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Abstract

Topological materials are of high interest due to the promise to obtain low power and fast
memory devices based on efficient spin-orbit torque switching or spin-orbit magnetic state read-
out. In particular, sputtered polycrystalline Bi,Se;_, is one of the materials with more potential
for this purpose since it is relatively easy to fabricate and has been reported to have a very high spin
Hall angle. We study the spin-to-charge conversion in Bi,Se;_, using the spin pumping technique
coming from the ferromagnetic resonance in a contiguous permalloy thin film. We put a special
emphasis on the interfacial properties of the system. Our results show that the spin Hall angle of
Bi,Sej_, has the same sign as the one of Pt. The charge current arising from the spin-to-charge
conversion is, in contrast, lower than Pt by more than one order of magnitude. We ascribe this to
the interdiffusion of Bi,Se;_, and permalloy and the changes in chemical composition produced
by this effect, which is an intrinsic characteristic of the system and is not considered in many other

studies.



I. INTRODUCTION

Spintronics is a promising beyond-CMOS technology that exploits the spin degree of
freedom of the electron in the form of spin currentst Information stored in magnetic ma-
terials can be transferred and manipulated by mastering these spin currents, leading to the
realization of devices such as magnetic random-access memory (MRAM)# and to proposals
that would integrate magnetic memory and logic operations®*®. A very convenient way to
generate spin currents is by exploiting the spin-orbit coupling (SOC) present in a variety
of systems that leads to charge-to-spin current conversion, for example, the spin Hall effect
(SHE) in bulk materials® or the Edelstein effect (EE) in Rashba interfaces and topologically
protected surface states®44 Reciprocally, spin currents can be detected with the inverse ef-
fects that lead to spin-to-charge current conversion. Therefore, the search for systems with
more efficient spin-charge interconversion is crucial for different technologies, from the new
generation of MRAMs that exploits the SHE and/or EE to switch the magnetic element***14
to the spin-based logic that uses the inverse effects to read-out the magnetic element.” The
efficiency of the spin-to-charge conversion in the case of SHE and its inverse (ISHE) is known
as the spin Hall angle (fsy) and for the inverse Edelstein effect (IEE) is the inverse Edelstein
length (Agg). These efficiencies are defined as the ratio between the charge current and the

spin current, which are dimensionless in 3D but have units of length in 2D .®

In this regard, topological insulator materials such as BisSes have drawn much attention
due to their unique properties. In particular, the spin-momentum locking at the topologi-
cally protected surface states makes them desirable for spin-charge interconversion in spin-
tronics devices #1218 Even though these topological properties are supposed to be linked
to an epitaxial growth and structure, X some works report large spin-charge interconversion
in sputtered polycrystalline Bi,Se;_, (BiSe) "4 According to Mahendra DC et al*! the
granular structure possessed by the sputtered BiSe layers present quantum confinement and
thus a high efficiency, although quantum phenomena are challenging to be evidenced at

room temperature.?

BiSe would be a promising candidate to be placed in the magnetic state read-out node of
the MESO (Magneto Electric Spin-Orbit) logic device due to its high resistivity and large
spin-charge interconversion.?* The conversion efficiency of this material has been estimated

using different techniques, such as spin pumping,?*#? DC planar Hall,*!' spin-torque ferro-



magnetic resonance,*!' spin-orbit torque (SOT) current-induced magnetic switching®' and
second harmonic Hall measurements.*Y However, in all these approaches, BiSe needs to be
in contact with a ferromagnet (FM) and it is extremely challenging to obtain clean interfaces
in a BiSe/FM stack. When this FM is metallic, a large intermixing at the interface between
these materials is a frequent phenomenon*” Such intermixing at the interface affects the
material characterization because spin currents are pumped/injected through an additional
layer, leading to a poor estimation of the relevant spin transport parameters.*” This is the
case not only for sputtered films but also when growing BiSe by techniques such as molec-
ular beam epitaxy in ultra-high vacuum as observed in the growth of BiSe onto insulating
ferrimagnets such as yttrium iron garnet, where even though an atomically ordered BiSe
layer is obtained with a thickness of a few monolayers, an amorphous layer of about 1 nm
at the interface between them has been observed by several groups.?®2? This low-quality
interface in YIG/BiSe leads to a low conversion efficiency with a Ajgg of 0.1 nm, one or-
der of magnitude smaller than for other topological insulators (TTs) such as a-Sn*" Besides,
theoretical predictions suggest that if this T1I is in direct contact with a metallic ferromagnet
a hybridization is produced destroying the helical spin texture or spin-momentum locking =*

Here, we study the spin-to-charge current conversion by spin pumping ferromagnetic res-
onance (SP-FMR) in sputtered Bi,Se;_,/permalloy (Py) bilayers and its opposite stacking
order. Our results show that fsy of Bi,Se;_, has the same sign to that of Pt, in contrast
with a recent study by Mendes et al.,;*? and it is lower than in other reports by more than
one order of magnitude.***” Structural characterization of the samples by transmission elec-
tron microscopy (TEM) performed at the interfaces of the bilayers helps us to understand
why sputtered films show this low spin conversion and how the interface and the different
stoichiometries of the films could contribute to a drastic overestimation of the spin-charge

interconversion efficiency.

II. METHODS

A. Sample growth

All samples were grown on Si/SiO5(300 nm) substrates by sputtering deposition at room

temperature. Targets of BisSes (99.999% pure) and Py (FeqoNigg, 99.95% pure) were used
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in an ultrahigh vacuum seven-target AJA sputtering system with a base pressure of 3- 1078
Torr. BiySes was radiofrequency (RF) sputtered at a 35 W power and a 3 mTorr Ar pressure
to yield a deposition rate of 0.09 A /s. The Py layers were sputtered at 100 W DC power and
a 3 mTorr Ar pressure to yield a deposition rate of 0.08 A /s. The bilayers were capped with
5 nm of Al,O3 (200 W RF at 3 mTorr Ar pressure). The bilayers, including the capping,
were grown in situ. Sample stacks are always written in this document from left to right
corresponding from bottom to top; i.e. BiSe/Py corresponds to the BiSe being grown on

top of the substrate and Py on top of BiSe.

B. Device fabrication and SP-FMR measurements

The spin pumping devices were prepared using conventional UV lithography. 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 SiO, 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 (see the blue part in figure [1)) are 10 x 600 ym. Due to
the small width of the bar, we do not expect significant artifacts from rectification effects
in the spin pumping signal *"$334 The geometry of the devices, including the thickness of
the insulating SiO», the dimensions of the coplanar waveguide and the lateral dimensions of
the milled samples are similar in all the devices shown in this study to reliably compare the
SP voltage. Since the sample stack extends beyond the CPW, the driving RF field is not
homogeneous along the magnetic wire. However, this inohomegeity does not affect to the
shape of the measured spin pumping signal and the main findings of this manuscript, since
it is similar for all the devices.

The spin pumping measurements were performed using a probe station with in-plane DC
magnetic field (H) up to 0.6 T provided by an electromagnet. A sketch of the SP-FMR
device is shown in figure [I} In this system, an RF current with a fixed frequency (f) of the
order of GHz is injected into the coplanar waveguide generating an RF magnetic field on
the sample (hrp). At certain combinations of the DC field and the frequency of hgrp this

field drives the ferromagnetic resonance in the Py, and by the spin-pumping effect,*>= the



hrr

FIG. 1. Spin Pumping device. A DC field (H) is applied in-plane perpendicular to the sample
while an RF electric current is injected in the coplanar waveguide (yellow) producing an RF
magnetic field (hrp) that produces the precession of the magnetization (M) in the ferromagnetic
layer of the sample (Py). This creates a spin current in the out of plane direction of the sample
(js) that is injected in the material with SOC (BiSe) and converted into a voltage (Vep=V*1 -V ")
by ISHE or IEE. Inset: Optical image of a similar device that the ones used in this study. The

scalebar represents 400 pm.

precession of the magnetization produces a transverse spin current that is injected from the
Py into the non-magnetic layer (i.e. BiSe or Pt). This spin current is then converted in
the non-magnetic material into a charge accumulation by means of the inverse SHE (ISHE)
or the inverse EE (IEE). We can measure this voltage (Vgp) by modulating the RF power
injected in the coplanar waveguide and using a lock-in voltmeter that is matched to this
modulation while sweeping the external H. We use a power modulation with a sine function,
where the depth was 100% and the modulation frequency was 433 Hz. When the system
reaches the resonance condition, the measured voltage exhibits a characteristic Lorentzian
curve symmetric around the resonance field (H,e) (see figure [2). The voltage signal from
SP-FMR always shows in the real part of the lock-in. We always monitor both the real
and imaginary parts of the voltage and never change the phase of the measurement. Any

transport effects are fast enough to appear without delay in the measurement, while any



other thermal effects that might be slower would show in the imaginary part.

To obtain the effective magnetization (M.¢) and the Gilbert damping («) of the ferro-
magnetic layer, we analyze the position of the SP-FMR resonance by observing the peak
in Vgp. We analyze the center (H,s) and width (AH) of this peak as a function of fre-
quency using the conventional method of fitting the voltage to a sum of a symmetric and

an antisymmetric Lorentzian functions:

AH?
Vep = Vorpset + VSW”AH2 +(H-H )2+
res 1
AH(H — Hyes) Y

Van 1SYm
USMAH? 4+ (H — Hye)?

The antisymmetric part of the signal is negligible in our measurements and we consider
only the symmetric part in the fit. Then, we consider the Kittel formula for an in-plane

easy axis.

fy
f - %\/(Hres + Huni)(Hres + Huni + MEff)? (2)
where v is the gyromagnetic ratio and H ,; is a small in-plane uniaxial magnetic anisotropy.

The damping is obtained considering the linear dependence of AH with the frequency as

AH = AHy + o2 (3)
Y

Here, AHj is the frequency-independent inhomogeneous contribution. Comparing « in
our system with a reference Py thin film, we can estimate the spin transparency of the
interface between Py and the spin conversion layer. This is given by the real part of the

effective spin-mixing conductance, g;;:

47TMstp
g1l = — (aPy/BiSe - OéPy) ) (4)
guB

where M is the saturation magnetization, tpy is the thickness of the Py layer, g is the Landé
factor, and pp is the Bohr magneton. apy/gise and apy correspond to the damping of the

Py/BiSe bilayer and the reference Py thin film (ap,=0.0073(2)).

C. Structural characterization by TEM

Cross-sectional samples for the transmission electron microscopy energy-dispersive X-ray

spectroscopy ((S)TEM-EDX) analysis were prepared by a standard focused ion beam (FIB)
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lamellae preparation method: the surface of the deposited samples was protected first by
e-beam followed by i-beam Pt deposition, the lamellae was cut and lifted out onto a Mo
3-post half-grids. Mo grids were selected to avoid an overlap of Ni Kz line (Ni is one of
the elements of interest) with Cu K, line, which is a typical artifact in EDX spectra, if a
sample is held on a Cu grid. The cross-sections were studied on a Titan 60-300 TEM (FEI,
Netherlands) at 300 kV in STEM mode. EDX spectral images were acquired using EDAX
RTEM spectrometer. Element distribution maps were obtained by multiple linear least-

squares (MLLS) deconvolution of spectral images utilizing simulated spectral components.

III. RESULTS

We performed SP-FMR measurements in the BiSe/Py and Py/BiSe samples and in a
reference Py/Pt sample, shown in figure . In these measurements, thermal and other
artifacts can be relevant and need to be accounted for4” In figure [2| a) we observe a voltage
change of 2A Vperm at H = 0, which corresponds to the contribution from the anomalous
Nernst effect (ANE) and the spin Seebeck effect (SSE) from the bilayer. In the case of
Py/Pt, this jump is slightly smaller than the SP peak, while in the BiSe stack, it is much
smaller. Considering that the precession angle in Py is typically a few degrees*!, we can
safely assume that the thermovoltages are not significant in resonance conditions from this
assumption. Asymmetries in the placement of the CPW structure with respect to the bar
in which the sample stack is patterned could give rise to other thermal contributions to
the voltage. However, since we observe a clear Lorentzian line shape in the SP voltage
and a clear sign change with the same amplitude with for negative and positive applied
magnetic fields, only Nernst, ANE or SSE induced thermovoltages caused by a change
in the temperature gradient profile due to absorption of the RF power by the Py could
arise.® Any changes in the temperature profile due to thermal transport by spinwaves can
be neglected due to the thin Py layer#” Figure [2/ b) shows the SP-FMR voltage divided by
the sample two-probe resistance, i.e. the current coming from the spin-to-charge conversion
in BiSe. The sign of the voltage is in agreement with a previous study,*? but the opposite to
others %22 These discrepancies in reproducibility can have an interfacial origin and thus a
careful structural analysis of the samples is needed. The magnitude of Vgp g is smaller than

that of a reference Py/Pt layer as shown in figure [2 In contrast, previous results reported
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FIG. 2. Spin pumping voltages in Py/BiSe, BiSe/Py and Py/Pt. a) Spin pumping voltage
as a function of the applied field for the Py/BiSe, BiSe/Py and a reference Py/Pt stacks at 12
GHz and a power of 12 dBm. In addition to the spin pumping voltage (Vgp) at the ferromagnetic
resonance condition, we can also see a jump around H = 0 T due to thermovoltage ( V¢herm). This
thermal voltage is much smaller in the case of the BiSe layers compared to the Py/Pt sample. b)
Comparison of the spin pumping voltages of the three bilayers normalized by the sample resistance.
The sign of the spin Hall angle in the Py/BiSe system is the same as the one in Py/Pt. c¢) Detail

of the Py/BiSe and BiSe/Py spin pumping voltages

a very highly efficient spin-to-charge conversion, with a fgy about 200 times larger than the
one of Pt Figure [2 ¢) shows that the sign of the SP-FMR current changes when the stack
is inverted, as expected in SP-FMR measurements. Remarkably, the height and width of the
peak is significantly different for both stacks, which cannot be explained if we consider the
interface and sample quality similar for both samples. More specifically, the charge current
produced under the same conditions, i.e. 12 dBm (15.85 mW) and 12 GHz, is -1.153+0.002
nA for the Py/Pt stack, while only 0.040+0.001 and -0.0624+0.001nA for the Py/BiSe and
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BiSe/Py, respectively, as shown in table |

Sample M o Hu (G)|AHy o 1 Vsp/R (nA)
(emu/cm?) (G) (m~2-10")

Py(5nm) /BiSe(4nm) |316(3) -60(10) [12(3)  |0.0453(1) |3.88(1) 0.040(1)

BiSe(4nm) /Py (5nm) [514(1) -13(2) |6(1) 0.0220(3) |2.44(1) -0.062(1)

Py(5nm)/Pt(5nm)  |701(2) -8(2)  [3.8(0.1) |0.0269(2) |4.43(1) 2.228(3)

Py(6nm)/Au 628(1) -8(1)  [5.6(0.4) |0.0073(2) |- -

TABLE 1. Effective magnetization, uniaxial in-plane magnetic anisotropy, frequency-independent
inhomogeneous contribution (AHy), damping, effective spin-mixing conductance and charge cur-
rent generated by spin-to-charge conversion (at 12 GHz) for Py/BiSe, BiSe/Py, Py/Pt and a
Py/Au reference sample. For the estimation of g, , we are considering that all damping enhance-

ment comes from the spin pumping effect, which is not accurate, as discussed in the main text.

In figure [3] we show the frequency dependence of the SP-FMR voltage for a fixed RF
power of 12 dBm to obtain the values of M.z, @ and g, (given in table [l) using the fits to
Eq. 2-4. We have measured independently g of Py for the same range of thickness, yielding
a value of 2.10, similarly to the other stacks in this study. We can observe that both the
magnetic properties of the sample (Mg, &) and the interfacial spin transport ones (g,,) are
significantly different between the two BiSe stacks. We can also observe that Mg is lower
in both BiSe stacks than in the Pt stack, which presents a value closer to the one of bulk
Py#2 The obtained values of H,,; are small in all cases, suggesting that the Py layers do not
have a significant anisotropy in the film plane. Even though this is true, we observe a larger
value for the case of the Py/BiSe sample (-60+10 G) compared to the BiSe/Py (-13£2 G).

It has been widely acknowledged that the interface plays a crucial role in the injection
of spin currents between different materials. 2324347 In order to further explore the origin
of these differences, we study the structural properties of our samples by comparing how
the interface changes with the stacking order in a cross-section of the sample observed by
TEM. We show the two opposite stacking orders Py/BiSe and BiSe/Py in figures 4p) and
b), respectively. In both cases, a uniform and continuous material deposition is observed.
Additionally, the chemical distribution has been characterized by EDX. Figures {4 ¢) and
d) show the different elemental maps obtained by EDX. Figures {4e) and f) display the
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FIG. 3. Evolution of the spin pumping measurements as a function of frequency.
a) evolution of the spin pumping voltage with the frequency of the RF excitation as well as the
extracted b) resonance field and c) line width for the Py/BiSe and the d), e), f) BiSe/Py samples

respectively.

normalized elemental profiles for each stack. A strong diffusion of Ni through the BiSe layer
is observed in both cases, in agreement with previous studies® A clear shift of the Ni (red
line) curve is observed in the elemental profiles, being larger when BiSe is at the bottom
of Py (fig. {4/ f)), with Ni penetrating through all the BiSe layer and accumulating at the
bottom. As a consequence, Fe is shifted in both stacking orders (green line) creating a
Fe-rich interface with the BiSe. The interface between BiSe and Py is completely modified
in both stacking orders, and this also alters the spin injection efficiency for spin transport
measurements. By comparing our spin pumping and EDX-STEM results, we can observe
that the bilayer with the highest interdiffusion, BiSe/Py, also has the highest charge current
produced since we have a more complex structure with a large intermixing of chemical
elements at the interface. Quantification of the spin-charge interconversion efficiency by

assuming a single bilayer would be meaningless.

The migration of Ni in the Py/BiSe sample can also explain the origin of the reduced

effective magnetization as well as the change in . The Gilbert damping increases 2-fold
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FIG. 4. Interfacial structure and chemical characterization of thin film bilayers. a)
Py(5nm)/BiSe(4nm) and b) BiSe(4nm)/Py(5nm) by TEM. Elemental EDX maps of c¢) Py/BiSe
and d) BiSe/Py with the essential elements: Bi (blue), Se (dark Cyan), Fe (green) and Ni (red),
with the SiOy substrate at the bottom and the capping layer at the top. Elemental normalized
profiles of e) Py/BiSe and f) BiSe/Py, starting from the substrate (left) to the top (right). The

green (a)) and orange (b)) arrows indicate the direction of the scan.

for the Py/BiSe and 5-fold in the BiSe/Py samples in comparison to Py/Pt. This could be
due to a combination of the interdiffused interface and the different SOC in the BiSe. The
different compositions of the Py close to the interface could also have a relevant impact on
the spin pumping voltage since it is very sensitive to the transparency of the interface. The
migration of the elements in both samples could lead to a gradient of magnetic composition,
since the moment per atom of Ni (bulk saturation magnetization M =485 emu/cm?®) and
Fe (bulk M =1707 emu/cm?)*® are very different. In fact, while a doubles for the Py/BiSe
sample compared to the BiSe/Py one, AH| is also two times larger, indicating that the origin
of this increase is not due to an interfacial effect but is related to a change of properties of

the magnetic layer. Mg is usually different to My and changes in the sample anisotropy
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typically lead to a reduction in Mg, but not in M. In the thin film limit and when the
magnetic anisotropy is negligible, M.z and M, are similar. In this sense, a gradient of
composition in Ni and Fe could also be the origin of an out of plane anisotropy that causes
a reduction in Mg similar to what we observe in both stacks. In contrast, regarding the
change in composition, one could expect that a reduction of the Ni percentage in the Py
layer would produce an increase in M. Regarding the reduced charge current generated
by spin pumping, is relevant to consider the role of the Ni migration and how this could
induce spin currents coming from the Ni and Fe inside the BiSe and even an opposing voltage
coming from the migrated Ni layer in the case of the BiSe/Py stack. These deviations from
the conditions considered for the determination of the parameters shown in table [I| directly
affect the reliability of the obtained values. For example, the model to obtain gy implies
that both materials at the interface have the same composition as the magnetic layer and we
observe a mixed interface. Additionally, the extraction of Mg from equation [2] implies that
the magnetic layer is homogeneous or the voltage measured comes from the spin conversion
in BiSe, while in reality, we do not have a homogenous magnetic layer or a pure BiSe film.
Furthermore, given that the magnetic properties of the magnetic layer are different for the
different stacks, the spin current generated can also vary significantly even though the hgrp

is similar.

IV. CONCLUSIONS

In summary, we show that the charge current generated by spin pumping in sputtered
Bi,Se;_, has the same sign to the one of Pt and is significantly lower than in a Py /Pt refer-
ence sample. By measuring the frequency dependence of the spin pumping voltage, we com-
pare the different magnetic and interfacial properties of a Py/Bi,Se;_, and a Bi,Se;_,/Py
bilayers and observe that the effective magnetization and Gilbert damping are very different
for both stacks, including a small unidirectional anisotropy in the Py in both cases.

We then study the structural and composition of both systems by transmission electron
microscopy energy-dispersive X-ray spectroscopy, finding a strong interdiffusion characteris-
tic of Bi,Se;_, thin films. The chemical composition of the magnetic layers and the interfaces
are not homogeneous and, therefore, the models used to characterize the properties of the

system are not valid anymore. These inhomogeneities in the interfaces and the films enhance
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the Gilbert damping constant and reduce the effective magnetization, which would lead to
an incorrect estimation of the spin conversion parameters. Additionally, the compositional
gradient in the Py layer might induce anisotropies that reduce the effective magnetization
in both stacks.

Our work highlights the importance to study the interfacial and compositional properties
of Bi,Se;_, systems for spin conversion since they tend to produce systems with very high
interdiffusion and thus the performance is highly dependent on the quality of the layers and

interfaces as well as their stoichiometric composition.
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Appendix A: Magnetometry

Here we add magnetometry data in a new set of samples grown under the same conditions
and measured by vibrating sample magnetometry (VSM).

Figure shows the in-plane hysteresis loops obtained by VSM for the new set of
samples. We observe the same trend for the saturation magnetization (M) as in the mea-
surements of the effective magnetization (M) reported in the main text, but the absolute
values differ, especially for the Py/BiSe sample, whose M here is around 500 emu/cm?
compared to the 316 obtained for Mg in the spin pumping measurements. This could be
explained considering that, since there is a significant interdiffusion, and even Ni accumu-
lated at the other side of the interface, the volume we need to calculate Mg is not well
defined. In that sense, we have included in figure the magnetization considering a Py
layer of 5 nm (right axis), but also the magnetic moment normalized by the surface of the
sample (left axis). This could be explained by changes in the growth conditions and/or

deviations in the estimation of My due to the much lower precision of the VSM technique.
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FIG. A.1. Magnetometry measurements of the Py/BiSe, BiSe/Py and Py /Pt bilayers
for a different set of samples grown under the same conditions as the ones in the main part of the
manuscript. The hysteresis loops were measured at room temperature with a vibrating sample
magnetometer (VSM). The magnetization by unit volume in emu/cm? is calculated considering a
Py thickness of 5 nm, while the moment per unit area is calculated normalizing by the surface of

the sample measured in VSM.
Appendix B: Details on the lock-in measurements

In our SP-FMR experiments, we modulated the amplitude of the RF signal rather than
the magnetic field, and we always recorded both the real and imaginary parts of the measured
voltage simultaneously. We always fix the phase to that no extra phase was added by
the modulation signal. Transport effects are fast enough to appear without delay in the
measurement while thermal effects that might be slower would appear in the imaginary part
of the signal. To further assure this, we always recorded both the real and imaginary parts
of the voltage.

As an example, in Figure we show the real and imaginary parts of the Lock-in voltage
detected in SP-FMR experiments for both Py/BiSe and Py/Pt samples. The voltage signal

always appears in the real part of the lock-in measurement. Repeated measurements with
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nominally the same layer structure on multiple devices lead to deviations in the spin pumping

voltage below 5%.
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FIG. B.1. Real and imaginary parts of the lock-in voltage detected in SP-FMR
experiments for both Py/BiSe and Py/Pt at 12GHz and 12 dBm
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