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The efficient generation of spin currents and spin torques via spin-orbit coupling is an important goal of
spintronics research. One crucial metric for spin current generation is the spin Hall angle, which is the ratio of
the spin Hall current to the transversely flowing charge current. A typical approach to measure the spin Hall
angle in nonmagnetic materials is to generate spin currents via spin pumping in an adjacent ferromagnetic layer
and measure the transverse voltage from the inverse spin Hall effect in the nonmagnetic layer. However, given
that the spin Hall effect also occurs in ferromagnets, single ferromagnetic layers could generate a self-induced
transverse voltage during spin pumping as well. Here we show that manganite-based Lag 67510 33:MnO3; (LSMO)
films deposited by pulsed laser deposition exhibit a significant self-induced inverse spin Hall voltage while
undergoing spin pumping. A spin pumping voltage of 1.86 uV is observed in the LSMO (12 nm) film. Using
density functional theory and the Kubo formalism, we calculate the intrinsic spin current conductivities of these

films and show that they are in reasonable agreement with the experimental measurements.

DOI: 10.1103/PhysRevB.109.014437

I. INTRODUCTION

Many spintronic applications depend on all-electrical con-
trol of magnetization dynamics. Such control can be achieved
by electrically generating a spin current in a nonmagnetic
layer that flows into a neighboring ferromagnetic layer and ex-
erts a spin-orbit torque (SOT) [1-5]. The spin-transfer torque,
or transfer of spin angular momentum to the ferromagnetic
layer’s magnetization, can result in magnetization switching
in magnetic memories and self-sustained oscillations in spin
torque oscillators. Thus an important step in achieving energy-
efficient magnetization control is to optimize the efficiency of
spin current generation.

It is well known that for nonmagnetic materials with ap-
preciable spin-orbit coupling (for instance, heavy metals such
as Pt or Ta), an applied electric field generates a spin current
where the electric field, spin flow, and spin polarization are
mutually orthogonal. This phenomenon, known as the spin
Hall effect [6], is typically used as a spin current source in
spintronic devices. Likewise, if a spin current with orthogonal
spin flow and spin polarization flows into a heavy metal, a
potential difference forms that is oriented perpendicularly to
the spin flow and spin polarization. This process is known as
the inverse spin Hall effect (ISHE). One prominent method
to measure the strength of the inverse spin Hall effect in a
nonmagnetic material is to generate a spin current via spin
pumping [7-10] in a neighboring ferromagnetic material and
measure the resulting inverse spin Hall voltage.
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Both experimental [11-15] and theoretical [16-20] studies
have shown strong evidence that single ferromagnetic layers
also generate transversely flowing spin currents under an ap-
plied electric field. However, due to the lower symmetry of
ferromagnets compared with nonmagnets, the electric field,
spin flow, and spin polarization need not be mutually orthog-
onal. Spin current generation in single ferromagnet layers
can be attributed to the spin Hall effect [15,21,22], the spin
anomalous Hall effect [21,23,24], the spin planar Hall effect
[16,23,25,26], and the magnetic spin Hall effect [18,20,27]. It
is possible that some of the pumped spin current can flow into
the ferromagnetic layer and be converted via the ISHE into a
transverse voltage. To confirm this would require measuring
an appreciable inverse spin Hall voltage while performing
spin pumping in a single ferromagnet layer.

A recent report by Miao et al. shows that the injection of
a pure spin current from yttrium iron garnet (YIG) to NiFe
[permalloy (Py)] resulted in an ISHE in Py [11]. This re-
port suggests the presence of appreciable spin-orbit coupling
in the Py film, which is endorsed by the observation of an
anisotropic magnetoresistance. Furthermore, Tsukahara et al.
[12] have measured a self-induced ISHE in a single-layer
Py film, i.e., without any adjacent high-spin-orbit-coupling
material. These results indicate that the spin current generated
within Py could be converted via the ISHE into a tranversely
oriented voltage. In addition, there are other studies of the
intrinsic ISHE in Co and Fe films [14].

On a similar note, manganites such as Lag ¢751.33MnO;
(LSMO), which belongs to the family of complex oxides
having ABOj structure, have attracted attention in recent years
due to their multifunctionality and tunable properties [28].
The properties of complex oxides can be tuned by changing
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their compositions, thickness, strain, etc. [29,30]. Complex
oxides can be grown epitaxially, which maximizes the electri-
cal and structural performance. Recently, LSMO has gained
much attention in spin-to-charge conversion studies due to its
low damping, high Curie temperature (7 ~ 350 K), and high
spin polarization [31,32]. LSMO is an oxide-based ferromag-
net that has been explored only as a spin current source in
spin pumping studies [31,33-36]. In particular, in LSMO/Pt
bilayers, antidamping-like spin torques have been observed
[33], where the spin torques were primarily attributed to the
spin Hall effect in Pt. However, to date, a self-induced inverse
spin Hall effect has not been reported in manganites such as
LSMO.

In this paper, we report a self-induced ISHE in epitaxial
LSMO films under ferromagnetic resonance. Furthermore, we
extract the intrinsic spin Hall conductivities of our LSMO
films and compare them with first-principles calculations of
the bulk spin Hall conductivity. The spin Hall conductivities
extracted from both the experimental results and theoretical
calculations are on the order of 10 ' cm™! and thus show
reasonable agreement.

II. EXPERIMENTAL DETAILS

SrTiO; (100) [STO (100)]/LSMO (¢t nm) samples were
deposited via the pulsed laser deposition technique using a
laser of wavelength 248 nm and a vacuum chamber with
base pressure 3 x 10~/ mbar. The samples are called sam-
ples SL1, SL2, and SL3 with thicknesses ¢ of 12, 35, and
55 nm, respectively. For the growth of LSMO films, the
substrate temperature was kept at 740 °C during the depo-
sition. Laser fluence and frequency were kept at 1.4 J/cm?
and 2 Hz, respectively. The oxygen partial pressure dur-
ing the growth was maintained at 0.47 mbar. Postdeposition
annealing of the sample was performed at the same tem-
perature (740 °C) for 30 min at 250 mbar oxygen pressure.
X-ray reflectivity (XRR) and x-ray diffraction (XRD) were
performed with a diffractometer (Rigaku SmartLab) with
wavelength A = 0.154 nm. Cross-sectional high-resolution
transmission electron microscopy (HR-TEM) was performed
to check the epitaxy of deposited films by TEM (JEOL F-200).
The dc magnetometry was performed using a magnetometer
manufactured by Quantum Design (MPMS3) based on a su-
perconducting quantum interference device (SQUID).

Coplanar-wave-guide-based (CPW-based) ferromagnetic
resonance (FMR) spectroscopy (FMR spectrometer manufac-
tured by NanOsc, Kista, Sweden) was carried out to study
magnetization dynamics. The sample was kept on top of the
CPW in a flip-chip manner [33,37]. To prevent shunting, a
25-pum polymer tape was placed between the sample and the
CPW. A dc magnetic field H was applied perpendicular to
the radio frequency field A;. ISHE measurement was per-
formed at 7 GHz frequency and 25 mW microwave power.
The voltage obtained due to ISHE was measured using a
nanovoltmeter (Keithley 2182A).

III. RESULTS AND DISCUSSION

A schematic of the samples studied in this paper and the
ISHE measurement are shown in Fig. 1(a). The XRD data
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FIG. 1. (a) Schematic of sample geometry and ISHE measure-
ment. (b) XRD pattern for sample SL2, in which LSMO film
diffraction peaks are observed corresponding to STO (100) planes.
A zoomed-in view of the (200) peak is shown in the inset. (c) HR-
TEM image for sample SL2. The insets are the zoomed-in parts of
LSMO films and STO substrate for measuring the lattice constants
of LSMO and STO, respectively. (d) Thermoremanent magnetization
(TRM) data in which the ferromagnetic-to-paramagnetic transition is
observed at 320 K. Here, norm., normalized.

shown in Fig. 1(b) convey that the LSMO films were grown
in (100) orientations, which is also the orientation of the
STO substrate. This confirms that the LSMO films are highly
epitaxial in nature. Film thickness was estimated using x-ray
reflectivity (data not shown). Figure 1(c) depicts a cross-
sectional HR-TEM image of sample SL2, which indicates
the clear and sharp interfaces of STO/LSMO. The zoomed-in
image confirms the epitaxial nature of LSMO.

Figure 1(d) shows the magnetization M vs temperature T
plot for the LSMO (35 nm) sample. For this measurement,
the sample was cooled from 400 to 5 K in the presence of
a 100 Oe magnetic field. After cooling to 5 K, the magnetic
field was switched off, and magnetization data were recorded
with temperature. These protocols are called thermoremanent
magnetization (TRM). From the figure, it can be clearly seen
that the Curie temperature T¢ of the deposited film is 320 K,
which confirms the ferromagnetic phase of the sample at room
temperature (300 K).

To study the magnetization dynamics, we have performed
FMR spectroscopy from 3.5 to 10 GHz. The FMR spectra for
all the samples are shown in Fig. 2. To calculate the Gilbert
damping constant «, each FMR spectrum was fitted with
the derivative of the standard Lorentzian equation. From the
fitting of the FMR data, the resonance field H.s and linewidth
AH have been extracted. The f vs H, plots are shown in
Fig. 3(a) for all the samples. The data are fitted using the Kittel
equation

f = %\/(Hres + Hyg )(Hyes + 4w Megs + Hi), ey

where y (=5%), & up, Hg, and Mg are the gyromagnetic
ratio, Landé g factor, Bohr magneton, in-plane anisotropic
fields, and effective demagnetization, respectively.
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FIG. 2. FMR signal (solid circles) for different frequencies for
samples SL1, SL2, and SL3. Solid curves are the fits using the
Lorentzian equation.

Furthermore, the f vs AH data shown in Fig. 3(b) are fitted
using the following linear equation:

draf
AH = AHy + , (2)
Y

where AHj is the inhomogeneous linewidth. The values of the
Gilbert damping constant « for samples SL1, SL2, and SL3
are evaluated to be 0.0086 + 0.0002, 0.0077 £+ 0.0008, and
0.0097 4 0.0009, respectively. The values of o match well
with the previously reported values [38].

Furthermore, Gupta et al. have shown the presence of
a significant anisotropic magnetoresistance in the LSMO/Pt
system, which may arise due to the spin-orbit coupling of the
LSMO film (though the adjacent Pt film could contribute via
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FIG. 3. Frequency f vs resonance field H., plot and
(b) linewidth AH vs f plot for STO/LSMO samples extracted from
Fig. 2. Solid curves are the best fits for Eqs. (1) and (2).
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FIG. 4. Measured dc voltage Vieas Vs field H measured at f =
7 GHz for sample SL1. The Vi, and V,en components from Ve
have been separated using Eq. (4).

the proximity effect) [33]. The presence of spin-orbit coupling
suggests there could be appreciable spin-to-charge conversion
in the LSMO films. As LSMO shows metallic ferromagnetic
behavior at room temperature, there is a possibility of an
intrinsic ISHE in LSMO films similar to that found in the
transition metal ferromagnets. The intrinsic ISHE causes a
voltage across the sample transversely oriented to the spin
flow, which is measured via making contacts with Cu wires
from the sample to a nanovoltmeter. Figure 4 shows the mea-
sured voltage Viye,s data at 0° and 180°. Ve, Was fitted with
Eq. (4) to separate out the symmetric (Vsyy,) and asymmetric
(Vasym) contributions to the voltage [39]:

(AH)
Vineas = Vsym > >
(H — Hyes)” + (AH)
+ % (2AH)(H - Hres)
vm (H - Hres)2 + (AH)Z .

3

From Fig. 4, it can be clearly seen that the Vi, component
is more dominating than the V,gym component. Also, it can be
noticed that Vi, changed its polarity when the sample was
rotated 180°. This is a characteristic property that confirms
the ISHE in LSMO films.

It is well known that Vi, mainly arises due to spin
pumping, while the spin rectification effects integrated in
anisotropic magnetoresistance (AMR), the anomalous Hall
effect (AHE), etc., contribute to Vigym [39]. To calculate the
spin pumping voltage from the measured voltage, a complete
angle-dependent ISHE has been performed from 0° to 360°
with a step of 5°. Each measured voltage data point is fitted
to get Viym and Vigym values using Eq. (4). Furthermore, Voym
and Vg are plotted with their corresponding angles as shown
in Figs. 5(a) and 5(b). The Vi, data are fitted using the
equation [40]

Vigm = Vip €08 (@ + ¢o) + Vane cos(¢ + ¢o) cos

+ VAMRL cos (2(¢ + o)) cos(¢ + o)
+ VamRlsin (2(¢ + ¢0)) cos( + ¢o)., )
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FIG. 5. (a) The ¢-dependent Vi, and (b) Vgym for LSMO films.
Red and black solid curves are the best fits for Vi, and Ve, using
Egs. (4) and (5), respectively.

while the Vysym data are fitted using the equation [40]
Vasym = VaHE c08(¢ + ¢) sin 6
+ Vim0 (2(9 + ¢0)) cos(¢ + ¢o)
+ Vi sin (2(9 + go)) cos(@d + ¢o),  (5)

where 6 is the angle between the electric and magnetic fields
of the applied microwave, which is 90°. The angle ¢ is defined
as the angle between the voltage measurement direction and
perpendicular to the magnetic field direction, while ¢q is an
extra factor to take care of the misalignment in the sample
positioning. Vayg is the anomalous Hall voltage, which arises
due to the ferromagnetic (FM) nature of the sample. VM1
and VA1 are perpendicular (parallel) components of sym-
metric and asymmetric contributions to Vaumr and can be
calculated using the following equation [40]:

Vit = v (VAMRLI 4 (VANREI ()

From the fitting, significant spin pumping voltages have
been obtained for the samples, which are listed in Table L.
The value of V;, dominates over any other spin rectification
effects. As there is no high-spin-orbit-coupling (high-SOC)
layer adjacent to the LSMO film, V;, can be attributed to the
intrinsic ISHE of LSMO films.

TABLE 1. V, and Vaug values (in microvolts) for all samples
from the fitting of the data shown in Figs. 5(a) and 5(b) using Eqs. (4)
and (5). Vamr values were calculated using Eq. (6).

Sample Vip VAHE Viur Vivr
S1 1.86 0.12 1.43 0.39
S2 1.83 0.31 1.47 0.13
S3 1.39 0.12 1.31 0.15
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FIG. 6. Charge current I. vs thickness (f smo) of LSMO. The
solid curve represents the fitting to I, = Iycp + Lisue, Where Iycp and
Lsug are represented by Eqgs. (7) and (8), respectively.

Furthermore, 1. vs . smo data are plotted as shown in Fig. 6.
As I, has a contribution from magnonic charge pumping
(Imcp) and the inverse spin Hall effect (/isyg), the data have
been fitted using the equation I. = Icp + lisug, Where Iycp
and Jisyg can be written in terms of the following expressions
[41,42]:

Ivcp = (oLsmotLsMo + OsTofsTo)W

Ap \ (Megey
— )= A"z, 7
(o) (s Yo
2e 4 .
Lisue = OSHAw(—>)»LSMo tanh (ﬂ>1§“SMO, (8)
h 2ALsMO

where Ospa, Ap, A9, hy, and Apsmo are the spin Hall angle,
anisotropic magnetoresistivity, spin-orbit coupling parameter,
rf magnetic field of the microwave, and spin diffusion length,
respectively. o1 smo, fLsMoO» OsTO, and fsto are the conductivity
and thickness of the LSMO and STO layers, respectively. The
spin current density at the LSMO/STO interface, j-SMO, is
given by [41,43]

1svo _ @IV HGHAT My + /(4nMy ) + 4o’ ©)
Is 87a2((4n M,y ) + 402 '

From the above equation we have calculated the g+ value
to be 1.2 x 10" m~—2, and jﬁ‘SMO has been considered as a
fitting parameter. From the fitting of the I, vs f; smo data shown
in Fig. 6, the Ospa value is extracted as 0.33.

Finally, we have obtained the spin Hall conductivity using
Osua = osu/o., where osy and o, are the spin Hall conduc-
tivity and charge conductivity, respectively. The calculated
values of ogy for samples SL1, SL2, and SL3 are 76.4, 58.9,
and 50.0 Q7! cm™!, respectively.

In an earlier report, spin current has been generated in
the Py layer itself via FMR due to the high resistivity of the
adjacent SiO, layer, which prevents the spins from diffusing
through it (the SiO, layer) [12]. A similar self-induced ISHE
observation has also been made in Co and Fe films [14]. In
our case, the resistivity of STO is comparatively less than
that of SiO, [44]. When FMR occurs in the LSMO layer,
the spin current is generated, which tends to move towards
the LSMO/STO interface. At the interface, spins get scattered
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FIG. 7. Bulk crystal structure of perovskite LaMnO3 or StMnOs.
The green, red, and purple spheres represent La (or Sr), O, and Mn
atoms, respectively. A simpler model was chosen to reduce compu-
tational costs.

due to the charged impurities, which might be causing a spin
gradient in the LSMO layer. This spin gradient creates spin
current which gets converted into charge current via ISHE,
which leads to the generation of potential difference.

It is noted that anisotropy may modify the spin pumping in
FM/HS heterostructures, where HS refers to a material that
exhibits high SOC. The anisotropy of the FM material can
be modified due to strain which may arise due to lattice mis-
match. In this context, from the HR-TEM image [Fig. 1(c)]
a slight lattice mismatch between the STO substrate and the
LSMO film is observed. Therefore one may expect a change
in anisotropy due to strain. In this regard we have performed
angle-dependent FMR measurements, which do not show
any clear anisotropic behavior in the films (data not shown).
Furthermore, the spin pumping voltages in the samples are
comparable, which indicates that the impact of anisotropy is
negligible for the studied LSMO films. Nevertheless, a de-
tailed investigation is needed in future work to find the impact
of anisotropy on self-induced spin pumping.

IV. COMPUTATION DETAILS

In order to evaluate the appreciable ISHE in LSMO from
the experimental work, we performed density functional the-
ory (DFT) calculations as implemented in the QUANTUM
ESPRESSO package [45-47]. To reduce computational costs,
we limited our theoretical calculation to LaMnO3; (LMO) and
SrMnO; (SMO), instead of LSMO, since LSMO requires a
large unit cell in order to meet its chemical composition with
symmetry and redundant calculations to average the disorder.
The representative unit cell of LMO or SMO is shown in
Fig. 7, where green, red, and purple spheres represent La
(or Sr), O, and Mn atoms, respectively. Cutoff energies for
the plane wave and charge density of 90 and 900 Ry and
9 x 9 x9 k-point grids were used to ensure that the total
energy converged within 7 x 10~ Ry. Once the ground states
were obtained, we interpolated them into an orbital basis using
the WANNIER9O package [48]. With the interpolated basis, the
spin Hall conductivity tensor was calculated using Kubo’s

TABLE II. Calculated nonzero spin Hall conductivity tensor ele-
ments of LMO and SMO, in Q' cm~.

Spin Hall conductivity Oyz Oyzx Oy
LaMnO; (M || x) 17.457 —18.671 14.547
LaMnO; (M || z) —18.677 14.558 14.471
StMnO; (M | x) 1.066 16.657 —3.595
StMnO; (M || z) 17.050 —3.638 —1.019
formula as implemented in [49,50]

S Y = )

Oufy = T nk — Jmk
Nch k nm
1
5 Im[ (Y| 5157, Va}|1ﬂmk><‘ﬁmk|vﬂ|¢nk]’ (10)

(enm - 6mk)2 - (ha)) + ”7)2

where «, 8, and y are the direction of the spin current, the
electric field, and the spin polarization, respectively. We used
400 x 400 x 400 k-point grids to calculate the spin Hall con-
ductivity tensors of LMO and SMO.

For nonmagnetic materials, it is known that the nonzero
elements of the spin Hall conductivity tensor can occur when
the three components (i.e., @, 8, and y) are mutually or-
thogonal and they have the same magnitude. However, due
to the lower symmetry from magnetization, ferromagnetic
materials have different nonzero spin Hall conductivity com-
ponents depending on the magnetization direction [27]. For
instance, when the magnetization is parallel to the x direction,

Oxy; = —Onxzys Oyzx = —Ogyy, and 0y = —0y,;, while when it
is parallel to the z direction, oy, = —0yx;, Oy;x = —0xzy, and
Oxy = —0Oqy,. Therefore we show our calculation results only

for distinctive nonzero components (i.e., Oxyz, Oyzx, and o.yy),
given in Table II. Clearly, there are nonzero values for the spin
Hall conductivity tensor on the order of 10 ! cm™!, which
are of the same order as experimentally obtained values, al-
though they are smaller than the ones from other perovskite
structures (~100 Q7' ecm™!), such as SrIrOz [51], StRuO;
[52], BaOsOs, and SrOsO; [53], or Pt (~2000 @ 'cm™!)
[49]. We note that extrinsic mechanisms of the ISHE could
also contribute to the experimental measurements but are not
included in the theoretical calculations.

V. CONCLUSION

In summary, we measured a self-induced ISHE in highly
epitaxial LSMO films and performed first-principles calcu-
lations of the spin Hall conductivities of bulk LSMO. The
LSMO films were prepared using pulsed laser deposition and
characterized by different techniques to confirm their epitaxial
nature. The spin pumping voltage V;, dominates over any
other spin rectification effects in our samples, indicating the
presence of appreciable spin-to-charge conversion in LSMO
films. The spin Hall conductivity was calculated from first
principles using density functional theory and the Kubo for-
malism, and the results qualitatively match our experimental
findings. This study will help shed light on spin current gen-
eration in manganite-based films.
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