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Unveiling the Mechanism of Bulk Spin-Orbit Torques
within Chemically Disordered Fe,Pt,_, Single Layers

Lijun Zhu,* Daniel C. Ralph, and Robert A. Buhrman

The recent discovery of spin-orbit torques (SOTs) within magnetic single-
layers has attracted attention. However, it remains elusive as to how to
understand and how to tune the SOTs. Here, utilizing the single layers of
chemically disordered Fe,Pt,_,, the mechanism of the “unexpected” bulk
SOTs is unveiled by studying their dependence on the introduction of a
controlled vertical composition gradient and temperature. The bulk damp-
inglike SOT is found to arise from an imbalanced internal spin current that
is transversely polarized and independent of the magnetization orientation.
The torque can be strong only in the presence of a vertical composition gra-
dient. The SOT efficiency per electric field is insensitive to temperature but
changes sign upon reversal of the orientation of the composition gradient,
which is analog to the strain behaviors. These characteristics suggest that
the imbalanced internal spin current originates from a bulk spin Hall effect
and that the associated inversion asymmetry that allows for a non-zero net

magnetic layer with an externally gener-
ated spin current, for example, from an
adjacent spin Hall metal™ or topological
surface states.0121 Recently, a novel bulk
dampinglike SOT has been discovered at
room temperature within magnetic single
layers beyond a critical thickness (typi-
cally 5 nm),[8] for example, in chemically
disordered CoPt,®l amorphous CoTb,!M ]
and epitaxial Llj-ordered FePt.'®V] This
is surprising because a non-zero net SOT
can occur only in samples that have both
an imbalanced spin current and a broken
inversion symmetry, the sources of which
are not obvious in single layers of cen-
trosymmetric magnetic materials. Uti-
lization of the novel SOTs for magnetic

torque is most likely a strain non-uniformity induced by the composition
gradient. The fieldlike SOT is a relatively small bulk effect compared to the
dampinglike SOT. This study points to the possibility of developing low-

power single-layer SOT devices by strain engineering.

1. Introduction

Spin-orbit torques (SOTs) have attracted remarkable attention
due to their potential for improving the efficiency of magnetic
memory®l and logic.’l Most studies have examined cases
in which the SOTs arise due to the exchange interaction of a
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memory and logic urgently requires an
understanding of the torque mechanism
and the development of effective control
strategies. So far, the mechanisms and the
characteristics of these bulk SOTs remain
unsettled, especially the form of the associ-
ated spin current generation, the origin of
inversion asymmetry, the relative strength of dampinglike and
fieldlike SOTs, and the evolution with temperature. The associ-
ated inversion asymmetry shows no apparent relevance to any
long-range non-uniformity for chemically disordered CoPt and
CoTb samples,> ] while the bulk SOTs in thick films of epi-
taxial L1y-FePt was accompanied by a vertical composition non-
uniformity and a high degree of the L1, chemical ordering.'®"!
Compared to the dampinglike torque, the fieldlike torque was
6 times greater in some Lly-FePt films,”] whereas it was much
smaller in other magnetic single layers.'>>1% Investigation
of the occurrence and manifestation of the bulk SOTs in dif-
ferent material systems and environments (e.g., temperatures)
is urgently required for unveiling the mechanism and for devel-
oping more efficient materials for sing-layer SOT devices. So
far, there has been no report on disordered FePt or the tem-
perature profile of the bulk SOTs.

Here, we report the observation and the characteristics of
the bulk SOT that can occur in chemically disordered single
layers of Fe,Pt,_,. By investigating how the SOT depends on the
introduction of a controlled vertical composition gradient and
temperature, we gain insights into the mechanism of the bulk
SOT. We find that, in the presence of an artificial composition
gradient, the chemically disordered Fe,Pt; , possesses a damp-
inglike SOT efficiency per current density (oL ) comparable in
magnitude to that provided by a clean-limit Pt.'"®! However, &5
vanishes for uniformly grown FeysPtys. Our measurements

© 2021 Wiley-VCH GmbH
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Figure 1. Sample characterizations. a) Schematic depictions of compo-
sition in the uniform FeqsPtys sample and the FePt;_, sample with an
intentional composition gradient. b) X-ray diffraction and reflection pat-
terns and c) in-plane magnetization (M) at 300 K versus in-plane mag-
netic field (H,,) for the two types of samples.

also indicate that the bulk torque arises from an internal,
transversely-polarized effective spin current and is dominantly
a dampinglike torque. The dampinglike SOT efficiency per
electric field (&g ) is essentially independent of temperature,
leading us to suggest that the dominant effects of inversion
asymmetry arise from strain gradients.

2. Samples and Characterizations

For this study, we sputter-deposited two 16 nm-thick in-plane
magnetized FePt films with strong bulk spin-orbit coupling: a
uniform Fes)Pts, layer and a Fe,Pt,_, layer with x linearly var-
ying from 0.75 at the bottom to 0.25 at the top (see the sche-
matic depicts in Figure 1a). The continuous tuning of x for the
Fe,Pt;_, layer was achieved by varying the composition of each
0.2 nm subatomic layer during the film growth. In addition, we
made control samples consisting of a 16 nm uniform Fey 5Pty 5
sample and a 16 nm uniform Fe,;5Pt,,5 sample. We chose the
layer thickness of 16 nm because at this thickness the bulk
dampinglike SOT in chemically disordered CoPt has saturated
to its bulk strength per thickness.'*] Each sample was grown
on an oxidized Si substrate and capped by a 2 nm MgO layer
and a 1.5 nm Ta layer that was fully oxidized upon exposure
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to atmosphere. No thermal annealing was performed on these
samples to avoid undeliberate atomic diffusion and composi-
tion non-uniformity.

As indicated by the high-angle x-ray diffraction 6-26 patterns
(26 > 20° in Figure 1b), both the uniform and composition-
gradient samples have a chemically disordered structure, with
a preferred face-centered cubic (fcc) (111) orientation along the
film normal. The small-angle x-ray reflection curve (20 < 10°,
Figure 1b) decays faster for the Fe,Pt;_, sample than for the
uniform Fes)Pts, sample, which is consistent with reduced uni-
formity (e.g., in density, optical parameters, and perhaps inter-
face smoothness) in the Fe Pt,_, sample due to the artificial
composition gradient. Figure 1c shows the in-plane magnetiza-
tion hysteresis of each sample at 300 K measured by vibrating
sample magnetometry upon sweeping the magnetic field (H,,)
within the film plane. The sharp in-plane field-induced switching
reveals a well-defined in-plane anisotropy for both samples.
The samples were subsequently patterned into 5x60 pm?
Hall bars for determination of the dampinglike and the field-
like SOT efficiencies by harmonic Hall voltage response
(HHVR) measurements under a sinusoidal electric bias field of
E =33.3 kV m™! (more details of the technique can be found in
previous papers).[%20]

For an in-plane magnetized system, the dependence of the
out-of-phase second harmonic Hall voltage (V,,) on the angle
(¢) of the in-plane field with respect to the current is given
byl19-20

Vaw = (VoL +Vang ) cos @ + Vg, cos ¢ cos 2¢ (1)

where Vi =—VauHp /2(Hy+Hy),and Viy == Vpu(Hrr+Hoe)  Hyy
with Hp ) being dampinglike (fieldlike) SOT fields, Vyy the
anomalous Hall voltage, Vjyg the anomalous Nernst voltage,
Hy is the effective magnetic anisotropy field that can be deter-
mined from the saturation field of the magnetic hard axis, Vpy
the planar Hall voltage, and Hp, the Oersted field. We deter-
mined the values of Vp + Vang and Vg for each magnitude
of H,, by fitting the V,, data as a function of ¢ to Equation (1)
(see Figure 2a). The linear fits of Vp versus —Vjpu/2(Hy+H)
and Vg versus -Vpy/H,, (see Figure 2b,c) yield the values of
Hp;, and Hp. Using the values of Hpypy), the dampinglike
(fieldlike) SOT efficiencies per applied electric field can be
determined as

51§L(FL) =(2e/h)uoMtHpy 1)/ E (2)

where ¢ is the elementary charge, 7 the reduced Planck’s con-
stant, 4, the permeability of vacuum, M the average saturation
magnetization of the spin-current detector, and ¢ the layer thick-
ness of the spin-current detector. Correspondingly, the SOT
efficiencies per unit current density are

ééL(FL) =(2e/h)uoMtHpy sy [je (3)

where j. = E/p,, is the charge current density and p,, is the
average resistivity of the spin current generator. At 300 K,
Prx =90 UQ cm and M, =760 emu cm™ for the Fes,Pts, sample;
Prex = 95 UQ cm and M, = 550 emu cm™> for the composition-
gradient Fe Pt,_, sample.

© 2021 Wiley-VCH GmbH
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Figure 2. SOT measurements. a)
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Second harmonic Hall voltage (V) at 300 K versus in-plane angle of the magnetization with respect to the bias
current for the composition-gradient Fe,Pt;_, sample. b) Vp+ Vane versus —Vau/2(Hy+H,),

) VgL versus Vpy/H,, and d) £ , EF for the uniform

FeosPto.s sample and the composition-gradient Fe,Pt;_, sample. e) ST-FMR spectrum for the uniform Fe,Pt;_, sample showing symmetric and anti-
symmetric components due to dampinglike and fieldlike torques, respectively. f) ST-FMR spectrum for the uniform Feg 5Pty s sample, indicating the
absence of any dampinglike and fieldlike torques. Both ST-FMR spectra in (e) and (f) were measured with the same rf frequency of 11 GHz and the

same rf power of 5 dBm.

3. Results and Discussion
3.1. Characteristics of the Spin-Orbit Torques

As we show in Figure 2d, the composition-gradient Fe Pt
sample shows a significant dampinglike torque at 300 K, with
EbL = (-0.82 £ 0.01) x 10° Q' m™ and &}, = —0.077 + 0.001.
The latter is comparable to that provided by a clean-limit Pt
(EdL = 0.06, pyy = 20 uQ cm)!® in magnitude but is of oppo-
site sign. In contrast, &} for the uniformly grown FeqsPty s
is zero within the experimental uncertainty. The presence of
a strong dampinglike torque in the Fe Pt; , sample is reaf-
firmed by the well-defined spin-torque ferromagnetic reso-
nance (ST-FMR) spectra (e.g., Figure 2e), which contain
both the symmetric and anti-symmetric components due to
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dampinglike and fieldlike torques!™ (we do not attempt a
quantitative analysis of the ST-FMR data because this would
require a detailed understanding of the distribution of non-
uniform current density in the presence of the composi-
tion gradient). The negligible SOTs of the uniform Fej 5Pt
sample are also reaffirmed by the absence of any resonance
signal in its ST-FMR spectrum (Figure 2f). These observa-
tions reveal that a composition gradient is critical for the
generation of a nonzero bulk dampinglike SOT in the chemi-
cally disordered Fe Pt ,. This is interesting and even sur-
prising because a composition gradient has been reported
not to be necessary for the bulk SOT in chemically disordered
CoPt and CoTb.[*"1 Future theoretical calculations could be
informative for understanding the microscopic differences
between these materials.

© 2021 Wiley-VCH GmbH
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Figure 2d also plots the effective efficiency of the fieldlike
torque, &, for both samples. &f for the uniform FegsPtys is
negligible, which is consistent with the negligible dampinglike
torque and net Oersted field. The positive room-temperature
&f value for the composition-gradient Fe,Pt; , sample con-
tains a positive contribution from the Oersted field torque due
to the magnetization non-uniformity within the Fe Pt,_, (the
Fey 5Pty 75 at the bottom of the sample has the same resistivity
but much lower saturation magnetization than the Fey75Ptq s
at the top at 300 K, see below; the positive direction for Oersted
field and fieldlike SOT effective field due to a current flow in
the +x direction is defined as the —y direction in the measure-
ments) and is thus higher than the true value of the fieldlike
SOT. Therefore, &f is, at least, more than a factor of 2 smaller
than the dampinglike torque, which is reminiscent of the cases
of chemically disordered CoPt,3! amorphous CoTb,™! L1,
FePt,% and the spin Hall metal/FM bilayers."'") However, this
is in contrast to a previous report of epitaxial L1j-FePt with a
composition gradient induced by annealing of up to 760 °C.["]
In that case, the fieldlike torque was reported to be five times
greater than the dampinglike torque, which might be partly
because of the so-called “planar Hall correction” which is found
to cause errors (see the Supporting Materials of Ref. [21,22])
was applied in their “out-of-plane” HHVR analysis.

3.2. Source of the Spin Current

The occurrence of the non-zero dampinglike SOT in the com-
position-gradient Fe,Pt, , sample indicates a non-equilibrium
spin population (accumulation) in the bulk of the Fe,Pt,,
single layer, more precisely, the combination of an internal spin
current and broken mirror and rotational symmetries. Note that
in a magnetic layer that has either a mirror symmetry about its
midplane or a twofold rotational symmetry about the current
axis, spin accumulation due to the spin Hall effect (SHE) and
its exchange interaction with the magnetization must be equal
and opposite on the two sides of the midplane.?¥ Since the
angle-dependent in-plane HHVR technique is sensitive only to
a SOT arising from a spin current that is transversely polarized
and independent of the magnetization orientation,3! the spin
current associated with the detected bulk spin torque is most
likely due to a bulk SHE. The anomalous Hall effect?*?’l and
the planar Hall effect,?*?] which can only generate spin cur-
rent collinear with the magnetization, can be excluded as pos-
sible sources.

3.3. Source of the Symmetry Breaking

The necessity of a vertical composition gradient suggests that
the long-range composition gradient is related to or enhances
the asymmetry of the generation, spin relaxation, or exchange
interaction of spin current in the “bulk” of the Fe Pt,_,. How-
ever, there still remains the question of how the composition
gradient breaks the inversion symmetry. Given the previous
experimental demonstration of bulk dampinglike SOT in com-
positionally uniform CoPt and CoTb samples,>'l the composi-
tion gradient itself or the consequent bulk spin-orbit coupling
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gradient is unlikely to be the direct mechanism for the non-
zero SOT in our Fe,Pt,_,. Instead, we surmise that the more
relevant non-uniformities should occur inherently during
growth or be induced/enhanced by the composition gradient,
for example, non-uniformities of the magnetic moment density,
the electron scattering strength, the exchange stiffness, and/or
the lattice strain.

Next, we show that the measurements of the SOTs as a
function of temperature (T) can shed more insight into the
underlying mechanism. We first carried out temperature-
dependent HHVR measurement on the composition-gradient
Fe,Pt,_, sample. As shown in Figure 3a-d, despite the signifi-
cant increases upon cooling in the average values of M; and H;
and the reduction in the average value of p,,, there is minimal
temperature dependence in both &5 and &f (note that the
moderate decrease of &} upon cooling in Figure 3e is solely
due to the reduction of p,,, as shown in Figure 3c).

This first suggests that the mechanism by which the compo-
sition gradient of the Fe,Pt; , breaks the inversion symmetry
is not through affecting the local magnetic moment density, or
local electron scattering strength, or local exchange stiffness
strength. This is because these properties of the Fe-rich and
Pt-rich regions of the Fe,Pt,_, layer should vary rather differ-
ently as a function of temperature. As indicated by the meas-
urements on the 16 nm-thick uniformly grown Feg 5Pty ,5 and
Fey ,5Pty 75 films (Figure 4a,b), upon cooing from 300 to 4 K, the
gradient of the local magnetic moment density should decrease
by a factor of two (the relative difference of M, decreases from
800 to 400 emu cm™ because of the sensitivity of the Curie
temperature of Fe,Pt;_, to the composition x),2%21 while the
gradient of the electron scattering strength should increase by
a factor of 19 (the relative difference of p,, varies from —1.0 to
18 uQ cm). The exchange stiffness constant is expected to vary
more rapidly than M as a function of temperature®” and thus
is even less likely to explain the symmetry breaking.

After we have excluded non-uniformities in magnetic
moment density, electron scattering strength, and exchange
stiffness as the dominant mechanisms of inversion asymmetry,
the lattice strain gradient is left as the most likely symmetry-
breaking mechanism for the bulk dampinglike SOT. Microscop-
ically, a strain gradient can non-uniformly modify the strengths
of the SHE,*'-3] spin-orbit interaction,*®l orbital polarization,*’]
spin states at the Fermi level,””) and strain-spin coupling,*®l
ultimately leading to inversion symmetry breaking in the gen-
eration and relaxation of spin current within the sample. As
shown in Figure 4c, the lattice constant of the chemically dis-
ordered Fe,Pt,_, indeed increases by 2.3% as x from 0.25 to
0.75,5% suggesting a very strong strain gradient in the compo-
sition-gradient samples. Meanwhile, the lattice parameter of
Fe,Pt,_, alloys has been established to be essentially temper-
ature-independent (changing by a factor of <5x10~%) between
300 and 4.2 K.# Therefore, we conclude that the strain is most
likely the mechanism by which the composition gradient of the
Fe,Pt,_, introduces the symmetry breaking necessary to gen-
erate a dampinglike SOT. We also find that, when the orienta-
tion of the composition gradient of the Fe,Pt,_, is reversed, the
dampinglike and fieldlike torques reverse their signs without
any significant change in the magnitudes (see Figure S1, Sup-
porting Information), which strongly supports our conclusion

© 2021 Wiley-VCH GmbH
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Figure 3. Temperature dependence. a) Saturation magnetization, b) Magnetic anisotropic field, c) Resistivity, d) &£ , &F , e) | &4 ], and f) | &, /1] for

the 16 nm composition-gradient Fe,Pt;_, sample.

that the dominant effects of inversion asymmetry arise from
strain gradients. The mechanism could also explain the torque
in epitaxial L1y-FePt!"”l and amorphous GdFeCo with an obvious
composition gradient. This type of unintentional strain gra-
dient may also be the cause of bulk SOTs in previous experi-
ments on CoPt and CoTb"! with no intentional composition
gradient. This is because such a strain gradient could arise
simply from the accumulation and relaxation of strain set by
the substrate in other thick films even without a deliberate
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composition gradient and can be challenging to detect in single
layers by commonly used transmission electron microscopy or
x-ray diffraction.

The robustness of &f against temperature is consistent
with spin-current generation by a bulk SHE, which has been
found to yield &5 or effective spin Hall conductivity that is
insensitive to temperature in HM/FM systems (including those
with a dominant intrinsic SHE mechanism).[*~I The fieldlike
torque from interfaces of HM/FM/oxide samples, however,
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Figure 4. Critical role of strain. a) Saturation magnetization versus temperature and b) Resistivity versus temperature for uniform-composition
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grown Fe,Pt;_, films with a disordered fcc structure. In (c), the red circles plot the literature values of the lattice constant from Ref. [39] (x < 0.5) and

Ref. [40] (x = 0.68 and 0.72).
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does decrease strongly with decreasing temperature.*!l There-
fore, the temperature insensitivity of the fieldlike torque in the
composition-gradient Fe Pt;_, sample suggests a bulk rather
than interfacial origin.

3.4. Technological Impact

Finally, we discuss the efficiency of the bulk dampinglike torque
from a technological point of view. To make a useful compar-
ison of the current efficiencies, we consider the dampinglike
SOT efliciency per current density per spin-current-generator
thickness, &4, /t, as an indicator for the strength of such bulk
torques. Note that &}, /t better describes the current efficiency
than &), because the bulk SOT occurs only when the magnetic
layer is very thick and the required current is the product of the
current density and the layer thickness. This is different from
the SOT in HM/FM heterostructures where the spin current
is generated by the HM and the torque efficiencies are essen-
tially independent of the layer thickness of the spin-current
detector (i.e., the FM).2%22 Given &5 = —0.82x10° Q' m™
and &} = -0.08 for the 16 nm composition-gradient Fe,Pt;_,
sample, the value of &} /t is less than 0.005 nm™" (Figure 3f),
which is more than 10 times smaller compared to Pt 4 nm/
FM bilayers (= 0.055 nm™, FM = Co, FeCoB, NigFe;o).*]
Moreover, the bulk torque has to drive the thick magnetic layer
that generates the torques, while the spin torque of the HM/
FM only needs to drive a very thin magnetic layer, for example,
~1-2 nm in the three-terminal nonvolatile SOT-driven mag-
netic memories.’! Therefore, in terms of power and current
requirements, the bulk dampinglike SOT is much less efficient
than that in Pt-based HM/FM bilayers.?%22%] This fact is not
specific to our Fe,Pt,_, sample but rather universally true for
the various reported magnetic single layers (e.g., 0.0075 nm™
for CoPtl®! and 0.016 nm™ for GdFeCol*!)). However, it is pos-
sible that larger gradients of strain might enable more efficient
bulk SOTs in thinner single magnetic layers, which requires
future efforts and is beyond of the scope of this work.

4, Conclusion

We have measured the characteristics of bulk SOTs in chemi-
cally disordered Fe,Pt; , single layers with and without an
intentionally-induced composition gradient. We find that, with
a strong composition gradient, the Fe,Pt;_, produces a damp-
inglike torque efficiency &} of —0.08, close in magnitude to
that provided by clean-limit Pt."® In contrast, &3 is vanish-
ingly small for the FesyPts, with no intentional composition
gradient. We also find that the bulk torque is dominantly a
dampinglike torque that arises from an internal, transversely-
polarized spin current, suggesting that the associated spin cur-
rent is most likely from a bulk SHE. The dampinglike SOT
efficiency per electric field is insensitive to temperature, from
which we argue that the inversion asymmetry necessary for the
bulk SOT to exist is most likely a strain non-uniformity induced
by the composition gradient. These results provide important
information for a unified understanding of the “unexpected”
bulk SOTs in various magnetic single layers. Our finding also
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suggests that larger gradients of strain might enable more effi-
cient bulk SOTs, and perhaps stronger bulk torques in thinner
single magnetic layers, which would be necessary for this effect
to be useful for applications.

5. Experimental Section

Sample Preparation: The samples were deposited at room temperature
by sputtering onto oxidized Si substrates with an argon pressure of
2 mTorr and a base pressure of =10~° Torr. Each sample was capped by
a MgO 2 nm/Ta 1.5 nm bilayer that was fully oxidized upon exposure
to the atmosphere. The samples were patterned by photolithography
and ion milling into 5x60 um? Hall bars and 10x20 um? microstrips,
followed by deposition of 5 nm Ti and 150 nm Pt as electrical contacts
for HHVR measurements and ST-FMR measurements.

Measurements: A Rigaku Smartlab diffractometer was used for
x-ray diffraction measurements. The saturation magnetization of each
sample was measured at 300 K with a vibrating sample magnetometer
(sensitivity =107 emu). Anomalous Hall voltage and effective
anisotropic field were measured electrically using a Quantum Design
physical property measurement system (PPMS). During the HHVR
measurements, a Signal Recovery DSP Lock-in Amplifier (Model 7625)
was used to source a sinusoidal voltage onto the Hall bars and to detect
the first and second HHVRs. For the ST-FMR measurements, a rf signal
generator and a Signal Recovery DSP Lock-in Amplifier (Model 7625)
were used and an in-plane magnetic field was swept at 45° with respect
to the magnetic microstrip. An electromagnet with a maximum in-plane
field of 3.5 kOe was used during the spin torque measurements.
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