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Experimental demonstration of the coexistence of spin Hall and Rashba effects
in β-tantalum/ferromagnet bilayers
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We have measured the spin torques of β-tantalum/Co20 Fe60 B20 bilayers versus Ta thickness at room
temperature using a ferromagnetic resonance (FMR) technique. A significant fieldlike spin torque originating
from Ta was identified, which is constant and independent of Ta thickness. Because of this constant torque,
the spin Hall coefficient θSH needs to be calculated from the ratio of the symmetric component of the FMR
signal to the slope of the antisymmetric component with Ta thickness, from which a value of −0.11 ± 0.01 was
determined. The saturation magnetization of the CoFeB layers for samples deposited with Ta was found to be
smaller than that of a single CoFeB layer, with values of 1.84 ± 0.01 and 1.92 ± 0.01 T, respectively. The origin
of the fieldlike torque is ascribed to an interface spin-orbit coupling, or Rashba effect, due to the strength and
constancy of the torque with Ta thickness. From fitting measured data to a semiclassical diffusion model that
includes interface spin-orbit coupling, we have determined the spin diffusion length for β-tantalum to be 2.5 nm.
DOI: 10.1103/PhysRevB.91.144412

PACS number(s): 72.25.Ba, 72.25.Mk, 76.50.+g, 75.70.Tj

I. INTRODUCTION

Complementary metal-oxide-semiconductor (CMOS) integrated circuits have been scaled over the past four decades
and will continue for at least another 15 years [1]. At the same
time, research in beyond-CMOS devices [2–4] is being actively
pursued. The main driving force of this research is the need
for low-power logic circuits [5] as well as nonvolatile circuits
enabling normally-off instantly-on computing systems [6].
One of the most explored options for beyond CMOS devices
is spintronic (nanomagnetic) logic [7–9].
The first commercial spintronic device, magnetic random
access memory (RAM) [10], operated by switching magnetization via the Oersted magnetic field of a current. More efficient
switching by spin transfer torque (STT) [11,12] gave rise to a
new generation of STT-RAM [13] which operates at a smaller
required switching current. More recently, the spin Hall effect
(SHE) was applied to switching the magnetization [14] of a
ferromagnetic (FM) layer in a magnetic tunnel junction (MTJ)
device, and the effect is hoped to switch magnetization at
an even smaller current with further materials development.
Therefore, understanding the spin properties of these materials
and their SHE parameters is necessary for estimating the
performance of devices and circuits comprising them.
SHE has been observed in elemental metals with a high
atomic number: Pt [15], W [16], and Ta [14], and more recently
in a topological insulator Bi2 Se3 [17]. The effect originates
from spin-orbit coupling in these materials and is manifested
as the creation of spin polarized electrons at the surface of
the material [18] when a charge current is applied to the
material. If the SHE material is in contact with a ferromagnet
(FM), the spin polarized current of the SHE material will
be injected into the FM and will be capable of switching its
magnetization direction by spin transfer torque. The efficiency
of the conversion of the charge current in the SHE material to
the spin current injected into the FM is quantified by the spin
Hall coefficient θSHE , which is defined as the ratio of the spin
current density and the charge current density, θSHE = Js /Jc .
For tantalum, five different published values of the SHE
coefficient [14,19–22] have been reported that span a range
1098-0121/2015/91(14)/144412(9)

of more than an order of magnitude. With such a wide range
of values, there is much debate as to the mechanism(s) that
produce the spin Hall effect in tantalum, as well as what other
mechanisms may be present that produce spin current.
Direct measurement of both the longitudinal and transverse
effective fields produced by tantalum that correspond to the inplane and out-of-plane spin torques were measured reported by
several groups [22–25]. In all cases, a significant out-of-plane
torque was seen. While the in-plane or Slonczewski torque is
known to originate from the SHE, the out-of-plane or fieldlike
torque was attributed by Refs. [22,23] to the Rashba effect,
although Ref. [22] points out that this model is too simplistic
to completely explain their measurement.
In this paper we measure both the in-plane and out-of-plane
spin torques produced by tantalum on a FM at various tantalum
thicknesses using a ferromagnetic resonance technique. We
start by describing a model for the dynamics of the FM’s
magnetization used to explain the experimental results, the
procedure for fabrication of samples, the experimental method,
and the results of the measurement. We close with a discussion
and interpretation of the experimental results by the coexistence of both the SHE and a constant Rashba-effect spin current
originating from the Ta/FM interface.
II. MODEL OF SPIN-ORBIT EFFECTS

To describe the experimental results presented in this paper,
we solve the Landau-Lifshitz-Gilbert (LLG) equation for the
magnetization of a FM in an oscillating magnetic field that
is in contact with a normal metal (NM) exhibiting the SHE.
We include in our derivation the often neglected out-of-plane
torque term. The full LLG is
d m̂
d m̂
= −γ m̂ × Heff + α m̂ ×
+ γ β|| m̂ × [ŝ × m̂]
dt
dt
+ γ β⊥ ŝ × m̂,
(1)
where m is the unit vector of the FM’s magnetization and
s is the unit vector of the polarization of the spin current
injected into the FM from the NM. The quantities Heff , γ ,
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and α are the effective magnetic field (sum of the applied
field, demagnetization field, and the anisotropy field), the
gyromagnetic ratio, and the damping coefficient, respectively.
Lastly, the two quantities, β|| and β⊥ , are the coefficients for
the antidamping (in-plane) and fieldlike (out-of-plane) spin
torques, respectively, and have units of magnetic field:
β|| ≡ ε||

 Js
 Js
, β⊥ ≡ ε⊥
.
2e Ms tm
2e Ms tm

(2)

The coefficients ε|| and ε⊥ are introduced to take into account
the efficiency of the spin transfer process [26]. Spin current
densities Js are in units of A/m2 .
In the presence of an applied magnetic field, the direction of
the magnetization of a FM will precess around the direction of
the applied magnetic field, at an angle of precession φp . This
typically small change in the direction of magnetization m
can be calculated from Eq. (1). Since the angle of precession
is small, it can be approximated as |m|, which from Eq. (1)
is
 rf

1
hy + β⊥ sy B0 LA (H )
φp ≈ |m| =
(2H0 + Ms )



ω
(3)
+ β|| sy LS (H ) ,
γ
where  is the linewidth of ferromagnetic resonance (FMR),
hrfy is the y component of the rf magnetic field, sy is the y
component of the spin polarization unit vector, and H0 is the
applied field at resonance. The functions LS and LA are the
symmetric and antisymmetric Lorentzians, respectively:
LA (H ) =

(H − H0 )
2
,
L
(H
)
=
.
S
(H − H0 )2 + 2
(H − H0 )2 + 2
(4)

We have assumed here that, due to the large in-plane anisotropy
of the thin FM, the precession is primarily in the film plane
and the precession of the magnetization is elliptical.
III. MEASUREMENT AND RESULTS

The measured samples were composed of 20 ×
100 μm Ta/CoFeB bilayer lines patterned as the center conductor of a coplanar waveguide with Au ground lines and
probe pads. The waveguide was patterned on 100 nm of SiN
on a silicon wafer substrate. The bilayers were grown by
Ar sputtering of Ta and Co20 Fe60 B20 (CoFeB) targets onto
a patterned resist followed by a resist lift-off process. Ta was
always deposited on top of CoFeB without an airbreak. The
thicknesses of the Ta layer ranged between 1 and 8 nm, while
the thickness of the CoFeB layer was kept constant at 4 nm.
Additionally, a sample with a single 6 nm CoFeB layer was
produced for comparison.
Thicknesses were determined by a combination of transmission electron microscopy (TEM) images and resistivity
measurements. We estimated an uncertainty in the thicknesses
of ±0.2 nm which was used to estimate errors in all the
calculated quantities. Upon exposure to air, oxidation of the
top Ta layer resulted in an oxide layer of approximately
3 nm. Resistivities of 1850 and 1400
nm for Ta and
CoFeB, respectively, were measured by sheet resistance

FIG. 1. (Color online) (a) The dc resistance of the Ta/CoFeB
lines with 4 nm of CoFeB. Data for both 100 and 250 μm length
lines are shown. The circles represent measured data, while the solid
lines are calculated from the film resistivities and thicknesses. The
data at zero Ta thickness are for a 6 nm CoFeB layer without Ta.
(b) TEM cross section image of a 20 × 100 μm bilayer line.

measurements on blanket films. These values were used to
calculate the resistances of the bilayer lines and matched well
with dc resistance measurements when a contact resistance of
approximately 50 is assumed [Fig. 1(a)].
The large and constant resistivity found for all Ta thicknesses indicates that the films are entirely β-phase Ta,
which is in line with our experience with Ta films less
than 10 nm in thickness. An in-plane magnetoresistance
value of 2.1 × 10−3 ± 0.1 × 10−3 for the CoFeB layer was
measured for all samples using dc resistance measurements.
The possibly different out-of-plane magnetoresistance [27]
was not considered due to the large in-plane anisotropy of the
CoFeB layer. Further, all applied fields were in plane and less
than 0.12 T, much less than the out-of-plane demagnetization
field of approximately 1.9 T. (See the Ms values reported
below.)
To measure the SHE of Ta, we use the FMR measurement
technique developed by Liu et al. [15]. In their technique, an
rf charge current is sent through a FM/NM bilayer at GHz
frequencies. This arrangement of layers and driving frequency
has the advantage of emulating that of proposed SHE driven
spintronic devices (e.g., the top two layers of an MTJ driven
at GHz frequencies).
When this current is injected into a bilayer line, the portion
of the current that flows through the NM layer simultaneously
creates an in-plane rf magnetic field (the Oersted field) in the
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FIG. 2. (Color online) (a) Schematic of the FMR measurement.
A vector network analyzer is used as an rf current source. The rf
current is modulated by an rf switch and applied to a bilayer of β-Ta
on CoFeB. An in-plane magnetic field is also applied to the bilayer at
45° to the direction of the charge current. A dc voltage results and is
measured by a lock-in amplifier referenced to the frequency of the rf
switch. (b) Image of the rf probe in contact with a coplanar waveguide
test structure with a bilayer line as the center conductor.

FM, as well as injecting a spin current into the FM due to
the SHE. Both of these effects influence the precession of
the magnetization around the direction of the applied field.
The oscillation of the angle of magnetization from precession
causes an oscillation of the resistance of the FM due to
anisotropic magnetoresistance (AMR). Since the frequency
of the oscillation is the same as that of the applied rf current,
frequency mixing produces a dc voltage that is proportional to
both the current flow in the FM and its magnetoresistance.
A schematic of our measurement setup is given in Fig. 2,
where a vector network analyzer is shown to force a microwave
frequency current into a Ta/CoFeB bilayer. The resulting dc
voltage across the length of the line is on the order of microvolts
or less, so a lock-in amplifier is used in conjunction with an rf
switch that chops the rf current at 1.37 kHz.
The samples’ lines form the center conductor of a coplanar
waveguide, with the ground lines and probe pads made of
Au. Electrical contact is made with 150 μm pitch groundsignal-ground (GSG) probes. Measurements were made at
frequencies of 7, 8, 9, and 10 GHz with 17 ± 0.5 dBm of rf
power at the probe tips. The generated dc voltage was measured
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FIG. 3. (Color online) The FMR voltage measured for Ta on 4 nm
CoFeB. The labels refer to the Ta thickness. Shown are the measured
data (black circles) and fit (black line) to the data using Eq. (5), and
the symmetric (green line) and antisymmetric (blue line) components
resulting from the fit.

as a function of an applied in-plane magnetic field aligned 45°
to the direction of the rf current. All measurements were made
at room temperature.
Using the expression for the precession angle of the
magnetization in Eq. (3), the dc voltage as a function of applied
field strength can be shown to equal
sin (2φ0 ) cos φ0 ω
1
Vdc = − Irf RAMR
2
 (2H0 + Ms ) γ

B0
(hrf + β⊥ ) LA (H ) + β|| LS (H )
×
H0
≡ VA LA (H ) + VS LS (H ).

(5)

From Ampere’s law, the Oersted field in the FM created by the
NM is hrf = JcNM tNM /2.
In Fig. 3, the measured dc voltage as a function of applied
field strength is shown for four different Ta thicknesses at a
driving frequency of 7 GHz. The measured voltage versus
applied field is fitted to the sum of a symmetric and an
antisymmetric Lorentzian, in accordance with Eq. (5). The
parameters of the fit are the weights of the Lorentzians, VA and
VS , and the resonant applied field and linewidth, H0 and .
There was also a voltage offset present in the data in addition
to the symmetric and antisymmetric Lorentzians that is not
encompassed in Eq. (5). We provide no explanation for this
offset but have found it to vary as the sin(φ0 ) and changes sign
with a change in sign of the magnetization. We have included
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FIG. 4. (Color online) Voltage of the symmetric (green circles)
and antisymmetric (blue diamonds) components vs Ta thickness on
4 nm CoFeB at 7 GHz. The data points at zero Ta thickness are for
a single 6 nm layer of CoFeB. The slope and intercept is a linear
fit to Vanti (dashed blue line) and the value of Vsym at the higher Ta
thickness (dashed green line) is also shown. Voltage error bars are
hidden by the markers, but are always less than 0.28 μV.

an offset into our curve fit, although its value is not used for
any calculations.
Data for the symmetric and antisymmetric components of
the dc voltage versus Ta thickness, VS and VA , respectively, at
a 7 GHz driving frequency are plotted in Fig. 4. The statistical
error (2σ ) for all values of VS and VA measured at the four
frequencies was always less than 0.28 μV.
The fit values for the resonant field H0 versus the driving
frequency
can be fit to the Kittel equation for thin films, ω2 =
√
γ H0 (H0 + Ms ), to determine the saturation magnetization
Ms of the CoFeB layer. The value of Ms for the CoFeB only
sample, 1.92 ± 0.01 T, was found to be larger than that of the
samples deposited with Ta, 1.84 ± 0.01 T, averaged over six
samples (Fig. 5). For comparison, we measured the 5.3 nm
Ta sample on a superconducting quantum interference device
(SQUID) magnetometer and obtained a value of 1.86 ± 0.05 T

FIG. 5. (Color online) The saturation magnetization Msat determined for each sample from a fit to the Kittel equation.

for Ms , which is in agreement with the values from the FMR
measurement.
In regards to the difference in Ms for the CoFeB only
sample, it is known that Ta sputtered onto CoFeB can create
a magnetic dead layer [28]. The dead layer itself will not
change the magnetization (i.e., the magnetic moment per
unit volume is unchanged), so we ascribe the reduction in
Ms to an intermediate layer at the interface in which the
magnetization CoFeB is reduced but not eliminated. We have
not characterized the thickness of the magnetic dead layer, so
for our calculations of θSH below, we have used the thickness
determined as described in this section. This, in general, will
cause our value for θSH to be larger by an undetermined
amount.
The SHE coefficient can be calculated from the symmetric
(VS ) and antisymmetric (VA ) components of the measured
dc voltage versus Ta thickness. Assuming a perfectly spin
conducting interface, defined by an infinitely large interface
spin-mixing conductance Gmix [29], the data for VS is expected
)], with VS∞
to follow the relation VS (tNM ) = VS∞ [1 − sech( tλNM
sf
being the large thickness limit of VS . This value is indicated
by the dashed green line in Fig. 4. The dependence of VA on
Ta thickness is linear, but has a positive offset. The offset
results in VA becoming zero and changing sign at a Ta
thickness of 1.7 nm. This also clearly seen in Fig. 3, where the
antisymmetric component of the fit to data is seen to change
sign between the 1.3 and 2.3 nm sample. The effect was also
observed by Ref. [24] for a CoFeB/Ta bilayer, although a
systematic study of the thickness dependences was not shown.
We ascribe the positive offset in VA with thickness to a
fieldlike spin torque originating from an interface spin-orbit
coupling effect (also referred to as the Rashba effect), which we
explain later in this paper. Since this is an interface effect, we
assume that the fieldlike torque is independent of Ta thickness.
The spin Hall coefficient θSH can be calculated from VS∞ and
slope
the slope of VA versus Ta thickness VA from the equation
θSH =

VS∞
slope
VA

1+

Ms e
μ0 Ms tFM ,
H0 

(7)

where we have made the assumption that β⊥ is independent of
thickness.
For the data shown in Fig. 4, and data taken at frequencies of
8, 9, and 10 GHz, we calculate a spin Hall coefficient for β-Ta
of −0.11 ± 0.01. Our value is lower than that of 0.15 ± 0.03
reported by Ref. [14] for the same measurement technique.
This is due to the fact that, in Ref. [14], the value was based
on only a single Ta thickness, and hence no accounting of the
offset in VA versus Ta thickness could be included. Using their
expression for and using the value for VA only, we calculate
for a similar thickness of Ta and CoFeB, CoFeB(4)/Ta(7.3),
a value of −0.13 ± 0.03, indicating that both measurements
are in agreement, if not in interpretation. Our value for θSH
is in good agreement with the two other values reported in
Ref. [14], both of which are −0.12 ± 0.03, obtained from the
dependence of damping on a dc bias current, and the critical
current to switch a magnetic tunnel junction device.
Comparing to other published data, our value for θSHE is
in very good agreement with that reported by Ref. [22] of
−0.11 (no errors reported), but is considerably less than the
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value of −0.19 (no errors reported) reported by Ref. [20].
The discrepancy seems too large to be explained by sample
variation. One possibility is that, in Ref. [20], it was assumed
that only the SHE, an in-plane torque, was present to assist in
switching a perpendicularly magnetized magnet. Not including
the out-of-plane spin torque would make the in-plane torque
produced by SHE to appear larger than it actually is.
Our value for θSHE is also an order of magnitude larger than
the values of −0.02(+0.008,−0.015) reported by Ref. [21] and
0.0037 ± 0.0011 reported by Ref. [19]. It should be noted that
the value reported in Ref. [21] is for a Ta/yttrium iron garnet
(YIG) bilayer, and that reported in Ref. [19] is for a Ta to Cu
spin channel to a permalloy system. It is reasonable to expect
that the spin current transferred across a NM/FM interface is
dependent on the materials at the interface, and could thus
explain the differences in reported values. This would indicate
that the spin Hall coefficient is not an intrinsic property of Ta
(or other NM) but includes the efficiency of spin transmission
across the NM/FM interface.
We can also determine the ratio of the two spin torque
terms, β⊥ and β|| , from the thickness where VA goes to zero,
tNM = 1.7 nm. At this thickness, the torque from the Oersted
field of the charge current is canceled by the out-of-plane spin
torque. From (2), the ratio of the effective spin torque fields is
eμ0 Ms tFM tNM
β⊥
=−
,
β||
θSH

(8)

which yields a value of 0.16 ± 0.03.
Comparison to other reported values of this ratio for Ta
is problematic as published data are reported on various FM
layers, anisotropy directions, and different layer thicknesses,
all of which may confound comparisons of the reported
ratios. For example, Ref. [22] reported a value of 3.7 for
Ta(2)/CoFeB(0.8)/MgO(2), which is clearly much larger than
ours, but with a much thinner CoFeB layer with perpendicular
anisotropy. In Ref. [23], a CoFeB FM with perpendicular
anisotropy was also used with a reported ratio of 3.3 for
Ta(1.3)/CoFeB(1)/MgO(2). However, they did discover that
this ratio decreased with increasing CoFeB thickness, equaling
one at a thickness of approximately 1.5 nm. Our value of 4 nm
for CoFeB is at least consistent with this observation.
In Ref. [24], a value of 0.38 is reported for
Ni80 Fe20 (2)/Ta(5). While the FM is not the same, the value is
at least of the same order of magnitude as ours. Interestingly,
Ref. [24] also reported a value of 0.41 for a Pt(5) layer, which
is essentially the same as that for the Ta layer, even though the
two metals are known to have different values for θSH , which
is equal to +0.07 for Pt [15]. This may indicate a link between
the sources of the in-plane and out-of-plane spin torques.
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identify the Rashba effect as the source of the positive offset
of the antisymmetric component seen in Fig. 4.
A similar offset in the thickness dependence of the inverse
SHE current from spin pumping measurements was observed
by Hou et al. [30] in bismuth/permalloy bilayers. They were
able to explain the offset as originating from a distinct interface
layer with a spin Hall coefficient and spin diffusion length
different from that of the bulk material. However, in the case
of Ta/CoFeB bilayers measured in this study, we can explain
the origin of the offset to the spin current produced at the
interface by the Rashba effect.
We use the semiclassical drift-diffusion model developed
by Ref. [31] to model the presence of an interface spin-orbit
coupling (ISOC) effect (referred to as the Rashba effect) and
a bulk spin-orbit coupling effect (BSOC) (referred to as the
spin Hall effect). The semiclassical model comprehends (a)
BSOC and ISOC, (b) the effect of finite (Gmix ) spin-mixing
conductance between the FM and NM, (c) the effect of the
relative ratio of imaginary [Im(Gmix )] and real [Re(Gmix )]
components of the spin-mixing conductance, (d) the thickness effects due to scaling of the spin-mixing conductance
which depends on the available states in the NM, G̃mix (t) =
2Gmix ρFM λsf tanh(t/λsf ), and (e) the thickness effects due to
the spin diffusion in the NM.
We write the interfacial torque on the FM (assuming
spin current absorption at the interface as lsf−FM approaches
zero) [31],
T = δ(z)

gμB j0
[τd M̂ × (M̂ × ŷ) + τf M̂ × ŷ],
2e

where ŷ is the direction of the spin moment of the injected
electrons propagating along ẑ, the interface vector for the FM
to NM interface (Fig. 6).
We note that the ISOC as well as BSOC can generate
damping and fieldlike torques. BSOC generates predominately
a(n) (anti)damping torque. However, BSOC can also generate
a fieldlike torque component proportional to the imaginary part
of the spin-mixing conductance of the NM to FM interface.
ISOC generates a predominantly fieldlike torque, but can also
generate a damping torque depending on the exact dephasing
mechanism inside the FM [31]. However, it has been noted
that while both ISOC and BSOC contribute to both τd and τf
only, BSOC exhibits a strong dependence on the thickness of
the NM.
We include both the ISOC and BSOC contributions to
the damping and fieldlike contributions to the spin torques
to explain the torque dependence in a FM/NM bilayer. The
damping torque in the presence of ISOC and BSOC can be
written as
2

τd = τdBSOC + τdISOC = θSHE


IV. EXPLANATION OF THE THICKNESS DEPENDENCE
OF THE SPIN TORQUE

As shown in Eq. (5), the symmetric and antisymmetric
components of the measured dc voltage originate from antidamping and fieldlike spin torques, respectively. We attribute
the thickness dependence of the spin torques as arising from
spin currents produced by both the SHE of the bulk β-Ta and
the Rashba effect at the Ta/CoFeB interface. In particular, we

(9)

×

(1 − e−t/λsf )
(1 + e−2t/λsf )

2

|G̃↑↓ | + Re[G̃↑↓ ]tanh2 (t/λsf )
2

|G̃↑↓ | + 2Re[G̃↑↓ ]tanh2 (t/λsf ) + tanh4 (t/λsf )

+ τdISOC ,

(10)

where we included a NM thickness independent contribution
to the damping spin torque arising from ISOC. G̃mix (t) is
a scaled spin-mixing conductance accounting for thickness
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FIG. 6. (Color online) The BSOC (SHE) only scenario. Plotted are the calculated spin torque vs thickness dependences if SHE and the
ampere field were the only spin/magnetic torques present in the system for (a) the ratio of the imaginary part of the spin-mixing conductance
R = 1, (b) R = 0.8, (c) R = 0.4, (d) R = 0.2. The fieldlike torque produced by SHE due to the presence of spin reflection at the NM/FM
interface cannot produce a sign change in the fieldlike torque combined with a positive constant offset. The fieldlike torque from SHE approaches
zero for zero thickness. (e) Effect of varying interface potentials on the ratio of the imaginary part of the spin-mixing conductance.

induced effects. The fieldlike torque in the presence of ISOC
and BSOC can be written as
τf = τfBSOC + τfISOC + τfAmpere
2

= θSHE

×

(1 − e−t/λsf )
(1 + e−2t/λsf )
Im[G̃↑↓ ]tanh2 (t/λsf )
2

|G̃↑↓ | + 2Re[G̃↑↓ ]tanh2 (t/λsf ) + tanh4 (t/λsf )

+ τfISOC +

CV
t,
ρ(L/w)

(11)

where the third term is the ampere field due to the current. A
fixed thickness independent contribution is added due to the
fieldlike contribution from the interface spin-orbit effect.
To deconvolve what could be happening, we first consider
the possibility of a BSOC as the only explanation for the
measured damping and fieldlike torques as a function of the
NM thickness. We vary the reflectivity ratio R from 1 to 0.2,
where R is defined as the ratio
Im(Gmix )
R≡
.
(12)
|Gmix |
Figure 6 shows the expected dependence of BSOC assuming the presence of just a BSOC and no ISOC. The damping
torque (τdBSOC ) from BSOC saturates to a maximum value at
a thickness t > λsf . The fieldlike torque from BSOC (τfBSOC )
exhibits a similar saturation near t > λsf . In an experimental
measurement using the FMR technique this would result in a
constant offset only at t > λsf , as shown in Figs. 6(a)–6(d).
Figure 6(a) shows the case for R = 1, implying that the

spin-mixing conductance is purely imaginary. The damping
and fieldlike torque from BSOC are comparable in this case,
both approaching the same value at t > λsf . The large fieldlike
contribution from BSOC would then lead to a large offset,
as shown in Fig. 6(a), only at t > λsf with a fieldlike torque
approaching zero at zero thickness. The contribution to the
measured fieldlike torque reduces as R approaches 0. For a
metal to metal surface, R is usually a small number [29],
but for our explanation below, we will assume that even in
the unlikely case that R is not small, our data cannot be
explained with spin torques produced by BSOC only or by
ISOC only.
We use the following arguments against a BSOC only
explanation of the measured data. First, τfBSOC will result
in a thickness varying offset to the total fieldlike torque.
Second, the fieldlike torque from BSOC (τfBSOC ) produces
a measurable offset in the fieldlike torque as R approaches
one. Lastly, we show below that for spherical Fermi surfaces
R < 0.5, we were unable to produce a large positive intercept
[Hf−intercept (t = 0)] and a sign change for the total fieldlike
torque for R between 0.1 and 1. We further note that for a
special case where all the Fermi surfaces are spherical and the
same size, where the spin dependent transmission is due to a
surface potential,
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u↑ u↓
1
u↓
↓
Re(G) = +
u ln
2 2(u↑ + u↓ )
1 + u↓ 2
↑

+ u ln

u↑

2

1 + u↑ 2

,

(13)
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FIG. 7. (Color online) The calculated spin torque vs NM thickness for varying relative strengths of ISOC and BSOC. (a) BSOC
only. (b) ISOC and BSOC present in equal strengths. (c) ISCO only.

Im(G) =

u↑ u↓
(u↓ [π − 2 tan−1 u↓ ]
2(u↑ + u↓ )
− u↑ [π − 2 tan−1 u↑ ]),

(14)

where u↑ , u↓ represent the strength of the spin dependent
potential V = (u↑ or ↓ 2 kF /m)δ(z) at the interface [29,31].
The relation between the ratio R = Im(G)/|G| and u↑ /u↓ is
plotted in Fig. 6(e), showing that under the spherical Fermi
surface assumption, R is <0.5. The typical experimental
estimation of R for an FM to NM interface is given in Ref. [29].
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The experimentally measured damping and fieldlike
torques can be explained using a semiclassical diffusive model
that includes the presence of both BSOC and ISOC effects
simultaneously. We also show three scenarios for the relative
strength of the ISOC and BSOC effects in Figs. 7(a)–7(c).
In all the scenarios, the measured fieldlike torque exhibits a
linear increase due to increasing current as the resistance of
the NM reduces with increasing thickness. The linear increase
in the ampere fieldlike torque with thickness is consistent
with a constant resistivity as confirmed by two-layer sheet
resistance fits (Fig. 1). When BSOC is the only contribution
to the spin torque [Fig. 7(a)], the measured fieldlike torque in
mostly attributed to the ampere torque. BSOC does generate a
small fieldlike torque (blue dotted line) due to the imaginary
component of the spin-mixing conductance. We use an R =
0.1 to include the effect of a fieldlike torque generated from
BSOC. However, this scenario (BSOC only) does not produce
an offset in the fieldlike torque. When ISOC is the only
contribution to the spin torque, the ISOC damping torque
is independent of thickness and has a small constant −Ve
value [31]. Therefore, this scenario (ISOC only) does not
explain the measured damping torque. When both ISOC and
BSOC are included in the model [Fig. 7(b)], the damping
torque exhibits a saturating and increasing behavior consistent
with measurement. The fieldlike torque in the BSOC+ISOC
scenario exhibits a linear increase in magnitude (due to an
increasing ampere field with increasing NM thickness) and
a constant thickness independent offset corresponding to an
ISOC fieldlike contribution.
We fit the experimental data with the diffusive model to
extract the relative strength of the ISOC and BSOC spin
torques. The parameters used for the fitting are shown in
Table I. We estimate an electron mean free path of 0.5 nm based
on the electron density of β − Ta(5.58 × 1022 cm−3 ) assuming
one valence electron per atom. Figure 8(a) shows the fitting
of the fieldlike torque with an ampere torque combined with a
large positive offset arising from an interface spin-orbit torque.
Measurements were repeated at 7, 8, 9, and 10 GHz on all seven
samples. A clear sign change in the measured antisymmetric
component at 1.3 nm is observed for all four measurement
frequencies. A value of 2.5 nm for the spin diffusion length λsf
was also extracted from the fit and is in good agreement with
the two previously published values for Ta, 2.7 ± 0.4 nm [19]
and 1.8 ± 0.7 nm [21].
The behavior of single-layer CoFe plotted at zero NM thickness exhibits a negative fieldlike torque and a small positive
damping torque. A nonzero antisymmetric component in the
FMR signal for a single-layer FM has already been reported

TABLE I. The parameters used for fitting to the experimental data to a diffusive model that includes the presence of both BSOC and ISOC.
Quantity
Density (D)
Resistivity (ρN )
Spin-mixing conductance (Gmix )
Fermi wave vector (kF,β−Ta )
Mean free path (λβ−T a )
SHE coefficient
Spin diffusion length (λsf )

Value

Expression

16.69 g/cm3
185 μ cm
2.16 × 1014 −1 /m2
11.8 nm−1
0.47 nm
−0.11
2.5 nm

Measured
Eq. (11)
kF = (3π 2 DNA NV /Z)1/3
λn = (h/2e2 )σ 3 π kF−2
Eq. (7)
Eq. (11)
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opposite to the sign of the offset attributed to ISOC. We
further note that spin pumping from the FM combined with
an inverse Rashba-Edelstein effect (IREE) or inverse spin Hall
effect (ISHE) can produce a dc mixing voltage. However, IREE
and ISHE contribute only to the symmetric part of the FMR
measurement [17,33], leading to a correction in the damping
torques. Our conclusion regarding the presence of a strong
fieldlike ISOC contribution therefore should not be affected
by the contribution from IREE or ISHE.
V. CONCLUSIONS

in a similar experiment and attributed to the nonuniformity of
the FM [32] or a potential contribution from local spin-orbit
effects in the FM [29]. We also note that the sign of the
antisymmetric component observed at zero Ta thickness is

In summary, we have performed FMR measurements of
β-Ta deposited on Co20 Fe60 B20 bilayers with β-Ta thicknesses
ranging between 1 and 8 nm. From this data we have
extracted both the damping and fieldlike torques exerted on
the CoFeB layer. The damping torque was found to increase
and saturate with increasing Ta thickness, as expected from
spin diffusion theory. The fieldlike torque, however, increased
linearly (negatively) with Ta thickness, but with a positive
offset, opposite to that produced by the Oersted field of the Ta
layer. This resulted in the net fieldlike torque becoming zero
at approximately 1.5 nm Ta thickness, and becoming positive
for smaller thicknesses.
The spin Hall coefficient of β-Ta was calculated to be
−0.11 ± 0.01 using the ratio of the saturated value of the
symmetric component and the slope of the antisymmetric
component versus Ta thickness, the use of the slope of
the antisymmetric component being necessary in order to
remove the constant positive fieldlike torque. The saturation
magnetizations for the CoFeB layers were also calculated from
the FMR data, where the value of 1.84 ± 0.01 T for the samples
deposited with Ta was found to be smaller than that of a single
layer of CoFeB, which had a value of 1.92 ± 0.01 T.
We attribute the thickness dependence of the spin torques
as arising from spin currents produced by both the SHE of the
bulk β-Ta and the Rashba effect at the Ta/CoFeB interface.
In particular, we identify the Rashba effect as the source of
the positive thickness independent offset of the antisymmetric
component. From fitting measured data to a model that
includes both bulk and interface spin-orbit coupling sources
for spin currents, we have determined the spin diffusion length
for β-Ta to be 2.5 nm.
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