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Spin-pumping and spin-orbit torque efficiencies in ferromagnetic/heavy metal bilayers, which usually consist
of the polycrystalline grains, are related to the spin current transmission from ferromagnets to heavy metals
and vice versa, respectively. In this work, epitaxial Feq79Si,;(001)/Pt(111) films were fabricated to investigate
the spin-pumping efficiency and spin-orbit torque efficiency by ferromagnetic resonance and harmonic Hall
resistance measurement techniques, respectively. Ferromagnetic resonance results show that the incremen-
tal magnetic damping constants in epitaxial Feg79Sip,;(001)/Pt(111), compared with those of the epitaxial
Fe(79Sip21(001)/AlO, reference sample, depend on whether the external magnetic field is applied along the
in-plane easy or hard axes of Fe( 79Sig ;. The Pt thickness-dependent anisotropic damping constant was ascribed
to the anisotropic spin current absorption in epitaxial Pt(111) layer. When electric currents were applied along
the easy and hard axes of Fe79Sig,; in epitaxial Fe(79Sig;(001)/Pt(111) bilayers, a large difference between
spin-orbit torques generated from Pt(111) was observed by a harmonic Hall resistance measurement method.
Both of the results suggest that spin current transmission efficiency is related to the anisotropic spin Hall effect
of epitaxial Pt(111) layer due to the different spin-orbit interaction energies along the different crystallographic

directions of Pt.

DOI: 10.1103/PhysRevB.103.134432

I. INTRODUCTION

Spin current transmissions through the interface of fer-
romagnetic/heavy metal (FM/HM) bilayers could alert spin-
dependent effect, such as spin-pumping and spin-orbit torque
(SOT) effects. These effects play a crucial role in applications
including racetrack memories [1], SOT-based magnetic ran-
dom access memories [2], and other spintronic devices [3,4],
due to their significant influence on the energy dissipation
and information writing speed in magnetic memories [5]. The
spin-pumping effect refers to the precession of the magnetic
moment of ferromagnetic layer to transfer its excess angular
momentum to the adjacent heavy metal layer via transferring
spin current across the interface from FM to HM in FM/HM
bilayer system [6]. When the spin current is absorbed by
HM layer, it generates a dampinglike torque acting on the
FM layer and gives rise to an additional damping constant
(Aa) of FM except for its original damping constant () [7].
The magnetic damping constant « refers to the parameter in
damping term am X %, where 7 represents the unit vector
of magnetization M. This damping term describes the viscous
resistance during the precession of the magnetization in the
phenomenological Landau-Lifshitz-Gilbert equation [8]. The
damping constant of FM/HM can be obtained from the ferro-
magnetic resonance (FMR) measurement through the analysis
of the frequency-dependent FMR linewidth [9]. Using this
method, the spin-pumping efficiency, i.e., the spin current
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injection efficiency of FM/HM bilayers, can be characterized
by the increased damping constant Aa [10]. Spin-orbit torque
refers to the phenomenological torque induced by spin current
generated in HM or spin accumulation in FM/HM interface
through spin Hall effect [11] or Rashba effect [12] when ap-
plying an electric current in HM layers. The spin-orbit torque
efficiency can be characterized by the harmonic Hall voltage
measurement method for perpendicular magnetized FM/HM
sample [13] and in-plane magnetized FM/HM sample [14].
In the past, except that many works have experimentally re-
ported the variation of the damping constant and spin-mixing
conductance in FM/HM bilayers with a polycrystalline phase
of ferromagnetic thin films [9,15], more and more works
paid attention to the influence of spin-pumping induced extra
damping constant in the epitaxial FM layers. For example,
Cahaya et al. [16] reported that the crystal fields in different
crystallographic directions of CoFe,04 samples can lead to
the anisotropic spin current injection and absorption. Isasa
et al. reported a different spin mixing conductance at (111)
and (001) CoFe,Q4/Pt interfaces [17]. Considering different
crystal orientation of FM layer can induce anisotropic spin-
pumping effect, it is natural to ask whether the HM layer
with different crystallographic directions could also induce an
anisotropic spin current absorption/generation in FM/HM het-
erostructures. Actually, a theoretical calculation indeed shows
an anisotropic damping constant in Co/Pt and Co/Pd superlat-
tices with (111), (001), and (011) orientations of Pt or Pd [18].
In addition, the anisotropic spin Hall effect in antiferromag-
netic layer with different crystallographic directions has also
been studied by Zhang et al. experimentally [19]. In this work,
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the anisotropic spin Hall effect was investigated in a fully epi-
taxial Feg79Sip»;(001)/Pt(111) bilayer grown on MgO(001)
single-crystal substrates. Here we choose Pt as the spin current
absorption/generation layer due to its strong spin-orbit cou-
pling strength [20-24] and the quite small lattice mismatch
with MgO and Fe(79Sig,; alloys [25,26]. Ferromagnetic
resonance (FMR) technology was used to explore the phe-
nomenon related to the spin pumping and the enhancement of
magnetic damping constant in the epitaxial FeSi(001)/Pt(111)
bilayers with the applied external magnetic field along the in-
plane easy or hard axes of Fe( 79Sip>;. Harmonic Hall voltage
measurements on MgO(001)/Feg 79Sip21(001)/Pt(111) were
conducted to acquire the spin-orbit torque efficiency with
electric current along different crystallographic directions of
Fe(.79Sip21(001). The obtained results confirm the anisotropic
spin Hall effect in epitaxial Pt(111).

II. EXPERIMENT

Fey.79Si921(001)/Pt  and a reference sample of
Fe.79Sip»1(001)/AlO, in films were fabricated on
10 x 10-mm? sized MgO(001) single-crystalline substrates
by radio frequency magnetron sputtering with the base
pressure lower than 4.5 x 107 Pa and the processing gas of
Ar around 0.5 Pa. The deposition powers are 120 and 10 W for
3-in Fe target with Si chips mounted on Fe surface and 2-in Pt
target, respectively. To weaken the contribution of damping
constant from two magnon scattering, a relative large nominal
thickness around 10 nm for Fey79Sip2; was chosen [27,28],
while the nominal thicknesses of Pt(#p;) are varying from
1.5 to 7.0 nm to investigate the thickness-dependent spin
current absorption properties and 1.0-nm-thick Al layer was
deposited to avoid oxidation of Feg 79Sig ;. Substrates were
heat treated at 873 K for 1 h to remove the contamination
of the substrate prior to film growth. During deposition of
Fe(79Sip ) films, substrate temperature was kept at 873 K,
while Pt(111) and Pt(001) films were deposited with substrate
temperature around 300 and 673 K, respectively.

The high-resolution x-ray-diffraction (XRD) patterns of
thin films were collected by a PANalytical X'Pert’ diffrac-
tometer using CuK, (A =0.154 06nm) radiation. The
composition of Fey79Sipo;(FeSi) was measured by the
energy-dispersive x-ray spectroscopy. The high-resolution
cross-sectional image of MgO/FeSi/Pt sample was taken by
transmission electron microscopy (TEM). The cross-sectional
TEM sample was prepared by focused ion-beam technique
and further polished to remove the surface amorphous layers
by argon ion-beam milling system prior to transfer the sample
to TEM. The magnetic hysteresis loops and the angular-
dependent remanent magnetization curves were measured by
a MicroSense EV9 vibrating sample magnetometer (VSM)
[26] with the magnetic field resolution and sweep rates around
0.1 and 1 Oe per second, respectively. The actual thickness
and interface/surface roughness of each layer were deter-
mined by simulating the specular x-ray reflectivity (XRR)
spectra using the GEN’X reflectivity-fitting package [29,30].
The frequency dependent FMR spectra were recorded by a
broadband Nanos Instrument Phaser system [31] in the fre-
quency (f) range from 2 to 18 GHz with external magnetic
field (H.x) along the easy or hard axes of FeSi. The in-plane
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FIG. 1. High-resolution XRD patterns for samples grown
on (001)MgO: FeSi(001)/AlO, (a), FeSi(001)/Pt(001) (b),
FeSi(001)/Pt(111) (c), and the @®-scan patterns of FeSi(202),
MgO(202), and Pt(202) lattice planes for FeSi(001)/AlO,
(d), FeSi(001)/Pt(001) (e), and Pt(002) lattice plane for
FeSi(001)/Pt(111) (f).

magnetic field-dependent FMR spectrum was measured using
a JEOL JES-FA 300 electron spin resonance (ESR) spectrom-
eter working at 9.0 GHz by scanning DC magnetic field in
the range of 0-20 000 Oe. In this experiment the sample was
fixed on a quartz rod and a goniometer was used to control the
rotation angle in the film plane.

The spin-orbit torque efficiency was measured in
FeSi(001)/Pt(111) with Pt thickness (¢p;) around 7 nm through
harmonic Hall voltage measurement method to obtain the
effective fields of dampinglike and fieldlike torques [14]. For
this measurement, the films were patterned into 20-um-wide
Hall bars using standard photolithography and argon ion-
milling techniques with the current channel parallel to either
the in-plane easy axis or hard axis of FeSi(001) films. The
first and second harmonic Hall voltage were measured by an
Analog-Digital/Digital-Analog data acquisition card with a
133-Hz sinusoidal current along the x axis (i.e., the current
channel of Hall bars); meanwhile, scanning fields H,..y; were
applied along the in-plane y axis with a fixed external field
H, o along the x axis. All the above experiments were per-
formed at room temperature.

III. RESULTS AND DISCUSSION

The w-20 XRD patterns for FeSi/Pt films and the reference
FeSi/AlO, sample are presented in Fig. 1. In Figs. 1(a)-
1(c), the strong peaks located at 20 = 42.98° and 93.85°
arise from (002) and (004) lattice plane of the single-crystal
MgO(001) substrate, respectively. The peak at 26 = 65.71°
can be ascribed to the (004) lattice plane of FeSi. The lattice
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constants (a) for MgO(001) and FeSi(001) were calculated
to be 0.421 and 0.568 nm using Bragg’s law with 26 =
42.98° and 65.71°, respectively. The lattice mismatch be-
tween FeSi and MgO substrate is around —4.6% using the
formula of (apes;/ «/E-aMgo)/aMgo. It should be noted that
the additional quite sharp and narrow peaks located at 26 =
41.41° and 90.57°, respectively, come from the (006) and
(0012) planes of an Al,O3 single-crystal sample holder in
XRD measurements due to our small-sized samples. In or-
der to confirm the epitaxial relationship between MgO and
FeSi, the @ scans for a specific lattice plane were measured.
Figures 1(d) and 1(e) show the ®-scan results of (202) lat-
tice plane of MgO and FeSi, and the (202) lattice plane of
Pt for FeSi/AlO, and FeSi/Pt(001), respectively. One can
see two sets of fourfold symmetry diffraction peaks with
the exact angle difference of 45° between them. It suggests
the epitaxial relationship of MgO(001)[100]||FeSi(001)[110],
while for FeSi/Pt sample with Pt deposited at 673 K, it
shows only two peaks located at 20 = 46.36°, 104.32°, which
correspond to the (002) and (004) lattice plane of Pt with
face-centered cubic (fcc) structure. The ®-scan pattern for
(202) plane of Pt grown at 673 K shows another fourfold
symmetry and has a 45° difference with respect to those of
FeSi(202), indicating the epitaxial relationship among them:
MgO(001)[100]|[FeSi(001)[101]||Pt(001)[100]. For FeSi/Pt
sample with Pt grown at substrate temperature 7y = 300 K, the
XRD pattern shows two peaks at 260 = 39.72°, 85.21°, which
can be ascribed to the (111) and (222) lattice plane of fcc Pt.
The ®-scan pattern for (002) lattice plane of (111)-oriented Pt
displays 12 reflections with 30° between two adjacent peaks
were also found in our sample. It suggests an epitaxial rela-
tionship for Pt grown at 300 K with epitaxial relationship of
MgO(001)[100]|[FeSi(001)[101]||Pt(111)[110] [32]. The full
epitaxial growth of Pt on FeSi(001) could be explained by
the quite low lattice mismatch between Pt and FeSi with the
calculated Pt lattice constant around 0.392 and 0.391 nm with
26 = 39.72° and 46.36° for Pt grown at 300 and 673 K,
respectively.

Figure 2 shows the x-ray reflectivity spectra and the
depth profiles of the simulated x-ray scattering length den-
sity (SLD). For all samples, the distinct Kiessig fringes can
be observed and well fitted. SLD profiles are plotted in
Figs. 2(d)-2(f). Labels in the plots for each film stack give
the simulated results for the thickness ¢, the interface/surface
roughness o, and the density p of each layer. The thickness
of FeSi is approximately 10.43, 12.10, and 11.10 nm and
the interface roughness o between FeSi and the nonmagnetic
layer are about 0.78, 0.36, and 0.62 nm for FeSi(001)/AlO,,
FeSi(001)/Pt(111), and FeSi(001)/Pt(001) films, respectively.
The slightly increased value of o in FeSi/Pt samples indi-
cates the increase of interface diffusion between FeSi and
Pt due to the higher substrate temperature for the formation
of (001)-oriented Pt layers. Moreover, the higher substrate
temperature may be also responsible for the increased den-
sity of FeSi from 5.53 to 6.31g/cm3 for (111) and (001)
Pt-covered samples, respectively. However, the simulated den-
sity of Pt at different growth temperature is nearly the same
with the magnitude around 20.0 g/cm?. The relatively small
roughness in all samples may suggest a high quality of our
samples.
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FIG. 2. X-ray reflectivity spectra of FeSi(001)/AlO, (a),
FeSi(001)/Pt(111) (b), and FeSi(001)/Pt(001) (c) (black circles rep-
resents the experimental data and the red lines represent the fitting
curves) and x-ray scattering-length density (SLD) vs depth profile for
FeSi(001)/AlO, (d), FeSi(001)/Pt(111) (e), and FeSi(001)/Pt(001)
(f) films. Labels in the map give the simulated parameters of the
thickness (¢), interface/surface roughness (o), and density (p) of each
layer.

TEM was used to get a clear and direct cross-
sectional image of our epitaxial sample. Figure 3(a)
shows the conventional cross-sectional TEM image of
MgO(001)/FeSi(001)/Pt(111) sample with primary electron
beam parallel to the [010] direction of the MgO substrate.
The obtained thickness of FeSi and Pt are, respectively,
around 11.5 and 6.9 nm, which are nearly consistent with
XRR fitting results. Figure 3(b) shows the high-resolution
TEM image of MgO/FeSi layers. It shows the nearly per-
fect arrangement of atoms in MgO substrate, FeSi layer,
and even in their interface, indicating the high quality of
single-crystal FeSi layer grown on the MgO(001) substrate
with the quite small lattice mismatch. The left and right
insets in Fig. 3(b), respectively, show the fast Fourier trans-
formation plots from the MgO substrate and FeSi layer. The
spots in the insets clearly exhibits the epitaxial relationship
with MgO(001)[100]||FeSi(001)[101]. Figure 3(c) shows the
high-resolution TEM image of FeSi/Pt. The obtained distance
between the vertical lattice planes of Pt is around 0.218 nm,
which is quite close to the interplanar spacing of Pt(111).
TEM images have confirmed the high quality of our epitaxial
layer, which is complementary to the XRD and XRR data.

The hysteresis loops and angular-dependent remanent
magnetization curves are shown in Figs. 4(a)—4(c). It shows
a 90° repetition for the easy-axis (EA, H|MgO(110))
and hard-axis (HA, H|MgO(100)) loops together with
the fourfold symmetry of the angular-dependent remanent

134432-3



MAO, YAO, ZHANG, YUN, CHANG, ZUO, AND XI

PHYSICAL REVIEW B 103, 134432 (2021)

FeSi

FIG. 3. Cross-sectional TEM image of MgO/FeSi/Pt sample (a), the high-resolution TEM image in MgO and FeSi layers (b), as well as in
FeSi and Pt layers (c). The insets in (b) and (c) shows the fast Fourier transform plots of the corresponding layers.

magnetization curves for all samples. It indicates that FeSi has
the cubic magnetocrystalline anisotropy [25,26]. The cubic
magnetic anisotropy of FeSi is also confirmed by the in-
plane angular-dependent FMR spectra as shown in Fig. 4(d),
in which the fitting curves based on the equation of H, =
H* + HKCcos(4<p) with H2® and HkC the average reso-
nance field and cubic magnetocrystalline anisotropy field [33],
respectively. It should be noted that the angular-dependent
resonance field for FeSi(001)/Pt(001) shows large differ-
ence with those curves for FeSi(001)/Al0O, FeSi(001)/AlO,,
and FeSi(001)/Pt(111) samples. It may be ascribed to the
large contribution from the strong interface alloying-induced
variation of magnetic anisotropy due to the higher de-
position temperature for FeSi(001)/Pt(001) sample. From
the above static and dynamic magnetic properties measure-
ment, the saturation magnetization (47 Mg) are 14.02, 14.16,
and 14.82 kG for FeSi(001)/AlO,, FeSi(001)/Pt(111), and
FeSi(001)/Pt(001) samples with Hy© around 123.2, 146.0,
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FIG. 4. Magnetic hysteresis loops of FeSi(001)/AlO, (a),
FeSi(001)/Pt(111) (b), and FeSi(001)/Pt(001) (c) with magnetic field
H applied parallel to the crystallographic axes of [110], [010], [110],
and [100] of MgO. The in-plane angular dependence of resonance
field H; with respect to one of the substrate edges for three samples
(d). The inset in (a) shows the exemplary angular-dependent rema-
nence curves for FeSi(001)/Al0, sample.

and 98.2 Oe, respectively. The magnetic properties of FeSi
are consistent with the epitaxial structure of FeSi.

The FMR spectra of all samples were recorded up to the
available maximum microwave frequency around 18 GHz.
Figures 5(a) and 5(d) show the typical FMR spectra of
FeSi(001)/Pt(111) sample with tpy = 7 nm with H.x along the
MgO[110] or MgO[100], which correspond to the EA or HA
of the FeSi films, respectively. The line-shape parameters, i.e.,
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FIG. 5. Typical FMR spectra recorded at various frequencies for
FeSi(001)/Pt(111) sample with external field applied along easy axis
(MgO[110]) (a) and hard axis (MgO[100]) (d). (b) and (c) represent
H, vs f and AH vs f at easy axis for three samples, respectively.
(e) and (f) represent H, vs f and AH vs f at hard axis for three
samples, respectively. The fitting curves in (b) and (e) are based on
Eq. (1). The linear fitting curves in (c) and (f) are based on Eq. (2).
Here the nominal thickness of Pt is 7 nm for FeSi(001)/Pt samples.
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the resonance field (H;) and the full width at half maximum
linewidth (AH), were obtained by fitting the FMR spectra us-
ing the derivative of symmetric and antisymmetric Lorentzian
functions [34,35].

When H is applied along EA or HA of FeSi(001), the
effective saturation magnetization (4w M.g) and the cubic
magnetocrystalline anisotropy constant (K¢) for an epitaxial
thin film with cubic crystal structure can be extracted from
Kittel’s equation as [36]

2
2 14 2KC 2KC
=) (H+ — H, + A7 Meog + ,
f <2n>(‘ 4nMs)X<‘ T et 47 Mg
(1

where the sign of plus and minus correspond to Hcy along
EA and HA respectively. y is the gyromagnetic ratio and
equals to gup/h with Landé g factor g around 2.08 for FeSi
alloy [37], up is the Bohr magneton, and /7 is the reduced
Planck’s constant. The effective saturation magnetization
4 Megr (=4mMs-H | ) were extracted by fitting the frequency
dependence of resonance fields with Eq. (1). Here, H, rep-
resents the possible perpendicular magnetic anisotropy field.
The frequency dependence of H, was plotted in Figs. 5(b)
and 5(e). The extracted HKC(=2Kc/4T[M5) are around 118.3,
132.2, and 100.1 Oe, and 4w M. are about 13.4, 15.3,
and 16.0 kG for FeSi(001)/AlO,, FeSi(001)/Pt(111), and
FeSi(001)/Pt(001) with #p, = 7 nm using Eq. (1), respectively.
HC in all samples is comparable to those of the measured
values by VSM and angular-dependent ESR. Generally, for
a pure Gilbert-like viscous damping, AH dependence on the
frequency can be described as [38,39]

AH = AHy +4rnaf/y, 2)

where AH; describes the inhomogeneous resonance peak
broadening and is related to the film quality. One can see that
AH vs f curves all show quite linear response, indicating
that the two-magnon scattering (TMS)-induced damping is
negligibly small [36,40-42]. The negligible contribution of
TMS may be ascribed to the quite large thickness of FeSi
in this work [27,28]. The slopes of AH vs f curve show a
quite large difference when Hy is along the EA and HA
as shown in Figs. 5(c) and 5(f). Moreover, the calculated
effective damping constants « using Eq. (2) when Hey along
EA are larger than those with H.y along HA for three sam-
ples. It should be noted that « with field along the EA
is nearly 4 times larger than that with field along the HA
for the epitaxial FeSi(001)/AlO, reference sample. Actually,
the difference of « between different crystallographic direc-
tions is also observed in epitaxial Co,MnSi and CoFe alloys
[41,43,44]. The phenomena are ascribed to the different spin-
orbit interaction energies along the different crystallographic
directions [41,43]. So, the crystallographic directions-related
spin-orbit interaction energies may also be responsible for
the anisotropic damping constant along EA and HA in our
epitaxial FeSi films.

Next, we focused on the spin-pumping induced extra
damping constant Aa, which can be determined by the dif-
ference between damping constant of FeSi(001)/Pt sample
and that of the FeSi(001)/AlO, reference sample. So, the
increase in damping constant and the spin-mixing conduc-
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FIG. 6. Pt thickness-dependent resonance field H; at various fre-
quencies for FeSi/Pt(111) along easy (a) or hard axis (b) of FeSi,
damping constant « (c), and the Aa for all samples (d).

tance of FeSi(001)/Pt were investigated in comparison with
those of the reference FeSi/AlO, sample when the field
was along different crystallographic directions. Comparing
with the reference sample, an additional enhancement of
damping constant Aa was observed when H.y was applied
along the EA and HA of FeSi films in both Pt(001) and
Pt(111)-covered samples as shown in Fig. 6(c). When Hey
was applied along EA and HA of FeSi/Pt films with #p
around 7 nm, Aa is about 7.96 x 10~ and 7.88 x 107 for
FeSi(001)/Pt(001) sample, while it is about 3.68 x 103 and
1.40 x 1073 for FeSi(001)/Pt(111) sample, respectively. The
small difference of Aa between two crystalline directions
for FeSi(001)/Pt(001) sample may be ascribed to two facts:
the large interface intermixing between FeSi and Pt and
the large density of FeSi layer derived from XRR fitting
results in FeSi(001)/Pt(001) sample. The first one may de-
grade the transmission efficiency of spin current across the
interface and be responsible for the large increase of Aa
comparing with the relative small increase of Aa Aa in
FeSi(001)/Pt(111) sample [28], while the last one may lead to
the invalidity of the reference for the FeSi(001)/AlO, control
sample. Thus, the Pt thickness dependence of damping con-
stant in FeSi(001)/Pt(001) sample does not further proceed.
Furthermore, to test the reproducibility of the crystallographic
direction dependence of the increase in damping constant
for FeSi(001)/Pt(111) samples compared with the reference
sample, and to get the spin-mixing conductance between FeSi
and Pt, a series of FeSi(001)/Pt(111) sample was fabricated
with only varying the thickness of Pt. Then, the frequency-
dependent FMR measurements were carried out. Figures 6(a)
and 6(b) show the resonance field H, along the easy axis and
hard axis of FeSi for FeSi(001)/Pt(111) samples. One can see
that H; slightly decreases when the Pt(111) layer is deposited
and then is almost independent of the #p; at different resonance
frequencies. It suggests that a small extra interfacial magnetic
anisotropy is induced in FeSi layer once the Pt layer is de-
posited above the FeSi layers. From the frequency-dependent
linewidth, the damping constants can be obtained according
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FIG. 7. The optical graph of the patterned Hall bar with measurement configurations (a), an exemplary first- (b) and second- (c) order
harmonic Hall resistance vs angle ¢ and cos¢ with fixed external field H,_ ., = 1245 Oe along £x axis. The external field H,., is swept from
—2500 to 2500 Oe and the magnitude of alternative current density J, = 9.6 MA /cm? along the [100] direction of FeSi (easy axis). The fitting
curves are based on Eq. (4). The scale bar in (a) is 100 m. The inset in (c) shows the second-order Hall resistance vs Hy.ey.

to Eq. (2), and the results are shown in Fig. 6(c). It can be
seen that the damping constant is different with the applied
field along EA and HA of FeSi(001) in FeSi(001)/Pt(111)
samples. The spin-pumping induced extra damping Aa was
also determined as shown in Fig. 6(d). The results confirm the
reproducibility of the crystallographic direction-dependent in-
crease in damping constant for FeSi(001)/Pt(111) samples.
It should be mentioned that the large difference of Aa in
FeSi(001)/Pt(111) sample comparing with the reference sam-
ple may not be ascribed to the contribution from TMS of
FeSi due to the Pt coverage, because Aa along EA and HA
are estimated by subtracting the corresponding values from
the reference FeSi(001)/AlO, sample. In addition, Zhu et al.
reported that TMS-induced damping decays to a quite small
value when the FM thickness is in the large region for the
FM-thickness dependence of « in the in-plane magnetized
HM/FM systems [28]. So, our results shown in Fig. 6 indicate
that the extrinsic contribution-induced increase in « due to
TMS is negligibly small [36,45]. Thus, the difference of Aa
along EA and HA could be ascribed to the anisotropic absorp-
tion of spin current in epitaxial Pt(111) layer. The increase
in Aa either along EA or HA with the increasing fp; can be
ascribed to the gradual decrease in spin current back-flow
effect when fp, is larger than its spin diffusion length Agp [46].
Considering the spin current back-flow effect, spin-pumping
induced extra damping can be expressed as [46-50]

N
eff L(l _ e(*ZIPI)/KSD)’ 3)

Aa=a —ay = gup
41 Ms tresi

where «( stands for the damping constant of the reference
sample, g™ is the spin-mixing conductance of the whole
sample. The data fitting for FeSi(001)/Pt(111) sample in
Fig. 6(c) based on Eq. (3) gives the spin-mixing conduc-
tance around 2.86 x 10" m2 and 1.72 x 10'” m~2, while Agp
is around 4.52 and 2.49 nm along EA and HA, respec-
tively. The obtained values are compatible with the previous
studies in a polycrystalline Pt-covered FM film [9,51]. The
observed anisotropic incremental damping constant, spin-
mixing conductance, and spin-diffusion length along different
crystallographic directions of Pt may reflect a large angular
dependence of spin-orbit coupling near the interface of the

epitaxial FeSi/Pt bilayer contributed by spin-orbit potential
and exchange splitting as predicted in a theoretical work [52].

To further confirm the crystallographic direction-
dependent spin Hall effect in epitaxial Pt(111), the
FeSi(001)/Pt(111) samples with tpy = 7nm was patterned to
Hall bars with current channel either parallel to the EA or HA
of FeSi. Then, the dampinglike and fieldlike spin-orbit torques
were measured by a harmonic Hall voltage measurements
method [14]. In this method, both an alternative current and a
constant bias field H, . are applied along the current channel
of Hall bars. Meanwhile, a magnetic field H,. is swept in
the orthogonal directions respect to the current channel. The
generated first and second harmonic Hall resistance can be
expressed as [14]

Ist : .
RHall = RPHE S 2¢,

Hg Rpyg
HX —ext

Hpr R
ond __ MDLRAHE
Ripan = X

4 y2
2 22X X9). “4)

where Rpyg is the planar Hall resistance, Rayg is the anoma-
lous Hall resistance, Hgy is the out-of-plane saturation field,
and X = cos¢ with ¢ the angle between current channel and
the direction of the in-plane projected magnetization. Here
¢ ~ arctan(H,_exi/Hy.ext)- Hp and Hgp, represent the damping-
like and fieldlike SOT fields, respectively.

Figure 7 shows the exemplary first and second-order
harmonic Hall resistances vs azimuthal angle ¢ for
FeSi(001)/Pt(111) sample with current channel parallel to
the easy axis of FeSi. The external field H, . is fixed as
1245 Oe along the +x axis (namely the easy axis of FeSi
here) and the alternative current density J, is 9.6 MA /cm?
along the +x axis. The out-of-plane saturation field Hg, and
the anomalous Hall resistance Ragg are, respectively, around
20 135.5 Oe and 0.25 2 for FeSi(001)/Pt(111) sample by
measuring the Hall resistance with the magnetic field ap-
plied along the out-of-plane direction. Then, the effective
SOT fields Hpy, HpL can be obtained by fitting the data with
Eq. (4). Through changing the current density, a bunch of the
second-order harmonic Hall resistance curves can be obtained
as shown in Figs. 8(a) and 8(b). Figures 8(c) and 8(d) show
the obtained Hpy () with the variation of J, with quite linear
dependence. The dampinglike and fieldlike torque efficiency
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FIG. 8. The second-order harmonic Hall resistance vs cos¢ with the variation of magnitude of the alternative current density from
6.4-12.8 MA /cm? for FeSi(001)/Pt(111) and current direction along FeSi[100] (a) and FeSi[110] (b), the dampinglike and fieldlike fields
vs current density with current direction along FeSi[100] (c) and FeSi[110] (d).

,BDL(FL) is defined by ﬂDL(FL) = HDL(FL)/Je« So, the linear
fitting of Hprrr) vs J. gives Bpr, around 3.28 £ 0.03 and
3.72 £ 0.06 Oe/MA cm? when the current is applied along
EA and HA of FeSi(001) films, respectively, while Bg is
around 1.41 + 0.03 and 1.08 £ 0.01 Oe/MA cm? when the
current is applied along EA and HA of FeSi(001) films, re-
spectively. The obtained spin-orbit torque efficiency of Pt is on
the same order with our previous reports in Pt/Co/AlO, sam-
ple [53]. The large difference of spin-orbit torque efficiency
BpLrL) indicates the different conversion abilities from elec-
tric current to spin current and the anisotropic spin Hall effect
in epitaxial Pt(111) [54]. In epitaxial Pt, the intrinsic Berry
curvature mechanism may show the dominant contribution to
the spin Hall effect rather than the extrinsic spin side jump
and skew-scattering mechanism [55]. The Berry curvature of
Pt changes sharply at some high symmetrical points in wave-
vector space, which may contribute the anisotropic spin Hall
effect in epitaxial Pt. This anisotropic spin Hall effect from
harmonic Hall voltage measurement has further confirmed the
above-proposed anisotropic spin-orbit coupling in epitaxial
Pt by FMR measurement. However, there is a contradictory
observation with that the higher the dampinglike spin-orbit
torque efficiency, the smaller the extra increase in damping
constant in FeSi(001)/Pt(111) sample. The contradictory re-
sult was also reported in Co/Hf/Pt trilayers, in which the
trend of the larger the dampinglike SOT efficiency, the smaller
the damping constant was reported [28]. They found that the
interfacial spin-orbit coupling could significantly decrease the
spin-orbit torque efficiency exerted on the FM layer via degra-
dation of the spin current transparency for the interface. Thus,
the interfacial spin-orbit coupling could also induce strong
spin memory loss, which gives a relative high damping con-
stant in spin-pumping process. It reveals that the interfacial

spin-orbit coupling leads to the decrease of spin current trans-
parency and the increase of spin memory loss, and plays an
important role in the spin current transmission process. In our
sample, although the interface roughness in FeSi(001)/Pt(111)
bilayers is only around 0.36 nm as shown in Fig. 2, the inter-
facial spin-orbit coupling may still have large influence on the
spin current transmission process. However, the explanation
about Co/Hf/Pt trilayers does not apply to our case since the
interface is the same for two crystallographic directions in
FeSi(001)/Pt(111) sample. Recently, the anisotropic spin cur-
rent absorption phenomenon was observed in NiFe/Cr/CoFe
spin valves with the single-crystalline CoFe layer as the spin
current absorption layer and the polycrystalline NiFe as spin
current generation layer [39]. It may suggest that the epitax-
ial FeSi also shows crystallographic direction-dependent spin
current generation/absorption properties. Thus, the generation
of spin current from epitaxial Pt(111) is anisotropic and the
absorption of the spin current by epitaxial FeSi may also be
anisotropic in the harmonic Hall voltage measurement. How-
ever, only anisotropic spin current absorption in Pt(111) is
involved in the FMR measurement since the crystallographic
direction-dependent spin current generation was subtracted
from the FeSi(001)/AlO, reference sample. The different
spin current generation/absorption in epitaxial FeSi and Pt
may result in the contradictory between the spin-pumping and
spin-orbit torque experimental results.

IV. CONCLUSIONS

In summary, by choosing the small lattice mismatch ma-
terials with MgO(001) single-crystal substrates, we have
systematically investigated the spin dynamic and trans-
port properties in Feg79Sig»;(001)/Pt(111) samples. XRD
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patterns, TEM image, and the static magnetic properties
measurement indicate a high-quality epitaxial structure of
FeSi and Pt layer with fourfold magnetocrystalline anisotropy
of FeSi films. The damping constant is around 0.0054
and 0.0016 for the reference Feg79Sip»;(001)/AlO, sam-
ple with analyzing the dynamic magnetic properties using
FMR with the magnetic field along the easy and hard axes
of Fe(79Sip21, respectively. Compared with the reference
sample, the additional damping constant is 3.68 x 10~ and
1.40 x 1073 for Feg79Sig»1(001)/Pt(111) sample with tp =
7nm and the magnetic field along easy and hard axes of
Fe(.79Sig.21, respectively. Our results indicate that the differ-
ent crystallographic directions of Pt give rise to the different
damping constants, which may be ascribed to the different
spin current absorption efficiencies in epitaxial Pt due to the
anisotropic spin Hall effect in Pt(111) layer. The Pt thickness-
dependent additional increment of damping constant gives
an anisotropic spin-mixing conductance in epitaxial Pt layer.

The harmonic Hall voltage measurement also illustrates
anisotropic spin-orbit torque efficiency along different axes
in Fe79Si021(001)/Pt(111). The quite large difference of
spin-mixing conductance and SOT efficiency between EA and
HA in FeSi(001)/Pt(111) sample may suggest an anisotropic
spin Hall effect in epitaxial Pt layer and the crystallographic
direction related spin current transmission process.
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