1/h dependence, independent of the sample, at 295 K but this dependence was increased

to 1/h3 at both 77 and 4 K. The 1/h dependence of the cantilever dissipation is inconsistent

with the theoretical predictions for friction caused by thermal noise, single patch charges

[194], or dielectric fluctuations [137]. Additionally, the transition of the jitter dependence

from 1/h to 1/h3 suggests a change in the underlying mechanism that causes the observed

noncontact friction.
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CHAPTER 7

SINGLE ELECTRON SPIN IMAGING

7.1 Motivation

In a milestone experiment, Rugar et al. used magnetic resonance force microscopy (MRFM)

to detect the force exerted on a magnet tipped cantilever by a single electron spin [33]. This

extremely exciting experiment in 2004 demonstrated the sensitivity of MRFM by generating

a one-dimensional image of a subsurface, unpaired electron spin in γ−irradiated silicon diox-

ide with 25 nm resolution. Unfortunately, this forced-based detection protocol (interrupted

oscillating cantilever adiabatic reversals; i-OSCAR), exerts stringent sample requirements

that are not applicable to most electron spin resonance (ESR) samples — specifically ni-

troxide radicals which are commonly used as spin labels in biological samples [59–62]. To

reach single electron spin sensitivity, the i-OSCAR protocol requires a rotating frame spin-

lattice relaxation time T1ρ ≥ 0.1s. For a typical nitroxide radical at cryogenic temperatures,

T1ρ is expected to be only a few µs [63–65]. Furthermore, the single electron spin imaging

experiment of Ref. 33, required 13 hours of signal averaging per data point to obtain the

1D linescan image. To achieve high-throughput, three-dimensional electron spin imaging of

biologically relevant samples, a new spin detection protocol would be required.

Rather than detecting electron spin resonance with the iOSCAR protocol of Ref. 33,

one could consider using a force-gradient based CERMIT (cantilever-enabled readout of

magnetization transients) protocol [42, 44] or a cyclic saturation experiment. For a nitroxide

radical with T1 ∼ 1 ms and T1ρ ∼ 1 µs these two methods are also inapplicable. CERMIT

experiments are typically performed with an adiabatic passage to invert nuclear spins and

require a readout time, and therefore a T1 � 0.1 s. Cyclic saturation experiments typically

require the spins to relax to their ground state in a time less than a cantilever period,
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T1 < Tc = 1/fc. To overcome these T1 restrictions and reduce signal averaging times, Moore

and coworkers proposed and demonstrated a force-gradient based approach to detecting

magnetic resonance applicable to nitroxide radicals [45]. A sketch of Moore’s electron spin

modulation and detection scheme is drawn in Fig. 7.1(a, black lines). In short, microwave

pulses are applied to the sample for half a cantilever cycle to saturate electron spin resonance.

This microwave irradiation is applied every n cantilever cycles to avoid heating artifacts. The

saturation of electron spins causes a shift in the resonance frequency of the cantilever. In

the time between microwave applications, the electron spins, and therefore the cantilever

resonance frequency, begin to relax to their initial state but are not allowed to fully relax

before the next microwave application. After a period of time, the microwaves are turned off

entirely for a time 1/2fmod or 1/2 the modulation time. This on/off pattern of spin saturation

causes periodic shifts in the cantilever resonance frequency that can be detected with a lock-

in amplifier. Implementing this method at 4.2 K and 0.6 T, Moore et al. demonstrated a

spin-sensitivity of 400 µB (bandwidth b = 1 Hz) while detecting TEMPAMINE spin radicals

[40 mM] in a polystyrene thin film using a micrometer scale, nickel magnet tipped cantilever.

The results of Moore’s experiment are extremely promising for the realization of imaging

nitroxide spin labels in a biomolecule or biomolecular complex. In this chapter, I outline

a proposed method for imaging a single nitroxide spin label. This method is a modified

version of the saturation-CERMIT experiment of Ref. 45. Additionally, I will discuss the

spin sensitivity and experimental improvements necessary to realize these imaging protocols.

7.1.1 Proposal for single electron spin imaging

Building on the experiments of Rugar et al. and Moore and coworkers, imaging the location

of a single nitroxide spin label in a biological system would be an enabling advance. Having

the ability to pinpoint an electron spin in three-dimensions would eliminate the need to
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systematically label pairs of electron spins and reduce the limitations on interspin distances

present in inductively detected electron spin resonance experiments [13, 14, 61, 205–208].

Using Moore’s spin modulation protocol, MRFM can be used to detect nitroxide radicals.

While the sensitivity is not yet at the single electron spin level, modifications to the cantilever

magnet tip, or surface preparation — as discussed later — can dramatically increase the

sensitivity. Here we will look at the fundamental limitations of Moore’s protocol on the

resolution of electron spin imaging experiments.

As shown in Fig. 7.1(a), for Moore’s detection protocol microwave irradiation is applied

to the sample during half a cantilever cycle. To reduce the cantilever frequency noise, the

cantilever is oscillated at its maximum peak-to-peak amplitude (Eq. 5.35). As such, the

cantilever motion sweeps out a region of saturated electron spin magnetization as the micro-

waves are applied. This cantilever motion also increases the number of spins contributing

to the cantilever frequency shift. If this method were to be used for imaging, the cantilever

would be scanned in the x − y plane. At each point, the cantilever would be oscillated,

microwaves would be applied for half a cantilever cycle, and the cantilever frequency shift

would be read out. Fig. 7.1(b) shows a simulation of the cantilever frequency shift (or equi-

valently spin-force gradient) map for a sample with two electron spins located 20 Å apart.

As shown, the force from the two spins is blurred together causing significant uncertainty

in the exact location of each electron spin. We see here that the imaging resolution is limi-

ted by the cantilever motion — the larger the cantilever is oscillated during the microwave

irradiation, the more the resulting signal is ‘blurred’. However, to obtain a high signal-to-

noise ratio, the cantilever should be operated with a large peak-to-peak amplitude to reduce

the experimental noise [209]. Implementing Moore’s electron spin detection protocol in an

imaging experiment generates a conundrum – the cantilever must be oscillated with a large

amplitude to reduce the noise but oscillating the cantilever with a large amplitude decreases

the imaging resolution.
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Figure 7.1: Proposed protocol for single electron spin imaging. (a) Pulse sequence for force
detected magnetic resonance of nitroxide spin radicals modified from Ref. 45 where the
microwave irradiation was applied for 1/2 a cantilever cycle (black line). For single electron
spin imaging, the application of the microwave field will be shortened as shown in red. (b)
Force-gradient cantilever signal resulting from the black microwave pulse sequence as the
cantilever is scanned in the x − y plane. (c) Force-gradient cantilever signal resulting from
the red microwave pulse sequence as the cantilever is scanned in the x− y plane.
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To reduce the negative effects of cantilever motion on imaging resolution, we propose the

modified microwave pulse sequence plotted in Fig. 7.1(a, red line). For this pulse sequence,

the cantilever is still oscillated with a large amplitude during detection. Rather than irradi-

ating the sample with microwaves for half a cantilever cycle, the microwaves are pulsed for

a short period of time, e.g. < 1 µs. During this short pulse time, the cantilever is essentially

stationary. Oscillating an fc = 6 kHz cantilever at the optimal peak-to-peak amplitude

(xpp = 80 nm) for detecting a single electron spin [209], the cantilever’s average velocity

would be ∼ 1.0 nm/µs. As such, the image ‘blurring’ resulting from cantilever motion du-

ring 1 µs of microwave irradiation would limit the imaging resolution to approximately 1.0

nm. A simulated frequency shift map collected with this method for two electron spin radi-

cals located 20 Å apart irradiated with microwave pulses much shorter than half a cantilever

period can be seen in Fig. 7.1(c). Compared to (b), we see a drastic increase in imaging

resolution and can clearly identify two separate force-gradient rings, one from each of the

electron spins contributing to the spin signal. It is of note that with this two-dimensional

force map, we can determine the three-dimensional location of each electron spin. In the

x/y plane, each spin is located approximately in the center of the corresponding ring of force

shown in Fig. 7.1. The diameter of the ring provides information on the subsurface depth of

the spin within the sample.

With a modified spin modulation protocol, capable of achieving nanometer or subnano-

meter resolution, we now turn our attention to achieving the experimental sensitivity required

for imaging a single nitroxide radical in an electron spin resonance magnetic resonance force

microscopy experiment.
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7.2 Methods and Preliminary data

Imaging a single electron spin radical, with just seconds or minutes of averaging time, requires

a very sensitive experimental setup. Achieving adequate signal to noise, with the signal being

the force from a single electron spin, means that the experimental noise must be minimized.

The mean force from a single, polarized electron spin is given by

F1e = pµeGzx (7.1)

where p is the electron spin polarization, µe is the magnetic moment of an electron (9.28

aN nm/mT) and Gzx is the magnet tip field gradient. For our current operating conditions

of 4.2 K and 40 GHz (1.4 T), the electron spin polarization is 0.22. Using the magnetic field

gradient for the nanomagnet tipped cantilevers of Ref. 49, Gzx = 5 mT/nm, we find that a

single electron spin would exert a force = 10 aN on a cobalt nanomagnet tipped cantilever.

To determine the feasibility of this experiment, we can estimate the deviation of the signal

using Eq. 7.2 and the signal to noise ratio by dividing Eq. 7.1 by Eq. 7.2. The experimental

noise is

σ(F1e) =
σx√
n

=

√
PδF

2Tacq

(7.2)

where σx is the deviation in force, n is the number of averages, PδF is the power spectral

density of force fluctuations and Tacq is the experimental acquistion time. The experimental

signal to noise is therefore,

SNR =
F1e

σ(F1e)
=

F1e

σx/
√
n

=
pµeGzx

√
2Tacq√

PδF
. (7.3)

For an ideal single electron spin imaging experiment, we would want a signal-to-noise

ratio of at least three. Here we consider the averaging time and force noise that we would

need to achieve in an MRFM experiment to reach this SNR. For the electron spin imaging

protocol described here, the electron spin would be modulated and the force detected via
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Table 7.1: Calculated signal acquisition times required to achieve single electron spin sensi-
tivity at 4.2 K and B0 = 1.4 T with a nanomagnet tipped cantilever having a field gradient
Gzx = 5 mT/nm.

PδF [aN2/Hz] Tacq [s] SNR Ref
100 44 3 48
100 20 2 48
1400 600 3 49
1400 275 2 49

a lockin amplifier. As such, we can operate at a modulation frequency where the experi-

mentally observed force noise is at a minimum. Table 7.1 summarizes the minimum force

noise observed and the estimated signal averaging time for a single electron spin imaging

experiment utilizing the nanomagnet tipped cantilevers of Ref. 49 and the experimentally

observed noise levels of Ref. 49 and Ref. 48. For these calculations, we assume a magnet tip

field gradient Gzx = 5 mT/nm, an operating temperature of 4.2 K, and an external applied

magnetic field B0 = 1.4 T. From this table, we see that with the noise levels achieved by

Hickman et al. [48], using a nanomagnet tipped cantilever over a gold coated sample surface

with a carefully adjusted tip bias, a single electron spin image could be obtained with less

than a minute of signal averaging per data point. Even with the force noise observed by

Longenecker and coworkers [49], settling for a signal-to-noise ratio of 2 would allow for a

single electron spin image to be acquired while averaging for less than 5 minutes per data

point. Both of these averaging times would be a significant improvement over the 13 hours

of signal averaging, per point, used for the single electron spin image of Ref. 33.

7.2.1 Noise

As discussed in Chapt. 6, while operating a nanomagnet tipped cantilever within a few

hundred nanometers of a sample surface, the induced noise can be drastically reduced by

coating the sample with a conductive metal layer and carefully biasing the cantilever tip.
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To realize this in practice, a nitroxide doped polystyrene sample was prepared on a coplanar

waveguide as described in Chapt. 5. The coplanar waveguide in these experiments was

tapered to a 500 µm long and 5 µm wide microwire region to increase the strength of the

B1 field. The coplanar waveguide, coated with a ∼ 200 nm thick polystyrene film doped

with 40 mM TEMPAMINE spin radicals, was placed in an electron beam evaporator (CVC

SC4500) and covered with a silicon shadow mask while ∼ 12 nm of gold was deposited over

the microwire region of the CPW as described in Chapt. 4 [70]. Aluminum wire bonds were

used to connect this gold metal coating to the ground plane of the ceramic CPW substrate.

The methods described in Chapt. 4 were implemented to align the cantilever to the CPW

microwire. An image of the coplanar waveguide with a gold sample coating can be seen in

Fig. 7.2(a).

While we have previously shown that operating a nanomagnet tipped cantilever near

the surface of a grounded, 80 nm thick metal coating produces significantly less frequency

noise than operating a cantilever over an insulating polymer surface, applying a ∼ 12 nm

thick metal coating to the top of the sample may not be sufficient to generate the sensitivity

necessary for single electron spin imaging. Additionally, one may be concerned that applying

a top ground plane to the coplanar waveguide will alter the electric and magnetic field profiles

shown in Fig. 3.1 and prevent the device from generating the same high strength B1 field

demonstrated previously [146]. In Fig. 7.2(b) we show the measured scattering parameters

for a coplanar waveguide without a top contact and for a coplanar waveguide, with the same

dimensions, with a 12 nanometer thick gold coating deposited over the microwire region. We

can see that the scattering parameters vary by only a dBm or two over the frequency range

shown. Surprisingly, the transmitted power is slightly higher through the coplanar waveguide

with the ground plane on top. These results suggest that the coplanar waveguides should

still produce sufficient B1 fields for saturating electron spin resonance.
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330 μm
(a) (c)(b)

Figure 7.2: Characterization of coplanar waveguide samples with 12 nm of gold deposited
via electron beam evaporation over a 200 nm thick polystyrene film doped with 40 mM
TEMPAMINE. (a) Optical image of a coplanar waveguide with a 330 nanometer wide gold
contact over the centerline. This iridescent gold layer was wirebonded to the ground plane
of the ceramic CPW substrate. (b) Scattering parameters measured for a CPW with a 400
µm long, 10 µm wide microwire region. The blue line shows the measured S-parameters
for a CPW without a gold sample coating while the orange lines show the measurements
with a 12 nanometer thick gold ground plane covering the polymer sample in the microwire
region. (c) Power spectrum of cantilever frequency fluctuations for a cobalt nanomagnet
(dx = 225 nm, dy = 80 nm, and dz = 1500 nm) tipped cantilever operating over a sample
surface. The blue and black lines show the noise from Ref. 49 for the cantilever tip located
90 nm from the surface of a 40 nm thick polymer film on silicon and copper microwire
substrates, respectively. The red line shows the noise in Cornell’s MRFM with the cantilever
90 nm from the surface of a polymer sample coated with 12 nm of gold and with a -1.5 V
bias applied to the tip of the cantilever to reduce the cantilever/surface interactions. The
blue/black spectra were collected at T0 = 5.5 K while the red spectrum was collected at
T0 = 4.2 K. The black dashed line is the calculated thermal noise floor (equivalent force
noise floor of 100 aN2/Hz) for the experiment shown in red with x0p = 150 nm.
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Furthermore, we see in Fig. 7.2(c) that the frequency noise over this thin metal layer

is approximately two orders of magnitude lower than that observed in the nanomagnet

tipped cantilever experiment of Ref. 49. Converting the observed frequency noise to force

noise using Eq. 5.36, we find that the equivalent minimum force noise is ∼ 1100 aN2/Hz

(fc = 6500 Hz, kc = 1.5 mN/m, and xrms = 73 nm). The force noise shown here is actually a

significant improvement over that of Fig. 6.14 where a similar magnet tip was oscillated over

an 80 nm thick metal layer. While the Pδf spectra were comparable in these two experiments,

the increased force noise in Chapt. 6 is the result of an anomalously high cantilever spring

constant (kc = 4.5 mN/m cf. kc = 1.5 mN/m) and a lower cantilever resonance frequency

(fc = 4770 Hz cf. fc = 6500 Hz). Based on the analysis used in Table 7.1, we would

estimate a single electron spin imaging experiment with SNR = 3 to be attainable with

Tacq ∼ 8 minutes per point. If the noise were further improved to level of the thermal floor,

this imaging could be achieved with the same averaging times calculated for the experimental

noise of Ref. 48.

7.2.2 ESR-MRFM with a nanomagnet tipped cantilever

Having demonstrated cantilever frequency/force noise at reasonable levels for detecting a

single electron spin, electron spin resonance was detected from the sample. Following the

spin modulation protocol of Moore et al. [45], ESR-MRFM signal was detected at B0 ∼ 1.4 T

(fMW ∼ 40 GHz) and T0 = 4.2 K from a ∼ 225 nm thick polystyrene film doped with 40

mM TEMPAMINE spin radicals and coated with a 12 nm thick gold ground plane deposited

via electron beam evaporation. The sample substrate was a silicon coplanar waveguide chip

tapered to a 500 µm long, 5 µm wide microwire. The data from these experiments can be

seen in Fig. 7.3. In Fig. 7.3(a) and (b), a dx = 135 nm, dy = 80 nm, and dz = 1500 nm

cobalt magnet tip (µ0Ms = 1.8 T) was affixed to the end of a microcantilever resulting in
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fc = 6475 Hz, Q = 70, 000, kc ∼ 2.0 mN/m, and a calculated minumum detectable force

Fmin = 12 aN/
√

Hz. For the experiments shown in Fig. 7.3(c), the cobalt magnet tip was

slightly narrower with dx = 100 nm, dy = 80 nm and dz = 1500 nm. The resulting cantilever

had a measured fc = 5590 Hz, Q = 41, 000, kc ∼ 2.0 mN/m and Fmin = 18 aN/
√

Hz.

Using Moore’s unaltered spin modulation protocol, i.e. microwave pulses lasting half a

cantilever cycle to saturate electron spin resonance, microwave irradiation was applied at

fMW = 39.2 GHz through a frequency double/amplifier connected to a commercial micro-

wave frequency generator (Marki Microwave ADA-1020CMM, Anritsu-Wilton 68147B). The

amplifier operates at a fixed output power of +20 dBm. As such, the microwave output po-

wer could not be varied as in Ref. 45 and 47 to confirm that B1 was adequate to saturate the

electron spin resonance. However, by measuring the microwave power transmitted through

the entire microscope, the operating frequencies were chosen to maximize the power passing

through the coplanar waveguide and coaxial cables.

Figure 7.3(a) shows a series of electron spin resonance experiments at various tip sample

separations. For each tip-sample separation, the cantilever was oscillated at its maximum

peak-to-peak amplitude, xpp ∼ 311 nm, as numerical simulations predicted this would max-

imize the SNR. The spins were detected at a modulation frequency fmod chosen at each

tip-sample separation to minimize the cantilever frequency noise. Typically, fmod was bet-

ween 2 and 10 Hz. There are several important features of these scans to point out. First,

it is of note that the bipolar lineshape observed by Moore [45] and in Fig. 5.6 with a micro-

meter scale nickel magnet was not observed. Rather, for all of the tip-sample separations,

we see only a negative frequency shift. Additionally, we see no trend in the size of the elec-

tron spin signal as the tip-sample separation was decreased. As the nanomagnet tip gets

closer to the surface, the interaction between the resonant spins and the cantilever should

increase, increasing the size of the cantilever frequency shift signal. This is not observed.
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(a) (b) (c)

Figure 7.3: Electron spin resonance (ESR) signal detected as a force-gradient on a cobalt
nanomagnet tipped cantilever. (a) ESR signal at various tip-sample separations ranging
from 150 to 32 nm. Experimental parameters: xpp ∼ 311 nm, fMW = 39.2 GHz. (b)
ESR signal as a function of external magnetic field for fMW = 39.2 GHz (blue) and fMW =
38.2 GHz (orange). Experimental parameters: h = 100 nm, xpp ∼ 311 nm. (c) Electron spin
resonance signal vs. external applied magnetic field (black circles), numerical simulation
(blue, solid line) and the expected frequency shift signal resulting from a single electron
spin (red, dashed line). Experimental parameters: fMW = 39.2 GHz, h = 52 nm, xpp ∼
50 nm, Tacq = 30 s/point. Simulation parameters: Sample: T0 = 4.2 K, T1 = 1 ms, T2 =
450 ns, ρe = 9.64 × 10−3 spins/nm3; Grid: 1.0 × 1.0 × 0.180 µm, voxel = 5 × 5 × 3 nm;
Cantilever: fc = 5591 Hz, kc = 2.0 mN/m, x0p = 50 nm, h = 53 nm; Irradiation: fMW =
39.2 GHz, B1 = 0.2 µT.

While the signal size and shape is inconsistent with the signal simulations, the peak occurs

at the correct resonance frequency (bulk resonance = 39.2 GHz/28 GHz/T = 1.4 T, grey

dashed line). To confirm that this frequency shift was due to resonant electron spins, the

frequency of microwave irradiation was varied as shown in Fig. 7.3(b). As expected for an

ESR signal, the cantilever frequency shift signal moved to lower field by ∼ 40 mT when fMW

was decreased from 39.2 to 38.2 GHz.

While the size and shape of the cantilever frequency shift signal were surprising at first,

these observations are easily explained. For these ESR experiments, a 5 µm wide microwire

was used to deliver the transverse magnetic field. The cantilever was aligned to the microwire
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following the procedures outline in Chapt. 4 [70]. Once the microwire was located, the canti-

lever was positioned in the x-direction to minimize the surface-induced cantilever frequency

noise and the tip-sample separation was adjusted. In performing these experimental steps,

it is likely that the cantilever was shifted in the x-direction by a micrometer or more from

the center of the microwire. As shown in Fig. 3.2, the B1 field is highly localized around

the narrow microwire region. Any cantilever offset from the microwire center could cause

a drastic decrease in the B1 field. As a result, the local and bulk peaks of the cantilever

frequency shift signal would no longer both be observable and, instead, we would observe

only a single peak – the bulk peak. The spins contributing to the local peak, immediately

below the cantilever, would not be located in the region of high B1 necessary to saturate

the electron spin resonance. Additionally, as seen in Fig. 7.3(a), this lateral offset changes

as the tip-sample separation changes. This was observed in practice by watching the fiber

optic interferometers of the cantilever stage as the cantilever was brought toward the sample

surface. As the cantilever stage was moved in the z direction, there was simultaneously

drift in the x direction. While this signal shape was reproducible in numerical simulations,

adding a lateral offset from the microwire adds an extra free parameter to the simulations.

The lateral offset will change both the size and shape of the electron spin resonance signal

making it difficult to definitively reproduce the signal.

At a tip-sample separation h = 53 nm, the expected, bipolar ESR lineshape was observed

(Fig. 7.3(c)). For each data point (black circles), the cantilever was oscillated with a zero-

to-peak amplitude x0p = 52 nm while microwaves were applied for half a cantilever cycle

at fMW = 39.2 GHz. The microwaves were modulated at fmod = 3 Hz and the cantilever

signal was averaged for 30 seconds at each point. The red dashed line in Fig. 7.3(c) is the

simulated frequency shift signal for the same nanomagnet tipped cantilever subject to the

force from a single electron spin. We see that the electron spin resonance signal detected here

is approximately equal in magnitude. The surprisingly small signal size in this experiment
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was both encouraging and puzzling. The SNR shown here demonstrates that with just 30

seconds of signal averaging per data point, this MRFM experiment has the sensitivity to

detect the force from a single electron spin. On the other hand, the cantilever was oscillated

with a significant peak-to-peak amplitude and microwave irradiation was applied for half a

cantilever cycle. Under these conditions, for a 40 mM TEMPAMINE sample, the cantilever

motion should be generating a region of saturated electron spins tens of nanometers thick. As

such, the number of electron spins in resonance and contributing to the cantilever frequency

shift signal is significantly greater than one.

To explain the size of the observed ESR signal, we once again turned to numerical si-

mulations. To fit the magnitude and width of the cantilever frequency shift signal shown in

blue in Fig. 7.3, the tip-sample separation needed to be increased significantly. In practice,

this could be the result of oxidative damage to the leading edge of the nanomagnet tip —

increasing the tip-sample separation/decreasing the magnetic field gradient, a partially mag-

netized tip (B0 = 1.4 T < µ0Ms = 1.8 T), or a ‘dead’ layer of inactive electron spins on

the surface of the polystyrene sample. To test the first hypothesis, cantilever magnetometry

was performed on the nanomagnet tipped cantilever [48, 49, 210]. By sweeping the external

magnetic field from well above to well below the magnet tip’s saturation magnetization and

recording the cantilever resonance frequency, we can estimate the tip’s saturation magneti-

zation µ0Ms and difference in demagnetization factor ∆N between the thickness and length

of the cantilever. For a bulk, rectangular cobalt magnet, µ0Ms = 1.8 T and ∆N = 0.5.

The cantilever resonance frequency fc and quality factor Q were determined from the can-

tilever ringdown as the external magnetic field was swept from −4 to +4 T. The cantilever

dissipation was calculated using Eq. 6.3. Additionally, at each field, the power spectrum of

cantilever frequency fluctuations was collected and the area under the curve was integrated

for modulation frequencies less than 10 Hz to determine the cantilever jitter. This data is

plotted in Fig. 7.4(a).
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(a) (b)

Figure 7.4: Cantilever magnetometry data for a cobalt nanomagnet tipped cantilever with
the external magnetic field aligned parallel to the long axis of the rectangular magnet. (a)
Cantilever resonance frequency fc and quality factorQ, as measured from cantilever ringdown
versus external magnetic field. The resulting dissipation Γ was calculated using Eq. 6.3 and
a cantilever spring constant kc = 1.5 mT/m. The jitter versus external magnetic field
was calculated by integrating the area under the power spectrum of cantilever frequency
fluctuations for modulation frequencies less than 10 Hz. (b) (upper) The magnetic spring
constant shift km = 2kc∆fc/f0 (open circles) and a fit to Eq. 7.4 (red) used to determine the
difference in demagnetization factors and the saturation magnetization of the magnet tip.
(middle) Fit residuals for km. (bottom) km near zero field showing the anticipated magnetic
hysteresis as the external field was varied.
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Following the analysis of Ng et al. [210], the cantilever frequency shift vs. magnetic

field data was converted to an equivalent magnetic spring constant shift km = 2kc∆fc/f0

where ∆fc = fc − f0 and f0 was the cantilever resonance frequency when the magnet tip

was completely demagnetized, i.e. before any external magnetic field was applied to the

system. The following analysis was performed with three different values of the cantilever

spring constant: kc = (1) 0.5 mN/m – the value measured at 4.2 K, (2) 2.0 mN/m – the

value measured at room temperature and 77 kelvin, and (3) 1.5 mN/m – a value between the

77 and 4 K measured values but also within the error bar of the spring constant measured at

77 kelvin. The actual value of kc is likely between (2) and (3). The instrinsic spring constant

should not vary significantly with temperature. The spring constant measured at 4.2 K is

likely an underestimate of the actual value. Increased vibrations from cryogen boil-off would

make the spring constant, as determined here by the cantilever’s Brownian motion, appear

lower than the actual value. Additionally, at 4.2 K a sideband on the cantilever Brownian

motion spectra made the data difficult to fit and therefore difficult to accurately determine

a value of the cantilever spring constant.

To determine the magnet tip’s saturation magnetization and ∆N , we fit the km vs. B0

data to

km(B) = µsat

(α
l

)2 B∆B

B + ∆B
+ c|B| (7.4)

where B = µ0H is the external magnetic field, α = 1.377 is a constant for the fundamental

mode of a beam cantilever, l = 200 µm is the length of the cantilever beam, µsat is the

saturated magnetic moment, c is a constant to account for the spring constant shift of a

silicon cantilever without a magnetic tip as B is swept, and

∆B =
µ0µsat∆N

V
. (7.5)

In the above equation, ∆N = Nt − Nl is the difference in demagnetization factors between

the thickness and length of the magnet and V is the magnet volume [49, 210]. The saturation
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Table 7.2: Calculated properties of the cobalt nanomagnet tip used in ESR-MRFM experi-
ments. The magnet tip was a rectangular magnet with dimensions 1500 nm long, 135 nm
wide, and 80 nm thick. For a rectangular magnet, the expected ∆N is 0.5 and for a cobalt
magnet the bulk saturation magnetization is expected to be 1.8 T. The values shown below
are calculated by fitting the measured km vs. B0 curves to Eq. 7.4 with values of the can-
tilever spring constant kc ranging from 0.5 to 2.0 mN/m – the value measured at 4.2 K to
that measured at 295 K. The reported error is the goodness of fit.

kc [mN/m] ∆N µ0Ms [T]
0.5 1.56 ± 0.04 0.59 ± 0.01
2.0 0.39 ± 0.01 2.38 ± 0.04
1.5 0.52 ± 0.01 1.79 ± 0.03

magnetization can be determined from

µ0Msat =
µ0µsat

V
. (7.6)

The magnet volume was determined from scanning electron micrograph images of the magnet

chips used during fabrication of the nanomagnet tipped cantilever. For this magnet, dx =

135 nm, dy = 80 nm, and dz = 1500 nm giving V = 1.62 × 107 nm3. Figure 7.4(b) shows

the km curve for kc = 1.5 mN/m. As expected, the curve shows a strong hysteresis near

zero field indicating a well magnetized tip. The calcuated values for ∆N and µ0Ms based

on linear least squares curve fitting can be seen in Table 7.2.

The results of the magnetometry experiment curve fits confirm two experimental ob-

servations. First, comparing the calculated values to the expected bulk ∆N = 0.5 and

µ0Ms = 1.8 T for cobalt, we see that the kc = 0.5 mN/m value (measured at 4 K) does not

fit the data well. The resulting ∆N is ∼ 3× the expected value and the resulting saturation

magnetization is only 1/3 the expected value. Using a spring constant consistent with values

measured at 295 and 77 K, the magnetometry data gives results much more consistent with

the bulk values. It should be noted, however, that the saturation magnetization is inversely

proportional to the volume of the magnet tip. If the magnet had a signficant layer of oxida-

tive damage, the volume would be reduced and this fit may give a µ0Ms value more consistent

with the expected bulk value of 1.8 T for cobalt. Second, we see that using a kc = 1.5 mN/m
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the magnetometry data suggests that the cobalt magnet tip is fully magnetized. As such,

we would expect the observed electron spin resonance signal to be in good agreement with

the simulated results. From these results, we can conclude that the nanomagnet tip does

not seem to be significantly damaged or demagnetized, specifically at the operating field

B0 = 1.4 T.

The results of these magnetometry experiments, suggesting a well-magnetized cobalt tip,

leave our second hypothesis to explain the surprisingly small electron spin resonance signal

observed in Fig. 7.3(c). To match the simulated cantilever frequency shift to that observed

experimentally, a ∼ 20 nm layer of inactive electron spins was added to the top of the simula-

ted sample. This increased the tip-sample separation by 20 nm and decreased the thickness

of the sample containing electron spin radicals. This sample ‘dead’ layer was confirmed by

performing conventional, inductively detected ESR on a polystyrene thin film sample pre-

pared in a similar manner to the MRFM sample. A 40 nm thick polystyrene film doped

with 40 mM 4-oxo-TEMPO was deposited on silicon chips with dimensions 1.5 cm× 1.5 cm.

One chip was used as a control while 12 nanometers of gold was deposited on the second

chip using electron beam evaporation. Both samples were dissolved in toluene (estimated

concentration = 0.6 µM spin radicals) to avoid interference from the metal coating while

detecting ESR inductively. Continuous wave ESR was performed at 77 K and B0 ∼ 0.62 T.

The results showed that the sample with gold deposited on top contained approximately 1/2

the electron spin resonance signal of the control sample. This confirmed that the polysty-

rene/TEMPAMINE MRFM sample coated with gold likely had a ∼ 20 nm layer of inactive

electron spins beneath the gold layer.

In Figure 7.3(c), the simulated electron spin resonance signal is shown (blue line) over

the experimentally measured signal (black, open circles). The simulation was performed

using an electron spin density ρe = 9.6× 10−3 spins/nm3 as determined experimentally with
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inductively detected electron spin resonance on a TEMPAMINE sample prepared following

the MRFM sample preparation protocol. The sample was modeled as a 200 nm thick film

with a 20 nm ‘dead’ layer on the top. The cobalt magnet tip was modeled with a uniform 20

nanometer oxidized surface layer and µ0Ms = 1.2 T, slightly less than the fully magnetized

value of 1.8 T. These approximations are in reasonable agreement with those used to model

the cobalt nanomagnet tipped NMR experiment of Ref. 49. The tip-sample separation, from

the leading edge of the magnet tip to the top of the sample was 53 nm. The cantilever was

oscillated with a zero-to-peak amplitude of 50 nm with fc = 5591 Hz and kc = 2.0 mN/m.

The applied microwave irradiation was modeled to have a strength B1 = 0.2 µT at fMW =

39.2 GHz. This B1 value was determined empirically to best fit the data. Experimentally,

the strength of the transverse field was fixed at a given frequency so the degree of saturation

could not be quantified as shown in Fig. 5.6. From these simulations, we can estimate the

experimental sensitivity [45]. We calculate the magnetic moment noise

Pµ =
4k2

cPδf
f 2

cG
2
zxx

(7.7)

where Pδf is the minimum observed frequency noise 1×10−6 Hz2/Hz and Gzxx = ∂2Bz/∂x
2 is

the second derivative of the magnetic tip field gradient. For spins directly below the magnet

tip, those coupled the most strongly to the magnet tip, Gzxx ranges from 1.16 × 10−3 to

2.85 × 10−3 mT/nm2. Using the same experimental kc and fc used in the simulations and

the larger of the two gradients, we calculate the spin sensitivity in a bandwidth bw = 1 hertz,

µmin =
√
Pµbw = 27 µB. This is an almost 20× improvement over the 400 µB sensitivity

achieved in Ref. 45 with a 4 µm diameter nickel magnet tipped cantilever.

7.2.3 Alternative sample preparation methods

We have shown that at a tip-sample separation of < 50 nm, using the nanomagnet tip-

ped cantilevers of Longenecker et al. [49], we can achieve the sensitivity required for single
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electron spin imaging. The force exerted on a cantilever by a single electron spin scales

inversely with the distance from the magnet tip. As such, the signal-to-noise arguments

presented above require the magnet tipped cantilever and the electron spin — not the na-

nomagnet tipped cantilever and the sample surface — to be separated by a distance of less

than 50 nm. For example, we have found that depositing a 12 nm metal layer on the sample

surface drastically reduces that cantilever frequency noise. With this additional layer, the

tip-electron separation is 12 nm larger than the measured tip-sample separation. Further-

more, depositing this gold layer on the sample surface causes a ∼ 20 nm layer of inactive

electron spins. Combining these two surface layers, the cantilever would need to be operated

< 18 nm from the sample surface to achieve a tip-electron separation of < 50 nm. Achieving

a force noise PδF < 1000 aN2/Hz at such a close tip-sample separation would require further

improvements in the noise reducing methods described in Chapt. 6.

Rather than pursuing methods to further reduce the cantilever surface interactions, here

we turn our attention to reducing the sample ‘dead’ layer. If electron spin radicals are present

in the top few nanometers of a polymer film beneath a ∼ 10 nm thick metal ground plane,

we should be able to maintain the force sensitivity necessary to detect a single nitroxide

spin label with h ∼ 50 nm. To maintain the required sensitivity, we must have a conductive

sample coating, less than ∼ 15 nm thick, electrically connected to the CPW ground plane,

that does not interact with the sample’s nitroxide spin radicals.

In order to develop new sample preparation methods, it is important to step back and

consider the failure mechanism of our previous method. Depositing a gold layer via electron

beam evaporation requires heating a solid metal with a high intensity electron beam until the

metal vaporizes, at temperatures nearing 3000 ◦C. The free metal atoms traverse a vacuum

chamber, unperturbed, and redeposit on the sample surface. It is well known in the field

of organic electronics that metal atoms deposited with this method damage the sample as
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the metal atom kinetic energy is dispersed or the metal atoms implant into the sample and

diffuse subsurface [211–214]. As electron radicals are highly reactive, it is not surprising that

bombarding nitroxide radicals with high energy metal atoms would cause the radicals to

extract a proton from the surrounding polystyrene molecules [215–219]. Below, we propose

alternative methods for coating a TEMPAMINE doped polystyrene thin film with a few

nanometer thick, electrically conductive layer.

Cooled evaporation — The leading hypothesis for the electron spin ‘dead’ layer in the

MRFM samples described here is damage from energy dispersion and atom implantation as

high-energy gold atoms are deposited on the sample surface via electron beam evaporation.

Haick and coworkers have demonstrated ‘cooled’ evaporation methods in which gold or pal-

ladium top contacts are deposited on organic samples using electron beam evaporation with

minimal sample damage on the nanometer scale [211, 212, 220]. In these Indirect Collision

Induced, Cooled Evaporation (ICICE) protocols, sample damage is avoided with three dis-

tinct modifications to conventional electron beam evaporation. First, to prevent radiation

from the metal crucible interacting with the sample, the sample is orientated facing away

from the metal source. In addition, the sample is held on a cold-finger at temperatures

between 150 and 200 kelvin to avoid any sample heating. Finally, to reduce the energy

of metal particles impacting the sample surface, and minimize atom implantation, a back-

ground pressure of 2×10−3 was introduced into the system with inert Argon gas. The Ar gas

provided a medium for energy dissipation as the metal atoms traveled from the metal source

to the sample surface. While the evaporation rate was greatly reduced (approximately ten

times slower than typical electron beam evaporation), Haick et al. have demonstrated the

applicability of these methods by depositing 30 nm of palladium on a monolayer organic

sample with no observable sample damage.

For the ESR-MRFM experiments described in this chapter, a sample damage layer of
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a few nanometers would be acceptable. As such, we may not need to implement the full

range of modifications to the electron beam evaporation used by Haick and coworkers. Simply

backfilling the evaporation chamber with an inert gas to reduce the kinetic energy of the metal

ions coating the sample may be sufficient. It is worth noting, we have found experimentally

that simply reducing the rate of metal deposition by electron beam evaporation, while still

under high vacuum, did not reduce the damage imparted on the sample’s electron spin

radicals.

Laminated metal — As an alternative to depositing a metal layer directly onto an

MRFM sample, we have developed lamination methods to transfer a metal coating to the

sample. These methods could prove extremely useful in coating samples of biological interest

prepared by flash-freezing where exposing the sample to the harsh conditions of electron

beam evaporation would render the sample useless. An outline of this sample preparation

method is sketched in Fig. 7.5(a). A thin film of polyvinyl alcohol (PVA) is spun cast onto

a silicon substrate. The desired ∼ 12 nm thick gold contact is then deposited onto the PVA

via electron beam evaporation. The MRFM sample (TEMPAMINE doped polystyrene) is

spun cast onto the gold film following the same procedure typically used to deposit the

sample onto the coplanar waveguide surface. The PVA/Au/polystryene sample is placed

into a dish of deionized water to dissolve the PVA. The gold coated polystyrene sample

can be lifted out of the water onto a coplanar waveguide substrate. To avoid shorting the

coplanar waveguide when the metal coating is placed on top, an insulating polymer layer

(polystyrene or poly(methyl methacrylate)) was spun cast onto the surface of the waveguide.

A wirebonded top contact/sample deposited following this protocol can be seen in Fig. 7.5(b).

Note that the laminate metal coating is contained strictly over the narrow microwire region

of the waveguide. If the coating extensively covers the tapered and untapered regions of the

CPW, a drastic increase in the reflected power (and decrease in the transmitted power) of
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Figure 7.5: Laminating a metal coating on MRFM samples. (a) Schematic of the procedure
for laminating a 12 nm thick gold coating on a polymer thin film sample on top of a coplanar
waveguide. (b) Optical image of a laminated sample over the microwire region of a coplanar
waveguide.

the coplanar waveguide is observed. Preliminary experiments investigating the noise over

these laminated metal contacts have been performed at 295 K. The results show noise levels

similar to those observed over electron beam evaporated metal contacts.

7.2.4 Conclusions

Building off the work of Moore and coworkers, we have proposed a spin modulation and ima-

ging protocol capable of mapping the three-dimensional location of a single electron spin.

Furthermore, by integrating the nanomagnet tipped cantilevers of Longenecker et al. and

the noise reducing sample preparation protocols of Chapt. 6 we have demonstrated the expe-

rimental sensitivity necessary to perform these proposed imaging experiments. Work toward

minimizing the damage to electron spin radicals caused by the physical vapor deposition of

a metal ground plane on the sample surface is ongoing. Initial results from these modified

sample preparation techniques are promising – demonstrating noise comparable to the sam-

ples prepared by physical vapor deposition of metal directly onto the polymer/electron spin
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radical sample without exposing the MRFM sample to the harsh conditions of electron beam

evaporation.

Acknowledgements

The modified microwave pulse sequence for imaging individual electron spins was co-developed

by Hoang Nguyen. Thanks also goes to Hoang Nguyen for his work developing simulation

and image reconstruction code to assist and guide this project. I would like to thank Beth

Curley for developing the protocols used to deposit the gold conducting layer on the MRFM

samples described here via electron beam evaporation. Thanks to Michael Boucher and

Peter Borbat for preparing samples and performing the inductively detected electron spin

resonance experiments used to confirm electron spin concentration in the MRFM samples

coated with gold. These ESR experiments were performed at the National Biomedical Cen-

ter for Advanced Electron Spin Resonance Technology (ACERT) which is supported by the

National Institute of General Medical Sciences of the National Institutes of Health under

Award Number P41GM103521. Thanks to Michael Boucher and Peter Sun for their contri-

butions to developing alternative sample preparation protocols, specifically graphene sample

coatings and laminated metal coatings. This work was supported by the Army Research

Office (grant no. W911NF-12-1-0221). This work was also funded in part by the American

Chemical Society and the Eastman Chemical Company through a summer graduate student

fellowship. The nanomagnet tipped cantilevers used throughout this chapter were fabricated

at the Cornell NanoScale Science and Technology Facility (grant no. ECCS-115420819).

This work made use of instruments in the Cornell Center for Materials Research (grant no.

DMR-1120296, DMR-1719875).

239



CHAPTER 8

MRFMSIM - AN OPEN SOURCE, UNIFYING SIMULATION PLATFORM

8.1 Motivation

Throughout this dissertation, the success of each magnetic resonance force microscope ex-

periment has been critically dependent on the signal-to-noise ratio. In determining the

feasibility of a magnetic resonance force microscopy (MRFM) experiment, it is imperative

that one understands just how small of a force, and consequently a signal, is being detected.

If an MRFM signal search is unsuccessful, it is important to be able to pinpoint the failure

mechanism — was the noise too large? Was the signal too small to detect? Or was there

a more fundamental error in the experimental setup? Arguably, one of the most important

steps in performing mechanically detected magnetic resonance experiments is performing

careful, reproducible calculations and simulations to both predict the expected signal from

an experiment and to confirm the detected signal after it is collected. Careful numerical

simulations can provide valuable insight into experiment parameters, such as sample tempe-

rature and damage to the sample or the cantilever’s magnet tip, that are otherwise difficult

to characterize [45, 48, 49].

While MRFM signal simulations have played a vital role in the proof-of-concept experi-

ments shown throughout this work, the role of MRFM simulations plays an even larger role

in the future development of this technology and the reproducibility of this research. To date,

the majority of MRFM, and particularly MRFM imaging experiments, have been one time,

proof-of-concept experiments [33–35, 42, 43, 147, 149, 221]. To develop MRFM as a useful

imaging tool, the field will need to demonstrate robust experimental protocols, simulation

algorithms, and data workup procedures. Here we introduce a Python package MrfmSim,

as a platform to the larger scientific community for simulating magnetic resonance force mi-
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croscope experiments under a wide range of experimental conditions. Building this software

platform in the open-source Python programming language, thoroughly documenting each

function, and using version control on Github, will make this code available to the entire

MRFM community to build-on, cross-reference, and overall, generate more reproducible re-

search [222–224]. Making this magnetic resonance force microscopy simulation code open

and available will allow colleagues to more readily reproduce experiments, collaborate, and

make new discoveries. Additionally, our hope is that less time will be spent by colleagues and

coworkers trying to write their own code or reproduce other’s code, and this uniform plat-

form will serve as the cornerstone for MRFM simulations, enabling the rapid development

of theory and experiments to advance the field.

The MrfmSim package is built on several pre-existing Python packages including NumPy

[225], SciPy [226], pandas [227], h5py [228], and matplotlib [229]. Most notably, this MRFM

simulation code implements MayaVi [230] for three-dimensional visualization of the magnetic

field components (Bz, Gzx = ∂Bz/∂x, and Gzxx = ∂2Bz/∂x
2), as well as the resonant slices

of spins contributing to the MRFM signal. This visualization has been critical in confirming

the accuracy of the numerical simulations and in determining the appropriate grid/voxel size

for various experiments. Through the use of these visualization tools, a series of bugs present

in previous versions of MRFM simulation code, and their calculation algorithms have been

uncovered and corrected. These bugs and corrections will be the focus of this dissertation

chapter. Additionally, this package is equipped with a number of unit tests and example

notebooks (IPython [231]) to describe the code and its capabilities while testing its function.

Further documentation is provided with each function in the form of an html file compiled

from the annotated code.

The MRFM simulation package described here contains a suite of functions to simulate

magnetic resonance force microscope experiments with different samples, geometries, and
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spin modulation protocols. The code is comprised of user defined objects, including the

sample, grid, magnet, cantilever, and experiment, which constitute the entire MRFM mo-

dulation protocol and detection scheme to be simulated. At present, the MrfmSim package

can simulate samples including electron spins, nitroxide (TEMPO) spin radicals, 1H, 71Ga,

and 19F. In these cases, the spin parameters, including orbital angular momentum and gyro-

magnetic ratio, are hardwired into the code. Parameters such as the spin temperature, spin

density, spin-lattice relaxation time, and spin-spin relaxation time can be entered for each

specific sample. The sample ‘spins’ are placed into a user defined grid containing uniform

voxels. For thin film samples, when defining the dimensions of the sample grid, the user

is also defining the experimental orientation. The underlying numerical calculations of the

MrfmSim package assume that the external applied magnetic field B0 is oriented along the z-

axis. Thin film samples with the film thickness defined as the y-direction would be setup for

the SPAM (Springiness Preservation by Aligning Magnetization) geometry [44, 45, 232] while

experiments with the sample depth as the z dimension would be setup for the ‘hangdown’

geometry as described in Chapter 5 [47, 49, 51].

In addition to having the sample dimensions oriented for a given experimental geometry,

the user defined magnet must also be oriented along the correct dimensions for each expe-

rimental geometry. The MrfmSim magnet object contains code for numerically calculating

the magnetic field Bz and the field’s first and second derivatives Gzx and Gzxx resulting from

a nanomagnet [48, 49] or micrometer scale magnet [44, 45, 47]. The magnetic field (and

its derivatives) from a spherical magnet, as defined by its radius, or a rectangular magnet,

defined by its x, y, and z dimensions, is calculated at each point in the sample grid after

the magnet is shifted away from the sample by a distance h indicating the experimental

tip-sample separation. For all simulations performed to date, it has been assumed that the

high gradient magnet was affixed to the end of a cantilever and the sample was a thin-film

deposited on an external coplanar waveguide (as is the case in all experiments described in
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this work). The spin forces are calculated and converted to a cantilever frequency shift based

on the cantilever resonance frequency and spring constant specified by the user. Given the

generality of these calculations, they are equally applicable to an experiment in which the

sample is deposited onto a high-compliance microcantilever and the high-gradient magnet is

located on an external substrate.

With the sample, grid, magnet, and cantilever defined and the magnetic fields calculated

within each voxel, the specific magnetic resonance force microscope experiment to be simula-

ted is then defined. Again, in the interest of generality, this MrfmSim package can simulate

signal from both Curie-law spin magnetization [44, 45, 47] and from statistical spin polariza-

tion or spin fluctuations [34, 49, 53]. For the simulations in the polarized spin limit, the spin

magnetization is coupled to the second derivative of the magnetic field to generate a change

in the cantilever resonance frequency — a force-gradient detection protocol. For small spin

ensembles operating in the small polarization ‘spin-noise’ limit, the spin modulation exerts a

force on the cantilever that is observed as a change in the cantilever’s oscillation amplitude

— a force-based detection protocol. The mathematical details outlining the numerical cal-

culations for these two experiments are described in detail in MrfmSim documentation and

in Chapt. 1.

In addition to the various detection protocols, the MrfmSim package can simulate the

signal for a variety of different spin modulation protocols. In the experiment of Ref. 49,

nuclear spins were modulated by continuous inversion via adiabatic rapid passage (ARP) to

generate a modulated shift in cantilever amplitude that was detected with a lockin ampli-

fier. In Ref. 44, a step change in cantilever resonance frequency was generated with a single

frequency-swept adiabatic rapid passage to invert nuclear magnetic resonance in the resonant

slice. In the experiment described in Ref. 45, electron spin resonance was repeatedly satu-

rated in a region of the sample swept out by the cantilever motion as microwave irradiation
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was applied. The resulting cantilever frequency shift was detected using a lockin amplifier.

The underlying mechanisms leading to the spin signal in each of these MRFM experiments

is different. This simulation package has experimental objects to calculate each of these spin

signals with a user defined external field B0 and irradiation parameters including irradiation

frequency frf , sweep width ∆frf , and transverse field strength B1.

Furthermore, following the theory outline by Lee and coworkers in Ref. 209, the MrfmSim

package has algorithms to calculate both exact solutions for force-gradient detected magnetic

resonance experiments and approximate solutions assuming the small-amplitude approxima-

tion. For MRFM experiments employing a micrometer scale magnet operating a few hundred

nanometers from the sample surface, the small amplitude approximation can be assumed.

This approximation asserts that the cantilever oscillation amplitude is much smaller than

the tip-sample separation – i.e. the motion of the cantilever does not significantly change

the magnetic field (and therefore the observed magnetic resonance signal) at a given point.

In the case of high-gradient, nanomagnet tipped cantilevers [48, 49], this approximation may

no longer remain valid. As the cantilever is oscillated, with a peak-to-peak amplitude of tens

to hundreds of nanometers, the magnetic field at a given point can vary significantly. In the

case of force-gradient detected MRFM experiments with nanomagnet tipped cantilevers, it is

important to account for the cantilever motion while calculating the mechanically detected

magnetic resonance signal.

In this chapter, we will discuss the implementation of this simulation package, highlig-

hting tests and verification of the calculations used. Furthermore, we will discuss bugs in

previous versions of MRFM simulation code that were uncovered and corrected in the wri-

ting of this more robust simulation package. Finally, I will discuss additional objects and

methods that could be implemented into this simulation code to increase the speed of these

numerical simulations and potentially improve the accuracy by integrating more realistic
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spin parameters such as spin diffusion.

8.2 Results and discoveries

To demonstrate the validity of the MrfmSim package, a series of tests case simulations were

performed. Some of these demonstrations were meant to reproduce results that could be

calculated by hand, such as the magnetic field from a spherical magnet, while others were

meant to cross-check and reproduce the results generated from previous versions of MRFM

simulation code implemented in Matlab. As test cases, we have attempted to reproduce the

simulations of Moore et al. in Ref. 45, Hickman and coworkers in Ref. 48, Lee et al. in

Ref. 209, and Longenecker et al. in Ref. 49. Note that all of the simulations shown in this

dissertation including those of Chapters 5 and 7 were carried out using the algorithms and

code of the MrfmSim package.

8.2.1 Software tests and examples

Magnetic field from a rectangular magnet — In many magnetic resonance force mi-

croscope experiments, micrometer scale, spherical magnets have been affixed to the cantilever

tip as a source of magnetic field gradient [44–46, 57, 127, 128, 167]. Exact expressions for

the magnetic field from a spherical magnet, and the first and second derivatives of the field,

can be calculated by hand [91]. To calculate the magnetic field at a point given by (x, y, z)

from a magnet centered at (x0, y0, z0) with radius r,

Bz =
µ0Ms

3

(
3
Z2

R5
− 1

R3

)
(8.1)

where µ0Ms is the magnet’s magnetization and R is given by

R =
√
X2 + Y 2 + Z2. (8.2)
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X = (x − x0)/r, Y = (y − y0)/r, and Z = (z − z0)/r are the normalized distances to the

center of the magnet. Taking the first and second derivatives with respect to x, we find

Gzx =
∂Bz

∂x
=
µ0Ms

r
X

(
1

R5
− 5

Z2

R7

)
(8.3)

and

Gzxx =
∂2Bz

∂x2
=
µ0Ms

r2

(
1

R5
− 5

X2

R7
− 5

Z2

R7
+ 35

X2Z2

R9

)
. (8.4)

To calculate the magnetic field from a rectangular magnet, we first turn to Jackson’s

Classical Electrodynamics [91] for the basic setup of this problem. We want to model a

rectangular magnet, polarized along the z-direction where the magnetization ~M is given by

~M = µ0Ms ~uz. (8.5)

For the rectangular magnet of interest, we define the dimensions of the magnet to span

from x1 to x2 in the x-direction, from y1 to y2 in the y-direction and from z1 to z2 in the

z-direction. Assuming a uniform magnetization throughout the volume of the magnet, the

magnetization potential is given by

Φ(x, y, z) =
1

4π

∮
S

~M · dS

|~r − ~r′|
(8.6)

where |~r − ~r′| =
√

(x− x′)2 + (y − y′)2 + (z − z′)2 is defined for a point (x′, y′, z′) outside

of the rectangular magnet. Using the Coulombian model and following the approach of

Ravaud and Lemarquand [233], we can model the magnet as a series of coils where the loops

are replaced by a layer of continuous current density. We can then calculate the magnetic

potential over each face of the magnet. Summing over the faces gives us

Φ(x, y, z) =
µ0Ms

4π

2∑
i=1

2∑
j=1

2∑
k=1

(−1)(i+j+k) ×
[
yi + (z − zk) arctan

[
y − yi
z − zk

]
+ (x− xi) log[y − yj +R]− (z − zk) arctan

[
(x− xi)(y − yj)

(z − zk)R

]
+ (y − yj) log [x− xi +R] ]

(8.7)
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with R given by √
(x− xi)2 + (y − yj)2 + (z − zk)2. (8.8)

We can solve Eq. 8.7 for the z-component of the magnetic field given that

Bz(x, y, z) = −~∇(Φ(x, y, z)) · ~uz (8.9)

This gives us an equation for Bz as follows:

Bz(x, y, z) =
µ0Ms

4π

2∑
i=1

2∑
j=1

2∑
k=1

(−1)(i+j+k)

[
arctan

[
(x− xi)(y − yj)

(z − zk)R

]]
. (8.10)

In addition to the Bz field, we also need expressions for both the first and second derivatives

of the field. The first derivative Gzx was found by differentiating Bz with respect to x and

can be simplified as

Gzx =
∂Bz

∂x
=
µ0Ms

4π

2∑
i=1

2∑
j=1

2∑
k=1

(−1)(i+j+k)

[
(y − yj)(z − zk)

R [(x− xi)2 + (z − zk)2]

]
. (8.11)

The second derivative of the magnet field Gzxx is then given by

Gzxx =
∂2Bz

∂x2
=
µ0Ms

4π

2∑
i=1

2∑
j=1

2∑
k=1

(−1)(i+j+k)

×
[
−(x− xi)(y − yj)(z − zk) [3(x− xi)2 + 2(y − yj)2 + 3(z − zk)2]

[(x− xi)2 + (y − yj)2 + (z − zk)2]3/2 [(x− xi)2 + (z − zk)2]2

]
. (8.12)

To test that this code has been properly implemented, we plot a cross-section of the mag-

netic field Bz, the lateral magnetic field gradient Gzx = ∂Bz/∂x, and the second derivative

of the magnetic field Gzxx = ∂2Bz/∂x
2. In Figure 8.1, we show these results for a rectangle

magnet operating in the SPAM geometry, with the sample surface in the x/z plane and

the cantilever’s long axis oriented in the y-direction. The rectangle magnet has dimensions

dx = 100 nm, dy = 1500 nm, and dz = 100 nm. The tip-sample separation is 80 nm. From

these line cuts, we see the expected lineshapes for both the first and second derivatives of

the magnetic field, Gzx and Gzxx respectively.
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Figure 8.1: One-dimensional slice through the magnetic field Bz and first and second de-
rivatives, Gzx = ∂Bz/∂x and Gzxx = ∂2Bx/∂x

2, of the magnetic field generated from a
rectangular nanomagnet.
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Figure 8.2: The magnet field Bz and magnet field derivatives Gzx = ∂Bz/∂x and Gzxx =
∂2Bz/∂x

2 for (upper) a spherical magnet with r = 100 nm and (lower) a rectangular magnet
dx = dy = 100 nm and dz = 1500 nm. For both simulations µ0Ms = 1.8 T and h = 64 nm
with the cantilever/magnet’s long axis oriented parallel to the external magnetic field as in
Ref. 47. The sample volume was 400× 400× 40 nm with a voxel size of 2× 2× 0.2 nm.

In Fig. 8.2, we plot the magnetic field and the corresponding magnetic field derivatives

for both a spherical magnet tip and a rectangular magnet tip for comparison. In both cases,

the tip is modeled as fully magnetized cobalt (µ0Ms = 1.8 T) operating 64 nm from the

sample surface with the cantilever/magnet tip’s long axis aligned with the external magnetic

field B0 in the z direction. The spherical tip has a radius r = 100 nm and the rectangular tip

has dimensions dx = dy = 100 nm and dz = 1500 nm. As shown, these two magnets produce

magnetic fields and field gradients that are almost identical in both shape and magnitude.

This is an encouraging result indicating that the magnetic field models have been correctly

implemented into this simulation package and that the exact shape of the magnet tip used

in experiments should not have a drastic effect on the resulting magnetic resonance signal.

Simulation approximations and exact results — In Ref. 209, Lee, Moore, and Ma-

rohn derive a general, unifying, theory to describe the signal obtained from frequency shift

249



CERMIT [44, 45, 48] magnetic resonance force microscope experiments. These analytical

results are the basis for the MrfmSim package calculations used when detecting polarized

nuclear and electron spins as described here. There are two limits under which polarized

spin resonance can be detected: (1) under the small amplitude approximation and (2) in

the finite-amplitude limit. Here we analyze the results obtained by Lee et al. to assess the

accuracy of the approximations used in (1).

To understand the two limits, we will start by looking at the exact analytic solution given

as Eq. 20 in Ref. 2091. The frequency shift from a spin located at a position (x, y, z) as the

cantilever is oscillated with motion x(t) = x− x0p cos(2πfct) is

∆f =
fc

2πkcx2
0p

∫ +π

−π
µ(x, y, z, θ)

∂Bz(x− x0p cos θ, y, z)

∂x
x0p cos θ dθ (8.13)

where µ(x, y, z, θ) is the spin magnetic moment. As shown here, the spin magnetic moment

is dependent on the cantilever motion. Microwave or radiofrequency irradiation is applied to

the sample as the cantilever’s magnet tip field is scanned through the sample, thus changing

the magnetic field experienced by a spin at a given point in space. This solution is exact

when integrated over the range of cantilever motion. Within the MrfmSim package, this

integral is approximated using 41 points and the trapezoid rule. For a single electron spin,

this approximation to the integral gives a solution indistinguishable from the exact solution

[209].

In the limit of a micrometer scale magnet tip, the magnetic field gradient is significantly

reduced as compared to that of a nanomagnet tip. Furthermore, the motion of the cantilever

oscillation xmax
0p = 165 nm is only a small fraction of the magnet radius, thus limiting the

variation in the magnetic field and the spin magnetization as the tip oscillates. Mathema-

tically, we can understand this approximation by expanding the magnetic field gradient in

1Note the sign of Eq. 8.13 is different than that given in Ref. 209. The equation given by Lee et al. is off
by a factor of -1 which is corrected here.
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the x variable,

∂Bz(x− x0p cos θ, y, z)

∂x
≈ ∂Bz(x, y, z)

∂x
− x0p cos θ

∂2Bz(x, y, z)

∂x2
+O(x2

0p). (8.14)

Plugging this back into Eq. 8.13 and summing over all j spins in the sample gives

∆f =
fc

2πkcx2
0p

∑
j

∫ +π

−π
µ(~rj)

(
∂Bz(xj, yj, zj)

∂x
− x0p cos θ

∂2Bz(xj, yj, zj)

∂x2

)
x0p cos θ dθ

(8.15)

where the location of each spin is given by ~rj. This equation can be written as the sum of

two terms:

∆f1 =
fc

2πkcx0p

∑
j

µ(~rj)
∂Bz(xj, yj, zj)

∂x

∫ +π

−π
cos θ dθ (8.16)

∆f2 = − fc

2kc

∑
j

µ(~rj)
∂2Bz(xj, yj, zj)

∂x2

1

π

∫ +π

−π
cos2 θ dθ. (8.17)

For a uniformly polarized spin sample, ∆f1 does not contribute to the cantilever frequency

shift. In both the SPAM and ‘hangdown’ geometries, the ∂Bz/∂x term is equally positive

and negative within the resonant slice and will sum to zero. In this approximation, ∆f2 is

solely responsible for the cantilever frequency shift. The integral in Eq. 8.17 is equal to π.

Therefore, under the assumption that µ(~r) is in the steady-state — that is the cantilever

motion does not change the spin magnetization — we obtain the expected expression given

in Ref. 44 for the cantilever frequency shift signal in the small amplitude approximation:

∆f = − fc

2kc

∑
j

µ(~rj)
∂2Bz(xj, yj, zj)

∂x2
. (8.18)

Equations 8.13 and 8.18 are used in the MrfmSim package to calculate the cantilever fre-

quency shift from CERMIT-MRFM experiments implemented with an adiabatic rapid pas-

sage to invert the sample magnetization. Alternatively, these two equations can be written

in terms of the shift in the cantilever spring constant (∆kc = 2kc∆f/fc). In this form, these

two equations can also be used to calculate the cantilever frequency shift for a CERMIT

experiment in which the sample magnetization is saturated with pulses of irradiation rather

than inverted.
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(a) (b)

Figure 8.3: 1H DC-CERMIT NMR-MRFM simulations with and without the small ampli-
tude approximation. (a) Simulation using the small amplitude approximation (blue) and
using the exact solution (orange) for a spherical nickel magnet tipped cantilever (r = 2.5
µm, µ0Ms = 0.6 T). Simulation parameters: Grid: 20, 000 × 20, 000 × 300 nm, voxel =
40 × 40 × 20 nm. (b) Simulation using the small amplitude approximation (blue) and cal-
culating the exact solution (orange) for a rectangular, cobalt nanomagnet tipped cantilever
(dx = 135 nm, dy = 80 nm, dz = 1500 nm, µ0Ms = 1.8 T). Simulation parameters —
Grid: 1000 × 1000 × 300 nm, voxel = 2.5 × 4.0 × 2.0 nm. For both simulations — can-
tilever: fc = 6540 Hz, kc = 2.0 mN/m with its long axis oriented parallel to the external
magnetic field; sample: T0 = 4.2 K, T1 = 20 s, T2 = 5 µs, ρ = 49 spins/nm3;h = 100 nm;
frf = 210 MHz,∆frf = 1 MHz, B1 = 2.5 mT.
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Using a 1H CERMIT experiment [47] as a test case, Fig. 8.3 shows the implementation

of the small-amplitude approximation in the MrfmSim package. For this experiment, a

polystyrene sample was modeled (ρ1H = 49 spins/nm3, T1 = 20 s, and T2 = 5 µs) at 4.2 K.

In each experiment, a 1 MHz wide adiabatic rapid passage centered at 210 MHz was applied

with B1 = 2.5 mT to invert the nuclear spin magnetization. In the experiments of Fig. 8.3(a),

a cantilever with a spherical nickel tip of radius r = 2.5 µm was brought within 100 nm of

the sample surface with the cantilever’s long axis oriented parallel to the external magnetic

field B0. For this experimental setup, both the small amplitude approximation (blue) and

the exact solution (orange) – using Eq. 8.13 to account for the cantilever’s motion – give

almost identical results. As expected, the cantilever frequency shift signal has the same shape

and approximately the same magnitude in both cases. For a micrometer scale magnet at a

tip-sample separation of 100 nm, oscillating the cantilever by a couple hundred nanometers

should have very little effect on the strength of the magnetic field experienced by any given

spin.

In Fig. 8.3(b), the results for the same two experiments (the small amplitude approxi-

mation in blue and the exact solution in orange) are plotted for a rectangular, nanomagnet

tipped cantilever with the same orientation. For these experiments, we see very different

results when the approximation is used as compared to when an integral over the cantilever

motion is solved. Using the small-amplitude approximation, the resulting cantilever fre-

quency shift is significantly broader and larger in magnitude than the exact solution. These

simulations highlight the importance of using approximations only under the appropriate

set of assumptions when simulating MRFM experiments. Due to the excellent agreement in

Fig. 8.3(a), we believe that the underlying simulation algorithms are properly implemented

for solving Eqs. 8.13 and 8.18.

253



8.2.2 Previous simulation bugs and resolutions

Having validated our magnetic tip models and the approximations used to calculate fre-

quency shift magnetic resonance force microscope experiments, we turned our attention to

reproducing the simulations performed with previous versions of MRFM simulation code.

Of particular interest were the ESR experiments of Moore et al. [45], the nanomagnet-

detected ESR experiments of Hickman and coworkers [48], and the theoretical derivations

and corresponding simulations of Lee, Moore, and Marohn [209].

Comparison to Reference 45 — Moore’s experiments and simulations of Ref. 45 im-

plemented a 4 µm diameter magnet tipped cantilever to detect magnetic resonance from

saturated electron spins as a cantilever frequency shift in a CERMIT-MRFM experiment.

For the tip-sample separations used in this experiment, 50 to 1055 nm, the small-amplitude

approximation should remain valid and the signal can be calculated using Eq. 8.18. Howe-

ver, while operating in the small amplitude limit, the cantilever motion in these experiments

cannot be neglected. As described in Chapt. 7, the cantilever motion while microwave irra-

diation is applied during half a cantilever cycle determines the region of resonant spins and

the volume of the resonant slice. We therefore must take the cantilever’s lateral motion into

account while calculating the resonant slice of spins contributing to the cantilever frequency

shift signal.

In Ref. 45, Moore et al. describe how the cantilever motion was accounted for in their

original version of this MRFM simulation code. In short, the cantilever was positioned

over the sample at its maximum extension. At this position, the sample magnetization was

computed within each voxel of the sample grid. The cantilever was then stepped in the x

direction to mimic the cantilever motion. At each new position of the cantilever, the sample

magnetization was recomputed and compared to the previous value of µz calculated within
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that voxel. If the new value of µz was smaller than the previous value, the new value was

retained. If the new value of µz was the same or larger than the previous µz within the

voxel, the new value was discarded and the previous µz value was retained. This process was

continued for the entire range of cantilever motion with the smallest µz value within each

voxel retained and used to compute the resonant slice. The resulting cantilever resonance

frequency shift was calculated using this magnetization profile and the first derivative of

the magnetic field gradient. This algorithm was implemented in the MrfmSim package to

calculate the resonant slice for an r = 1.85 µm nickel magnet tip located 50 nm from the

sample surface. The resulting resonant slice of electron spin magnetization can be seen in

Fig. 8.4(a). These results are unexpected. We see that the spin polarization within the

resonant slice is fairly discontinuous. We would expect the electron spins within this slice

to be uniformly saturated and would therefore expect to see one solid color comprising the

slice of saturated spin magnetization rather than the discrete slices of polarization observed

with this algorithm. Furthermore, when calculating the signal from spins near the cantilever

tip, the ‘local’ signal, we find that the signal size is highly dependent on the size of the grid

implemented. Due to the finite grid size, this algorithm does not return the true polarization

minimum. By reducing the grid size, we find that the signal size increases, i.e. the calculated

minimum polarization is closer to the true minimum value. To find the true minimum, the

x grid spacing would need to be reduced from ∼ 20 nm used by Moore to ∼ 1 to 2 nm.

However, reducing the grid size by a factor of 10 to 20 times would increase the number

of voxels by 1000 to 8000 times and drastically increase the time required to perform these

micrometer scale MRFM simulations.

To overcome the grid size limitations of Moore’s algorithm, we introduce a very different

algorithm for calculating the resonant slice in the MrfmSim code. Again, starting with the

magnet tip at its maximum oscillation amplitude, the resonance offset is calculated at each

grid point. As the cantilever is scanned in the x direction to model the cantilever’s oscillating
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Figure 8.4: Example resonant slices of electron spin magnetization calculated by (a) Moore’s
simulation algorithm [45]; this algorithm suffers from a loss of spin signal due to the finite
grid size which can be seen in the discrete lines of polarization that are apparent within
the resonant slice. (b) MrfmSim’s simulation algorithm. The algorithm generates a smooth,
continuous slice of saturated electron spin magnetization. Simulation parameters — modu-
lated CERMIT ESR saturation experiment; sample: 40 mM TEMPAMINE, T1 = 1.3 ms,
T2 = 450 ns, T0 = 11.0 K; magnet: r = 1.85 µm, µ0Ms = 440 mT, h = 50 nm, SPAM
geometry, x0p = 165 nm; field: B0 = 730 mT, frf = 17.7 GHz, and B1 = 3.9 × 10−4 mT;
grid: 4000× 200× 2000 nm, 500× 20× 250 grids points.

motion, the resonance offset in adjacent voxels is compared. If the resonance offset changes

sign, we assume that the resonance offset must have passed through zero during the sweep

meaning that the electron spin magnetization has been saturated. For any point where the

resonance offset changed sign, the offset is manually set to zero. For any point where the

resonance offset did not change sign, the resonance offset is set to the minimum value that

was achieved during the sweep. The results of this simulation, under the same experimental

conditions as Moore’s resonant slice was calculated, can be seen in Fig. 8.4(b). While this

algorithm will still suffer from the finite grid size and the corresponding difficulties in finding

the true minimum resonance offset at the edges of the resonant slice, this algorithm generates

a smooth, continuous slice of saturated electron spin magnetization as would be expected

from a CERMIT-MRFM experiment.

In Fig. 8.5 and Fig. 8.6, we test MrfmSim’s new algorithm for calculating the resonant
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slice2. Here, we re-plot the data collected by Moore et al. and presented in Fig. 3 of

Ref. 45. Overlayed as solid lines are the results of numerical simulations performed in

python using the MrfmSim package. For all four tip sample separations, 50, 130, 507,

and 1055 nm, the simulation parameters were consistent with the experimentally measured

parameters reported in Ref. 45. The difference between these simulations reported in Ref. 45

(Figure 8.5(a)) and those shown here (Figure 8.5(b)) is the algorithm used to calculate the

region of spins in resonance and contributing to cantilever frequency shift signal3. We see

very different results for the two versions of this simulation code, and surprisingly worse

agreement between the experimentally measured ESR signal and the calculated ESR signal

with the new simulation algorithm.

For Moore’s original simulations, the sample temperature was treated as the only free

parameter. Here, we fix the sample at the same temperature used by Moore, 11 K[45]. For

all tip-sample separations shown, we see excellent agreement in the shape, sign, and width of

the signal (in units of field) between the simulations and experimental data. Of note is the

discrepancy in the magnitude of the cantilever frequency shift, particularly the differences

between the magnitude of the simulated bulk signal (due to spins located far from the magnet

tip; at fields below B0 = 630 mT) and the simulated local signal (due to spins located directly

below the magnet tip; at fields greater than B0 = 630 mT). The overall agreement in the

magnitude of the signal is highly dependent on the tip-sample separation. At large tip-

sample separations, particularly at 1055 nm, the local peak is in excellent agreement with

2The data plotted in Figures 8.5 and 8.6 is reprinted in part with permission from Moore et al. Proc.
Natl. Acad. Sci. U.S.A. 106, 22251 (2009). Copyright 2009, National Academy of Sciences of the United
States of America.

3We also note that the cantilever zero-to-peak amplitude may be different between the simulations perfor-
med here and those reported in Ref. 45. The x0p = 330 nm and xrms = 233 nm reported by Moore et al. [45]
is unphysical for the 1310 nm laser used in these experiments. For a fiber optic interferometer, the observable
peak-to-peak amplitude of a cantilever depends on the laser wavelength as xpp = λ/(2π) sin−1(V meas

pp /V max
pp )

where xpp is the actual peak-to-peak amplitude of the cantilever, λ is the laser wavelength, V meas
pp is the

peak-to-peak amplitude of the observed cantilever motion in volts, and V max
pp is the maximum peak-to-peak

oscillation amplitude of the cantilever, in volts, before the interferometer is saturated. The maximum pos-
sible cantilever amplitude occurs when V meas

pp = V max
pp , resulting in xmax

pp = 330 nm. The values of the
cantilever amplitude reported in Ref. 45 should be x0p = 330/2 = 165 nm and xrms = 115 nm.
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h = 50 nm 

(a) (b) 

Figure 8.5: Simulations (colored) and experimental data (black) of the MRFM-ESR ex-
periment of Ref. 45 using (a) Moore’s original simulation algorithm and (b) using the
MrfmSim package. The black lines/circles are the experimentally observed cantilever re-
sonance frequency shifts. The colored lines are the simulated results. The vertical, grey
line indicates the bulk resonance field at fMW/(γe/2π) = 632 mT. Simulation parame-
ters — sample: 40 mM TEMPAMINE in polystyrene, ρe = 2.41 × 10−2 spins/nm3, T1 =
1.3 ms, T2 = 450 ns, T0 = 11 K; magnet: r = 1.96 µm, µ0Ms = 436 mT; cantilever:
fc = 4975 Hz, kc = 0.78 mN/m, x0p = 165 nm, h is recorded next to each dataset; irradi-
ation: fMW = 17.7 GHz, B1 = 3.9 × 10−4 mT; grid: 27 × 24 × 0.215 µm, 1390 × 1390 × 10
points. Adapted with permission from Fig. 3 of Moore et al., Proc. Natl. Acad. Sci. U.S.A.,
106, 22251, (2009). Copyright 2009, National Academy of Sciences of the United States of
America.
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the simulations while the magnitude of the bulk peak seems to be underestimated. The most

obvious reason for this disagreement is that the span of the grid used for this simulation is

not large enough to capture all of the spins contributing to the bulk signal. Simulations

of the resonant slices, however, indicate that this is not the case. At intermediate tip-

sample separations, 507 and 130 nm, we see a fairly good agreement between experiment

and simulation describing the magnitude of the bulk electron spin resonance signal. However,

the size of the local spin signal is drastically overestimated in simulations. At the closest

experimentally observed tip-sample separation, 50 nm, the simulations overestimated the

magnitude of all the observed peaks. The magnitude of the local peak is overestimated by

4 to 5 times.

The origin of the discrepancy in the signal size between simulations and experimental

results is unclear. In Fig. 8.6, we look at the magnetic field component contributing to the

observed cantilever frequency shift signal for various resonant slices. We see similar results

comparable to those presented by Moore in Fig. 7 of Ref. 45. The same regions of spins are

contributing to the cantilever frequency shift signal and the same magnitude of the magnet

tip field’s second derivative is reported. From this, we can conclude that the differences

in the magnitude of the calculated magnetic resonance signals do, as proposed previously,

originate in the calculation of the spin magnetization within the resonant slice. The sample

temperature used to simulate the experiment here, 11 K, was determined empirically by

Moore et al. to provide the best fit to the experimental data [45]. While it is possible that

this was not the actual sample temperature, changing the sample temperature would scale

both the local and bulk resonance signals by the same magnitude.

One possible hypothesis for the smaller experimentally observed cantilever frequency

shift, particularly at h = 50 and 130 nm, is a layer of damaged nitroxide spins near the

sample surface as described in Chapt. 7. The sample used in Ref. 45 was prepared in a
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Figure 8.6: Reproduction of Fig. 7 from Ref. 45 with simulations generated using the
MrfmSim package. Cantilever frequency shift δfc vs. external magnetic field for a tip-
sample separation of 50 nm. The solid black line is the experimentally observed cantilever
frequency shift. The solid blue line is the simulated cantilever frequency shift with the
simulation parameters given in Fig. 8.5. For a selection of external fields, the resonant slice
— colored by the second derivative of the magnet tip field — is shown.
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similar manner to the samples described in Chapt. 7. A polystyrene/TEMPAMINE thin

film was deposited on a sample substrate. In this case, a 20 nm gold coating was deposited

on the sample surface via electron beam evaporation. This gold layer was almost twice as

thick as the layer described in Chapt. 7 which was believed to result in a ∼ 20 nm damage

layer at the sample surface. As such, an even thicker ‘dead’ layer of nitroxide spins may have

been present here. This ‘dead’ layer would result in (1) fewer electron spins in the sample

and (2) an increased tip-sample separation compared to the measured value reported here.

This dead layer hypothesis accounts for an overall overestimation of the signal size and would

affect the local signal, the spins more strongly coupled to the cantilever tip and contributing

to the local spin signal, more than the bulk spins. Repeating these MrfmSim simulations

with a 20 to 40 nm layer of magnetically inactive spins on the sample surface may reduce the

overestimation in the local signal. Additionally, the magnet tip radius and tip magnetization

used in these simulations were calculated based on experimentally measured tip-field versus

tip-sample separation. For these calculations, no magnetically inactive sample surface layer

was accounted for. As such, the tip-sample separation used may have been underestimated

by as much as 20 to 40 nm. Changing the experimentally determined magnet tip parameters

could also have dramatic effects on the magnitude of the simulated electron spin resonance

MRFM cantilever frequency shift signal.

Adding a magnetically inactive layer of electron spins to the sample surface would reduce

the ESR-MRFM signal and increase the apparent tip-sample separation which may improve

the agreement between experimentally measured results and simulations in Fig. 8.5. Howe-

ver, increasing the tip sample separation also decreases the width of the electron spin signal

(in units of field). This effect can be seen in Fig. 8.5. The width of the cantilever frequency

shift signal decreases from ∼ 200 mT at h = 50 nm to only ∼ 50 mT at a tip-sample sepa-

ration of 1055 nm. For all tip-sample separations shown, with the exception of h = 130 nm,

the simulated signal width is already a slight underestimate of the experimentally observed
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signal width. If the simulated tip-sample separation is underestimated and the width of

the signal is also underestimated, this suggests that the magnet tip has a stronger tip-field

than estimated by Moore and coworkers [45]. While the size of the magnet tip could also be

underestimated, this magnet parameter was independently verified by a scanning electron

microscopy (SEM) image. For a nickel magnet tip, there could be a magnetically inactive

oxide layer on the outer edge of the nickel magnet. This would make the magnet smaller,

not larger, than that observed using SEM.

Comparison to Reference 48 — In 2010, Hickman and coworkers used the same spin

modulation protocol of Ref. 45 to detect electron spin resonance with a nanometer scale,

rectangular magnet tip [48]. The corresponding simulations used to model these experiments

implemented the same algorithm for calculating the resonant slice as Ref. 45. To further

test our new algorithm, we re-simulated the experiment of Ref. 48 using MrfmSim and a

rectangular nickel magnet with dimensions dx = 100 nm, dy = 1475 nm, and dz = 111 nm.

Hickman’s experimental results can be seen in Fig. 8.7(a)4. The simulated results presented

in Ref. 48 can be seen in Fig. 8.7(b) and the simulated results using MrfmSim can be

found in Fig. 8.7(c). In all cases, the magnet was modeled as an ideal cuboid and, contrary

to Ref. 48, the cantilever’s finite oscillation amplitude was taken into account during these

simulations. In Fig. 8.7(b) and (c), we compare the observed electron spin resonance signal to

the simulated ESR signal using the same four magnet tip models as Hickman and coworkers

used: Model (1) assuming that the entire, 350 nm long region of the magnet overhanging

the leading edge of the cantilever was damaged and magnetically inactive; (2) assuming that

the entire nickel magnet was fully magnetized; (3) assuming a uniform, 12 nm thick damage

layer around the outer edges of the magnet; (4) assuming that at the leading edge of the

overhanging nanomagnet a 50 nm wide domain was magnetized antiparallel to the applied

4The experimental data shown in Figure 8.7 was reproduced with permission from Hickman et al. ACS
Nano, 4, 7141 –7150 (2010); Copyright 2010, American Chemical Society.
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magnetic field. Comparing the results of the simulations shown here to those in Ref. 48,

we see a much better agreement between the simulated and experimentally measured ESR-

MRFM signal. Additionally, we see much better agreement in the size of the cantilever

frequency shift for these nanomagnet tipped cantilever experiments when compared to the

micrometer scale magnet tipped cantilevers discussed above.

The electron spin resonance signal predicted by magnet Model 1 is significantly smaller

than the observed magnetic resonance signal — consistent with Ref. 48. This result suggests

that the nickel magnet tip used for these experiments was not significantly damaged. For a

fully magnetized tip, Model 2, the simulated signal is an overestimate of the experimentally

observed signal. However, the overall shape of the simulated signal is fairly consistent with

the observed signal. It is of note that the simulated signal was shifted to lower field by 9 mT

in this plot to achieve better alignment with the experimentally observed signal. In Model

3, the magnet tip is modeled with a uniform 12 nm damage layer on the outer surface. With

the same 9 mT offset in the external field, the simulated signal is in excellent agreement

with the experimentally observed cantilever resonance frequency shift. While the excellent

agreement between the shape and magnitude of these ESR signals is encouraging, the origin

of the 9 mT shift in B0 required for the alignment of the simulation and the experimental

data is puzzling. We do note that this offset was also observed between the experimental

data and the simulations performed by Hickman et al. Using Model 4 to simulate the magnet

tip, we again observe an agreement in the shape of the δfc signal but an underestimate in

the size of the simulated signal.

The excellent agreement between the experimentally observed electron spin resonance

signal and the simulated signal using Model 3 to describe the nickel nanomagnet tip is a

drastically different result than that reported in Ref. 48. The description of the magnet

tip in Model 3 is very realistic. Independent characterization of the magnet tips by Hick-
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Figure 8.7: Simulation of the nanomagnet, force-gradient detected ESR-MRFM signal of
Ref. 48. (a) Observed cantilever resonance frequency shift. (b) MRFM simulation results
presented as Fig. 8 in Ref. 48. (c) Left: MRFM signal simulations for various magnet tip
models (top to bottom: Models 1 through 4). For plotting, the simulated data is shifted
to lower field by 9 mT to align with the observed experimental results. Right: Sketches of
the corresponding magnet tip model. The cross-hatched regions represent regions where the
nickel magnet tip is damaged. Simulation parameters — sample: spins = TEMPAMINE,
ρe = 2.41×10−2 spins/nm3, T1 = 1.0 ms, T2 = 450 ns, T0 = 11 K; magnet: dx = 100 nm, dy =
1475 nm, dz = 111 nm, µ0Ms = 600 mT; cantilever: fc = 8920 Hz, kc = 0.77 mN/m, h =
80 nm (reported tip-sample separation +20 nm to account for the gold coating on the sample
surface), SPAM geometry; irradiation: fMW = 17.6 GHz, B1 = 0.3 µT; grid: 1500 × 230 ×
1500 nm, 500× 95× 300 points. Data reproduced with permission from Ref. 48. Copyright
2010, American Chemical Society.
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man et al. predicted that the nickel magnet tips were well-magnetized with a < 20 nm

antiferromagnetic nickel oxide layer on the magnet surface [48]. Model 3 falls well within

this experimentally determined range. In independent experiments on cobalt magnet tipped

cantilevers, Longenecker et al. observed a similar oxidative damage layer determined by

magnetometry and MRFM detection of statistically polarized nuclear spin magnetization

[49].

Comparison to Reference 209 — In addition to using the MrfmSim package to simulate

magnetic resonance experiments after they have been performed and determine experimen-

tal parameters that are difficult to measure directly, simulations can also be invaluable in

optimizing experimental conditions for data collection. In Ref. 209, Lee and coworkers des-

cribe a unifying theory, implemented in Matlab simulations, in which the signal-to-noise in a

variety of magnetic resonance force microscope experiments was optimized by analyzing the

effect of cantilever motion on the resulting cantilever frequency shift signal. In general, the

cantilever frequency noise is decreased by increasing the cantilever oscillation amplitude (see

Eqs. 5.27 and 5.35). However, oscillating the cantilever at its maximum amplitude may or

may not provide the maximum signal-to-noise ratio when nanomagnet tips are operated in

the limit where the small-amplitude approximation breaks down. For example, Kuehn et al.

have shown that when detecting a single electron spin, the signal-to-noise ratio is optimized

when the cantilever is oscillated at a zero-to-peak amplitude x0p = 0.47d, where d is the

distance from the center of the magnet tip to the spin being detected [142]. To estimate the

signal-to-noise ratio in a cantilever frequency shift experiment, we can look at the effective

force exerted on the cantilever. As described in Ref. 209, the effective force is given by

∆Feff = ∆kcx0p =
2kc∆f

fc

x0p (8.19)

where ∆f is given by Eq. 8.13. Therefore, to determine the optimal cantilever oscillation

amplitude at a given field, we can calculate the resulting cantilever spring constant shift
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∆kc for various oscillation amplitudes and plot the resulting x0p vs. ∆Feff curve. The

oscillation amplitude providing the largest effective force on the cantilever should also provide

a mechanically detected magnetic resonance signal with the largest signal-to-noise ratio.

In Figure 8.8, we plot the simulated effective force ∆kcx0p as a function of cantilever

oscillation amplitude for a nanomagnet tipped cantilever ESR-MRFM experiment5. The

simulated experiment employed modulated microwave irradiation with CERMIT detection

as described in Ref. 45 and 47 with microwave pulses lasting half a cantilever cycle at

fMW = 39.2 GHz and B1 = 0.13 µT. The resulting cantilever spring constant shift was

calculated exactly using Eq. 8.13. For the simulations, the sample was 40 mM TEMPAMINE

in polystyrene (ρe = 0.0241 spins/nm3) at 4.2 K with T1 and T2 times equal to 1 ms and

450 ns, respectively. The magnet tip was modeled as a cobalt cuboid with µ0Ms = 1.8 T

and dimensions dx = 135 nm, dy = 80 nm, dz = 1500 nm. The magnet tip was operated in

the hangdown geometry, with the magnet’s long axis parallel to the B0 = 1.39 T field with

a tip-sample separation h = 100 nm. The simulated sample grid was 1500× 1500× 200 nm

with a voxel size of 5 × 5 × 3 nm. The ∆Feff signal was calculated for cantilever zero-to-

peak amplitudes ranging from zero, where no spring constant shift can be observed, to 165

nm. An x0p = 165 nm is the maximum cantilever oscillation amplitude that can be achieved

with a fiber optic interferometer operating at 1310 nm before the interference fringes become

saturated. The simulations shown in Fig. 8.8(a) show that for this experimental setup, to

achieve the maximum signal-to-noise ratio, the cantilever should be operated with a zero-to-

peak oscillation amplitude of ∼ 150 nm.

These simulation results were tested in experiment using a cantilever with fc = 6547 Hz, Q ∼

70, 000, and kc = 2.0 mN/m (Fig. 8.8(b)). A cobalt magnet tip with the same dimensions

described above was operated 150 nm from the sample surface. Electron spin resonance was

5Figure 8.8(c) was adapted with permission from Lee et al. Phys. Rev. B 85, 165447 (2012). Copyright
2012; American Physical Society.
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Figure 8.8: Electron spin resonance signal in a magnetic resonance force microscope with a
cobalt nanomagnet on the tip of an attonewton sensitivity cantilever. (a) Simulated effective
force (∆kx0p) for a cCERMIT ESR experiment as a function of cantilever zero-to-peak
oscillation amplitude x0p (blue). Simulation parameters are given in the text. The red stars
indicate the experimentally determined signal-to-noise ratio. (b) Experimentally measured
electron spin resonance signal over a ∼ 200 nm thick polystyrene film doped with 40 mM
TEMPAMINE and capped with a ∼ 12 nm thick gold coating. Data was collected at a
tip-surface separation of 150 nm with fMW = 39.2 GHz and the cantilever zero-to-peak
amplitude set to 156 (blue), 81 (orange), or 41 nm (green). The vertical dotted line is the
calculated ‘bulk’ resonance field (in the absence of a magnet tip field gradient). Experimental
parameters are provided in the text. (c) Corrected version of Fig. 5 from Ref. 209 showing
the electron-spin resonance signal for a frequency-shift CERMIT experiment where spins are
saturated continuously with fixed frequency microwaves. (i - iv) To scale sketches showing
the region of electron spins saturated as the cantilever is oscillated with x0p = (i) 42 nm, (ii)
125 nm, (iii) 165 nm, and (iv) 263 nm .
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detected as a function of the external applied magnetic field while the cantilever was oscilla-

ted at three different zero-to-peak amplitudes — (1) x0p = 156 nm (blue), (2) x0p = 81 nm

(orange), and (3) x0p = 41 nm (green). At each point, the cantilever motion was detected

for 60 seconds as modulated microwave irradiation was applied to saturate electron spin

resonance, and the resulting cantilever frequency shift was detected via a lockin amplifier.

Looking at the experimental results in Fig. 8.8(b), it is clear that the signal-to-noise in-

creases with increasing cantilever amplitude. To calculate the actual SNR, the baseline

(B0 < 1389 mT and B0 > 1400 mT) of each field scan was averaged and the standard

deviation was calculated to give the root-mean-square noise. To determine the maximum

signal, the baseline δfc was subtracted from |δfmax
c |. Using this analysis, SNR of 15, 9, and

5 for x0p = 156, 81, and 41 nm, respectively, were calculated. These data points are plotted

as red stars in Fig. 8.8(a). We observe an experimental trend consistent with the simulated

results.

While the simulated and experimental results shown here are in excellent agreement, the

∆Feff plot shown in Fig. 8.8(a) does not agree with the simulations performed by Lee et al.

in Ref. 209. In Fig. 5 of Ref. 209, a cantilever frequency shift ESR-CERMIT experiment

was simulated. To generate this plot, a rectangular (dx = 78, dy = 1478, dz = 78 nm), nickel

magnet tip was operated in the SPAM geometry at a tip-sample separation of 91 nm. The

sample was the same 40 mM TEMPAMINE in polystyrene sample described previously. The

sample grid was 2.5×0.23×2.5 µm broken up into 1320×95×660 grid points. The cantilever

spring constant shift was calculated at B0 = 628.7 mT, B1 = 0.3 µT, and fMW = 17.6 GHz.

Upon simulating this experiment with the MrfmSim package we found that, again, Moore’s

algorithm to calculate the resonant slices was implemented in Lee’s simulation, resulting in

incomplete resonant slices. Furthermore, the x-axis was incorrectly labeled as the cantilever

zero-to-peak amplitude when the peak-to-peak amplitude was plotted. A corrected version

of this simulation and Fig. 5 of Ref. 209 can be seen Fig. 8.8(c). In the corrected simulation,
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we see that even in a different experimental geometry, with a smaller nanomagnet on the tip

of the cantilever, the signal-to-noise ratio is still optimized with the cantilever oscillating at

its maximum amplitude. Furthermore, we see that the signal-to-noise ratio does not begin

to decrease, due to cancellation from regions of positive and negative ∂2By/∂x
2 [209] until

the cantilever amplitude is at unphysical levels for a λ = 1310 nm laser.

8.3 Future directions

The development of the MrfmSim package as a uniform simulation platform has provided

valuable insight into a variety of magnetic resonance force microscopy experiments. This

simulation package has allowed us to uncover errors in previous MRFM simulations and

provided insight into mechanisms of signal loss – such as sample damage (see Section 7.2) –

that were previously unrealized due to the underlying algorithms implemented to calculate

the sample magnetization. Using GitHub to distribute and control versions of this code will

aid in the reproducibility and general applicability of the simulation code. Throughout this

dissertation, we have demonstrated the versatility of the MrfmSim package in simulating

the magnetic resonance force microscopy signal detected as a force-gradient from thermally

polarized electron spins (Figs. 5.6, 7.3, 8.5, and 8.7) and thermally polarized nuclear spins

(Fig. 5.4), using both micrometer scale, spherical magnet tips (Figs. 5.4, 5.6, and 8.5) and

nanometer scale, rectangular magnet tips (Figs. 7.3 and 8.7), and with the external magne-

tic field oriented parallel (‘hangdown’ geometry; Figs. 5.4, 5.6, and 7.3) and perpendicular

(‘SPAM’ geometry; Figs. 8.5 and 8.7) to the cantilever’s long axis. Additionally, but not

shown here, MrfmSim has been used to simulate force-detected nuclear magnetic resonance

from statistical polarization fluctuations as described in Ref. 49.

As shown in Fig. 8.7, using the algorithms of the MrfmSim package drastically improved
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the agreement between experimentally determined cantilever frequency shift electron spin re-

sonance signal and that simulated with previous versions of MRFM simulation code. For this

experiment, a rectangular, nanomagnet tipped cantilever was operated in the SPAM geome-

try [48]. Excellent agreement was also observed between experimental data and simulations

for nuclear magnetic resonance and electron spin resonance for a micrometer scale, spherical

magnet operating in the hangdown geometry [47]. Interestingly, for a similar micrometer

scale magnet tipped cantilever, operating in the SPAM orientation, the agreement between

simulation and experiment is significantly degraded (Fig. 8.5)[45]. While it is difficult to

determine an experimental mechanism that would reduce the agreement with simulations

only for a micrometer scale magnet in the SPAM geometry, there are some spin dynamics

that are not accounted for in the MrfmSim package.

First, spin lattice relaxation could have a drastic effect on the cantilever-detected signal

if significant spin relaxation occurred on the timescale of 1/fc. With a T1 ∼ 1 ms observed

for the nitroxide spin radicals used in Ref. 45, spin relaxation could play a role in reducing

the magnitude of the observed cantilever resonance frequency shift signal. However, effects

of spin diffusion should also be present in both the bulk and local resonance peaks, in both

the hangdown and SPAM geometry and regardless of the magnet tip size — not just in

the local peak of an experiment with a micrometer scale magnet tipped cantilever in the

SPAM geometry. In a similar vein, for a modulated spin experiment like that of Ref. 45,

spin diffusion could play a role in the size of the observed cantilever frequency shift signal.

As electron spins are saturated, the magnetization can also diffuse into/out of the resonant

slice as described in Chapt. 5. We do note, however, that just as described in Sec. 5.4, the

diffusion of electron spins should be nominally quenched by the magnetic field gradient in all

of the experiments described in this work [47, 161, 163]. Additionally, Picone and coworkers

have developed theory for generating hyperpolarized spin signal based on the diffusion of

spin polarization in the presence of a large magnetic field gradient [157, 158, 234, 235]. To
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model either of these experiments, we would need to integrate the dynamics of spin diffusion

into the MRFM simulation code using Bloch equations with diffusion terms [236].

Furthermore, recent theoretical work by de Voogd and coworkers, supported by experi-

mental work by den Haan, Wagenaar, Oosterkamp et al. suggests that there are additional

forces coupled to the cantilever in magnetic resonance force microscopy experiments that

are unaccounted for in this simulation package [128, 179, 180]. As given by Eq. 8.17, the

cantilever frequency shift calculated here is the result of spins coupling to ∂2Bz/∂x
2, the

component of the magnetic field parallel to the applied magnetic field B0 = B0ẑ. Using a

Lagrangian model, de Voogd et al. find an additional contribution to the force acting from a

spin at location ~rj on the cantilever from the magnetic tip field perpendicular to the applied

external magnetic field:

F⊥ = −µ(~rj)

B0

(
∂Bx/y

∂x

)2

. (8.20)

Haan and coworkers have found that at millikelvin temperatures, this additional force acting

on the cantilever provides a significant mechanism for cantilever dissipation and resonance

frequency shifts, even in the absence of spin modulation/magnetic resonance detection [180].

At 4 K, it is unclear if this additional force contributes significantly to a force or force-

gradient based magnetic resonance signal and, as such, this force could be added to the

MrfmSim package for analysis.

One of the remaining bottlenecks in implementing this simulation code is the speed at

which calculations are performed. For experiments with a micrometer scale magnet, large

voxels and the small-amplitude approximation can be implemented. Simulations under these

conditions can be performed in tens of minutes on a standard laptop computer. However,

experiments with nanomagnet tips, require nanometer scale grids and exact calculations

accounting for the cantilever motion which can take several hours to run. Systematic tuning

of variables, or using Bayesian statistics, to optimize the simulations is therefore limited.
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Reducing the simulation times to tens of minutes, under all experimental conditions, would

be an enabling advance.

To realize decreased signal simulation times, one possible approach would be to implement

a variable mesh grid. In all signal simulations, there are regions of the sample near the magnet

tip where the magnetic field gradient varies drastically over very small distances. Far from

the magnet tip, the field gradient varies much more slowly, and the resulting spin signal is

decreased. Currently, the uniform sample grid must be generated fine enough to capture

all of the spins and details near the magnet tip. For this small grid, far from the magnet

tip a significant amount of simulation time is spent calculating over small voxels where no

magnetic resonance signal is found. To optimize the grid, we would want a small mesh grid

near the magnet tip to capture the large changes in the magnetic field gradient and a large

mesh grid far from the magnet tip where the majority of the calculations produce very little

or no magnetic resonance signal.

Implementing a variable mesh grid into these magnetic resonance force microscopy ex-

periments is no small task. One approach would be to implement Delaunay triangulation

[237–239]. Persson and Strang have developed a three-dimensional mesh grid generator in

Matlab based on tetrahedron optimization [237]. While this code has demonstrated its abi-

lity to create variable mesh size, concentrated around designated features, implementing this

into MRFM simulation code would require further optimization. The distance functions used

to determine the grid density would need to be coupled to the magnetic field gradients, i.e.

we would want a fine mesh where the magnetic field is changing rapidly and larger mesh

where the magnetic field is not changing as quickly. As such, we may need to calculate

the magnetic field over the grid first in order to determine the variable mesh parameters.

Calculating the magnetic field over the entire sample, with a fine enough grid size, is still

a time consuming calculation — and the 3D grid meshing could also be a time consuming

272



step. Furthermore, the volume of each tetrahedron grid element would need to be calculated

and recorded in order to calculate the magnetic resonance signal.
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APPENDIX A

3RD GENERATION MICROSCOPE ELECTRICAL AND OPTICAL

CONNECTIONS

This appendix outlines all of the electrical and optical connections within Cornell’s third

generation magnetic resonance force microscope.

A.1 Electrical connections

Figure A.1 and Table A.1 describe the general electrical connections in the microscope.

These connections are provided though a 19-pin connector at the top of the vacuum chamber.

Figure A.2 and Table A.2 describe the connections enabling three-dimensional motion within

the microscope. The connections are traced from the switch box indicating which amplifier

(Trek Model 2210) is providing voltage to the piezo, through the electrical pin connectors in

the base of the microscope to the actual piezo responsible for motion. For a description of

the Pan-style walker motion and assembly, see Section 2.2.

A.2 Optical connections

To enable to alignment between the cantilever and the microwire of the coplanar waveguide

as described in Chapter 4, a total of five optical fibers have been run into the microscope

[70]. For three-dimensional motion, it was found to be critical to watch orthogonal motion

in x and y simultaneously while scanning the cantilever. This is required to correct for any

undesired drift in the stage during scanning. As such, it is necessary to have four Fabry-

Pérot interferometers operating from the single 1310 nm laser simultaneously: one operating

at 1.5% laser power to watch the cantilever motion and three operating at 4.5% laser power

274



Table A.1: Electrical connections available within Cornell’s magnetic resonance force mi-
croscope.

Function Connection in probea 18-pin connection

temperature sensor 1

A5 E
A6 A
A7 S
A8 M

temperature sensor 2

B1 H
B2 K
B3 J
B4 L

cantilever drive B6 F
cantilever bias B5 U

unused

A1 V
A2 D
A4 P
B7 T
E1 C
E2 B
E4 R

aSee Figure. A.1.
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Figure A.1: Schematic of current and available electrical connections within Cornell’s third
generation magnetic resonance force microscope. These connections are located on the upper
copper plate located within the vacuum can.
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Figure A.2: Schematic of the electrical connections for the Pan-style walker and piezo tube
actuator. (a) Diagram of the electrical connections used to apply a bias voltage to the
piezoelectric elements responsible for three-dimensional motion within the microscope. The
corresponding connections can be found in Table A.2. The x/y axes in the upper left indicates
our convention for the direction of motion of the Pan-style walker. Applying a positive
voltage to the x/y piezos moves the stage in the respective positive direction while applying
a negative bias moves the stage in the negative direction. The numbered circles represent the
various springs that provide tension to the xy piezo stacks and stage for horizonal motion.
(b) General schematic and naming convention for piezo stacks. (Upper) The location of piezo
stacks on the middle titanium walker plate. (Lower) Electrode connections to piezo stacks.
The outer y piezos are grounded to the titanium plates via electrically conducting silver
epoxy. The remaining bias/ground wires are soldered to the copper electrodes sandwiched
between the piezo plates.
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Table A.2: Electrical connections for the shear piezos of the Pan-style walker and the piezo-
tube actuator.

Function Connection in probe Connection in switch box Piezo stack connectiona

z-walker

C1 3 I: B
C2 0 I: T
C3 4 II: T
C4 1 II: B
C5 5 III: B
C6 2 III: T

piezo tube
C9 & C10 1 & 3 y bending
C11 & C12 0 & 2 x bending

y-walker

D1 0 I: Ti

D2 1 I: Bii

D3 3 II: Ti

D4 2 II: Bii

D5 5 III: Ti

D6 4 III: Bii

x-walker

D7 4 I: Tii

D8 5 I: Bi

D9 2 II: Tii

D10 3 II: Bi

D11 0 III: Tii

D12 1 III: Bi

aSee Figure A.2 for diagram of corresponding connections.

to watch the x, y, and z motion of the stage while the Pan-style walker is in use. Figure A.3

shows a diagram of the fiber splitters/couplers implemented to meet these requirements.
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APPENDIX B

WIRE-BONDING SAMPLES ON COPLANAR WAVEGUIDES

Connections between the commercially fabricated ceramic coplanar waveguide board or

printed circuit boards and the custom fabricated, high-resistivity silicon coplanar waveguide

chip were made via wire bonding as described in Chapter 3. The TPT-HB05 wire bonder

located at the Cornell Center for Materials Research was used throughout this work. This

wire bonder is capable of both wedge and ball bonding using either 38 µm aluminum wire

or 25 µm gold wire. For all of our applications, we used wedge bonding with either gold

or aluminum wire. For gold wire, it is suggested that the substrate be heated to achieve

robust wire bonds. Due to the complexity of the sample substrates used here, we have not

implemented the substrate heater. To date, we have not observed any deleterious effects in

the quality of wire bonds observed in the absence of substrate heating. It is, however, critical

that the sample platform of the TPT wire bonder and the surface to be bonded are parallel

and separated by 79 mm. If this separation is not achieved, the bonding settings reported

below will not generate adequate bonds between the coplanar waveguide surfaces.

The following parameters can be adjusted in the main menu of the TPT-HB05 wire

bonder —

� US – ultrasonic power [arbitrary units]

� Time – duration of the ultrasonic application [milliseconds]

� Force – downward force applied by the bonder [grams]

The US, time, and force parameters are set based on the identity of the substrate being

bonded. The values for each parameter used in this dissertation are summarized in Table B.1.

The various setups include a high resistivity silicon coplanar waveguide chip connected to (1)

a commercially fabricated coplanar waveguide on a ceramic board(Fig. B.1(a)) with gold wire
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Table B.1: Summary of settings for the TPT-HB05-Wire-Bonder located in the Cornell
Center for Materials Research. Note: For the parameters given here, bond 1 is to the silicon
CPW chip and bond 2 is to the underlying substrate.

Substrate Bond Material Bond 1 Bond 2 Units

ceramic CPW board Au wire
US = 171 US = 360 AU

time = 200 time = 80 ms
force = 25 force = 36 g

ceramic CPW board Al wire
US = 205 US = 360 AU

time = 200 time = 80 ms
force = 25 force = 36 g

PCB board Al wire
US = 240 US = 375 AU

time = 200 time = 140 ms
force = 25 force = 75 g

ceramic CPW boarda Al wire
US = 200 US = 360 AU

time = 190 time = 80 ms
force = 75 force = 36 g

ceramic CPW boardb Al wire
US = 205 US = 360 AU

time = 200 time = 80 ms
force = 20 force = 36 g

Chip-scale MW source Al wire
US = 250 US = 360 AU

time = 140 time = 115 ms
force = 25 force = 40 g

aBond 1 to a 12 nm gold coating deposited over the sample/coplanar waveguide via
electron beam evaporation.

bBond 1 to a 12 nm gold coating electron beam evaporated onto a polyvinyl alcohol thin
film and transferred to polystyrene/CPW substrate via lamination.

bonds; (2) a commercially fabricated coplanar waveguide on a ceramic board with aluminum

wire bonds; (3) a commercially fabricated printed circuit board (PCB) with aluminum wire

bonds (Fig. B.1); and (4) a custom-fabricated chip-scale microwave source as described in

Section 3.2. The other two sets of parameters given are for bonding a ∼ 12 nm gold coating

— deposited via electron beam evaporation or lamination on the top of a 200 nm thick

polymer film — to the ground plane of a ceramic coplanar waveguide board.
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Figure B.1: Coplanar waveguide experimental setups. (a) A commercially fabricated ceramic
coplanar waveguide board attached to a copper heat-sinking plate, and SMA connectors. A
custom fabricated, high-resistivity silicon coplanar waveguide chip was wire bonded into the
center of the board. (b) A printed circuit board (PCB) substrate for connecting a custom
fabricated silicon coplanar waveguide to a commercial frequency generator via end launch
SMA connectors.

B.1 Possible issues

If the wire bonds are not sticking to the substrate surface and seem to be removing the gold

surface coating from the CPW, the force should be decreased slightly (by ∼< 5 g, in 1 g

increments). If the second bond to the underlying board does not attach to the surface or

the wire does not break, the force should be increased slightly. The settings provided here

work well as long as the sample is steady, stable and at the correct separation. If the wire

is not bonding as expected, double check that the sample surface is 79 mm from the wire

bonder sample stage.

For sturdy, high performance wire bonds, the bonds should be kept as short as possible.

The portion of the bond connected to the sample surface should be ∼ twice as wide as

the unbonded wire. Throughout the course of the measurements and tests of the coplanar

waveguide described in Chapter 3, no performance difference was found between the gold

wire bonds and aluminum wire bonds at high frequency. The large loses through the coplanar

waveguide/ceramic board above ∼ 5 GHz are unaffected by the material used for bonding.

Consequently, aluminum was used for most wire bonds as that is the default setup for the

TPT-HB05-wire bonder.

In addition to the wire bonder settings, the ensure proper connections between the sample
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substrate and the wire, the coplanar waveguide surface should be clean where the wirebonds

will be applied. To clean the sample off, a lint-free swab and the same solvent used to spin

the sample (typically toluene for polystyrene samples) were used to wipe off the ends of the

silicon CPW chip. Unclean samples make wire-bonding very difficult, can cause the wire to

break and retract into the wedge, and can cause the wedge to become clogged.
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APPENDIX C

MICROSCOPE CAD

The CAD files for Cornell’s 3rd generation magnetic resonance force microscope can be

found in the Marohn Group Dropbox folder: ‘Marohn Group MRFM Probe Design/CAD’.

While the majority of the microscope components remain unchanged from their original de-

signs, there are multiple versions of Pan-style walker components and the cantilever stage

within these subfolders. For clarity, the microscope components that have been redesig-

ned/rebuilt/refabricated during the duration of this dissertation are described here.

C.1 Pan-style walker

The 3-dimensional motion of Cornell’s magnetic resonance force microscope is achieved via

a Pan-style walker as described in Chapter 2. The walker superstructure is composed prima-

rily of titanium plates that were fabricated in the Cornell Laboratory of Atomic and Solid

State Physics (LASSP) Machine Shop. Additional components including the piezoelectric

actuators, sapphire plates, alumina plates, and compression springs were purchased from

various suppliers as described in Section 2.2.2.

A detailed description of the CAD files can be found in Corinne Isaac’s laboratory no-

tebook No. 12 on page 11. The corresponding files (.idw and .pdf) are compiled in the

Dropbox folder ‘Marohn Group MRFM Probe Design/CAD/pan XYZ stage 3.0/2017 - pdfs

for xyz walker’. A summary of the various parts can be found in Table C.1.
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Table C.1: Summary of CAD files for the Pan-style walker in Cornell’s 3rd generation mag-
netic resonance force microscope.

Component Filename (.ipt) Material Quantity

z-walker

middle plate titanium 1
z walker housing titanium 1

z prism titanium 1
z-holder titanium 1

leaf spring tension adjustment plate titanium 2

x/y-walker
top plate titanium 1

bottom plate titanium 1
supporting rod titanium 3

piezo tube
piezo tube macor holder macor 1

piezo tube macor adapter macor 2

C.2 Probe head

A modified version of the probe head/cantilever stage was designed and fabricated at Cor-

nell’s LASSP Machine Shop. This current version of the probe head is a single piece with a

grove for placing/aligning an optical fiber, a screw hole for positioning a copper clip to bias

the cantilever, an arm for affixing reflective surfaces for the y and z interferometers, and a

flat stage surface for attaching a piezo stack to drive the cantilever. Currently, we have three

fabricated versions of this probe head — one fabricated from titanium and two composed

of stainless steel. The main difference in the various versions of the current probe head is

the location of screw holes for attaching a copper foil for heat sinking. Currently, the exact

location of this foil does not effect the microscope operation and as such all three probe heads

are equivalently functional. However, for future iterations of the probe head, it is suggested

that titanium is used to keep the thermal properties consistent between the Pan-style walker

and the probe head. It is useful to have several versions of this stage with piezo stacks

attached so that if one breaks upon thermal cycling, the probe head can be swapped out

for a functional one while the other is fixed. Additionally, having a spare for prototyping

alignment methods and various other microscope protocols has proved extremely useful.
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The CAD for this probe head is located on the Marohn Group Dropbox: ‘Marohn Group

MRFM Probe Design/CAD/New probe head/probe head V3 CEK.idw’. Additional .pdf

and .ipt files can be found in the same folder with the same filename.
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APPENDIX D

ADIABATIC DEMAGNETIZATION IN MRFM

D.1 Introduction

One of the main challenges in magnetic resonance imaging is generating image contrast.

To obtain a three-dimensional image of a membrane protein, for example, one must be

able to tell the difference between the 1H spins comprising the membrane and the protein

itself. In solution-state nuclear magnetic resonance, the solvent is often deuterated to not

interfere with the proton spin signal of the sample. In macroscale magnetic resonance imaging

experiments, contrast agents are typically used to alter the nuclear spin T1 time to generate

image contrast.

In a magnetic resonance force microscope experiment, we could consider using similar ap-

proaches. We could prepare our samples in a perdeuterated matrix to eliminate interference.

However, this would increase the complexity of the sample preparation. Alternatively, we

could image a less prominent spin species such as 13C or 31P. To obtain a measurable spin

signal from these low-γ spins, we would need to implement cross-polarization mechanisms

[55, 147]. Here we propose an approach in which negative image contrast of the 1H spins is

generated through the use of adiabatic demagnetization as described by Lurie and Slichter

[148]. For this protocol, a single nuclear spin, such as 2H, 13C, or 15N, is used to depolarize

up to 104 neighboring proton spins [148, 240]. As such, the region surrounding the rare

nuclei used for demagnetization would appear ‘dark’ in a 1H spin image while the remainder

of protons in the sample would remain well-magnetized.

For an adiabatic demagnetization-MRFM experiment to generate viable image contrast,

we must look at the timescales associated with demagnetizing nuclear spins. Here, we build
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off the work of Stokes and Ailion to calculate the time required to depolarize 1H spins with

naturally abundant 13C spins in a proof-of-concept sample such as polystyrene. We begin

by performing a method of moments calculation [241] to determine the local magnetic field

resulting for 1H – 1H and 1H – 13C interactions. We then use the local fields calculated to

glean insight into the rate at which demagnetization can occur between the rare carbon-13

spins and the abundant hydrogen-1 spins.

D.2 Method of Moments Calculation

To understand the interactions, and therefore the transfer of magnetization between adjacent

spins, we must calculate the local field BL resulting from neighboring spins. Following Lurie

and Slichter, we calculate the local field from the second moment [148]. The second moment

was calculated explicitly following Ref. [241]. In the high temperature approximation, the

NMR lineshape can be described as a function of the resonance frequency ω given by

f(ω) =
∑
a,b

|〈a|µx|b〉|2δ(Ea − Eb − ~ω) (D.1)

where the quantum numbers a and b correspond to spins whose energies are given by Ea

and Eb, respectively and µx is the spin’s magnetic moment. The nth moment is

〈ωn〉 =

∫∞
0
ωnf(ω)dω∫∞

0
f(ω)dω

. (D.2)

From this, we obtain two equations for 〈ω2〉: (1) for the interaction between like spins, I and

(2) for the interaction between like and unlike spins, I and S:

〈∆ω2〉II =
(µ0

4π

)2 3

4
γ4
I~2I(I + 1)

∑
j,k

(1− 3 cos2 θjk)
2

r6
jk

(D.3a)
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Table D.1: Relevant properties of 1H and 13C necessary to calculate the second moment
〈∆ω2〉 and subsequently the local field BL. The values reported here for spin density and
the distance of closest approach correspond to a protons and carbon-13 present in natural
abundance in a polystyrene sample.

quantity
value

unit1H 13C

gyromagnetic ratio γ
42.56 10.7

kHz mT−1

×2π ×2π
spin density ρ 49 0.519 atoms nm−3

distance of
r0 0.27 1.2 nm

closest approach

Planck’s constant ~ 1.054× 10−4 mT nm µA kHz−1

magnetic permeability µ0 0.4π mT nm2 µA−1

〈∆ω2〉IS =
(µ0

4π

)2 1

3
γ2
Iγ

2
S~2S(S + 1)

1

ρI

∑
j,k

(1− 3 cos2 θjk)
2

r6
jk

. (D.3b)

where µ0 is the magnetic permeability, ~ is the reduced Planck’s constant, and γI and γS are

the gyromagnetic ratios of the spins with angular momentum spin quantum numbers I and

S, respectively. The sum is over all of the spins in the sample with rjk and θjk representing

the distance and angle between spins. The values of the constants used throughout these

calculations are presented in Table D.1.

In the case of two spin L = 1/2 systems such as 1H and 13C, we can simplify Eqs. D.3

by assuming a cavity polymer model with a central spin. By doing so, we can replace the

summation with integral resulting in

〈∆ω2〉II =
(µ0

4π

)2 3π

5
γ4
I~2 ρ

r3
0

(D.4a)

〈∆ω2〉IS =
(µ0

4π

) 4π

15
γ2
Iγ

2
S~2ρI

r3
0

(D.4b)

where ρ is the spin density and r0 is the distance of closest approach between two spins.
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Table D.2: Values for the second moment calculated using Eqs. D.4a and D.4b and in units
of frequency 〈∆ω2〉 and field 〈∆B2〉.

spin 〈∆ω2〉 [kHz2] 〈∆B2〉 [mT2]
1H 67.52 3.72× 10−2

13C 3.25× 10−5 5.70× 10−3

1H and 13C 1.90 1.65× 10−2

BL = 0.17 mT

Using the values reported in Table D.1, the value for the second moment was calculated

for the interactions between 1H spins, 13C spins, and 1H with 13C spins. These values are

reported in Table D.2 along with the local field from all spins calculated according the

Ref. 148 using

B2
L =

1

3
〈∆B2〉II + 〈∆B2〉IS +

γ2
SρSS(S + 1)

3γ2
IρII(I + 1)

〈∆B2〉SS. (D.5)

where 〈∆B2〉 is the second moment expressed in units of field rather than units of frequency.

D.3 Rate of adiabatic demagnetization between I and S spins

To understand the usefulness of an adiabatic magnetization experiment, we need to know the

timescale by which magnetization is transferred. For a magnetic resonance force microscopy

imaging experiment, we want the demagnetization to be fast, on the millisecond timescale,

to allow rapid data acquisition and averaging. To calculate the rate of demagnetization,

we follow the method outlined in the Appendix of Ref. 148 with a more detailed version

including corrections to the original derivation in Appendix C of Ref. 242.

For the rate of adiabatic demagnetization 1/TIS as described in Ref. 148, there are two

different regimes to consider depending on the relationship between the strength of the

oscillating field BI
1 and the local field BL. In the limit that BI

1 >> BL, the rate of interaction
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between the I and S spins, assuming both are spin-1/2, is given by

1

TIS
=

[
1 +

(
ρS γ

2
S (BS

1 )2

ρI γ2
I [(BI

1)2 + 1
3
〈∆B2〉II ]

)]
4 γ2

S

3 γ2
I

[
π〈∆ω2〉II

10K ′

]1/2

e−(ΩS−ΩI)2/ω2
1 (D.6)

where

ΩS = γSB
S
1 and ΩI = γIB

I
1 , (D.7)

ω2
1 = (5/18)〈∆ω2〉II K ′, (D.8)

and K ′ a sum over the lattice sites given by

K ′ =

(∑
i,j A

2
ij(B

2
jm + 4

5
BimBjm)

)
(∑

iA
2
ij

) (∑
j B

2
jm

) . (D.9)

To calculate K ′, we define

Aij =
1

2
γ2
I ~ r−3

ij (1− 3 cos2 θij) (D.10)

and

Bjm = γI γS ~ r−3
jm (1− 3 cos2 θjm). (D.11)

In this limit, the time required for magnetization transfer TIS is plotted in Fig. D.2 as a

function of the strength of the transverse field BS
1 . The plot shows TIS for values of K ′

ranging from 0.5 to 5 under the assumption that the Hartmann-Hahn condition is met —

that is γIB
I
1 = γSB

S
1 where the transfer of magnetization occurs the most efficiently.

For the case where BI
1 << BL, the rate becomes

1

TIS
=

[
1 +

(
ρS γ

2
S (BS

1 )2

ρI γ2
I

1
3
〈∆B2〉II

)]
2 γ2

S

3 γ2
I

[
π〈∆ω2〉II

K

]1/2

e−Ω2
S/ω

2
1 (D.12)

with

ω2
1 =

4

9
〈∆ω2〉II K (D.13)

and

K =

(∑
i,j A

2
ij(B

2
jm −BimBjm)

)
.

(∑
i

A2
ij

)(∑
j

B2
jm

)
(D.14)
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Figure D.1: The time required for adiabatic demagnetization TIS in the limit where
BI

1 � BL. The various lines correspond to different values of K ′: K ′ = 0.5 (orange),
0.85 (black), 2.5 (magenta), and 5 (blue). The demagnetization time is calculated assuming
the Hartmann-Hahn condition is being met (γI B

I
1 = γS B

S
1 ).
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Figure D.2: The time required for adiabatic demagnetization TIS in the limit where
BI

1 � BL. The various lines correspond to different values of K ′: K ′ = 0.5 (orange), 0.85
(black), 2.5 (magenta), and 5 (blue). The value of TIS was calculated for system described
in Table D.2 where BL ≈ 0.17 mT. Note the log scale.

Stokes and Ailion note that for systems with cubic symmetry, the value of K is found to

vary between 0.5 and 1.0 [242]. While the K ′ value may be slightly higher than the value

for K, even with a K ′ = 5, the polarization transfer time is still less than 10 ms as seen in

Fig. D.2. This polarization transfer time is on the order of T1ρ.

We can also look at the effect of this adiabatic demagnetization on the 1H spins magne-

tization. The ratio of the final magnetization to the initial magnetization is given by

M/Mi = e−N ε [1−e−ton/TIS ] (D.15)

where Mi is the initial magnetization, M is the magnetization after N cycles of polarization
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Figure D.3: Magnetization of the 1H spin system after a mixing time of 1 ms (red), 2 ms
(blue), and 8 ms (black). The line style corresponds to different values of K ′: K ′ = 0.5 (solid
line), K ′ = 1.0 (dashed line), and K ′ = 1.5 (dotted line).

transfer lasting a time ton and ε for the 1H/13C spin system is given by

ε =
γ2
S ρS (BS

1 )2

γ2
I ρI [(BI

1)2 +B2
L]
. (D.16)

This magnetization ratio is plotted for various values of K ′ and mixing times ton in Fig. D.3.

D.4 Conclusions

As shown here, under reasonable experimental conditions, we would predict that naturally

occurring carbon-13 spins would be able to demagnetize neighboring protons within just a

few milliseconds. This demagnetization time is significantly shorter than the spin-lattice

relaxation T1 ∼ 20 to 30 s for 1H spins observed at 4.2 K [47]. As such, this method

could prove useful in providing negative image contrast without reducing the available signal

averaging time for a MRFM experiment detecting and imaging polarized proton spins.
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