PHYSICAL REVIEW MATERIALS 7, 124410 (2023)
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We study spin-orbit torques (SOTs) in Ni/Pt bilayers and multilayers by ferromagnetic resonance (FMR)
and harmonic-Hall measurements. The effect of multilayering and crystal orientation on fieldlike (FL) and
dampinglike (DL) torque efficiencies is examined by exploiting the samples with different crystal orientations:
epitaxial and polycrystalline structures on sapphire and SiO, substrates, respectively. We find that both DL and
FL torque efficiencies are larger in multilayer samples and there is no complete cancellation of torque efficiencies
that is generally expected for ideal symmetric stacking structures. The results of SOT-FMR indicate that the
epitaxial samples show higher efficiency for SOT generation compared to the polycrystalline samples, suggesting
that SOT generation is modified depending on the interfacial contribution. In addition, the spin Hall conductivity
of the epitaxial multilayer is the largest among the samples. The present results signify the importance of crystal
orientation, multilayering, and interface quality in improving the efficiency of SOT generation combined with
larger spin Hall angle for developing future spintronic devices.

DOLI: 10.1103/PhysRevMaterials.7.124410

I. INTRODUCTION

Spin-orbit torques (SOTs) [1-8] provide an efficient way to
manipulate the magnetization in ferromagnetic single layers
or heterostructures with large spin-orbit coupling. Two mech-
anisms responsible for the SOTs in ferromagnetic/heavy-
metal (FM/HM) bilayers are based on the creation of
nonequilibrium spin polarization by electric current [2]. The
first mechanism is attributed to the spin Hall effect (SHE)
[9-11], which occurs in a nonmagnetic layer that converts a
charge current into a transverse spin current. The generated
spin current then diffuses to the ferromagnetic layer through
spin angular momentum transfer, which exerts a torque. The
second mechanism of generation of SOTs occurs at the in-
terface due to interfacial spin-orbit coupling in the FM/HM
bilayers. When the inversion symmetry is broken at the in-
terface, the spin-orbit Hamiltonian lifts the degeneracy of
electron-spin momentum states. Because of this spin-orbit
term, a charge current flowing parallel to the interface is to
be spin polarized. This process is called the Rashba-Edelstein
effect (inverse spin galvanic effect) [12-14]. The resultant
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spin polarization can exert torques in the adjacent FM layer
[15]. Both mechanisms can result in dampinglike (DL) torque
~1pL(m X (0 x m)) and fieldlike (FL) torque ~tp (0 x m)
[16]. Here, m is the unit vector of magnetization, o is the
spin polarization in the direction of the spin current, and
TpLrL) is the magnitude of torque which has already been
described in detail in previous works [17-19]. In real systems,
it might be intuitively appealing to track down and parse the
resultant torque into these two contributions. However, the
SOT scenario is often complicated due to the presence of
local spin currents [20] within the ferromagnet, which can also
contribute to torque generation. Moreover, in thin films the ex-
istence of orbital effects can produce unconventional torques
[21]. Understanding the interplay between bulk, interfacial,
and orbital contributions to SOT is important to enhance the
efficiency of SOT devices.

The SOT efficiency is a figure of merit for characteriz-
ing its potential for future spintronic applications. Materials
which can offer higher SOT efficiency are continuously being
investigated, including ferromagnets, antiferromagnets [22],
two-dimensional materials [23], heavy metals [24], and topo-
logical insulators [25]. The quest for efficient sources for SOT
generation raises many questions about the mechanism and
the magnitude of their effectiveness in SOT enhancement.
What is the nature of spin orbit effects that can lead to larger
SOTs? Is there any significant variation in torque efficiency
dependent on multilayer composition, thickness, or interface
modification? A number of such open questions remain that
can have an impact on future developments. A proper inter-
pretation of torque efficiency is highly complex, owing to its

Published by the American Physical Society


https://orcid.org/0000-0002-2021-1556
https://orcid.org/0000-0003-3195-7051
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.7.124410&domain=pdf&date_stamp=2023-12-20
https://doi.org/10.1103/PhysRevMaterials.7.124410
https://creativecommons.org/licenses/by/4.0/

A.SUD et al.

PHYSICAL REVIEW MATERIALS 7, 124410 (2023)

TABLE 1. Summary of the sample notation used, stacking pattern, deposition temperature, and substrate used. The RHEED and XRD
confirm the epitaxial/polycrystalline growth. The numbers in brackets represent thicknesses in nm. The easy axes of magnetization are also

presented.

Sample Substrate Deposition temperature Stack RHEED, XRD Easy axis
K-01 sapphire 400°C [Pt(1)/Ni(3)]x5|Al,03(5) (111) epitaxial in plane
K-02 Si0O, Room temperature [Pt(1)/Ni(3)]«5|Al,O03(5) polycrystalline in plane
K-03 sapphire 400°C [Pt(1)/Ni(3)]]ALLO3(5) (111) epitaxial in plane
K-04 SiO, Room temperature [Pt(1)/Ni(3)]|Al,O3(5) polycrystalline in plane

origin in both bulk as well as interfacial effects [26]. The
interface quality as well as film structure can have prolific
influence on the torque efficiency [27-29], shedding light
on the importance of sample growth conditions that signifi-
cantly influence the SOT efficiency [30-32]. Moreover, spin
relaxation mechanisms are dependent on crystal morphology
and structure, which can influence SOTs [33,34]. Both Elliot-
Yafet (EY) [35,36] and Dyakanov-Perel (DP) relaxation [33]
mechanisms can be modulated by structural changes [37].
Additionally, enhanced SOT efficiencies have been reported in
multilayers with ferromagnet sandwiched between two non-
magnets having opposite spin Hall angles [38]. The presence
of planar Hall effect causes additional antidamping torque
in asymmetric structures. These facts reported by previous
studies imply that the crystal structure [39—41] as well as
the interfacial effects play a role in SOT generation and
modification.

In this paper, we study the effect of multilayering and
crystal orientation on the generation of SOTs in Ni/Pt bilayers
and multilayers. This is done using ferromagnetic resonance
(FMR) and harmonic-Hall measurements. There have been
some interesting results on SOT engineering in multilayer
systems, for example, in Co/Pt multilayers [42-44] and some
other works demonstrating the role played by interfaces in the
origin of unconventional SOT behaviors in multilayer stacks
of Co/Pd [45]. These works suggest that multilayers will
provide a research stage different from the bilayer cases. Apart
from several works in Co-based multilayers, there has been
only one work investigating SOT in Ni/Pt bilayer systems
[26]. However, they do not report the case of multilayer. Both
Co and Ni have face-centred cubic lattices, but very different
electronic structures giving rise to totally different magnetic
and transport properties. This means that Ni/Pt is a candidate
system for the extensive study on the potential of multilayer
as a SOT material. Since epitaxial growth is also possible for
the Ni/Pt multilayers, Ni/Pt is considered to be a suitable
material to investigate the influence of film crystallinity on the
magnitude of SOT. This should provide promising directions
towards the development of SOT in other thin-film stacks.
The samples used for this study were grown on sapphire
and SiO; substrates, which show epitaxial and polycrystalline
growth as revealed by our structural analysis. We found DL
torque efficiency, from FMR measurements, shows a large
enhancement in multilayer epitaxial samples, which is about
160% larger than bilayer polycrystalline samples. The values
for DL torque efficiency are in agreement with those obtained
from harmonic-Hall measurements. The multilayer epitaxial
samples also exhibit the largest FL torque efficiencies. Fur-
thermore, the results of FMR linewidth modulation confirm

a larger spin Hall angle ~0.15 in these samples. Our results
demonstrate the importance of growth on SOT efficiency and
also its effect on various magnetic parameters. We illustrate
an efficient approach to improve the SOT efficiency, which is
achieved by growing multilayer epitaxial samples.

II. SAMPLE GROWTH, CHARACTERIZATION
AND DEVICE FABRICATION

A. Film growth

The Ni/Pt multilayer films were grown using magnetron
sputtering in an ultrahigh vacuum system with a base pres-
sure below 2 x 1077 Pa. Two types of substrates were used:
sapphire(0001) and SiO, for epitaxial and polycrystalline
growth, respectively. A Pt layer was first deposited on top
of the substrate followed by growth of the Ni layer. The
thicknesses of the Ni and Pt layers were fixed at 3 and 1 nm,
respectively, for all the samples. The sample label and stack
structure is summarized in Table I, where [Ni/Pt], 5 represents
the five time repetition of [Ni/Pt] layers.

The deposition temperature was optimized to achieve the
epitaxial growth on sapphire and to ensure successful for-
mation of the layered structure [46]. These conditions were
met at a temperature of 400 C, which was maintained con-
stant throughout the deposition process. Finally, a 5-nm-thick
Al,O3 capping layer was deposited on the top. The magnetic
anisotropy induced at the interface of Ni/Al,O3; was negligi-
ble, confirmed by using a reference sample of Ni single-layer
film with Al,O3 capping layer. The samples K-02 and K-04
were deposited on SiO, substrate at room temperature.

B. Film characterization

The crystal orientation and morphology were monitored
in situ during growth using reflection high-energy electron
diffraction (RHEED) and we present some of them in Fig. 1.
Polycrystalline growth is confirmed by the presence of rings
for the sample grown on a SiO, substrate [Figs. 1(c) and
1(d)] while sharp periodic streaks correspond to epitaxial
growth on a sapphire substrate [Figs. 1(a) and 1(b)]. Structural
characterization was performed using x-ray diffraction (XRD)
techniques with Cu-K« radiation shown in Fig. 2 for K-01 and
K-02. The diffraction profile calculated by the Laue function
with the assumption of the step model for the superstructure
is also displayed on top of the XRD profiles. For this model,
[Ni (3 nm) /Pt (1 nm) ],.5 with the (111) crystal orientation
was assumed (See Appendix for more details). The XRD
profile of K-01 shows a clear multiple-peak structure, whose
peak positions are explained by the calculated XRD profiles,
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FIG. 1. Reflection high-energy electron diffraction patterns for
samples K-01 and K-02 grown on sapphire and SiO,, respectively.
The diffraction patterns were observed just after the growth of the
first Ni and Pt layers.

indicating that the K-O1 film is a well-defined superlattice
with the designed thicknesses and the (111) crystal orienta-
tion. In contrast to K-01, sample K-02 exhibits a few small
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FIG. 2. X-ray diffraction profiles of (a) calculation, (b) K-01
sample grown at 400 °C on sapphire substrate and (c) K-02 sample
grown at room temperature on SiO, substrate. The black asterisks
denote the diffractions from the substrates and the green inverted
triangles denote the diffractions of multilayered structures. The cal-
culation was done using the Laue function with the assumption of the
step model for the superstructure. The red dotted lines are guides in-
dicating the peak positions for the superlattice with the (111) crystal
orientation.
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FIG. 3. Magnetization curves for the samples measured using vi-
brating sample magnetometer (VSM). The red curves are the results
measured with in-plane magnetic field (IP) while the black curves
denote the measurements with out-of-plane magnetic field (OOP).
The measurements were done at room temperature.

peaks around 26 = 40°. Taking into account the fact that the
RHEED patterns are the ring shapes for K-02, we confirm
that K-02 is a polycrystalline film. However, its XRD peak
positions fairly match with those calculated. This suggests
that the (111) crystal orientation is preferential in the film,
despite its polycrystalline behavior confirmed by RHEED.
An important point is that the calculated XRD profile uses
the bulk lattice constant of Ni and Pt, and the calculation
results can explain the peak positions of both K-01 and K-02,
suggesting that there is no remarkable difference in the lattice
constant between K-01 and K-02. Thus, from both RHEED
and XRD results, it is confirmed that the samples grown on
sapphire substrates show epitaxial growth whereas those on
SiO, form a polycrystalline film.

The magnetic hysteresis loops were measured using a vi-
brating sample magnetometer at room temperature. Figure 3
shows the magnetization curves for the four samples obtained
when applying field uoH along in-plane (red curves) and out-
of-plane directions (black curves) of the films. All the samples
are in-plane favored materials with coercivity of approxi-
mately 10 mT. Table II summarizes the estimated saturation
magnetization values (oM;) for the different samples.

TABLEII. Efficiency magnitude for dampinglike (&p; ) and field-
like (£rL) torques per applied current density j, spin Hall conductivity
(osu), and the saturation magnetization (uoMs) of the samples.

Sample
Parameter K-01 K-02 K-03 K-04
épL 0.08 0.06 0.04 0.03
§rL 0.04 0.02 0.003  0.0004
osu ((7/2e)10°Q Tem™") 7.0 4.6 2.2 1.0
oM (T) 0.362 0.331 0.377 0.298
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FIG. 4. Schematic illustration of the experimental setup used
for SOT-FMR experiments. The microwave current, Igr is injected
into the bar with width 5um through a bias-tee. 8 denotes the
in-plane angle between the external field puoH and the microstrip.
(b)-(d) Magnetic field dependence of the dc voltage, V, for the
samples measured at 8§ GHz. The data points are fitted (solid black
line) with a combination of symmetric (dashed red line) and anti-
symmetric (dashed blue line). A clear antisymmetric component is
visible for multilayer sample as compared to bilayer sample (K-03,
K-04).

C. Device fabrication

To study the spin transport by SOT-FMR measurements,
the samples were cut into Smm x Smm chips prior to de-
vice fabrication using standard lithography and Ar-ion milling
techniques. Rectangular bars of width 5um and length of
400 um (K-01 and K-02) and 200 um (K-03 and K-04) were
defined for FMR measurements. The device circuitry and bar
pattern are illustrated in Fig. 4(a). For harmonic-Hall resis-
tance measurements, the samples were patterned in the form
of symmetric Hall cross structures as shown in the inset of
Fig. 9(a). The length and width of the Hall bar were 25 um
and 10 um. respectively.

III. MEASUREMENT TECHNIQUES

We quantified the SOT efficiency and magnetic param-
eters using two independent techniques of SOT-FMR and
harmonic-Hall resistance measurements as described below.

180 270 360
6 (deg)

180 270 360 0 90
6 (deg)

0 90

FIG. 5. The symmetric and antisymmetric components of the
SOT-FMR spectra as a function of in-plane magnetic field angle 6 for
(a) K-01, (b) K-02, (c) K-03, and (d) K-04 films at f = 8 GHz. The
bilayer samples show negligible antisymmetric component while the
antisymmetric component is comparable to symmetric component
for the multilayer samples.

A. Spin-orbit torque ferromagnetic resonance

By FMR measurements, we were able to extract the SOT
efficiency in Ni/Pt multilayer films. The measurement setup
is illustrated in Fig. 4(a). Microwaves at a fixed frequency,
f, were injected into the bar while sweeping the external dc
magnetic field at different angles, 6, from the bar direction.
The effective magnetic fields (hy, hy, h,) were generated from
an injected microwave current, which then exerts SOT on
the adjacent FM layer into precession. This magnetization
precession causes a time varying change in sample resistance
due to anisotropic magnetoresistance (AMR) and produces a
dc voltage, V, due to rectification [4]. Figures 4(b)—4(e) show
a typical voltage signal for different samples measured at f =
8 GHz and 6 = 45° together with the fitted curves obtained
using the sum of symmetric and antisymmetric Lorentzian
given by Eq. (D1) (see Appendix D for details).

The DL and FL SOT efficiencies are calculated using
the value of effective fields obtained by fitting the angular
dependence of symmetric and antisymmetric components of
V (see Appendix D). The symmetric component of voltage,
Vsym o hy, is related to DL torques, whereas the FL torques
and Oersted torques are obtained from the antisymmetric
component, Vyym & hy, hy. In Fig. 5, we plot the Viy, and
Vasym obtained at different 6 for all samples. The black (red)
solid lines shown in Fig. 5 are obtained using Eq. (D3) (D2),
from which we extract the values of &y, hy (h,) summarized in
Table VI. We allowed 4, in Eq. (D2) to be angular dependent
ash, = a+ bcos O + csin 0. The field values are summarized
in Table VI in the Appendix. Ay and b are dominant in FL
and DL torques, respectively, consistent with the standard
Oersted FL and spin-Hall DL pictures. From these values, we
obtain the combined FL spin-orbit and Oersted effective field
(Hpr+0e) and DL spin-orbit effective field (Hpy ), respectively.
It can be seen from Fig. 5 that bilayer films have a very weak
value of Vym component. Interestingly, the sign of Vi, is
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FIG. 6. Efficiency for dampinglike (§p;) and fieldlike (£p)
torques per applied current density j calculated using Eq. (1) at
different frequencies.

constant in all samples whereas the sign of Vg, flips in the
bilayer films. This suggests the presence of an additional FL
torque term other than the Oersted origin, which seems to
be thickness and material parameter dependent [47] in our
bilayers.

Using the value of Hpp ( Hpr+0e), We estimated the DL (FL)
efficiency per unit applied current density as

2e \ poMsdemHpL(FL+Oe)
EDL(FL+0e) = (;) : ) (1
J

where dpy and j are the thickness of Ni and the applied
current density, respectively. The values of &p; and &g are
summarized in Table II. It is found that the values of &pp
and &gy, are largest for the multilayer and epitaxial films. For
both multilayer and bilayer films, the SOT efficiency is larger
when grown epitaxially on the sapphire substrate. Experimen-
tal results at different frequencies (see Figs. 6 and 14) support
reproducibility of &pp and &g.

To characterize the SOT efficiency, the FMR linewidth
oA H was measured as a function of dc current, similar to the
technique used in Ref. [1], and the results are shown in Fig. 7.
A clear linewidth broadening is observed for both 6 = 45° and
6 = 225°. The macrospin model can provide the linewidth
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FIG. 7. The change of the FMR linewidth as a function of in-
jected current /. at frequency of 8 GHz for K-01, K-02 and 6 GHz
for K-03, K-04.
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FIG. 8. Osya calculated from (a) slope of Fig. 7 for all samples
and (b) from slope of power dependence (Fig. 13) at different fre-
quencies. The results calculated for bilayer samples are consistent
for all three methods. It can be seen that epitaxial samples have larger
Osua compared to polycrystalline samples, thus indicating the role of
crystal structure in modifying SOT. The right axes of (a) shows the
spin Hall conductivity osy calculated using the value of Osya .

broadening as [1]

2w
Mo AH = f (Ol
Y

i sin 6 FIQSHAJC )
(Hext + O-SMEH)/LOMSdFM 2e .

@

In Eq. (2), the terms y, e, /i, dpm, and Hey are the gyro-
magnetic ratio, electronic charge, reduced Planck’s constant,
thickness of the ferromagnet, and magnetic field, respec-
tively. Using Eq. (2), we calculated the effective spin Hall
angle given as Osyp = Js/J., where Jg is the spin current
density in the Pt layer and J. is the charge current density.
Osua takes into account not only the contribution from bulk
SHE but also other contributions originating from spin-orbit
coupling as discussed in Sec. IV. fsys for each sample is
presented in Fig. 8(a). We can see a similar trend of the
values of Osga and &pp. with respect to the sample support-
ing our claim that multilayer and epitaxial growth enhances
the SOTs.

In the multilayer samples, we still observe sizable values
of Osga. We discuss the details about this enhancement in
multilayer samples in the Discussion section. We therefore use
Eq. (2) to characterize averaged torques generated in the entire
FM layers, from which the efffective spin-Hall angle in the
entire device can still be discussed. We would like to mention
here that the 6sys for multilayer epitaxial samples ~0.15 is
larger than previous reported values [48—50]. This provides a
route for enhancement of 6sya through growth.

To validate the conclusions drawn, we used another method
for obtaining Osy,. This was done by calculating the slope of
the power dependence of Vi, (see Appendix E and Fig. 13)
using the method given in Ref. [51]. We show the calculated
values of Osya in Fig. 8(b). We obtained values similar to
that obtained by linewidth modulation with current. Thus,
we can confirm that multilayer epitaxial samples show large
Osua. Using the value of Osya, we calculated the spin Hall
conductivity [52] and summarized the values in Table II and
Fig. 8(a). It is seen that the largest spin Hall conductivity is
exhibited by epitaxial multilayer samples, which also show
the largest spin Hall angle. Based on the above results, we
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FIG. 9. (a) Transverse Hall resistance, R,y, for the Hall-bar de-
vice measured with field applied along the out-of-plane direction.
(b) Longitudinal resistance, R, for the same device measured for the
field applied along in-plane (red) and out-of-plane (black) directions.
Angular dependence of harmonic Hall resistance at external fields
of 0.2 T for (c) R}y and (d) RY. Black lines are the fit to the
experimental data using sin 6 and Eq. (3) for (c) and (d), respectively.
(d) Red and blue lines correspond to the cos# component (A) and
cos 26 cos 8 component (B), respectively. (e) Prefactor A of the cos 6
component and (f) prefactor B of the cos26 cosf component as a
function of 1/(Hyx + Hex) and 1/(H.y), respectively. Solid lines are
the linear fit to the data from which the values of Hp;, and Hpy 0. are
obtained.
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can claim that crystal orientation effects and growth play an
important role in efficient SOT generation.

B. Spin-orbit torque harmonic Hall measurements

We also calculated the SOT efficiency by measuring har-
monic Hall resistance. The inset of Fig. 9(a) shows the device
pattern for harmonic-Hall measurements fabricated on sample
K-01. The average resistivity was found to be 26 ;€2 cm. The
measurements were performed at a frequency of 172 Hz and
a sinusoidal current excitation, I, sin(wt), with amplitude of
I, = 7 mA applied using an alternating current source meter.
Figure 9 shows (a) transverse Hall and (b) longitudinal resis-
tance measured as a function of applied external field. We can
see from Fig. 9(b) that the Hall resistance is dominated by
planar Hall effect of the order of 0.4% as compared to very
small spin Hall magnetoresistance (0.05%). We estimated the
value of perpendicular anisotropy field, uoHx = 0.25 T, by

linear fitting of the experimental data shown in Fig. 9(a) at
high fields. We were able to quantify the effective DL-SOT
and FL-SOT of the Ni film by second harmonic-Hall resis-
tance (Ry,) measurements. The sample was rotated to vary
in-plane field orientations as shown in Fig. 9(d) for the applied
external field of 0.2 T. The data points are fitted using the stan-
dard equation for the second harmonic-Hall resistance given
by [53]

1 Hpy,
Ry = = <RAHE

— +R cosf
) Hk +Hexl const)

H
— <RPHE ;IHOS) cos 26 cos 6

ext

= Acos8 + Bcos26 cosb, 3)

where 6 is the angle between applied external field and cur-
rent. Rang, Rpue, Hx, Hpr, and Hgy 4oe are the anomalous Hall
resistance, planar Hall resistance, perpendicular anisotropy
field, DL spin-orbit effective field, and combined FL spin-
orbit and Oersted effective field, respectively. Rons 1S the
component of the Ry, which is independent of the applied
field. The fitted curves in Fig. 9(d) show the contribution from
the cos @ component (prefactor A: red line) and cos 26 cos 6
component (prefactor B: blue line). The resultant fit (black
line) is the sum of two components. The values of prefactors
A and B obtained from fittings are plotted as a function of
1/(Hx + Hex) and 1/(Hey,) in Figs. 9(e) and 9(f), respectively.
It can be seen that as the field is increased, the FL contribution
diminishes and only the DL contribution remains. The linear
fits to the plots give the value of Hpp and Hpy 0. from which
we estimate the DL(FL) efficiency using Eq. (1). The value of
&pL =~ 0.08 £ 0.01. The FL contribution, &z, = 0.03 &£ 0.003,
can be explained as entirely coming from Oersted field due to
1-nm-thick Pt layer. The DL and FL efficiencies are similar
to values calculated from FMR measurements. The consis-
tency of the DL and FL efficiency values obtained from both
methods justify the claim that multilayer epitaxial samples
show better DL and FL efficiency. A detailed discussion and
possible reasoning for variation of efficiency with multilayer
growth and crystallinity follow in the next section.

IV. DISCUSSION

In this section, we discuss possible sources of large DL
and FL torque generation efficiencies in multilayer and epi-
taxial samples. Both epitaxial samples (K-01 and K-03) show
larger £pr. than the polycrystalline counterparts. While a num-
ber of parameters contribute to &pr, we speculate a few, as
follows. The momentum scattering rate is expected to be
different between polycrystalline and epitaxial samples due
to different numbers of, e.g., defects, crystallographic domain
boundaries, and chemical disorders. This difference naturally
leads to the variation of resistivity, the extrinsic SHE, as
well as the spin-relaxation rate. Nguyen et al. [54] and Lee
et al. [55] systematically demonstrated that the spin-transport
parameters significantly vary with Pt resistivity. In addition,
we would like to mention that epitaxial and polycrystalline
Pt films display dissimilar relationship between the spin and
momentum scattering rates, attributed to EY and DP spin-
relaxation mechanisms [37]. This difference might play a
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role for &pp since &pp is a device parameter including the
spin-relaxation rate in our model. Furthermore, electrons in
epitaxial films flow along the specific crystallographic ori-
entation in our devices. The spin-orbit property of electrons
populated around the corresponding momentum point in the
Fermi surface determines &pp. This is not the case for the
polycrystalline samples where &p. has contributions from all
momentum points across the entire Fermi surface. Indeed, the
notable difference in spin-torque generation between epitaxial
and polycrystalline Co/Pt samples has been reported by Ryu
et al. [39].

In our experiments, the magnitude of DL torque efficiency
is always larger in multilayer samples than bilayers. This
is unexpected because both DL and FL torques should be
canceled in a Ni layer sandwiched by two Pt layers, i.e.,
those in our multilayers where only the bottom-most Ni layer
is expected to be torqued when we apply a current. This
does not seem to be the case in our devices where sizable
spin torques were experimentally observed, suggesting that
the spin-torque properties in our multilayer device are not
as simple as the ideal case. For example, the quality of the
top and bottom interfaces cannot be necessarily the same due
to different magnitudes of intermixing and/or strain prop-
agation at the interfaces [56,57]. This is supported by our
x-ray reflectivity (XRR) results presented in Appendix A,
where we are required to introduce intermixing (NiPt alloy)
layers to fit the experimental data well for epitaxial multi-
layer samples, whereas polycrystalline samples do not need
such addition for better fitting. The best-fit parameters in-
dicate that the upper and lower interfaces sandwiching the
ferromagnetic layer are not equivalent in multilayer samples.
The different interface quality hence suggests nonvanishing
spin currents injected from the top and bottom Pt layers,
exerting measurable torques in our experiments. It has been
shown experimentally that DL and FL torques are modified
by consequent intermixing [8] and insertion of spacer lay-
ers [58] between the ferromagnet and the nonmagnet. The
upper/lower interface quality would also lead to asymmetric
interfacial spin absorption that potentially contributes to the
large SOT magnitude in multilayer samples. For multilayer
growth, the film quality tends to be improved with growth due
to lesser contributions of lattice mismatch and the roughness
from the substrate as growth continues. The resultant sharp
interfaces may lead to enhancement of SOTs, as shown in
previous works [40,59].

Finally, we consider other current-induced spin-torque
generation mechanisms [4,60,61]. It is possible to imagine
self-induced torques [20,62] due to spin current flowing in the
Ni layers, where the asymmetry in top and bottom interfaces
can induce an additional SOT [20]. We cannot rule out the
possibility of potential contributions from orbital Hall effect
due to the long-range orbital current generated in Pt [21,63].

V. CONCLUSION

In this paper, we presented the measurement of DL and
FL torque efficiencies in Ni/Pt multilayer and bilayer samples
using techniques of SOT-FMR and harmonic Hall resistance.
The effects of layer stacking and crystal orientation on SOT
was examined. We found that the DL torque efficiency (§pr) is

(@) ~
5 10°

(
-
o

)

Intensity
3 33 3
- 2 £

103
10°
10-7 1 1 1
0 2 4
26 (deg)

Intensity ( a.u.)

FIG. 10. X-ray reflectivity profiles for multilayer samples. Solid
lines are fitting results.

enhanced by multilayer epitaxial growth and the value of &py,
per unit applied current density obtained for epitaxial multi-
layer samples (0.08 £ 0.01) ~160% larger than the value for
bilayer polycrystalline samples (0.03 4= 0.002). The results
show a large spin Hall angle in multilayer samples, without
cancellation coming from the symmetry of stacking structure,
which is attributable to the different interface qualities be-
tween upper and lower interfaces. The value of Ospys ~ 0.15
in multilayer epitaxial films is larger than previous reported
values. These findings provide a route for enhancement of
DL SOT efficiency through multilayer epitaxial growth. The
results also indicate that epitaxial samples show larger &gy,
compared to the polycrystalline samples. Apart from the bulk
spin Hall and interfacial effects, some other sources such as
self-induced SOTs in Ni and orbital Hall effect can poten-
tially play an important role in SOT generation. Although we
could not experimentally separate the different contributions
to SOTs, the relatively large efficiency of spin current genera-
tion that is observed is promising for applications that utilize
SHE to manipulate ferromagnetic dynamics. Our results shed
light on the importance of crystal orientation, multilayering,
and interface quality for enhancing the magnitude of SOT
which is important for spintronic devices.
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APPENDIX A: XRR MEASUREMENTS

To determine the thickness of the films and the surface
roughness, XRR measurements were performed as shown
in Fig. 10 using scintillation counter. The good quality of
films is confirmed from the presence of a large number of
fringes. The data points were fitted by the Globalfit software
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TABLE III. Fitting parameters for x-ray reflectivity measurements.

Density d(nm) o(nm)

Sample Layer (g/cm?) thickness roughness
Pt 21.5+£0.01 1.0 £0.03 1.24 £0.03

NiPt 11.9£0.06 0.4 £0.02 0.17 £0.01

K —01 Ni 8.9+0.01 1.9 +£0.01 0.11 £0.02
NiPt 11.5+0.04 0.6 £ 0.02 0.09 £0.01

Al Os 1.8£0.01 3.1 £ 0.01 0.18£0.01

Pt 21.5+£0.01 1.1 £0.02 1.3 £0.02

K—02 Ni 8.9+0.04 2.5 £0.02 0.4 £0.01
Al O3 1.6 +0.03 2.84+0.05 0.1£0.01

of Rigaku using a multilayer structure consisting of Ni and Pt
layers. The fitting parameters are summarized in Table III. The
surface roughness obtained was ~0.5 nm. For sample K-01,
the existence an of intermixing layer (i.e., a very thin Ni-Pt
alloy layer) is assumed to fit the experimental XRR. With-
out considering the intermixing layer, the experimental XRR
cannot be fitted numerically. This intermixing is attributed to
the substrate deposition temperature of 400 °C. This might be
related to the higher DL torque for the epitaxial Ni/Pt. For
the polycrystalline K-02 sample, an intermixing layer (i.e.,

0.05 T

Ni-Pt alloy layer) is not taken into account because the room
temperature deposition for K-02 did not promote intermixing.
Even without an intermixing layer, the experimental XRR is
fairly fitted numerically.

APPENDIX B: XRD PROFILE CALCULATIONS

In the case of the metallic superlattice, the step
model is applicable to explain the peak positions for
the experimental XRD profile. The x-ray scattering inten-
sity [/(Q)] for the metallic superlattice consisting of Ni
and Pt is given by 1(Q) = L|Fxi(Q) + Fi(Q) exp(iQDy;)|?
| Zsz_Ol exp(iQkA)|?, where I, is Thomson scattering inten-
sity, Fnippy)(Q) is the structural factor of Ni(Pt), Dy; is the
thickness of the Ni layer, A is the superlattice period, and
Q is the scattering vector. | Zf{vz_ol exp(iQkA)|* corresponds
to the Laue function L(Q) and is expressed as L(Q) =

N—1 . 2 sin?(MY)
| 2 ko eXp(iQkA)” = smz(é)
number. The term of the structural factor is expressed as

|Fi(Q) + For(Q) exp(iQD4)I*
= |Fi(Q)1* + B () + Fai(Q)Fpc* (Q) exp(—iQDni )
+ Fni*(Q)Fo (Q) exp(iQDxy).

, where N is the repetition

T 0.12
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FIG. 11. (a) Resistance change as a function of microwave power for four sets of samples. (b) Resistance change as a function of dc current
and (c) power from source as a function of the power in the sample for different samples.

124410-8



EFFECT OF MULTILAYERING AND CRYSTAL ...

PHYSICAL REVIEW MATERIALS 7, 124410 (2023)

T 0.3 T
(c)
sl o
-

of 15

-4 Y
4r - 12 ° KO01

o K02
2 1 0.0F o K-03-
-0.05 : 0 : e
3 12 0.0 0.1 0.2 0 90 180 270 360

6 9
f(GHz) HoHes(T) 6(deg)

FIG. 12. (a) Frequency dependence of the half width at half
maximum (HWHM) linewidth at 8 = 45° for allsamples. The in-
homogeneous broadening is obtained from the intercept by fitting
the data with linear fit and the slope gives the Gilbert damping
component, «. (b) Resonance field, poH,.s as a function of frequency
at an angle 6 = 45° for all samples. The solid lines are the fittings.
(c) In-plane angular dependence of resonance field poH,.s obtained
from fitting the FMR scans for different set of samples measured at
8 GHz.

Using the areal atomic density (nx; and np,), lattice spacing
(dni and dpy), atomic scattering factor(fn; and fp¢), and num-
ber of lattice planes (nn; and np;), the term of the structural
factor can be transformed into

2 (nniQdni 2 (npQdp

sin” (NN n- (R
IF(Q) =f§i<Q>n§i%Q§N.) + fﬁ(Q)n%t%Qip)

sin? (£3) sin® (£3*)

sin (”NiQdNi) sin ("PlePl)
+ 2/ Q) fe (Qmine—— g~ —— o0

sin (%) sin (%32)

(¥)
x cos| — ).
2

Then, the x-ray scattering intensity was calculated for
[Ni(3nm)/Pt(1 nm)]xs with the (111) crystal orientation.

APPENDIX C: MICROWAVE CALIBRATION

There is a large impedance mismatch between microwave
lines and the sample (with a few thousand 2 in resistance)
which causes a large amount of power reflection from the
devices. As a result, the amount of power reaching the sample
is a fraction of power supplied from the source. To quantify
the actual power reaching the device, we used a bolometric
technique [4,64] in which we compared the resistance change
caused due to joule heating when a known dc current, I,
flows in the sample with that caused by the flow of microwave
power, Py, Figure 11 shows the resistance change by two
excitations. The current flowing through the device (Iy.) is
quantified at a given microwave frequency and then the mi-
crowave power at sample is calculated by scaling it with

V., V,

-60} © vz;m ) { 9r0° v:izm ) ]
0 150 300 450 O 150 300 450
P (mW) P (mW)

FIG. 13. Plot of magnitude of the voltage for the symmetric
and antisymmetric components as a function of injected microwave
powers for different set of samples at f = 8 GHz for K-01 and K-02
and 6 GHz for K-03, K-04. All the samples show linear dependence
for the given regime of injected power.

sample resistance. Figure 11(c) shows the microwave power
at the sample plotted against input microwave power (Pinput)-
It can be seen that that power input at the sample is fraction
of the power from the microwave source. For samples K-03
and K-04, which had higher resistance, the current reaching
the sample is smaller as compared to K-01 and K-02.

APPENDIX D: FITTING EQUATION FOR FMR DATA

The expression for dc signal from spin rectification used
for fitting the FMR data is given as

AH?
(Hext — Hies)* + AH?
(Hext — Hyes ) AH
(Hext — Hres)* + AH?'

Vi = Vsym

+ Vasym (D)

where Vi and Vigym are the Lorentzian components in sym-
metric and antisymmetric line shape given below:

_ IQAR w
YT 2 woy AHQHes + Hy + Ha)
_ AR

— Agymh; sin 20,

h, sin 20

(D2)

TABLE IV. Summary of the anisotropy constants and magnetization obtained from fitting of frequency-dependent resonance field and
linewidth data. Note: The uncertainty values reported here are the standard error of the fitting parameters obtained from curve fitting.

Sample oHy (mT) oH, (T) oM (T) HoM(T) o o AHy(T)
K-01 5.62 £ 0.1 —0.24 £+ 0.006 0.60 £ 0.06 0.362 £ 0.05 0.11 £ 0.01 0.0439 + 0.0005
K-02 3.154+0.01 —0.38 & 0.005 0.71 £ 0.05 0.331 £ 0.05 0.093 £ 0.005 0.0092 + 0.0004
K-03 —8.15+0.2 0.15 4+ 0.004 0.23 £ 0.03 0.377 £0.02 0.115 £ 0.005 0.065 £ 0.001
K-04 —2.15+0.04 —0.02 £+ 0.004 0.32 £ 0.04 0.298 £ 0.04 0.096 £ 0.003 0.0093 £+ 0.0007
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TABLE V. Summary of the anisotropy constants and magnetization obtained from fitting of angular dependence of resonance field. Note:
The uncertainty values reported here are the standard error of the fitting parameters obtained from curve fitting.

Sample toHz(mT) ot (T) oM. (T) woM(T)
K-01 19.1 £0.1 —0.35+£0.01 0.712 £ 0.06 0.362 £ 0.05
K-02 3.01 £0.01 —0.43 +£0.01 0.761 £ 0.05 0.331 £0.05
K-03 —8.1 £0.1 0.142 + 0.002 0.235 £0.02 0.377 £0.02
K-04 —4.24+0.1 —0.011 £ 0.004 0.309 £+ 0.04 0.298 + 0.04
the strain effect. As another check, we also estimated the value
I, AR (Hoo + Hy) of anisotropy fields by fitting the angular dependence of the

Vasym =

2 AHQH,s + H, + H>)
X (—hysinf + hy cos 0) sin 26
AR

Agey(—hy sin6 + hy cos 6). (D3)
The terms Ay and A,y are the scalar amplitudes of the mag-
netic susceptibility (A; = xi/M;) and depend on the magnetic
anisotropy of the device. The other terms are the external
field (Hex) and Hy, H, are the terms containing the demag-
netization field and in-plane/out-of-plane anisotropy fields.
hy, hy, h, are components of the current-induced effective
field at microwave frequency, f, which drives the magnetic
moments given as hey = (hy, hy, h,)e/*™ /.y, My, Hes, AH,
Iy, and AR are the gyromagnetic ratio, saturation magnetiza-
tion, resonance field, half width at half maximum linewidth of
resonance, current amplitude in the device, and AMR resis-
tance change respectively.

The anisotropy fields used for obtaining H,, H, are cal-
culated by fitting the frequency dependence of the resonance
field shown in Fig. 12(b) using Kittel resonance formula [65].
The in-plane uniaxial (uoH>) and perpendicular anisotropy
(noH> ) fields obtained from fitting are summarized in Ta-
ble IV. Also, the values of effective saturation magnetization
field (M = Mg — Hp ) are given in Table IV. It can be
seen that the uniaxial anisotropy component is dominant in
comparison to biaxial for all samples. The polycrystalline
samples show very little anisotropy compared to epitaxially
grown samples. There can be a contribution from strain-
induced anisotropy in epitaxially grown samples [66]. The
multilayer samples exhibit a large perpendicular anisotropy
field (noH>, ) which can be explained by the scenario that the
multilayering improves the magnitude of crystal orientation
and the resultant sharp interface may lead to the increase in

resonance field using the Kittel resonance formula [67] as
shown in Fig. 12(c), and the values are summarized in Table V
in Appendix. The values match fairly well with those calcu-
lated from frequency dependence. We obtained the values of
the inhomogeneous broadening uoAH, and intrinsic gilbert
damping o for our films by fitting the frequency dependence
of linewidth pgAH using Eq. (D4) (the values obtained from
fitting are summarized in Table I'V):

2na
HoAH = poAHy + 7f~ (D4)

The value of « is fairly constant and very large ~0.1 for
all samples, as can be seen in Table IV. Similar damping
values amongst all the samples suggest that damping is not
affected by crystal structure. The enhancement of « in the
measured films can originate from several mechanisms and
one such mechanism can be due to spin pumping [68]. To
quantify the spin pumping term, a detailed analysis is required
which is beyond the scope of this paper. Nevertheless, from
Fig. 12(a) it can be seen that the inhomogeneous contribution
for samples grown on sapphire is larger than that grown on
SiO; substrate, which can be due to strain induced magnetic
inhomogeneity. Strain can be induced by growth [69] due
to the lattice mismatch [66]. In our films, there is a lattice
mismatch between Pt (lattice constant a = 3.93 A) grown on
sapphire (lattice constant a = 4.75 A [70]), which can cause
strain induced anisotropy [66].

APPENDIX E: POWER DEPENDENCE OF RECTIFIED
VOLTAGE

From Egs. (D2) and (D3), it is found that Viym, Vasy o 1%,
where h;, (i = x,y,z) o I. This can be seen from the linear

TABLE VI. SOT effective fields for different samples measured at f = 8 GHz. All of them have been scaled by a current density of

j = 10"A/m?.

Sample
Parameter K-01 K-02 K-03 K-04
tohy (mT) -0.14 4+ 0.004 -0.08 £+ 0.007 (1.4 £ 0.1) x 1072 (2.7 £ 0.5) x 1073
Hohyx (mT) (-6.1 £ 0.2) x 1073 (<524 0.4) x 1073 (-5.4 £0.1) x 107 (2.5 +0.5) x 10
oa (mT) (2.2 +£0.1) x 1073 (=32 £+ 0.2) x 1073 24 +£0.2)x 1073 5.6+ 0.1) x 1073
Hob (mT) -0.29 4+ 0.002 -0.245 £ 0.003 -0.163 £ 0.002 -0.121 £ 0.002
Hoc (mT) (-9.02 £ 0.1) x 1073 (-6.9+ 0.3) x 1073 (8.3 £ 0.3) x 1073 (2.7 £ 0.2) x 1073
Iy (mA) 32+0.01 1.7 £0.01 1.37 = 0.003 0.429 £ 0.001
AR(2) 4.694 £+ 0.001 4.821 4+ 0.001 10.751 £ 0.002 11.062 £ 0.002
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FIG. 14. The symmetric and antisymmetric components of the
SOT-FMR spectra as a function of in-plane magnetic field angle 6 for
(a) K-01, (b) K-02, (c) K-03, and (d) K-04 films at different frequen-
cies. The bilayer samples show negligible antisymmetric components
while the antisymmetric component is comparable to the symmetric
component for the multilayer samples.

dependence of rectified voltage V on microwave power as
shown in Fig. 13, which is consistent with our model. Also in
our experiments, the wavelength of applied microwaves in the
frequency range 3—12 GHz was much larger than the length of
device (few hundreds of um). This ensures that current flow is
uniform and the phase is almost constant [71].

APPENDIX F: ADDITIONAL SOT-FMR RESULTS
IN THIS PAPER

In addition to the results presented in the main text, we
also investigated the angular dependence of the voltage at
different frequencies as shown in Fig. 14. The 6 dependence
for samples K-01 and K-02 as shown in Figs. 14(a) and 14(b)
were performed at frequency f = 9 GHz while for K-3 and K-
04 in the bottom panel shows angular dependence performed
at f = 6 GHz. It can be seen that for all samples, a similar
angular dependence as in Fig. 5 was seen regardless of the
excitation frequency.

(a) 30 'K—O1 1 (b) 30} " K-02 1
~ 15 {5 154
O\ ~

2 Ofge-00ye 000 I@ 0 fgro-gp©-0-0--0---0-
5 .15 {15}

-30 L L -30
(c) 30f 1 (d) 30t 1

K-03 |~ K-04

— 15¢ 12 15} ]
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5 .15 {15}
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FIG. 15. Plot of change in ratio of FMR field [AH, =
(Hyes(P) — Hayg res )/ Hayg res] as a function of injected microwave pow-
ers for different set of samples at f = 8 GHz for K-01 and K-02 and
6 GHz for K-03, K-04. All the samples show zero deviation, indi-
cating that Hgyr is independent of applied microwave power, thus
indicating that for the given regime of input power, sample heating
from power absorption does not affect the magnetic properties.

APPENDIX G: CALCULATION OF SPIN
HALL CONDUCTIVITY

The value of spin Hall conductivity (osy) is given by the
equation as below:

_ T OsHa
2e (1+ QSZHA),OXX’

where py is the longitudinal resistivity of Pt layer. Using
Eq. (G1) and the values of Osya, the value of osy was cal-
culated and summarized in Table II.

OSH (G1)

APPENDIX H: POWER DEPENDENCE
OF RESONANCE FIELD

To quantify the effect of sample heating on magnetic prop-
erties, we plotted the change in resonance field, AH, in
Fig. 15. It can be seen that there is no change in resonance
field for the given regime of injected input microwave power.
This shows that sample magnetic properties are not affected
due to heating.
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