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This dissertation examines my efforts to develop an optical platform to explore

low temperature and high magnetic field materials and device characterization.

I have developed a modular scanning confocal microscopy platform using room

temperature light generation and analysis which relies on an optical fiber to

couple light from ambient conditions into a low temperature and high magnetic

field sample environment. I have built two microscopes: one for operation in

a dilution refrigerator at temperatures below 100 mK and magnetic fields of

<9 T, and one for operation in a liquid He bath cryostat with a 7 T×1 T×1 T

vector magnet. Both of these microscopes allow for concurrent sample transport

measurements.

I apply these microscopes to the study of the electron nematic phase of

Sr3Ru2O7 through polarization microscopy and to the study of the magneto-

luminescence of bulk single crystal CdTe and single layer MoSe2. I report op-

tical polarization measurements of Sr3Ru2O7 while tuning through the electron

nematic phase transitions reported below 1 K and at 8 T, with sample base tem-

peratures as low as 120 mK. I demonstrate the breaking of valley degeneracy in

single layer MoSe2 with applied magnetic fields through polarization resolved

photoluminescence measurements with out-of-plane fields up to 6.7 T. I demon-

strate that the emission from MoSe2 becomes circularly-polarized in magnetic

field even with unpolarized excitation, and that the degree of this polarization



can be increased to about 50% by gating the sample. This suggests that electric

fields can facilitate the generation of valley-population imbalance in samples

where valley degeneracy has been broken by magnetic field. Finally I present

preliminary efforts to incorporate two dimensional transition metal dichalco-

genides (TMDs) with ferroelectric thin films for ferroelectricly gated semicon-

ductor devices.
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CHAPTER 1

INTRODUCTION

1.1 Optical Measurements at Low Temperature

Optical techniques are highly useful for characterizing materials systems and

studying electronic structure. Aside from imaging an object, light couples to a

multitude of materials properties with techniques such as optical reflectivity, ab-

sorption, photoluminescence (PL), Raman spectroscopy, second harmonic gen-

eration (SHG), and magneto-optic Kerr or Faraday rotation measurements. Op-

tical techniques can be used to probe band structure (absorption or PL), electron-

lattice coupling (optical reflectivity and Raman spectroscopy), lattice symmetry

(SHG), magnetization (Kerr and Faraday rotation), phonon or other quasipar-

ticle excitations (Raman spectroscopy), as well as other properties. As well as

coupling to a multitude of materials properties, light can be focused down to

probe sizes limited only by the wavelength of the excitation and diffraction.

This gives an ability to measure the spatial nature of materials properties and is

particularly useful for studying sample non-uniformity and defects.

Measuring the low temperature properties and the temperature dependence

of materials give information about the ground states and underlying physics of

properties such as band structure and electronic scattering mechanisms. In par-

ticular, cooling suppresses thermal excitations and this suppression can open

up the study of quantum properties coming from electron correlations such as

superconductivity and charge or spin ordering. Temperature and magnetic field

offer two handles to investigate the interactions and properties of these corre-

lated phases. Optical techniques such as Raman microscopy, optical conductiv-
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ity, magneto-optic Kerr microscopy, and photoluminescence are all of interest

for investigating the nature of these correlated electron phases [1, 2, 3, 4].

Combining optical techniques with low temperature techniques bring forth

various issues. Optical techniques with high spatial resolution generally require

samples to be positioned in close spatial proximity to lenses, which is not gen-

erally consistent with cooling samples to cryogenic temperatures. The samples

need to be placed in a vacuum environment to prevent condensation of gases

onto the sample surface, so the optics need to be included in the sample vacuum

space or the sample vacuum space needs to have optically transparent windows

for optical access to the sample. There are many potential ways to cool samples

with optical access, with a large array of companies offering design solutions us-

ing flow cryostats with windows, bath cryostats with windows, or even pulse

coolers with windows. These window based cryostats tend to be incompatible

with large magnetic fields, as the superconducting magnet geometries tend to

enclose the sample in non-transparent materials. There are a few options avail-

able for coupling light into a high field magnet bore, in particular attocube sys-

tems has made great strides recently in the design of a free space coupled confo-

cal microscopy platform for spectroscopy applications in diamond NV centers

[5]. These window based systems are also not very compatible with cooling

below 1 K, as the thermal radiation through the windows can add a large heat

load to the samples. These systems are also exceedingly expensive. Another

possible route is to use optical fibers to couple light into a sample space with

high magnetic fields and low temperatures. This concept has been pursued for

measuring PL of semiconductor quantum dots, PL of quantum Hall states, and

polar Kerr microscopy [3, 6, 7, 8, 9]. We will present our own design for an op-

tical fiber based confocal microscope that functions at temperatures below 100
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mK and magnetic fields up to 9 T, which we use for polarization microscopy

of Sr3Ru2O7 and magnetoluminescence of monolayer transition metal dichalco-

genides (TMDs), in particular MoSe2.

1.2 The Electron Nematic Phase of Sr3Ru2O7

Sr3Ru2O7 is the n=2 member of the Ruddlesden-Popper phase layered per-

ovskite structure for strontium ruthenate. These Ruddlesden-Popper phases

of strontium ruthenate show a wide variety of ground states. While the n=1

member shows unconventional superconductivity and the n=∞ is an itinerant

ferromagnet, Sr3Ru2O7 is a metamagnet with a phase transition below 1 K and

between 7.95 T and 8.15 T [11][12]. This low temperature, high magnetic field

phase shows broken rotational symmetry in transport, and is considered to be

the analogue of a nematic liquid crystal for an electron fluid [13]. This phase

transition is only seen in crystals with very high purity, as measured by residual

resistivity (ρres) [11].

Figure 1.1 illustrates the crystal structure of the n=2 bilayer Sr3Ru2O7. It has

space group Bbcb, which corresponds to a face centered orthorhombic structure,

due to rotations of the oxygen octahedral. These rotations do not correspond to

any difference between the a and b lattice parameters which makes the a and

b axis effectively indistinguishable in a Laue measurement [10]. Figure 1.1 il-

lustrates these rotations in the right portion of the figure. Since the phase tran-

sitions only show up in high purity crystals, improvements in single crystal

growth technique were needed. These high quality Sr3Ru2O7 single crystals are

grown by a flux feeding floating zone (FFFZ) technique in an image furnace as

3



Figure 1.1: Crystal Structure of Sr3Ru2O7. Left: In-plane representation of the
octahedra before rotation (top), and after (bottom). The basal unit cell is shown
in blue. Middle: Undistorted lattice unit cells. Right: Distorted unit cell. Yellow
octahedra are not rotated, the green are rotated clockwise in the ab-plane, and
the red counter-clockwise. The respective crystallographic axes are represented,
the ones for the distorted lattice rotated by 45 around the c-axis. Figure adapted
from [10]
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described by Perry et al. [14]. The key improvement was the ability to mea-

sure the evaporated mass of various species during growth, which allowed for

improvement of crystal stoichiometry. This led to growth of crystals with ρres

below 1 µΩcm.

The previously mentioned electron nematic phase has been detected using

a variety of thermodynamic, magnetic, and transport techniques, as is shown

in figure 1.2 A [11]. The nematic nature of this phase has been probed with

magnetoresistance measurements and dilatometry. The broken symmetry was

first detected as a resistive anisotropy between the a and b crystal axes when a

slight in-plane magnetic field was directed along either crystal axis, shown in

figure 1.2 B and C [13]. This in-plane field is generated by canting the applied

field away from the sample c-axis by an angle, θ. A full mapping of the resistive

anisotropy with field and canting angle is shown in figure 1.2 D and E. Initial

neutron diffraction measurements showed no lattice distortions upon entering

the nematic phase to one part in 105, but later magnetostriction and thermal ex-

pansion measurements showed that there is a lattice distortion upon entry into

the phase of one part in 107 [15] [13]. These same dilatometry measurements

illustrate the shift in nematic phase boundaries with changing θ, as is shown in

figure 1.3.

An important point is that there are nominally domains of differing order

parameter within this phase which prevent the detection of resistive anisotropy

with zero in-plane magnetic field, but still show increased scattering even with

no in-plane field [13]. There is no evidence for magnetic domain formation in

the samples, but the lattice distortion measured in dilatometry measurements

has a magnetic field angle dependence that suggests an orbital driven structural
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B	  A	   C	  

E	  D	  

Figure 1.2: Nematic Phase Diagram and Resistive Anisotropy: (A) An empirical
phase diagram of Sr3Ru2O7 obtained from collating data from dc magnetization
(orange circles); the loci of maxima in dρ/dH (yellow diamonds); loci of peaks
in ac susceptibility (purple triangles); loci of maxima in the magnetostriction
(blue circles); and the loci of maxima in dρ2/dT2 (green diamonds). The red
arrows mark the temperatures of critical points deduced from the temperatures
above which no peak in χ” is observable. Figure adapted from figure 3 of [11]
(B) The two diagonal components ρaa and ρbb of the in-plane magnetoresistivity
of Sr3Ru2O7 for an applied field parallel to the crystalline c-axis (C) The same
resistivity measurement with the crystal tilted such that the field is 130 from c,
giving an in-plane component along a. (D), (E) Three-dimensional plots of the
magnetoresistivity components ρaa(D) and ρbb(E) of a single crystal of Sr3Ru2O7

as the external magnetic field is rotated from alignment along the crystalline a
axis (00) to alignment along the crystalline c axis (900), at a constant tempera-
ture of 100 mK. The quantity Hc(q) that normalizes h is the main metamagnetic
transition. It varies smoothly from 5.1 T at 00 to 7.87 T at 900. (B, C, D, E) are
adapted from figures 1 and 2 of [13]
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Figure 1.3: Angle Dependence of the Nematic Phase Diagram: Phase diagram
of the nematic phase of Sr3Ru2O7 at different tilt angles. The squares and cir-
cles denote transitions in magnetostriction and thermal expansion, respectively
(solid symbols: ∆L ‖ Bin-plane, open symbols: ∆L ⊥ Bin-plane). Adapted from figure
4 of [15]
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distortion. These domains appear to align with applied field, with applied field

angles with θ greater than 100 showing almost completely aligned domains [15].

The size of these domains and the relationship between domain size and applied

field angle is uncertain, with an indirect size estimate of 500 nm for field normal

to the sample, coming from de Haas-van Alphen effect measurements of the al-

lowed carrier orbits within the nematic phase dome [16]. Very recently neutron

diffraction measurements in field suggest the nematic phase is an ordered spin

density wave (SDW) state, with domains and resistivity changes coming from

domains of the SDW order parameter [17].

1.3 Transition Metal Dichalcogenides as a Two Dimensional

Material System

Monolayer MoSe2 and other monolayer transition metal dichalcogenides

(TMDs) are a materials system with unique potential for controlling their valley

degree of freedom [18, 19, 20, 21, 22, 23, 24, 25]. Similar to graphene, the con-

duction and valence band show extrema (valleys) at the vertices of a hexagonal

Brillouin zone; unlike graphene, MoSe2 exhibits a nonzero optical gap of 1.66

eV [26, 27].

The structure of layered TMDs is similar to that of graphite and each layer

has a thickness of 0.6-0.7 nm with strong in-plane covalent bonding and weak

out-of-plane van der Waals interactions. Single layers of TMDs are found in two

polytypes, depending on the position of the chalcogen (X) with respect to the

metal element (M) in the X-M-X structure. The TMD monolayer polytypes can

be either trigonal prismatic or octahedral . The structure of these layers is shown

8



A	  

C	  

B	  

D	  

Figure 1.4: Crystal Structure and Band Structure of TMDs: (A) and (B) c-Axis
and section view of single-layer TMD with trigonal prismatic (A) and octahedral
(B) coordinations. Atom color code: purple, metal; yellow, chalcogen. The labels
AbA and AbC represent the stacking sequence where the upper- and lower-case
letters represent chalcogen and metal elements, respectively.(C)Energy disper-
sion (energy versus wavevector k) in bulk, quadrilayer (4L), bilayer (2L) and
monolayer (1L) MoS2 from left to right. The horizontal dashed line represents
the energy of a band maximum at the K point. The red and blue lines represent
the conduction and valence band edges, respectively. The lowest energy transi-
tion (indicated by the solid arrows) is direct (vertical) only in the case of a single
layer. Indirect transition in monolayer (dashed arrow in 1L plot) is greater in
energy than the direct band edge transition (solid arrow). (D) Band structure of
MoS2 showing six valleys and opposite spinorbit splitting of the valence band
at the K and K (-K) points. The red and blue surfaces represent spinorbit-split
valence band maxima, each of which is associated with a particular electron
spin. The green surfaces represent the conduction band minima or the valleys.
All figures are adapted from [28] figures 1 and 2
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in figure 1.4 A and B [28]. The half-filled d-orbitals of group VIB transition

metals (i.e. M = Cr, Mo, W) results in semiconducting behavior with decreasing

band gap as the chalcogen atomic number is increased (i.e., X = S, Se, Te). The

band alignment and band gap of these materials is dependent on the thickness

or number of layers of TMD present. Figure 1.4 C presents DFT calculations of

the energy band dispersions for reduced thickness of the TMD MoS2. When you

transition from 2 layers to 1 layer, the lowest energy transition becomes a direct

band transition at the K points of the Brillouin zone. Inversion symmetry is also

broken in the monolayer case. The large spin-orbit coupling from the transition

metal component combined with this band structure leads to the graphene like

hexagonal Brillouin zone shown in figure 1.4D with opposite spin split bands in

the K and K valleys[28].

Initial interest in optical measurements of MoS2 single layers arose when it

was demonstrated through PL measurements that monolayer MoS2 shows en-

hanced PL compared to bilayer or thicker samples[29]. It was later shown that

resonant PL from the different valleys is polarized and the K and K valleys can

be independently addressed using circularly polarized excitation [19]. These

discoveries have allowed for exploration of optoelectronic properties arising

from the valley-dependent chirality of massive Dirac fermions, predicted in the

context of inversion symmetry broken graphene [30, 31]. This chirality leads to

optical selection rules coupling the exciton valley degree of freedom to photon

handedness [19, 20, 21, 22, 23, 24]. Using polarization-resolved spectroscopy

researchers have demonstrated valley-selective luminescence with near 100%

fidelity [19, 24]. Furthermore, the ability to pump valley-polarized carriers

with circularly-polarized light has been demonstrated through the valley Hall

effect [25]. The chiral electronic states are also predicted to posses valley-

10



contrasting orbital magnetic moments coupling valley pseudospin to magnetic

field [30, 31, 32, 33, 34, 35, 36], which opens up the possibility for magnetic con-

trol over the valley degree of freedom [37, 32].
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CHAPTER 2

A MODULAR DESIGN FOR CONCURRENT OPTICAL AND

TRANSPORT MEASUREMENTS

Optical microscopy at low temperatures and high magnetic fields presents a

plethora of design challenges. Adding the capabilities for concurrent transport

or other electrical measurements complicates things further. In order to mesh

the desire for extreme sample conditions with the desire for different types of

optical measurements, we rely on coupling light from ambient conditions down

into our dewars with a glass optical fiber. We rely on this fiber to both couple

light to our sample and to collect the light after it interacts with the sample.

This allows us to minimize the number of optical elements that need to be com-

patible with sub 4 K temperatures and high magnetic fields. We also rely on

room temperature light analysis and generation. These standard room temper-

ature spectrometers, photodetectors, lasers, or incoherent light sources give us

access to a broad array of measurement techniques within the same optome-

chanical platform. The combination of transport and electrical measurements

with the optical access further expands our capabilities to include photocurrent

measurements, electrically gated optical measurements, or other combinations.

2.1 Coupling Light into an Optical Fiber

For our photoluminescence, photocurrent, and polarization microscopy mea-

surements, we use the same basic assembly to couple light from a laser diode

into our optical fiber. This assembly is shown in figure 2.1. With some minor

modifications, this basic assembly can be used to couple any light source into

our fiber. We start with a Thorlabs T-Cube laser diode driver and temperature
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controller connected to a Thorlabs thermoelectrically cooled laser diode mount.

We mount a single mode laser diode in this mount, and then adjust a lens in the

housing of the laser diode mount to collimate the spot. This collimated spot is

elliptical in shape, so we use an anamorphic prism pair to shape the beam into a

Gaussian beam profile. We choose a prism magnification from the stated eliptic-

ity of the diode specifications. Proper beam collimation and shaping is critical

for optimal coupling of the light from free space into the single mode fiber. After

shaping the beam, we have a filter mount wheel with a series of neutral density

filters and a static filter mount so we can either clean up the spectral properties

of the beam or attenuate the beam. We insert an optical chopper in the beam

path here to allow us to take advantage of lock-in amplifier based techniques

for improvement in signal to noise for our photo-detectors.

At this point (after element 5 in figure 2.1), we have a nominally collimated,

Gaussian beam with some unknown polarization; set by the diode heterostruc-

ture. The next element is a dielectric mirror mounted on a kinematic mirror

mount used reflect the beam and to set the correct path of the beam for opti-

mal fiber coupling geometry. The light next passes through a half wave plate

on a rotation mount and a polarizing beam cube aligned normal to the optical

path. This beam cube sets the polarization geometry for our light source, while

the wave plate rotates the polarization of the beam. By adjusting the angular

relationship between the wave plate and the beam cube, we can either optimize

the transmission of the beam cube or continuously attenuate the transmitted

beam power by changing the weights between the transmitted linear polariza-

tion and the orthogonal reflected linear polarization. Now that we have set the

polarization of the beam with respect to the geometry of the optical table, we

use a non-polarizing beam cube with 10% transmission in one channel and 90%

13
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Figure 2.1: Fiber Coupling Optics Diagram. This is a schematic of the optics
used to generate and couple our laser diode source into our optical fiber. The
label numbers in the photo correspond to the elements labeled in the key.
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transmission in the other. We align this cube, called the detection cube, so that

10% of the polarized beam transmits through the cube to the fiber coupling,

which will allow us to collect 90% of the signal once the signal exits the fiber af-

ter interacting with the sample. We next insert a second half wave plate, which

we will call the fiber launch wave plate, which allows us to rotate the launch

polarization with respect to the fiber. This will matter if we are launching into

a polarization maintaining fiber. Our fiber is attached to a Thorlabs FC/APC

fiber adapter, which is mounted on a kinematic mirror mount. We attach a

short, threaded lens tube to this fiber mount. This lens focuses the polarized,

collimated, Gaussian beam down onto the fiber core, which couples the light

into the fiber.

An important point of our setup is that we get stable coupling from free

space into our single mode optical fiber, with a minimalistic setup. As is ex-

plained in [38], coupling free space light into a single mode fiber is a compli-

cated business where coupling efficiency is dependent not only on the geome-

try and proper alignment of the optical elements, but also on the proper mode

matching between the Gaussian mode of the fiber and the mode of the incident

light. Fortunately for us, we are coupling light into a cryogenic environment

where high optical powers are the enemy. We dont need to approach the the-

oretical limits for coupling efficiency, but good coupling does reduce possible

artifacts from coupling power drift during a measurement. By choosing an op-

timal pair of lenses for collimating the laser diode and for focusing down to the

fiber core, we can fulfill enough of the coupling requirements that we can in-

stead focus on the temporal stability of the coupling. As explained in [38], we

need to focus our beam down to the mode diameter of the single mode fiber. To

do this, we pick a laser collimating lens that gives us a beam diameter where we
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can find a fiber coupling lens that satisfies f = D(πω/4λ). Here f is the lens focal

length, D is the beam diameter at the lens, ω is the fiber mode diameter, and λ is

the laser wavelength. We choose a Thorlabs C171TMD-B collimating lens and a

Thorlabs C260TMD-B fiber coupling lens from this relationship.

The second part of coupling stability comes from our choice to use only three

mobile elements to set the mechanical alignment of the fiber with the collimated

beam. We use kinematic mirror mounts (elements 6 and 11 in figure 2.1) for our

dielectic mirror and our fiber mount to mechanically align the fiber with the

beam path, and then use the threaded lens tube to position the focusing lens in

relation to the fiber core. Since there are only two coupled mobile axes in each

mount, we dont have to worry about drift in 6 uncoupled axes like we would

if we were trying to position the fiber tip in space. With our system, we can

achieve coupling efficiencies, as defined as the ratio of power incident on the

fiber to the power transmitted through the fiber, of over 0.7. This coupling is

stable for time scales on the order of days, and any mechanical drift on this time

scale is usually due to small position changes in the kinematic mounts. This can

be easily fixed with a few minutes of work. The position of the focusing lens

with respect to the fiber can drift on the order months, and this is slightly more

involved to re-optimize.

2.2 Low Temperature, High Field Optical Coupling and Analy-

sis

Once weve coupled the light into the fiber, we have to then take the light out of

the fiber, interact it with our sample, and then re-couple it back into the fiber.
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To simplify this process, we have designed and machined an optical housing

that allows us to use standard optical parts designed for room temperature op-

eration at low temperature. Figure 2.2 illustrates the relationship between our

bench top light generation and our microscope insert that sits inside the bore

of our magnets. We have some very severe spatial limitations in this design,

as we are limited by the diameter of the bore of the magnet and by the space

above and below the magnet field center in our dewar. The dewar for the Kelvi-

nox dilution refrigerator has the smaller diameter bore and less room below the

magnet field center so we use these constraints for our designs. Aside from spa-

tial constraints of fitting our insert into the dewar and magnet, a critical issue is

fixing the spatial relationship between optical elements as we change the mag-

netic field or the temperature. Many of these optical elements have housings or

mountings made of steel, so we must fix them firmly to prevent shifting posi-

tions with field. Figure 2.2 B shows our design, with spatial axes labeled. This

optical housing is modeled after a lens tube, which fixes the optical elements

spatially in x and y, while allowing us to adjust the z-spacing between elements

with optional spacers. We can also adjust the rotational relationship in the x-y

plane between elements. We rely on the machined tolerances between our hous-

ing and any optical element holder to keep everything centered on the fiber core,

while we rely on a clamping force directed in the z-direction and machined flat

surfaces for each element to prevent any tilting out of the x-y plane. We try to

keep our parts as rotationally symmetric as possible and make all of our parts

out of the same material, either OFHC copper or aluminum, to eliminate large

positional shifts during cooling from thermal contraction.

We first mechanically attached our fiber to an off-the-shelf fiber-coupled col-

limator assembly and then into a sleeve similar to the one shown in figure 2.3A.
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Figure 2.2: Schematic of Low Temperature Microscope Insert and Dewar. (A)
Illustrates the coupling o flight from room temperature down to our sample at
sub 4.2 K temperatures to the bore of our magnet. For the vector magnet, the
setup is nearly identical. (B)Assembly drawing of the microscope insert for the
dilution refrigerator based setup. The optical axis is along the labeled z-axis and
the x and y axes correspond to sample motion fo rimage formation
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This sleeve is modeled after Thorlabs own fiber collimator mounts to allow us

to choose an off-the-shelf collimator assembly based on the desired operation

wavelength and beam diameter. The set screws labeled in figure 2.3 A fix the

collimator assembly in our collimator sleeve, and give us rotational freedom.

For our work at 780 nm, for example, we use a Thorlabs F260APC-780 fixed

focus aspheric fiber collimation package. This collimator has a fiber coupling

termination which accurately sets the distance between the fiber tip at the focal

point of an aspheric lens for optimal collimation. The collimator fits into our ma-

chined sleeve and this sleeve locates the collimator spatially in x-y with respect

to our housing, nominally centering our fiber core on the axis of the housing.

The collimator is clamped into the sleeve using two sets of three-fold symmetric

set screws, giving us some slight freedom in both x-y position and collimation

package tilt. This freedom will allow us to optimize coupling back into the fiber

later for sample luminescence based experiments.

Once weve coupled the light out of the fiber, we can mount other free space

optical elements between this collimator and our focusing lens. In particular, we

can manipulate the beam polarization using a retarder of some kind or add in

filters. These elements are epoxied or clamped into their own mounting sleeves,

and are held in registry with the optical housing from their machined tolerances.

These elements will not change the shape of the beam, so it is most important

that they are positioned normal to the beam axis to make sure there are no off

axis reflections or refractions.

The collimated beam next enters our focusing lens and is focused down to a

spot. We have two major designs for mounting this lens: one which allows us

to position the lens with respect to a spatially fixed sample using a piezoelec-
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Figure 2.3: Fixed Position Fiber Collimation and Objective Lens Mount (A)
Fiber collimator mounting sleeve, which fixes the fiber collimator into the optics
mounting sleeve. The cavity is a slip fit for a Thorlabs 11 mm OD fixed focus
aspheric collimation package. (B) A photo of the adapter for mounting an ob-
jective lens to our collimator sleeve. The threaded end attaches directly to the
face of the collimator sleeve that is out of sight in (A). The lens mount has been
faced off to allow the lens to jut out from the assembly
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tric tube, and one that fixes the position of the lens with respect to the optical

housing with no ability to position it after it is mounted. I will first treat the

fixed lens position case, which is shown in Figure 2.3 B. This holder fixes the

lens so that the focal point of the lens is either at the z-position of the magnetic

field center or at a known location away from that field center in the case of the

dilution refrigerator due to spatial constraints. Notice that the lens sticks out

from the face of the lens holder. As I will discuss when I describe the sample

holder, any extra diameter at the lens position can prevent us from positioning

the sample at the lens focal point for high NA, short focal length lenses. The

lens holder is threaded at the end to accept any lens with an M9 x 0.5 mounting

thread. Switching to a smaller lens size is as easy as making a new holder with

the correct threading or making an adapter from M9 x 0.5 to the desired lens

mount thread. Larger lenses are problematic due to spatial constraints on the

collimator assembly diameter and the need to match lens clear aperture to beam

diameter. Our eventual spot size is limited by the filling of the lens.

Our second focusing lens holder design uses a piezoelectric tube to posi-

tion the focusing lens. As shown in figure 2.4, we epoxy a piezoceramic tube

to a mounting sleeve, then we epoxy a modified Thorlabs S05TM06 lens cell

adapter to the end of the tube. We machine a mating surface into the non-

internal-threaded side of the S05TM06 so it fits flat onto the end of the piezo-

ceramic tube. We then turn down the outer diameter of the threaded side of

the S05TM06 and face it off so the lens protrudes. We must remove this mate-

rial due to constraints from the sample holder that I will describe later. Using a

piezoceramic tube as a nanopositioner is a concept well explored by the scanned

probe microscopy (SPM) communities. A piezoceramic changes its dimensions

or strain state with an applied electric field though the inverse piezoelectric ef-
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fect. For the lead zirconia titanate (PZT) materials system that is commonly

used in commercial piezoelectric devices, strains on the order of 0.1% of the ce-

ramic static dimension are generally achievable with an applied electric field

[39]. For SPM technologies, the piezo-tube needs to be able to position an ob-

ject with nanometer or sub-nanometer precision in all three special axes. For

a tube geometry, we can control the deflection of one end of the tube with re-

spect to the other end of the tube by adding a common electrode to the entire

inner surface of the tube and then adding four axially separated electrodes to

the outer surface of the tube, as is illustrated in figure 2.4 B. When we ground

the inner electrode and then apply a voltage to one of those four electrodes, the

piezoceramic material that sees the electric field changes its dimension and the

tube deflects in the x and y dimensions, though there is a slight coupling to

the z-dimension. Applying a positive bias between an outer electrode quadrant

and the inner electrode shrinks the lateral dimension of the tube between the

electrodes and a negative bias expands the lateral dimension of that material. If

we ground the outer electrodes and apply a bias to the inner electrode, we can

strain the tube uniformly and position the end of the tube in the z-dimension.

By fixing one end of the tube in space and by applying a controlled DC bias

to the 5 electrodes, we can position the free end of the tube arbitrarily in space

up to the limits of the piezoceramic material. For maximal tube deflection, we

apply equal and opposite voltages to the opposite quadrants while grounding

the other two quadrants.

We source our piezoceramic tubes from EBL Products, Inc. This company

produces custom shaped piezo-tubes with custom electrode geometries and

sources five different PZT compositions for various applications. We choose

EBL #2 for our tubes for an optimal low temperature deflection range, calcu-
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Figure 2.4: Piezoceramic Tube Lens Holder: This piezoceramic tube based lens
holder is used to position the focusing objective lens with respect to the sample.
(A) shows the threaded termination for mounting an objective lens. (B) shows
the electrode geometry. Electrode labels correspond to the direction that the
tube end will deflect with a DC bias of the labeled polarity.
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lated from the measured piezoelectric coefficients and depoling fields. This de-

poling field is important, as it gives us a safe limit for how much field we can

apply across the tube thickness without altering the piezoresponse of the tube

hysteretically. EBL products also provides some basic design formulae for cal-

culating x, y, and z deflections for choosing a tube geometry. When opposite

voltages are applied to opposite quadrants, the x or y deflection at a given volt-

age is given by ∆x,y = (0.9d31VL2)/(dmt) where V is the applied voltage at a

quadrant, L is the length of the tube under the electrode, t is the tube thickness,

and dm = 1/2(OD+ID). Here OD and ID refer to the tube outer diameter and

inner diameter respectively. From this formula, we can see that optimal x and y

positioning ranges come with maximized tube length to diameter aspect ratios

and minimal tube thicknesses. In our assembly, we are limited in tube length

both by the divergence of the beam from the collimator and by the need to keep

the focal point of the optical assembly as close to the magnetic field center as

possible. The collimator divergence would severely limit the length of our tube,

but we are able to fit the collimator down inside the piezo tube which reduces

the distance between the focusing lens and the collimation lens. Considering all

of these constraints, including the constraint on tube inner diameter to fit the

collimator, we chose piezo tubes with an inner diameter of 0.43, a thickness of

0.014, and a length of 2.2. We have 4 axial sectioned electrodes on the OD and

one constant electrode on the ID, with 0.1 of each end of the tube with no elec-

trodes so we can epoxy our mating sleeve and lens holder to the tube without

issues of shorting the electrodes. We will show results with this tube geometry,

but this choice of ID requires us to remove material from the OD of the collima-

tor assembly. If we were to purchase more tubes, we would increase the inner

diameter to 0.46, as this only minimally reduces the scan range. With this geom-
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etry, we have an optimal x and y scan range of 50 microns at room temperature

and 9 microns at 4.2 K, both for an applied voltage of 250 V which corresponds

to the stated depoling field for this material and this piezoceramic thickness.

This movement of the tube changes the position of the focus lens which in turn

leads to an effective scanning of the position of the focused spot.

These optical assemblies can be thought of as optical fiber detector based

point scanned confocal optical systems, as described in Kimura and Wilson’s

treatment [40]. Here, the excitation comes from the same fiber that is being used

as a pinhole for recollection of the light from the sample, which prevents the

issues with coherent imaging their treatment of a point source for illumination.

The finite size of the fiber core acts as a pinhole and gives efficient coupling of

light back into the fiber only when the source of the light comes from the fo-

cal plane of the focusing lens. In practice, this gives us two important features.

First, we can now use the reflected power coupled back into the fiber to de-

termine if our sample is sitting in the lens focal plane. This gives us a way to

bring the sample into the lens focal point without any spatial imaging. Second,

this focal plane selectivity gives us the ability to separate reflections from dif-

ferent z-positions in the sample. If we have a sample with a mostly transparent

coating, or a sample made of multiple transparent layers we can look at the light

reflected from each surface or interface separately. The z-axis selectivity is set by

the sensitivity of our detectors and the geometry of the focal spot. From equa-

tions 15 and 17 from [40], we can plot the ideal change in detected intensity as a

function of distance from the focal plane of the focusing lens for a few choices of

focusing lens and laser wavelength, which are shown in figure 2.5. Our ability

to distinguish different z-positions at our sample is set by this response and the

signal to noise of our detectors.
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Figure 2.5: Expected Z Contrast for Scanning Confocal Microscope: Here we
plot the expected change in collected power vs distance from focal plane for
our optical assembly at two different wavelengths. Our ability to detect sample
height changes is set by this function, as well as the signal to noise ratio of our
detectors. We see here that at 780 nm, a 50 nm step corresponds to about a 1%
change in collected power.
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In this consideration of our optical setup as a point scanned confocal mi-

croscope, our spatial resolution is determined by the waist of the focused

beam. In our case our beam waist (w0) should be set by the relationship

2w0 = (4λ/π)(F/D) where 2w0 is the diameter of the focused spot, λ is the wave-

length of the light, F is the focal length of the lens, and D is the diameter of

the beam [41]. This only holds for short focal length lenses and beam diam-

eters smaller than the clear aperture of the lens. This effectively means that

our spot size is minimized for high numerical aperture (NA) lenses where we

fill the clear aperture of the lens completely with the collimated beam. In our

case, weve measured our beam spot for two different excitation wavelengths

and corresponding lens choices. To do this, we couple our optical fiber into our

assembly but mount no sample. We then mount a knife edge, in this case a

fresh razor blade, to a three axis micrometer based positioning stage and scan

the knife edge through the beam while measuring the beam power. We record

the power as a function of knife edge position and get a curve similar to figure

2.6. We take the position of 80% power and 20% power as the beam edges and

define that as the spot size. For our laser wavelength of 780 nm and our choice

of collimator and lens, we calculate a nominal spot size of 930 nm and measure

a spot size of 1.1 micron. This difference comes from our assumptions about the

lens and the fact that our lens is designed for optimal thin lens behavior at 830

nm so we have some chromatic aberration that is not considered. Repeating the

same measurement with a laser excitation of 473 nm with an equivalent lens, we

get a spot size of 510 nm. This illustrates that we have near diffraction limited

resolution using this assembly.
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Figure 2.6: Spot size Measurement with Knife Edge: Here we plot the trans-
mitted power of our beam as a razor blade edge is scanned through the waist
of focused spot at its minimum diameter. The razor is mounted on a 3 axis
micrometer based translation stage and cuts were taken around the focal point
to determine the minimum spot size. The position difference between the the
87 % max transmitted power and the 13% max transmitted power gives us the
gaussian spot size.
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2.3 Sample Positioning and Optical Scanning

A desired advantage of optical techniques is the great spatial resolution that

is possible compared to transport or bulk thermodynamic measurements. As

weve shown in the previous section, we can get near diffraction limited spot

sizes with our optics. Actually achieving spatial resolution for a measurement

requires the ability to either position our sample with respect to our fixed opti-

cal geometry or to change our optical geometry. We rely on both of these factors

as we have both a nanopositioner stack for our sample mount and we can scan

the position of the optical spot using our piezotube based focusing lens holder

if we so choose. Our sample holder geometry is shown in [figure 2.1 B]. This

sample holder is mounted to a three axis nanopositioner assembly. This assem-

bly is composed of an attocube ANPz101 nanostepper and two orthogonally

mounted ANPx101 nanosteppers. These steppers give us a 5 mm scan range in

each dimension with 50 nm step precision at room temperature and down to a 5

nm step precision below 4.2 K. They can move up to a 100 g load with the total

assembly. As you can see from [figure 2.1 B], these nanosteppers are bolted to

a copper base plate and this base plate is then attached to the optical mounting

sleeve with 3 copper plates. These plates are as thick as they can be to still fit

within magnet bore, as the mounting of the attocubes needs to be rigid for them

to work.

These attocube nanosteppers function on the principle of stick-slip motion,

where the mobile part of the positioner travels along a rod fixed to a piezoce-

ramic stack as voltage pulses are applied to that stack. These voltage pulses

are approximately sawtooth-shaped, so during the relatively slow ramp of the

pulse the mobile part of the positioner moves with the rod through a frictional
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coupling between the rod and mobile plate. The nominally instantaneous de-

crease in voltage causes the positioning element to slip along the same coupling,

and the direction of travel is set by the pulse shape in time. The amplitude of

the step is nominally set by only the temperature of the piezoceramic and the

amplitude of the voltage pulse, though in practice other factors including the

scan history and resistance of the electric connection to the attocubes also play

a role.

In order to characterize the utility of these steppers in our setup, we

mounted an AFM calibration grid from Anfatec (UGM02) onto our sample

holder mounted to our nanopositioners. As is shown in figure 2.7 A, this grid

has a center with regularly spaced 1 micron square features surrounded by a set

of arrays of 2 x 100 micron trenches with a 4 micron pitch. These trench arrays

are separated from each other by 3.5 micron gaps. SEM images of the center

portion of this grid from its manufacturers, shown in figure 2.7 B, show that the

side walls of the etched features are effectively sharp compared to our spot size

and that the features are slightly rounded. We align the center of the grid to the

laser spot by eye with the sample out of focus using the nanosteppers to posi-

tion the sample stage in x and y. We next bring the grid into the focal plane of

the focusing lens using the z-axis nanopositioner by monitoring the back cou-

pled power at the 90% reflected channel of the 90/10 beam cube. As mentioned

before, the power is maximized when the sample is positioned at the focal plane

of the lens. We then record the reflected power while stepping the x and y-axis

steppers generating an array of optical powers as a function of step number. We

convert this into an image, and compare this image to the known geometry of

the AFM calibration grid to back out the step size for a given applied voltage

pulse to the nanostepper. Figure 2.7 C shows one of these images where we
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can see the pattern of the calibration grid, as well as certain apparent defects.

The contrast of our image comes either from changes in the sample reflectivity

or changes in the optical back coupling due to changes in the sample surface

height. In the case of this calibration grid designed for AFM, we are resolving

the difference between the top surface of the features and the bottom surface of

the trenches. The light features are those in focus and the dark features are those

out of the focal plane. By taking scans at different sample z-heights, we can test

our ability to resolve differences in z-position. We see a swap in contrast, with

the light regions becoming dark and the dark regions becoming light with a

single step of our z-axis nanopositioner. The AFM calibration grid has features

with a 58 nm step height, so this is consistent with the stated step precision of

the attocube ANPz101 at room temperature. From figures 2.7 C and D, we see

some rounding of nominally square or sharp features. We are effectively seeing

an image that convolves our spot size with the feature shape, and our resulting

images are consistent with our measured spot sizes. In figure 2. 7 C the 1 µm

checkerboard region shows that we are seeing contrast between the individual

square features in the array without resolving them fully. Weve demonstrated

contrast from different focal planes, but we can also resolve regions of vary-

ing reflectivity. For example, we can image the metal leads or metal alignment

marks on a sample allowing us to find specific locations on a relatively large

sample.

With a scanning point microscope, the motion of the sample holder dictates

the spatial relationship between points in an image. Any non-uniformity or hys-

teresis in nanostepper motion is going to give us effective aberrations or defects

in our image generation and can potentially change our sample location from

scan to scan. With these attocube steppers, weve experienced two major issues
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Figure 2.7: Images and Schematic of an AFM Calibration grid : (A) Illustrates a
schematic of the layout of the Anfatec UGM02 AFM calibration grid we used
for image calibration. (B) A SEM image of the center 1 um by 1 um checkerboard
region in the center of the calibration grid provided by the manufacturer. The
feature edges look sharp on the scale of our spot size. (C) 100 step x 100 step
scanned image of the border between the checkerboard and linear array regions
of the calibration grid with a 50 V step size which corresponds to a 400 nm step
size at room temperature. (D) 200 x 200 scan of linear array region of calibration
grid showing slipping in axis 2 and multiple defects. Location 1 corresponds to
a symmetric defect, while location 2 illustrates a defect that is clearly stretched
along with the axis slipping.
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with relying on them for sample positioning during image formation. The first

issue comes from our scan algorithm. We traverse a two dimensional space by

stepping slowly in one direction for one axis (axis 2), then quickly taking the

same number of steps back to the original position. We next take a single step in

the orthogonal dimension (axis 3) and repeat this procedure while recording an

optical power for each position. After weve completed our travel in axis 3, we

quickly take the same number of steps in that axis in the opposite direction. In

this manner, we nominally map out a space with an optimal scan speed while

returning to our initial position. Unfortunately, we see a change in the step size

with either scan speed or scan direction. This means that during our scan, our

initial axis 2 position is changing for each subsequent scan which gives us an

image aberration where feature seem to be drifting on a diagonal, as is shown

in figure 2.7 D. This also means that at the end of our scan we will end up in a

different initial sample position. Weve attempted to account for this by chang-

ing the return step rate (the frequency of pulses from the controller), with no

obvious repeatable success. This seems to be an issue with step direction or

step hysteresis, so we can account for this by changing the number of steps that

we take to return to our initial axis 2 position. To do this we must have some

knowledge of what our image should look like, so we can rely either on images

taken with a different microscope or on assumptions we make about the shapes

and positions of surface defects within our scan range. The defect case is more

interesting, as we assume that there should be particulate contamination on our

surface and that this particulate contamination should have an array of sizes,

including many particulate defects well below our spot size. Defects or par-

ticulate contamination below our spot size should look circular in our images.

As you can see from the images in figure 2.7 C and D, this seems to be a safe
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assumption for scan ranges on the order of 10 microns and above. We take an

initial scan and note the defect positions and shapes. Sometimes, as in the case

of figure 2.7 D, we see clear evidence of axis slipping in the shape of the defects

in the initial image and we can attempt to account for it. Here, we see that in

location 1 where we have minimal distortion of the calibration grid features we

have a circular defect while in location 2, where we see clear distortions of the

calibration grid we see a defect that looks stretched. In general, when there is

not a known sample appearance stretched defects indicate axis slipping. If we

see no stretched defects, we must take a subsequent image and note the posi-

tion change of the defects with respect to the step number. In this manner, we

can iteratively adjust the number of steps we take in the backwards direction

for both axis 2 and 3 to maintain our initial position and step uniformity. While

we have this work around, this can be a very inconvenient process and can take

large amounts of time. From this procedure we have determined that we gener-

ally slip from 1 to 4 steps in 40 steps (50-100 nm in 20 micron), which amounts

to large changes in axis 2 position over the course of a 10 micron scan. For axis

two, this means a 40-160 step (20-80 micron) change in initial position by the

end of a scan. Axis 3 is less sensitive, but after multiple scans this issue becomes

apparent. The direction of the slip also seems to always correspond to larger

steps in the reverse direction.

We also have a secondary issue that relates to the function of the attocubes

themselves. This step direction issue most likely stems from the hysteretic be-

havior of the frictional coating on the rod (mentioned in conversations with at-

tocube engineers). While the piezoceramic has a uniform displacement during

a pulse, the step motion of the positioner depends on the friction between the

mobile element and the rod, which in turn is set by this coating. This coating
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is designed for optimized step repeatability and step size linearity but it is not

perfect and the motion of the slider along the fixed rod can modify the coating.

Aside from altering the step size in opposite directions, repeated scanning of

the same area can effectively jam the range of the attocube so you cannot leave

that region. This shows up as either an inability to move the attocubes beyond

this range at all or as the attocube drifting back to its original position when you

try to scan a new location with a much larger step disparity between forward

and backward travel. If you are in a state where you can move the attocube, but

it drifts back to its initial location, then repeated scanning of the new location

with a large step number compensation can fix this. This procedure ends up

being rather persnickety, but it does work with some effort.

If the attocubes get physically jammed in a region, then things are more se-

rious. The proposed reason that this happens according to the engineers at at-

tocube is that repeated scanning of the same region builds up a physical notch

or edge in the coating which prevents motion. The first recourse is to slowly

increase the pulse amplitude and number of pulses attempted while trying to

take steps out of the jammed region. It is possible that larger pulses will jump

you out of the jammed region, and you can then move around to new location.

It is also possible to be in a state where no electrical signal applied to the po-

sitioners can free them. If this is the case, you must remove the attocube stack

from the microscope and manually unjam the stuck position with a force from

your hand. This process is incredibly nerve wracking for fear of breaking the

positioners, but it is the only way to fix them if they become badly jammed. Ac-

cording to attocube, this behavior is more likely to occur at low temperatures

or during temperature cycling, which renders this behavior even more inconve-

nient and frustrating. Attocube has found that running the positioners through
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their entire range of motion at 1 kHz pulse frequency on a regular basis can pre-

vent this. The suggested frequency is on the order of once per week. The idea

here is that running the mobile element along the entire range of the rod with

a constant pulse rate and amplitude will uniformly smooth the coating and re-

move the non-uniformities that cause the jams. This seems to work, though it

can be exceedingly inconvenient if we need to work on a specific portion of the

sample for long times.

The solution to these issues is to use the attocubes as course positioners

while relying on our piezoceramic tube based lens holder for imaging once

weve found our desired location. In this scanning motif we drive our piezoce-

ramic tube with a large externally applied voltage and record the optical signal

as a function of the tube bias. We use a similar scan algorithm where we apply a

sawtooth pulse form to one axis of the tube while slowly ramping the bias on the

other axis to cover the scanned area uniformly. We generate the large voltages

needed to manipulate the piezo tube over its entire range by sourcing a 10 volt

signal from a NI-DAQ and then amplifying this signal with a homebuilt ampli-

fier circuit, which is shown in figure 2.8 . To drive our piezo tube, we need four

channels where we source opposite voltages to opposite quadrants of the tube

electrodes. We take in an x signal and a y signal from the DAQ, then route each

signal into two independent amplification channels: an inverting channel and

a non-inverting channel so we are using the same drive signal for our ±x,y. In

this manner, we dont need to worry about issues of timing the signals between

our electrodes.

As shown in figure 2.8, our amplification circuit uses two op-amp stages

with a low power OP-07 setting the polarity of the input to the high voltage
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Figure 2.8: Circuit Diagram and Layout for Piezotube Amplifier : The circuit
diagrams are labeled with lettered elements, which are described in the key. (A)
The circuit diagram for the non-inverting amplifier channels. (B) Circuit dia-
gram for the inverting amplifier channels. (C)Photo of the assembled amplifier
box with 4 DC power supplies labeled as (a) and 4 amplifier circuits, labeled
as (b). There are 4 amplifier circuits in the box, where a pair of inverting and
non-inverting circuits shares a common input signal. Each set of amplifiers has
its own pair of power supplies.
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Apex PA90 amplifier. This high power amplifier has a rating of 400 V and 200

mA with a slew rate of 300 V/µs and is particularly designed with the applica-

tion of driving piezoelectric transducers in mind. We also use the EK11 evalua-

tion kit boards designed for these amplifiers to make the actual amplifier boxes

easier to assemble. The purpose of the OP-07 is not only to set the signal polarity,

but also as a protection circuit for the high power amplifier. If we have any sort

of power surges or shorts that would blow the PA90s, the OP-07s should blow

first and save the high power elements. We also have a protection diode on the

output from the high power amplifier so that any voltage that might develop

on the output from the amplifier is shunted to ground once again protecting the

PA90s. This is critical for driving piezoelectric elements, as accidental strains

in the device can lead to large voltages which might destroy the amplifiers. To

power our amplifiers we have separate low voltage and high voltage sources.

We use two Elenco Precision XP-100 battery eliminators to source ±15 V for our

elements that need low voltages like our OP-07s. For our high voltage channels,

we have 4 IHB155-0.12 AC to DC convertors from International Power which

allow us to source ±155 V from the 120 V AC line for our high power amplifiers.

We can drive two amplifiers off each pair of IHB155-0.12. One important point

of note is that we use a potentiometer to set the gain of the power amplifier so

we can balance the individual amplifiers for a given channel to account for any

variation between circuits after assembly. We calibrate the gain of the amplifiers

so that for a given input channel, the amplified output has the same voltage

within the measured noise floor of the amplifier.

As we transduce the electric signal from the DAQ into motion at the end

of the piezotube, the electronic performance of our amplifier circuit sets our

positioning stability for our optical spot. We need to consider how electronic
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noise from our source will add potential noise or uncertainty into our imaging.

In our setup with an optical spot size on the order of 1 micron and with a scan

range on the order of 40 micron for a given axis, we think about the precision

needed in our electronics by considering what kind of voltage variation would

give us a spatial uncertainty 1% of the diameter of our spot at the edges of our

scans. This choice is an extremely conservative cutoff. In this case, that would

correspond to 10 nm in 40 microns, so that even at the end of our scan range

we would have a low uncertainty in the piezo tube position. We can assume

that linear changes in the voltage will cause a linear change in the position, so

we can say that for a 150 V output we need less than 37.5 mV of rms noise

and for the 10 V output from our DAQ we need less than 2.5 mV rms. The

PA90s have below 1µV rms of noise over their entire range while our DAQ has

a noise spec of 100µV rms. Weve looked at the output from our DAQ through

the amplifiers and have confirmed that our noise floor is well below 40 mV at

max input voltage from the DAQ.

Weve mounted the same Anfatec UMG02 calibration grid in our sample

holder and imaged it using the piezotube based lens holder. Figure 2.9 A shows

an image of the 3.5 micron spacing between two of the arrays of 2 x 100 mi-

cron trenches. We subsequently cooled the calibration grid and optics down

in the dilution refrigerator and recorded images of the calibration grid as the

piezoelectric coefficents of the tube changed with temperature. Figures 2.9 B

and C show the reduction in scan range that we see as the piezoelectric coef-

ficient drops off. Using our maximum amplifier of voltage amplitude of ±150

V, we go from a one axis scan range of about 40 microns down to a scan range

of 6 microns below 4 K, which is expected from the stated temperature behav-

ior. We also see no image distortions when we apply a magnetic field up to 9
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T. The apparent rounding off of the patterns in the upper and lower portions of

these images is set by the saturation of the high gain amplifiers for that chan-

nel. When these images were taken, we had blown up the optimal amplifier for

one of the channels that we wanted to use and were forced to replace it with

a lower voltage limit version where the non-inverting channel was saturating

at ±100 V. This doesnt alter the demonstration of our scan capabilities for this

setup, as the piezo tube still behaves as expected for a properly sourced bias. In

principle one might think that the slight geometric coupling between x-z and

y-z displacements for this piezo tube or the slight tilt that is induced as the lens

moves in space should introduce image distortions. We dont observe this in

our images due to the very small effects in our geometry where the change in

length for part of the tube is scaling linearly with the tube length while the x and

y displacement is scaling with the square of the length. We also are using a very

large NA lens, so a slight tilt does not alter the collection geometry very much.

If this were an issue in our setup we can nominally also apply a DC bias to the

attocube nanopositioners for controlled scanning. Other groups have reported

this for their own microscopy setups, though we have not yet attempted this

[7]. If we were to attempt this, we would need to be much more careful with

our amplifier design, as the attocubes use a different piezoceramic geometry

which would be damaged with large negative biases and attocubes data sheets

for our positioners do not give us the limits.
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Figure 2.9: Temperature Dependence of Piezotube Imaging: These are images
taken of the Anfatec UGM02 AFM calibration grid using our piezotube based
objective lens holder in our dilution refrigerator during a single cool down
cycle. (A) was taken at room temperature with an evacuated vacuum space.
(B) was taken at 80 K while cooling the sample to 4 K using the He bath and
exchange gas. (C) was taken at 950 mK while circulating the mash with an
evacuated vacuum space. The red box in (A) corresponds to the scan area of (B)
and the red box in (B) corresponds to the scan area in (C). The apparent image
distortion in each scan is due to the amplifier saturation explained in the text.

41



2.4 Sample Thermalization, Transport Measurements and Low

Temperature High Magnetic Field Constraints

Weve explained our how our optics work as well as the sample positioning as-

pect of our setup, but the utility of this microscopy platform is in its ability to

function at temperatures below 4.2 K and magnetic fields up to 9 T. Our optical

assembly and our imaging principles are the same for either our dilution refrig-

erator based setup or for our vector magnet dewar design, but we have different

constraints for sample mounting, thermometry, and thermalization for the dif-

ferent microscopes. The principles are the same, but the dilution refrigerator

adds significant limitations to our electronics choices and our geometric con-

straints. We must design a thermal linkage between the sample and the mixing

chamber in the dilution refrigerator, while we can rely on helium exchange gas

to link the sample to the helium bath for our 4.2 K setup in the vector magnet

dewar.

As is shown in figure 2.1 B, we start with a copper cold finger that threads

directly into the mixing chamber of the dilution refrigerator. This cold finger

extends down towards the field center, where we then use three thick copper

plates to attach the optical housing sleeve to the cold finger. The separation

between the end of the cold finger and the optical housing sleeve leaves room

for the fiber termination so we do not need to bend the fiber too much. Figure

2.10 shows that we have a fourth plate that extends from the cold finger all

the way along the optical sleeve and then down to the field center. This is our

sample thermalization plate.

Thermalizing a sample sitting on a sample holder to the mixing chamber,
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Figure 2.10: Optical Microscope Insert with Thermalized and Clamped Sample:
Photograph of a mounted sample after it has been thermalized and all the wires
have been tied up and strain relieved for cooling down to 4 K. The Kapton tape
and dental floss are used to prevent stray wires from causing thermal shorts
between the insert and the vacuum can. The ribbon cable is mechanically fixed
to the thermalization plate with dental floss, and with GE varnish to enhance
the thermal contact.
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while still allowing for our sample to move in three dimensions at the field

center is difficult. We cannot rely on the attocubes as a thermal linkage between

our sample since the titanium will turn superconducting below 400 mK [42].

We settled on a scheme where we rely on the electrical lines for our sample

holder to act as the mobile element of our thermal link. We keep the length of

the wires at a minimum, since this is the weakest part of our thermal linkage.

As shown in figure 2.10, we thermally clamp a 12 twisted pair cyrogenic ribbon

cable from CMR direct to the end of the sample thermalization plate so that we

only have 0.5 of wire length between our sample holder and our thick copper.

We then keep the ribbon cable in close thermal contact with the copper body of

the microscope all the way up to the mixing chamber.

Our sample is mounted on a 28 pin ceramic chip carrier which fits inside one

of the standard 28 pin plastic chip sockets that are generally used in the group,

shown in figures 2.11 A and B. We then modify this chip socket so that we can

mount it to our sample positioners. This chip socket/chip carrier mate gives

us good thermal and electrical contact between the pins of the socket and the

chip holder down to mK temperatures. Our sample holder assembly is shown

in figure 2.11. We drill a hole in the center of the base of the socket and use

a 0.25 flat head 2-56 brass screw to attach the sample holder to a copper post.

This copper post then fits into a groove on the sample mounting plate, which is

bolted directly to the attocube positioning stack. We can attach the copper post

to the sample mounting plate either through the threaded hole on the copper

post or with set screws in the mounting plate. Twenty-four pins of our socket

are wired up to the cryogenic twisted pair ribbon cable, with the four remaining

pins connected to un-braided 38 gauge copper wire for an extra thermal linkage

to the sample thermalization plate. This geometry lets us remove the sample
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holder from the microscope without having to remove the entire attocube stack

or remove the optical assembly. When the z-axis attocube is fully retracted, the

combined chip socket, copper post, sample ribbon cable, and thermalization

plate can be removed together.

This use of the wires to thermalize the sample is not ideal for thermal contact,

and we cannot assume that our mixing chamber will be at the same tempera-

ture as the sample. We need to measure the sample temperature independently,

so we mount a 5.6 kΩ calibrated ruthenium oxide resistor to the ceramic chip

holder to use as a local temperature sensor. This mounting geometry is shown

in figure 2.11 C, where we have attached the resistor to the outer edge of the

chip holder using GE varnish. We use a small piece of lens cleaning tissue to

electrically isolate the resistor from the chip holder, but the GE varnish satu-

rates the tissue increasing the thermal contact between resistor and the chip.

We connect the resistor to 4 pins of the chip holder and use our AVS-47 b resis-

tance bridge to monitor the resistance change with temperature. For our current

wiring setup and mash composition we achieve a mixing chamber base temper-

ature of 74 mK. While the mixing chamber is at 74 mK, we measure a sample

temperature of 110 mK. These mixing chamber and sample temperatures are

measured without adding the microwave shield to the cold plate of the dilution

refrigerator. This microwave shield should fit around our microscope, but we

have not cooled down with it on to test the true minimum temperature for our

sample. As we sweep magnetic field, we see eddy current heating at both the

mixing chamber and the sample temperature sensor. We also see some magne-

toresistance of our sample temperature sensor. This is on the order of 5% of the

total resistance at 9 T, but at base temperature that corresponds to an error of

only a few miliKelvin. This magnetoresistance is linear and we can account for
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Figure 2.11: Sample Holder and Thermalization Plate. (A) Image of chip socket
showing copper mounting post and cryogenic twisted pair ribbon cable used for
thermalizing and electrically connecting to sample. The cable is clamped to the
thermalization plate for thermalization to the mixing chamber. (B) Image of chip
socket showing chip carrier position. (C) Image taken through stereomicroscope
of mounted sample on chip carrier. Our mounted temperature sensor is shown,
which allows us to measure the sample temperature independent of the mixing
chamber.
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it by comparing to the mixing chamber temperature sensor, which is in a field

canceled region of the dewar. One of our concerns was sample heating from

our optical excitation, which is limited by our recollection efficiency of the light

back into the optical fiber and the sensitivity of our detectors. We are able to

supply optical powers up to of 1 µW to the sample with no measurable sample

heating at the sample temperature sensor, but above 1 µW we start to see sam-

ple temperature increases when we unblank our laser. We generally keep our

excitation power below 10 nW to avoid any issues. We see no issues of optical

path changes or changes in recoupled power as we ramp the magnetic field to 9

T.

2.5 Conclusions

We have designed and built a modular scanning confocal microscope that func-

tions with sample temperatures down to 110 mK and up to magnetic fields of

9 T. We also have a complementary microscopy using the same mechanics and

optics that functions at 4.2 K inside a 7 T x 1 T x 1 T vector magnet. These se-

tups use room temperature light generation and optical elements with standard

mounting geometries so the optics can be quickly switched to optimize for var-

ious measurements schemes. We have not discussed the ways we can analyze

the light that comes back out of the fridge, as we will discuss this related this

to two different systems in later chapters. In particular we will discuss the use

of these optics for polarization microscopy of Sr3Ru2O7 in chapter three and we

will discuss polarization resolved magnetoluminescence of CdTe and MoSe2 in

chapter four.
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CHAPTER 3

POLARIZATION MICROSCOPY OF BILAYER STRONTIUM RUTHENATE

We have described our optical microscope in terms of how we couple light

into our microscope and back out to our optical table, but we have a full range

of options on how to analyze the properties of that light. Weve built a detection

setup that allows us to analyze the polarization of the light after it has interacted

with our sample and been coupled back into our optical fiber. Changes in the

polarization of light after interacting with a sample can be used to study mag-

netic properties of the sample through the Kerr or Faraday effects [41]. Birefrin-

gent samples will also alter the polarization of light, which will show contrast

between areas of a sample with different symmetries [41]. As discussed in the

introduction, Sr3Ru2O7 shows an electron nematic phase transition at low tem-

perature and high magnetic field and this electron nematic phase could result in

a measurable linear polarization rotation of a reflected beam. Our dilution re-

frigerator microscopy platform allows us to access the relevant magnetic fields

and temperatures to study this electron nematic phase.

3.1 Polarization microscopy in our microscopes

Polarized light microscopy in our case refers to interacting polarized light with

our sample, then collecting the reflected light from our sample and analyzing

the polarization state of that light after it exits our optical fiber. We need to first

generate and couple polarized light into our optical fiber. As is explained in

Chapter 2, section 1, our diode laser source generates a polarized beam due to

the nature of the diode heterostructure. Our polarizing beam cube in our optical

coupling path cleans up the polarization of the laser to a polarization extinction
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ratio (ER) of 1000:1 (30 dB) for the transmitted polarization. The ER is defined

in Penninckx et al. as the ratio of the optical power in the desired polarization

state to the power in the orthogonal polarization state[43]. The launch wave

plate, shown in figure 2.1, allows us to rotate the linear polarization to couple an

arbitrary linear polarization into our fiber. The inclusion of a λ
4 wave plate at the

same place allows us to couple arbitrary circular or elliptical polarizations into

the fiber. We find that for an isotropic single mode fiber, the coupling efficiency

is generally independent of polarization state.

We detect the polarization state of the reflected light using the setup shown

in [Figure 3.1]. We take the 90% reflected channel from the 90/10 beam cube

and reflect it into the blacked out box containing our amplified photodetectors.

Here, we use a second polarizing beam cube to split the polarized light into

orthogonal components. We then measure the power in the two paths using

paired amplified photodetectors. We use two Thorlabs PDF10A detectors which

have an amplification of 1x109 kV/A and a responsivity at 780 nm of 0.528 A/W.

We mount these detectors on micrometer stages and optimize the detector area

position to maximize the response in each channel for an unpolarized excita-

tion sent through the polarizing cube. The high sensitivity of these detectors

makes it incredibly important to minimize the background light, so we house

our detectors in a blacked out box with a small aperture optical access. We also

carefully measure the detector dark counts, and typically achieve dark voltages

(measured as the detector signal with the beam blanked) of 5-10 mV with an

rms noise of 3 mV. We add a quarter wave plate and half wave plate before the

polarizing beam cube so we can fully map out the polarization state of the light

leaving the optical fiber. Initial room temperature bench top tests illustrated

that we could couple arbitrary polarizations into a single mode fiber and dis-
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tinguish these polarizations with our detection scheme, though changes in the

fiber strain state also alter the polarization of the light leaving the fiber.

In the case of Sr3Ru2O7, there are multiple possible optical responses as we

traverse the magnetic field and temperature phase space. Previous optical re-

flectivity measurements have been made on Sr3Ru2O7 from 450 K to 12 K with

no applied magnetic field and show that the in-plane optical conductivity is

Drude-like down to 12 K with a temperature independent plasma edge at ωpD=

12000 cm-1 (833 nm) [44]. No optical measurements on Sr3Ru2O7 in its nematic

phase have been reported elsewhere. Since the reflectivity in this Drude picture

comes from the conductivity of the sample, we might expect that an anisotropic

resistivity will lead to differential reflectivities for the orthogonal Ex and Ey com-

ponents of the electric field of the optical excitation. This would in turn lead to a

linear polarization rotation, which we can detect in our setup. We can estimate

a response of a few µRad of polarization rotation if we assume that the resis-

tivity anisotropy ratio comes directly from a difference in scattering times. This

picture is potentially very nave, as it does not treat the underlying microscopic

origin of the change in resistivity, which could actually be due to scattering from

the predicted domain walls. It also does not consider any magnetic effects.

Aside from reflectivity changes, we might expect that the magnetization of

Sr3Ru2O7 would also lead to magneto-optical effects. In particular, the meta-

magentic response explained in [12] suggests that there should be a polariza-

tion change due to the Polar Kerr effect [41]. The relevant materials parameter

for this system is the wavelength dependant Kerr angle describing the mag-

nitude of polarization rotation for a given magnetization change. The Kerr

angle for Sr3Ru2O7 is unknown, though Kerr rotations for the n=1 and n=∞
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Figure 3.1: Photo of Polarization Detection Setup. A photo taken of our polar-
ization detection setup. Location (1) has a 3 inch by 0.25 inch lens tube mounted
through the wall of the dark box. The high aspect ratio gives us rejection of light
that is not collimated along our beam path. Location (2) is a stand-?in for where
we mount our λ/2 and λ/4 detection wave plates. We use a mirror (6) so that
both photodetectors are facing in the same direction to eliminate differences in
background signal from room light or reflections from the room walls. During
operation there is a 4th wall closing out the dark box as well as a curtainover the
box to reduce light leakage. Both detector are mounted to 3-?axis micrometer
stages for positioning.
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Ruddlesden-Popper sister compounds Sr2RuO4 and SrRuO3 have been reported

using Sagnac interferometry [45][1]. Klein et al. may be more relevant as it re-

ports a large Kerr angle of 0.890 for a fully magnetized 300 nm thin film SrRuO3

at an excitation wavelength of λ = 830 nm. This large magneto-optical cou-

pling is attributed to the spin orbit coupling of the Ru d-orbitals and these Ru

d-orbitals also lead to the magnetization of the Sr3Ru2O7, so its possible that we

can expect a similar magnetization dependent Kerr rotation in our system[45].

This magnetization dependent polarization rotation would lead to a potential

background for any linear birefringence measurement, though it also serves as

a potential secondary means for detecting the nematic phase transition, as the

magnetization shows kinks upon entering the nematic phase as well [11]. There

is no expected magnetic domain formation in the nematic phase, as explained

in [13], so a spatial variation in a polarization response should be due to any

differential reflectivity change and could serve as a potential means to tease the

magnetic response out from a resistivity based response. Further theoretical

treatment of any optical response is needed that considers both the microscopic

picture of the electron nematic ordering and the underlying magnetic signa-

tures.

3.2 Characterization and Mounting of the Sr3Ru2O7 Sample

We received a single piece of image furnace grown, single crystal Sr3Ru2O7 from

Andrew Mackenzie’s group at St. Andrews which they measured to be below

the required ρ0 value to see the electron nematic phase. This crystal is grown

with the methods described in [14]. The initial single crystal had a cuboid shape

with dimensions approximately 1 mm x 1 mm x 300 µm. We need to know the
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relationship between the sample shape and the underlying crystal symmetry.

The sample is cleaved from a larger crystal, and the cleave face gives us the out-

of-plane ’c’ axis of the crystal. The in-plane axes have no obvious relationship

with the shape of the crystal so we performed Laue diffraction using the CCMR

Laue setup in Snee Hall. Due to the symmetry of the crystal structure, we cant

tell the difference between the ’a’ and ’b’ crystal axes with this Laue detector. We

can determine that ’a’ or ’b’ is aligned along the diagonals of the single crystal

within the positioning accuracy of the sample stage.

We want to concurrently make sample resistance and optical polarization

measurements, so we need to mount our sample to our chip holder without

shorting to the chip carrier while still making good thermal contact between the

sample and the chip carrier. As explained in [ref for nematic angle dependance],

there is a dependence of the magnitude of the resistive anisotropy on the angle

of the magnetic field with respect to the crystal axes and there needs to be a

slight in-plane field component to see the resistive anisotropy at all. There is

also evidence from single crystal dilatometry measurements that the in-plane

field component changes the underlying nematic domain structure, which sat-

urates with a field canted 100 away from the c-axis into a nominally single do-

main system[15]. We cannot rotate our field direction in our dilution refrigerator

magnet, but we can tilt our sample. However, as we tilt our sample we also lose

collection efficiency for coupling the reflected light back into our optical fiber.

We settled on a 50 sample tilt which should show a strong resistivity anisotropy,

should still be multi-domain, and will still allow us to collect enough light [15].

Figure 3.2 B illustrates our mounting geometry. To controllably tilt our sam-

ple, we machined a small copper plate with a 50 tilt between faces. This plate
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Figure 3.2: Laue Pattern and Mounted Sample Geometry. (A) Photo of mounted
sample taken through a stereomicroscope. 40 gauge wires are epoxied to the
sample and the sample is electrically isolated from the copper block with lens
tissue show. (B) Diagram of copper plate geometry showing relationship be-
tween crystal axis and microscope axes. The magnetic field is applied along the
microscope Z direction.
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is attached to the chip carrier using silver paint, and we then mount our sin-

gle crystal to the copper plate using GE varnish and lens tissue in the same

manner that we described for the sample thermometer. The lens tissue electri-

cally isolates the sample from the copper plate while the GE varnish maintains a

thermal contact. Using the Laue measurements, we align the sample so that the

tilt generates an in-plane magnetic filed aligned with the ’a’ or ’b’ crystal axis,

as is shown in figure 3.2 b. After we have the sample mounted to the copper

plate and the chip carrier, we cleave the top surface off the sample to expose

a clean surface. From Borzi et al., we see that the maximum resistance change

on entering the nematic phase is for the in-plane magnetic field aligned along

the current flow direction [13]. To fasten leads to the sample, we use the same

method that the Mackenzie group uses to make their sample contact for their

transport measurements, as explained by Andreas Rost. We position 4 stripped

40 gauge copper wires in a 4 point measurement geometry so that they make

a press electrical contact with the sample and we tack them in place using GE

varnish. For our crystal we position our leads at the corners of the sample, as

shown in figure 3.2 A and B so that the current is flowing in the same direction

as the in-plane component of the magnetic field. Once the GE varnish has hard-

ened, we use H20E silver epoxy from Epotek to mechanically attach the copper

leads to the sample and to enhance the electrical contact between sample and

the leads. We cure the epoxy for 3 hours at 800 C, which is the minimum cure

temperature for this chemistry. We want to keep the cure temperature low to

reduce any thermal stresses during cooling. After curing, we have a contact re-

sistance between 15 and 50 ohms for each lead. We measure a room temperature

sample resistance in this geometry of 17 mΩ which corresponds to an estimated

resistivity of 300 µΩ · cm and we see this resistance decrease linearly as the sam-
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ple temperature is reduced to 80K, which is consistent with previously reported

values for samples grown by this method[14].

3.3 Initial Measurements and Polarization Maintaining Fiber

We first cooled down our Sr3Ru2O7 single crystal in our microscope using a

non-polarization maintaining (PM), single mode optical fiber and a slightly dif-

ferent optical housing geometry where the optical fiber ran through the field

center and had a 1800 bend inside the IVC. We also used a fiber coupled 95/5

beam cube from Oz Optics instead of the free space coupled 90/10 beam cube

described in section (A). This demonstrated two major issues to us, as the mea-

sured polarization of reflected signal from the sample was highly time depen-

dent, with full π/2 linear rotations on the time scale of one to two minutes. We

also observed fluctuations in elipticity on the same time scale. We attempted to

account for these rapid polarization fluctuations by sweeping our field through

0.1 T steps and resetting the initial polarization state of the detection wave plates

before each sweep. As we swept magnetic field we saw changes in the polariza-

tion state of the reflected light, but none of these observations were distinguish-

able from the time dependent fluctuations at fixed field. The main issue here is

that single mode, non-PM acts as a birefringent medium when there are small

strains, defects, and temperature gradients in the fiber [46]. These small strains

accumulate over a 10 m length of fiber and cause the state of polarization (SOP)

at the exit of the fiber to be different from the SOP on launch. This birefringence

is time dependent through mechanical perturbations of the fiber position and

through temperature fluctuations, and while we can limit this by mechanically

clamping the fiber we cannot eliminate the time dependent signal completely.
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On top of these zero magnetic field effects, there is also a Faraday effect in the

glass of the fiber and low temperature lenses that causes a time reversal broken

polarization modification where the linear rotations of the polarization is given

by θ = νBd where θ is the rotation angle, ν is the Verdet coefficient of the medium

(in this case the glass), B is the field component in the propagation direction, and

d is the distance the light travels through the medium [41]. This is a linear effect

that we were planning to subtract off, but it still presents a significant back-

ground signal. A typical Verdet constant for optical glass at a wavelength of 780

nm is on the order of 5-10 Rad
Tm [47].

The solution to issues of polarization stability in our system and to Fara-

day rotation from our fiber is to use PM single mode fiber. We use PM780-HP

fiber from Thorlabs which is a Panda style fiber and has a fiber cross section

shown in figure 3.3A. The two Panda stress rods are composed of B2O3 doped

silica while the core is GeO2 doped silica. While the fiber is cooled after synthe-

sis, the difference in thermal expansion coefficients between the doped glasses

induces large stress into the final fiber. The geometry of these rods exerts an

anisotropic stress on the core of the fiber to create two orthogonal propagation

modes with different indexes of refraction. This anisotropic index of refraction

leads to a controlled fiber birefringence with a fast and slow axis as shown in

figure 3.3A[48]. Light coupled with a linear polarization along either mode will

stay polarized in the fiber independent of external stresses and fields. For light

coupled into the fiber with its polarization perfectly aligned along either the fast

or slow axis, the ER of the fiber describes the SOP at the exit of the fiber, where

the ER gives the coupling or cross-talk between the two modes and thus limits

measurement [49]. For light that is coupled with a misalignment between the

polarization of the light and either axis of the fiber, the fiber acts as a very high
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Figure 3.3: Polarization Maintaining Fiber Launch and Panda Fiber Geometry.
(A) Diagram of the geometry of a Panda ?type PM fiber. (B) Expanded view of
PM fiber in our coupling arrangment. The geometry of the stress rods is fixed.
(C) Here we illustrate our setup for optimizing our coupling of polarized light
into our PM fiber. The λ/2 wave plate and the thin film polarizer are on rotation
stages allowing us to align them rotationally to the fiber axis.
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order wave plate with a final SOP set by the phase difference between the two

fiber axes and the path length.

The alignment dependence of the SOP at the exit of the fiber means we need

some way to optimize the alignment of our launch polarization with respect

to the fiber axes, which are fixed in our coupling geometry. While we have

a maximum ER for a perfect alignment of launch polarization and fiber, we

also have an effective ER given by the ratio of power measured in the intended

launch axis to the power measured in the cross-talk axis. As shown in figure

3.3C, we couple the exit of the fiber to a fiber mounted collimator and set up a

thin film polarizer on a rotation stage. We position a photodetector to measure

the transmitted power, and start by aligning the polarizer by eye to the fiber key

on the fiber termination, which denotes the slow axis of the fiber. We do a first

order alignment by aligning the launch wave plate to maximize the transmitted

power at the detector, and then iteratively adjust the launch wave plate and

polarizer to maximize the transmitted power. Due to coherence effects in the

fiber, this only gets us to an alignment on the order of a few degrees. We can

turn the laser diode drive power below the lasing threshold which will give us

an effectively incoherent source, but this still only gets us to about a degree of

accuracy which can reduce our effective ER by a factor of 10 [50]. In order to get

better alignment, we can use coherence to our benefit.

In this optical arrangement, we can model the transmitted power (P) as

P ∝ (sinθisinθ0)2 + (cosθicosθ0)2 +
1
2

sin2θisin2θ0cos∆φ (3.1)

where θi is the angle between the launch polarization and the principle launch

axis, θ0 is the angle between the principle fiber axis and the detection polarizer,

and ∆φ describes the birefringence of the fiber [50]. For a PM fiber, ∆φ = 2πfL∆nc
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where f is the frequency of the light, L is the length of fiber, c is the free space

speed of light, and ∆n is the difference in index of refraction for the orthogonal

axes of the fiber. From this, we can see that if we set our detection polarizer at a

450 angle from the principle fiber axis, we will be maximally sensitive to changes

in P with changes in ∆φ. We also see that changes in P from ∆φwill be minimized

when the launch polarization is aligned to the principle fiber axis. If we can tune

∆φ, which we can do by either changing ∆n or by changing the frequency of the

excitation, we can optimize the launch waveplate by adjusting it to minimize

for the change in P. Other groups have made this work by modulating the laser

frequency by either modulating the drive current for their laser diode or by

modulating the laser cavity for a cavity locked laser diode system [50]. We can

also tune ∆n easily by changing the temperature of the fiber, as the thermal

expansion difference changes the fiber core stress state [49]. We find that for a

fiber loop shown in figure 3.3C of approximately 2 meters we can easily generate

three to four full cycles in power using just the heat from our hands with the

optical table as a heat sink. If we have a shorter length of fiber we can use a

heat gun to get the same effect. With this method we can achieve alignments of

better than 0.30 where we are limited by the precision of our rotation stage. With

an alignment of better than 0.50 we are limited by the intrinsic ER of the fiber

due to defects and axis cross-talk [50]]. This alignment method has the added

benefit of allowing us to determine the ER of the fiber. We define a term E so

E ≡ (<Pmax>−<Pmin>)
(<Pmax>+<Pmin>) where <Pmax > is the maximum measured power and <Pmin >

is the minimum measured power both averaged over the observed cycles. The

ER of our fiber is given by ER = (1
2E)2, as explained in Caponia et al. [49].
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3.4 Polarization Maintaining Fiber Based Measurements

After switching to PM fiber, we cooled down our sample with the same mount-

ing geometry and on-sample thermometry. We align the fiber key, denoting the

fiber slow axis, at a 450 angle from the sample tilt axis to maximize the polar-

ization rotation if the potential birefringence of the sample reflects the broken

symmetry from transport measurements. We used a standard transport setup

with two Stanford SR830 lock-in amplifiers where we sourced an oscillating 1

V signal from one lock in, then used a 100 kΩ source resistor to set the current

flow in our measurement lines at 10 µA. The measurement lines for the fridge

are 130 Ω and the contact resistance for our epoxy joints is on the order of 10

to 50 Ω so these series resistances should be negligible, but we also measured

the voltage drop across the source resistor with the second SR830 to confirm

our current. We then measured the voltage drop across the sample using the

A-B input channel for the lock-in and recorded the in-phase and out-of-phase

components using the analog outputs from the lock-in and our DAQ. We ini-

tially cooled down to 1.3 K (which is above the expected transition temperature

for the nematic phase at this sample quality and mounting angle [15]) with the

mash condensed to strongly thermally link the mixing chamber to the 1 K pot

of the dilution refrigerator. Unfortunately as we cool below 10 K (measured at

our 1 K pot), our sample resistance decreases below the measurement limit for

our lock-in. The Stanford Sr830 has a common mode rejection ratio (CMRR) of

100 dB or 1 in 105, which means that with our 130 Ω measurement lines we can

measure signals as low as 1.3 mΩ in our four point geometry. Reducing the line

resistance is infeasible for thermalization reasons. Our only way to fix this is to

find a better system with a higher common mode rejection or to increase our sig-
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nal by changing the sample shape. We also tried to use our AVS-47b resistance

bridge to measure the sample resistance, but ran into similar issues where the

signal was saturated at 1.3 K. We may have seen some magnetoresistance at 9 T

with the resistance bridge, but it was well within the noise in the measurement.

We need to cut or shape the sample, but we were reluctant to try that without

an optical signal as we only had access to the one crystal.

At 1.3 K we recorded the transport signal and polarization signal during field

sweeps from 0 T to 8.9 T, as well as the constant field time dependence of the

polarization. We start each field sweep by aligning our detection wave plates

to maximize the transmitted signal of our polarizing beam cube in the detec-

tion path. We define a parameter called polarization angle as θ = tan−1(
√

Pa
Pb

)

where Pa and Pb are the powers measured by the detectors in the transmitted

and reflected channels respectively. Figure 3.4 illustrates a typical signal for a

field sweep from 0 T to 8.9 T with a sweep rate of 0.1 T
min . We define a second

parameter, the change in polarization angle, for easy comparison of different

sweeps as ∆θ, which is θ subtracted from θi (the initial value of θ at the begin-

ning of a field sweep or time course). We see large polarization changes over

the course of a roughly 1.5 hour sweep, including a switching of the apparent

fiber axis with the maximum power. When we look at the time dependence of

the polarization at constant field, figure 3.5 illustrates that we still have signif-

icant instabilities in our polarization signal with time. These instabilities seem

to have some unexplained field dependence, and in particular there seems to be

an optimal field range where we have a minimum of polarization fluctuations

in time between 3 T and 6 T. The fluctuations are also reduced above 6 T with

respect to the zero field polarization signal. These fluctuations look very similar

to the time dependent fluctuations that we have with fiber phase shifts when
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Figure 3.4: Polarization Response at 1.3 K. Here we plot the change in polariza-
tion angle (as defined in the text) with sweeping magnetic field at 1.3 K. We
swept continuously at 0.1 T/min while monitoring the weights continuously
in our two detectors. This illustrates the large degree of instability in our fiber
system.
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we are heating our fiber, which suggests that we have some issue with ER or

coupling losses in our fiber that are not explained completely by the previous

description of our fiber system. As discussed in section 3.1, we are looking for

a sudden change in the polarization with field to attribute to the nematic phase

transition so we look for abrupt changes in the polarization state as we sweep

field on top of the slowly drifting background.

We cooled down to a stable sample base temperature of 250 mk to 170 mK

(dependent on heat applied to still) using the dilution refrigerator and repeated

field sweeps between 7 T and 8.9 T to look for a nematic signature in the po-

larization response. From our time dependent measurements we do often see a

stable polarization signal for tens of minutes at a time, which allows us to per-

form one to two tesla field sweeps depending on our sweep rate. We keep our

sweep rate below 0.1 T
min to prevent eddy current heating at our sample. De-

spite our slow sweep rate and small sweep ranges, we see a range of behaviors

as we sweep the field while monitoring the polarization signal with little con-

sistency from sweep to sweep. Typical scans are shown in figure 3.6, where we

see a smooth changing polarization background with small time scale or field

step variations along the entire length of the sweep. We see nothing to indicate

a definitive signature from a nematic phase transition for any of our sweeps,

but we do have one sweep where we had a minimum in background polariza-

tion drift which did show two polarization jumps at magnetic field values that

match the measured phase transition points for a 50 sample tilt as measured

by dilatometry [15]. This data set is shown in figure 3.7. These features are

suggestive but in no way conclusive. We could not replicate the relatively low

polarization drift rate of this scan to confirm this. If we average over multiple

sweeps to look for trends consistent across multiple sweeps, we cannot identify
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Figure 3.5: Magnetic Field Dependence of the Polarization Response with Time.
Magnetic Field Dependence of the Polarization Response with Time Here we
plot the constant field, time dependent polarization angle change with applied
magnetic fields from 1 T to 8 T in steps of 1 T. Note that the system seems most
stable above 3 T, though significant shifts occur again above 7 T.
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any relevant features.

While making these measurements we also noticed that the sum of Pa and

Pb was not constant during scans, suggesting that we potentially had either

a change in sample reflectivity with field or a change in microscope coupling

with field or time. Our previous measurements of the microscope performance

in field showed no indication of issues of coupling with field or time. To exam-

ine this further, we removed the polarizing cube from the detection setup and

measured the power at our detector with no polarization sensitivity while also

monitoring the laser power. We see that our laser power is constant to better

than 5 parts in 104 over the entire lengths of our scans which confirms that our

measured power fluctuations are coming from our fiber or our sample. We see a

5% fluctuation amplitude over the course of a full sweep from 0 T to 8.9 T with

no obvious repeated features in field. We also see no notable and repeatable

distinction between light launched on the fast or slow axis of the fiber.

We determined that the limiting factor in these measurements was the ER of

the PM fiber. While we have specification limited ER at the end of our first fiber,

as measured by our fiber polarization alignment technique referenced in section

(C), each coupling joint in our fiber system has a non-zero misalignment and

each of these misalignments reduces our ER. As explained in Penninckx et al.,

each of these misalignments contributes to an effective reduction in measured

ratio of the power in the orthogonal fiber modes [43]. Using our fiber based

beam cube to separate out the reflected signal from the sample, we have 7 dif-

ferent connections between the initial launched fiber and the final free space de-

tection. Each of these connections is made by a mechanical coupler specifically

designed for PM fiber connections where there is a keyway in the connector that
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Figure 3.6: Typical Polarization Sweeps at Dilution Temperatures. Here we plot
the polarization angle change for three different magnetic field sweeps take on
the same day. Each of these sweeps was taken at 0.05 T/min and each of these
sweeps started at 7.5 T and ended at 8.9 T, measured at the magnet power
supply. The field data has been scaled to account for the distance between the
sample and the dewar field center. The magnitude of polarization drift and
oscillation in these three sweeps is typical independent of sweep direction.
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b

Figure 3.7: Lowest Drift Polarization Angle vs. Magnetic Field Sweep. Here
we plot the polarization angle change vs. applied magnetic field at 160 mK
with a sweep rate of 0.05 T/min. The field values have been scaled to reflect
the difference between the sample position and the dewar field center. We see
large and sudden jumps in polarization angle on top of the long time scale
drift at 7.85 T (a) and 8.01 T (b), though there are other large short time scale
fluctuations at other field values as well.
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mates to the fiber polarization axis key to hold the fibers in rotational registry.

When we measure the ER of our system after each junction, we see large reduc-

tions after each joint. While we start with a launch ER of ¿17 dB (limited by the

noise in our detector) and by the time our light enters our polarization analysis

setup we measure an ER below 5 dB. Further complicating this system is that

each time we remake a joint, the ER loss changes depending on the alignment

of the fiber axes within the connector keyways. This potentially explains the

large time dependent polarization shifts in our measurements and possibly ex-

plains the field dependence of the time dependence. Once we have such a poor

ER, our entire fiber system is just acting as a giant uncontrolled time depen-

dent, high-order wave plate. We reduce the number of necessary fiber junctions

by switching to the free space 90/10 beam cube describe in section 3.1 which

brings us down to 2 fiber joints between the launch and detection. These two

fiber joints are still enough to reduce our ER from 17 dB to 8 dB at our detectors,

though this is complicated by the fact that we seem to be seeing a larger reduc-

tion in ER after the light reflects from sample. We still have an ER of 14 dB at our

sample, and all the remaining reduction happens on the path from the sample

to the detector. Based on Mirri et al. it seem unlikely that there is some differen-

tial reflectivity for the orthogonal polarization modes from the fiber at this small

angle of sample tilt, but we seem to be losing ER somewhere[44]. There is the

possibility that we have a directional dependence in the fiber joints due to the

location of possible fiber defects, though it is hard to quantify how much of a

difference we could see from that [51]. It is possible, in principle, for us to use a

single fiber with no junctions between the launch and sample. For future work,

this should be changed to eliminate fiber joints as a source of polarization cross

talk.
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Figure 3.8: Polarization Angle vs. Magnetic Field with Incoherent Excitation.
Here we plot the polarization angle change vs. applied magnetic field at 160
mK, 400 mK, and 4 K. For each temperature, we have averaged our signal over
6 distinct sweeps taken on the same day: 3 sweeps increasing field and 3 sweeps
decreasing field. Each of these sweeps was taken with a 0.05 T/min sweep rate.
We attribute the constant linear signal to Faraday rotation from our focusing
optics. (a) and (d) point out features at 7.85 T. (b), (c), and (e) point out features
at 8.01 T. (f) points out a feature at 7.45 (T)
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While we could repeat our measurements using coherent light and our im-

proved ER, we instead chose to switch to incoherent light as a source. The po-

larization oscillations we measure are due to a coherent interference effect as

the optical power in the two birefringent modes recombines at the exit to the

fiber to create a new polarization state. The changing indices of refraction in

the fiber cause a changing phase difference between the two modes and alter

that state independent of sample effects. If we instead switch to light with a

coherence length significantly shorter than our fiber path we can eliminate the

coherent recombination effects. We are less sensitive to polarization rotations

with incoherent light, but it simplifies the analysis. In this case we are measur-

ing the amount of power in each fiber axis and looking for a change in weight

from one axis to the other with changing field. As mentioned in section 3.3

where we discuss the polarization alignment, we can switch to incoherent light

by driving our laser diode with a sub-lasing threshold drive current. We still

align our launch polarization to our fiber axes using coherent light, but we then

turn down the drive power. We measure our light source with a fiber coupled

optical spectrometer and determine that we have a coherence length on the or-

der 100 µm which is significantly shorter than our effective 10 meter fiber path.

We remove our λ
4 detection wave plate and rotate our λ

2 detection wave plate so

we have equal powers in our reflected and transmitted detection paths.

We repeat field sweeps and constant field time-dependent measurements

between 7.5 T and 8.5 T using our incoherent excitation. Figure 3.8 shows ∆θ

at three different temperatures where we have averaged 6 different sweeps (3

sweeps from 7.5 T to 8.5 T and 3 sweeps from 8.5 T to 7.5 T). The data at 400

mK and 4 K are manually offset from the 160 mK data by 0.002 mRad and 0.004

mRAd respectively for clarity. We clearly see a polarization change that is linear
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with applied field at all temperatures, which suggests we are seeing the back-

ground from the Faraday effect in our optics. We see a rotation of 4 mRad
T , which

is consistent with the Verdet coefficients given in [47] if we assume that our

focusing lens sitting near the field center is the main culprit of Faraday rota-

tion in our signal. We see a small increase of Verdet coefficient with decreasing

temperature, which is consistent with the expected behavior of glass at low tem-

peratures if there is a very small paramagnetic term as defined in equation 4 of

Borrelli [52]. The constant field time dependence of our system shows no po-

larization drift over 40 minutes and a consistent noise floor of 0.8 mRad. From

figure 3.8 we also see that there are some non-linear magnetic field features that

persist after averaging over all of our scans at a given temperature. Similar to

our sweep shown in figure 3.7, at 160 mK we see a bump at 7.85 T ((a) in fig-

ure 3.8) and 8.01 T ((b) in figure 3.8) but we also see similar features at other

less suggestive field values and we dont see a comparable bump at 7.8 T ((d) in

figure 3.8) for our 400 mK sweeps which we would expect if we were seeing a

signal from the nematic phase transition. We also note that the feature at 8.01 T

in the 400 mK ((d) in figure 3.8) and 160 mK ((b) in figure 3.8) sweeps also shows

up in the 4 K sweep (((e) in figure 3.8), which should be well out of range of the

nematic phase. It should also be mentioned that the magnitude of these fea-

tures is well within the range of polarization fluctuations that we see with time

at constant field. While it would be surprising to see time dependent features

after averaging over multiple sweeps, it is a possibility we have not completely

ruled out.
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3.5 Discussion of Results

At this point, we have no conclusive evidence that we are seeing an optical sig-

nature in either polarization or reflectivity of the nematic phase transition. Our

sample geometry prevented us from resolving the resistance changes expected

for the nematic phase, so we have no control to tell us exactly where the phase

transformation is occurring in field and temperature for our sample either. We

have seen suggestive polarization changes while sweeping field using both a

coherent excitation and an incoherent excitation, though the magnitude of re-

sponse is significantly reduced for the incoherent excitation. If these polariza-

tion changes are from a phase transition or a magnetization jump, it is plausible

that the coherent measurement would show a much larger signal that is also less

repeatable. The same principle that leads to large fluctuations in signal when

we are launching into the fiber for small misalignments of wave plate and fiber

could serve to amplify a small sample birefringence after it travels through the

fiber. This amplification would also be time dependent and likely to shift with

applied field, even reversing in sign. While this could explain why we see no

signal after averaging over multiple sweeps, its also possible that the position

of the polarization jumps is entirely coincidental. We also see many other polar-

ization fluctuations at non-suggestive fields when using coherent excitation.

In the incoherent excitation case, it is more definite that we have some chang-

ing polarization with field. We measure a clear linear rotation, which we at-

tribute to a Faraday rotation from the focusing lens, as well as non-linear po-

larization fluctuations that repeat at the same field values for a given tempera-

ture. The fluctuations in the 400 mK and 160 mK data around 7.85 T, 8.01 T and

7.45 T ((f) in figure 3.8) could be attributable to the metamagnetic transitions
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seen in de Haas - van Alphen, thermodynamic, magnetostriction, and magnetic

susceptibility measurements [16][11][53], though the origin of the polarization

change is not clear. If we are seeing a magnetic response from the sample, we

would have expected our polarization angle to be sensitive to the sample mag-

netization which should give a monotonicaly changing polarization angle with

applied field through Kerr rotation, with possible slope changes upon crossing

the relevant field points. Here, we have an oscillation or asymmetric peak in

polarization angle as we pass through the metamagnetic crossover and the two

metamagnetic phase transitions. It is much more difficult to explain the field

features at 4 K, as the thermodynamic signatures go away above 1 K [53] and it

seems that while the magnetization is non-linear, it still monotonically increases

with field [12]. The existence of the polarization fluctuations at 4 K and the lack

of a consistent feature shape make it difficult to attribute the non-linearities in

the lower temperature sweeps to the previously reported metamagnetic signa-

tures, though we have most certainly not ruled them out.

Going forward there are two experimental changes that could serve to settle

this issue. The most obvious change is to alter the sample geometry to enhance

the resistance of the sample. With concurrent transport we would have a control

to confirm the nematic transition phase diagram during our optical measure-

ments. We tried switching to a novel transport measurement setup designed

for low temperature measurements of low resistance samples. Our Keithley

delta mode system, which has a CMRR of 200 dB, should allow us to make 1%

error measurements down to 1 µΩ with a 100 Ω line resistance [54]. During cool

down with the Keithley we had a sample holder lead break, which prevented us

from testing this out. Given the stated specs for the Keithely system and a pos-

sible sample geometry change, were optimistic that future measurements will
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capture the magnetoresistance without issue.

We also should immediately switch to a fiber arrangement with no mechan-

ical fiber junctions, which will give us a maximum fiber ER and eliminate much

of the uncertainty and fluctuations when using coherent excitation. Once we

eliminate the fiber junction limitations, we open up the possibility to use the

coherent interference effects to enhance our signal. If we use a grating locked

diode we could generate a time dependent laser wavelength, allowing us to

use the same principles that allow us to accurately couple light into the fiber

to analyze the recoupling of light back into the fiber after interacting with the

sample. Detecting the change in fiber mode coupling would give us a mea-

sure of the light rotation after sample interaction. This measurement could be

complicated by magnetic field effects in the fiber, and those would need to be

accurately measured. There are other optical techniques that might offer insight

into the nematic phase, such as interferometric detection of the Kerr rotation

through Sagnac interferometry. Sagnac interferometry is sensitive to only the

time reversal broken part of a polarization change, so this would not show a

signal if there were a birefringence due to differential scattering times in the ne-

matic phase [55]. Alexander Fried et al. have recently reported a fiber based

scanning Sagnac microscope that functions at 820 nm, though they do not give

results in a magnetic field or at cryogenic temperatures [8]. In that paper, they

also suggest a means to adapt the detection scheme using a Faraday rotator in-

stead of a λ
4 wave plate to detect a linear birefringence instead of a Kerr rotation.

It is unclear if these Sagnac interferometer based techniques would work with

the necessary large applied magnetic fields. In principle we could apply these

techniques in our system, though the infrastructure needed would require sig-

nificant purchases.
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3.6 Conclusions

We have built a polarization sensitive detection scheme for our cryogenic, high

magnetic field confocal microscopy platform. We used this detection scheme

to investigate the electron nematic phase of Sr3Ru2O7, and saw inconclusive re-

sults. Weve characterized the magnetic field performance of our system using

both coherent optical excitation and incoherent optical excitation, demonstrat-

ing that the optical fiber ER is the limiting factor for resolving polarization shifts

from sample interaction in our system from systematic effects. We see no def-

inite optical signature of the electron nematic phase, though we do see fluctu-

ations in our polarization signal with incoherent excitation at field values that

are suggestive of the metamagnetic magnetic phase transitions and crossovers

reported in this material through other magnetic and thermodynamic measure-

ment techniques. We also see polarization fluctuations at other magnetic field

values and temperatures where no such transitions or crossovers are reported.

Further work should incorporate upgrades of the fiber optic system to enhance

fiber ER and should incorporate transport measurements using an altered sam-

ple shape.
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CHAPTER 4

MAGNETOLUMINECENCE SPECTROSCOPY OF SEMICONDUCTORS

AT CRYOGENIC TEMPERATURES

Magnetoluminescence (ML), the measurement of photoluminescence (PL)

of samples in a magnetic field, is a technique broadly used to investigate the

physics of defects, excitons, and low dimensionality in semiconductor materi-

als [56]. Application of magnetic fields breaks time reversal symmetry and spin

degeneracy, and causes shifts in the band structure, which can be measured

through PL spectroscopy. Splitting of the bands with applied field gives a mea-

sure of the effective magnetic moment associated with the carriers from the mea-

sured bands. Large enough magnetic fields can also quantize the band structure

through Landau quantization if the scattering time is long enough for multiple

carrier cyclotron orbits. This Landau quantization leads to new transitions be-

tween energy states that can be probed optically through PL spectroscopy. ML

has been used to investigate the fractional quantum hall effect in semiconductor

quantum well structures, exciton effects in self assembled quantum dots struc-

tures, excitonic transitions in colloidal semiconducting quantum dots, and PL

from defect or impurity states in bulk semiconductors[57, 58, 59] [60][3].

4.1 Photoluminenscence in Our Microscopes

For PL spectroscopy in our optical system, we need a few basic elements start-

ing with a narrow line width excitation source. We then need to couple our

source into the bore of our magnet to interact it with our sample and we need

collect the light emmited from our sample and couple it into a spectral analy-

sis system for determination of the PL spectrum. Figure 4.1 illustrates our light
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generation and coupling optics, as well as our spectrometer and imaging setup.

Similar to our polarization sensitive microscopy, we use a laser diode to gener-

ate a coherent excitation but we add a laser cleanup filter from Semrock after

our beam shaping. Optical selection rules for PL are dependent on light polar-

ization, so we polarize our beam with a polarizing beam cube and couple our

polarized light into our fiber in the same manner as for our polarization. We

use a λ/2 wave plate to chose which fiber axis to couple into and we optimize

this coupling as described in section 3.3. The emitted light from our sample is

collected using the same low temperature optics that couple the excitation to

the sample in a focused spot. To enable polarization-resolved spectroscopy, a

zero-order quartz λ/4 plate is placed between the aspheric collimation and ob-

jective lenses, oriented at 45◦ to the fiber axes; this couples σ+ and σ− emission

into orthogonal polarization modes of the fiber. In our system, we are in a Fara-

day geometry where the polarization of the light is directed in the sample plane,

while the magnetic field is oriented normal to the sample.

The light comes back out to room temperature through the optical fiber, and

then we separate it out using the same 90/10 beam splitting cube geometry that

we describe in section 3.1. This light is then routed through a thin film polarizer

on a rotation stage, which allows us to select the light from either fiber axis for

analysis. The light passes to a series of mirrors, one of which is on a flip stage

(element 7 in figure 4.1), to chose between two analysis paths. In the first path,

we couple the light into a multimode fiber which is then coupled into an APD

with an optional band pass filter. When the band pass filter is in line, we reject

the excitation light that may be recoupled into the fiber from sample reflection

and can image the PL intensity from our sample. If we remove the band pass

filter, we can image our sample using the same scanning techniques described
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Figure 4.1: Photoluminescence Optics. Labeled photo illustrating the optics
used to couple a PL excitaiton signal into our cryostat and the optics used to
analyze the emitted PL from our sample.
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in section 2.3 and determine the location of our excitation spot with respect to

sample features like gating electrodes, alignment marks, or other features. In

our second detection path, we couple our light into a thermoelectrically cooled

CCD spectrometer for spectral analysis.

It is critical to determine accurately the relationship between the excitation

polarization and the magnetic field direction. For linearly polarized excitation,

this is trivial but for circularly polarized excitation, this becomes more difficult.

We define σ± polarization as the circular polarization which carries ±~ angular

momentum per photon along the field direction for B > 0. Equivalently, σ+

(σ−) polarized light can be defined as the light with electric field vector rotating

counter-clockwise (clockwise) in time around the positive B axis.

We determined the rotational settings of the detection polarizer correspond-

ing to different circular polarizations of emission. To do this, we launched

circularly-polarized laser light into the cryostat objective lens from the sample

space, and found the settings of the detection polarizer which maximized the

resulting signal. The circularly-polarized light was generated by sending lin-

early polarized light through a λ/4 plate with the light polarized at 45◦ to the

wave plate axes. Given knowledge of the wave plate axes and their orientation

relative to the light polarization, the handedness of circularly-polarized light

produced in this fashion can be determined. We also checked the assignment

of the wave plate fast and slow axes by shining circularly-polarized light of a

known handedness through the wave plate and analyzing the resulting linear

polarization. For this test, the circularly-polarized light was generated using

two N-BK7 prisms in a Fresnel rhomb geometry, so that the resulting handed-

ness could be determined from the Fresnel equations. We determined the field
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direction using a calibrated Hall probe. The considerations above determine

the rotational settings of the detection polarizer corresponding to detection of

σ+ and σ− emission.

4.2 Magnetoluminescence of Bound Excitons in Bulk CdTe

As a test of our photoluminescence microscope in magnetic field, we measure

the ML for a (110) cut, undoped, p-type CdTe substrate (from MTI Corporation).

For p-type CdTe, the acceptor-bound exciton luminescence shows a four-fold

splitting under magnetic field applied in the Faraday geometry. The optical

selection rules lead to circular polarization of these peaks, so that two are σ+

polarized and two are σ− polarized. Our measurement of the ML of CdTe at 4.2

K is shown in figure 4.2 With the detection polarization determined as discussed

above, we find peak splitting and selection rules for CdTe in agreement with

those found by Refs. [57, 58, 59]. In particular, given that the lowest energy

acceptor-bound exciton luminescence peak for CdTe is σ− polarized (for B > 0).

This illustrates that our determination of the light polarization and magnetic

field geometry is accurate, and it also indicates that we do not have systematic

errors from our optical elements. Due to the nature of our lens, we could have

chromatic aberration that effectively makes our objective lens focal length and

optical system recoupling efficiency dependent on the wavelength of the light.

Shifts of our elements with magnetic field could appear to be shifts in the PL

spectrum. Our CdTe let us rule out systematic spectral shifts with applied field.
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Figure 4.2: Photoluminescence Spectra of CdTe. Polarized PL spectra taken at
4.2 K with a 380 nW excitation source at 1.89 eV (656 nm).(A) PL spectra show-
ing four-fold splitting (each circularly polarized signal is two-fold split) of the
maximal intensity PL peak at 6.7 T (B) PL spectra showing no peak splitting
with no applied magnetic field. The peak shape in both A and B is limited by
the resolution of the CCD camera based spectrometer used to collect spectra.
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4.3 Breaking of Valley Degeneracy by Magnetic Field in Mono-

layer MoSe2

The following sections 4.3-4.10 are adapted from ”Breaking of Valley Degen-

eracy by Magnetic Field in Monolayer MoSe2” published in Physical Review

Letters 114, 037401 Published 22 January 2015 with authors: David MacNeill,

Colin Heikes, Kin Fai Mak, Zachary Anderson, Andor Kormnyos, Viktor Zly-

omi, Jiwoong Park, and Daniel C. Ralph

Monolayer MoSe2 and other monolayer transition metal dichalcogenides

(TMDs) are a materials system with unique potential for controlling their valley

degree of freedom [18, 19, 20, 21, 22, 23, 24, 25]. Similar to graphene, the con-

duction and valence band show extrema (valleys) at the vertices of a hexagonal

Brillouin zone; unlike graphene, MoSe2 exhibits a nonzero optical gap of 1.66

eV [26, 27]. This has allowed exploration of optoelectronic properties arising

from the valley-dependent chirality of massive Dirac fermions, predicted in the

context of inversion symmetry broken graphene [30, 31]. This chirality leads to

optical selection rules coupling the exciton valley degree of freedom to photon

handedness [19, 20, 21, 22, 23, 24]. Using polarization-resolved spectroscopy

researchers have demonstrated valley-selective luminescence with near 100%

fidelity [19, 24]. Furthermore, the ability to pump valley-polarized carriers

with circularly-polarized light has been demonstrated through the valley Hall

effect [25]. The chiral electronic states are also predicted to posses valley-

contrasting orbital magnetic moments coupling valley pseudospin to magnetic

field [30, 31, 32, 33, 34, 35, 36], which opens up the possibility for magnetic con-

trol over the valley degree of freedom [37, 32].
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Here, we demonstrate the use of magnetic fields to break valley degeneracy

in a monolayer TMD. Specifically, we report polarization-resolved luminescence

spectra for back-gated MoSe2 devices at 4.2 K and in magnetic fields up to 6.7 T.

We study the luminescence peak energies as a function of magnetic field, find-

ing a linear splitting of −0.22meV
T between peaks corresponding to light emission

with different senses of circular polarization, σ+ and σ−. We interpret this as a

Zeeman splitting due to valley-dependent magnetic moments. We also inves-

tigate the magnetic field dependence of luminescence handedness, finding that

the emission becomes circularly-polarized in magnetic field even with unpo-

larized excitation, and that the degree of this polarization can be increased to

about 50% by gating the sample. This suggests that electric fields can facilitate

the generation of valley-population imbalance in samples where valley degen-

eracy has been broken by magnetic field. Our results demonstrate a recently-

proposed [37] strategy for generating valley populations, and could lead to new

approaches for controlling the valley degree of freedom in monolayer TMDs.

Our device geometry and measurement apparatus are shown in Fig. 4.3a

and 4.3b. All measurements were taken using a scanning confocal microscope

integrated with a 7 T superconducting magnet dewar, with light coupled in and

out of the system via a polarization-maintaining optical fiber (similar designs

were reported in Refs. [7, 6]). The light is focused into a roughly 1 µm diameter

spot using a pair of aspheric lenses, and the sample is scanned using piezo-

driven nanopositioners (from attocube). The sample, positioners, and optical

components are placed in a vacuum cryostat which is then evacuated and low-

ered into a helium bath containing a superconducting magnet; helium exchange

gas is added to ensure thermalization of the sample at 4.2 K. For the data in the

main text, the excitation power was between 10-60 µW.
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Figure 4.3: (a) Experimental geometry showing back-gated monolayer MoSe2

devices in out-of-plane magnetic fields. Luminescence is excited with light from
a 1.89 eV laser diode and collected separately for σ+ and σ− polarization in the
Faraday geometry. (b) Schematic of the fiber-coupled optical cryostat used in
the experiment. (c) Optical micrographs of devices D1 and D2. (d) Lumines-
cence spectra of D2 taken at 0 T and 4.2 K with -30 V, 0 V, 10 V, and 50 V back-
gate voltage.
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To enable polarization-resolved spectroscopy, a zero-order quartz λ/4 plate

is placed between the aspheric lenses, oriented at 45◦ to the fiber axes; this cou-

ples σ+ and σ− emission into orthogonal polarization modes of the fiber. The

light exiting the fiber is directed though a rotatable polarizer, which selects one

fiber mode for spectral analysis by a thermoelectrically cooled CCD spectrom-

eter. We can also create circularly-polarized excitation by coupling linearly-

polarized light into one of the two fiber polarization modes, or create equal

intensity excitation in σ+ and σ− polarization by coupling in light polarized at

45◦ to the fiber axes. We excite photoluminescence with light from a 1.89 eV

laser diode, which is 230 meV blueshifted from the A exciton transition, and

as a result we see little dependence of the emission polarization on excitation

polarization (see supplement section 1). The conclusions discussed below are

independent of excitation polarization.

To fabricate our samples, we exfoliate bulk MoSe2 crystals (grown by direct

vapor transport) onto 300 nm silicon oxide on silicon, then use electron-beam

lithography to define a single 0.5 nm Ti/75 nm Au contact, allowing use of the

silicon substrate as a back gate. All data shown in the main text were taken

from devices D1 and D2 pictured in Fig. 4.3c. Figure 4.3d shows the B = 0 lu-

minescence spectra of D2 at -30 V, 0 V, 10 V, and 50 V. The peaks at 1.66 eV and

1.63 eV correspond to the neutral and charged A exciton respectively, with a

charged exciton (trion) binding energy of 30 meV [26]. As the back-gate voltage

is increased the exciton luminescence decreases and the trion luminescence in-

creases, showing that our samples are intrinsically n-type and that the 1.63 eV

peak corresponds to negatively charged trion luminescence.

Figure 4.4a compares polarization-resolved spectra taken for D1 in out-of-

86



0

100

200

300

400
B =0 T
T=4.2 K
Eex=1.89 eV

X−
X

σ+
σ−

0

100

200

300

400
B =6.7 T

1.60 1.62 1.64 1.66 1.68 1.70
Energy (eV)

0

100

200

300

400
B =−6.7 T

In
te
n
si
ty
(C
o
u
n
ts
/s
)

σ σ+

K K +

(a)

(b)

B=0

Figure 4.4: (a) Polarization-resolved luminescence spectra from monolayer
MoSe2 (D1) at 4.2 K for σ+ and σ− detection, as excited using unpolarized light
at 1.89 eV. From top to bottom the panels show spectra taken with 0 T, 6.7 T and
-6.7 T out-of-plane magnetic field. Both the polarization and splitting change
sign upon reversing the field as shown in the lower panel. (b) Schematic band-
structure of MoSe2 near the K+ and K− points in zero magnetic field, showing
the optical selection rules for the A exciton transition studied in this experi-
ment. Within each valley, spin degeneracy is broken at B = 0 due to spin-orbit
coupling, [27, 26, 32, 61, 62]. The arrows denote spin angular momentum up
and down for the occupied states.
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plane magnetic fields of 0 T, 6.7 T and -6.7 T and with the back gate grounded.

For these data, we excite photoluminescence using equal intensity excitation in

σ+ and σ− polarization. At zero field, we find no significant dependence of the

peak energies or intensities on emission handedness. In comparison, the spec-

tra taken at 6.7 T show splitting between the σ+ and σ− emission peaks of about

-1.5 meV for both the exciton and trion. The luminescence is also σ+ polarized:

the trion peak has Ptrion = I+−I−
I++I−

= 14%, where I± is the peak intensity of the trion

in σ± detection. For the exciton we measure Pexciton = 9%. The luminescence

polarization changes sign with reversal of the magnetic field but not with ex-

citation polarization, showing that it arises from magnetically induced changes

in the exciton and trion populations. Figure 4.4b depicts the schematic band-

structure of a MoSe2 monolayer, illustrating the direct band gaps at the K+ and

K− points, with arrows indicating the allowed A exciton transitions for σ± light.

Since the emission handedness is coupled to the exciton valley degree of free-

dom, the peak splitting and polarization we observe indicate valley degeneracy

breaking.

Figure 4.5a shows the valley splitting of the exciton and trion peaks, defined

as the difference between peak luminescence energy in σ+ and σ− detection,

versus magnetic field. For each data point the peak positions were extracted

via fits to a phenomenological asymmetric Voigt line shape (see supplement

section 2). The errorbars come primarily from the CCD pixel size (about 0.15

nm per pixel). For both the exciton and trion peaks the valley splitting shows a

linear magnetic-field dependence with a slope of −0.22±0.01 meV
T , and consistent

results were found on three separate devices; data from other devices are given

in supplement section 3.
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Figure 4.5: (a) Difference of peak energies found for σ+ and σ− detection plotted
versus magnetic field for D1. Both the exciton (blue triangles) and trion (red
circles) show splitting of −0.22±0.01meV

T found via a linear fit. The fits are plotted
as blue solid and red dashed lines for the exciton and trion respectively. (b)
The schematic bandstructure of MoSe2 in magnetic field showing the Zeeman
energy Ec(v)

Z for the conduction (valence) band. The exciton Zeeman splitting is
2
(
Ec

Z − Ev
Z

)
.
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Valley splitting in magnetic field arises from the intrinsic chirality of Bloch

electrons at the K+ and K− points. States at the two valley edges are Kramer’s

doublets related by time-reversal symmetry, so that their degeneracy can be

broken by breaking time-reversal symmetry. Bloch electrons in a given band

carry spin and orbital magnetic moments which change sign between valleys

[31, 30, 63, 64]. Figure 4.5b schematically shows the energy shifts arising from

Zeeman coupling between these moments and the magnetic field; there we de-

fine 2Ec(v)
Z as the magnetic-field-induced energy difference between the K+ and

K− valley at the conduction (valence) band edge. Magnetoluminescence spec-

troscopy probes only the exciton Zeeman energy, which is the difference be-

tween conduction and valence band Zeeman energies. In this difference, the

contributions from spin magnetic moments are expected to cancel, leaving only

the contributions from orbital magnetic moments. The measured sign and mag-

nitude of the valley splitting can be understood within a tight-binding picture

[65, 66]. In the Kτ valley (letting τ = ±1 be the valley quantum number), the

valence band arises from hybridization of dx2−y2 +τidxy orbitals with angular mo-

mentum lz = 2τ~ while the conduction band arises from hybridization of dz2

orbitals with lz = 0 [18, 23, 67, 62]. In the tight-binding limit, we therefore ex-

pect a contribution to the exciton Zeeman energy of 2
(
Ec

Z,a − Ev
Z,a

)
= −4µBB from

atomic-scale magnetic moments. The phase winding of Bloch states on the in-

tercellular scale can also add to the orbital magnetic moment [65, 66, 30, 63, 68].

For example, in the two-band tight-binding model (the massive Dirac fermion

model) the intercellular magnetic moment is equal for the conduction and va-

lence bands with value −τµB
me

meff
, where me is the free-electron mass, and meff is

the electron-hole symmetric carrier effective mass [31, 30]. Including the bare

spin magnetic moments this gives a total Zeeman splitting of 2Ec
Z = 2µB + 2µB

me
meff
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for the conduction band and 2Ev
Z = 2µBB + 4µBB + 2µBB me

meff
for the valence band,

and as a result 2
(
Ec

Z − Ev
Z

)
= −4µBB. In more general hopping models, the con-

duction and valence bands can have different intercellular moments giving a

net contribution to the exciton magnetic moment [65, 66, 61, 35].

To compare our measurements with theory, we define the exciton valley g-

factor gvl
ex as:

gvl
ex =

(E+ − E−)
µBB

=
2(Ec

Z − Ev
Z)

µBB
(4.1)

where E± is the measured exciton peak energy in σ± detection. Our exciton val-

ley splitting measurements correspond to gvl
ex = −3.8 ± 0.2, consistent with the

value of gvl
ex = −4 expected from the d-orbital contribution to the exciton mag-

netic moment by itself. Any deviation of gvl
ex from −4 theoretically corresponds

to the intercellular contribution to the g-factor. Our results are therefore con-

sistent with the massive Dirac fermion model which predicts no intercellular

contribution to gvl
ex. We also expect the trion to have approximately the same

splitting as the exciton, evinced by considering the trion as an exciton bound

to an additional electron. While the additional electron contributes to the trion

magnetic moment, it contributes equally to the final state moment after recom-

bination leaving the transition energy unaffected (see supplement section 4).

This is consistent with the experimental results of Fig. 4.5a for zero applied gate

voltage.

We also attempted to calculate the valley g-factor using the multiband k · p

theory of Refs. [64, 32], since their theory should include the intercellular and

atomic contributions in a unified way [68]. The need to discuss these terms sep-

arately is an artifact of the lattice models discussed above. The calculation is

detailed in section 5 of the supplement and gives a value for gvl
ex similar in mag-

91



nitude to our experimental results, but with the opposite sign (see supplement

section 6 for our experimental determination of the sign). Therefore further the-

oretical work is required to understand the exciton valley splitting within the

context of k · p theory calculations.

We find that the valley splitting and the resulting luminescence polariza-

tion both show a surprising dependence on an applied back-gate voltage.

Polarization-resolved spectra taken with -20 V and 51 V applied to the substrate

are shown in Fig. 4.6a for device D2. Our samples show significant hysteresis

assumed to arise from photoionization of trap states [69], and the data in this

panel are taken from a downward sweep. Figure 4.6b shows the trion splitting

versus magnetic field for two different gate voltages on a downward sweep,

finding −0.29 ± 0.02 meV
T at 40 V and −0.23 ± 0.02 meV

T at 0 V. This gate-voltage

dependence of the valley splitting could arise from carrier-density dependence

of the band Zeeman energies [35, 30], a hot luminescence effect as discussed in

section 4 of the supplement, or other effects resulting from changes in the trion

or final state wavefunctions upon increasing the Fermi level [70]. The gate de-

pendence of trion valley splitting has implications for future magneto-optical

studies of TMDs, as the intrinsic doping level may vary between samples caus-

ing a dispersion of measurement results.

The degree of trion polarization as a function of gate voltage is shown in

Fig. 4.6c. In this dataset, we find a trion polarization that increases from 18%

near zero back-gate voltage to over 50% near 40 V. The luminescence polariza-

tion is related to the valley population via Ptrion = n+−n−
n++n−

, where n± is the trion

population in valley K±. From this we infer that we are observing the genera-

tion of valley-polarized trion populations through applied magnetic field and
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Figure 4.6: (a) Polarization-resolved luminescence spectra from D2 at 4.2K and
6.7 T forσ+ andσ− detection, excited withσ− light at 1.89 eV. From top to bottom
the panels show spectra taken with -20 V and 51 V gate voltage applied to the
substrate. (b) Valley splitting versus magnetic field for selected gate voltages,
showing an decrease in slope with gate voltage. (c) Circular polarization of the
trion peak I+−I−

I++I−
versus gate voltage at 6.7 T (red circles), showing an increase to

over 50% as gate voltage is increased. For comparison, we also plot the trion
fraction Itrion

Itrion+Iexciton
(black triangles).
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gate voltage. The sign of Ptrion in the n-type regime is independent of the excita-

tion polarization but instead follows the sign of the magnetic field. We interpret

the magnetic field dependence of the trion polarization as arising from partial

relaxation of trions into their lowest energy spin-valley configuration (qualita-

tively consistent with the dependence of trion polarization on excitation power,

see supplement section 7). This relaxation is expected to be incomplete as the

intervalley scattering time is longer than the recombination time [70, 19]. In

section 4 of the supplement, we calculate the trion polarization within a sim-

ple rate-equation model and show that the observed Ptrion implies a ratio of

the recombination time to the intervalley scattering time of ≈ 0.2 at low car-

rier density. This is about an order of magnitude larger than the value found

in time-resolved measurements for WSe2 at zero magnetic field [70]; however,

the time-resolved measurements used resonant excitation which is expected to

lead to reduced intervalley scattering compared to the off-resonant excitation

we use. Trions can scatter between valleys via spin-flip intervalley scattering

of their hole, and if this is the dominant scattering mechanism our results im-

ply that the hole intervalley scattering rate increases monotonically with carrier

density. This is consistent with the Bir-Aronov-Pikus mechanism for intervalley

scattering of holes via their exchange interaction with the conduction electrons

[19, 71]. The data in Fig. 4.6c was taken with σ− excitation, but similar results

were found using unpolarized excitation (see section 3 of the supplement).

In summary, we have presented measurements of polarization-resolved lu-

minescence spectra for MoSe2 at 4.2 K in magnetic fields up to 6.7 T, demon-

strating valley degeneracy breaking. We measure a splitting of −0.22 ± 0.01 meV
T

between exciton peaks in σ+ and σ− polarized emission spectra. This value is

consistent with a simple tight-binding picture of the MoSe2 bandstructure. We
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also observe gate dependence of the valley splitting and polarization. Even with

off-resonant, unpolarized excitation we were able to achieve a trion circular po-

larization of about 50% by gating the sample in 6.7 T magnetic field. Applica-

tion of magnetic and electric fields can therefore provide an effective strategy

for manipulating the valley degree of freedom in monolayer TMDs.

Similar work on WSe2 has recently been posted by the Washington group

[66] and the ETH Zurich group [65].
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4.4 S1. Dependence of Luminescence Handedness on Excita-

tion Handedness

Figures 4.7a and 4.7b show polarization-resolved luminescence spectra for D1

at T = 4.2 K and B = 0 T taken with σ+ and σ− polarized excitation respectively.

We observe some preservation of the incident polarization even with our 1.89
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eV excitation. We find Pexciton = I+−I−
I++I−

= 6% for σ+ excitation and Pexciton = −8%

for σ− excitation indicating 7% average co-polarization of exciton luminescence

with the excitation laser. On the other hand, we see counter polarization of 3%

for the trion luminescence. We also studied the dependence of the field-induced

polarization on excitation handedness: as shown in Fig. 4.7c switching the ex-

citation polarization seemingly adds a constant offset. The small polarization

preservation we observe is consistent with studies of polarization preservation

in MoS2 using off-resonant excitation [21, 19].

4.5 S2. Background Subtraction and Fitting

Raman scattering of the excitation laser in the fiber presents a significant back-

ground in our experiment, as has been reported elsewhere [7, 72]. A spectrum

of fiber Raman excited with 705 nm light is plotted in Fig. 4.8a, showing fused

silica Raman peaks [72]. Since we excite with 656 nm light we encounter only

the tail of this signal during measurements of MoSe2 luminescence. To account

for this background, we take additional spectra with the excitation laser spot on

silicon; the background spectrum is then subtracted from the signal after carry-

ing out a dark-count subtraction on both spectra. This is shown in Figs. 4.8b and

4.8c. In practice, we rescale the background to match the signal spectrum away

from the luminescence peaks, to account for laser-power fluctuations and to al-

low a single background spectrum to be used multiple times. In Figs. 4.8b and

4.8c we have used the data without rescaling to prove that fiber Raman entirely

accounts for the background.

In the main text we report values for the peak polarization and energy as
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Figure 4.7: Luminescence Handedness Dependence on Excitation. (a)
Polarization-resolved spectra from D1 taken at zero magnetic field and with σ+

excitation, showing σ+ polarization of exciton luminescence. (b) Polarization-
resolved spectra from D1 taken at zero magnetic field and with σ− excitation. (c)
Luminescence polarization versus magnetic field with σ+ (red) and σ− (black)
excitation for excitons (triangles) and trions (circles).
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Figure 4.8: Fiber Background Spectra. (a) Fiber background spectrum excited
with 705 nm laser diode, showing fused silica Raman peaks. (b) Comparison of
spectra taken with 656 nm excitation laser on the sample (red) and on a nearby
region of bare substrate (blue). (c) The result of subtracting the two curves in
(b).
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Figure 4.9: Peak Fitting Comparison. (a) Comparison of sample luminescence
spectrum (blue) and fit used to locate peak energy (black). The spectrum is fit to
the sum of two asymmetric Voigt profiles, with χ2 ≈ 3 (b) Trion valley splitting
as extracted with fits to asymmetric Voigt (black), symmetric Voigt (red), and
hyperbolic secant (blue). (c) Exciton valley splitting as extracted with fits to
asymmetric Voigt (black), symmetric Voigt (red), and hyperbolic secant (blue).
Valley splittings from asymmetric Voigt fits are presented in Fig. 3 of the main
text.
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a function of magnetic field and gating. As described there, we use fits to an

asymmetric Voigt profile to extract the peak properties. The Voigt function is

defined as:
1

σ
√

2π
Re

exp
− (

δω + iγ
√

2σ

)2 erfc
[
−i

(
δω + iγ
√

2σ

)] , (4.2)

where δω is the detuning and γ and σ are fit parameters characterizing the peak

width. As written, the function describes the convolution of a Lorentzian with

width γ and a Gaussian with width σ; to make the line shape asymmetric we

allow γ to take different values for positive and negative detuning. A typical

spectrum with fit is plotted in Fig. 4.9a; in this case the χ2 was about 3. We

also tried fitting to other functions, such as a hyperbolic secant and a symmetric

Voigt profile. There was no difference in the valley splitting within our error-

bars. A comparison of splitting energies between symmetric Voigt, hyperbolic

secant and asymmetric Voigt is shown in Figs. 4.9b and 4.9c.

4.6 S3. Comparison of Data from Multiple Devices

We measured the valley splitting versus magnetic field with the back-gate

grounded for three different devices. All data were taken at 4.2 K and with

1.89 eV excitation. Valley splitting data not shown in the main text are given

in Fig. 4.10; D1 and D2 are defined in the main text, and the additional device

is called D3. For D3, we took data at two different positions on the flake. We

have also provided Table 4.1 showing the slopes extracted from linear fits to this

data. The standard deviation across samples of the trion splitting is 0.003 meV
T

and the standard deviation of the exciton splitting is 0.01 meV
T . These values are

within the systematic error estimated from the CCD pixel size. For one of the

locations on D3, there was a significant discrepancy between the exciton and
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Figure 4.10: Comparison of Sample Valley Splitting. (a) Valley splitting data for
D1, as defined in the main text. (b) Valley splitting data taken near the center of
D3. (c) Valley splitting data taken near one edge of D3.
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trion splitting.

Sample Exciton Splitting (meV
T ) Trion Splitting (meV

T )
D1 -0.22 -0.22
D2 -0.21 -0.22

D3 location 1 -0.21 -0.22
D3 location 2 -0.19 -0.23

Table 4.1: Valley splitting for multiple devices in meV
T , defined as the difference

of luminescence peak energies between σ+ and σ− polarized light. The error for
all values is ±0.01meV

T .

We also measured the gate dependence of valley splitting and polarization

on two devices: D2 and another device not previously defined, D4. The gate

dependence of luminescence from D4 is shown in Fig. 4.11. As shown in Fig.

4.11a, for D4 the trion polarization increases from about 10% to over 45% as

the electron density is increased. For the data in Fig. 4.11 we used excitation

light with equal intensity in σ+ and σ− polarization, and about 11 µW excitation

power.

4.7 S4. Further Discussion of the Trion Luminescence and its

Gate Voltage Dependence

Figure 4.12 shows the three possible trion spin-valley configurations which emit

σ+ polarization light on recombination (upper panels) and the corresponding fi-

nal states after recombination (lower panels). These are the trion species defined

as K+ valley trions in the main text. There are also three more trion configu-

rations not shown in Fig. 4.12 (the K− valley trions) which are related to the

configurations shown by time-reversal symmetry, and which emit σ− light on
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Figure 4.11: Gate Dependence of D. (a) Trion peak polarization versus gate volt-
age at B = 6.7 T for D4 taken on a downward sweep and using 11µW excita-
tion with equal intensity in σ+ and σ− light (b) Polarization-resolved lumines-
cence spectrum of D4 taken at 6.7 T magnetic field and 40 V back-gate voltage.
(c) Polarization-resolved luminescence spectrum of D4 taken at 6.7 T magnetic
field and -20 V back-gate voltage. The trion polarization is significantly reduced
compared to the 40 V spectrum.
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Figure 4.12: Band Diagrams for Gate Dependence of Trion Luminescence. Here
we show the three possible trion spin-valley configurations which emit σ+ po-
larized light on recombination (panels (a)-(c)) and the corresponding final states
after recombination (panels (d)-(f)). In these schematic drawings, the full circles
represent the two electrons in the trion, and the open circle represents the hole.
We have arranged the panels so that the final state is below the initial state. The
configurations shown here are the complete set of trion configurations emit-
ting σ+ light, but there are three more which emit σ− light which are related to
these via time-reversal symmetry. For the gate-voltage regime considered in our
experiment, we expect that photoluminescence primarily arises from recombi-
nation of the trion species in panel (a) and its time-reversed partner.
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recombination. In total there are then six trion configurations expected to have

approximately the same binding energy, although the electron-hole exchange

interaction is predicted to increase the energy of trions with parallel electron

spins by about 6 meV [73]. Any trion configurations in which the two electrons

have the same quantum numbers (spin and valley) have not been included in

this accounting since they are not expected to be bound due to Pauli blocking.

For MoSe2 at low carrier density, only the lowest conduction bands will be oc-

cupied at 4.2 K since the conduction band spin-splitting is predicted to be about

20 meV [32, 61, 62]. As a result, the trion species in panel (a) is expected to

be dominant at low carrier density. Based on Fig. 4d of the main text, we see

that the conduction band edge for our samples is at approximately −12 V on a

downsweep and therefore as an upper bound we gate into the conduction band

by about C∆V
eA / mc

π~2 ≈ 20 meV at our highest gate voltages (using C ≈ 1.2 × 10−8

F/cm−1 as the back-gate capacitance per unit area). The presence of trap states

means this is probably an overestimate and we expect that the observed lumi-

nescence signal primarily arises from recombination of the panel (a) trion (and

the time reversed version emitting σ− light) at all gate voltages studied in this

work.

In magnetic field, the total Zeeman energy of the trion can be approximated

as the sum of the Zeeman energies of its constituent electrons and hole (the hole

Zeeman energy being minus that of the relevant valence band). For example,

the photon emitted when the trion in panel (a) recombines has energy: Einitial −

Efinal = εc +Ec
Z−εv−Ev

Z +εc−Ec
Z−EB−

(
εc − Ec

Z

)
= εc−εv−EB +Ec

Z−Ev
Z = ~ω+Ec

Z−Ev
Z,

where EB is the sum of the exciton and trion binding energies (i.e. the total trion

binding energy below the electronic band-gap), and ~ω is the trion emission

energy for zero magnetic field. The trion valley splitting is then 2(Ec
Z − Ev

Z) and
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equal to the exciton valley splitting. Similar calculations give the same results

for the transitions shown in panels (b) and (c).

To estimate the gate dependence of the trion polarization we use a simple

rate-equation model. In this model we assume that, for B > 0, the conversion

rate of K+ valley trions into K− valley trions is suppressed by a Boltzmann factor

of e−2βEv
Z compared to the time-reversed process [74], where β = 1

kBT with T the

effective temperature of the trion population. The argument of the Boltzmann

factor is determined by the energy barrier for switching from the trion species

in panel a), with its hole in K+ valley, to its time reversed parter with a hole in K−

valley: this energy is given by Einitial(K−)−Einitial(K+) = 2Ev
Z. We will also assume

that, due to our off-resonant excitation, the formation rate Q of K+ and K− trions

is roughly equal. The resulting rate equation is:
dn+

dt = Q − n+/τR + n−/τvl − n+e−2βEv
Z/τvl

dn−
dt = Q − n−/τR − n−/τvl + n−e−2βEv

Z/τvl

(4.3)

where n± is the trion population in the K± valley, 1/τR is the trion recombination

rate, and 1/τvl is the rate for K− to K+ intervalley scattering of the trion. In this

simple model we have also ignored the possibility that the recombination rate

may depend on the valley. The steady state solution is:

Ptrion =
n+ − n−
n+ + n−

=

τR
τvl

(
1 − e−2βEv

Z

)
1 +

τR
τvl

(
1 + e−2βEv

Z

) ≈ τR
τvl

1 +
τR
τvl

(4.4)

where the second equality is obtained by ignoring the Boltzmann factor e−2βEv
Z ≈

0.0004 at 4.2 K and 6.7 T. At low gate voltages we find Ptrion ≈ 0.18 for the data

in Fig. 4c of the main text or τR
τvl
≈ 0.2. This is about an order of magnitude

larger than the value of τR
τvl
≈ 0.03 found by Ref. [75]; however, their value was

obtained in significantly different experimental conditions since they studied
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WSe2 samples using resonant excitation and at zero magnetic field. In Fig. 4.13a,

we plot the intervalley scattering rate normalized to the recombination rate

τR
τvl
≈ |Ptrion|/ (1 − |Ptrion|) versus gate voltage. The data shows a linear increase

in intervalley scattering with carrier density, consistent with the Bir-Aronov-

Pikus mechanism for intervalley hole scattering by the background conduction

electrons [19, 71]. As discussed in section 7 of the supplement, we also observe

a decrease in the trion polarization with increasing excitation power. This is

qualitatively consistent with the rate-equation model assuming that the effec-

tive temperature of the trion population increases with excitation power.

In Figure 4.13b we show the peak intensity of trion luminescence in σ+ and

σ− detection versus gate voltage. At small gate voltages, the trion luminescence

intensity increases with increasing gate voltage for both σ+ and σ− detection,

but the intensity of σ− luminescence begins to decrease significantly above 15 V.

As shown in Fig. 4.13c, the trion valley splitting changes only for gate voltages

above about 15 V, suggesting that the increase in the valley splitting magnitude

and decrease in the σ− intensity could be related. Since the trion can recombine

with a range of center of mass wavevectors [26], the change in valley splitting

may result from a change in the k-space distribution of the K− trion popula-

tion rather than a change in the band Zeeman energies; the trion recombination

energy redshifts as the final state center of mass momentum is increased. The

redshift of K+ trions compared to K− trions would then correspond to a hot lumi-

nescence effect where the trion scattering rate from the K− to K+ valley is larger

at larger wavevectors.
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Figure 4.13: Trion Valley Scattering Rate. (a) Gate voltage dependence of τR
τvl

as
defined in the text. This is the same dataset as used for Fig. 4.6c of the main text:
it was taken for sample D2 at 4.2 K and 6.7 T magnetic field, using an excitation
power of about 12.5 µW and σ− excitation. The arrow represents the direction
of the gate-voltage sweep. (b) Peak intensities of trion luminescence in σ+ (red)
and σ− (black) detection versus gate voltage at 4.2 K and 6.7 T, taken for sample
D2. (c) Trion valley splitting versus gate voltage at 4.2 K and 6.7 T, taken for
sample D2.
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4.8 S5. Calculations of the Exciton Valley Splitting within k · p

Theory and Tight-binding Models

The magnetic moment of a band b can be calculated in k · p theory using the

formula [68, 31, 76, 77, 78, 32]:

mb = −
µB

2me

∑
a,b

|Pba
+ |

2 − |Pba
− |

2

εb − εa
(4.5)

where me is the free electron mass, µB is the Bohr magneton, εa is the energy of

band a, and Pba
± = 〈b| px ± ipy |a〉 is proportional to the optical matrix element

for σ± light between Bloch states |a〉 and |b〉. The formula above gives the z

component of the magnetic moment, assuming {x, y, z} form a right-handed co-

ordinate system. As discussed in early papers on Bloch electrons in magnetic

fields [68, 76], this formula includes both contributions from the phase winding

of the Bloch state within a unit cell (the atomic contribution to the magnetic mo-

ment) and the phase winding on the scale of multiple unit cells (the intercellular

contribution to the magnetic moment). The optical matrix elements are deter-

mined by the k · p Hamiltonian matrix elements, since Hk·p = ~
2me

(k+ p− + k−p+),

where k± = kx ± iky, p± = px ± ipy, and where k and p are the wavevector and

momentum operator respectively.

In Table V of Ref. [32], Kormányos et al. give the non-zero k · p matrix ele-

ments within their theory. The resulting valley Zeeman energies (as defined in

the main text) are:

Ec
Z/µB =

2meB|γ3/~|
2

εc − εv
−

2meB|γ5/~|
2

εc − εv−3
−

2meB|γ6/~|
2

εc − εc+2
(4.6)

in the conduction band and

Ev
Z/µB = −

2meB|γ3/~|
2

εv − εc
+

2meB|γ2/~|
2

εv − εv−3
+

2meB|γ4/~|
2

εv − εc+2
(4.7)
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in the valence band, where εc+2 is the energy of the second band above the con-

duction band and εv−3 is the energy of the third band below the valence band.

Here the parameters γi are related to the interband optical matrix elements, and

the authors of Ref. [32] determine relevant combinations of these parameters

via fits to the DFT band structure; details of the fitting procedure can be found

in Refs. [64, 79]. In our case, the precise values of these parameters are not im-

portant, as we will focus on the relationship between the effective masses and

valley splitting that can be derived using the k · p approach. The k · p theory

effective masses can be written in terms of the γi similar to the Zeeman splitting

(see Eq. B6 of Ref. [32]). Some simple algebra then allows us to obtain:

gvl
ex =

2(Ec
Z − Ev

Z)
µB

= 4 − 2
(
me

mc
−

me

|mv|

)
(4.8)

where mc(v) is the effective mass of the conduction (valence) band. As long as the

effective masses for conduction and valence band are approximately equal, as

expected from first principles calculations [80, 79], the valley splitting calculated

this way will be close to gvl
ex = 4 and have the opposite sign to our measurements.

For example, taking mc = 0.49me and |mv| = 0.59me (these values are from [79])

gives gvl
ex = 3.3.

The exciton valley splitting can also be calculated using a lattice model. For

example, Ref. [18] originally proposed a model Hamiltonian for TMDs based

on hybridization of d-orbitals at different Mo lattice sites. Such a lattice model

neglects the atomic-scale structure of the wave function, and therefore the Zee-

man coupling to the d-orbital magnetic moment must be introduced by hand

[65, 66]. This gives a contribution to the band Zeeman energies of Ec
Z,a = 0 and

Ev
Z,a = 2µB, as discussed in the main text. Aside from this contribution, there is

the magnetic moment due to phase winding of the Bloch states on the intercel-

lular scale. This quantity can be calculated using the k · p theory formula Eq. 4.5
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above, but this time within the reduced Hilbert space of the lattice model. For

example, the Hamiltonian in the massive Dirac fermion model is:

H =

 εc τγ3q−τ

τγ∗3qτ εv

 (4.9)

written in the basis of band-edge Bloch functions {|c〉 , |v〉}. The resulting value

for the intercellular Zeeman energy is Ec(v)
Z,ic = µB

2meB|γ3/~|
2

εc−εv
. Here we have used that

〈c|p+|v〉 = 2meγ3/~. We note that ~2

2mc
=
|γ3 |

2

εc−εv
for this model so that the Zeeman en-

ergy is simply µBBme
mc

. In a given valley this contribution shifts the energy levels

in the conduction and valence bands in the same way, and therefore does not

contribute to the exciton valley splitting. The total exciton valley splitting for

this model is 2(Ec
Z − Ev

Z) = 2(Ec
Z,a − Ev

Z,a) + 2(Ec
Z,ic − Ev

Z,ic) = −4µB as discussed in

the main text. The same approach of separately treating the inter and intra cel-

lular contributions can be used to calculate the exciton valley splitting in more

general lattice models where the electron and hole masses are not equal, giving

a value for the exciton valley splitting which differs from the bare d-orbital one

[65, 66].

Finally, we discuss the effective Hamiltonian for excitons in magnetic field.

The exciton Hamiltonian is found by subtracting the conduction and valence

band dispersions and adding the electron-hole Coulomb interaction V :

Hex = Hc (−i~∇e, re) − Hv (i~∇h, rh) + V (|re − rh|) (4.10)

=
~2

2mc
(−i~∇e + eA(re))2

−
~2

2mv
(−i~∇h − eA(rh))2 + V (|re − rh|) +

1
2

gvl
exµBBτ.

(4.11)

Following Refs. [81, 82], we carry out a gauge transformation to find a one-

body Hamiltonian for excitons with zero center of mass momentum:

Hτ
ex =

~2

2µ
k2 +

~eB
2

(
1

mc
−

1
|mv|

)
lz +

e2B2

8µ
r2 + V (|r|) +

1
2

gvl
exµBBτ (4.12)
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where r = re − rh is the electron-hole separation, p is the associated canonical

momentum, µ = mc|mv|/(mc + |mv|), and lz = ẑ · (r × p). For bright excitons we

assume lz = 0, i.e. that they are s-type [83, 70, 84]. Therefore the only term

which can give rise to a linear magnetic field dependence of the exciton energy

is the last term in Eq. 4.12, which describes a Zeeman-like coupling of the exciton

valley degree of freedom to the magnetic field.

We also estimate the energy shift due to the quadratic term e2B2

8µ r2 in the

exciton Hamiltonian. In the regime where the magnetic length (lB =

√
~

eB)

is smaller than the exciton Bohr radius, this term leads to a quadratic shift

of the exciton transition energy as demonstrated in experiments on quantum

wells [82, 85, 86, 87]. Theoretically, this could manifest in our experiments as a

quadratic term in the valley-averaged transition energy, but due to the small ex-

citon Bohr radius for TMDs (1-3 nm [84, 70]) the correction should be small. We

can estimate the diamagnetic shift using perturbation theory with the Wannier

model above: the result is a quadratic increase of order 1
8~(ωc +ωv)

(
aB
lB

)2
≈ 7 µeV

at 6.7 T, where ωc(v) is the electron (hole) cyclotron frequency, and aB is the exci-

ton Bohr radius. This energy shift is below our measurement sensitivity.

4.9 S6. Experimental Determination of the Sign of the Valley

Splitting

In the main text, we define the valley splitting as the difference of peak lumi-

nescence energies between σ+ and σ− polarized emission. Furthermore, σ± po-

larization is defined as the circular polarization which carries ±~ angular mo-

mentum per photon along the field direction for B > 0. Equivalently, σ+ (σ−)
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polarized light can be defined as the light with electric field vector rotating

counter-clockwise (clockwise) in time around the positive B axis. The conven-

tion for B > 0 is defined in Fig. 1a of the main text. To determine the sign of the

splitting, we used two methods.

First, we determined the rotational settings of the detection polarizer corre-

sponding to different circular polarizations of emission. To do this, we launched

circularly-polarized laser light into the cryostat objective lens from the sample

space, and found the settings of the detection polarizer which maximized the

resulting signal. The circularly-polarized light was generated by sending lin-

early polarized light through a λ/4 plate with the light polarized at 45◦ to the

waveplate axes. Given knowledge of the waveplate axes and their orientation

relative to the light polarization, the handedness of circularly-polarized light

produced in this fashion can be determined. We also checked the assignment

of the waveplate fast and slow axes by shining circularly-polarized light of a

known handedness through the waveplate and analyzing the resulting linear

polarization. For this test, the circularly-polarized light was generated using

two N-BK7 prisms in a Fresnel rhomb geometry, so that the resulting handed-

ness could be determined from the Fresnel equations. We determined the field

direction using a calibrated Hall probe. The considerations above determine

the rotational settings of the detection polarizer corresponding to detection of

σ+ and σ− emission.

We also compared the valley splitting for MoSe2 to magnetoluminescence

measurements for a (110) cut, undoped, p-type CdTe substrate (from MTI Cor-

poration). For p-type CdTe, the acceptor-bound exciton luminescence shows a

four-fold splitting under magnetic field applied in the Faraday geometry. The
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optical selection rules lead to circular polarization of these peaks, so that two

are σ+ polarized and two are σ− polarized. With the detection polarization de-

termined as discussed above, we find peak splitting and selection rules for CdTe

in agreement with those found by Refs. [57, 58, 59]. In particular, given that the

lowest energy acceptor-bound exciton luminescence peak for CdTe is σ− polar-

ized (for B > 0), we know that the lowest energy MoSe2 peak indeed originates

from σ+ polarized luminescence (for B > 0) as indicated in the main text.

4.10 S7. Power Dependence of Trion Polarization

As shown in Fig. 4.14a, the trion luminescence polarization increases to about

65% circularly-polarized as the power is reduced for B = 6.7 T, T = 4.2 K, and

in the regime of high electron density. On the other hand, we see no power de-

pendence of the trion peak splitting (see Fig. 4.14b). Within our rate equation

model, the power dependence of trion polarization arises from changes in the

lattice temperature, or the effective temperature of the trion population which

may not be equilibrium with the lattice. A thermometer mounted on the chip

holder shows < 50 mK sample heating under more than 200 µW excitation, sug-

gesting that the lattice heating is small. Figure 4.14c shows the gate dependence

of trion polarization at 6.7 T and 4.2 K, with an excitation power of about 1.1

µW; the fractional increase in the trion polarization with gate voltage is similar

to data shown in the main text (taken with about 11 µW excitation).
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Figure 4.14: Power Dependence of Trion Polarization. (a) Trion peak circular
polarization versus power in the n-type regime, for B = 6.7 T, and excited with
σ− polarized light. (b) Trion valley splitting versus power in the n-type regime
and for B = 6.7 T. (c) Trion peak circular polarization versus gate voltage, taken
at 6.7 T and using about 1.1 µW excitation power.
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CHAPTER 5

FUTURE DIRECTIONS

Our combined microscopy, spectroscopy, and electrical measurement system

has potential for a number of different materials systems. One particularly in-

teresting system is the combination of complex oxide materials with effectively

two-dimensional (2D) materials like graphene, boron nitride, and single or few

layer transition-metal-dichalcogenides (TMDs) like AB2 where A is Mo or W

and B is S or Se. Combination of these 2D materials with each other is already a

large field of study where local electrostatic environments, interface effects, and

epitaxy lead to new or enhanced properties [88][89]. Combining the wide array

of properties and symmetries found in complex oxides with the novel optical,

mechanical, and transport properties found in these two-dimensional materials

gives us potential access to new device functionalities. Among all the possibil-

ities, we will focus on the combination of ferroelectric oxides with TMDs and

graphene.

5.1 Introduction to Ferroelectrics as Gate Oxides for 2D Mate-

rials

The incorporation of ferroelectric oxides into semiconductor-based devices is

a research direction motivated both by the large dielectric constants of ferro-

electric oxides and the potential for using the hysteretic behavior of the po-

larization in the ferroelectric for memory applications. Effort has been made

both to include ferroelectrics as the gate oxide for Si based field effect transis-
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tors (FETs) and to incorporate ferroelectric capacitors into non-volatile one ca-

pacitor, one transistor based memory architectures [90][91][92] [93]. The large

remnant polarizations of the ferroelectric gate or capacitor material can be used

as two states of a memory system. Many issues related to materials compati-

bility, fatigue, non-volatility, and device read-out have been investigated with

a predominant focus on incorporation of a wide variety of different ferroelec-

tric chemistries with silicon fabrication techniques. FET geometry devices have

been proposed and studied that use a variety of different ferroelectric oxides

with insulating buffer layers between the ferroelectric and the Si channel in a

metal-ferroelectic-insulator-semiconductor type structure. The inclusion of a

dielectric between the ferroelectric and the semiconductor leads to a depolar-

ization field that degrades the remnant polarization of the gate in time and can

lead to volatility of the memory [90]. Commonly amorphous Hf-Al-O based

buffer layers are used, as the high dielectric constant and high crystallization

temperatures allow for better cycling behavior and long data retention times

though the on-off ratio is still reduced by a factor of 10 on the time scale of

ten days[93]. Molecular beam epitaxy (MBE) techniques have also been used

to grow ferroelectric films directly onto Si with no buffer layer, though no FET

type devices have been reported from these heterostructures [92].

Aside from integration with Si, oxide ferroelectrics have also been proposed

and investigated as gate oxides and substrates for single layer graphene (SLG)

and few layer graphene (FLG) based devices [94][95]. Commonly graphene de-

vices are constructed with dielectric back or top gates for modulation of the

Fermi level and carrier concentration of the graphene layer, which also serve

as a mechanical support for the 2D material. The transport properties of the

graphene are highly dependent on the electronic properties of these gate di-
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electrics, with SiO2 as a common choice. The morphology, chemistry, structural,

and electronic properties of this gate material choice all can contribute extrin-

sic sources of scattering to a graphene based device limiting its performance.

[94][96][97]. Hong et al demonstrated that swapping the gate oxide from SiO2

for ferroelectric Pb(Zr0.2Ti0.8)O3 (PZT) increased the room temperature mobility

of FLG to 70% of the theoretical limit from electron-phonon scattering, with low

temperature mobilities as high as 1.4 ×105 cm2/V s [94]. These devices should

also show a resistance hysteresis as the polarization of the gate is changed but

that was not initially reported. This same group later reported measurements of

the graphene resistance in similar devices (both FLG and SLG based) as the gate

oxide polarization was changed, but this resistance showed an unexpected hys-

teretic behavior. The devices showed the direction of the hysteresis as opposite

to that expected from carrier density change induced by the polarization rever-

sal of PZT. They coined the term ”antihysteresis” and attributed the behavior to

interfacial defects between the graphene and the PZT, in particular to disassoci-

ated water molecules trapped at the interface to screen the native polarization

of the PZT [98]. This behavior has been observed multiple times, and has been

proposed as a mechanism to construct resistive non-volatile memory elements

[99]. Other groups have reported similar antihysteresis behavior for graphene

devices on SrTiO3 (STO) thin films grown on Nb doped SrTiO3 substrates with

no measured ferroelectricity [100].

This issue of antihysteresis, which is attributed to substrate cleanliness and

crystal quality, raises the question of how to eliminate the charged defects at the

interface between the 2D material and the ferroelectric. The remnant polariza-

tion of the ferroelectric substrate means that charged adsorbates will be drawn

to the surface to screen the polarization and cleaning efforts need to somehow
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account for this. Surface crystalline defects may also contribute charged defects

due to the polar nature of the chemistries involved in ferroelectrics. An obvi-

ous potential solution to cleaning the ferroelectric surfaces is to construct and

clean the sample while the ferroelectric is above its Curie temperature (Tc) or

while it is heated to reduce the remnant polarization at the surface. Recently,

Yusef et al have demonstrated that they can construct graphene ferroelectric

FETs using PbTiO3/SrTiO3 (PTO/STO) superlattices with a tunable Tc based on

the volume fraction of PbTiO3 in the superlattice [101]. They heated their sub-

strates to 2500 C in ambient conditions which both reduces the polarization by

75% and also had been shown previously to aid in the removal of physisor-

bates on ferroelectrics. They demonstrate that they can tune from a hysteretic

to an antihysteretic device behavior by tuning the superlattice surface morphol-

ogy, where reducing surface pits and using atomically flat electrodes transitions

from antihysteretic to hysteretic behavior in the graphene. This demonstrates

that clean interfaces between 2D materials and ferroelectrics are possible, and

that a clean interface can lead to effective gating of the 2D material.

The methods used to improve the quality of graphene and ferroelectric inter-

faces should be applicable to the integration of exfoliated semiconducting TMD

based devices as well. We propose the construction of single layer or few layer

TMD devices on ferroelectric oxides as novel semiconductor-on-ferroelectric

FET type devices with a mix of interesting optical and transport properties. Fer-

roelectric gates with clean interfaces can give us access to gating charge densi-

ties larger than the equivalent charge densities at the breakdown of SiO2 gates

with smaller applied voltages due to the spontaneous polarization of the ferro-

electric [90]. This gate is also tunable at low temperatures, unlike ionic liquid

gates which are another route to charge densities above 1×1014 cm−2. TMD FET
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structures with ionic liquid gates have demonstrated novel devices such as light

emitting transistors and stable p-n junctions [102] [103] or enhanced mobility

for single layer and few layer TMD FETs [104]. Combined photocurrent, spec-

troscopy, imaging, and transport measurements at low temperature will allow

us to investigate electroluminescence, dependence of magneto-luminescence at

larger carrier densities, as well as the interplay between optical excitation and

transport properties of the devices.

Integrating single and bi-layer TMDs with ferroelectrics may also tell us

about the spatial arrangement of the underlying ferroelectric domains through

the photoluminescence (PL) of the TMD. As discussed in the introduction, the

enhancement of PL in monolayer devices comes from the breaking of inversion

symmetry. The polarization from the underlying ferroelectric should break this

symmetry for bilayer or few layer systems as well giving enhanced PL signal.

For MoSe2 shifts in the trion to exciton PL ratios should also reflect the un-

derlying ferroelectric domain structure, giving a potential means to image the

ferroelectric domain structure optically for out-of-plane polarizations.

5.2 Finding a Relevant Ferroelectric

From the graphene studies, we need to avoid the antihysteretic behavior to take

full advantage of the intrinsic polarization from the ferroelectric gate. PTO/STO

superlattices and hot TMD transfer clearly offer a route to explore, but TMDs

are less stable to heating in air than graphene. Ideally we would like to find a

material that undergoes a ferroelectric transition with out-of-plane polarization

below room temperature since we intend to investigate these devices at cryo-
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genic temperatures anyways. This would allow us to prepare and clean the

ferroelectric surface without the electrostatic attraction of charged adsorbates to

screen the surface, then to cool through a phase transition to induce the spon-

taneous polarization. Unfortunately, oxides with sub-300 K Curie temperatures

and out-of-plane ferroelectric domains are not very common. We are investi-

gating two potential systems, bulk single crystals of solid solutions of (Ba,Sr)Ti3

and compressively strained STO thin films. We obtained two pieces of bulk

single crystal of Ba0.1Sr0.9TiO3 from Rainer Held, which were polished normal

to the crystal c axis. For this composition, we would expect a Curie tempera-

ture below 100 K [105] . We cut these crystals into 4 discrete samples and used

Epotek H20E silver epoxy to attach each crystal to a common metal plate. We

then wired up each crystal independently into a capacitive geometry to mea-

sure the capacitance of the crystal along the c-axis. We cooled the crystals to

5 K in a Helium bath cryostat, both in zero electric field and with a 50 V bias

across the crystals on two separate cool down cycles. We measured the capaci-

tance as we increased the temperature slowly to above 100 K. In both cases, we

saw a common temperature dependence of the capacitance across all samples

that suggested we were seeing capacitance of pure STO. In the case of cooling

without an applied 50 V bias, we did see a small jump in capacitance at 70 K

though this was not repeatable with a bias. This behavior would be consistent

with small regions of different dielectric constant in a STO matrix, though it is

unclear why a bias on cooling would eliminate this behavior. We saw no indi-

cation that we were seeing a ferroelectric phase transition that would allow us

to use this as a substrate for TMDs.

We are also looking at 1.1% compressively strained STO grown by reactive

MBE on (110) oriented NdGaO3 (NGO (110)) substrates, which is predicted to
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have out-of-plane ferroelectricity below room temperature though this has not

been confirmed conclusively by experiment [106] [107] [108]. STO strained on

NGO (110) has been demonstrated to have a remnant polarization greater than 6
µC
cm2 below 20 K [109]. NdGaO3 is insulating, so we need to grow a thin conduct-

ing buffer layer between the STO and the NGO to act as a gate electrode for the

STO without relaxing the strain between the substrate and the STO film. At a

first attempt, we grew a 30 u.c. SrVO3 (SVO) using 2.8×10−7 torr of oxygen back

pressure with a substrate temperature of 7900 C measured with the pyrometer

as our electrode which showed smooth growth by RHEED and achieved resid-

ual resistivity ratio (RRR) values for these films around 5-6 indicating moderate

film quality. We then tried to cool these films for STO growth in 10% ozone, but

saw the surfaces roughen by RHEED with time. To combat this, we grew 10 u.c.

of STO at the same SVO growth conditions to cap the surface, then cooled the

substrate, switched from O2 to 10% ozone and grew another 30 u.c. of STO at

a pyrometer temperature of 7500 C and an ion gauge pressure of 8.5×10−7 torr.

Figure 5. shows that we have smooth thin films of STO, with an increase in the

c-axis lattice constant (STO film peak shifted to lower 2θ angle) compared to un-

strained STO. This peak shift is consistent with compressive strain in the films

but could also indicate stoichiometry issues.

The next steps are to measure the temperature dependence of the film capac-

itance to look for signs of a ferroelectric transition and also to measure the film

polarization. If strained STO on NGO (110) will not work as a sub-room temper-

ature out of plane ferroelectric, BaTiO3/SrTiO3 and PbTiO3/SrTiO3 superlattices

with large STO volume fractions also show promise [108]. An advantage of us-

ing reactive MBE grown thin films for our 2D material based devices is that we

can mechanically exfoliate our 2D materials immediately after film growth to
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NGO	  (110)	  

NGO	  (220)	  

NGO	  (330)	  

NGO	  (220)	  

STO	  (001)	  
STO	  (002)	  

STO	  (003)	  

STO	  (002)	  
SVO	  (002)	  

Figure 5.1: θ-2θ Scans of SrTiO3 Film on (110)NdGaO3. Top scan shows 2θ range
from 00 to 800, with substrate and film peaks labeled. The SrVO3 are hidden by
the substrate peaks. Bottom scan shows 2θ range from 430 to 490 showing more
clearly the (002) film peak and the side of (002) electrode peak. The STO film
peak shows thickness fringes consistent with the number of unit cells grown.
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reduce the chance of surface contamination.

5.3 Future Device Plans

If we are able to grow out-of-plane ferroelectric thin films and to make clean

interfaces between these films and mechanically exfoliated TMDs, we can im-

mediately investigate the TMD carrier mobility and optical properties with ef-

fective carrier densities up to an order of magnitude larger than is possible for

SiO2 gate dielectrics. Expanding to higher carrier densities should also allow us

to investigate the mechanism of the gate dependence of the valley degeneracy

breaking that we reported in chapter 4 and to potentially achieve both p and n

doping regimes. We can envision making p-n junction type devices using a sim-

ilar gating scheme to that used in ionic liquid gating studies, where we can write

a ferroelectric domain wall underneath our TMD [103]. We also can achieve this

with polarizations that are stable at zero bias after writing. We could effectively

make non-volatile memory FETs or p-n junctions in a 2D semiconductor with-

out chemical doping and large off currents. It is also possible that we will see

mobility enhancements for TMDs on ferroelectrics similar to those observed on

graphene. With a stable system for clean out-of-plane ferroelectric gating of

TMDs, there are many more possibilities for devices that take advantage of the

exciting physics of TMDs, the large polarizations at ferroelectric surfaces, and

the non-volatility of ferroelectric domains.
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APPENDIX A

CURRENT STATE OF THE DILUTION REFRIGERATOR, AND UPDATED

SOPS

Over the course of the last 6 years, weve made multiple changes to the elec-

trical lines, the vacuum feedthroughs, the state of the mash, and the pumps

and pumping lines for the dilution refrigerator. Both switch boxes have been

modified significantly, the superconducting electrical lines for the nanoposition-

ers have been added, the 1 K pot pump and the circulation pumps have both

been replaced, the optical fiber feedthroughs have been added, and the temper-

ature control and monitoring cable has been broken out. Here I will explain the

changes made, how they related to the safe and proper operation of the refrig-

erator, and the issues related to the current mash ratio and volume. I will use

the terminology from the Oxford Kevinox user manuals.

A.1 Electrical lines and switchboxes:

There are two switch boxes at the top of the dilution refrigerator that connect to

two different vacuum electrical feedthroughs that run down into the inner vac-

uum chamber (IVC). Figure A.1 shows their relative positions. Both of these are

24 pin Fischer connectors. The switch box BNCs are labeled 1-24 and the num-

bers correspond to the labeled diagrams of the Fischer connectors from the Ox-

ford manuals. Modifications have been to the lines down to the mixing chamber

for each of these switch boxes. We’ve broken them down into a nanopositioning

switchbox and a sample measurement switch box.

The switchbox A connector has been converted to a piezotube or nanopo-
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Switchbox A Switchbox B

IVC Needle Valve

Fiber Feedthrough

Mash Return Valve

Figure A.1: Diagram of Kelvinox Switchboxes. Photo taken of the top of the
dilution refrigerator showing the relationship between the switch boxes, the
fiber optic feedthrough, the Inner Vacuum Chamber (IVC) needle valve, and
the mash return line
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sitioner controlling channel with 6 copper lines running into the fridge. These

lines are thermalized at the 4 K plate, then soldered into a Samtec connector.

The mate of that Samtec connector is soldered to BeCu clad NbTi wires which

are then thermalized to the 1 K pot plate then the cold plate, and finally to

the mixing chamber plate. The purpose of this multi stage wire assembly is to

reduce the line resistance to reduce the RC constant of the piezo driving cir-

cuit for either the piezo tube or for the attocube nanopositioners. While the

attocube manual states that there can be a 10 Ω resistance for the total loop be-

tween ground and the high voltage pin, weve found that this resistance must be

under 5 Ω and should preferably be under 2 ohms total. The use of the normal

metal-coated superconducting wires allows us to have high electrical conduc-

tivity at both room temperature and low temperature, while having a minimal

thermal linkage between the various temperature stages while running the di-

lution refrigerator. Weve tried to use thin copper wires instead, but had large

issues with driving the attocubes. We seem to see that the attocubes get mechan-

ically jammed more often when the line resistance is over 5 ohms. The final key

point for these nanopositioning lines is that since they are high voltage lines,

seeing up to 300 V between pins from the piezotube controller, it is critically

important to solder to the Samtec connectors delicately. Weve seen leakage be-

tween the pins and sparking if the plastic of the connectors sees too much heat

during soldering. It is critically important to use a minimal amount of solder

flux and to remove the flux carefully with isopropanol (IPA).

Switch box B has been modified extensively. The large, multi-pin rotary

switch] that was used to tie all the BNCs to the same bus has been discon-

nected from the box due to a large amount of shorts between channels within

the switch. Currently, each channel can be individually grounded using the
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3 pole switches that correspond to each BNC, but they cannot be tied all to

ground together with a single switch. There are also a few BNCs that are out

of order with respect to the apparent geometric order. Pins 19, 20, 21, and 22

are swapped, where pins 21 and 22 are adjacent to pins 17 and 18 and then

19 and 20 follow. This is labeled in ink on the switch box next to the relevant

BNCs. The measurement lines are all approximately 130 Ω from the switch box

to the mixing chamber. There are some potential issues here with leakage be-

tween lines as measured at the switch box, but those issues have been hard to

diagnose. I think its related to the position of the wires at the mixing cham-

ber, as it seems that this can always be fixed by correctly strain relieving those

wires, though sometimes things shift upon cooling. We also have some indica-

tion that this is an issue with the insulating coating on the old wires, since there

sometimes seems to be a capacitive coupling between channels with an AC ex-

citation. Careful measurement of the lines in their intended measurement state

before cooling is essential.

A.2 Temperature Measurement

One of the complicating factors for the design of the microscope was how to

deal with the inevitable temperature differential between the mixing chamber

and the sample. While the temperature control cable has three channels of 4

point measurement and a heater channel for each stage, the AVS 47-b resistance

bridge has the ability to control 9 separate channels. We have taken apart the

connector that links the temperature control cable to the AVS bridges preampli-

fier and wired up the correct pins for channel 4 and channel 5 into the AVS. We

use one of these channels to monitor the sample temperature.
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Due to the complications from having a sample that can be moved with

respect to the optical elements, significant temperature gradients between the

sample and the mixing chamber are likely. It is essential to mount a temperature

sensor on the sample mounting plate, whatever that geometry may eventually

be. Figure 2.11 shows how we mount a temperature sensor to the standard low

temperature chip holders that are around the lab. Note that we use lens tissue

saturated with IPA thinned GE varnish both to thermalize the resistor to the

sample holder and to attach the resistor to the sample holder with out electrical

contact. For our bilayer strontium ruthenate experiments and for our optical

calibration experiments, we used a single 5.6 K ohm resistor obtained from a

batch calibrated by Eric Smith and John Reppy. The calibration table for this

resistor is located on the shielded room door. It is important to note the zero

field base temperature before sweeping field and to again note the temperature

at field after it has stabilized from any eddy current heating. Since the resistor is

sitting at the sample field, the magnetoresistance contributes. We see less than

5% change in the resistance at base temperature from 0 to 9 T.

A.3 1 K Pot Changes

Figure A.2 shows the state of the various pumps and things needed to run the

dilution refrigerator. The 1 K pot for the dilution refrigerator functions using the

refurbished Edwards E2M40 shown in that figure. This pump has a pumping

rate of just under 30 CFM, and we had the electricians install a new circuit for

this pump, which includes an on/off switch. There is no such switch on the

pump. Over the years, the pump used to run the 1 K pot has changed, but it

is essential to maintain this pumping rate going forward. When I started using
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1. Ciculation Pump
2. Oil Trap
3.  1 K Pot Pump
4. Return Line Pressure Gauge
5. Overpressure Shutoff Circuit for Circulation Pump
6. Switch for Circulation Pump

6

Figure A.2: Diagram of Pumps in Corridor. Photo taken of the mash circula-
tion pump and the 1 K pot pump in the microKelvin access corridor. Relevant
pumps, oil traps, pressure gauges, and control electronics are labeled.
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the refrigerator, a single Edwards E2M8 pump with a pumping rate of 6 CFM

was connected to the 1 K pot. Using a smaller pump leads to unacceptably long

mash condensation times as well as a pot that is much more sensitive the setting

of the needle valve. If the heat load to the 1 K pot gets too large compared to

the cooling power, this can also give the appearance that the mash condensation

lines are clogging during circulation. The 1 K pot exhaust line has a valve that

switches between the He recovery system and a slight negative pressure house

air return line. It is important to switch this to the house air line when starting

the cool down process, and to switch it to the He recovery line when starting to

pump on He. Due to the updates to the building, the two lines can be difficult to

tell apart. The He recovery side is the one that runs through the fire protection

foam into the space between the shielded room and the wall.

A.4 Mash Circulation Pump

One of the major changes made to the dilution refrigerator is the replacement of

the Alcatel pump with a new magnetically coupled Pfeiffer sealed pump, shown

in figure A.3. We have had a multitude of issues with the new pump, which all

boil down to some sort of issue with the motor and the apparent back pressure

of the pump convolved with the temperature of the pump oil and possibly the

pump oil level. In practice, this means that a cold pump will not spin up to

its maximum speed and draw the correct amount of current from the power

supply when it is turned on with a back pressure over -20 Hg. The pump will

start spinning, and you will see the fan on the motor, shown in figure A.3 start

to spin slowly and with a start and stop pattern. At the same time, the top

of the motor will start to get very warm and eventually this will trigger the
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1. Top of Motor               3. Heating Belt and Foil
2. Motor Fan                    4. Watch Glass for Pump Oil 

Figure A.3: Diagram of Circulation Pimp. Photo taken of the mash circulation
pump with the motor and other parts important for use labeled
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thermocouples in the motor and kill the motor to protect it. You will also hear

a slow cyclic pulsing sound that will correspond with the motion that you can

see on the motor fan. If this happens, turn off the pump so as to not damage the

motor. This is frustrating, and it is out of spec for the pump. The pump should

operate just fine up to atmospheric pressure at the back pressure, and a large

amount of time was spent with the Pfeiffer rep to try to figure out what was

going on. We think it might have something to do with the tolerances on the

fit between the pump blades and the cast aluminum pump housing, or some

sort of clog between the pump and the oil trap shown in figure A.2. If anyone

is ever forced to open the mash return line, two things should be changed in an

attempt to fix this more permanently. First, a pressure gauge should be added

immediately at the outlet from the pump and the narrow spiral bellows should

be swapped for a larger diameter vacuum line. Second, the oil level in the pump

should be lowered to half way down the watch glass.

There are two ways to start up a cold pump, either by changing its tempera-

ture or changing the pressure in the return line. If the fridge has been running

and if the mash has already been cleaned through the nitrogen traps and con-

densed, you can rely on cryopumping the mash into the fridge to lower the

return pressure below -20 Hg on the return gauge, shown in figure A.2. If there

is any chance that the mash could have been contaminated due to a leak, you

should not try to condense it into fridge. There is a second volume that you

can use to cryopump the mash and lower the return pressure. I have installed a

cryopump stick into the gas handling system (shown in figure A.4) that fits into

the He trap dewar. This stick currently contains clean He4 and may contain a

very small amount of He3. Before discarding the gas in this stick, you can con-

firm that there is an unusable amount of He3 with the leak detector. When this
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Figure A.4: Gas Handling System Diagram. Photo taken of the gas handling
system for the Kelvinox dilution refrigerator.
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stick is cold in the He trap dewar, shown in figure A.4, you can use it to store

the mash in the return line safely while you work on the mash, the circulation

pump, or some other aspect of the dilution refrigerator that requires you to vent

those lines. This also allows you to cryopump the mash in the return lines to

lower the pressure and get the pump started. I do not recommend this course of

action, unless it is absolutely necessary or you have to vent the pump anyways.

Fortunately, there is an easy way to start the pump. I have borrowed a heat-

ing belt from the Shen group, which they do not need anymore. As is shown in

figure A.3, the cast aluminum pump body is wrapped with aluminum foil, and

this heating belt is than taped to the pump with Kapton tape. I turn on the heat

belt to >80% power as shown on its controller and I wait until the pump body

heats up until it is warm to the touch. While the pump is heating up, I try to

turn it on every 20 min both to mix up the pump oil for more even heating and

to check if the pump is ready. After 90 to 120 minutes, the pump will spin up

to full speed and you can turn off the heating belt. It is important to keep an

eye on the pump, and to make sure that the aluminum pump body continues

to heat up from operation while the motor casing stays cool enough to be com-

fortably touched with bare hands. If the pump turns off during circulation, you

can usually restart it immediately as it will stay hot during operation.

A.5 Optical Fiber Feedthroughs and Maintenance

There are three vacuum feedthroughs that can be used to run optical fibers

down into the dilution refrigerator. Depending on the cladding of the fiber,

different vacuum sealing methods can be used. One part of the seal is a Teflon
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ferule modeled after the metal ferule in a swagelock connector. This clamps

down on the fiber cladding and makes a seal between the cladding and the

metal part of the feedthrough. For the standard Thorlabs fiber, there is a hard

plastic casing inside the outer soft plastic and nylon fiber outer coating. This

plastic casing does not make a vacuum tight seal with the fiber, and is difficult

to remove safely without breaking the fiber. In order to make a vacuum tight

seal, you need to remove some of the hard plastic and flow epoxy into the void

between the fiber and casing.

The best way to do this is to make a Teflon ferrule that fits the hard casing,

feed the fiber into the IVC through the ferrule with a nut, splice on the fiber ter-

mination, mount the fiber into the microscope insert, and then slightly tighten

the Swagelock nut around the ferrule. You then need to get everything all set up

like you are going to cool down a sample, including getting a sample or mirror

into the focal plane of the microscope so you can monitor the light coming back

out of the fridge. Seal up the IVC so you can pump on it with the leak detector

or turbo pump. Now you need to cut a section out of the hard casing near the

vacuum feedthrough and flow some stycast 1266 epoxy into the opening. While

the epoxy is still fluid, you need to pull a slight vacuum on the IVC and let the

pressure differential pull more epoxy into the void. Apply more epoxy every

30 minutes for 2 to 3 hours, then equalize the pressure and wait for the epoxy

to cure for 24 hours. Tighten the Swagelock nut and make up a new batch of

epoxy. Roughen the surfaces of the hard casing near your cut and the Swagelok

connector with sand paper then clean all the surfaces with IPA. Pull vacuum on

the IVC and flow fresh epoxy all over the Swagelok connector and your previ-

ous epoxy. Apply a new coating of epoxy every 30 minutes for 2 hours, then

equalize the pressure and let the epoxy cure for 24 hours. After 24 hours, leak
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check your new joint carefully. If it leaks, you can repeat the process of clean-

ing, flowing fresh epoxy, and pulling vacuum. During this entire process, you

can monitor the reflected power to ensure that you are not breaking the fiber or

changing its transmission. You will see some focus changes as you pump the

IVC out, but you should not see changes in the reflection as you cure the epoxy.

I mentioned earlier that you need to splice on the fiber termination. In our

design, we are using the standard FC/APC or FC/PC fiber terminations, but

these connectors do not fit through the vaccum feedthrough. You need to cleave

the fiber, and then re-splice on a new termination. This is not something that we

have the equipment to do, but fortunately the Wise group has a fiber-splicing

machine that can splice either polarization maintaining (PM) single mode or

non-PM single mode fiber. They have been kind enough to help us whenever

we need assistance in changing the fiber. If you think the fiber or the fiber ter-

mination is damaged, then you need to contact the Wise group to find out who

is currently trained on the fiber splicer and who can help you. Be sure to always

blank the beam and clean the fiber tip with the fiber cleaning cloth whenever

you connecting the fiber to the optics in the microscope.
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