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Observation of self-induced spin-orbit torques in Ni-Fe layers
with a vertical gradient of magnetization

Y. Hibino®," T. Taniguchi ®, K. Yakushiji®, H. Kubota®, and S. Yuasa
Research Center for Emerging Computational Technologies (RCECT), National Institute of Advanced Industrial Science
and Technology (AIST), Tsukuba, Ibaraki 305-8568, Japan

® (Received 30 August 2023; accepted 23 April 2024; published 20 May 2024)

Single ferromagnetic material generates transverse spin currents via in-plane charge current application
and can exert spin-orbit torques (SOTs) on its magnetization, namely, self-induced SOTs, when the inversion
symmetry in the bulk and/or interface is broken. In this Letter, we experimentally demonstrate that introducing
a vertical gradient of magnetization within a ferromagnet is an effective way to generate self-induced SOTs.
Self-induced SOTs in Ni-Fe alloys with a magnetization gradient are studied using spin-torque ferromagnetic
resonance. It is found that the gradient direction of magnetization in the Ni-Fe layer can control not only the
magnitude of the SOT's but even the sign of the torques. We propose a model to analyze self-induced SOTs and
reveal that the asymmetric SOT profiles within a ferromagnet due to spatial variation of the magnetic moment
play a dominant role in generating efficient self-induced SOTs. Our findings provide an alternative perspective
on understanding the mechanism of generating self-induced SOTs and how to enhance their torque efficiency

without the use of heavy metal elements.
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Current-induced spin-orbit torques (SOTs) acting on fer-
romagnetic materials (FMs) enable ultrafast and efficient
manipulation of magnetization which can be applied to the
writing method of magnetoresistive random-access memory
[1-4]. The driving source of the SOTs is the injection or
accumulation of spin angular momentum to the FMs. The
spin Hall effect in nonmagnetic materials (NMs) and the
Rashba-Edelstein effect at the interfaces are typical examples
of driving sources, which have been observed in the bilayer
structure of FMs and NMs (NM/FM) [5,6].

Recently, it has been revealed that the charge to spin con-
version phenomena, including the spin Hall effect, emerge
not only in NMs but also in FMs [7-31]. The charge to
spin conversion in FMs provides various unique features of
SOTs. One is the emergence of unconventional SOTs which
have different symmetry from SOTs induced by the spin Hall
effect in NMs. This originates from the additional charge
to spin conversion due to the presence of the magnetic mo-
ment [12-17]. Another unique feature is the emergence of
self-induced SOTs, that is, the SOTs acting within an FM
via the spin current generated within the FM itself. It has
been revealed that self-induced SOTs occur in various FMs
such as GaMnAs [18], Ni-Fe [19-21], Co-Pt [22-24], Fe-Pt
[25-28], Fe-Mn [29], and Co-Tb [30,31]. It has also been
demonstrated that self-induced SOTs can induce magnetiza-
tion dynamics such as magnetization reversal [22-27,31] and
oscillation [20]. These results suggest that self-induced SOTs
are comparable to conventional SOTs using NM/FM bilayers,
thus representing an alternative technical possibility for con-
trolling magnetization.
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Previous studies on self-induced SOTs introduced inver-
sion asymmetry in the out of plane direction to generate
finite self-induced SOTs due to the following reasons. The
spin currents generated by the spin Hall effect within the
FM accumulate spin angular momentum with the opposite
sign at the top and bottom surfaces of the FM, resulting
in self-induced SOTs with the opposite sign [Fig. 1(a)]. If
the FM satisfies the inversion symmetry, the averaged spin
accumulation becomes zero resulting in all the self-induced
SOTs becoming zero as well. If the inversion symmetry is
broken in the FM, the averaged spin accumulation remains
finite resulting in finite self-induced SOTs. One of the ways to
break the inversion symmetry is by introducing an asymmetric
interface structure [19,22,29]. Interfacial asymmetry results in
an asymmetric profile of spin accumulation, which generates
finite self-induced SOTs [Fig. 1(b)]. However, because the
asymmetry of spin accumulation is effective only near the
interface (or surface), this method limits the efficiency of self-
induced SOTs. Another way to induce structural asymmetry
is to introduce a compositional gradient within the FM layer
[23-31]. This method is expected to improve the efficiency of
self-induced SOTs compared to the previous method. Several
mechanisms of self-induced SOTs obtained via a composition
gradient have been discussed so far, e.g., a spatial gradient
of spin transport parameters [Fig. 1(c)], such as the spin Hall
angle and resistivity, due to the disorder gradient [23-25,27],
spatial gradients in the internal strain [28], and bulk-driven
Rashba-Edelstein effects [26,30,31]. However, the detailed
mechanisms and how to precisely control these self-induced
SOTs have remained elusive.

In this Letter, we propose an alternative mechanism for
the self-induced SOTs driven by a composition gradient: the
presence of a vertical gradient of the magnetization M, within
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FIG. 1. Schematic of self-induced SOTs in ferromagnetic material (FM) with (a) inversion symmetry, (b) inversion asymmetry due to
interface structure, (c) inversion asymmetry with gradient of spin Hall angle (or resistivity), and (d) inversion asymmetry with magnetization
gradient. In-plane charge current j. generates spin current jg (blue or black arrows) along the out of plane direction resulting in accumulation
of spin moment (red arrows). Spin transfer between local magnetic moment (yellow) and spin accumulation result in generation of self-induced
SOTs (green arrows). Magnitude of local magnetic moment and self-induced SOTs are shown as varying lengths of arrows.

a FM. The SOT acting on the magnetic moment in a certain
volume is inversely proportional to M. Therefore, when the
inversion symmetry is broken by the gradient of M within
the FM, the total self-induced SOT's remain finite in the FM
[Fig. 1(d)]. To verify this idea, we quantitatively evaluated the
SOT efficiency within the Ni-Fe alloy with a vertical gradient
of M using spin-torque ferromagnetic resonance (STFMR).
The gradient of Mj is introduced by forming a Ni composition
gradient along the film deposition direction. Despite the use of
heavy metal elements (e.g., Pt, Tb) within FMs [21-27,29,30],
we show that not only the magnitude, but also the sign of the
self-induced SOTs can be controlled by the direction of the
gradient. We also propose a model to calculate self-induced
SOTs under the vertical gradient of M, spin Hall angle, and
resistivity, and we find that the spatial variation in M; plays
an important role in generating self-induced SOTs. Model
calculations show that the self-induced SOTs of a FM with
a Mg gradient can significantly enhance the SOT efficiency
compared with those obtained from a uniform FM with inter-
face asymmetry.

For this study, we deposited two magnetic stacks with two
different types of vertical M, gradient on a thermally oxidized
Si substrate using an ultrahigh-vacuum magnetron sputtering
system (Cannon-Anelva C-7100). Stacking structures were as
follows [Fig. 2(a)]: Ta—B (¢#)/Ni — Fe (5)/MgO/TaO, (thick-
ness in nanometers). The amorphous Ta-B (TagyByg) layer
acts as a buffer layer to improve the flatness of deposited films,
and the thickness ¢ was varied from O to 3 nm. The Ni-Fe layer
consists of five layers with different Ni compositions which
are Ni, Ni87'5F612,5, Ni79‘5F620.5, Ni70Fe30, and Ni48Fe52. Note
that the magnetic moment in Fe is larger than that of Ni,
which results in a M; gradient with Ni composition (see
Supplemental Material [32]). In addition, we found that the
resistivity p of the Ni-Fe alloy decreases with Ni composition
[32]. We prepared two types of vertical gradient structure:
One decreases the Ni composition from the substrate side
(type A) and the other increases the Ni composition from the
substrate side (type B). As for the reference structure, Ta-B
(t =1, 2, 3)/Niyg sFeys(5)/MgO/TaO,, with a FM layer of
uniform Ni composition, was also prepared. To verify the
composition gradients of type A and B systems, we performed
scanning electron microscopy (STEM) and energy-dispersive
x-ray spectroscopy (EDXS) of type A and type B stacks with
t = 3 nm which are shown in Figs. 2(b) and 2(c). The EDXS

spectroscopy profiles along the vertical axis in both structures
show an inhomogeneous distribution of Fe and Ni in the Ni-Fe
layer. The EDXS intensity ratio of Fe to that of Ni (/g/Ini)
shows linear decrease (increase) in the type A (B) structure
which is evidence of the presence of a vertical composition
gradient in the Ni-Fe layer. The stacks were patterned as
microstrip devices of 100 um in length and 10 um in width
using conventional photolithography and Ar-ion milling. The
electrical contacts were formed by depositing Cr (5 nm)/Au
(160 nm) electrodes using the liftoff method.

To investigate the SOTs acting on the Ni-Fe layer, we
conducted STFMR measurements [45-47]. A schematic of
the measurement setup is shown in Fig. 3(a). We applied
radio frequency (rf) current (Iy) with GHz-order frequency
to the microstrips and measured the rectified voltage Vevr
via the direct current (dc) port of bias 7. The STFMR spec-
tra were measured by sweeping a magnetic field Hex under
various in-plane angles ¢. Figures 3(b) and 3(c) show the
STFMR spectra of type A and B structures with + = 3 nm,
respectively. In both structures, Vepvr was well fitted by the
Lorentzian curve Vevyr = VsS(Hext) + VAA(Hex) Which con-
sists of a symmetric component S(Hey) and an antisymmetric
component A(Hey). The Lorentzian fitting curves show that
the sign of V5 and V, is reversed by changing the gradient
type. Note that the large difference in magnitude of V, be-
tween the type A and B structures may originate from the
offset of Oersted torque from the Ta-B buffer layer. The sign
reversal of the V5 and V), can be explained either by the sign
reversal of Ravr or of the SOTs acting on the Ni-Fe layer.
We confirmed that Rapmr > O for both structures from the ¢
dependence of the device resistance as shown in the insets
of Figs. 3(d) and 3(e). Therefore, the sign reversal and large
modulation of the V5 and Va between the two structures is
attributable to the sign reversal of the SOTs. Furthermore,
we performed an in-plane angular dependence study of the
Vs and Vj in both systems, as shown in Figs. 3(d) and 3(e).
The angular dependencies of Vs(a) in both systems are well
fitted by a cos’¢ sin ¢ function, indicating that the SOTs act-
ing on both systems have the same symmetry with the spin
Hall effect [47]. Note that the spin Hall effect in the Ta-B
buffer layer [48] does not result in sign reversal of the SOTs
because the buffer layer is fixed to the bottom of the Ni-Fe
layer in both structures. As a quantitative study, we estimated
the efficiencies of the dampinglike component of the SOT
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FIG. 2. (a) Schematic of magnetic stacks. Ni composition in Ni-Fe layer in type A(B) stack decrease (increase) composition gradient from
the substrate side to the MgO interface. (b) STEM image of two samples. The yellow bar shows the scale bar of 2.5 nm. (c) EDXS vertical
profile of Mg, Fe, Ni, and Ta in type A (left) and B (right) stack. Right axis represents the EDXS intensity ratio of Fe to that of Ni (/g./Ix;)-

(sum of the fieldlike component of the SOT and the Oersted
torque) per unit applied electric field &5 (&5 o) using
the ¢ dependence of Vs(Vy) [46,47]. It should be noted that
the Oersted torque contribution originates from two factors.
One is from the Ta-B buffer layer, and the other is from an
inhomogeneous current distribution within the Ni-Fe layer
due to the resistivity gradient [32]. We estimated &5 (65 . o.)
in type A and B structures to be 32700 4 600 (38600 £+
200) 2'm~! and —46800 & 700 (—3500 £400) Q" 'm~!,
respectively. We note that the efficiencies of the dampinglike
component of SOT per unit applied current density (&7, ) in
type A (B) structures is estimated to be 2.2% (-2.5%) which
is comparable to that of Co-Pt [22-24] and Co-Tb [31] with a
composition gradient, although no heavy metal elements were
used in this study. Moreover, &2 is an order of magnitude
larger than that of a uniform Ni-Fe single layer with asym-
metric interfaces [21].

Let us now discuss the origins of self-induced SOTs in the
present system. We consider four contributions. The first one
arises from the interfacial asymmetry at the top (Ni-Fe/MgO)
and bottom (Ta-B/Ni-Fe) surfaces. This contribution is similar
to that discussed in Refs. [19,21]. The second and third pos-
sible origins can be attributed to the vertical gradients of spin
Hall angle and resistivity due to the compositional gradient
[27]. The last one is the vertical gradient of the magnetization,
which is proposed in this work. For the first three origins, each
component of spin accumulation g becomes asymmetric with
respect to the FM center due to the different boundary condi-
tion or the spatial variations of the transport parameters (spin
Hall angle or resistivity). SOTs originate from an exchange
interaction between the spin accumulation and local magne-
tization [49]. Therefore, a local SOT, acting on the magnetic
moments in a volume AV, is proportional to g x m/(M;AV),
where m is the unit vector pointing in the direction of the local
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FIG. 3. (a) Schematic of measurement setup for STFMR. (b), (c) STFMR spectra for (b) type A and (c) type B stacks with # = 3 nm.
In-plane angle (¢) and applied microwave frequency (f) are set to 45 ° and 10 GHz, respectively. Red and black solid curves show Vs and Vi
components of Lorentzian fitting, respectively. (d), () ¢ dependence of V; (solid symbol) and V, (open symbol) for (d) type A and (e) type B
sample with # = 3 nm. Solid and dotted curves denote fitting results. Inset of (d), (e) show the ¢ dependence of device resistance R for each

structure.

magnetic moment. Because of the asymmetric distribution of
the spin accumulation, the total SOT, which is an average
of the local SOTs over the FM layer, remains finite. For the
fourth origin, the magnitude of SOTs varies spatially due to
the variation in M. This is because the magnitude of the SOT
is determined by the transferred spin angular momentum per
magnetic moment, which is mathematically represented by
the factor 1/(M;AV'). Therefore, self-induced SOTs via the
M gradient can be generated even if the asymmetric profile
of u is negligible.

To compare these origins, we quantified the self-induced
SOTs from drift-diffusion spin transport theory [49] with

additional terms originating from the compositional gradient.
The calculation details are summarized in the Supplemental
Material [32]. The basic structure consists of a nonmagnetic
spin-sink layer, the FM layer, and an oxide layer, as schemat-
ically shown in Fig. 4(a). To evaluate the contributions of the
four origins mentioned above to the self-induced SOTs, we set
the values of the parameters in this structure comprehensively,
as summarized in Table I. In case I, the magnetization M,
spin Hall angle fsyg, and resistivity p are spatially uniform
in FMs. In the other cases, we introduce the spatial gradient
of My (case II), Osyg (case III), and p (case IV) in FMs.
For each case, we consider two directions of the gradient,
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FIG. 4. (a) Schematic of proposed model system consisting of nonmagnetic spin-sink layer/FM/oxide layer. Red arrow shows the
magnetization pointing along the +x direction in the calculation. Charge current flow direction is set to the +x direction. (b—d) Spin
accumulation (uy/eE) profile in FM layer for (b) case II-A, (c) case III-A, and (d) case IV-A. (e—g) Calculated fp /E and g /E profile
in FM layer for (e) case II-A, (f) case III-A, and (g) case IV-A. (h) Torque efficiency of self-induced SOTSs (Tp/E and Tgyr+0e)/E) for each
calculation case and experimental results in type-A and type-B structure for # = 3 nm devices shown in Fig. 3. Black and red represent the
fieldlike and dampinglike components of self-induced SOTs (7rLrr+0e)/E and Tpp /E, respectively).

TABLE 1. A summary of M, 6sug, and p of the various cases used in model calculation. Cases I-IV correspond to the FM layer with
uniform parameter, the FM layer introducing the spatial gradient of M, the FM layer introducing he spatial gradient of 6syg, and the FM
layer introducing the spatial gradient of p, respectively. “-A” and “-B” correspond to the gradient direction that matches the type A and type B
structures used in STFMR measurements.

Case M, (emu/cm3) OsuE (arb. units) o(u€2cm)

1 750 0.022 50

1I-A 300 (z = 0 nm), 1200 (z = 5 nm) 0.022 50

1I-B 1200 (z = 0 nm), 300 (z = 5 nm) 0.022 50

1II-A 750 0.03 (z = 0nm), 0.01 (z = 5 nm) 50

111-B 750 0.01 (z = 0nm), 0.03 (z = 5 nm) 50

IV-A 750 0.022 30 (z = 0nm), 70 (z = 5 nm)
IV-B 750 0.022 70 (z = 0 nm), 30 (z = 5 nm)

L180409-5



Y. HIBINO et al.

PHYSICAL REVIEW B 109, L180409 (2024)

distinguished by the labels “A” and “B.” The values of M
and p are estimated from the present experiment [32]. The
value of Osyg is derived from the previous reports for Ni
(QSHE = 003) and Fe (QSHE = —001) [1 1] Figures 4(b)—4(d)
show the spatial profile of the spin accumulation in case II-A,
II-A, and IV-A. Note that the spin accumulation for cases
I and II-B is same as that of case II-A. Here p,) is the
spin accumulation in the y(z)-axis direction for which the
coordination is shown in Fig. 4(a). In case II-A, the profiles
of the spin accumulations are approximately symmetric with
respect to the center of the FM, even though the interfaces are
asymmetric. This result suggests that the contribution of the
interfacial asymmetry to the self-induced SOT is small. On
the other hand, in cases III-A and I'V-A, the profiles of the spin
accumulations are asymmetric with respect to the FM center.
This is because the spatial variations of the spin Hall angle
and the resistivity result in spatially asymmetric generation of
spin accumulations.

Next we evaluated the local SOTs, u x m/(M;AV), in
units of angular frequency and per electric field E with a 0.5
nm step. The results are shown in Figs. 4(e)—4(g) for cases II-
A, III-A, and IV-A. The dampinglike and fieldlike components
of the local SOTs correspond to 7pr/E and tp /E, respec-
tively. We note that the profile of the local SOT for case II-A is
significantly asymmetric, even though the spatial profile of the
spin accumulations is approximately symmetric. This asym-
metric SOT originates from the spatial variation of M. The
asymmetric profiles of the local SOTs for cases I1I-A and IV-A
arise from the spatial variation of the spin accumulations.
The sums of these local SOTs, TpLrL)/E = Y toLeL)/E,
are summarized in Fig. 4(h), which correspond to the SOT
efficiencies measured by the experiments. Comparing these
values with the experimental results, we first notice that the
interfacial asymmetry in case I is negligible. On the other
hand, large Tpy,r1,)/E and its sign reversal with the gradient
direction are observed in case II (M, gradient) and case IV (p
gradient). Note also that the torque efficiencies in these cases
agree with the experimental results. The torque efficiencies for
cases III-A and III-B show no sign reversal of Tpr,/E which
indicate that the SOT induced by the Oy gradient is negligi-
bly small compared with the SOT induced by the interfacial
asymmetry. The magnitude of the SOT efficiency induced
by the Ospyr gradient, which corresponds to the difference of
ToLFL+0e)/E between cases III-A and III-B, is approximately
one order of magnitude smaller than that of cases II and IV,
as well as the experimental results. Furthermore, comparing
cases II and IV, the torque efficiency in case II is larger than
that in case IV. We also calculated Tpy rr+-0c)/E considering
both the M, and Osyg gradients. However, the calculated re-
sults did not change much compared to case II. Summarizing
these results, we conclude that the spatial gradient of M
is the dominant contribution to the self-induced SOT in the
present system. We notice that the self-induced SOT due to
the gradient of M provides an appropriate sign even when the
model is applied to Co-Pt and Fe-Pt systems [23,27] where
My decreases with increasing Pt composition. In the case
of ferrimagnets, such as Co-Tb and Gd-Fe-Co, SOT rapidly
increases in the vicinity of the compensation point where Mg
approaches ~ 0. Therefore, self-induced SOT in ferrimagnets
is governed by the local SOT acting on the region in the
vicinity of the compensation point [50,51] which can also

qualitatively explain the sign reversal of self-induced SOT
with the gradient direction [31]. Lastly, we note that other
parameters, such as the spin diffusion length, may also vary
spatially and lead to a self-induced SOT. An investigation of
such possibilities will form part of our future work.

We now discuss the other possible effects which may
explain the sign reversal of SOTs observed in our exper-
imental results besides that of self-induced SOTs. One is
the Rashba-Edelstein effect induced SOTs from the top
and bottom interfaces [52,53]. The second is the current-
induced torque originating from the orbit Hall effect from the
Ta-B buffer layer, namely, orbital torques (OTs) [54-57]. To
examine these effects, we investigated the Ta-B thickness ¢
in type A and B structures. Especially in the case of t =0
nm, the top and bottom interface structures were more sym-
metrical than when ¢ # 0. The contribution of OT can also be
eliminated in the ¢ = O structure because there would be no
orbital Hall effect from the Ta-B layer. Figures 5(a) and 5(b)
show the STFMR spectra of type A and B structures with t =
0, respectively. A sizable Vs was observed in both structures
indicating the existence of a sizable dampinglike compo-
nent of SOT efficiency despite the absence of a nonmagnetic
buffer layer. Moreover, the sign of Vg is reversed upon the
gradient direction which indicates that the sign reversal of
SOTs acting on the Ni-Fe layer does not contribute to either
SOTs induced by the Rashba-Edelstein effect or OTs, but
rather to the self-induced SOT acting within the Ni-Fe layer.
Figures 5(c) and 5(d) show the Ta-B thickness (¢) dependence
of &5, and &f |, in type A, type B, and the reference struc-
tures, respectively. The STFMR spectra and ¢ dependence of
Vs and V), for each ¢ and structures are summarized in the
Supplemental Material [32]. The estimated |£f; | and |& o
in the reference structure show lower values compared to the
type A and type B structures, which is also consistent with the
calculation result of case I shown in Fig. 4(h). We note that a
slight sign reversal of €5 in the reference structure with = 1
nm was observed which we speculate is due to an interfacial
contribution [52,53]. To extract the contribution of spin Hall
effect induced SOTs from the Ta-B layer, we plotted the dif-
ferential of &5, between type A and type B structure, shown in
red plot. The differential data of &%, increased rapidly with ¢
and saturated at ~ 2 nm. The differential data of &5 , . show
almost constant in # # 0 nm. The rapid enhancement of dif-
ferential &5, with ¢ can be explained by the asymmetric spin
accumulation profile within the Ni-Fe layer via insertion of
Ta-B buffer layer. Previous studies have reported that torque
efficiency of OTs does not saturate in such a short thickness
region [56-58]. This is because the diffusion length of the
orbital angular momentum is much longer than that of the spin
angular momentum. Therefore, our results, which show rapid
saturation of &£ , further support that the observed SOTs are
not attributed to OTs but to self-induced SOTs.

In conclusion, we have experimentally demonstrated that
the composition gradient in Ni-Fe alloy significantly mod-
ulates the magnitude and sign of the self-induced SOTs.
The torque efficiency of the dampinglike torque in two
different gradient structures measured by the STFMR exper-
iments were estimated to be 32700 & 600 and —46 800 +
700 @~ m~!, depending on the direction of the composition
gradient. These values are comparable to previous results
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FIG. 5. STFMR spectra for (a) type A and (b) type B sample with no Ta-B buffer layer. Measurement parameters are the same as in
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from composition gradients using heavy metal elements, even
though no heavy metal elements were used. We have also
proposed an alternative origin of these torques, namely, the
gradient of the magnetization. Since the SOT strength is
the spin angular momentum per magnetic moment and is
transferred from the spin accumulation, the spatial variation
of the magnetization results in that of the local SOT and,
thus, the total SOT remains finite. We have examined the
contribution of the spatial variation of the magnetization to
the self-induced SOTs by developing a spin transport theory
and compared it to other contributions, such as the interfacial
asymmetry and spatial gradient of spin Hall angle and resis-
tivity. Using the experimental values, we have calculated the
SOTs for various cases and found that the spatial variation of
the magnetization provides the dominant contribution to the

SOTs. These findings show quantitative agreement with the
experiments and qualitatively explain previous reports. These
results show that the magnetization gradient can be an alterna-
tive origin to generate a finite self-induced SOT which could
be useful for realizing energy-efficient SOT-based devices.
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