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Abstract

The spin-to-charge current interconversion in bilayers composed of ferromagnetic and nonmag-
netic layers with strong spin-orbit coupling has garnered considerable attention due to its excep-
tional potential in advancing spintronics devices for data storage and logic applications. Platinum
(Pt) stands out as one of the most effective materials for generating spin current. While the spin
conversion efficiency is isotropic in polycrystalline Pt samples, an ongoing debate persists regarding
its dependence on the crystalline direction in single crystalline samples. In this study, we aim to
comprehensively evaluate the in-plane anisotropy of spin-charge interconversion using an array of
complementary Spin Hall and inverse Spin Hall techniques with both incoherent and coherent ex-
citation. Specifically, we investigate the spin-to-charge interconversion in epitaxial, (111)-oriented,
Co/Pt bilayers with low surface roughness, as resulted from x-ray experiments. By varying the
thickness of the Pt layer, we gain insights into the spin-charge interconversion in epitaxial Pt and
highlight the effects of the interfaces. Our results demonstrate an isotropic behavior within the
limits of our detection uncertainty. This finding significantly enhances our understanding of spin

conversion in one of the most relevant systems in spintronics and paves the way for future research

in this field.
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I. INTRODUCTION

During the last few years, emerging spin-orbitronics technology has been predominantly
focused on the generation, manipulation and detection of spin currents [I]. Focusing on
the suitable engineering of multilayer stacks composed of alternated magnetic/non-magnetic

(FM/NM) [2] metals it has been possible to enhance the spin-charge current interconversion.

The generation and detection of spin currents mainly occur in materials exhibiting sub-
stantial spin-orbit coupling (SOC), such as heavy metals (HM) like Ta [3] or Pt [4]. This
large SOC enables the conversion of a pure transverse spin current into charge current due to
the spin Hall effect (SHE) [5Hg]. Similarly, we can detect spin currents through the inverse
spin Hall effect by spin pumping experiments [9H12] or utilizing temperature gradients [13}-
16]. In brief, like electric currents are carried by moving charge, the spin currents occur due
to the displacement of spin angular momentum. In systems with SOC, these spin currents
can be transferred to the magnetization of a magnetic film, allowing for the manipulation
of its magnetization state. This effect is known as spin-orbit torque (SOT) [I7HI9] and it
is the result of an interaction between itinerant electrons in a FM that are spin polarized
and the magnetization. Additionally to SOT some correlative effects can arise due to the
SHE such as the spin Hall magnetoresistance (SMR) [20, 21] or the inverse Rashba-Edelstein
Effect (IREE) [22]. The utilization of these effects opens the gate to new technological ap-
plications such as spin orbit torque magnetic random access memories [23, 24], spin Hall

nano-oscillators [25], magnetic sensors [26] and domain wall devices [27, 2§].

The spin-charge conversion efficiency in FM/NM stacks (when the NM presents a sig-
nificant SOC) is typically evaluated in terms of spin Hall angle (Asg). The state of the
art literature in the field focuses on sputtered polycrystalline samples, reporting large Osy
in HMs such as §-Ta (~ -0.12) [3], 8-W(~ 0.45) [29], Pt(~ 0.05-0.1) [12| [30], transition
metal alloys like Fe-Pt(~ 0.3) [31] and CuBi(~ -0.24) [32]. Pt is the most studied material
in spin Hall experiments, exhibiting large fsy, yet a substantial discrepancy exists among
the reported values. This arises from the different scattering mechanism affecting the spins,
which heavily depend on the structural properties of the films [33]. Thus, if we assume
that the spin relaxation mechanism in Pt is influenced by its crystal structure [34], one may
expect that the SOT induced by Pt does also depend on the crystallographic direction in

which the current is applied and on the grain morphology. During the last few years, many



research groups have experimentally studied the value of fsy at different crystallographic
orientations in epitaxial Pt in contact with Fe [35, 36], FeNi [37], CoFeB [38, 39], Co [40), [41]
or Py [42]. However, the reported values continue to exhibit contradictory results regarding
the isotropic or anisotropic nature of the effect in epitaxial Pt. Since different FM mate-
rials and techniques have been used in these studies, it is crucial to highlight not only the
properties of epitaxial Pt itself but also the properties of the FM material and the interface
between the FM and Pt. The influence of crystalline orientation on spin conversion at the
interface between the ferromagnetic material and Pt has been a subject of interest in prior
research. Several studies have explored the impact of interfacial structure on spin transport,
including the interface transparency due to spin memory loss or spin flip scattering at the
interface [43], the mismatch of the electronic bands [44], as well as studies focusing on the
role of the crystal structure [45].

In this work we aim to clarify the existing discrepancies in the literature on the spin con-
version anisotropy in Co/Pt(111) epitaxial bilayers using three different and complementary
techniques, namely spin pumping ferromagnetic resonance (SP-FMR), spin-torque ferromag-
netic resonance (ST-FMR) and thermo-spin measurements. Although the spin conversion
in platinum is one of the most extensively investigated systems in the field of spintronics
in recent years those techniques include the direct and inverse spin Hall effects, as well as
both incoherent and coherent excitation. Each experiment has been done measuring the
spin-conversion voltage along the same two orthogonal in-plane crystallographic directions
as a function of the Pt thickness. To ensure the reliability and reproducibility of our results,
we use the same samples for all three experiments, i.e., the lithography process for the three
techniques is done simultaneously in the same piece of sample. Notably, all these techniques
exhibit high sensitivity to interfacial effects [46148], enabling us to account for them and

obtain a comprehensive understanding of the spin conversion process.

II. METHODS

A. Growth

An epitaxial set of Pt-buffer samples were grown on commercial Al,O3(0001) single crys-

tals. AlyOs substrates were annealed in-situ at 670 K for 1 hour prior to the deposition



inside the sputtering chamber with a base pressure of 3-10~8 mbar. Once the substrate has
thermalized, epitaxial (111)-oriented Pt buffer with thicknesses ranging from 5 to 20 nm
were deposited by DC sputtering at 670 K, at Ar partial pressure of 8 x10™3 mbar with
a deposition rate of 0.8 A/s measured in-situ by a quartz microbalance [49]. To confirm
the epitaxial growth of the samples, the thickness and the crystallographic properties of
fabricated Pt-buffers were assessed by XRD measurements. Once the structural quality of
the Pt buffer was proven, a new set of samples with an additional 5 nm layer Co were grown
at room temperature by DC sputtering with a lower rate (0.25 A/s) to avoid damage of the
Pt surface. After this, we deposited a capping layer of Al by RF sputtering, to produce a
naturally oxidized AlO, layer with a nominal thickness of 3.5 nm once transferred in air.

The final stack composition was AlO,(3.5 nm)/Co(5 nm)/Pt(tp;)//Aly05(0001).

B. Structural characterization

Systematic structural characterization of Pt as well as Co/Pt stacks was performed us-
ing a commercial Rigaku SmartLab SE multipurpose x-ray diffractometer, equipped with a
non-monochromatic Cu Ko source (A=1.54 A). Low angle X-Ray Reflectivity (XRR) mea-
surements were performed with an angular step of 0.004°. Long range 0-26 diffraction scan
was performed with an angular resolution of 0.015° and high resolution scan was recorded
with a higher angular resolution of 0.001°. Additional structural measurements were per-
formed in final Co/Pt samples at the Spanish beamtime BM25-SpLine at The European
Synchrotron (ESRF) in Grenoble, France. Grazing incidence measurements (a=0.5°) were

performed using a beam energy of 25 keV (A=0.4954 A).

The in-plane symmetry of the spin-charge interconversion efficiency has been evaluated
along the two in-plane non-equivalent I' — K and I' — M directions of the Pt hexagonal
lattice, which corresponds to [1100] and [1120] of the AlyO3 substrate. Such are the two
main orthogonal crystallographic directions of Pt and any other direction in-plane would be
a combination of these two in the reciprocal space. We define those directions as f=0° for
Al,03[1100] and $=90° for Aly03[1120]. Those will define the spin direction in the injected
spin current. Thus in the spin pumping and the thermo-spin it corresponds to the applied

in-plane magnetic field H4. as the magnetization fix yields the spin direction.
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FIG. 1. Schematics of the ST-FMR, Thermo-spin and SP-FMR devices. Schematic
diagrams of a) ST-FMR for the direct SHE, b) Thermo-spin, and c¢) SP-FMR devices for the inverse
SHE in AlO,(3.5 nm)/Co(5 nm)Pt(tpt)// AlaO3(0001) stacks. Insets show the optical microscope
images of the devices for the two crystallographic directions in which the Hy, is applied. The green
arrows stand for the direction of the applied DC magnetic field. In the ST-FMR Hy, is applied at
45° with respect to the RF electric current, while in thermo-spin and spin pumping it is applied

perpendicularly to the measured voltage signal.



C. Device fabrication, electrical and thermal transport measurements

The devices for spin pumping, spin-torque ferromagnetic resonance (ST-FMR), and
thermo-spin measurements were prepared using conventional UV lithography. The devices
for the three different experiments were patterned simultaneously using the same samples
starting for the Pt/Co/AlO, thin films. The substrate was kept in the same crystallo-
graphic direction with respect to the mask for all the samples in every step. The full stack
was first patterned and subsequently ion milled, controlling the milled thickness by an ion
mass spectrometer using a 4-wave IBE14L01-FA system. After that, in a second step, an
insulating SiOs layer with a thickness of 200 nm was grown by RF sputtering using a Si
target and Ar™ and O?~ plasma in a Kenositec KS400HR PVD. In a third lithography step,
the contacts were patterned and evaporated using an evaporator PLASSYS MEB400S. The
dimensions of the active bar are 10 x 600 pm for the spin pumping devices and 10 x 60 pum
for the ST-FMR devices. Due to the small width of the bar, we do not expect significant
artifacts from rectification effects in the spin pumping and ST-FMR signals. [22] 50, 51]
The geometry of the devices, including the thickness of the insulating SiO,, the dimensions
of the coplanar waveguide, the heater in the thermal devices and the lateral dimensions of
the milled samples are the same in all the devices (of the same type) shown in this study
to reliably compare the spin pumping and ST-FMR voltages. The dimensions of the active

bar in the thermo-spin devices are 10 x 160 pm.

Throughout this manuscript, we will refer to the crystallographic directions in which the
external DC magnetic field is applied. In spin pumping and spin Seebeck, it is applied
perpendicular to the direction where the ISHE voltage. However, in spin-torque FMR, the
slab is at 45 degrees to the applied field as indicated in Fig. [I}

Spin-torque ferromagnetic resonance is a technique that uses the spin-orbit torque effect to
excite and detect the dynamics of the magnetization in a magnetic material. An RF current
is applied to the non-magnetic metallic layer (Pt), generating a spin-polarized current that
flows perpendicular to the plane of the magnetic layer. The resulting spin-transfer torque
can drive the magnetization of the magnetic layer into resonance, which can be detected
by measuring the voltage across the magnetic layer. In contrast, spin pumping FMR relies
rather on the precession of the magnetization induced by an alternating magnetic field in the

ferromagnetic material to generate a spin accumulation that is detected in the non-magnetic



layer.

We conducted experiments to measure ST- and SP-FMR using a probe station with an
in-plane DC magnetic field (H) up to 0.6 T generated by an electromagnet. The schematic
of the ST- and SP-FMR devices used in the experiments are shown in figures [lh) and [1f)
respectively. In the SP-FMR measurements, we inject a fixed RF frequency current (f)
of the order of GHz into the coplanar waveguide, producing an RF magnetic field (hgrr)
on the sample. For certain frequencies the magnetization of Co may precess in resonance
with the applied field, and by the spin-pumping effect, and thus generates a transverse spin
current that is injected from the Co into the non-magnetic layer (Pt). This spin current
is converted in the non-magnetic material into a charge accumulation by means of the
inverse SHE (ISHE). We then measure the voltage (Vsp) produced by modulating the RF
power injected into the coplanar waveguide and using a lock-in voltmeter that is matched
to this modulation while sweeping the external H. The power modulation is a sine function
with a depth of 100% and a modulation frequency of 433 Hz. The measured SP voltage
peak exhibits a characteristic Lorentzian curve symmetric around the resonance field (H )
when the system reaches the resonance condition, as shown in figure ) To determine the
effective magnetization (M) and the Gilbert damping («) of the ferromagnetic layer, the
center (H,es) and width (AH) of the Lorentzian peak in Vgp were analyzed as a function
of frequency using a conventional method of fitting the voltage to a sum of a symmetric
and an antisymmetric Lorentzian function [52H55]. The antisymmetric part of the signal
was negligible in the SP measurements, and only the symmetric part was considered in
the fit. The Kittel formula for an in-plane easy axis was then used to calculate M.g. The
damping was obtained by considering the linear dependence of AH with frequency, where the
Gilbert damping («) gives the slope and the intercept, AHy, is the frequency-independent
inhomogeneous contribution [56].

By comparing the damping in the system with a reference AlO, (3.5 nm)/Co(5 nm)//Al,03(0001)
sample (Co reference), we can compute the real part of the effective spin-mixing conductance,
gi{f , for Pt thickness greater than l,¢ following the standard spin pumping model[57]:

giff = % (aco/pt — aco) (1)
where M is the saturation magnetization, fc, the Co reference layer thickness, g the

Landé g-factor of the magnetic layer, and up the Bohr magnetron. g?ff can be obtained
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by subtracting the total damping of the Co/Pt bilayer (aco/p¢) from the damping of the
reference Co thin film (ac,=0.025(1)). In our sample, tp; varies between 5 and 20 nm, which
is significantly larger than the l;¢ in our Pt layer, around 2 nm, as we will see in section
MIC3

In the thermo-spin measurements we are sensing a combination of two different effects:
SSE and ANE [16], 58]. They both arise from the thermal gradient-induced spin current.
In SSE, a temperature gradient across a magnetic material generates a spin current that
can be detected by a non-magnetic material via the inverse spin Hall effect. In the ANE,
a temperature gradient across a conducting magnetic material with a spin-orbit coupling
generates a transverse charge current that can be detected by measuring the voltage across
the sample in the presence of a magnetic field. They both share the same measurement
geometry.

Thermo-spin measurements are carried out in these devices using an electromagnet to
apply an external in-plane magnetic field (H) as shown in figure ) A DC current is passed
through the outer contacts of the heater and after 5 minutes of stabilization, the resistances
of the sample and the heater are carefully monitored using I-V measurements to properly
quantify the thermo-spin voltage and heating power. The thermo-spin voltage is monitored
using a Keithley 2182a nano voltmeter.

Pt resistivity (pp¢) along the two in-plane directions was measured in Hall bar devices of
20 pm width and 80 um length patterned using photolithography and Ar~ion milling. This
is shown in the appendix [A]

III. EXPERIMENTAL RESULTS

A. Structural characterization

Layer thickness was evaluated using x-ray reflectivity measurements, proving good agree-
ment with nominal thickness and low roughness as shown in appendix [A] for single Pt layers
with different thickness.

GIXRD measurements using a synchrotron source provide deep knowledge about Pt in-
plane structural properties. Reciprocal space maps (figure [2p) covering a large area of the

reciprocal space confirms the presence of rotational domains with two main configurations.
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FIG. 2. Structural characterization by X-ray diffaction. a) Reciprocal space mapping
(RSM) crossing AloO3[306], Pt[131] and Co[131] reflections. The apparition of additional Pt[004]
and Pt[222] is related to the presence of different rotational domains. b) Integration of diffracted

intensity as a function of rocking angle for Pt [111] and Co[131] reflections. Reflections at 0 and 30

degrees (bold circles) show a 6-fold symmetry due to the presence of twin domains (open circles).

¢) Schematics of the full stacks indicating crystallographic orientations for =0° and 3=90° [1100]
and [1120], respectively. Besides, schematic view of Pt in plane preferential orientations on top of
the AlpO3 c-plane. d) Out of plane symmetric 6-20 scans showing the Pt(111) and Co(111)

reflections. Kiessig fringes appear around diffraction peaks due to low roughness interfaces.

Most favorable configuration corresponds with a 30 degrees in plane rotation, so the mis-
match between the Al,O3 and Pt lattices is reduced from 13.5% to an almost perfect coupling
with less than 0.2 %. Therefore diffracted intensity for Pt reflections related to this con-

figuration is significantly larger than those related to an axis-on-axis growth, for instance,



Pt[131] intensity compared to Pt[004] and Pt[222] in figure 2h). Rocking scans around Pt
reflections indicate the presence of a 6-fold symmetry instead of a 3-fold symmetry due to
the presence of equivalent twin domains rotated by 180°, which was previously observed in
similar systems [59]. Co grows incommensurate axis-on-axis on Pt, showing equivalent rota-
tional domains. Hexagonal close-pack (hcp) is the stable phase for Co at room temperature.
Nevertheless, since the resemblance between the packing density [60] and the energy [61]
of both hep and face-centered cubic (fcc) phases, the formation of fce Co crystals is highly
probable as a metastable phase. Co typically undergoes an initial fcc growth, especially
when deposited on an epitaxial fcc Pt buffer, followed by a relaxation into the more stable
hep phase, although both usually coexist[62]. However, the similarity between both struc-
tures impedes a categorical distinction by means of XRD measurements, at least considering
the particular reciprocal space regions proven in this work.

Figure [2k) shows a schematic view of the final stacks indicating the relation between
the Pt lattice and measurement directions, §=0° and $=90° in both main configurations.
Notably, due to the high degree of symmetry of the Pt lattice and the presence of rotational
domains, the §=0° direction in domains rotated by 30 degrees is equivalent to 5=90° in the
non-rotated domains. However, the relevant predominance of one over the other makes both
directions clearly non-equivalent. Again, observation of Kiessig fringes around Bragg peaks

in out of plane #-20 scans indicates smooth interfaces even after Co deposition (figure )

B. Magnetic characterization

The magnetic properties of the Al/Co/Pt samples have been measured by VSM and in-
plane MOKE (figure[3)) prior to the optical lithography processes. In the polar plots of Figure
) we can observe that there is small uniaxial magnetic anisotropy showing a deviation of
Mg /Mg of 13%, 10%, 18% and 5% for Pt thicknesses from 5 to 20 nm respectively. This
may be due to different domains formation, defects, or unexpected changes in the growth
conditions. Such anisotropy is much smaller than the difference between Mg and Mg and
the Kittel model for an uniaxial easy axis should still hold. Although we cannot elucidate
the origin of this small anisotropy and considering that we are extracting the spin conversion
parameters from measurements at magnetic fields much higher than this small anisotropy

in-plane, we do not expect a significant difference in the extraction of these parameters for
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FIG. 3. Magnetic characterization. a) Kerr magnetization component parallel to the applied
in-plane magnetic field (uoH) and normalized to the saturation value Mg acquired in longitudinal
geometry at room temperature for each Pt thickness measured along the two in-plane directions
B=0° and B = 90°. b) Evolution of the effective magnetization measured by ST-FMR and the sat-
uration magnetization measured by VSM. c¢) Angular evolution of the remanenence magnetization

for each Pt thickness (right panel). The weak in-plane magnetic anisotropy disappears as the Pt

thickness increases.

the different crystallographic directions, specially for the thicker samples.

Coercivity and remanence magnetization remain similar in all the cases, indicating that
the Co layer presents similar magnetic properties regardless of the Pt thickness. An example
is shown in figure [3a) for the sample with tp;=>5 nm.

Figure ), shows the evolution of M.g as a function of the Pt thickness. The set of
M o values found is relatively small, compared to the Mg measured for each thickness by
VSM. However, these values are similar to those extracted from SP-FMR measurements.
Such difference could arise from a non-negligible out-of-plane magnetization component as
expected for hep Co structure [63]. Note that from our x-ray analysis we can not distinguish
between the hep and fee structures of the Co layer.

The magnetic anisotropy with respect to Mqg in a uniaxial system is given by:
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2K,
poMs’

where K, represents the uniaxial anisotropy constant.

Meff = MS -

(2)

We obtain a uniaxial anisotropy (2K,/uoMs) of 70£10 mT for the sample with 15 nm
of Pt as an example. Values in the same range are found for the other samples showing a
non-monotonic evolution with thickness. We find that these changes in the anisotropy found
may be linked to the Co layer’s texture and quality, influenced by possible changes in the
Pt layer’s properties. We verified the consistency of the Landé g-factor and find its value
for all the samples within experimental error and the monotonic increase of the interface
roughness shown in appendix A indicates that the interface is likey not the origin of the
non-monotonic perpendicular component of the anisotropy. These findings suggest that the
variations in anisotropy likely result from the non-trivial coexistence of fcc and hep phases
with varying proportions in each sample, as no other factors can fully explain the observed
trend in figure ) We cannot distinguish these two phases either from x-ray measurements
as discussed before, nor from magnetization measurements, since the error in the estimation

of Mg is larger than its difference of around 10% [64]

C. Transport characterization

The samples were deposited on 10x10 mm? Al,O3(0001) substrate being large enough to
be patterned into four zones, each one dedicated to each transport measurement technique
(ST-FMR, SSE and SP-FMR) with their specific devices arranged in different crystallo-
graphic directions as we have detailed previously in section [[IC| We could anticipate similar
results across the techniques due to the Onsager reciprocity of the spin Hall effect.

However, although spin transport in both directions at an interface is expected to be
equivalent dynamic processes, a discrepancy is found in the literature regarding the quan-
tification of the efficiencies of interconversion or the spin-orbit torque in nominally identical
systems analyzed with different techniques. For example, spin pumping for spin-charge and
spin-torque for charge-spin yield different results, and even another widely used technique,
the second harmonic, provides different results than spin-torque FMR having both the same
physical origin. This variation in results could be attributed to the difficulty to quantify

properly the different parameters in each experiment. For example, the exact distribution
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of the radiofrequency current in ST-FMR or the distribution and amplitude of the radiofre-
quency field in SP-FMR. Moreover, most of the models used to extract the efficiency rely
on the macrospin aproximation for the magnetization dynamics. However, this detailed

discussion is beyond the scope of our present study.

1.  Spin-torque FMR measurements

The measured ST voltage (Vgr.pvr) is shown in figuredp) for the sample with tp;=20 and
it composed of a mixture of symmetric and antisymmetric Lorentzian functions ) around
the resonance field H,,. The symmetric Lorentzian amplitude is linked to the damping-
like (DL) torque, while the antisymmetric Lorentzian is linked to the torques created by
the Oersted field and the field-like (FL) torques, which are parallel [35, [65]. Generally,
the antisymmetric component dominates, as it is the case in our experiments. From the
estimation of the center and width of the resonance peaks we can estimate the effective
magnetization (Fig. [c)) and Gilbert damping constant (Fig. [d)). We have measured
Vsr.pmr for different frequencies from 3 to 20 GHz for all the samples and extracted the
M ¢ and damping determination for every thickness in both crystallographic directions.
We find typically similar values for both magnitudes regardless of the crystalline direction.
Experimentally, for each given thickness of the Pt layer, we obtain that gﬁff is always
within the ~10% experimental error for the different crystallographic directions. We thus,
cannot infer a dependence of the effective spin mixing conductance with the crystallographic
direction. Comparing the different Pt thicknesses, we find a value for giff of 1.24:0.6-10%°
m~2, where the deviation is probably related to small differences in the growth conditions.
This has been previously shown in literature[12), [66].

We can also estimate from this the amplitude of both components as a function of the
frequency, as depicted in figure ) At lower frequencies, the estimation of this components
is not as reliable due to the proximity of the H=0, where the thermal effects appear. This
is especially important in Co considering the large width of the peak compared to other
metallic FM like Py. That is the reason for the symmetric component to be positive at lower
frequencies and negative after 8 GHz. From the symmetric and antisymmetric components,
we can calculate the so-called effective spin hall angle g parr [54 65, 67]. It is important to

notice that this parameter is not the same as 0gy, since it includes some approximations for

13



AlOx(3.3)/Co(3) /Pt(20) //ALO,(0001)

a) 45 o
p=90°
30 f=1-15GHz |
3. P=12dBm
S~ qsf 1
=
=
Koo 1
E-;,]"I 4
=~ sh m‘
. H,. >0 (¢ = 45°)
0.0 01 02 03 04 05 06 o 02 (T 04
c) omHM d) HHD
B=rr — 91 400k B=1F 4= ]
20k M= 384 £ 1 erm/en? 8eo= 213 § AHy= {14+ 3 & Sco~ &
H=-10£20 a= (0055 0.004)
= 300 p-or .
= ) AH= 14+ .
=(0.053 + 0.005 e
S-D—- 10F 4 :‘SZUU o : : “Li:lauﬁi -0
—— Linear fit 7= 90°
~
Kitiel fit f=0° 100 ]
— Kittel fit f=90° g0
0 . . . ) . ! . .
0.0 0.1 0.2 0.3 0.4 0.5
e) gﬂ]{re.‘: (T) : ﬂ .
80+ 0= Vsymm F80 0.12¢ =
@ ‘ —0— VAnr:jsymm . sp=0
® = g 010f
= - :
- ti\\ = E 008l H,./ /AL, [1100] H, //AlLO, [1120
= 404 ® ta0 1 - o
g @, = G006 i
= E S s T
NG @, ®o N
g D0 . 0.04}
E '\‘r."lﬂ-;-_{-.&; @ §
0 HeprrrnoeemE®m O i
0.02+
10 20 0 5 10 15 20
/(GHz)

b, (nm)

FIG. 4. Spin-torque FMR characterization. a) Raw data of the ST-FMR scans for the
case of tpy =20 nm. Hg. is applied parallel to Al;O3[1120], which has been defined as $=90°. b)
Fit, symmetric and antisymmetric components of the Vg pymp of the same sample at 10 GHz. ¢)
Resonance frequency as a function of the resonance field and Kittel fits. Here we can identify the
two orthogonal directions studied. d) Determination of Gilbert magnetic damping constant « along
the two different crystallographic directions. The damping in both directions is similar within the
experimental error. In graphs ¢ and d symbols represent experimental measurements whereas solid
lines correspond to fits to the Kittel relation and with a linear fit respectively. e) Evolution of the
symmetric and antisymmetric components of Vgr.pMpr as a function of f. f) Determination of the
effective spin Hall angle from the ST-FMR measurement as a function of the Pt thickness for both

crystallographic directions at 15 GHz.
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its calculation [35] [68], [69] and has a mixed contribution from the field-like torque. Although
the power injected in the device is not the same for all frequencies, the effect of input power
should be compensated as £sr_ppr is calculated as the ratio between the symmetric and
antisymmetric components.

Figure 4f) shows the sr_par values extracted from the comparison of the symmetric

and antisymmetric parts of the ST-FMR, peak at 15 GHz as [30, 54}, 65]:

Vsym
Vanti

[
§ST—-FMR = ﬁNOMstCOtPt\/l +A4mMess/Hyes (3)

At first glance, we can observe that sr_ g presents lower values for the intermediate
thicknesses, being higher for 5 nm and 20 nm. On the other hand, the difference between
crystallographic directions is appreciable for 5 nm and 20 nm, within their error bars, while
for the intermediate thicknesses, hardly any differences have been found. This observation
is in accordance with a recent paper in Py /Pt with Pt in the [111] direction [42], where they
find an isotropic behaviour by ST-FMR using the same type of analysis. In addition, the
estimated values do not reflect a clear trend. Nonetheless, all of them are within the range
found in the literature [42] [70] [71].

This method may give rise to a wrong estimation of sy g for the case of a non-negligible
FL torque, which might arise due to the interfacial effects. Since the FL torque can also
produce an antisymmetric Lorentzian line shape signal similar to h,f, the value of {s7_pur
might be overestimated or underestimated from the method Vym/Vanu [64, 72, [73]. Re-
gardless of this, it can provide relevant information about the directionality of the effect

35, 69, 174].

2. Thermo-spin measurements.

While ST-FMR is a widely employed method for estimating spin conversion efficiency
exploiting the direct SHE, we aim to explore additional options to gain a more comprehensive
understanding studying also the inverse effect. Another commonly used method for this
purpose is thermo-spin measurements, which differ from ST- and SP-FMR as they originate
from incoherent thermal excitation. In our study, we conducted thermo-spin measurement
at different heater currents ranging from 10 mA to 100 mA in the two different chosen

crystallographic directions for all the Pt thickness.
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FIG. 5. Thermo-spin measurements. a) Thermo-spin voltage divided by the resistance

of the device in AlO(3.5 nm)/Co(5 nm)/Pt(5 nm)//Al,03(0001) (ANE+4SSE) and AlO.(3.5
nm)/Co(5 nm)//AlsO3(0001) (ANE only) at the same heater current of 100 mA. b) Raw data
of the Vipermo-spin for different heater powers at AlO,(3.5 nm)/Co(5 nm)/Pt(5 nm)//Al,O3(0001)
when Hg, is applied parallel to Al;O3[1100] (8=0°). c¢) Vang as a function of the heater power
at the reference sample AlO4;(3.5 nm)/Co(5 nm)//Al203(0001), where the Vgsg does not appears
due to the lack of HM layer. d) Vihermo-spin @s a function of the heater power. e) SSE coefficient

as a function of Pt thickness for the two crystallographic directions.

The thermo-spin voltage, Vihermo-spin, Presents an antisymmetric behavior with the mag-
netic field following the magnetic hysteresis loop of the Co layer as depicted in figures )
and b). Some of the samples could present a small offset in the voltage loop that is due to
a small misalignment between the heater and the generating spurious thermal gradients in
other directions and is generally smaller than Vipermo-spin- The antisymmetric component
corresponds to the sum of the voltage coming from the ISHE in Pt (i.e. the SSE) and the

ANE from the Co layer. In order to estimate the Vgsg, we need to subtract the contribution
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from ANE V{3 for each sample as [75], [76] given by:
ViNg = (r/1+7)Vaxe, (4)

where Vang is the ANE voltage of a single metallic FM layer, as commented above and
r = (pum/prm)(tea/tan), with pg M and ppM representing the Pt and Co resistivities
and tyys and tgys representing their thickness, respectively.

In figure , we show a comparison of Vihermo-spin divided the device resistance between
a reference 5 nm Co layer without Pt and the sample with tp;=5 nm. The SSE clearly
dominates over the ANE. In figure [5b), we show the evolution of V ithermo-spin @S a function
of the heater current for the same sample (tpy=5b nm).

Figure ) and d) shows the Vi and Vihermo-spin @8 & function of the heater power. In
both cases, we represent the voltage difference between the positive and negative saturation
fields, divided by two. To determine Vggg, we subtracted the contribution of V<" AN E for
each thickness of Pt using the previous equation. However, for a more accurate determination
of the spin Seebeck effect coefficient, it is preferable to consider the heat flux instead of the
thermal gradient [I5], [77]. Moreover, on-chip devices with lithographed heaters have also
been utilized in this type of experiment, enhancing reproducibility between samples [78, [79].

We can define the SSE coefficient as follows S&sp = Vssg/dqRp: [15], where Vggg is the
difference between Vhermo-spin and veomr ¢q is the heat flux through the FM considering that
there are no thermal losses due to radiation, and Rp; is the sample resistance by 4-probes.
The value of the SSE coefficient is represented in figure )

The Sgp coefficient can be qualitatively compared to gy obtained from SP-FMR and
st g derived from ST-FMR, providing valuable insights into the efficiency of spin-charge
interconversion. Changes in the Co phase composition between samples are known to have
a drastic effect in the anisotropic magnetoresistance[80] and, consequently, the ANE. This
could account for the changes in the S coefficient as a function of tp;, but information for
different crystallographic directions for each sample is still reliable under this consideration.
Thus, our observations reveal a predominantly isotropic behavior in the system. Typically,
thermo-spin measurements serve as a reliable technique to validate the generation of spin
currents in insulating thick ferrimagnets, where the interfacial contribution constitutes a
small fraction of the voltage [8I]. In the case of conducting ferromagnets like Co, there

can be a contribution from the magnetic proximity effect. This contribution should not be
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significantly different from sample to sample in our study, since magnetic proximity normally

does not depend on the thickness of Pt when above a few nm.

3. Spin pumping measurements

Among the three techniques, spin pumping allows for the most careful quantification of
the spin conversion. It arises from coherent excitation and is extremely sensitive to interfacial
effects, since the spin current injected in the NM comes directly from the precessing electrons
at the FM/NM interface [57]. From the SP voltage (Vsp.rmr) measured, we can extract
the charge current (I.) generated in the systems just dividing it by the resistance of the
FM/HM slab[12] [52]:

Ic = Vsppur/R = Wi 0sy J T tanh(tp/21L}), (5)

where R = Rgpees L/W, W = 10pm is the width of the device, lff is the spin diffusion length
and Ogg the effective spin Hall angle of Pt. J.g is the effective spin current injected at the

interface with the NM layer and is given by [12], 52]:

Jefi — egr V2R Yo Megr 4+ /(Yo Megy)? 4 4w? 6
s - 4 2 M 2 2 ) ( )
e (Yo Mess)? + 4w

where e is the electron charge, v the gyromagnetic ratio and w = f/2.

As shown in figure ), the Gilbert damping and thus the spin mixing conductance do not
depend on the crystallographic direction. As expected, this also holds for the spin pumping
measurements. In Figure |§|b), we present the relationship between the spin pumping charge
current, normalized by the injected spin current in Pt and the width of the device, and
the Pt thickness in Co/Pt epitaxial bilayers for the two crystallographic directions under
examination. By analyzing this behavior using equation [5, we extract valuable insights
into the symmetry of both 6sy and l;;. The extracted values for lffzoo = 2.0 £ 0.7 nm
and lf f: %" — 1.5+ 0.6 nm are consistent with experimental measurements reported in the
literature using SP-FMR, which range from 0.5 nm [82] to 10 nm [83]. Our findings show no
significant differences between the two orientations, as both values fall within the error range
and are comparable to each other, albeit slightly lower than other epitaxial Pt [33]. The
product plss typically remains below 0.61fQm? (0.4£0.1 fQm? for the 5-nm Pt sample),

the theoretical limit when the Elliott-Yafet mechanism dominates over Dyakonov-Perel [84].

18



Z

a) AlO_(3.5)/Co(h)/Pt(20)//A1,0,(0001)

06 f= I15 C—:HZI I H,I,(_",\lz()l:, :11§cz-l . S I I % I
04 F 4 =2F e 1
N 0s T g A
N =
§ 00F . =~ | |
Ry 02 ~
5 I o b
04| - % I Eff:(] =20+07um Fit p=0°
> I B=90" _ . O p=90°
06F P=15dBm 1 Soko by 7 =15£06mm T Eir pooe
1 1 1 I I 1 ~ ! | 1
06 -04 -02 00 02 04 06 0 5 10 15 20

(T ty (1)

FIG. 6. Spin-pumping FMR characterization. a) Spin pumping voltage for AlO, (3.5
nm)/Pt(20 nm)/Co(5 nm)// Al,O3(0001) at f=90° with f = 2-18 GHz at P = 15 dBm. b)
Estimation of the spin diffusion length from spin pumping charge current divided by the spin
current injected in the Pt and the width of the device as a function of the Pt thickness (tpt) for

15 GHz at the two orthogonal crystallographic directions.

Although most experimental work supports the dominance of the Elliott-Yafet mechanism
[12, 33], 82, [85], recent studies have suggested a significant Dyakonov-Perel contribution at
low Pt thicknesses [86]. Furthermore, the lower value of [5; implies a likely higher g since

the product [r0sy is generally considered to be around 0.2 nm for Pt [12, [33].

From this fit, where we have considered the individual values of J¢// and gﬁff for each
Pt thickness, we directly obtain 9?;00 = 0.07 £+ 0.02 and 9?;900 = 0.08 £ 0.02. These
values correlate fairly well with previous results in the literature for the spin hall angle of
Pt [35], 44, 86, 87] further supporting the isotropic nature of spin conversion in epitaxial
(111)-oriented Pt within our error estimates. We find thus a lsffgy of 0.14£0.06 nm, in
accordance with literature [12, 33]. From X-ray reflectivity measurements, we observe a
slight increase in the roughness of the Pt layer as the Pt thickness increases, as shown in
appendix A. Although this could potentially lead to changes in the transparency of the
interface and the surface magnetic anisotropy, it’s noteworthy that we do not observe a
significant alteration in the effective spin mixing conductance (g?ff ) or a monotonic change

of the effectiive magnetization for the samples with different Pt thicknesses, as we have
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discussed in section [[ITB] and [[TC| This suggests that while there may be variations in

interface roughness, they do not have a pronounced impact on the spin transport properties
of the Pt/Co interface.

The observations in this study are coherent with [88] in the same crystallographic di-
rections of Pt using the lineshape analisys in ST-FMR. They find similarly that the spin
conversion is isotropic in (001)-oriented Pt and only find some anisotropy in (220)-oriented
Pt (also in [39]). Similarly, in [35] they have also shown isotropic behaviour in epitaxial
and cubic Pt/Fe//MgO along in-plane directions for (001)-oriented Pt. Our work confirms
within experimental error that the conversion between spin current to charge current, direct
and inverse effects, in epitaxial (111)-oriented Pt is isotropic in the two in-plane directions

studied on epitaxial Co/Pt.

IV. CONCLUSIONS

There are clear discrepancies in the literature regarding spin conversion in epitaxial Pt.
We aim to clarify this observations in the case of the Co/Pt system, which is one of the
most studied in spintronics. To do so, we have prepared a set of epitaxial samples consisting
of AlO,(3.5 nm)/Co(5 nm)/Pt(tp;)//Al,O5(0001) stacks with different thickness of the Pt
buffer layer by DC sputtering. We confirm the epitaxial growth of the Pt buffer layers, their
thickness and crystallographic properties using X-ray diffraction measurements. We charac-
terized the Pt layers by resistivity measurements along the [1100] and [1120] crystallographic
directions of AlyO3(0001), finding similar results in both directions.

The results reported in literature for the spin conversion in epitaxial Pt interfaced with
different magnetic materials differ significantly. Thus, we have determined the spin Hall
efficiency using three complementary experimental techniques: spin pumping ferromagnetic
resonance, spin-torque ferromagnetic resonance, and thermo-spin measurements along two
orthogonal non-equivalent in-plane crystallographic directions as a function of Pt thickness.
These techniques cover the direct and inverse effects as well as coherent and incoherent
excitation in the ferromagnet and are sensitive to interfacial effect. They all yield compatible
results within experimental error, showing no significant anisotropy in the spin conversion
behavior. Our findings provide important insights into the spin conversion properties of

epitaxial Pt and contribute to a better understanding of spintronics in epitaxial systems.
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Appendix A: X-ray reflectivity and resitivity of the Pt thin films for 5 =0 and 90°

Figure [7] shows Pt layer characterization prior to Co deposition. Layer thickness was
evaluated using XRR, proving good agreement with nominal thickness and the deposition
rate determined by quartz balance (figure(7h). Fitting of the XRR patterns show an increase
of Pt surface roughness with increasing thickness going from 0.47 4 0.02 nm for thinnest
nominal thickness (5 nm) to 1.134+0.02 nm for the thickest nominal thickness (20 nm). Out
of plane 6-26 scans shown in figure [7p) prove epitaxial growth of the Pt film with Pt[111]
axis parallel to AloO3[0006] for all chosen thicknesses. The apparition of Kiessig fringes, not
only at low angle but also around Bragg peaks, indicate low surface and interface roughness.

One of the possible origins of asymmetry in spin conversion could arise from different
carrier scattering in the two different crystallographic directions a and g in Pt. To account
for this option, figure [7k) shows Pt resistivity values measured in both 5=0° and 3=90°,
corresponding to in plane orthogonal and non-equivalent crystallographic directions (figure
). Although small variations are observed between f=0° and $=90° directions, the resis-

tivities and the effective spin mixing conductance are within the error bars in all the cases,
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. (®) Indicates Pt(111) contribution from Cu K-f radiation. c) Resistivity of the epitaxial

Pt(ppt) for two different crystallographic directions as a function of the thickness of the Pt and

its bulk resistivity [89]. d) Schematic of the epitaxial Pt control samples.
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pointing to an isotropic behavior.
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