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ABSTRACT

The spin Hall effect appears in nature in two forms. Its intrinsic form is highly dependent on the crystal symmetry while its extrinsic form
stems from impurity scattering. Its efficiency is defined by the spin Hall angle, Osy, and has profound impact on spintronic technologies.
However, an accurate measurement of Ogy is not straightforward nor the identification of its origin. In this work, we apply a spin-torque
driven ferromagnetic resonance method that is probed in two different ways, optically and electrically, to study the dependence of Ogy in the
crystallographic direction in epitaxial Al,O3/Pt (111), MgO(110)/Pt (110), and MgO(001)/Pt (001) films. We show that the electrical tech-
nique is limited in its ability to accurately quantify Ogy at high current densities, and in some cases, it may even result in erroneous Oy val-
ues. Such cases include films that exhibit a large inhomogeneous broadening. We find that Osy is strongly affected by the crystallographic
direction. Our study extends the understanding of one of the most commonly used methods for the exploration of the spin Hall effect.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0085818

The spin Hall effect (SHE) is a collection of relativistic phenomena,
where charge current j. can generate a transverse spin current j; L
through spin-orbit coupling (SOC)." In recent years, the SHE has
proven useful in manipulating the magnetization order parameter in
perpendicularly magnetized ferromagnets (FMs)” and in antiferromag-
nets’ for applications such as magnetic logic and storage devices." The
SHE is also fundamentally interesting as it stems from a scattering pro-
cess in a well-defined band structure. The scattering mechanisms are
closely related to those dominating the anomalous Hall effect (AHE).
Therefore, the extrinsic contribution to the spin Hall conductivity (Jff )
depends on the scattering rate (t) of the electron’s spin. While the
extrinsic contribution to o*ff scales linearly with longitudinal conductiv-
ity (0x) (or 7), the intrinsic process is independent of 7 and arises from
the band structure of the crystal, its symmetries, and orientation.”””

Pt in its various forms is one of the most important metals for
exploration of the SHE owing to the high strength of its SOC.” It is

generally understood that the SHE in Pt arises from both intrinsic and
extrinsic contributions.” In polycrystalline films, the resistivity and the
temperature dependence of the SHE have been used to distinguish
between these origins.'” However, studies of the SHE in epitaxial
films,”'" where the intrinsic SHE should be more important, are less
common.

In addition to the challenges that are related to the fabrication
and engineering of the materials, the accurate determination of the
spin Hall angle, Oy, also impedes the development of SHE based tech-
nologies. Among a variety of techniques, the spin torque driven ferro-
magnetic resonance (STEMR)'” technique has been extensively used
to determine Ogp. In a typical measurement, an RF electrical current is
passed through a heavy metal/ferromagnet (HM/FM) bilayer where
spins are polarized by the HM layer and diffuse into the FM layer. By
interaction with the local magnetic moments, an RF spin-torque
excites the ferromagnetic resonance (FMR) of the FM layer that is
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sensed by measuring a DC voltage (Vyix) across the device. Vyyix is @
result of the interplay between the oscillatory anisotropic magnetore-
sistance (AMR) effect'” and the RF current. The Ogy is determined by
passing an additional DC that modulates the damping of the FM."”

Despite its simplicity, interpreting the signal of the STFMR
requires careful analysis."*'” In addition to the RF spin-torque, there
is also an RF Oersted torque that is generated from the RF current.
Furthermore, Vy,x can have additional contributions. First, spin
pumping by the FM into the HM generates an electrical voltage via the
inverse SHE.'® Second, an anomalous Hall voltage is also present due
to the flow of the charge current.'* Finally, thermoelectric effects, such
as the longitudinal spin Seebeck and Nernst effects,'” exist as well.

In this work, we explore the SHE in epitaxial Pt thin films. We
explore the role of the crystallographic orientation. In addition to the
STFMR measurements, we also use an optically detected spin-torque
driven FMR (O-STFMR) method where the magnetization is probed
via the magneto-optical Kerr effect (MOKE)"? rather than by measur-
ing V. From a comparison of the two methods, we find that the DC
voltage applied to the sample may add an artifact to the electrical mea-
surements. In some cases, an incorrect Ogy may result even when the
FMR signal is readily resolved. We find that the O-STFMR benefits
from a higher sensitivity that enables to explore the SHE in the pres-
ence of stronger DC spin-torques as compared to the STEMR. Hence,
the role of the crystallographic directions can be resolved with high
fidelity. The films were grown by DC magnetron sputtering in a vac-
uum system that has a base pressure of ~1 x 10~ °Torr. Pt (111) and
Pt (110) layers were sputtered at 550 °C directly onto Al,O; (0001)
and MgO (110) substrates, respectively, whereas Pt (001) was grown at
650°C on a 0.3nm thick Fe buffered MgO (001) substrate. The
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sputtering power and Ar pressure were 30 W and 3 mTorr, respec-
tively. The thickness of the Pt layer is ~5nm in all films. A 5 nm thick
FM layer formed from Py (Nig;Fe;9) was grown at room temperature
on top of the different Pt films at a sputtering power of 30 W and an
Ar pressure of 3 mTorr. We use the notation Pt (111), Pt (110), and Pt
(001) to indicate the Al,O; (0001)/Pt/Py, MgO (110)/Pt/Py, and MgO
(001)/Fe/Pt/Py films unless specified otherwise. All films were capped
with a 3 nm thick TaN layer to prevent oxidation. Figure 1(a) shows
specular 0-20 longitudinal x-ray diffraction (XRD) data. The (111),
(110), and (001) peaks of Pt are readily seen indicating the high degree
of crystalline texture of the films. Additionally, well-resolved thickness
fringes are observed in the Pt (111) film illustrating the higher quality
of Pt (111) as compared to the Pt (110) and Pt (001) films. The surface
roughness of Pt (111) and Pt (001) was comparable and having rela-
tively low values of 0.6 and 0.4 nm, respectively, whereas Pt (110) had
a roughness of 1.8 nm as seen in the atomic force microscopy (AFM)
data presented in the supplementary material. A similar observation
was made in Ref. 19 with the exact reason for being unclear. In order
to accurately determine Ogyy, the resistivity of the single Pt layer was
extracted by growing additional Pt/TaN films with the respective crys-
tal orientations. The resistivity values were 18 =1, 30 x4, and
33 =1 puQ-cm for the bare Pt (111), Pt (110), and Pt (001) layers,
respectively, and did not reflect the large surface roughness of Pt (110).
However, the surface roughness was reflected in the in-plane MOKE
hysteresis curves. Figure 1(b) readily shows that the MOKE signal of
Pt (110) is weaker by more than 50% as compared to the other orien-
tations. Also, the switching transition of Pt/Py (111) and Pt/Py (001) is
sharper suggesting a more homogeneous magnetization texture in
these films.
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FIG. 1. (a) XRD data of Pt (111), Pt (110), and Pt(001) samples. (b) In-plane MOKE hysteresis loops for Pt (111), Pt (110), and Pt(001). (c) Schematic illustration of the

STFMR setup. (d) Schematic illustration of the O-STFMR setup.

Appl. Phys. Lett. 120, 172406 (2022); doi: 10.1063/5.0085818
© Author(s) 2022

120, 172406-2


https://www.scitation.org/doi/suppl/10.1063/5.0085818
https://scitation.org/journal/apl

The O-STFEMR and STFMR measurements were performed on
the same devices. The samples were patterned by optical lithography
followed by Ar ion-milling to define devices of area 25 x 50 um?. The
conventional STEMR setup used in this work is described in Ref. 9
with an external magnetic field applied at 45° with respect to the cur-
rent and Vi directions as illustrated in Fig. 1(c).

The O-STFMR setup is presented in Fig. 1(d). A 35 fs Ti:Sapphire
laser operating at 800 nm and a repetition rate of 80 MHz was used to
probe the magnetization precession using the perpendicular MOKE
configuration, which senses the out-of-plane component of the magneti-
zation, m,. To that end, the laser was phase-locked with the driving RF
microwave signal that was passed through the sample as in the STFMR
technique. An optical delay line allows for the accurate control of the
timing of the incident pulses with respect to the magnetization preces-
sion. In contrast to the STFMR, the O-STEMR s sensitive to both the
phase and amplitude of m,. The external magnetic field, Hey, was
applied in the sample plane at 45° with respect to the direction of the
current similar to the STFMR setup. In both techniques, Ogy was
extracted from DC bias dependent FMR linewidth measurements.

Figure 2 presents an example of the measured STFMR and O-
STEMR spectra of the Pt (111) sample at 6-13 and 6.2-13.5 GHz,
respectively. Each STEMR spectrum is composed of symmetric and
anti-symmetric signals that stem, respectively, from the spin-orbit tor-
que (SOT) and Oersted field contributions.'”"” In contrast, the O-
STFMR measurement is phase sensitive. The spectral line shape
depends on the ratio of the in-phase to out-of-phase components of
the susceptibility (' and "), which is determined by the timing of the
pulses relative to RF excitation. At each frequency, the relative timing
is different, hence, also the symmetry as seen in Fig. 2(b). To extract
the resonance field and linewidth, each trace was decomposed into the
symmetric and anti-symmetric parts similar to the procedure applied

Applied Physics Letters ARTICLE
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The resonance field, H,, and the linewidth, AH, can be deter-
mined in the STEMR and O-STFMR responses by fitting the measured
spectra to a sum of symmetric and anti-symmetric Lorentzian func-

tions according to

AH?

(H — H,e)AH

VE/O = VSE/O [

(H — Hyes)* + AH?]

+V R
A5/ T(H — Hye)? + AHZ]

o

where Vs and V, are the symmetric and anti-symmetric parts of the
Lorentzian, respectively, and the sub-index E or O indicates the electri-
cal STFMR or optical O-STFMR method. The extracted frequency
dispersion curves are summarized in Figs. 3(a) and 3(b) for the
STEMR and O-STFMR measurements, respectively. The traces
obtained by both methods are similar. Using the Kittel formula,

f=t \/ (Hres + Hi) (Hres + My + Hy), an effective magnetization,
ftg My ~ 1012 = 2mT (993 = 4mT), 700 + 6 mT (732 % 10 mT), and
968 = 3 mT (970 = 1 mT) was extracted for the Pt (111), Pt (110),and, Pt
(001) films, respectively, using the STEMR (O-STEMR). H, was negligible
in Pt-(111) and Pt(001) but significant in Pt (110), where it was
19+ 02mT (22 %= 0.1 mT) as extracted by the STFMR (O-STFMR).
7 and fi, are the gyromagnetic ratio and the magnetic permeability of free
space, respectively. We use the literature value for 7 of Permalloy =178
GHz/T. M,y for the Pt (110) film appears to be lower by ~30% as com-
pared to the values for Pt (111) and Pt (001). Additionally, the M values
as measured by the optical and electrical methods for Pt (111) and Pt
(001) agree within an error that is smaller than 1% while the difference
for Pt (110) is significantly larger, reaching almost 5%. We attribute this
behavior to the surface roughness. The same trend was also seen in the
saturation magnetization, Mg, values measured by a vibrating sample
magnetometer (VSM) (VSM data presented in the supplementary

for STEMR measurements.” material).
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FIG. 2. Examples of measured spectra for
a device fabricated from Al,05 (0001)/Pt/
Py at RF frequencies from 6 to 13.5 GHz.
(@) STFMR and (b) O-STFMR spectra.
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FIG. 3. (a) Frequency dispersion curves measured by (a) STFMR and (b) O-STFMR. Linewidth measurements obtained by (c) STFMR and (d) O-STFMR.

The Gilbert damping parameter, o was extracted from AH mea-
surements using the relation pyAH = pgAHy + 2naf /y. AHy arises
from inhomogeneous broadening and disorder in the crystalline struc-
ture. Figures 3(c) and 3(d) present the measurements of AH. The o
values obtained are 1928 +0.35x 1073 (209 =0.2 x 1073),
4286+1.0 x107° (457+2x107%), and 16.08*+0.1 x 1073
(15.4 0.2 x1073) for Pt (111), Pt (110), and Pt (001), respectively,
extracted using the STFMR (O-STFMR). These values are consistent
with other reports.”” Despite the larger values of a for the Pt (110)
sample, both the optical and electrical methods result in very similar
values. It is possible that the Pt-Py interface of Pt (110) is more domi-
nant in Pt (110) giving rise to efficient spin pumping through the
interface and the appearance of significant Hy. The AH, values
extracted were 0.1 +0.15mT (0.07*0.06 mT), 9+ 0.50mT
(8+0.6mT), and 0.7 =0.08mT (1.1 *0.07mT) for Pt (111), Pt
(110), and, Pt (001), as measured by the STFMR (O-STFMR), respec-
tively. Here as well, the STFMR and O-STFMR methods agree very
well. The large AH, value of Pt (110) as compared to the other orien-
tations illustrates quantitatively the conclusions drawn from the quali-
tative analysis of the static MOKE and the influence of the surface
roughness on the measured magnetization dynamics.

Osy was quantified from DC bias linewidth modulation measure-
ments. The spin current density flowing in the Pt layer, J, generates DC
spin currents that modulate AH of the Py by a damping/anti-damping
SOT. The resultant effective damping, Oleff > 1 linearly dependent on Jg as
follows:”"

sin ¢ @
tioHres + 0.5Mfr ) oMt 2e

Oeff = 0L+ ( 2)
In Eq. (2), ¢ is the angle between the charge current and the externally
applied field, which is 45° in both techniques, and t is the thickness of
the Py layer. Equation (2) can be written more conveniently from
which 0Ogy can be extracted as follows:

9(6AH) /9(Inc) Ppytee 1 Ppitey
Osn = . W
2nf sin ¢ h Pry
Y (,uoHres + 0~5Meﬂ).u0MSth 2e

3)

In Eq. (3), Ipc is the bias current, and du,AH is the variation in yyAg
as a result of Ipc. pp; and pp, are the resistivities of Pt and Py, respec-
tively, and w is the width of the device. From Egs. (2) and (3), it is
seen that when the external field is reversed, sing changes sign so that
the dependence of AH on Ip is also reversed.

Ipc dependent linewidth data at 6 GHz are presented in Fig. 4.
The linear dependence of d140AH on Ipc is readily seen. Additionally,
it is seen that the maximal applicable current in the optical measure-
ments is nearly four times larger as compared to the electrical STEMR.
We understand this limitation to arise from the AMR together with
the fact that the external magnetic field is applied at 45°. Due to a
small but finite shape anisotropy, as the external magnetic field is
swept, the magnetization slightly varies its orientation. As a result, the
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FIG. 4. Current dependent linewidth broadening at 6 GHz for Pt (111), Pt (110), and Pt (001). (a) STFMR measurements. (b) O-STFMR measurements. (c) STFMR and (d) O-

STFMR zero bias spectra for Pt (111), Pt (110), and Pt (001).

DC resistance slightly varies as well. When Ipc is applied these varia-
tions translate to a field dependent DC voltage that becomes larger as
Ipc increases. This field dependent background signal complicates the
analysis of the STEMR signal at high currents. In contrast, the O-
STEMR is independent of the AMR, and Ip¢ dependent damping can
be studied over a wider range of currents. Hence, 0sy; can be quantified
more accurately. Operation at higher frequencies and fields may, in
principle, resolve this issue of the STFMR method, but in practice, the
signal to noise (SNR) would also reduce. STEMR measurements at
8 GHz are presented in the supplementary material as an example.
Surprisingly, the O-STFMR linewidth modulation data of Pt
(110) are much noisier than the STFMR data, while the latter reveals a
clear linear dependence on Ipc. The Ogyy values explain this contradic-
tion. Osy for Pt (111) and Pt (001) are 0.053 * 0.01 (0.043 + 0.01) and
0.072 £ 0.01 (0.068 = 0.01) as measured by the STEMR (O-STFMR),

respectively. (Error analysis is presented in the supplementary mate-
rial.) Namely, both methods result in relatively close Osy. In contrast,
Osyy extracted for Pt (110) reveals a big discrepancy: an extraordinarily
large Osyy of 0.45 % 0.2 is extracted using the STFMR while the O-
STEMR results in 0.09 % 0.03. Additionally, it is seen that all Ogyy val-
ues obtained by the STEMR are larger than those obtained using the
O-STFMR. These observations indicate a measurement artifact of the
STFMR. Once again, the AMR may explain this behavior. The H.
dependent background signal becomes critical the weaker and broader
the signal is. The FMR signal of Pt (110) is weaker by almost an order
of magnitude as illustrated in Figs. 4(c) and 4(d). Hence, the AMR
H,,; dependent background voltage strongly influences the Pt (110)
sample that eventually translates to a measurement artifact and a
Osg ~ 0.45. The other films less are not as affected by this artifact as
their SNR is much higher; nevertheless, a Ogy that is higher by 20%
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TABLE I. Summary of gy for Pt (111), Pt (110), Pt (001), and textured Pt (Pt/Si) films measured by O-STFMR and STFMR.

Sample Osy (O-STEMR) Osy ( STFMR) Intrinsic Osy (O-STFMR) Intrinsic Os; (STEMR)
Pt-111 0.043 = 0.01 0.053 = 0.01 0.089 = 0.01 0.109 = 0.01
Pt-110 0.09 £0.03 0.45*0.2 NA NA

Pt-001 0.068 = 0.01 0.072 = 0.01 0.107 = 0.01 0.113 = 0.02
Pt/Si 0.08 £0.01 0.09 £0.01 0.12 £0.01 0.14 £ 0.01

results. Overall, we conclude that Osy is ~0.043, ~0.09, and ~0.068
for the Pt (111), Pt (110), and Pt (001) films, respectively, as measured
by the O-STFMR. Using Ref. 20, we also estimated the transparency of
the Pt-Py interface from which the intrinsic Osy was extracted having
the values of 0.089 * 0.01 and 0.107 = 0.01 for Pt (111) and Pt (001),
respectively. The model could not be applied in the case of Pt (110)
due to its high damping. Table I presents a summary of all Oy values.

The crystallographic direction in Pt can significantly influence
the SHE. As a reference, we grew a textured Pt film along the (111)
direction of the same structure: Si/SiO,/5 Pt/5 Py (units in nm). This
Pt film had a resistivity of 27 = 2 uQ-cm, an « of (14.0 = 0.1) X 1073,
and a u, * AHy of 1.15* 0.3 mT that resulted in a value of fsyy of
0.09 = 0.01 (0.08 = 0.01) measured using STFMR (O-STFMR) and an
intrinsic Oy of 0.14 = 0.01 (0.12 * 0.01). Once again, Osy of the
STFMR is larger than that obtained using the O-STFEMR. The conver-
sion rate of the textured Pt is higher as compared to the average of the
three epitaxial crystals, which may indicate additional extrinsic contri-
bution to Osy. Finally, we also have examined the field like torque effi-
ciency &gy following Ref. 22, revealing a very small contribution of g .
This study is presented in the supplementary material.

In summary, in this work, we have explored the SHE in epitaxial
Pt films using electrical and optical detection. We identified the AMR
of the STFMR as the limiting factor in cases of low SNR. Most impor-
tantly, the case where the STFMR signal is weak but still observable
can lead to an erroneous measurement. Moreover, we demonstrated
that the conversion of the charge to spin current can be measured at
much higher applied currents using O-STFMR as compared to that
using STFMR. The comparison of the various methods is important in
identifying the underlying physics of the SHE.

See the supplementary material for VSM, AFM Data, parameters
used for Ogpy calculation, field like torque analysis, etc.
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