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The spin Hall effect (SHE) has been shown to be strong in several heavy, nonmagnetic metals
such as Pt, beta-phase Ta and beta-phase W. Owing to its relatively low electrical resistivity, Pt is
a more favorable choice for the channel of three-terminal magnetic tunnel junction (3T-MTJ)
devices for power efficient magnetoresistive memory applications.
In this dissertation, I will be discussing our efforts in understanding the dominant SHE
mechanism in thin and nonuniform Pt films. Our results support the dominant role of the intrinsic
SHE in Pt which implies that the spin Hall angle of Pt scales linearly with, and thus can be further
enhanced by increasing, its resistivity. We demonstrate that by doping Pt with Hf impurities, the
spin torque efficiency of Pt85Hf15/Co bilayer can be more than 2 times larger that of pure Pt due to
3 times higher resistivity. The second half of the dissertation describes the development of 3TMTJ devices using a Pt channel. We demonstrate that a thin Hf spacer between the Pt channel and
the MTJ results in 2 times lower magnetic damping without any significant detrimental effect on
the interfacial spin transparency. Moreover, the 3T-MTJ devices with PtHf channel and a Hf spacer
exhibit low power and nanosecond fast switching, promising for power efficient memory
applications. We also demonstrate that the performace of Pt-based 3T-MTJ devices is robust at
cryogenic temperatures, thus making this structure attractive for cryogenic applications.
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PREFACE
It has been an extremely active period of time for research on the spin Hall effect (SHE) in
heavy metals since I joined Prof. Buhrman’s group in summer 2013. Only two years before then
the strong SHE in Pt reported by Luqiao Liu et al. caused an uproar in the magnetic and spintronic
community, followed by reports on even larger spin Hall angles (SHAs) in Ta and W. Since then
the number of new findings on the subject has exponentially increased. Its application in the threeterminal magnetic tunnel junction (3T-MTJ) devices attracted a great deal of attention from the
memory industry, such as Samsung, HGST and Intel. Many mysteries were unveiled, debates
raised and resolved, and some left unanswered.
My first project in Buhrman group was to reduce the Gilbert magnetic damping in Pt/FeCoB
bilayers using a spacer, under the guidance of Chi-Feng Pai. By very careful etching, Chi-Feng
and I were the first to make 3T-MTJ devices using a Pt channel. It came as a nice surprise that
although a thin Hf spacer of about 0.5 nm can reduce the damping by half, it does not considerably
affect the interfacial spin transparency. Consequently, our 3T-MTJ devices with a Pt channel and
Hf spacer exhibited low switching currents in relatively low resistivity channels, thus making the
structure suitable for low power MRAM applications. I will discuss these results in chapter 4.
My next attempt was to use Pt and Hf to create the A-15 lattice structure which we suspected
to cause the giant SHE in beta-phase W. Although I wasn’t successful on proving the relation of
A-15 structure and giant SHE, I happened to get a strangely looking thickness dependence of the
damping-like spin torque efficiency in Pt/Co bilayers. About the same time, I studied the SHE
mechanisms and spin transport in multilayers for my A-exam, and attempted to develope a simple
matrix formulation for spin current tranmission in multilayers that can be readily implemented on
x

computers. Combined with several sleepless nights, I came up with an elegant explanation for the
“strangely looking” data which supports the Elliott-Yafet spin scattering mechanism and the
intrinsic SHE in Pt. The details of this work will be discussed in chapter 2.
The confirmation of the intrinsic SHE in Pt has several important implications: First, it clears
out some confusion regarding the values of SHA of Pt, especially determined at different
temperatures in which there is a large variation of the resistivity. It points out that the determination
of SHA of Pt thin and nonuniform films is not straightforward and needs more careful analysis. It
also implies that the SHA of Pt is not a constant but rather can be enhanced by increasing its
resistivity as long as the spin Hall conductivity is kept relatively constant. This led to my next
project which was to dope Pt with impurities to increase its resistivity. The results show that a
fraction of Hf impurities, about 15%, can boost the SHA to 2 -3 times larger due to 3 times higher
resistivity and will be discussed in chapter 3. It was natural to apply these developments into the
3T-MTJ memory devices to reduce the critical current density. This was demonstrated in the work
presented in chapter 6.
I started to get involved in the IARPA C3 program in my internship at Raytheon BBN
Technologies in summer 2016. The C3 program attempts to design and demonstrate
superconducting processing units in which the 3T-MTJ is an attractive option for their embedded
cryogenic memory. Graham Rowlands and I developed a fast pulse measuring scheme which was
later used to demonstrate the reliable switching of Pt-based 3T-MTJ devices at 3.1 K and its
compatibility with the nTron devices (developed by Berggren group at MIT). The work is
summarized in chapter 5.
During my 4 years in Buhrman group, the field of SHE has made a rapid progress in
furthering our understanding of the nature of SHE in heavy metals / ferrormagnet multilayers.
xi

However, there emerged many open questions to be investigated. The interfacial component of the
SHE is still in active debate. The weak field-like effect complicates the analyses in experiments
quantifying the spin torques and in switching measurements on 3T-MTJ devices. Those are
addressed in the final chapter, chapter 7.
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CHAPTER 1
The Spin Hall Effect in Nonmagnetic/Ferromagnetic Bilayers

This chapter outlines some of the key factors of the spin Hall effect (SHE) in metallic
nonmagnetic / ferrormagnetic multilayers. I first review the discovery of the giant SHE in heavy
metals such as Pt, β-Ta and β-W, and the controversy on the strength of the SHE in Pt, followed
by three possible SHE mechanisms and their electrical properties. An important magneticspintronic application of the SHE in metals, the three-terminal magnetic tunnel junction, is then
introduced. Finally, three methods to readily quantify the SHE-induced spin torques in multilayers
that are employed in the experiments in later chapters are described.
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1.1. The spin Hall effect in heavy metals
Compared to electrical charges, the spin degree of freedom has a much shorter history, starting from
its first observation by the Stern-Gerlach experiment in 1922. Along with arduous scientific studies
on electron as well as nuclear spins, theoretically and experimentally, the possibility to combine
electron charges and spins to store and manipulate information, the so-called electro-spintronics
(or usually spintronics for short), has always been tempting. The foremost and technologically
challenging step is the generation of strong enough (electron) spin polarized currents, or spin
currents for short. A number of optical and electrical methods, among which is the spin filtering
by ferromagnetic (FM) thin films, were proposed, and the efficiency varies from one to another.
The next step is to use the spin polarization and/or current to store or manipulate information.
Using spins for storage faces many challenges, such as the confinement of spin polarization,
protection from environmental noise (photons, heat and magnetic field) and readout methods. An
alternative is to use spin currents for manipulating information, especially in magnetic logic and
memory devices.
In 1996, J. C. Slonczewski [1] and L. Berger [2] independently proposed a mechanism for
the interaction of electron spins and the magnetization in FM materials, called spin transfer torque
(STT), or sometimes spin torque (ST) for short, in which spins exchange their angular momentum
with the magnetization [3,4]. This openned up a new realm of scientific and technological
exploration since it provides a convenient way to “transfer” spin currents to magnetic dynamics
which can be electrically read out by magneto-resistive (MR) effects, such as the anisotropic MR
(AMR) and tunneling MR (TMR). An immediate, and commercialized, application of this
mechanism is the magnetic tunnel junction (MTJ) structure which consists of two FM layers
separated by a thin insulating barrier, one of which (reference layer) has a fixed magnetization and
2

that of the other (free layer) can be flipped parallel or anti-parallel to it. A longitudinal spin current
is generated by “spin filtering” of one or two FM layers and switches the magnetization of the free
layer via STT [5], as illustrated in Fig. 1.1. The effectiveness of the switching depends on a number
of factors including the magnitude of the spin current (i.e. the efficiency of spin filtering), Gilbert
magnetic damping and magnetic anisotropy of the system. The shortcomings of this 2-terminal
configuration, which will be discussed in section 1.3, originate from the basic requirement that an
electrical current needs to be sent through the FM layers, and therefore the tunnel barrier, to
generate a longitudinal spin current.
The possibility of switching the FM magnetization by a transverse spin current was
demonstrated by Miron et al. [6] in perpendicularly magnetized anisotropy (PMA) Pt/Co bilayers,
but was then attributed to the Rashba effect [7] at the interface. About the same time and
independently, Liu et al. demonstrated the strong anti-damping effect of current-induced spin
torque on the ferromagnetic resonance (FMR) lineshape in Pt/Py (Py = Ni81Fe19) bilayers [8] and
soon later the switching of Pt/Co PMA samples [9], but this time attributed the origin of the antidamping torque to the spin Hall effect (SHE) [10–12] in the bulk of the Pt layer, by which opposite
spin accumulations are built on the top and bottom surfaces on the Pt film due to spin-dependent
transverse movement of electrons of opposite spins, as illustrated in Fig. 1.2. Since the Rashba
effect and SHE are described by overlapping formulisms in which they both induce damping-like
and field-like torques, it is not experimentally straightforward to distinguish one from the other.
Although the origin of the current-induced spin torques in Pt and some other heavy metals such as
Ta and W is still an ongoing debate, recent measurements on the dependence of the spin torque on
the thickness of a Hf spacer in W/Hf/CoFeB PMA structures [13] suggested the bulk SHE origin
of the current-induced transverse spin current. It is also the viewpoint of the works presented in
3

this dissertation.
The main objection to the strong SHE in nonmagnetic (NM) metals is its relative strength
determined experimentally comparing to the theoretically evaluated values. The most common
figure of merit for the SHE is the spin Hall angle (SHA), defined as the ratio of the SHE-induced
spin current density and the electrical current density, given by
js  SH  (  je )

(1.1)

where  is the spin polarization, js and je are the spin and electrical current densities,
respectively, and SH the SHA. The values of SHA were found by spin-torque FMR, harmonic
response, in-plane MTJ switching measurements (discussed below in section 1.4) and some other
techniques to be large, 0.07 - 0.12 for Pt [8,14–16], -(0.11 – 0.15) for β-phase Ta [16,17] and (0.30 – 0.33) for β-phase W [18] (note that Pt has positive SHA while Ta and W have negative
SHAs), much larger than theoretically calculated values. Fig. 1.3 shows calculated values of
(intrinsic) spin Hall conductivity = SH /  (ρ: resistivity) using the tight-binding model for 4d
and 5d elements, reproduced from Ref. [19]. Note that for typical resistivities of 20, 200 and 200
μΩcm for Pt, β-Ta and β-W, respectively, from Fig. 1.3, the SHAs for those materials are about
0.02, -0.05 and -0.05, about 3 – 5 times smaller than the experimentally estimated values
mentioned above. A compresenive list of SHA values can be found in Table 1 of Ref. [20] and
Table 1 of Ref. [21]. However, more recent theoretical works support the large SHA of Pt [22,23]
which is more consistent with experiments.

4

Figure 1.1: Illustration of the switching of MTJ by STT. (a) For AP to P transition, the STT
by the majority spin current reverse the magnetization of the free layer. (b) For P to AP transition,
the STT originates from the reflection at the fixed layer interface of the minority spin current.
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js

je

Figure 1.2: Illustration of the spin Hall effect in (extended) thin films. Due to spin-orbit
interfaction, electrons with opposite spins deflect to different directions and build up opposite spin
accumulations on the top and bottom surfaces.

Figure 1.3: (Reproduced from Ref. [19]) Intrinsic spin Hall conductivity of 4d and 5d
elements, calculated by tight-binding model.
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Although the experimentally estimated values of the SHA of Ta and W are quite consistent
across many different measurements, that of Pt has been controversial, ranging from 0.02 [24,25]
to 0.2 [15,26,27]. Those discrepancies in Pt SHA values led to the scrutiny of various spin torque
probing techniques and the associated analyses, as discussed in Ref. [28]. Part of the inconsistency
of the measured SHA is due the interfacial spin transparency at the NM/FM interface, as suggested
by the semiclassical spin-drift diffusion model [29,30]. Based on this model, the (damping-like)
spin torque efficiency, defined as the ratio of the SHE-induced spin current density flowing into
the FM layer and the electrical current density in the NM layer, is related to the internal SHA of
the NM layer by the interfacial transparency as [29,30]:

DL



2e jsFM
1
  NM  SH  Tint  SH 1 

je
 2s  NMGr 

1

(1.2)

where Tint is the interfacial spin transparency, λs and  NM are the spin diffusion length and
resistivity of the NM layer (assumed to be uniform), Gr is the real part of the spin mixing
conductance of the interface G  Gr  iGi . Here we assume that the NM thickness is much larger
than λs. The spin transmission at the interface causes the experimentally observed “effective SHA”
(or spin torque efficiency), which is derived from the dynamics of the FM magnetization under the
effect of SHE-induced spin torques, to depend on the particular NM/FM interface, as reported in
Refs. [26,27]. The value of the spin mixing conductance can be theoretically calculated or
experimentally estimated by the measurement of Gilbert magnetic damping constant as shown in
chapter 4.
Another crucial reason for the controversy regarding the SHA of Pt is that its value is not
necessarily invariant for a particular element. Theories suggest that the relation of the SHA and
the resistivity of the NM layer is determined by the combination of different SHE mechanisms, as
7

discussed in the next section. Note that the estimated values of SHA for β-Ta and β-W are in good
agreement across different measurements due to their high and rather stable resistivity so that the
effect of interfacial transparency and SHE mechanism are minimal, since 2s  NMGr

1 . On the

contrary, due to its relatively lower resistivity, the SHA value of Pt is sensitive to impurity and
surface scatterings, especially when the Pt film is thin, comparable to its spin diffusion length.
Therefore, it is important to understand the dominant SHE mechanism(s) in Pt.

8

1.2. Possible mechanisms of SHE
The SHE in nonmagnetic metals is phenomenologically similar to the extraordinary/anomalous
Hall effect (AHE) in FM, except for the lack/existence of an internal magnetization. Thus it is
natural to categorize the possible mechanisms of SHE into 2 general types, similar to those of
AHE [20,31]: the intrinsic SHE which is due to the band structure of the material, and the extrinsic
SHE which is due to the spin-orbit coupling at scattering events. The extrinsic SHE is further
divided into spin skew scattering and side-jump mechanisms. Experimentally, these 3 mechanisms
can be distinguished by their relative strength and dependence on the purity of the materials.
In the intrinsic SHE, the spin-dependent transverse velocities originate from the effect of
spin-orbit coupling on the electronic band structure between scattering events. The spin Hall
conductivity (SHC)  xysz can be expressed in terms of the Berry curvature  nz as

 xys 
z

e

e

  (k )   f
z

k

k

kn

 nz (k )

(1.3)

n

where fkn is the Fermi distribution function of the n-th band at k. Since the spin Hall conductivity
is proportional to the transverse velocity of spin carriers which is generated between momentum
scattering events, it is independent of the momentum relaxation time τ . Thus the spin Hall angle
2e  xy
s

SH 

 xxc

(1.4)

is inversely proportional to the electrical conductivity  xxc .
In the spin skew scattering mechanism, during momentum scattering events, electrons of
different spin directions experience different effective magnetic field gradients due to strong spinorbit coupling. Spin-dependent transverse velocities are consequently induced, thus give a net
transverse spin current. Since the spin skew scattering is associated with momentum scattering
which generates both longitudinal velocity for charge carriers and transverse net velocity for spins,
9

the spin Hall conductivity is proportional to the electrical conductivity. Thus, the spin Hall angle,
defined by equation (1.4), is independent of electrical conductivity.
Side-jump occurs due to the spin-dependent different acceleration and deceleration during
momentum scattering events which results in an effective transverse displacement. Under an
applied electric field E, the momentum just before the collisions is k = eEτ . Since the average spin
drift due to side-jump is proportional to the momentum transfer Δk during the collision, the spin
drift velocity is independent of τ. Thus, similar to the intrinsic SHE, the spin Hall conductivity due
to side-jump scattering is independent of the electrical conductivity. Consequently, the spin Hall
angle is inversely proportional to the electrical conductivity.
In Pt, the side-jump contribution has been theoretically evaluated to be much smaller than
the intrinsic one [32]. Thus, the remaining challenge is to evaluate the relative strengths of the
intrinsic and skew scattering mechanisms. A straightforward electrical strategy is to measure SHC
with varying electrical conductivity. This can be done by changing the temperature, as
demonstrated in Refs. [21,24] which supports the dominance of intrinsic SHE in Pt. One counter
argument to the quantitative results of this method is that the SHC varies with the relative position
of the Fermi level and the Berry curvature which may be temperature dependent [33].
In chapter 2, I will be discussing the second method to experimentally confirm the intrinsic
SHE in Pt which is to vary the electrical conductivity of Pt thin films by surface scattering [34].
The thickness dependence of the DL spin torque efficiency of Pt indicates the constant value of
SHC, not spin Hall angle.
The identification of the dominant SHE mechanism in Pt has an important technological
implication, that is the spin Hall angle SH   SH   of Pt can be enhanced by increasing its
electrical resistivity ρ. For a given critical spin torque for switching, the dissipation energy scales
10

2
2
 1/ ( SH
  ) , thus increasing ρ without detrimental effect on  SH reduces the power
with  / SH

consumption. This idea is investigated in perpendicularly magnetized Pt/Co samples in Chapter 3,
in which Al and Hf impurities are doped into Pt to increase the bulk resistivity, and its application
in switching devices is demonstrated in chapter 6.
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1.3. Three-terminal MTJ structure powered by the giant SHE
The giant SHE in certain nonmagnetic metals, such as Pt, Ta and W, provides an effective way to
generate a transverse spin current from an electrical one. This opens up new opportunities for
magnetic-spintronic applications, such as spin-torque driven magnetic nano-oscillators [35],
current driven domain wall motion [36], magnetic skyrmions [37] and magnetic tunnel junctions
(MTJs) [17]. In chapters 4 – 6, the SHE in Pt is utilized to drive the magnetization of the threeterminal MTJ (3T-MTJ) structure which is a promising candidate for magneto-resistive random
access memory (MRAM) applications.
The most common, and already commercialized, type of MRAM devices is the 2-terminal
MTJ (2T-MTJ) structure in which a thin, 1 – 2 nm, insulating tunnel barrier (commonly MgO) is
sandwiched between two FM layers whose magnetizations are in-plane (IP-MTJ) or perpendicular
(pMTJ) to the film plane. The magnetization of one FM layer (reference layer) is fixed (or
“pinned”) and that of the other layer (free layer) can be flipped parallel (P) or anti-parallel (AP) to
the fixed one, either by an external field along the easy axis, or by spin-transfer torque (STT-MTJ)
by a current flowing through the MTJ. The tunneling magnetoresistance (TMR) of the MTJ is
defined as
TMR 

RAP  RP
100%
RP

(1.5)

where RP < RAP are the MTJ resistance in P and AP states. For effective and fast readout, the higher
TMR the better. Another figure of merit is the thermal stability factor Δ = Eg/kBT which is the ratio
of the energy barrier Eg between the P and AP states and the thermal fluctuation kBT (kB is the
Boltzman constant and T is the temperature). Depending of the size of the particular memory cell,
the data retention of 10 years requires a minimum value of Δ to be 40 – 60.
The 2-terminal STT-MTJ structure offers many advantanges over other contemporary
12

candidates for memory technology, as listed in Table 1.1 (reproduced from Ref. [38]). Owing to
its nonvolatility, it has low standby power which is critical for mobile applications. It can also be
faster than most non-volatile memory types. However, it has several shortcomings which are
inherent to its 2-terminal structure in which the write and read lines share the same path through
the MTJ tunnel barrier. First, there is an upper limit of writing current flowing through the MTJ
until the breakdown of the tunnel barrier. This also sets minimum limits on the write/bit-error-rates
and switching time. Furthermore, the writing critical current needs to be high enough above the
reading current to avoid the read-disturb-errors that occur when the reading current unwantedly
alters the state of the MTJ. Thus this configuration imposes strict restrictions on device
optimization. Another critical drawback of the MTJ structure is the “incubation delay” which
hinders the fast switching of the devices. This delay refers to the time the magnetization of the free
layer needs to gain sufficient initial torque from the thermal fluctuation to be effectively driven by
the spin torques.
Soon after the discovery of the giant SHE in NM metals, a new class of MRAM was
proposed. This 3-terminal (3T-MTJ) structure has an MTJ on top of a channel made from a strong
SHE material such as Pt [15], Ta [17] or W [18], as schematically illustrated in Fig. 1.4. The device
is read by the same way as the 2-terminal counterpart, but is written/switched by the spin torques
induced from the electrical current flowing in the channel by the SHE. By separating the read and
write paths, the 3T-MTJ structure avoids the breakdown of the tunnel barrier and the read-disturberrors, allows flexibility in optimization. Furthermore, it has been recently demonstrated
experimentally [39] and by micromagnetic simulations [40] that the 3T-MTJ devices can switch
very fast, ~1 ns, below the “incubation delay” mentioned above. The fast switching of the 3T-MTJ
devices is attributed to the role of the Oersted field (generated by the writing current) and/or any
13

SHE-induced field-like effects in the evolution and reversal of magnetic domains in the FM free
layer [40]. Thus this structure promises a solution for power efficient and fast memories in which
device density is not a critical factor.
In chapter 4 and chapter 6, I will be discussing our efforts to reduce the critical current density
and power consumption of 3T-MTJ devices by using a thin Hf spacer between the MTJ and the
channel to reduce the magnetic damping (chapter 4), and by using Pt85Hf15 alloy for channel to
obtain higher spin torque efficiency (chapter 6). Another attractive property of the 3T-MTJ
structure is the consistent performance at low, cryogenic temperatures which is demanded in
superconducting computers. The performance of 3T-MTJ devices at a low temperature of 3.1 K,
as well as its integration with superconducting logic devices, is discussed in chapter 5.

14

Table 1.1: Comparison of key features of existing and emerging memories. Reproduced from
Ref. [38].
eFlash
SRAM

eDRAM

Flash

DRAM

STTFeRAM

(NOR)

(NAND)

PCM

ReRAM
MRAM

Endurance
Unlimited

Unlimited

Unlimited

105

105

1014

109

109

Unlimited

<1

1-2

30

10 / 103

100 / 106

30

10 / 100

1 - 100

2 - 30

Density

Low

Medium

Medium

Medium

High

Low

High

High

Medium

Write power

Medium

Medium

Medium

High

High

Medium

Medium

Medium

Medium

Standby power

High

Medium

Medium

Low

Low

Low

Low

Low

Low

Volatile.

Volatile.

Destructive

Operating

Complex

Low read

Other

Volatile

readout

< 125C

mechanism

signal

(cycles)

Read/write access
time (ns)

High voltage High voltage
Refresh.

Refresh.
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Vread
Fixed FM (FeCoB)
Tunnel barrier (MgO)
Free FM (FeCoB)

Iwrite

Figure 1.4: Basic structure of the 3T-MTJ devices. The spin current induced by the SHE in
the channel flows transversely into the free layer and switches its magnetization via the spin
transfer torque. The state of the MTJ is determined by reading the drop voltage while flowing a
small current throught the MTJ.
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1.4. Quantitative determination of SHE-induced spin torques
The debate on the inconsistent values of the SHA of Pt is largely associated with the methods to
quantify the strength of the SHE-induced spin torques in multilayers and their analyses. A
comprehensive review of the issue can be found in Ref. [28]. Along with our understanding of the
SHE and magnetic and spin dynamics in multilayers, more accurate quantitative methods have
been propsed and widely employed [8,14,16,17,41–44]. This section introduces three common
methods that are used in later chapters: the spin-torque ferromagnetic resonance (ST-FMR), the
switching measurement of in-plane 3T-MTJ structure and the harmonic response technique.
In ST-FMR measurements [8], the Oersted field and the SHE-induced anti-damping torque
generated from an electrical current in the NM layer of an in-plane magnetized NM/FM bilayer
modify the FMR lineshape as
Vmix  S  FS ( H ext )  A  FA ( H ext )

(1.6)

where
FS ( H ext ) 

  ( H ext  H 0 )
2
, FA ( H ext )  2
,
2
2
  ( H ext  H 0 ) 2
  ( H ext  H 0 )

(1.7)

S and A are constants whose ratio is given by
S
1
  FMR

.
A
e0 M s tFMt NM 1  M eff / H ext

(1.8)

Here Hext is the (sweeping) external field applied at 45o to the easy axis of the sample, H0 the
resonance field, Δ the linewidth, FMR the (damping-like) spin torque efficiency, μ0 the vacuum
permeability, Ms the FM saturation magnetization, Meff the effective field and t the layer thickness.
In this configuration, the SHE-induced anti-damping torque (Oersted field) is responsible for the
symmetric FS (anti-symmetric FA) part of the FMR lineshape. By fitting the FMR lineshape to
equation (1.7), we can extract their contributions S and A from whose ratio the spin torque
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efficiency can be determined by equation (1.8). Note that Meff and the Gilbert magnetic damping
α can be readily determined from the frequency-dependent ST-FMT measurements as
f 


2

H 0 ( H 0  M eff )

(1.9)

and
  f    2 / 

(1.10)

where γ is the gyromagnetic ratio. Thus, the ST-FMR method gives a simple and quick
determination of many important parameters. However, the current analysis ignores the field-like
effect of the SHE which causes errors in the estimated value of the damping-like torque [27]. The
estimation of other parameters is unaffected by the field-like torque and therefore is used in chapter
4. Since the SHE-induced field-like torque has no effect on the estimation of the parameter S in
equation (1.6) but on the parameter A, a remedy to this problem is to carefully calibrate the amount
of the microwave current flowing in the spin Hall material. This allows a more accurate estimation
of A, as demonstrated in the study of topological insulator / FM bilayers [45].
Another method to quantifying the DL spin torque in in-plane multilayers is the measurement
of DC current switching of 3T-MTJ devices with in-plane magnetic anisotropy. As discussed
above, the DC current switching of 3T-MTJ devices is thermally activated, therefore a current
ramp-rate measurement, in which the critical currents at different current sweeping rates are
determined, needs to be performed to obtain the critical current density J0 at zero thermal
fluctuation, as described in Ref. [46]. The DL spin torque efficiency is then calculated as [47]

 DL 

2e

0 M s tFM  H c  M eff / 2  / J 0 ,

(1.11)

where Hc is the coercive field of the FM free layer. Note that the model, which is originally
developed for the 2-terminal MTJ structure, ignores the field-like effects induced by the Oersted
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field from the channel current and/or by the SHE in the 3T-MTJ structure which can play an
important role in the switching mechanism [40].
While the above techniques were developed for in-plane magnetized bilayers, the AC
harmonic response technique by Kim and Hayashi et al. was initially established for
perpendicularly magnetized anisotropy (PMA) samples [41] and later extended for in-plane
ones [44]. The basic idea is to apply an AC current through the bilayer to excite the AC response
of the magnetization which results in an oscillating resistance due to certain anisotropy
magnetoresistance (AMR) effects. The Hall voltage, which is the product of an AC current and
resistance of the same frequency, exhibits second-harmonic response to the excitation current. For
small oscillation of the magnetization around the normal of the plane, the SHE-induced dampinglike (DL) and field-like (FL) spin torques  DL,FL can be modeled as (oscillating) longitudinal and
transverse effective fieldsv H L,T , respectively, as

 DL(FL) 

2e

0 M s tFM  H L(T) / je

(1.12)

where je is the electrical current density in the NM layer. From the formulism described in
Ref. [41], the two effective fields can be determined by taking the ratio of the slope of the secondharmonic Hall voltage versus the longitudinal and transverse applied fields HL,T and the curvature
of the first-harmonic Hall voltage versus HL,T (determined by the PMA anisotropy field) as given
by:

H L(T)  2

V2
H L(T)

 2V
.
2
H L(T)

(1.13)

Note that for simplicity we ignore the contribution of the planar Hall effect which is expected to
be much smaller than the anomalous Hall effect in most NM/FM structures. This method, if
expected to be valid, gives the estimation for both DL and FL spin torque efficiencies which are
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not fully quantified in the previously mentioned methods. However, the equation (1.13) is based
on the assumption that the Hall voltage arises solely from the anomalous Hall effect. In the
presence of the AMR-induced planar Hall effect, which is relatively small in many systems
including Pt/Co bilayers, a correction to equation (1.13) is needed [44]. It is also shown that the
spin Hall magnetoresistance in metallic bilayers [48] due to the reflection of the spin current at the
interface may cause non-linear contribution to the Hall signals [30]. Additionally, the contribution
of the unidirectional spin Hall magnetoresistance, observed in Ta/Co and Pt/Co systems [49], to
the Hall signals is still unclear. Therefore, the accuracy of this method requires more experimental
and theoretical studies on those magnetoresistance effects which is out of the scope of this
dissertation.
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ABSTRACT
We report measurements of the spin torque efficiencies in perpendicularly-magnetized Pt/Co
bilayers where the Pt resistivity  Pt is strongly dependent on thickness tPt . The damping-like spin
j
Hall torque efficiency per unit current density,  DL
, varies significantly with tPt , exhibiting a peak

j
j
 0.12 at tPt = 2.8 - 3.9 nm. In contrast,  DL
/  Pt increases monotonically with tPt and
value  DL
j
saturates for tPt > 5 nm, consistent with an intrinsic spin Hall effect mechanism, in which  DL
is

enhanced by an increase in  Pt . Assuming the Elliott-Yafet spin scattering mechanism dominates
we estimate that the spin diffusion length s  (0.77  0.08) 1015 m 2 /  Pt .
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MAIN TEXT
The spin Hall effect (SHE) [1–3], in which a transverse spin current density jSHE is induced by a
longitudinal charge current density je and whose strength is characterized by the spin Hall angle

SH  (2e / ) jSHE / je , has recently drawn much attention because of its promise for spintronics
applications [4–13]. Mechanisms which might give rise to the SHE [14,15] include the intrinsic
SHE [1,16], side-jump scattering [17] and skew scattering [18]. Two common methods to quantify
the strength of the SHE are to employ ferromagnet/normal metal (FM/NM) bilayers and either (1)
detect the spin transfer torque that the SHE-induced spin current from the NM layer exerts on the
magnetization of the adjacent FM layer [19,20], or (2) use spin pumping to inject a spin current
from the FM to the NM and detect the electric current in the NM layer that is induced by the
inverse SHE (ISHE) [21–23]. In the former case due to spin backflow (SBF) at the FM/NM
interface [24,25] and/or enhanced spin scattering at the interface (spin memory loss or SML) [26],
only a portion js NM|FM of the SHE-induced spin current jSHE is absorbed in the FM layer, and that
reduces the damping-like (DL) spin Hall (SH) torque efficiency per unit current density
j
 DL
 (2e / ) js NM|FM / je  TintSH to be less than qSH , where Tint  js NM|FM / jSHE (  1 ) is the

interfacial spin transparency. SBF and/or SML can similarly reduce the strength of spinpumping/ISHE signals.
j
Large values of  DL
have been reported for Pt [19,27–31], beta-Ta [19] and beta-W [4].

Special attention has been paid to Pt because its relatively low resistivity compared to the other
j
SH materials would be beneficial for reducing Ohmic losses in applications. Values of  DL
for Pt

have been reported spanning the range 0.06 - 0.12 [19,27–29], depending on the FM/Pt
interface [31], and are usually accompanied by a relatively small field-like (FL) torque efficiency
26

whose magnitude and sign vary with the interface, FM magnetic anisotropy and
temperature [29,32–36]. From an analysis of SBF based on a spin diffusion model [24,25], these
j
 DL
results indicate that the underlying internal value of SH for Pt is ~ 0.2 or even

j
larger [28,29,31]. However, the determination of SH from  DL
using the spin diffusion model

requires an accurate value of the spin diffusion length s , and in the case of Pt that value has long
been controversial. Measurements by different techniques, at low and room temperatures, have
reported a wide range, 1 - 11 nm, for s in Pt [21–23,37–48]. Those measurements will be
reviewed along with our analysis later in this Letter.
j
Here we report that  DL
has a strong, unexpected dependence on Pt thin film thickness tPt

in perpendicularly-magnetized Pt/Co bilayers, as measured by the harmonic response (HR)
j
technique [20,29]. In particular we report that  DL
exhibits a peak at tPt  2.8  3.9 nm and

gradually decreases at larger Pt thickness. This behavior is counter to the common expectation,
j
reported in prior experiments with different layer structures [38,40,45], that  DL
should simply

increase and saturate at a maximum value as tPt exceeds the spin diffusion length s in Pt. Our
interpretation of our result is that the spin Hall angle is linearly dependent on the Pt resistivity r Pt ,
which in turn varies approximately inversely with tPt in our samples in the thin Pt limit, tPt  4 nm
, due to strong diffusive scattering at the Pt interface(s). We observe that the spin-torque efficiency
E
j
  DL
/  Pt increases monotonically with tPt and saturates at
per unit applied electric field  DL

tPt  5 nm . This is consistent with a spin Hall conductivity  SH that is independent of r Pt , which

indicates that the intrinsic SHE (and/or side-jump scattering) determines the spin Hall angle in our
E
Pt films. The variation of  DL
with tPt is consistent with an effective seff  2.0  0.1 nm , but this
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determination neglects the fact that spin relaxation in Pt is predicted to be dominated by the ElliottYafet (E-Y) mechanism [49,50], so that s should scale linearly with 1/  Pt and therefore the spin
diffusion length should depend on tPt in our samples, as well. We find that an analysis that assumes
that s  Pt is a constant in our bilayer samples fits the experimental results well, and from the fit
we obtain s  Pt  (0.77  0.08) 1015   m 2 . As discussed below, taking into account that s
should scale µ1/ r Pt would appear to resolve a prolonged controversy regarding the values of s
obtained from various SHE and ISHE experiments.
We studied multilayer samples consisting of substrate | Ta(1) | Pt( tPt ) | Co(1) | MgO(2) |
Ta(1) (numbers in parentheses are thicknesses in nm) grown on oxidized Si substrates by sputterdeposition in a vacuum of  1.0 107 Torr. The Ta(1) seeding layer resulted in a smoother
multilayer [51] and enhanced perpendicular magnetic anisotropy (PMA) of the Co. The Pt
thickness tPt , as averaged over the sample area, was varied in fine steps from 1.2 nm to 15 nm with
a relative uncertainty of about 5%. This series of samples exhibit PMA with coercivity of  0.4 T
without post-deposition annealing. The saturation magnetization is M s  (1.08  0.05) 106 A/m
dead
 0.26  0.04 nm [29]. For the HR measurements,
with an apparent “magnetic dead layer” of tFM

the multilayer stacks were patterned into 5 μm  60 μm Hall bars by photolithography and ion
milling. All measurements were carried out at room temperature (RT).
The sheet conductance of the films were determined by 4-probe resistance measurements
of a set of microbars of varying width, length and probe spacing, which minimized errors due to
sample geometry and reduced the statistical measurement error to below 1%. Thus the main source
of error comes from the uncertainty of film thicknesses. The resistivity of Pt layer  Pt was
determined by subtracting the sheet conductance of a separately fabricated Ta(1) | Co(1) | MgO(2)
28

| Ta(1) stack from that of our samples containing the Pt layer. In Fig. 2.1(a) we show  Pt for the
samples as a function of tPt . The sharp increase of  Pt with decreasing tPt is a well-known
phenomenon due to strong diffusive scattering at a Pt surface [48,52–56].
The DL and FL SH torque efficiencies of these PMA samples were measured by the HR
technique [20,29] with the same alternating voltage amplitude (4 V) applied to the Hall bars in all
measurements, corresponding to an alternating electric field of constant magnitude E  67 kV/m .
Fig. 2.1(b) shows the SH torque-induced longitudinal H L (corresponding to DL torque) and
transverse H T (corresponding to FL torque) equivalent fields per unit applied electric field
determined by the HR measurement as functions of tPt . As tPt increases, H L quickly increases and
then saturates for tPt > 5 nm. H T starts for tPt near zero from a value that is negative in our
convention, opposite to the Oersted field generated by the charge current flow in the Pt, but quickly
reaches a positive maximum and then decreases gradually. (We will discuss the details of our
analysis of this H T behavior elsewhere.) We determine the DL (FL) SH torque efficiencies per
unit applied current density as
j
 DL(FL)


2e

dead
0 M s (tFM  tFM
)  H L(T) / je

(2.1)

where je  E /  Pt . Fig. 2.1(c) shows the DL and FL torque efficiencies per unit current density as
j
functions of tPt .  DL
first increases with tPt and reaches a maximum  0.12 at tPt  2.8  3.9 nm
j
, but then, surprisingly, decreases gradually with tPt . The thickness dependence of  DL
that we

observe is qualitatively similar to that observed in YIG/Pt bilayers [56] but quite different from
other previous ferromagnetic resonance (FMR) measurements [38,40,44,45] and spin
pumping/ISHE experiments [21–23] on metallic FM/Pt bilayers where the data typically are fit
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by a simple functional form [37]:
j
 DL
(t NM ) 

2e

j
Tint js (t NM ) / je (t NM )   DL,m
ax 1  sech(t NM / s )  .

(2.2)

This is the behavior expected for an ideal ( Tint =1) interface with no SBF, or alternatively one where
SML is the dominant cause for Tint < 1. However, we emphasize that Eq. (2.2) holds only under
the assumption of constant  NM and hence thickness-independent values for q SH and s . In the
intrinsic SHE regime, which has recently been reported to describe Pt [41,57], and also in the
side-jump regime, it is the spin Hall conductivity  SH that is expected to be constant, independent
of  NM (tNM ) while the spin Hall angle SH (tNM )  (2e / ) SH  NM (tNM ) should vary   NM (tNM )
j
and therefore  DL
also depends on the NM resistivity and hence, in this study, on its thickness due

to strong interfacial scattering.
An alternative approach is to consider the spin torque efficiency per unit applied electric
field, determined directly from the HR measurement as
E
 DL


2e

dead
0 M s (tFM  tFM
)HL / E .

(2.3)

E
The dependence of  DL
on Pt thickness is shown in Fig. 2.1(d) and is consistent with the functional

form in Eq. (2.2) with a prefactor that does not depend on t Pt , which indicates that the intrinsic
SHE, or perhaps the side-jump mechanism, is indeed predominant in Pt. Then assuming that (i)
the DL torque is entirely due to the SHE of the Pt, (ii) the interface is well ordered, and (iii) SBF
is the dominant cause for Tint < 1, we can expect, approximately, [24,25]

 (tPt ) 
E
DL

2e

 tanh(tPt / s ) 
 SH 1  sech(tPt / s )  1 

2s Pt Gr 


1

,

(2.4)

where Gr is the real part of the spin mixing conductance G  Gr  iGi and we have assumed
30

Gr

Gi , consistent with our result that  DL

E
data shown in
 FL . As an exercise, if we fit the  DL

Fig. 2.1(d) to equation (2.4) using a fixed value  bulk  15 μ  cm , the resistivity in the midst of a
thick Pt film, and Gr  0.59 1015 Ω -1m-2 as theoretically calculated for the Pt/Co interface [24],
we

obtain

an

“effective”

spin

diffusion

length

seff  2.0  0.1 nm

and

 SH  (10.5  0.3) 105 [ / 2e]  1  m 1 or SH  bulk SH  0.16  0.01, consistent with previous
estimations [28,31]. The choice of Gr may change the estimation of  SH but has a very weak
effect on lseff . The existence of a SML would introduce a constant factor < 1 to the right hand side
of equation (2.4), thus would increase the estimated  SH but would not affect seff . (We note that
this analysis neglects any possible negative SHE from the 1 nm Ta layer (see the discussion in the
Supplemental Information (SI).) We account for the maximum possible effect of any SH torque
from the Ta underlayer within the experimental uncertainties indicated in Fig. 2.1(c,d)).
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Figure 2.1: (a) Resistivity of Pt in Ta(1)/Pt/Co(1), (b) SH torque-induced longitudinal
(circles) and transverse (squares) equivalent fields per unit applied electric field, (c) damping-like
(circles) and field-like (squares) SH torque efficiency per unit applied current density, and (d)
damping-like SH torque efficiency per unit applied electric field as functions of Pt thickness. The
solid line in (d) shows the fitted result to equation (4) from which the effective spin diffusion length
is estimated to be seff  2.0  0.1 nm . The broken lines in other plots connect the data points.
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Although seff indicates the scale of the Pt thickness for which the spin current flowing to
the FM/NM interface begins to saturate, it is only a phenomenological number since both
thickness-independent  Pt and s are assumed in Eq. (2.4). In a more realistic approach, given the
non-uniformity of resistivity across the layer, both q SH and s will vary with location within the
Pt film. In particular, since the E-Y mechanism [49,50] is expected to be the dominant spin
scattering process in Pt, we should have ls µ1/ r Pt . Hence s near the Pt interfaces (where  Pt
is large) should be smaller than in the bulk. This means that the effective seff  2.0 nm obtained
above from the simplified equation (2.4) yields an underestimate of s within the bulk of the Pt
film.
We have found that it is possible to go beyond this type of approximate treatment and
perform, using a simple rescaling, a quantitative calculation of the spin torque (including SBF)
even for a heavy-metal layer with a nonuniform resistivity and spin diffusion length, as long as (a)
the intrinsic mechanism of the SHE dominates spin current generation and (b) the E-Y mechanism
dominates spin relaxation. Assuming that these two conditions hold, we can then use the
E
experimental values of DL
 tPt  and Pt (tPt ) to obtain an estimate for the value of s Pt .

We first assume, as an exercise, that the thickness-dependence of Pt resistivity is due only
to surface scattering at the Pt/Co interface. From the series of  Pt (tPtn ) as a function of Pt thickness
presented in Fig. 2.1(a), we divide each of the Pt films into a series of adjacent “slices” of thickness
l i each of which has a different, but uniform, resistivity  Pti and spin diffusion length s i . These

divisions lead to the distribution of r Pt (z) as shown in Fig. 2.2(b), where the z-axis points normal
to the layers with z = 0 starting at the Pt/Co interface. As fully discussed in SI, the spin transmission
through the i-th slice is identical to that for an “effective” slice having a fixed spin diffusion length
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s0 , resistivity  Pt0 and a rescaled effective thickness Li  l i  Pti /  Pt0 so that si  Pti  s0  Pt0 which
holds under the E-Y mechanism. Thus a Pt layer of thickness tPtn  i 1 l i (a combination of n
n

slices) with non-uniform resistivity and spin diffusion length is equivalent to a uniform “effective”
Pt film having a thickness TPtn  i 1 Li , as schematically depicted in Fig. 2.2(a) for the case of a
n

single interface. The same result can be obtained by the same manner when also including the
second interface, i.e., although Fig. 2.2(a) changes in a way that Pt (tPt ) has a minimum
somewhere in the midst of the Pt, Fig. 2.2(b) and the consequent analysis would not change (see
SI). Since the “effective” layers are chosen to have constant resistivity  Pt0 (we choose 15 μΩ  cm
E
) and spin diffusion length s0 , we can fit the  DL
data versus the rescaled thickness TPt to Eq.

(2.4), just substituting TPt instead of t Pt . One important factor we need to consider is the location
of the Pt/Co interface, which is not necessarily at z  0 . This is because a few atomic layers of Pt
at each of the interfaces may be intermixed with the adjacent material, and/or in the case of the
Pt/Co interface magnetized by the proximity effect [58]. This can result in a small offset toff
because the thickness of the first slice is smaller than its nominal value. This effect seems to be
apparent in Fig. 2.1(d) where the fitted line (which goes through the origin) does not fit the data
particularly well in the thin Pt region. We address this issue in our analysis by replacing TPt in the
right hand side of equation (2.4) by TPt  Toff where Toff is the location of the FM/NM interface
and is estimated from the fitting.
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Figure 2.2: Estimation of spin diffusion length within the E-Y mechanism. (a) Schematic
illustration of the “slicing” and “rescaling” process in which a non-uniform layer tPtn is scaled into
a uniform one TPtn . See full description in the main text. (b) The distribution of Pt local resistivity
with location z, extracted from the experimental Ta/Pt/Co data in Fig. 2.1(a). The points represent
the local resistivity of each “slice”. (c) Damping-like spin torque efficiency per unit applied electric
field versus “effective” thickness TPt . The solid line shows the fitted result from which the spin
diffusion length of Pt at  Pt0  15 μΩcm is estimated to be s0  5.1  0.5 nm .
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The fitted result of the “effective” Pt layers with three free parameters  SH , s0 and Toff is
shown in Fig. 2.2(c). We obtain s0  5.1  0.5 nm for  Pt0  15 μΩcm , or more generally we have

s  Pt  (0.77  0.08) 1015   m 2 ; Toff  4.9  0.3 nm for the “effective” Pt thickness offset
which

corresponds

to

toff  0.8  0.1 nm

in

the

original,

un-scaled

thickness;

and

 SH  (5.9  0.2) 105 [ / 2e]  1m 1 independent of r Pt , if no SML is present. If we use a
somewhat higher Gr  1.07 1015 Ω -1m -2 as calculated including spin orbit effects for the Py/Pt
interface [47] then  SH  (4.5  0.1) 105 [ / 2e]  1  m 1 , again a lower bound. We reiterate that
the existence of SML would increase the estimated  SH but negligibly affect our determination of

s0 . As a final check of this analysis we note the requirement of the E-Y mechanism that the spin
relaxation time  s be longer than the momentum scattering time  m . It has been reported that the
mean free path lmfp in Pt can be estimated from lmfp [m] » 8 ´10-16 / r Pt [W × m] [59]. Thus we have

 sf /  m  3(s / lmfp )2  3 s Pt / 8 1016   2.8 , which is consistent with the E-Y spin
2

scattering mechanism being dominant in Pt.
We now discuss our results in relation with previous results in the literature. First, as noted
above, previous ST-FMR and ISHE studies on in-plane magnetized (IPM) Pt/Py
bilayers [38,40,44] did not yield a peak in the apparent damping-like spin torque efficiency as a
function of tPt such as reported here. These previous analyses also reported a short s  1.4 nm as
determined by RT ST-FMR, or alternatively by ISHE, on Py/Pt [38,40,44] and s  2.1 nm for
Co75Fe25/Pt [45], in the same range as seff  2.0 nm . These differences with our results can be
explained by a weaker thickness dependence of the resistivity for multilayers made from different
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materials and the neglect of any field-like torque in the analysis. See SI for further discussion on
these points.
An alternative approach to estimate s is to measure the tPt dependence of Gilbert
magnetic damping in

bilayer samples,

and such a

study has

recently reported

s  0.5  0.3 nm [42]. Fast saturation of the damping at very thin Pt thicknesses has also been
observed previously [22,37,38]. However, Liu et al. [47] have recently pointed out that this very
rapid attenuation is likely due to strong SML at the FM/Pt interface, and used a first principles
calculation and data [60] from this measurement method to obtain s  5.5 nm , or more generally

s  Pt  (0.61  0.02) 1015   m 2 . On the other hand, a longer s  8.0 nm has been
reported [21,22] from ISHE experiments on Py/Pt at RT. However, these latter works did not
consider SML or spin backflow at the FM-NM interface which would reduce their estimated
values, as pointed out by Jiao et al. [43]. Rojas-Sanchez et al. [23] performed similar measurement
on

Co/Pt

and,

after

taking

SML

into

account,

reported

s  3.4  0.4 nm

and

s  Pt  (0.59  0.06) 1015   m 2 . These experiments did not consider the non-uniformity of the
local resistivity  Pt (tPt ) and its effect on ls (tPt ) , and thus underestimated the value of s  Pt . A
very high value s  11  2 nm has been determined from a low temperature, 3-10 K, study of spin
pumping in lateral spin valves

[39,41] for samples having

Pt  12 μΩ  cm , or

s  Pt  1.32 1015   m 2 . However, Isasa et al. used a similar lateral spin value technique and
reported s  Pt  (0.85  0.08) 1015   m 2 at 10 K and (0.79  0.87) 1015  m2 at RT [57],
while measurements using current-perpendicular to the plane studies of Py-based exchange biased
spin valves [26] at 4.2 K have reported
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s  Pt  (0.59  0.25) 1015   m 2 [37] and

(0.72  0.13) 1015  m2 [46]. All of these latter results are in reasonable agreement with our

result s  Pt  (0.77  0.08) 1015   m 2 .
In summary, we have observed a strong dependence on tPt for the damping-like SH torque
efficiency per unit applied current density for perpendicularly-magnetized Pt/Co bilayer structures,
j
 0.12 at tPt  2.8  3.9 nm , while the spin torque efficiency per unit applied
with a peak value  DL

electric field exhibits a monotonic increase with increasing Pt thickness and saturates for tPt > 5
nm. We interpret this behavior as an indication that the intrinsic SHE being the dominant SHE
mechanism in Pt, perhaps in combination with side-jump scattering, so that the SH conductivity is
independent of mean free path while the SH torque efficiency per unit current density is enhanced
by an increased  Pt (tPt ) associated with interfacial scattering. By assuming the E-Y mechanism
for spin scattering, which implies that ls µ1/ r Pt so that s is also non-uniform, we obtain

s  Pt  (0.77  0.08) 1015   m 2 . With this result we can apply SBF analysis to our direct
E
measurements of  DL
for this PMA system using Gr  0.59 1015 Ω -1m-2 [24], and obtain

Pt
 SH
 (5.9  0.2) 105 [ / 2e]  1  m 1 , with this being a lower bound as it is made with the

assumption that there is no significant SML at our Pt/Co interfaces.
This work seems to resolve the controversy regarding the differences in the value of s for
Pt as obtained from various spin Hall and other experiments, and demonstrates that the spin Hall
efficiency of Pt can be enhanced by increasing its resistivity, as expected when the intrinsic SHE
is dominant.
We thank Y. Ou, C.-F. Pai and S. Emori for fruitful discussions, G. E. Rowlands for technical
support and F. Guo for commenting on the manuscript. This work was supported in part by the
Samsung Electronics Corporation, by the NSF/MRSEC program (DMR-1120296) through, the
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Nanofabrication Infrastructure Network.
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SUPPLEMENTAL INFORMATION

2.S1. Discussion of the details of the rescaling analysis
2.S1(a) For one interface
In the main text, we treat the non-uniform  Pt (tPtn ) by dividing each the Pt layer with thickness
tPtn into n slices of thickness l i and uniform resistivity  Pti so that
n
tPtn
li

.
 Pt (tPtn ) i 1  Pti

(2.S1)

For the case of one interface between Pt and another metal layer (M), the process is illustrated in
Fig. 2.2(a)-(b) in the main text. To account for the variation of s i from slice to slice, let us consider
the transmission of spin current through the i-th layer. For a simple drift-diffusion model [61], let

s ( z ) be the spin potential satisfying the diffusion equation  2  s ( z )   s ( z ) / (si ) 2 , and
js ( z )  jSHE   s ( z ) /  i be the local spin current, where jSHE   SH  E is the SHE-induced spin

current which is constant, the same for all slices, since the applied electric field is the same in all
slices and s SH is independent of resistivity if the intrinsic SHE mechanism dominates. Elementary
calculus shows that the relation of { js ( z ) , s ( z ) } at the two surfaces z  z1 , z2 of the i-th slice can
be expressed as [48]

 js ( z1 )  jSHE 
 js ( z2 )  jSHE 
i
i
i i

  (l / s , s  )  
,
 s ( z1 ) 
  s ( z2 ) 

(2.S2)

where
 cosh 
 ( ,  )  
 (sinh  )  

(sinh  ) /  

cosh  

(2.S3)

is the spin transmission matrix of the i-th slice. Since  (l i / si , si  i ) depends only on
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si  Pti =constant (E-Y mechanism) and l i / si , the calculation for the i-th slice is identical to that
for an “effective” slice having a fixed spin diffusion length s0 , resistivity  Pt0 and a rescaled
effective thickness Li  l i  Pti /  Pt0 so that si  Pti  s0  Pt0 which holds under the E-Y mechanism.
Thus a Pt layer of thickness tPtn  i 1 l i (a combination of n slices) with non-uniform resistivity
n

and spin diffusion length is equivalent to a uniform “effective” Pt film having a thickness
n

n

i 1

i 1

TPtn   Li   l i  Pti /  Pt0 .

(2.S4)

The analysis using this scaling process performed in the main text assumed the surface
scattering occurred at only the Pt/Co interface. If the surface scattering at the Ta/Pt interface is a
major contributor to the increase of  Pt in the thin Pt region the slicing process will result in a
distribution of  Pt that is horizontally opposite to Fig. 2.2(b). Since the spin transmission matrix
 (l / s , s  ) defined by Eq. (2.S3) is commutative within the E-Y mechanism, i.e. if

s1  1  s2  2 then
 (l1 / s1 , s1  1 )   (l 2 / s2 , s2  2 )   (l 2 / s2 , s2  2 )   (l1 / s1 , s1 1 ) ,

(2.S5)

we can interchange any two adjacent slices without affecting the spin transmission through the two
slices. As a result, the slices can be rearranged in an arbitrary order and therefore the same result
will be obtained whether the interfacial scattering occurs predominately at either the Ta/Pt or the
Pt/Co interface.
2.S1(b) For two interfaces
We now prove that the rescaling process would yield the same result for the case where the
surface scattering occurs at two interfaces. The slicing process still follows relation (2.S1) but the
location of the (i+1)-th slice is not at the far end of the i-th slice as in the case of one interface,
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instead it is somewhere in the midst of the i-th slice. To model this difference, we notice that
 ((l1  l2 ) / s , s  )   (l1 / s , s  )   (l2 / s , s  )

(2.S6)

which allows us to further divide the i-th slice into two thinner slices with thickness lLi and lRi (not
necessarily the same) so that l i  lLi  lRi , between which the (i+1)-th slice is located. The “slicing”
process is carried out in the same manner for the next slices and illustrated in Fig. 2.S1(a)-(c). The
resulted distribution of  Pt with location is now different from the case of one interface in that

 Pt is minimum somewhere in the midst of Pt layer. However, after rescaling the slices by the
i
Pti / Pt0 , as illustrated in Fig. 2.S1(d), the original Pt layer of thickness tPtn
same rule LiL(R)  lL(R)

and non-uniform resistivity becomes a uniform layer of fixed  Pt0 and thickness
n

n

n

i 1

i 1

i 1

TPtn   ( LiL  LiR )   (lLi  lRi )  Pti /  Pt0   l i  Pti /  Pt0

(2.S7)

which is the same as (2.S4). Therefore, the rescaling process yields the same final result for both
cases of one (either Ta/Pt or Pt/Co) and two interfaces.
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Figure 2.S1. Illustration of the scaling process for two interfaces: (a)-(c) Illustration of the
“slicing” process in which the (i+1)-th slice is placed in the midst of the i-th slice. (d) Result of
the rescaling process (shown for n = 3).
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2.S2. Discussion of previous SHE measurements on Py/Pt bilayers
Here we discuss the previously reported determinations of spin diffusion length s using spin
torque ferromagnetic resonance (ST-FMR) measurement [38,40,45] and inverse spin Hall effect
(ISHE) [44] with changing thickness of Pt layer. First, we note that previous ST-FMR and ISHE
studies on in-plane magnetized (IPM) Pt/Py bilayers [38,40,44] did not yield a peak in the apparent
j
damping-like spin torque efficiency  FMR
as a function of tPt such as reported here. Second, those

early works estimated a short estimated spin diffusion length s  1.4 nm . These discrepancies
with our results can be attributed to two main causes:
i.

The neglecting of any possible field-like torque in the analysis.

ii.

The weaker thickness dependence of the average electrical resistivity of the Pt layers.
2.S2(a) Effect of a field-like torque in ST-FMR measurement
j
In many ST-FMR measurements of NM/FM bilayers, a torque efficiency  FMR
is determined

by the ratio of the symmetric and anti-symmetric components of the FMR lineshape. If no
significant field-like spin transfer torque effect is present, the anti-symmetric component is due to
only the Oersted field from the electric current flowing in the NM layer. In that ideal case,
j
j
 FMR
  DL
. However, if a significant field-like torque  FL is present, the anti-symmetric

component of ST-FMR lineshape is the combined effect of both the Oersted field and  FL . Thus
j
in a more general case,  FMR
can be expressed as [29]

1
j
FMR




FLj
1 
1


j 
eff
DL  e 0 M s tFM tNM 

(2.S8)

eff
where tFM
is the effective thickness of the FM layer and t NM is the NM thickness. Of course, both

j
 DL
and  FLj can be thickness dependent, as demonstrated in the main text. Therefore the
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j
j
determination of  DL
from  FMR
is not straightforward.

j
To illustrate the effect of field-like torque on the thickness dependence of  FMR
, we attempt
j
j
to estimate  DL
from the values of  FMR
in Ref. [38], using the value FLj  0.024 which was

recently estimated for Py(2.5)/Pt(4) (Py = Ni80Fe20, thickness in nanometer) [34] . For the purpose
j
of this discussion we assume  FLj to be independent of tPt . Using equation (2.S8),  DL
is estimated
j
and is shown in Fig. 2.S2(a) as a function of tPt . A peak in  DL
is clearly seen about tPt  2  3 nm

, which is similar in location to the result (Fig. 2.1 (c)) described in the main text, but less
pronounced in amplitude due to the lower variation of r Pt (t Pt ) in the Pt/Py bilayers.
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j
Figure 2.S2. (a)  FMR
determined from ST-FMR measurements on Py/Pt, taken from
j
Ref. [38], and the estimated DL
using equation (S8) with FLj  0.024 reported by Ref. [34]. A
j
small peak in DL
is seen about tPt  2  3 nm . (b) Pt resistivity in substrate/Ta(1)/Pt/Co(1)

multilayers (points) and substrate/Ta(3)/Py(3)/Pt multilayers (solid line, estimated in Ref. [48]) as
functions of tPt . The dashed lines connect the data points.
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2.S2(b) Thickness dependence of resistivity
Most experimental studies on the SHE and ISHE so far have assumed a uniform electrical
resistivity  , thus a constant spin Hall angle. In a more realistic situation, the resistivity is nonuniform due to surface scattering when the film is very thin, comparable to its mean free path. As
discussed in the main text, in the intrinsic spin Hall effect (SHE), which was shown to be dominant
in Pt, the spin Hall angle is proportional to the resistivity. In multilayers having strong surface
j
scattering at Pt interfaces,  DL
depends on both the relative magnitude of the Pt thickness to its spin

diffusion length and the electrical resistivity  Pt , and thus may exhibit a peak as in our study.
However in the earlier bilayer studies [38,40,44,45] only one surface of the Pt layer was adjacent
to a metal, a rather thick and relatively low resistivity Py layer, while the other surface was either
an oxide (e.g., SiO2 or AlOx) or simply exposed to air. These differences substantially reduce the
diffusive surface scattering contributions to the Pt resistivity compared to that which occurs in our
substrate/Ta(1)/Pt/Co(1) trilayer structures, and thus while PtPy/Pt (tPt ) still varies with tPt in the thin
limit, the variation is less strong than for PtTa/Pt/Co (tPt ) .
Fig. 2.S2(b) shows  Pt for our substrate | Ta(1) | Pt | Co(1) samples (points) and for
substrate | Ta(3) | Py(3) | Pt structure (solid line) which was estimated in Ref. [48]. It is clearly
seen that  Pt in Ta/Pt/Co has a stronger tPt dependence, which is due to stronger surface scattering
with Ta and Co layers than Py/Pt. This weaker thickness dependence of  Pt in Py/Pt bilayer
j
contributes to the absence of a peak in  DL
as reported by Ref. [38,40,45]. Nevertheless, as long

as there is increased scattering at the Pt/FM interface and the E-Y spin scattering mechanism is
dominant, then any analysis which assumes a constant s (tPt ) will result in an underestimate of its
“bulk” value. This explains the short s  1.4 nm as determined by RT ST-FMR on
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Py/Pt [38,40,44] and s  2.1 nm for Co75Fe25/Pt [45], in the same range as seff  2.0  0.1 nm
that we obtained by assuming a constant s in fitting to Eq. (2.4).
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2.S3. Effect of 1 nm Ta seeding layer
The multilayers in our study were grown on oxidized Si substrates with 1 nm Ta seeding layer.
Due to the strong bonding of Ta ions to oxide surfaces and to the strong metallic bonding that
occurs between Ta and most transition metals, a thin Ta seeding layer is known to be effective for
serving as a strong adhesion and smoothing layer, reducing the grain size of the upper layer, as
discussed in details in Ref. [51], and is widely used in spintronics studies [29,34,48] and
applications. To minimize the spin torque contributions from the Ta seeding layer, its thickness
was chosen to be low, 1 nm. The resistivity of the 1 nm Ta seed layer was 560 μΩ  cm as
determined by a 4-probe resistance measurement of a multilayer stack consisting of
substrate/Ta(1)/MgO(1)/Ta(1, oxidized cap). To examine the effect of the 1 nm Ta seeding layer
in our multilayers, we measured the averaged resistivity of Pt thin films sputtered directly on the
substrate and compared to films deposited on a 1 nm Ta seeding layer (after subtracting of the
contribution from the 1 nm Ta layer). The results are shown on Fig. 2.S3 along with the averaged
resistivity of Pt in the multilayers in our study (which is shown on Fig. 2.1(a) in the main text). It
is clear from Fig. 2.S3 that the Pt film when deposited onto a bare oxide substrate (red) is very
resistive when its average thickness is less than 2.5 nm, with the resistivity rising very quickly
with decreasing thickness below this point, while for thicker Pt films on SiO2 the resistivity is
slightly less than when deposited on Ta. This behavior is directly attributable a comparably large
grain size in the Pt films deposited on oxide that is due to the lack of strong adhesion between the
Pt atoms and the oxide surface, which leads to less than full coverage of the surface in the less than
2.5 nm thickness range. The resistivity of Pt film deposited on a 1 nm Ta seeding layer (blue) is
much lower in the thin regime, indicating the role of the Ta seeding layer in smoothing the surface
and reducing Pt grain size. Finally, the Pt resistivity in the Ta/Pt/Co multilayer used in our study
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is very similar to that of Ta/Pt sample, indicating that the diffusive scattering at Ta/Pt interface is
dominant in increasing Pt resistivity in thin Pt regime.
Next, we estimate the contribution to the spin torques in the Co layer from the 1 nm Ta
seeding layer. It has been shown that high resistivity beta-phase Ta has a negative spin Hall
angle [19] whose magnitude is about 0.11 - 0.15. The strength of the contribution of the current
in the Ta layer to the spin torque on the Co will depend on whether the SHE in Ta is intrinsic or
extrinsic:
Case 1: If the dominant mechanism of SHE in Ta is intrinsic and/or side-jump then
the spin Hall conductivity of Ta is constant, independent of Ta thickness and resistivity. Taking
the values reported in Ref. [19], we can estimate
Ta
Ta
 SH
 ( / 2e)  SH
/ Ta  0.79 105 [ / 2e]  1  m 1 (2.S9)

Case 2: If the dominant mechanism for SHE in Ta is skew-scattering then the spin Hall angle
Ta
SH
is constant, independent of Ta thickness and resistivity. Since the measured resistivity of our

1 nm Ta seeding layer  560 μΩ  cm is much higher than that reported for the 8 nm Ta layer in
Ta
Ref. [19], the value of the spin Hall conductivity  SH
of the 1 nm Ta layer will be about 3 times

smaller than the value in (2.S9).
Thus we only need to consider Case 1. To estimate the maximum spin current from the Ta
layer that reaches the Pt/Co interface, we consider the tPt  1.2 nm sample (smallest Pt thickness)
and assume that all the spin current from the Ta layer flows through the Pt layer without
attenuation. The ratio of the spin currents generated by the Ta and Pt layer is, approximately,
jsTa
jsPt

Ta
 SH
t
 Ta  0.12 .
Pt
 SH tPt

(2.S10)

This introduces an error of about 0.06 105 / m to the first data point in Fig. 2.1(d) shown in the
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main text. In reality, the error caused by the Ta seeding layer will be smaller due to the spin
attenuation in the Pt layer.
The above estimated (maximum) error caused by the 1 nm Ta seeding layer was included in
estimating the uncertainty for the data points shown in Fig. 2.1(c, d) and Fig. 2.2(b) in the main
text. The fitted values reported in the main text were obtained by a weighted fitting technique that
takes into account the uncertainty of the data points.
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Figure 2.S3: Averaged resistivity of Pt in Pt thin films grown directly on Si/SiO2 substrate
(red), on 1 nm Ta seeding layer (blue) and in our samples in the main text (green) versus Pt
thickness.
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ABSTRACT
We report that the spin Hall torque generated by Pt can be enhanced substantially by alloying with
Al or Hf. We observe damping-like spin torque efficiency per unit applied current density as high
j
 0.23  0.02 , nearly twice the maximum value reported for pure Pt. To achieve this
as  DL

maximum efficiency, a very thin (0.5 nm) Pt spacer layer is inserted between the alloy and the
ferromagnet being manipulated, to avoid a degraded spin transparency at the alloy/ferromagnet
interface.
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MAIN TEXT
The spin Hall effect (SHE) [1–3] in heavy metals (HMs) has recently drawn much attention
because of the potential to enable efficient manipulation of ferromagnetic (FM) layers in HM/FM
heterostructures via a strong “damping-like” (DL) component of spin-transfer torque. The
j
efficiency of this spin torque per unit applied charge current density in the HM,  DL
, can be

j
characterized as xDL
= q SH Tint , where

is the spin Hall angle describing the

relative strength of the SHE-induced spin current density within the HM ( jSHE ) to the applied
charge current density ( je ), and Tint £ 1 is a transparency factor for the spin current to be
transmitted across the HM/FM interface to apply a torque to the FM. Previous studies have found
j
large spin-torque efficiencies from the pure heavy metals Pt (  DL
= 0.06-0.12 [4–6]; varying
j
j
because Tint depends on the FM used [7,8]), beta-phase Ta (  DL
≥ 0.11 [9]) and beta-phase W (  DL

≥ 0.3 [10]), and also in the alloys Cu(Bi) [11], Cu(Ir) [12,13], Cu(Pb) [14], Au(W) [15] and
AuCu [16]. The SHE in the pure materials is thought to arise from an intrinsic band structure
effect [17,18], in which case increased scattering in the HM should cause qSH to increase
proportionally with the electrical resistivity  [19,20]. As long as the interfacial spin transmission
j
factor Tint changes only weakly, this suggests that  DL
can be beneficially enhanced by adding

scattering centers to increase the electrical resistivity of the HM. Our research group has
previously reported initial evidence of an enhancement in the SHE due to interface scattering in
very thin Pt films [21] in which the intrinsic SHE mechanism has been shown to be
dominant [17,21–24]. Here we test the prediction that increased bulk scattering should strengthen
the intrinsic SHE by alloying Pt with another normal metal. To investigate whether there was a
material difference on the spin Hall effect between the use of a light element dopant and a heavy
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one we employed both Al and Hf as alloy components in this investigation. We find that increasing
j
the resistivity of the Pt does increase  DL
significantly, although the rate of increase as a function

of  is weaker than the predicted proportionality relationship. We propose that this is due, at least
in part, to a decrease in Tint as a function of increased alloying. By using a very thin (0.5 nm) Pt
spacer to engineer the interface between the alloy and the adjacent FM layer to maximize both the
interfacial spin transparency and the perpendicular magnetic anisotropy (PMA), we obtain a
j
 0.23  0.02 , nearly twice the previous record for Pt samples.
maximum efficiency of  DL

Our samples consist of Ta(1) | Pt100-xXx (4 or 6) | Co(1) | MgO(2) | Ta(1) (X = Al or Hf)
multilayers sputter-deposited on oxidized Si substrates in a base pressure of  4.0  10 8 Torr. Here
the numbers in parentheses are the thicknesses in nm and x (= 0 – 20) is the atomic % concentration
of the impurities. The Ar gas pressure during sputtering was 3.5 mTorr for Pt deposition and 2.0
mT for other materials. The 1 nm Ta seeding layer results in a smoother multilayer [25] and
enhances the PMA of the Co. The film thicknesses, averaged over the area of the films, were
estimated from sputter-deposition rates that were calibrated by measuring the thicknesses of thick
~50 nm films by a contact stylus profilometer, which resulted in an uncertainty of less than 5%.
The Pt alloy films were grown by co-sputtering with varied power, and with shutter control for x
< 5%. We estimated the concentration of the Al or Hf from the calibrated deposition rates. In
setting the thicknesses of the Pt alloy layers, we utilized our previous work [21] that has shown
that the effective spin diffusion length of a thin layer of Pt in a Ta/Pt/Co system is about 2.0 nm,
therefore a 4 nm or 6 nm Pt layer is sufficiently thick to provide a maximum spin torque efficiency.
The as-deposited samples exhibit PMA with coercivity of > 0.2 T. The saturation magnetization
is

M s  (1.08  0.05) 106 A/m

with

an
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apparent

“magnetic

dead

layer”

of

dead
tFM
 0.26  0.04 nm [8]. The multilayer stacks were patterned into 5 μm  60 μm Hall bars by

photolithography and ion milling.
We determined the sheet conductance of the films by 4-probe resistance measurements on a
set of microbars of varying width, length and probe spacing, which minimized errors due to sample
geometry and reduced the statistical measurement error to below 1%. Thus the main source of
error comes from the uncertainty of film thicknesses, which is about 5%. The averaged resistivity
avg
of the HM layer  PtX
was determined by subtracting the sheet conductance of a separately

fabricated Ta(1) | Co(1) | MgO(2) | Ta(1) stack from that of our samples containing the HM layer.
By the same manner, we estimated the averaged resistivity of the 1 nm Ta seeding layer to be
 560 μΩ  cm which is much higher than that of the Pt100-xXx layer (see Fig. 3.2(a)). Moreover,

the Ta seeding layer is separated from the Pt100-xXx /Co interface by  4 nm , therefore its spin
torque contribution is negligible and will be ignored in our analysis (detailed discussion of this
point can be found in the Supplemental Information of Ref. [21]).
The averaged resistivity of 4 nm, 6 nm, and 50 nm Pt100-xXx films are shown in Fig. 3.2(a) as
a function of alloy concentration x for X = Al and Hf. We use the 50 nm films to approximate
bulk properties. The resistivities for all three series increase almost linearly with the alloy
concentration. The upward shift from the 50 nm to 6 nm, and from 6 nm to 4 nm series indicates
strong diffusive interface scattering [21]. Notice that for the highest concentration of Al and Hf,
the Pt100-xXx averaged resistivity is about 2 times higher than that of pure Pt (x = 0) for X = Al and
3.5 times higher for X = Hf. If the interface transparency of the Pt100-xXx alloys is the same for 0 ≤
x ≤ 20 and the SHE is due to an intrinsic mechanism, we would then expect to achieve about 2
j
times higher SH and  DL
for Pt100-x Alx and 3.5 times higher for Pt100-x Hfx compared to pure Pt.

We measured the DL spin torque efficiencies of these PMA samples at room temperature by
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the harmonic response technique [26,8] with the same alternating voltage amplitude (4 V) applied
to the Hall bars in all measurements, corresponding to an alternating electric field of constant
magnitude E  67 kV/m . Typical first- and second-harmonic responses, taken from the Pt(6)/Co(1)
sample, are shown in Fig. 3.1. For in-plane field sweeps, the field magnitude was 0.05 - 0.2 T
depending on the perpendicular anisotropy of the sample, without assistant out-of-plane field. The
anisotropy field was determined from the first-harmonic response as

H an  VAHE

 2V
2
H L(T)

1/2

(3.1)

where VAHE is the anomalous Hall voltage which is determined from the field-swiching behavior
shown in Fig. 3.1(a). The current-induced longitudinal and transverse effective fields were
determined as

H L(T)

V
 2 2
H L(T)

 2V
.
2
H L(T)

(3.2)

Here we neglect any contribution from the thermoelectric effect [27] which has been shown to be
very small in Pt/Co PMA and in-plane systems. We have also determined that there is negligible
contribution from the transverse magnetoresistance effect (the net effect of the anisotropy and spin
Hall magnetoresistance) to this measurement. To account for device variation, each data point is
the average from two repeated measurements on devices at different locations on the same wafer
and the deviation is included in the error bar on the data point. From the measured spin torqueinduced longitudinal equivalent field H L , the spin torque efficiencies per unit average electric
j
current density  DL
in the Pt100-xXx layer is determined as

j
 DL


2e

dead
0 M s (tFM  tFM
)  H L / jeavg
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(3.3)

avg
where jeavg  E / PtX
. The resultant values for the DL spin torque efficiencies are plotted versus Al

and Hf concentration in Fig. 3.2(b).
j
Fig. 3.2(b) clearly shows that  DL
increases with increasing alloy concentration
j
 0.10 for pure Pt in these samples
(resistivity). In particular, we achieved an increase from  DL

j
j
 0.14 ± 0.01 for Pt80Al20 (for both 4 nm and 6 nm samples) and  DL
 0.16 ± 0.01 for 6
to  DL

nm Pt100-xHfx with x = 10 - 15. These results are higher than any reported previously for pure
Pt/FM bilayers [4–8], demonstrating the effective role of alloying in increasing the resistivity and
consequently enhancing the spin Hall angle of Pt100-xXx. However Figs. 3.1(a) and (b) also show
j
avg
that the increase in  DL
is weaker than proportional to PtX
, the prediction for the intrinsic spin

Hall effect under the assumption there are no detrimental consequences of the alloying.
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Figure 3.1: Typical first- and second-harmonic transverse voltages versus sweeping external
field H, taken from the Pt(6)/Co(1) sample. (a) Field-switching behavior when H is swept
perpendicularly to the sample plane. The dashed line connects the data points. (b) First-harmonic
response when H is swept along the current direction. (c, d) Second-harmonic response when H is
swept along (c) and transverse (d) to the current. The solid lines in (b, c, d) show the fitted results.
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A more convenient way to investigate the results is to consider the spin torque efficiency
per applied electric field defined as
E
j
 DL
 (2e / ) jSHETint / E   SHTint   DL
/

(3.4)

which is expected to have little dependence on the NM resistivity, provided that the intrinsic and/or
side-jump SHE is dominant for Pt, because in these cases the spin Hall conductivity

 SH  (2e / ) jSHE / E  SH /  is an intrinsic property of the NM. If we make the additional
assumption that the spin transparency of the Pt alloy/Co interface is determined solely by a
diffusive spin backflow effect [28,29] then the thickness- and resistivity-dependent  DEL (  PtX , tPtX )
should given by [21]

 tanh(tPtX / s ) 
 ( PtX , tPtX )   SH 1  sech(tPtX / s )  1 

2s PtXGr 

E
DL

1

(3.5)

where Gr is the real part of the spin mixing conductance [29] and where we assume the its
imaginary counterpart is negligible, and s is the spin diffusion length which varies inversely with
resistivity within the Elliott-Yafet spin scattering mechanism [30,31]. It is then readily understood
from Eq. (3.5) that in the ideal case of constant spin Hall conductivity and constant interface
E
transparency there should be a slight initial increase of the calculated  DL
with increasing alloy
avg
concentration due to changes in the effective spin diffusion length as a function of r PtX
, with the

ratio of the spin diffusion length to the HM layer thickness determining the degree to which the
E
E
calculated value of  DL
approaches the saturated value. This predicted small increase in  DL
is
E
opposite to what is observed, as  DL
decreases with increasing alloy concentration by as much as

30% for Pt100-x Alx and 40% for Pt100-xHfx as shown in Fig. 3.2(c).
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Figure 3.2: The averaged resistivity (a) of the 4 nm (blue circles), 6 nm (red squares), and
50 nm (black diamonds) HM films; the damping-like spin torque efficiency per unit (averaged)
current density (b) and per unit applied electric field (c), and the anisotropy field (d) determined
from harmonic response measurements of 4 nm (blue circles) and 6 nm (red squares) HM films
versus alloy concentration x for (i) HM = Pt100-xAlx and (ii) HM = Pt100-xHfx. The green triangles
in (ii) show the results for the Pt85Hf15(5.5)/Pt(0.5)/Co sample. The dashed lines guide the eye by
connecting the data points.
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E
Possible explanations for the experimentally observed decline of  DL
with increasing alloy

concentration include: (1) a reduction in the spin current transparency Tint of the Pt(X)/FM
interface that becomes stronger with x , and (2) a growing detrimental distortion of the band
structure from that of pure Pt [32] that might lower the spin Hall conductivity of the alloy. A third
possibility would be that the SHE in Pt is dominated by the skew-scattering mechanism, but in that
E
j
  SHTint ) should vary inversely with PtX and  DL
  DEL   PavtXg should
case  SH (and therefore  DL

j
avg
be constant. Instead we see that x DL
increases, albeit sub-linearly, with  PtX
. To examine the

questions of whether alloying might impair Tint and whether it is possible to improve the interfacial
transparency, we grew another sample with HM = Pt85Hf15(5.5) | Pt(0.5), i.e., we replaced a thin
0.5 nm alloy layer next to the HM/FM interface with pure Pt. The results from the insertion layer
sample are also shown in Fig. 3.2 (green triangles) and compared to Pt(6)/Co and Pt85Hf15(6)/Co
samples in Table 3.1. The resistivity of the Pt85Hf15(5.5) | Pt(0.5) | Co sample, as averaged over
the total 6 nm thickness of the HM layer, shows a small increase in comparison to that of
Pt85Hf15/Co sample. We tentatively attribute this to additional scattering at the additional
E
Pt85Hf15(5.5)/Pt(0.5) interface. With the addition of the Pt(0.5) insertion layer,  DL
increases from

1.5 105 / m for the Pt85Hf15(6)/Co sample to 1.8 105 / m for Pt85Hf15(5.5) | Pt(0.5) | Co which

we ascribe to the improvement of the interfacial transparency. With respect to the spin torque
efficiency per unit current density the Pt(0.5) insertion layer resulted in a remarkably high value
j
 DL
 0.23  0.02 , about 2 times larger than that of the Pt(6)/Co bilayer. Not only is the torque

efficiency per unit applied current density improved, but so is the power required for switching,
even though the resistivity of the HM is increased. If J c is the switching current density in the
avg
avg
j
  HM
/  DL
HM, the power dissipated in the HM for switching J c2  HM
  1/ DLj  DLE  is
2
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reduced by nearly a factor of 2, from  4.3 105 m for Pt(6)/Co to  2.4 105 m for
Pt85Hf15(5.5)/Pt(0.5)/Co. These results for the Pt85Hf15(5.5) | Pt(0.5) | Co sample demonstrate that
the high spin Hall conductivity of the Pt85Hf15 alloy, while it may be somewhat less than that of
pure Pt, can result in a large spin torque efficiency, provided it is employed in combination with a
very thin Pt spacer to at least partially restore the interfacial spin transparency to that of a simple
Pt/Co interface.
Strong effects of alloying on the HM/FM interface are also evident from changes in the
interfacial magnetic anisotropy. Figure 3.1(d) shows the anisotropy field, obtained from the
harmonic response measurement by Eq. (3.1), versus the alloy concentration. The anisotropy field
decreases quickly with increasing alloy concentration for both the Al and Hf cases, and the samples
lose their PMA for alloy concentrations larger than those shown in Fig. 3.2. With the insertion of
the 0.5 nm Pt spacer layer, the PMA is partially restored (Fig. 3.2(d,ii)). We conclude from these
observations that the alloying has a negative effect on the HM/FM interface in a way that both
significantly reduces the anisotropy field and also reduces the spin transparency of the interface.
We speculate that these effects might be the result of partial segregation of the Al and Hf impurities
to the interface that can be inhibited by the presence of the Pt spacer layer.
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Table 3.1: The averaged resistivity (averaging over the total 6 nm thick HM layer),
anisotropy field, spin torque efficiency per applied electric field and per applied current density
for Pt(6)/Co, Pt85Hf15(6)/Co and Pt85Hf15(5.5)/Pt(0.5)/Co samples.
SAMPLE

Pt(6)/Co

Pt85Hf15(6)/Co

Pt85Hf15(5.5)/Pt(0.5)/Co

avg
 HM
(μΩ  cm)

36 ± 2

110 ± 6

128 ± 7

0 H an (T)

2.2

0.23

0.84

E
 DL
(105 / m)

2.6 ± 0.2

1.5 ± 0.1

1.8 ± 0.1

j
 DL

0.09 ± 0.01

0.16 ± 0.01

0.23 ± 0.02
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In summary, we have demonstrated a simple but effective method that utilizes the intrinsic
nature of the spin Hall effect in Pt (and Pt alloys) to enhance the spin torque efficiency of Pt by
alloying with either Al or Hf. The averaged resistivity of the HM layer increases almost linearly
with the alloy concentration but the spin torque efficiency per unit applied electric field decreases,
which we attribute at least in part to a degraded spin transparency of the HM/FM interface. The
alloying also degrades the strength of interfacial magnetic anisotropy. The interfacial spin
transparency and the PMA can both be significantly restored by the insertion of a very thin (0.5
nm) pure Pt layer between the alloy and FM layers. We have achieved large spin torque efficiencies
per unit current density of 0.14 for Pt80Al20/Co, 0.16 for Pt100-xHfx/Co (x = 10 - 15), and 0.23  0.02
for Pt85Hf15(5.5)/Pt(0.5)/Co samples. These values are much higher than those previously reported
for pure Pt in similar multilayer systems.
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through the Cornell Center for Materials Research, and by the Office of Naval Research. We also
acknowledge support from the NSF (Grant No. ECCS-1542081) through use of the Cornell
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ABSTRACT
We report a strong enhancement of the efficacy of the spin Hall effect (SHE) of Pt for exerting
anti-damping spin torque on an adjacent ferromagnetic layer by the insertion of  0.5 nm layer of
Hf between a Pt film and a thin,  2 nm , Fe60Co20B20 ferromagnetic layer. This enhancement is
quantified by measurement of the switching current density when the ferromagnetic layer is the
free electrode in a magnetic tunnel junction. The results are explained as the suppression of spin
pumping through a substantial decrease in the effective spin-mixing conductance of the interface,
but without a concomitant reduction of the ferromagnet’s absorption of the SHE generated spin
current.
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MAIN TEXT
The experimental determination that a current density J e flowing through certain high-atomicnumber metals can generate a quite substantial transverse spin current density J s through the spin
Hall effect (SHE) [1–3] has been a major factor in the recent focus on the study of spin-orbit
interaction effects in heavy metal - ferromagnet (HM|FM) thin film multilayer systems. The
fraction of this spin current that is absorbed by the ferromagnetic film generates a spin transfer
torque on the FM, characterized by a spin-torque efficiency SH   2e /

 SH   2e /

 J s / J e , where SH

 J sabsorbed / J e

is the “internal” spin Hall angle. For anti-damping spin-torque

(ST) excitation, the mechanism by which the spin Hall torque can achieve magnetic manipulation
using the least possible current, the critical current density scales   / SH and the write energy
  / SH   , where
2

a is the Gilbert damping of the FM|HM bilayer and r is the electrical

resistivity of the HM. Large ST efficiencies have been measured for Pt, beta-phase or amorphous
  Ta
 W
Pt
 0.12 [7] and SH
 0.3 [8]. The
Ta, and beta-phase W films: SH
 0.04  0.09 [4–6], SH

large values of SH for β-Ta and β-W, together with the relatively small values of damping for thin
β-Ta and β-W|FM bilayers has enabled low-current ST switching and ST microwave excitation of
the free electrode of nanoscale magnetic tunnel junctions (MTJs) [8], demonstrating the feasibility
of the SHE for three-terminal memory device and ST nano-oscillator applications [9–11] as well
as new classes of spin logic circuits [12–17]. However, the high resistivity of β-Ta and β-W,
 180 μ  cm , can be problematic when the write energy and device heating are important

considerations. While the lower resistivity of Pt films, r Pt » 20 µΩ ×cm for isolated films (which
can be different from the averaged resistivity of thin Pt having adjoining metal layers of high
resistivity) (see Supplemental Information - SI), makes Pt seemingly more attractive for energy75

efficient ST devices, the smaller value of SH for Pt and a much higher damping for FM|Pt
bilayers [4,7] greatly diminishes the effectiveness of anti-damping ST for Pt devices.
Recent works [18–20] have shown strong and complicated effects of a thin insertion layer
on the spin orbit torques in HM|FM systems. Here we report that a thin,  0.5 nm , Hf layer inserted
between a Pt film and a thin Fe60Co20B20 (FeCoB) layer causes large reductions in both the current
density and write energy needed for ST switching. The presence of the Hf reduces the Gilbert
damping a by more than a factor of two by suppressing spin pumping, and at the same time results
Pt|Hf
 0.12 , approximately 2 times higher than the spin torque efficiency reported with
in SH

Pt|Ni81Fe19 bilayers. Pt|Hf|FeCoB is therefore a preferred SHE structure for use in anti-damping
ST applications. Our work suggests that there may be additional opportunities for the enhancement
of spin Hall torque effects through the further optimized modification of HM|FM interfaces.
Understanding the consequences of the Hf insertion layer requires an analysis of the
processes contributing to magnetic damping and spin transmission at an HM|FM interface. The
phenomenon of spin pumping, which is typically analyzed via use of the drift-diffusion
equation, [21] increases the magnetic damping a in HM|FM structures compared to  0 , the
intrinsic damping parameter in the absence of the HM, because the precession of the FM
magnetization leads to a loss of spin angular momentum in the HM [22] resulting in:

  0 


2

2

2e M s tFM


Geff
.

(4.1)

Here   1.76 1011 HzT -1 is the gyromagnetic ratio, M s is the saturation magnetization of the FM,

tFM is the thickness of the FM layer, and Geff
is the “effective spin-mixing conductance” of the


HM|FM interface. Geff
can be expressed in terms of the bare spin mixing conductance of the
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interface G  (here we are assuming that Re G   Im G  [23]), and the spin conductance of the
HM layer, Gext  tanh(tHM / s ) / (2 HM s ) , as [23–26]

Geff


G 
.
1  G  / Gext

(4.2)

-¯
Pt has a relatively large value of Geff
and is therefore a good “spin sink”, since the typical

resistivity of Pt films, Pt  20  25 μ  cm in combination with a spin attenuation length

sPt  1.2  1.4 nm [27,28] results in Gext  1.8 1015 -1m 2 (assuming tHM  s ), while the bare
mixing conductance of common Pt|FM interfaces is usually of a similar value,

e.g.

G ¯ » 1.2 ´1015 W-1m -2 has been reported [28] for Pt|Py (Py=Ni81Fe19). Consequently, Geff for
Pt|FM bilayers is considerably higher,  0.7 1015 -1m-2 , than that found, for example, for the βW|FeCoB system, 0.16 1015 -1m-2 [29]. When tFM is small, as it must be in ST devices, the large

value of Geff
causes a large increase in a above a 0 for Pt|FM bilayers (e.g., more than a factor of

4 for a 1.8 nm FeCoB layer, see below). This greatly reduces the efficacy of Pt for anti-damping
ST applications, although the SHE of Pt is still quite effective for driving the displacement of
domain walls in perpendicularly magnetized free layers where the increased damping is not an
issue [30,31].
Turning to the spin torque efficiency SH , this is of course affected by the net interfacial
spin transmissivity in the opposite direction, that is by the extent to which spin currents generated
by the SHE in the HM are transmitted through the HM|FM interface to exert a spin torque on the
FM. The drift-diffusion analysis for this situation [23,24] indicates that unless ReG  Gext there
will be substantial spin back-flow from the interface, which reduces the efficiency of the SHE
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(relative to the internal spin Hall angle, SH ) in exerting a damping-like spin torque on the FM:

 SH

t 
t
G  tanh  HM  tanh  HM
 2s 
 s
 SH 
G   Gext




    Geff tanh  tHM  tanh  tHM  .




SH
Gext
 2s 
 s 

(4.3)

This reduction can be quite significant. For example, applying the analysis above to the Pt|Py
Pt
interface yields SH  0.25 SH
indicating that the lower bound of SH  0.05 as established by the

ST ferromagnetic resonance (ST-FMR) study of Pt|Py bilayers of Liu et al. [4,27] is considerably
Pt
 0.20 [32]. This is similar to the
lower than the actual internal spin Hall angle of the Pt film SH

result of the same analysis applied to Pt|Co and Pt|CoFe interfaces [33]. This analysis suggests that
by an appropriate choice of materials and control of the interface structure, we could possibly
achieve higher ST efficiencies, and indeed recent studies using different Pt|FM combinations have
reported SH  0.1 in some cases [32,33].
With the objective of investigating means to suppress spin-pumping and to enhance, or at
least not degrade, the spin torque efficiency of Pt for MTJ switching applications, we produced
||Ta(1) | Pt(4) | Hf( tHf ) | FeCoB( tFeCoB ) | MgO(1.6) | Ru(2) and ||Ta(1) | Pt(4) | Hf( tHf ) | FeCoB(
tFeCoB ) | MgO(1.6) | FeCoB(4) | Hf(5) | Ru(5) multilayer films (see SI) (Here || represents the

thermally-oxidized Si substrate and the numbers in parentheses are thicknesses in nm). The high
resistivity Ta was used for adhesion and smoothing purposes, while Hf was chosen for this

investigation because initial ferromagnetic resonance studies (FMR) studies indicated a low Geff

for Hf|FeCoB and previous work has demonstrated that there are negligible current-induced spinorbit torques produced at Hf|FM interfaces [34]. The Hf thickness tHf was varied in fine steps from
0.33 to 0.76 nm with a relative uncertainty of 5%, while the FeCoB layer thicknesses tFeCoB were
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1.6 and 1.8 nm. We also fabricated and measured control samples with tHf  0 (i.e., no Hf spacer).
The samples were annealed at 300 C for 30 minutes in a background pressure  107 Torr .
Since certain transition metal elements when incorporated into magnetic tunnel junction
structures can be quite mobile, either during deposition and subsequent annealing steps, we
investigated this possibility with respect to the Hf insertion layer by using electron energy loss
spectroscopy (EELS) [35] to study the spatial-dependent composition of some of our samples in a
100 keV Nion UltraSTEM. Fig. 4.1 shows the EELS data for a tFeCoB  1.6 nm , tHf  0.5 nm sample.
Since the obtained intensity is proportional to the relative distribution of the element, it is readily
seen that a portion of Hf has diffused through the FeCoB layer into the MgO layer, where it is now
oxidized. By integrating over the intensity, the amount of Hf in between the Pt and FeCoB layers
is estimated to be ~70% of the total amount of Hf deposited which corresponds to a thickness of
~0.35 nm for this nominal 0.5 nm Hf sample. This indicates that a thin, conformal and continuous
Hf spacer of approximately two atomic layers or so in thickness is formed on the surface of Pt
layer, which is consistent with the high (negative) formation enthalpy of HfPt compounds [36,37].
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Figure 4.1. ABF-STEM (annular bright field - scanning transmission electron microscopy)
image of ||Ta(1) | Pt(4) | Hf(0.5) | FeCoB(1.6) | MgO(1.6) | Ru(2) sample and the corresponding
EELS line profile that shows Hf diffusion through the FeCoB into the MgO.
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The magnetic properties of the FeCoB layer in the first set of multilayers were
characterized by SQUID magnetometry and anomalous Hall measurements (see SI) which
indicated a saturation magnetization M s = (1.56 ± 0.06) ´ 106 A/m , and also an apparent
“magnetic dead layer” thickness td  0.7  0.1 nm . By fitting the data from measurement of the
eff
effective magnetic anisotropy energy Keff tFeCoB
as a function of FeCoB effective thickness
eff
tFe
CoB  tFeCoB  td

to the standard model for the thickness dependence of the magnetic

anisotropy [38]





eff
eff
K eff tFeCoB
 KV  (1/ 2) 0 M s2 tFeCoB
 KS

(4.4)

the interface and bulk anisotropy energy densities are estimated to be KS  0.45  0.03 mJ/m2 and
KV  0.60  0.03 MJ/m3 , respectively. This value of K S is smaller than typical for Ta|FeCoB|MgO

multilayers, while K V is similar to a recent report [39].
Finally, measurements of the in-plane effective demagnetization field 0 M eff for
tFeCoB  1.6 nm and tFeCoB  1.8 nm ||Ta(1)|Pt(4)|Hf( tHf )|FeCoB( tFeCoB )|MgO(1.6)|Ru(2) samples

indicated that the insertion of a thin layer Hf at the interface of Pt and FeCoB has a significant
effect on 0 M eff , with a local minimum at tHf  0.5 nm for both series (see SI). We tentatively
attribute this behavior to the role of the Hf insertion layer in both reducing the positive volume
anisotropy effect from elastic strain from the underlying Pt, and in enhancing the surface
anisotropy energy through reduction of strain at the FeCoB|MgO interface.

81

Figure 4.2. Gilbert damping parameter α of ||Ta(1) | Pt(4) | Hf( tHf ) | FeCoB( tFeCoB ) |
MgO(1.6) samples measured by frequency-dependent ST-FMR. (a) Damping parameter versus Hf
thickness tHf for the tFeCoB  1.6 nm (circles) and tFeCoB  1.8 nm (squares) samples. The horizontal
broken line indicates the fitted damping parameter (0.006) for an isolated FeCoB layer. (b)
Damping parameter versus FeCoB effective thickness of the tHf  0.5 nm samples. The solid line
shows the fitting result from which the magnetic damping parameter of isolated FeCoB film is
estimated. The ellipses in (a) and (b) indicate the same data points.

82

In Fig. 4.2(a) we show  (tHf ) , determined by frequency-dependent ST-FMR measurements
(see SI), for the two different FeCoB thicknesses, 1.6 nm and 1.8 nm with the results clearly
demonstrating that a deposited Hf layer as thin as 0.35 nm, or even less, is effective in greatly
reducing the spin-pumping-induced increase in a . All of the samples with the Hf insertion layer
exhibit a decrease in a by a factor of two or more compared to Pt|FeCoB(1.8 nm) with no insertion
-¯
layer (also shown in Fig. 4.2(a)). We quantified the effect of the 0.5 nm Hf insertion layer on Geff
eff
of a series of tHf  0.5 nm samples as the function of tFeCoB
. Fig. 4.2(b) shows the best fit to the

damping coefficient a (t eff ) data (solid line in Fig. 4.2(b)) to equation (4.1) which yields
FeCoB


-¯
 0  0.006 (broken line) and Geff
value is nearly as low as the value
 0.24  1015 -1m-2 . This Geff

0.16 1015 -1m-2 observed in the β-W|FeCoB system [29]. Similar measurements made on a
¯
series of tHf  0 control samples (see SI) yielded Geff
» (1.1 ± 0.1) ´ 1015 W-1m-2 , similar, although

somewhat higher, than the previous results for Pt|Ni81Fe19, confirming the strong effectiveness of
the insertion of a nominal 0.5 nm Hf layer in suppressing spin pumping, as reflected by the large
reduction of      0 shown in Fig. 4.2(a).
To determine  SH for the Pt|Hf|FeCoB trilayers we measured the ST switching current of a
FeCoB free layer in a MTJ, which is the application for which we seek to improve the spin Hall
efficacy [8]. To accomplish these switching current measurements, we patterned the second set of
multilayers by electron beam lithography and ion milling (described in SI) into three terminal
SHE-MTJ devices which consisted of elliptical FeCoB|MgO|FeCoB MTJs, typically with lateral
dimensions  50 180 nm 2 , on top of a Ta|Pt|Hf microstrip approximately 1.2 μm wide as shown
schematically in Fig. 4.3(a). The magnetization of the free FM layer could be controlled either by
an in-plane external field along the major axis of the tunnel junction or a direct current through Pt
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layer, and the orientation of the magnetic free layer can be determined by the differential resistance
of the MTJ.
Figure 3(b)-(d) show results for tFeCoB  1.6 nm , tHf  0.5 nm devices. From the field
switching behavior the coercivity 0 H c is determined to be about 4.5 mT and the tunneling
magnetoresistance (TMR) is 80%. Figure 4.3(b) shows the current-switching behavior for a

50 ´ 180 nm 2 MTJ, 1.2 μm channel device at a ramp rate 0.0013 mA/s, for which the switching
occurs at average critical currents I c  0.4 mA . The switching currents at different ramp rates
are shown in Fig. 4.3(c). By fitting the data to the thermally assisted spin torque switching
model [40] we find that the zero-thermal-fluctuation switching current is I 0  0.71  0.08 mA which
is, considering the geometry of the device and assuming that all current flows through the
comparatively low-resistivity 4 nm Pt layer, equivalent to a current density of
J 0 = (1.5 ± 0.2) ´1011 A/m 2 .

The same measurement and analysis were also performed for

tFeCoB  1.6 nm , tHf  0.5 nm , 70  240 nm 2 devices with different channel widths. As shown in Fig.

4.3(d), we confirmed that the switching current I 0 varies linearly with the channel width w , as
expected, and that the average zero-fluctuation switching current density J 0 = (1.6 ± 0.1) ´1011 A/m 2
for that series of devices is consistent with that of the 50 ´ 180nm 2 MTJ, 1.2 μm-wide channel
device.
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Figure 4.3. Current-induced switching behavior of ||Ta(1) | Pt(4) | Hf(0.5) | FeCoB(1.6) |
MgO(1.6) | FeCoB(4) three-terminal devices. (a) Schematic structure of ||Ta | Pt | Hf | FeCoB |
MgO | FeCoB three-terminal SHE-MTJ devices. (b) Differential resistance versus total current I
applied to the channel at a ramp rate 0.0013 mA/s for 50 ´ 180 nm 2 MTJ with a 1.2 μm channel.
The switching currents are determined to be I c » ±0.4 mA . Broken lines connect the data points,
indicating the magnetic switching events. (c) Plot of switching currents at different ramp rates of
0.0013 mA/s for a 50 ´ 180 nm 2 MTJ with a 1.2 μm channel. Solid lines show fitted results. (d)
I0 versus channel width w of 70 ´ 240 nm 2 devices. The linear fit (line) gives the average current
density J 0 = (1.55 ± 0.12) ´ 1011 A/m 2 .
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We used the results of the measurements of the switching current density J 0 as plotted in
Fig. 4.4(a) as a function of tHf to calculate SH , using the measured values for M eff and a
mentioned above and the formula [8,41]

SH 

2e




eff
0 M s tFeCoB
  Hc 

M eff
2


 / J0 .


(4.5)

Those latter results are plotted in Fig. 4.4(b). For 0 £ tHf £ 0.6 nm , the spin torque efficiency
fluctuates about the average value SH  0.10 , with a peak value SH  0.12  0.02 at both
tHf = 0.0 nm and tHf  0.5 nm . While a quantitative analysis using the drift-diffusion model of these

results for the spin torque efficiency of the Pt|Hf|FeCoB trilayer structures is conceptually
challenging in the tHf  0.5 nm ultrathin limit, this is less of an obvious concern for of the
Pt|FeCoB bilayer samples. If we use  Pt  24 μ cm as determined for our samples (see SI) and

sPt  1.2 nm [28] (determined for samples having the same electrical resistivity), we have that for
the

Pt

layer Gext  1.7 1015 1m-2 .



G  Gext Geff
/ (Gext  Geff
)  3.1 1015 1m 2

Equations

(4.2)

and

(4.3)

then

yield

Pt|FeCoB
Pt
and xSH
/ qSH
= 0.65 , where the latter is a

Pt|Py
Pt
considerably higher ratio than reported for a Pt|Py bilayer SH
/ SH
 0.25 [32] , which signifies

that our Pt|FeCoB interface has a significantly higher spin current transmissivity. With
Pt|FeCoB
Pt
Pt|FeCoB
xSH
/ qSH
= 0.65 the high spin torque efficiency xSH
= 0.12 ± 0.02 obtained from the switching
Pt
measurements indicates that SH
 0.18  0.03 , quite consistent with the spin Hall angle values

recently reported from analyzes of experiments on Pt|Py, Pt|Co and Pt|CoFe systems [32,33].
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Figure 4.4. (a) Switching current density J 0 and (b) spin Hall torque efficiency SH versus
Hf thickness for tFeCoB  1.6 nm (circles) and tFeCoB  1.8 nm (squares) samples. J 0 achieves a
minimum at tHf  0.5 nm . Within the uncertainty, SH  0.10 for tHf  0.6 nm with local maxima

 0.12 at tHf  0 and 0.5 nm, but then decreases for thicker Hf spacer. Dashed lines connect the
data points to guide the eye.
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Returning to the results from the devices with the Hf insertion layer, while the substantial
decrease in SH when tHf is increased from 0.6 nm to 0.76 nm is perhaps qualitatively consistent
with an increased attenuation of the spin current by a thicker Hf layer [34], the lack of significant
variation of SH for 0 £ tHf £ 0.6 nm is quite surprising in light of the strong suppression of spin
-¯
pumping, which represents a factor of 4 reduction of Geff
by a Hf insertion only one to two atomic

layers thick. Within the drift-diffusion analysis the most straightforward explanation for this spin


 GPt|FeCoB
pumping reduction is that the spin mixing conductance GHf|FeCoB
, with the alternative

being that the Hf layer has a very low spin conductance, 1/ (2Hf sHf ) , together with tHf  sHf . In
light of the measured xSH (tHf ) results (Fig. 4.4(b)) there are fundamental challenges for both
explanations. A low G -¯ will enhance the back flow of the spin current from the Hf|FeCoF
interface, lowering SH as implied by equation (4.3). This could be counteracted if Gext is also
lowered by a similar degree by the Hf insertion, but since the experimental evidence is that Hf has
no significant SHE a low Gext, Hf would also result in a strong attenuation of the spin current from
the Pt before it reaches the Hf|FeCoB interface (see SI). Another possible explanation could be
Pt
that the Hf insertion results in a decreased Gext, Pt , or an enhanced  SH
, through intermixing, but the

similarity of the averaged resistivity of the Pt layer with and without the Hf insertion, together with
results of experiments with PtHf alloys that will be reported elsewhere, appear to make this
alternative explanation unlikely. Given these contradictions between the spin pumping and spin
backflow (spin accumulation) predictions of the drift-diffusion equation and the results reported
here, we tentatively conclude that with the very thin layers that are employed in this system, where
interfacial scattering is a dominant factor, drift-diffusion simply does not provide an adequate
understanding of the essential spin transport details. To achieve that, a Boltzmann equation
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analysis of the interfacial spin transmissivity and a more detailed description of the electronic
structure of the interface is likely to be required.
In summary, we have maintained a high spin torque efficiency SH  0.12  0.02 in
Pt|FeCoB based three terminal SHE-MTJ devices, while substantially reducing the effect of spin
pumping in increasing the damping of the thin FeCoB free layer. We have achieved this by
introducing a thin, nominally 0.5 nm, Hf layer between the Pt SHE layer and the FeCoB. This
reduced the magnetic damping to   0.012 without significantly changing the spin torque
efficiency and thus subsequently lowered the SHE switching current density to  1.6 1011 A/m2 .
This value is approximately a factor of 2 lower than achieved previously in similar Ta|Co40Fe40B20
SHE-MTJ devices having much higher resistivity. The decrease in the damping can be attributed
to a suppression of spin pumping brought about by a large reduction of the effective spin mixing
-¯
conductance Geff
of Pt|Hf|FeCoB compared to Pt|FM but in a way that does not reduce the

absorption of spin current at the FM interface. Although further theoretical investigation is
necessary for a complete explanation and optimally to guide further improvements, the
experimental determination that Pt|Hf|FeCoB samples can provide high spin torque efficiency
together with an electrical resistivity much less than for β-Ta and β-W, demonstrates clearly that
Pt|Hf provides an attractive alternative to those materials for anti-damping SHE torque logic
devices for which impedance and low excitation power are important criteria.
The authors thank J. Park, Y. Ou of Cornell University; C. T. Boone of NIST; and L. H. V.
Leão of Federal University of Pernambuco (Brazil) for fruitful discussions. We thank S. Parkin of
IBM Almaden Research Center for sharing a manuscript reporting a related study prior to
publication. This work was supported in part by the NSF/MRSEC program (DMR-1120296)
through the Cornell Center for Materials Research, ONR, and the Samsung Electronics
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SUPPLEMENTAL INFORMATION
4.S1. Sample Preparation
The multilayer films were produced by DC sputtering (radio frequency sputtering for the MgO
layer) from 2-inch planar magnetron sources onto thermally-oxidized Si substrates in a sputter
system with a base pressure  4 108 Torr . The target to substrate separation was approximately
18 cm. This separation together with an oblique orientation of the target to the substrate resulted
in a low deposition rate of  0.01 nm/s (Pt: 0.017 nm/s, Hf: 0.021 nm/s, FeCoB: 0.0077 nm/s)
with DC sputtering conditions of 2 mTorr Ar and 30 watts power. The multilayer stacks ||Ta(1) |
Pt(4) | Hf( tHf ) | FeCoB( tFeCoB ) | MgO(1.6) | Ru(2) that were used for ST-FMR, anomalous Hall,
and SQUID magnetometry measurements were patterned into 10  20 μm2 microstrips by
photolithography. The stacks ||Ta(1) | Pt(4) | Hf( tHf ) | FeCoB( tFeCoB ) | MgO(1.6) | FeCoB(4) | Hf(5)
| Ru(5) that were used for current-induced switching experiments were patterned into 3-terminal
SHE-MTJ devices [7,8] which consisted of an elliptical FeCoB|MgO|FeCoB MTJ of typical size
 50 180 nm 2 on top of a Hf|Pt|Ta channel of width 0.6  1.2 μm (see Fig. 4.3(a) in the main text)

by electron-beam lithography. The films were etched by an ion mill equipped with a mass
spectroscopy system for endpoint detection. The samples were annealed at 300 C for 30 minutes
in a vacuum tube furnace with a background pressure  107 Torr .
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4.S2. Measurements
The damping parameters were measured by the frequency-dependent spin torque ferromagnetic
resonance [4] (ST-FMR) technique in which an external magnetic field was applied in-plane at a
45° angle with respect to the 10  20 μm2 microstrip. A radio frequency signal of power 12 dBm
and frequency 5-10 GHz was applied to the microstrip and the DC output signal was detected
through a bias-tee by a lock-in amplifier. From the frequency f dependence of the linewidth  ,
the damping coefficient was calculated from the linear fit as   ( / 2 )d / df

(Fig. S1(a))

where   1.76 1011 Hz T -1 is the gyromagnetic ratio.
The demagnetization fields were determined by anomalous Hall measurement with an
applied magnetic field swept up to 1.5 T perpendicular to the sample plane as shown in Fig.
4.S1(b). The film magnetizations were measured by SQUID magnetometry with an in-plane
magnetic field.
The current-switching measurement on the three-terminal devices was performed by
applying an external magnetic field from a Helmholtz electric magnet parallel to the major axis of
the nanopillar to null out the average dipole field on the thin free layer from the thicker, fixed
layer. A swept direct current was applied through the Pt channel. The tunnel junction was
connected in series with a 10 MΩ resistor and a lock-in amplifier was used to measure its total
differential resistance.
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Figure 4.S1. (a) Determination of the Gilbert magnetic damping coefficient

  ( / 2 )d / df from the linear behavior of the line width Δ versus frequency f of a
||Ta(1) | Pt(4) | Hf(0.5) | FeCoB(1.6) | MgO(1.6) | Ru(2) sample by frequency-dependent
ST-FMR measurement. (b) Determination of the effective demagnetization field of the
same sample from the intersections of fitted lines to the variation of the anomalous Hall
voltage as a function of the perpendicular applied magnetic field Bext .
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4.S3. Magnetic properties of Pt|Hf|FeCoB structure
The magnetic properties of the FeCoB layer in the first set of multilayers were characterized by
SQUID magnetometry and anomalous Hall measurements (see 4.S2). In Fig. 4.S2(a) we show the
thickness dependence of the FeCoB magnetic moment (per unit area). The linear fit indicates that
the saturation magnetization M s = (1.56 ± 0.06) ´ 106 A/m , and also that the FM has an apparent
“magnetic dead layer” thickness td  0.7  0.1 nm . In Fig. 4.S2(b) we plot the effective magnetic
eff
eff
eff
anisotropy energy Keff tFeCoB
as a function of tFeCoB
for tHf  0.5 nm , where tFeCoB
 tFeCoB  td is the
eff
FeCoB effective thickness. Below tFeCoB
 0.5 nm , the magnetic anisotropy transitions from in-

plane to out-of-plane. By fitting the data to the standard model for the thickness dependence of the
magnetic anisotropy [38]





eff
eff
K eff tFeCoB
 KV  (1/ 2) 0 M s2 tFeCoB
 KS

(4.S1)

the interface and bulk anisotropy energy densities are estimated to be KS  0.45  0.03 mJ/m2 and
KV  0.60  0.03 MJ/m3 , respectively. This value of K S is smaller than typical for Ta|FeCoB|MgO

multilayers, while K V is similar to a recent report [39].
The in-plane effective demagnetization field 0 M eff for tFeCoB  1.6 nm and tFeCoB  1.8 nm
||Ta(1)|Pt(4)|Hf( tHf )|FeCoB( tFeCoB )|MgO(1.6)|Ru(2) samples are shown in Fig. 4.S2(c).

From

these data it is clear that the insertion of a thin layer Hf at the interface of Pt and FeCoB has a
significant effect on 0 M eff , with a local minimum at tHf  0.5 nm for both series. We tentatively
attribute this behavior to the role of the Hf insertion layer in both reducing the positive volume
anisotropy effect from elastic strain from the underlying Pt, and in enhancing the surface
anisotropy energy through reduction of strain at the FeCoB|MgO interface.
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Figure 4.S2. (a) Magnetic moment per unit area versus FeCoB thickness of tHf  0.5 nm
samples. From the linear fits (line), the saturation magnetization and thickness of the “dead layer”
of FeCoB are 1.56  0.06 106 A/m and 0.7  0.1 nm . (b) Magnetic anisotropy energy as a
eff
function of FeCoB effective thickness tFeCoB
. From the linear fit (line), the interface and bulk

anisotropy energy densities are 0.45  0.03 mJ/m2 and 0.60  0.03 MJ/m3 , respectively. (c)
Effective demagnetization field 0 M eff versus Hf thickness tHf of tFeCoB  1.6 nm (circles) and
tFeCoB  1.8 nm samples (squares). Broken lines connect the data points.
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4.S4. Properties of the Pt|FeCoB control sample

From the vibrating sample magnetometry measurement on ||Ta(1) | Pt(4) | FeCoB( tFeCoB ) |
MgO(1.6) | Ru(2) annealed samples, the saturation magnetization was determined to be

M s = (1.0 ± 0.1) ´ 106 A/m with no apparent magnetic dead layer. The same structure was
patterned into microstrips used for frequency-dependent ST-FMR measurement from which the
Gilbert magnetic damping parameter was determined, as shown in Fig. 4.S3. As reported in the
¯
main text the best fit to the spin pumping prediction yielded Geff
= (1.1 ± 0.1) ´ 1015 W-1m -2 with

the damping parameter for isolated FeCoB be 0.005 0.001 which is consistent with that obtained
in Fig. 4.2(b) (main text).
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Figure 4.S3. Magnetic damping parameter versus FeCoB thickness of the control samples.
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4.S5. Resistivity measurements
The resistance of a film of a comparatively good metal, such as Pt, when placed between two much
higher resistivity layers, such as either Ta and FeCoB, or Ta and Hf|FeCoB, begins, once the
middle film’s thickness is reduced to the order of twice its “bulk” elastic mean free path l , to be
determined by diffusive scattering at the interfaces and within the adjoining layers. This effect
can be modeled with the Fuchs-Sondheimer formulation [42]. Since lPt in our films is ~ 2 nm,
while that of the other adjoining metals are considerably shorter, interfacial scattering plays an
important role in determining the electrical properties of the spin Hall structure, and also must be
taken into proper consideration when considering the flow of the spin current from the bulk of the
Pt layer to the Pt|Hf|FeCoB interface. From the viewpoint of the electrical energy required to
effect a requisite spin transfer torque on the ferromagnetic free layer, what matters of course is the
resistance per square

of the spin Hall nanostrip, which we find to be

for an

annealed ||Ta(1) | Pt(4) | Hf(0.5) | FeCoB(2) multilayer. This result can be alternatively expressed
in terms of an averaged Pt resistivity

for t Pt = 4 nm. If a thinner Pt layer

is used, r Pt will be higher due to the interfacial scattering, shorter effective mean free path. Finally
we note that there was approximately a 10% increase in r Pt upon annealing our structures, which
we take as indicative of enhanced diffusive scattering at the interface due to some additional
intermixing, or perhaps the formation of a thicker PtHf bimetallic layer at the interface.
Of course when considering the flow of a net spin population generated by the SHE within
the Pt to the interface r Pt is not the proper quantity to employ in determining that spin conductance
if r Pt is determined largely by scattering close to or at the interface. Instead we measured the
“differential resistivity” of the Pt as evaluated from the derivative of the conductance versus Pt
thickness for tPt  3nm in Ta(1) | Pt(x) | Hf(0.5) | CoFeB multilayers which yielded a “bulk”
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resistivity  Pt  20 μ  cm . Similar measurements where the Hf thickness was varied yielded a
bulk Hf resistivity r Hf » 80 µW ×cm for tHf  2 nm . These were the values used in our driftdiffusion analysis of the spin pumping and spin Hall torque experimental results. Of course the
fact that in these experiments the thickness of the Pt spin Hall metal is only comparable to the bulk
mean free path lPt , together with the fact that the spin attenuation length, sPt  1.2  1.4 nm, as
determined by previous work [27,28], is less than lPt brings into question any prediction that is
based on a drift-diffusion analysis.
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4.S6. Drift-Diffusion Analysis
4.S6(a) Spin pumping effect
If we put aside the question raised above as to the applicability of a drift-diffusion treatment
of a system where the thickness of a normal metal layer component is of of the order of its mean
free path, or less in the case of the one or two atomic layer thick Hf insertion layer, and where the
spin attenuation length of one of the metals is apparently less than its mean free path, we can
employ the trilayer spin pumping model of Boone et al [25] to consider how an insertion layer can
result in a reduction of Gext . This drift-diffusion based model predicts

Gext

G
 Hf
2











 GHf coth tPt / sPt  GPt coth tHf / sHf 

,
 GHf coth tPt / sPt coth tHf / sHf  GPt 





(4.S2)

where GHf  1/ ( Hf sHf ) and GPt  1/ ( Pt sPt ) . For Pt and Hf thin films with r Pt = 20 mW ×cm and

r Hf = 80 mW ×cm , the spin attenuation lengths have been reported to be lsPt = 1.4 nm [27,28] and
lsHf = 1.5 nm [34] respectively. A calculation using these parameters in equation (S1) indicates
that that Gext can be only slightly reduced by a Hf insertion layer with tHf < 1 nm. Thus the low

 0.24  1015 -1m-2 measured at tHf  0.5nm cannot be
effective spin-mixing conductance Geff

achieved without substantially reducing the bare spin-mixing conductance G -¯ . However, a low
G -¯ will enhance the back flow of the spin current from the Hf|FeCoB interface, lowering SH .

Alternatively if we use a much different pair of parameters for the Hf layer, a higher resistivity

r Hf and a shorter spin attenuation length lsHf in equation (4.S2) this would result in a lower Gext
. However since the experimental evidence is that Hf has no significant SHE and thus that the spin
current has to originate within the Pt, a shorter lsHf would also result in a strong attenuation of the
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spin current before it reaches the Hf|FeCoB interface as discussed below.
4.S6(b) Attenuation of the spin current in a trilayer structure
Within the context of the drift-diffusion analysis [23] of the spin back-flow in a trilayer
structure, Equation (4.3) in the main text is modified to be:

SH (tHf )   
Pt
SH

cosh





sinh  tHf

Hf sHf

tPt / sPt





2 cosh tPt / sPt  1
/ sHf 




cosh  tHf




/ sHf  sinh tPt / sPt





 Geff
(tHf ) . (4.S3)

Pt sPt

The rapid decrease of damping a that we find with our samples as a function of increasing tHf , as
-¯
shown in Fig. 4.2(a) of the main text, implies the same degree of reduction in Geff
, from Equation

(4.S3) we should expect an even more rapid reduction in SH . This expectation is not in accord
with the approximately constant level of the observed SH for tHf  0.5nm as shown in Fig. 4.4 of
the main text. We conclude that the drift-diffusion analysis of the spin back-flow is simply not
even approximately applicable to this spin Hall effect system with a very thin Hf insertion layer,
perhaps due to dominance of interfacial processes, rather than bulk scattering, on the spin transport.
As mentioned in the main text it appears that a more appropriate Boltzmann analysis of the
interfacial spin transmissivity and a more detailed treatment of the electronic structure of the
interfaces is likely to be required to understand this beneficial effect of the thin Hf insertion layer
in enhancing the anti-damping spin torque efficiency of the Pt spin Hall effect.
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ABSTRACT
Cryogenic computers promise to reduce the overall power consumption by greatly lowering the
dissipated energy of conducting lines and devices. The three-terminal magnetic tunnel junction
(3T-MTJ) devices, powered by the strong spin Hall effect of the channel, is a possible candidate
for cryogenic memory due to its nonvolitality and low switching power. We report nanosecond
fast and reliable switching of 3T-MTJ devices having a Pt channel at a low temperature of 3.1 K.
The switching pulses can be as short as 1 ns and the bit error rates as low as 10 -7. The results are
consistent with those reported at room temperature and suggest the possibility to integrate these
memory devices with superconducting logic devices.
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MAIN TEXT
Spin-torque magnetoresistive memory (ST-MRAM) devices are rapidly entering the market as the
next generation of memory compatible with and beyond CMOS technology [1], owing to their
nonvolatility and low power consumption. These ST-MRAM devices generally have 2-terminal
magnetic tunnel junctions (MTJs) which consist of two ferromagnetic (FM) layers, separated by a
thin insulating tunnel barrier, one of which (reference layer) has a fixed magnetization and the
magnetization of the other one (free layer) can be flipped parallel (P) or anti-parallel (AP) to that
of the reference layer. In the CPP (current perpendicular to plane) configuration, a current is
applied though the tunnel barrier of the MTJ to switch the magnetization of the free layer via spin
transfer torque (STT). Despite many advantages over conventional memory devices, there are
several shortcomings associated with this structure, such as the breakdown of the tunnel barrier
during the writing process, read disturb errors and incubation delay. In recent years, another class
of MRAM devices called spin-orbit torque (SOT) MRAM has been proposed. This structure,
schematically illustrated in Fig. 5.1(a), has the CIP (current in the layer’s plane) configuration in
which a current is applied in the channel adjacent to the MTJ to switch the free layer via the spinorbit interaction, induced either by the interfacial Rashba-Edelstein effect or the bulk spin Hall
effect (SHE) [2,3] which converts a longitudinal electrical current in the channel into a transverse
spin current. By separating the read and write paths, this 3-terminal geometry avoids the
breakdown of the tunnel barrier and the read disturb error, and allows large room for optimization.
It has been reported that the SHE in Pt [3,4], Ta [2] and W [5] is strong enough to effectively
manipulate the MTJ. Thus this 3-terminal SHE-based MTJ (3T- MTJ) structure is a promising
candidate for low power and fast memory in which density is not a critical factor. Previously we
have demonstrated power efficient nanosecond pulse switching of the 3T- MTJ devices having a
107

Pt channel which can switch as fast as 1 - 2 ns and with a low bit error rate (BER) of 10-5 at room
temperature (RT) [6].
Another important strategy to reduce the power consumption is the avoidance of heat
dissipation of conducting lines and devices. It has been suggested that cryogenic computers, which
consist in large part of superconducting lines and devices, can vastly reduce the power
consumption despite the energy cost to cool the entire system down to cryogenic temperatures.
Superconducting logic devices have been actively researched, most notably Josephson junctions
and recently nanocryotron devices (nTron) [7]. However, the cryogenic computer scheme is still
in need of compatible memory devices. Cryogenic temperatures impose a big challenge to many
types of RT memory devices since their working mechanism may largely change at low
temperatures. MRAM devices, however, are based on the spin-transfer torque and/or spin-orbit
interaction which do not depend strongly on temperatures. Thus, it is of scientific and
technological importance to investigate the behavior of MRAM devices at cryogenic temperatures.
In this article, we report pulse switching behavior of the 3T- MTJ devices having a Pt
channel at a low temperature of 3.1 K, which is very consistent to that at RT. Similar results are
obtained when we replace square pulses by triangle ones, suggesting easy integration of the 3TMTJ structure with cryogenic devices such as the nTron.
The stack consisted of SiOx | Ta(1) | Pt(5) | Hf(0.7) | FeCoB(1.4) | MgO | FeCoB (1.2) |
Ta(0.2) | FeCoB(1.2) | FeCo(1) | Ru(0.85) | FeCo(2.5) | IrMn(7) | Ru(4) (thicknesses in nm, FeCoB
= Fe60Co20B20), DC and RF magnetron sputter-deposited onto thermally oxidized high-resistivity
Si wafers by Canon ANELVA, Inc. Because of the thin and highly resistive 1 nm Ta layer at the
bottom, used to smoothen the wafer surface, most of the electrical current in the channel flows in
the 5 nm Pt layer. The thin 0.7 nm Hf spacer between the channel and the 1.4 nm FeCoB free layer
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was used to reduce the Gilbert magnetic damping by lowering the enhanced damping due to spin
pumping and/or spin memory loss at the Pt/FM interface [4]. The multilayer stack was patterned
into 230 nm × 400 nm channels by deep-UV photolithography and 45 nm × 115 nm pillars by
electron-beam lithography, etched by Ar ion milling. The devices were annealed at 300 C for 45
minutes in a vacuum of < 10-6 Torr in the applied field on 0.15 T along the easy axis. Previously
this 3T-MTJ structure demonstrated low-power, fast and reliable switching at room temperature,
as reported in [6].
The sample was placed in a cryogen-free HPD cryo-probe station’s chamber having a low
temperature of 3.1 K, connected to the measuring equipments via microwave probes. We measured
the resistance of the MTJ by flowing a small current of 3 μA through the tunnel barrier and
measuring the drop voltage. An external field was applied along the easy axis of the MTJ by a
superconducting magnet inside the chamber. See Supplemental Information (section 5.S1) for
more details. Fig. 5.1(b) shows the magnetic hysteresis (minor) loop of the device which exhibits
a TMR of about 30%, and a coercivity of 4.8 mT, about 2 times higher than that at RT.
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Figure 5.1: (a) Schematic of a 3T-SHE-MTJ device which consists of an MTJ atop a spin
Hall channel. An electrical current is applied to the channel to switch the magnetization of the free
layer and the state of the MTJ is read by measuring the drop voltage with a small current (3 μA)
through the junction. (b) The field-switching behavior of the device. The TMR is about 30%.
Coercivity is 4.8 mT with an offset field of -7.4 mT.
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For pulse switching measurements, a series of alternate reset and switching pulses were
sent to the channel of the device and the MTJ resistance was read after each pulse. Each switching
probability is the expectation value over 1024 switching attempts. Fig. 5.2 shows the pulse
switching phase diagram for AP to P (a) and P to AP (b) transition at an applied field of -7.4 mT
(center field of the minor loop). The pulse height is the voltage drop across the channel after
considering the reflection at the contact between the probe and the channel, due to the high
resistance of the channel of about 1.0 kΩ. Note that in our previous work [6], such reflection at the
contact pads was not taken into account. The data points on the phase diagrams are grouped into
adjacent triangles by Delaunay triangulation. The color of each triangle represents the average
value of its vertices (see Supplemental Information 5.S2). The results shown in Fig. 5.2 are
qualitatively consistent with the expectation from the macrospin model [8,9] in which the
boundary of 50% switching probability follows the relation:
V  V0 (1  t0 / t )

(5.1)

where V, t are the pulse height and duration, respectively and V0, t0 are constant. From the fitting
of the 50% probability boundary (white areas) to the macrospin model, the characteristic
parameters V0, t0 are estimated to be 0.81 V, 0.71 ns for AP to P and 1.0 V, 0.80 ns for P to AP.
The values of t0 are similar to those reported for devices having 335 nm channel and 1.6 nm FeCoB
free layer at RT [6] but those of V0 are about 30% lower which is attributed to narrower channel
(230 nm) having the same resistance of 1.0 kΩ. Notice the deviation of the fitted line from the data
points for P to AP which indicates the involvement of the Oersted field on the microspin dynamics
which depends strongly on the distribution and evolution of magnetic subdomains in the free layer
as discussed in Ref. [10].
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Figure 5.2: Pulse switching phase diagram for (a) AP to P and (b) P to AP at applied field
-7.4 mT. The blue solid lines show fitted results to the macrospin model from which the
characteristic parameters are estimated to be V0 = 0.81 V, t0 = 0.71 ns for AP to P and V0 = 1.0 V,
t0 = 0.80 ns for P to AP.
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The same measurement and analysis were performed for different bias fields. Fig. 5.3 shows
the estimated V0 and t0 as functions of the bias field. The linear dependence of V0 versus bias field
can be understood by the modification of the effective energy barrier by the bias field in the spintorque picture [11]. t0 shows a variation with bias field of about 30% around 0.8 ns but no apparent
trend. This fast switching speed, about the same as that at RT, is surprising because the thermal
fluctuation at 3.1 K is much smaller than at RT, thus the device is expected to switch on average
at lower speed due to the incubation delay. Together with the deviation from the macrospin model
as shown in Fig. 5.2(a), it suggests the complicated switching mechanism for which we tentatively
attribute to the complex domain formation of the free layer. As discussed in detail in Ref. [10], the
switching speed, characterized by the critical time t0, is strongly affected by the Oersted field
generated by the current and the applied bias field, in combination with any field-like effect
induced by the SHE in the bulk [12] and/or at the interface [13] of the channel, and in some cases
can be below the macrospin limit of about 2 ns (due to incubation delay). Therefore, the fast
switching speed that we observed at 3.1 K indicates the strong effect of the total bias field in the
switching mechanism which is beyond the macrospin model.
To demonstrate the switching reliability of the sample, we performed the switching/bit error
rate (BER = 1 – switching probability) measurements. Fig. 5.4 shows the BER as a function of
pulse height for 3 ns and 5 ns pulse durations. For AP to P switching (negative pulse voltages), the
BER can be as low as order of 10-7 given high enough pulse voltage and duration.
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Figure 5.3: The estimated values of V0 and t0, estimated from fitting to the macrospin model,
as functions of bias field for P to AP (blue circles) and AP to P (green squares).
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Figure 5.4: Bit error rate as a function of pulse voltage (relative to V0) for pulse duration of
3 ns and 5 ns for AP to P (negative voltages) and P to AP (positive voltages) under the bias field
= -7.4 mT.
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Thus far, we have demonstrated the low-power, fast and reliable pulse switching of the 3TSHE-MTJ devices at a low temperature of 3.1 K using square pulses. These factors are important
for applications in superconducting computing prototypes in which a large amount of Joule heating
can be avoided by flowing dissipationless currents through superconducting connections and
devices. One of the promising candidates for superconducting gates is the nanocryotron (nTron)
devices developed by McCaughan et al. [7]. Here we demonstrate that our 3T- MTJ devices can
be readily integrated with nTron devices.
A simple way to control the writing current through the channel of the 3T-MTJ device is to
have an nTron in parallel with the channel, as illustrated in Fig. 5.5(a). In normal condition (no
pulses applied), the nTron device is in the superconducting state, but the 3T-MTJ device is not,
therefore all the current flows through the nTron device. To switch the 3T-MTJ device, a pulse is
sent to the third gate of the nTron device causing heating at the junction to break its
superconducting state. Then a large amount of current flows through the channel of the 3T-MTJ
device, however not as a square form but a triangle-like shape having a quick rise and slow decay.
In our experiment setup, we simulate nTron-like pulses using the Keysight arbitrary waveform
generator (AWG), as shown in Fig. 5.5(b). The nTron-like pulse rises very quickly to a peak value
(pulse height) with a time constant of 80 ps, keeps constant for 170 ps then gradually fall down to
zero as e  t / t0 where to can be defined as its pulse duration.
The response of the 3T-MTJ device to the nTron-like pulses is shown in Fig. 5.5(c) in which
the boundaries between non-switched and highly successfully switched regions are clearly formed,
similarly to the results shown in Fig. 5.2. In response to the nTron-like pulses, the device switches
at nearly the same range of pulse height but requires longer pulse duration, mainly due to the slow
decay of the nTron-like pulses.The switching reliability of the 3T-MTJ device with nTron-like
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pulses is shown in Fig. 5.5(d) for AP to P transition from which a low BER, order of 10-6, is
observed given high and long enough pulses. (The sample failed to the high electrical stress after
this measurement so we don’t have the BER data for P to AP transition. A complete set of data for
a different sample will be reported elsewhere.)
In conclusion, we demonstrate that the 3T- MTJ devices with Pt channel exhibit low-current,
fast and reliable square-pulse switching behavior at 3.1 K, consistent with that at RT. Moreover,
the devices show similar response to nTron-like pulses, thus can be readily integrated with nTron
devices in superconducting computing prototypes. These results suggest the 3T-MTJ structure can
be a promising candidate for low power and fast memory at room as well as cryogenic
temperatures.
The research is based upon work supported by the Office of the Director of National
Intelligence (ODNI), Intelligence Advanced Research Projects Activity (IARPA), via contract
W911NF-14-C0089. The views and conclusions contained herein are those of the authors and
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expressed or implied, of the ODNI, IARPA, or the U.S. Government. The U.S. Government is
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Figure 5.5: (a) Diagram of a simple writing circuit of the SHE-MTJ device using a parallel
nTron device. When a square pulse is applied to the nTron’s gate, a triangle-like pulse flows
through the channel of the SHE-MTJ device. (b) An nTron-like waveform synthesized by the
AWG, observed by an oscilloscope. The pulse duration (falling time constant) is 2 ns. (c)
Switching phase diagrams of the SHE-MTJ device under the applied field of -7.4 mT, using nTronlike pulses. (d) Bit error rate as the function of nTron-like pulse’s peak voltage for AP to P
transition under the applied field of -7.4 mT.
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SUPPLEMENTAL INFORMATION
5.S1. Experimental setup
The 3-terminal MTJ devices are placed in a HPD (High Precision Devices, Inc.) cryogen-free
chamber at a temperature of 3.1 K. An external magnetic field is applied by a superconducting
magnet inside the chamber, driven by an AMI 430 controller. The sample is connected to outer
measuring circuit (at RT) by RF probes spatially controlled by AttoCube motors.
Fig. 5.S1 shows the diagram of the measuring circuit. The state of the MTJ is read by
following a small DC current of 3 μA through the tunnel barrier by a Keithley 2400 multimeter
and reading the drop voltage by an NI-DAQmx USB-6361. The read voltages are then stored in
the NI-DAQ’s internal buffer memory (64MB) until being collected by the computer via USB
connection. A Keysight M9502A arbitrary waveform generator (AWG) is responsible for sending
reset pulses to the sample’s channel, switching triggers to PSPL 10070A pulse generator and
reading triggers to the NI-DAQ. The reset pulses are sent through a PSPL 5865 driver amplifier,
powered by an HP 6237B power supply. The switching pulses from the PSPL generator are sent
through a RFMD SA2113 voltage controlled attenuator (VCA), powered and controlled by two
DAC outputs of an SR865 lock-in amplifier, before being combined with the amplified reset pulses
by a Marki PD0218 180o hybrid. The combined pulses pass through a Pasternack PE8212 DC
block before entering the sample’s channel.
The pulse sequence is illustrated in Fig. 5.S2, consisting of alternative reset and switching
pulses (of opposite signs) each of which is followed by a reading trigger pulse. Each pulse
sequence takes about 1 ms and is repeated 1024 times for each pair of pulse height and duration.
The switching probability is determined by the expectation value of the Beta-distribution of 1024
switching attempts.
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Figure 5.S1: Circuit diagram of the pulse switching measurement.

Figure 5.S2: Pulse sequence of the switching measurement, consisting of alternative reset
and switching pulses with a reading trigger pulse after each one, taking about 1 ms for each
switching attempt.
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5.S2. Adaptive measuring method
To effectively measure switching phase diagrams on our devices, we deploy the adaptive
measuring method which is illustrated by the flow chart in Fig. 5.S3. We notice that in the
switching phase diagrams as shown in Fig. 5.2 (main text), the richest information gathers around
the 50% switching probability boundary between the non-switched (red) at the lower left corner
and near 100% switched (black) at the upper right corner. Thus it is more effective if most
measuring points lie along the 50% probability boundary, instead of being distributed evenly over
the V-t space. To achieve this, we carry out the experiment in multiple iterations (repetitions) after
each of which the data set is collected, analyzed for determining the parameters for the next one.
The effectiveness of this method is to tailor the parameters setting strategy so that the data points
gather in the areas (on the parameters space) of richest information.
Assuming after one iteration we obtain a series of probability Pi(Vi,ti). To visually plot the
data, we group the data points (Vi,ti) into triangle by Delaunay triangulation, each of which is
colored based on the average value of its vortices, as illustrated in Fig. 5.S4(b). We define a
“weight function” fi,j=f(Pi,Pj) for each edge (Vi,ti) and (Vj,tj). For the edges whose weight meets a
pre-defined criterium (in our case, 1-sigma above the average value of all edges), we add their
midpoints to the list of data points to be measured in the next iterations. The finish condition is set
to be the maximum number of iterations. Fig. 5.S4(b-d) shows the measuring progress during
which the newly added points are located near the 50% probability boundary. Fig. 5.S4(e) shows
the final result (without illustrative lines) which is identical to Fig. 5.2(a) in the main text.
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Figure 5.S3: Flow chart of the adaptive measuring automation program. The experimental
data set after each run (iteration) with a given set of parameters is then analyzed for determining
the parameters for the next iteration (if necessary). The finish condition and parameters setting are
programmed so that the measurement effectively focuses on areas (on parameters space) with
richest data.
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Figure 5.S4: Example of the adaptive method in measuring switching phase diagrams. (a)
The weight functions is determined by the area of the “triangle” (integral) made by the switching
probability and the 2 parametric axes. (b) The initial distribution of data points, evenly over the Vt space. The points are groups into non-overlapping triangles (thin lines) by Delaunay
triangulation, each of which is colored based on the average value of its 3 vortices. (c) Results
after 5 iterations (567 points). (d) Results after 13 iterations (10757 points) in which most data
points lie along the 50% probability boundary. (e) Results as in (d) with the illustrative lines
removed.
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5.S3. Phase diagrams for long pulses
It is suggested [14] that the thermal stability Δ = E / kBT (E: barrier energy, kB: Boltzmann constant,
T: temperature) of the sample can be estimated by performing switching measurements in the
thermally activated regime (pulse duration ≥ 20 ns) in which the switching probability P (or readdisturb-rate in 2-terminal MTJ structure) varies with the pulse height as:
ln P  ln(t /  0 )  (1  V / V0 )  

(5.S1)

for pulse height smaller than the critical voltage V0 so that P is also very small <10-2. For this
measurement, we used a different sample from the same multilayer stacks, having a 330 nm × 600
nm channel and a 75 nm × 190 nm MTJ pillar (same aspect ratios as the channel’s and the pillar’s
of the sample presented in the main text). The sample was annealed at 340 C for 1 hour in air under
an applied field of 0.5 T. This annealing condition resulted in the good pinning of the reference
layer of the MTJ as reflected by the sharp magnetic minor loop shown in Fig. 5.S5(a). The minor
loop is centered at 3.0 mT, having a coercive field of 79 mT and TMR of 104% which are higher
than those of the sample in the main text which was annealed in a different condition (at 300 C in
vacuum under a field of 0.15 T).
The switching phase diagrams of the sample with pulse duration from 1 to 100 ns are shown
in Fig. 5.S5(b). Note that the x-axis is plotted on a log scale. By fitting to the macrospin model,
given by equation (5.1), to the short pulse duration (<10 ns), assuming the typical value of 1 ns for

 0 , the values of the critical voltage are estimated to be 1.3 V for AP to P and 1.0 V for P to AP,
which are about 20% higher than the values estimated for the device in the main text (having 230
nm channel) which can be attributed to differences in channel geometry and resistance and device
variation. We then performed switching measurements with pulses having amplitudes around V0
and long durations, as shown in Fig. 5.S5(c). By fitting the linear part of switching probability
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versus pulse height curve to equation (5.S1), the estimated values of the thermal stability factor Δ
are 109 ± 12 for AP to P and 110 ± 12 for P to AP. Note that the thermal stability at RT is 44 (T =
300 K), estimated from DC switching measurements [6]. Assuming the same energy barrier in
both cases, we can roughly estimate the actual temperature of our sample to be T = 44 × 300 K /
110 = 120 K. This high value, compared to the ambient temperature of T0 = 3.1 K, indicates a large
Joule heating caused by the switching current. Note that the heating effect occurs in RT
measurements as well, thus the sample’s temperature can be different from the value of 300 K that
we assume above.
We attempt to estimate the sample’s temperature following the simple model T(j) = T0 + κj2
(j: current density), where κ is a constant whose value is assumed to be 5 × 10-22 K m4/A2 [15] (as
measured for Pt/Co multilayers). In DC measurements at RT in Ref. [6], the current density is
about 2 × 1011 A/m2, so the sample’s temperature is about 340 K. In our measurements shown in
Fig. 5.S6, we applied pulses with voltage from 1.0 V to 1.4 V, corresponding to current density of
6 – 8 × 1011 A/m2. Based on the simple model above, the sample’s temperature in this case can be
about 180 – 320. Thus the expected value of the sample’s temperature of 44 × 340 K / 110 = 140
K, from the values of Δ above, is not unreasonable. We emphasize that these estimations of the
sample’s temperature are very coarse since many approximations are used. The value of the
constant κ cited above depends on the particular multilayer structure and geometry which
determine resistivities, current distribution and heat dissipation. Finally, the equation (5.S1)
assumes constant thermal stability factor Δ, and consequently constant temperature T given the
same energy barrier E, while this may hold for T0 = 300 K (RT) but it may not accurately describe
our results at cryogenic temperatures since T(j) varies strongly with j for small T0.
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Figure 5.S5: (a) Field-switching behavior of the sample. (b) Switching phase diagrams of
the SHE-MTJ devices for AP to P (top) and P to AP (bottom) transitions for pulse duration 1 –
100 ns. (c) Switching probability in log scale as a function of pulse voltage for long pulse durations
for AP to P (squares) and P to AP (circles). From the linear fit to the linear part of the curves, the
values of the thermal stability are estimated to be 109 ± 12 for AP to P and 110 ± 12 for P to AP.

126

REFERENCES
[1]

A. D. Kent and D. C. Worledge, Nat. Nanotech. 10, 187 (2015).

[2]

L. Liu, C.-F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and R. A. Buhrman, Science 336, 555
(2012).

[3]

L. Liu, T. Moriyama, D. C. Ralph, and R. A. Buhrman, Phys. Rev. Lett. 106, 036601
(2011).

[4]

M.-H. Nguyen, C.-F. Pai, K. X. Nguyen, D. A. Muller, D. C. Ralph, and R. A. Buhrman,
Appl. Phys. Lett. 106, 222402 (2015).

[5]

C.-F. Pai, L. Liu, Y. Li, H. W. Tseng, D. C. Ralph, and R. A. Buhrman, Appl. Phys. Lett.
101, 122404 (2012).

[6]

S. V. Aradhya, G. E. Rowlands, J. Oh, D. C. Ralph, and R. A. Buhrman, Nano Lett. 16,
5987 (2016).

[7]

A. N. McCaughan and K. K. Berggren, Nano Lett. 14, 5748 (2014).

[8]

J. Z. Sun, Phys. Rev. B 62, 570 (2000).

[9]

R. H. Koch, J. A. Katine, and J. Z. Sun, Phys. Rev. Lett. 92, 088302 (2004).

[10] G. E. Rowlands, S. V. Aradhya, S. Shi, E. H. Yandel, J. Oh, D. C. Ralph, and R. A.
Buhrman, Appl. Phys. Lett. 110, 122402 (2017).
[11] E. B. Myers, F. J. Albert, J. C. Sankey, E. Bonet, R. A. Buhrman, and D. C. Ralph, Phys.
Rev. Lett. 89, 196801 (2002).
[12] Y. Ou, C. F. Pai, S. Shi, D. C. Ralph, and R. A. Buhrman, Phys. Rev. B 94, 140414(R)
(2016).
[13] S. Emori, T. Nan, A. M. Belkessam, X. Wang, A. D. Matyushov, C. J. Babroski, Y. Gao,
H. Lin, and N. X. Sun, Phys. Rev. B 93, 180402 (2016).
127

[14] R. Heindl, W. H. Rippard, S. E. Russek, M. R. Pufall, and A. B. Kos, J. Appl. Phys. 109,
073910 (2011).
[15] O. J. Lee, L. Q. Liu, C. F. Pai, Y. Li, H. W. Tseng, P. G. Gowtham, J. P. Park, D. C.
Ralph, and R. A. Buhrman, Phys. Rev. B 89, 024418 (2014).

128

CHAPTER 6
Efficient Switching of 3-Terminal Magnetic Tunnel Junction Devices
by the Giant Spin Hall Effect of Pt85Hf15 Alloy
Minh-Hai Nguyen1, Shengjie Shi1, Sriharsha V. Aradhya1,
D. C. Ralph1,2, R. A. Buhrman1
1

2

Cornell University, Ithaca, New York 14853, USA

Kavli Institute at Cornell, Ithaca, New York 14853, USA

ABSTRACT
The three-terminal magnetic tunnel junction (3T-MTJ) structure, powered by the strong spin Hall
effect (SHE) of the channel, has demonstrated low-powered, fast and reliable switching and has
become a promising candidate for magnetic memory technology. The spin torque efficiency of
Pt85Hf15 alloy is reported to be about twice that of pure Pt, due to the intrinsic SHE of Pt. We report
a large reduction in critical current density of the in-plane magnetized 3T-MTJ devices using a
Pt85Hf15 channel, about 3 times for DC and 2 times for pulse switching, in comparison to the pure
Pt counterpart. We also observe a strong linear dependence of the DC critical current on the
coercive field and bias field which indicates that the switching mechanism is more complex than
indicated by the macrospin spin-torque model.
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MAIN TEXT
Magneto-resistive random access memories (MRAM) have drawn a great deal of attention from
the electronic and spintronic community due to their inherent nonvolatility which enables long
data retention and low standby power [1]. The most common MRAM type is the two-terminal
magnetic tunnel junction (MTJ) structure in which an electrical current is applied through the MTJ
layers to switch the magnetization of the ferromagnetic (FM) free layer parallel (P) or anti-parallel
(AP) to the fixed magnetization of the FM reference layer via the spin transfer torque [2]. To avoid
the breakdown of the tunnel barrier due to the writing current and the read disturb errors associated
with the two-terminal geometry, recently a three-terminal MTJ (3T-MTJ) structure based on the
spin Hall effect (SHE) [3–5] has been proposed [6]. In the 3T-MTJ structure, the FM free layer of
the MTJ is switched by the anti-damping torque of the transverse spin current induced by the SHE
of the adjacent channel. The separation of the write and read paths allows flexibility in optimizing
the performance of the devices without the trade-offs required in their two-terminal counterpart.
Furthermore, nanosecond fast and reliable switching of these 3T-MTJ devices has been recently
demonstrated [7] and attributed to the role of the field-like torques and micromagnetic dynamics
in reducing the incubation delay [8]. These advantages make the 3T-MTJ structure an attractive
candidate for MRAM applications.
The critical current density of in-plane 3T-MTJ devices is proportional to the Gilbert
magnetic damping α, which is the sum of the intrinsic damping of the FM layer and the enhanced
damping by the spin pumping effect, and inversely proportional to the damping-like spin torque
efficiency ξDL = Tint θSH, where Tint < 1 is the spin transparency of the interface and θSH is the spin
Hall ratio of the channel. It has been reported that interfacial engineering can effectively reduce
the damping α [9,10] and improve the interfacial transparency Tint [11,12]. Concurrently, efforts
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have been made into searching for strong SHE materials, such as Pt [13,9], β-Ta [6], β-W [14],
Pd [15], their oxides [16,17] and binary alloys [18–24]. Recent evidence has shown that the
intrinsic SHE, in which the spin Hall ratio scales linearly with the resistivity, is the dominant
mechanism in Pt [25–29]. This opens up the opportunity to further enhance the spin Hall ratio of
Pt by introducing impurities into the bulk to increase the resistivity. Previously we have
demonstrated that the Pt85Hf15 alloy exhibits 2-3 times higher spin torque efficiencies, depending
on the particular interface, than pure Pt in perpendicularly magnetized samples [18]. Thus it is
interesting and technological important to investigate the performance of in-plane 3T-MTJ devices
having a Pt85Hf15 channel.
We measure two series of 3T-MTJ devices, without and with a thin 0.7 nm Hf spacer, which
have the multilayer stacks of SiOx | Ta(1) | PtHf(6) | Hf(0 or 0.7) | FeCoB(1.4) | MgO | FeCoB(1.2)
| Ta(0.2) | FeCoB(1.2) | FeCo(1) | Ru(0.85) | FeCo(2.5) | IrMn(7) | Ru(4) (thicknesses in nm, PtHf
= Pt85Hf15, FeCoB = Fe60Co20B20), DC and RF magnetron sputter-deposited onto thermally
oxidized high-resistivity Si wafers by Canon ANELVA, Inc. The 1 nm Ta layer at the bottom
provides a smooth surface for the 6 nm PtHf channel layer. The thin 0.7 nm Hf spacer between
the channel and the 1.4 nm FeCoB FM free layer in one series helps reduce the magnetic damping
as reported in Ref. [9]. The magnetization of the FeCoB ferromagnetic reference layer is pinned
by the IrMn layer atop the FM/Ru/FM synthetic antiferromagnetic structure. The stacks are
patterned into 3T-MTJ devices and annealed in an applied magnetic field by the same processes
previously reported [7]. All measurements are performed at room temperature. Fig. 6.1(a) shows
the tilted SEM image of the channel and MTJ pillar (with e-beam resist on top) of a device in the
series after the ion-mill etching of the pillar. The size of the channel is measured by AFM image
to be 440 nm × 600 nm. The channel resistance is about 2.5 kΩ, more than 2 times higher than
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similar devices having a pure Pt channel [7] due to the high resistivity of the PtHf channel [18].
The MTJ pillars have two different sizes: 45 nm × 190 nm for HA devices (high aspect ratio =
1:4.2) and 110 nm × 190 nm for LA devices (low aspect ratio = 1:1.7).
The DC measuring circuit is illustrated in Fig. 6.1(a). The state of the MTJ is determined by
reading the voltage drop across the MTJ while flowing a small oscillating current through it at a
frequency of 1337 Hz by a lock-in amplifier. Fig. 6.1(b) shows the magnetic hysteresis (minor)
loops of the MTJ, centered by an offset value Hoff, (about 0 and -4.5 mT for samples without and
with Hf spacer), when an external field is swept parallel to the easy axis of the MTJ by a Helmholtz
electromagnet, of HA devices. All devices exhibit sharp field switching behavior. The coercive
field of the device without spacer is high ~ 8.5 mT, while that of the one with spacer is much lower
~3.2 mT.
To perform DC current switching, a DC current is applied to the channel to manipulate the
magnetization of the free layer, under an applied field Hoff to bias the free layer into the bi-stable
state. The MTJ resistance versus quickly sweeping DC current is shown in Fig. 6.1(c). Note that
in our convention, the positive (external) field is in the same direction as the current-induced
Oersted field in the free layer (and therefore the spin accumulation). The critical current of the
device with the Hf spacer is 0.16 mA, nearly 3 times smaller than that of the one without the spacer
which is 0.4 mA. However, the DC critical current Ic depends on the current ramp-rate, as given
by the thermally activated model [30,31]:
 1  I

I c  I 0 1  ln 

  ,
0


 
   I 0
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(6.1)

Figure 6.1: (a) Tilted SEM image of a 3T-MTJ device in the series and the basic schematic
of the DC measuring circuit. (b) Magnetic minor loop and (c) DC current switching behavior of
HA devices without Hf spacer (blue) and with a 0.7 nm Hf spacer (red). The lines are guide to the
eyes. (d) DC critical currents versus current ramp-rates for P to AP (positive) and AP to P
(negative) transition. The solid lines showed fitted results to the thermally activated switching
model. The fitted parameters are summarized in Table 6.1.
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where I0 is the critical current at zero thermal fluctuation, Δ = E / kBT the thermal stability factor
(E: barrier energy, kB: Boltzmann constant, T: temperature = 300 K) , I the current ramp-rate, and
τ0 the thermal fluctuation time (taken to be 1 ns). The current ramp-rate results for HA devices and
fitted lines to equation (6.1) are shown in Fig. 6.1(d). The fitted values of I0 and Δ, averaged over
two identical samples, are respectively ±0.56 ± 0.03 mA, 70 ± 13 for the device without spacer
and ±0.38 ± 0.03 mA, 36 ± 8 for the one with Hf spacer (positive (negative) currents are for P to
AP (AP to P) transition). These results, together with the values of magnetic damping α and
effective field Meff estimated by ferromagnetic resonance measurements (see section 6.S1 of
Supplemental Information), are listed in Table 6.1 for our HA PtHf devices and the sample
reported in Ref. [7] having the same MTJ aspect ratio, slightly thicker free layer (1.6 nm) and pure
Pt channel. The spin torque efficiency ξDL is calculated from the above parameters by the
relation [32]:

 DL 

2e

0 M s tFeCoB  H c  M eff / 2  / J 0DC ,

(6.2)

where μ0 = 4π × 10-7 N/A2 is the vacuum permeability, Ms the saturation magnetization, assumed
to be 1.2 × 106 A/m (no magnetic dead layer) [7] for all samples, Hc the coercive field determined
from the minor loops shown in Fig. 6.1(b) and J 0DC the DC critical current density (absolute value).
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Table 6.1: Fitted parameters from FMR, DC and pulse switching measurements of PtHf 3TMTJ devices, in comparison with the Pt one reported in Ref. [7]. All devices have the same channel
size of 330 nm × 600 nm and MTJ size of 45 nm × 190 nm (HA: high aspect ratio = 1:4.2).
Structure

Pt(5) | Hf(0.7) | FCB(1.6)

PtHf(6) | FCB(1.4)

PtHf(6) | Hf(0.7) | FCB(1.4)

Pt with spacer [7]

PtHf no spacer

PtHf with spacer

FMR measurements
Meff [Oe]

4165

3257

3494

α [×10-3]

18

26 ± 2

19 ± 1

DC switching measurements
Δ [kBT]

54 ± 5

70 ± 13

36 ± 8

J 0DC [×1011A/m ]

4.0

2.2 ± 0.2

1.4 ± 0.1

ξDL

0.055

0.098

0.119

2

Pulse switching measurements
2

J 0pulse [×1011A/m ]

6.3

4.5

3.4

t0 [ns]

1.1

0.2

0.4
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From Table 6.1, it is readily seen that our samples with 1.4 nm free layer have consistently
lower Meff which is most likely due to the thinner free layer which provides stronger out-of-plane
anisotropy to reduce the in-plane effective field. The magnetic damping constants of the devices
having the Hf spacer are about 30% smaller than that of the one without spacer which we attribute
to the role of the Hf spacer in reducing the interfacial spin memory loss [9,33]. Most remarkably,
the spin torque efficiencies of the devices having PtHf alloy channel are ~0.11, about 2 times
higher than that of the one having pure Pt channel which is consistent with the results measured
on perpendicularly magnetized Pt/Co bilayers [18]. Finally, these higher values of spin torque
efficiency in combination with lower Meff and slightly thinner free layer result in ~2 times lower
J 0DC for the PtHf device without spacer, and ~3 times lower for device with Hf spacer, comparing

to the sample having pure Pt channel and Hf spacer. We also note that the thermal stability factor,
as well as the coercive field, of the PtHf sample having a Hf spacer is nearly 2 times lower than
that of the one without a spacer. Since the structural difference between the two series of samples
is the presence of a Hf spacer, we speculate that the difference in the thermal stability and coercive
field is due to some unknown effect of the Hf atoms on the curling of the magnetic profile and/or
the magnetic subdomains of the FM free layer.
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Figure 6.2: Pulse switching measurements on HA devices. (a) Switching phase diagrams of
an HA device with a Hf spacer for AP to P (upper) and P to AP (lower) transition. (b) 50%
switching probability points (white points in (a), after dividing by the channel’s cross-sectional
area and resistance and corrected for wave reflection at the probe’s tip) for HA devices with and
without a Hf spacer. The solid lines show fitted results to the macrospin model. The fitted
parameters are summarized in Table 6.1.
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We then perform nanosecond pulse switching measurements on the PtHf devices. The
measuring circuit and method are described in details in section 6.S2 of Supplemental Information.
Fig. 6.2(a) shows the switching phase diagrams of an HA device with spacer for varying pulse
amplitude (absolute value) and duration, in which each switching probability is averaged over
1000 switching attempts, under applied fields Hoff at the center the minor loops. The 50% switching
probability points (white areas) are plotted in Fig. 6.2(b), together with those of another HA device
without spacer, in which the pulse current is calculated from the pulse amplitude, channel
resistance and geometry, taking into account the wave reflection at the tip of the probe due to the
impedance mismatch of the channel (having a typical resistance of 2.5 kΩ). By fitting the 50%
probability points to the macrospin model [32,34]:

J 50%  J 0pulse (1  t50% / t0 ) ,

(6.3)

we estimated the values of (pulse) critical current density J 0pulse and time t0, as listed in Table 6.1.
The deviation of the fitted lines shown in Fig. 6.2(b) from the data points suggests that the
switching mechanism is not solely anti-damping macrospin switching but largely affected by the
distribution and evolution of magnetic domains of the free layer by the anti-damping spin torque
and the field-like torques induced by the electrical and/or spin current, as fully discussed in
Ref. [8]. As listed in Table 1, the values of J 0pulse are about 2 – 3 times higher than their DC
counterpart J 0DC , mainly due to the different physical meanings of J0. The pulse J 0pulse is defined
as the asymptotic minimum of the 50% boundary, described by equation (6.3). The DC J 0DC is
critical current density of indefinitely long pulses, thus is equivalent to the asymptotic minimum
of the boundary between zero and non-zero switching probability regions in the phase diagram.
The device without spacer exhibits 1.4 times lower J 0pulse and the device with the Hf spacer nearly
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2 times lower than that of the one with pure Pt channel, qualitatively consistent with the
corresponding DC results. The PtHf devices also show equally or even faster switching speed
comparing to their pure Pt counterpart.
We perform the same DC and pulse measurements on 110 nm × 190 nm LA PtHf devices
with Hf spacer. For this series, we observe a variation of coercive field Hc which we attribute to
the weak in-plane anisotropy and edge effect. The fitted parameters from DC and pulse
measurements are shown in Fig. 6.3(a) as functions of Hc. The results for the LA device having
highest μ0Hc = 2.4 mT, close to that of the HA device (with spacer), are similar to those of the HA
device, indicating no significant effect of the MTJ aspect ratio. Interestingly, although J 0pulse for
LA devices varies around 3.5 × 1011 A/m2 and t0 < 1 ns with no clear trend (within a large fitting
uncertainty), J 0DC and Δ show a strong dependence on Hc. Δ varies linearly 6.2 ± 0.4 kBT/mT with
Hc. On the other hand, J 0DC shows a strong variation of more than a factor of 2 and nearly linear
(0.40 ± 0.04) × 1011 A/m2 per mT with Hc, which is inconsistent with equation (6.2), based on the
anti-damping spin-torque switching mechanism, when Meff is much larger than Hc as is the case.
This strong dependence of J 0DC on Hc indicates the involvement of field-assisted switching
mechanism in combination with SHE-induce anti-damping spin torque. We note however that the
current switching of our samples cannot be solely explained by field switching due to the currentinduced Oersted field because the Oersted field in our measurements is μ0Hs /J = 0.38 mT per 1011
A/m2, which is considerable but always smaller than the coercive fields.
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Figure 6.3: DC (squares) and pulse (circles) critical current density, thermal stability factor
and pulse critical time for P to AP (red) and AP to P (blue) transition as functions of coercive fields
of different LA devices (a) and as functions of bias field for an LA device having coercivity of 2.4
mT (b). The dashed lines show linear fitted results. The solid lines are guides to the eyes.
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To study the effect of field-assisted switching mechanism, we perform similar DC and pulse
measurements with varying bias field H = Hext – Hoff for the LA sample having Hc = 2.4 mT. As
shown in Fig. 6.3(b), the (fitted) results (versus bias field) are similar to those shown in Fig. 6.3(a)
versus coercive fields. In particular, t0 < 1 ns without a clear trend. J 0pulse shows a weak (linear)
variation with bias field, about 20% for AP to P and 30% for P to AP. Since the pulse data do not
fit well to the macrospin model (see section 6.S3), we cannot make a more quantitative judgment.
On the other hand, J 0DC and Δ vary strongly and linearly with the bias field. This is understood by
the thermally assisted switching picture in which the bias field modifies the effective energy
barrier, resulting in the variation of the thermal stability factor and critical current as [30]:

( H )  (0)  (1  H / H 0 )
J 0DC ( H )  J 0DC (0)  (1  H / H s )

,

(6.4)

where H = Hext – Hoff is the bias field, H0 and Hs are constants and the plus (minus) sign corresponds
to AP to P (P to AP) transition. From the linear fit to equation (4) (shown as dashed lines in Fig.
6.3(b)), we estimated μ0H0 = 6.0 ± 0.6 mT and μ0Hs = 5.4 ± 0.8 mT. These overlapping values and
the strong linear dependence of J 0DC on Hc suggest the role of field-like effects, induced by the
electrical and/or spin current, in the switching mechanism of the MTJs. In the spin-torque picture
without significant field-assist one [30], we expect Hs >> H0, consequently the field-dependence
of J 0DC is much less profound than that of Δ, which does not hold in this case. The Oersted field is
in the same direction as the spin accumulation and has considerable magnitude of about 0.2 – 0.5
of Hc at switching current density shown in Fig. 6.3(a), thus cannot be ignored in the macrospin
reversal mechanism. Moreover, the SHE-induced spin torque is generally accompanied by a small
field-like torque which is reported in many multilayer systems [35–37]. We speculate that the
combination of spin torque and field assisted macrospin mechanisms may explain the above
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results, at least qualitatively. Furthermore, micromagnetic simulations [8] show that the field-like
torque plays an important role in the evolution and reversal of magnetic domains of the free layer,
consequently strongly affecting the critical current and switching speed. Thus, it is possible to
improve the performance of the 3T-MTJ devices by harnessing the field-assisted switching
mechanism with the Oersted and/or bias field.
In conclusion, we demonstrate the enhanced spin torque efficiency of PtHf alloy, due to the
intrinsic SHE in Pt, by DC and nanoseond pulse current switching of the 3T-MTJ devices having
PtHf channels and a thin Hf spacer. We achieve the critical current density of 3 times lower for
DC and 2 times lower for pulse compared to a pure Pt channel, and confirm a 2 times higher spin
torque efficiency. These results suggest the opportunity to improve the power consumption of the
magnetic switching devices by alloying and interface engineering. We also observe a strong linear
dependence of the DC critical current density and thermal stability factor on the coercive field of
the samples and the bias field, while the pulse critical current density and speed do not show
significant variation. These variations indicate the role of the field-assisted switching mechanism,
by the Oersted field and/or SHE-induced field-like torque, in combination with spin-torque
assisted and thermally activated ones, which suggests the possibility of further reducing the critical
current density by utilizing the field-like effects.
The research is based upon work supported by the Office of the Director of National
Intelligence (ODNI), Intelligence Advanced Research Projects Activity (IARPA), via contract
W911NF-14-C0089. Additionally, this work was supported by Samsung Electronics Corp. and
the NSF/MRSEC program (DMR-1120296) through the Cornell Center for Materials Research.
This work was performed in part at the Cornell NanoScale Facility, a member of the National
Nanotechnology Coordinated Infrastructure (NNCI), which is supported by the National Science
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Foundation (Grant ECCS-1542081).
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SUPPLEMENTAL INFORMATION
6.S1. Ferromagnetic Resonance measurements
To estimate the Gilbert magnetic damping and effective field, we performed flip-chip
ferromagnetic resonance (FMR) measurements on our stacks. The technique is fully described in
the Supplemental Information of Ref. [7]. Fig. 6.S1(a) shows a typical FMR lineshape for the
PtHf sample with Hf spacer at excitation frequency f = 8 GHz. By fitting to the derivative
Lorentzian function, the resonance field H0 and linewidth LW of the FMR lineshape are obtained
and plotted in Fig. 6.S1(b,c). The effective field Meff is estimated by fitting to the Kittel equation:
f 


0 H 0 ( H 0  M eff ) ,
2

(6.S1)

where γ is the gyromagnetic ratio (also a fitting parameter) and μ0 = 4π × 10-7 N/A2 the vacuum
permeability. The damping coefficient α is similarly estimated by linear fitting to the relation:
LW  f 

2



  LW0 .

(6.S2)

The results are listed in Table 1 in the main text. Note that for the sample with Hf spacer, we fit
the equation (6.S2) to the linear portion of the data at high frequencies > 4 GHz, as shown in Fig.
6.S1(b).

144

Figure 6.S1: (a) A typical FMR lineshape (shown for sample with Hf spacer at 8 GHz) and
a fitted line to the derivative Lorentzian function. (b) Linewidth of FMR lineshape as a function
of frequency. Solid lines show linear fitted results. (c) Frequencies versus resonance fields. Solid
lines show fitted results to Kittel formula.
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6.S2. Pulse switching measurement method
Fig. 6.S2 shows the diagram of the pulse switching measuring circuit, which is similar to that
shown in Fig. 6.S1 of Chapter X. The state of the MTJ is determined by measuring the drop voltage
across the tunnel barrier when flowing a small current 1 μA through it by a Keithley 2450 digital
multimeter. The read voltages are then stored in the internal memory of a NI-DAQmx USB-6361
(up to 64MB) until being transferred to the computer through USB connection. The NI-DAQ is
also responsible for sending trigger pulses to two Picosecond Pulse Labs generators for generating
reset (PSPL 10070A) and switching (PSPL 10100A) pulses. The switching pulses from the PSPL
with resolution of 1 dB go through a Mini-Circuits voltage controlled attenuator (VCA ZX73),
which is supplied and controlled by the DAC output of a Signal Recovery 7265 DSP Lock-in
amplifier and a Yokogawa 7651 power supply, before being combined with the reset pulses at a
Picosecond 5331 power split. A GMW 5403 Electromagnet is used to apply an external field
parallel to the easy axis of the MTJ.
For each switching attempt, a reset pulse (of opposite sign to the switching pulse) is sent to
the channel to reset the state of the MTJ before a switching pulse. The switching probability is
determined by the ratio of successfully switched counts over the successfully reset counts in 1000
attempts. The swiching probability points are grouped into non-overlapping triangles by Delaunay
triangulation each of which is colored based on the average value of its vertices. We also employed
the adaptive measuring strategy which is described in detail in section 5.S1 of chapter 5.
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Figure 6.S2: Diagram of pulse switching measurement circuit.
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6.S3. Macrospin fitting to pulse switching data of LA devices
Fig. 6.S3 shows the 50% switching probability points for LA devices having different coercive
fields (a) and for the LA device having coercive field of 2.3 mT under different bias fields (b). The
current density is calculated from the pulse amplitude, taking into account the channel geometry,
resistance and the wave reflection at the RF probe’s tip due to impedance mismatch of the
transmission line and the more resistive channel. The bias field is the externally applied field
substrated by the offset field (center of the magnetic minor loop). The solid lines in Fig. 6.S3 show
the fitted results to the macrospin model as described by equation (6.3) in the main text. The fitted
parameters are summarized in Fig. 6.3 in the main text.
For two cases (a) and (b), an asymmetry between P to AP and AP to P transition is clearly
seen. The critical current density of P to AP transition is slightly lower than that of AP to P, which
is opposite to the simulation results for pure Pt devices [8]. Moreover, the macrospin fitted line do
not match well with the data points. This strongly indicates the complex switching dynamics due
to the combination of SHE-induced anti-damping and field-like spin-torque and the considerable
Oersted field on the evolution and reversal of magnetic domains of the free layer.
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Figure 6.S3: (Pulse) 50% switching probability points at varying pulse current density and
duration for LA devices having different coercive fields (a) and for an LA device (having coercive
field of 2.3 mT) under different bias fields (b). Solid lines show fitted results to the macrospin
model.
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CHAPTER 7
Conclusion and Outlook

The Pt thickness dependence of the spin torque efficiency in perpendicularly magnetized
anisotropy (PMA) Pt/Co bilayers, discussed in chapter 2, strongly supports the intrinsic spin Hall
effect (SHE) mechanism being dominant in Pt in which the spin Hall conductivity is the
characteristic constant. The spin Hall angle (SHA), however, is proportional to the electrical
resistivity which may be nonuniform in very thin Pt films. Although the spin Hall conductivity is
a more fundamental parameter in studying the SHE in Pt, the (averaged) SHA is still a good figure
of merit for switching applications. Thus, it is beneficial to enhance the SHA of Pt by increasing
the resistivity as long as the spin Hall conductivity remains relatively constant. As described in
chapter 3, the damping-like (DL) spin torque efficiency of Pt85Hf15 alloy is estimated to be 0.16 –
0.23, about 2 times higher than that of pure Pt (0.7 – 0.12), depending on the interfacial spin
transparency, in PMA multilayers with thin Co. The 2 times higher spin torque efficiency of PtHf
is confirmed by the DC and pulse switching measurements of the in-plane magnetized threeterminal magnetic tunnel junction (3T-MTJ) devices, detailed in chapter 6, whose results show
that the critical current density of the 3T-MTJ device having PtHf channel and a thin Hf spacer is
reduced by a factor of 3 for DC and 2 for pulse measurements comparing to its pure Pt counterpart.
These measurements also confirmed the results presented in chapter 4 showing that a thin, < 1 nm,
Hf spacer between the Pt and the FM layers reduces the Gilbert magnetic damping by a factor of
2 without significant detrimental effect on the interfacial transparency. These results strongly
suggest the PtHf-based 3T-MTJ structure a promising candidate for power efficient and fast
magnetic memory applications. The performance of the Pt-based 3T-MTJ devices is shown in
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chapter 5 to be robust at a cryogenic temperature of 3.1 K and easy to integrate with
superconducting logic devices.
Despite the rapid development in research on the SHE in heavy metals, many questions are
still remain unanswered. The existence of the field-like (FL) spin torque associated with the SHEinduced DL torque complicates the analysis of ST-FMR measurements. Although a remedy was
proposed [1], it is based on the assumption that both the DL and FL torque efficiencies are constant
over a wide range of ferromagnet (FM) or normal metal (NM) thickness, which does not hold in
general. Micromagnetic simulations [2] show the important role of field-like effects in the
evolution and reversal of the magnetic domains of the FM free layer in 3T-MTJ devices,
consequently in the critical current density and speed of the devices; however better quantitative
models which take into account both the DL and FL torques are needed. A report by Emori et al.
suggests that a FL torque can originate from the FM/oxide interface even without the presence of
the spin Hall layer [3], indicating the presence of interfacial Rashba-Edelstein effect. However,
counter-evidence reported by Ou et al. prove the connection of the FL torque and the SHE-induced
spin current from the spin Hall layer [4]. Thus, the origin(s) and nature of the FL torque still remain
unclear.
The analyses used in the works presented here assume all the spin current comes from the
bulk of the Pt layer without dependence on the magnetization of the adjacent FM layer. Recent
theoretical works [5,6] suggest a considerable contribution from the interface to the overall spin
current, and that the spin transmission through the interface may depend on the FM magnetization.
So far there is no conclusive experimental determination of the interfacial component of the SHE.
For MRAM applications, it is crucial to search for stronger SHE materials as well as more
efficient switching mechanisms. Efforts have been made into studying the SHE in binary alloys of
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strong SHE metals, such as PtMn [7] and W oxides [8], and topological insulators [9]. It is
suggested by experiments [10] and micromagnetic simulations [2] that the FL effect by the FL
spin torque and current-induced Oersted field can be harnessed to speed up the magnetic reversal,
results in faster switching with minimal incubation delay. The shape of the MTJ in 3T-MTJ
devices, which determines the magnetic profile of the FM layers, can be engineered to boost up
the performance. Beside applications in 3T-MTJ structures, the giant SHE in heavy metals is also
used for driving magnetic domains [11] and skyrmions [12].
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