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1. INTRODUCTION
Spintronic devices of  give opportunities to solve 
the problem of  heating and energy dissipation 
in microelectronics, since the spin transfer (spin 
current) does not generate heat. In modern 
electronic systems the detection and generation 
of  pure spin current (without charge transfer) 
require completely different approach to the 

problem and is based on usage of  spin current. 
One of  the possible techniques of  generation of  
pure spin current at the ferromagnetic/normal 
(non-magnetic) metal interface is the precession 
of  ferromagnetic magnetization (F) induced by 
microwave magnetic field under ferromagnetic 
resonance (FMR) conditions. The magnitude of  
the spin current is determined by the amplitude 
of  magnetization precession and the spin-
mixing conductance, which in general has both 
real and imaginary parts. The spin current could 
be recorded by charge current, induced by the 
inverse spin-Hall effect (ISHE) in a metal (N) 
with strong spin-orbit interaction [1-5]. The 
presence of  both the spin-Hall effect (SHE) and 
the ISHE causes the spin-Hall magnetoresistance 
(SMR) in F/N heterostructure [6]. Measurement 
of  the SMR angle dependences is a convenient 
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tool for determination of  spin Hall angle θSH, 
which characterizes the efficiency of  conversion 
of  spin current into the charge current [6-8].

Experimental study of  spin current 
excitation at the FMR (spin pumping) and its 
registration due to ISHE in F/N structures 
where carried out in [2,3] using platinum (Pt) 
as N metal and permalloy (NiFe) as F metal. 
Structures with N metal deposited on the top 
of  insulating ferromagnet, the iron-yttrium 
garnet (YIG) were investigated as well [9,10]. 
It should be noted, mostly N-metal with 
strong spin-orbit interaction (SOI) was used 
[10,11].

In the present work, the 5d transition metal 
oxide SrIrO3 [12,13] was used, which along 
with the strong SOI exhibits also electron-
electron interaction. The combination of  these 
effects leads to non-trivial quantum phases 
[14] and to the possibility of  controlling of  
magnetic anisotropy [5]. The charge-spin 
coupling of  SrIrO3 been studied in structures 
with a metallic ferromagnet deposited on the 
top of  SrIrO3: SrIrO3/Py [15,16], and SrIrO3/
Co1−xTbx [17]. In these works it was shown that 
an anomalously large spin-Hall angle is caused 
by the presence of  SOI3 in SrIrO3 which 
induces a curvature of  Berry phase [15,16].

The usage of  oxide materials allows to 
realize heterostructures with atomically 
smooth interface in the case of  growth 
of  thin epitaxial film of  strontium iridate 
SrIrO3 over the epitaxial film La0.7Sr0.3MnO3, 
grown on (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT), 
NdGaO3, or SrTiO3 substrates. Technically, 
this is feasible by either laser ablation [18-
20], or by magnetron sputtering at high 
temperature [12]. It has been demonstrated 
that an increase in Hilbert damping in SrIrO3/
La0.7Sr0.3MnO3 heterostructure is caused by 
spin current which flows across the interface 
[12,18,19]. Experimental studies of  spin 
current characteristics under influence of  
spin pumping showed that the anisotropic 
magnetoresistance of  La0.7Sr0.3MnO3 also 

contributes to the total response along with 
the component, caused by spin current 
generation [8,12,13,18].

2. MATERIALS AND METHODS
Thin epitaxial films of  strontium iridate SrIrO3 
(further, SIO3) and manganite La0.7Sr0.3MnO3 
(LSMO) with thicknesses of  10-50 nm were 
grown on single crystal (110)NdGaO3 (NGO) 
substrates using radio frequency magnetron 
sputtering at substrate temperatures of  770-
800°C in a mixture of  Ar and O2 gases at a total 
gas pressure of  0.3-0.5 mbar [12].

The crystal structure of  obtained 
heterostructures was investigated by X-ray 
diffraction analysis and the transmission 
electron microscopy (TEM). Fig.  1 shows 
a TEM image of  cross section of  the 
heterostructure, demonstrating the SIO3/
LSMO interface and the interface of  the 
LSMO film with the NGO substrate. We will 
describe the crystal lattice of  SIO and LSMO 
as a distorted pseudo-cube with parameters 
aSIO = 0.396 nm and aLSMO = 0.389 nm, as 
the growth of  heterostructure is realized by 
cube-on-cube mechanism with the following 
ratios: SrIrO3||(001)La0.7Sr0.3MnO3||(110)
NdGaO3, and [100] SrIrO3||[100] 
La0.7Sr0.3MnO3||[001] NdGaO3 [12].

Fig. 1. Cross section of  SrIrO3/La0.7Sr0.3MnO3 
heterostructure on NdGaO3 substrate, obtained by 
transmission electron microscope. The additional Pt platinum 

film deposited for ion etching was removed.
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3. RESULTS AND DISCUSSION
In the SIO3/LSMO heterostructure, the 
paramagnetic SIO3 film plays role of  a normal 
metal with strong SOI, while ferromagnetic 
LSMO is a half-metal with an almost 100% 
polarization at low temperatures.

In experiments with spin pumping at 
microwaves, the main decisive parameters are 
the spin diffusion length λ which characterizes 
spin current dissipation in N metal, and the 
spin-Hall angle θSH – the ratio of  spin to charge 
currents at the N/F interface, and the spin 
mixing conductance g↑↓, which is determined 
by the electron scattering matrix at N/F and 
characterizes the spin transfer transparency 
of  angular magnetic momentum through the 
interface [4,5].
3.1. Spin current generation

At the FMR spin pumping, spin current jS flows 
through the SIO3/LSMO interface, which is 
characterized by the spin mixing conductance g↑↓, 
consisting of  a real (Re g↑↓) and an imaginary part 
(Im g↑↓), as well by the amplitude of  precession 
of  magnetic moment m under influence of  
magnetic component of  the microwave field 
[4,13]:

S
dm dmj Re  m Im .

4 dt dt
h g g
π

↑↓ ↑↓ = + 
 

 (1)

The spin current was recorded by measuring 
the voltage on a sample shaped ad s strip of  
SIO3/LSMO heterostructure grown on an 
NGO substrate with metal Pt contacts. To set 
the microwave magnetic field, the sample under 
the test was placed on a microstrip line, allowing 
to be carry out measurements in frequency band 
f = 2–20 GHz [10]. A constant magnetic H-field 
was set in the plane of  the substrate and was 
directed perpendicular to the emerging charge 
current (along the Y axis), and the microwave 
magnetic field was excited by a short-circuited 
microstrip line with a microwave magnetic field 
component directed along the X axis. Precession 
of  the magnetization of  the LSMO film around 
the SIO3/LSMO strip induces a spin current 

perpendicular to the SIO3/LSMO interface 
(Z axis) and could be detected by voltage 
measurements due to ISHE (see inset in Fig. 2). 
The charge current jQ is related to the spin 
current jS through a dimensionless parameter – 
the spin Hall angle θSH [2,6]:

2 ,Q SH S
ej n jθ  = × 

 





 (2)

where n  is the unit vector of  the spin momentum 
direction.

Fig. 2 shows the magnetic-field dependence 
of  the voltage appeared on the SIO3/LSMO 
heterostructure under the influence of  
microwave field at frequency f = 2.3 GHz and 
power 20 mW at T = 300 K. It is seen that the 
sign of  the response V(H) is reversed when the 
direction of  dc magnetic field is changed. This 
caused by the change in the direction of  induced 
charge current due to direction reversal of  vector 
n , reversing the direction of  dc magnetic field. 
In experiment, caused by parasitic microwave 
detection by Pt contacts some asymmetry of  
response amplitudes for opposite directions 

GENERATION AND DETECTION OF SPIN CURRENT 
IN IRIDATE/MANGANITE HETEROSTRUCTURE

Fig. 2. Magnetic-field dependence of  the response of  SrIrO3/
La0.7Sr0.3MnO3 heterostructure to microwave field applied 
at frequency f  = 2.3 GHz at T = 300 K with power of  
30 mW. The inset shows the topology of  the heterostructure 
indicating directions of  microwave magnetic component h(t) 
and dc H magnetic field, as well as the direction of  the charge 
current flow (registration of  voltage V along the X axis) 

caused by the spin current.
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of  H-field can be observed. An anisotropic 
magnetoresistance (AMR) response also 
contributes, which, however, under the certain 
conditions does not depend on direction of  dc 
magnetic field [8,21].

Fig. 3 shows the voltage response caused 
by spin current at f = 2.3 GHz, T = 300 K, 
obtained from the half-difference of  responses 
(Fig. 2) at opposite directions of  H-field. The 
response shape is described well enough by 
the Lorentz function. The contribution caused 
by contacting phenomena and AMR was by an 
order in magnitude smaller, than amplitude of  
spin current response.

The flow of  spin current through the 
interface causes an additional damping of  spin 
precession. In experiment, this manifests itself  in 
broadening of  the FMR spectrum line , which is 
usually determined by the Hilbert spin damping 
coefficient α [4,11,22]. Parameters α and ∆H are 
coupled by a relation [23]: ∆H(f) = 4απf/γ + ∆H0, 
where γ is the gyromagnetic ratio, and ∆H0 – is 
broadening cased by magnetic inhomogeneity. 
Note, here we neglect the contributions of  
other damping sources (see, for example, 
[24]). The frequency-independent broadening 

∆H0 = 6±1 Oe is small and determined by 
the magnetic inhomogeneity of  the LSMO 
film in the heterostructure. For LSMO films 
we get αLSMO = (2.0±0.2)·10-4 and damping 
increases in heterostructure SIO3/LSMO αSIO/

LSMO = (6.7±0.8)·10-4. The increase in Hilbert 
damping after deposition of  SIO3 film makes 
it possible to estimate the real part of  the spin 
mixing conductance Reg↑↓ [4,21,25]. For LSMO 
magnetization M = 370 Oe and the thickness of  
the LSMO film dLSMO = 30 nm, we obtain Reg↑↓ 
= (3.5±0.5)·1018 m-2. Note, that the obtained 
value coincides in order of  magnitude with Reg↑↓ 
= 1.3·1018 m-2, determined in [19]. Changing 
thin film thickness of  SrIrO3 in SIO3/LSMO 
heterostructure from 1.5 nm to 12 nm value of  
Reg↑↓ is changed from 0.5·1019 m-2 to 3.6·1019 m-2 
[18].

According to the theory based on the spin 
interaction between localized and conducting 
electrons the spin mixing conductance Reg↑↓ is 
determined by resistivity ρSIO and spin diffusion 
length λSIO of  the normal metal with SOI, in our 
case SIO3 film [25]:
Reg↑↓ ≈ (h/e2)/(ρSIOλSIO). 			        (3)

Taking h/e2 ≈ 25.8 kΩ , for λSIO = 1 nm [19] 
and ρSIO = 3·10–4 Ω cm [12] from relation (4) 

Fig. 4. Temperature dependences of  spin current amplitude 
(filled circles) and line-widths (filled triangles). The spin 
current value is obtained by dividing the voltage response by the 
resistance of  heterostructure. Inset: temperature dependence of  

heterostructure’s resistance at H = 0.

Fig. 3. Voltage response induced by spin current at FMR 
pumping frequency f  = 2.3 GHz, T = 300 K, obtained 
from the half  difference of  peaks at opposite directions of  
dc magnetic field. Filled circles are experimental, solid line 
is the Lorentz line approximation. Empty circles - response 
caused by parasitic contact phenomena and anisotropic 
magnetoresistance (half-sum of  peaks at opposite directions 

of  magnetic field).
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we obtain Reg↑↓ ≈ 8.6·1018 m−2. The obtained 
value is consistent in order of  magnitude with 
the experimental data for 3d transition metals, 
and for metallic ferromagnets Co, Ni, Fe the 
parameter Reg↑↓ is in the range 6·1018-8·1020 m-2 

[25,26], although relation (3) is just a qualitative 
estimate of  Reg↑↓ and does not take into account 
the influence of  spin-orbit interaction.

Assuming that the deviation of  the H0(f) 
dependence for SIO3/LSMO heterostructure 
from H0(f) of  the LSMO film can be described 
by a change in gyromagnetic ratio γ and 
attributed to a presence of  an imaginary part  
of  the spin mixing conductance, we obtain a 
value for   significantly higher than estimated for 
ferromagnetic structures with Pt [4,22].

Closer to realistic experimental conditions, 
on our opinion, is Img↑↓ 1019 m-2, obtained 
taking into account the error of  H0(f) function 
measurement. As shown in works [12,22], 
indeed, value of  Img↑↓ is comparable to the 
value of  Reg↑↓. Moreover, measurements of  Hall 
magnetoresistance for Pt/EuS [27] and W/EuO 
[28] structures showed that Img↑↓ exceeds Reg↑↓ 
by a factor of  3 and 10 times, respectively. Note, 

the appearance of  magnetization in the direction 
perpendicular to the plane, for example as in the 
case of  superlattice made from SIO3/LSMO 
heterostructures may play a significant role [17].

Fig. 4 shows the temperature dependence 
of  the spin current amplitude and response 
linewidth of  the heterostructure. The spin 
current amplitude is obtained from response 
voltage division by the resistance of  the 
heterostructure, shown in the inset to Fig. 4. It 
is seen that an increase of  spin current observed 
with decreasing the temperature for the Pt/
LSMO heterostructure [8] is not observed in our 
case, which is probably caused by the presence of  
a conducting layer at the SIO3/LSMO interface 
[13].

Fig. 5. Schematic 3D image of  SrIrO3/La0.7Sr0.3MnO3 
heterostructure on (110)NdGaO3 substrate with Pt contact 
pads. The current I is set along the X axis, the angle φ 
between the magnetic field H and the current I was varied by 

rotating the sample in the X-Y plane.

Fig. 6. Angular dependences of  normalized values of  
magnetoresistance of  heterostructure rL(T) (squares) and 
approximation by sinusoidal dependence (solid line) in polar 
coordinates, taken at the field H = 100 Oe at T = 300 K. 
(a) transverse magnetoresistance, (b) longitudinal. The scale of  

magnetoresistance variation is shown on the left.

b

a
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3.2. Spin current detection using inverse 
spin Hall effect

The inverse spin Hall effect (ISHE) is used to 
detect the spin current [1,5]. In this case, the 
ratio of  spin and charge currents is determined 
by a dimensionless parameter – spin Hall angle 
θSH (2) [2,6].

For determination the θSH value, the Hall 
geometry of  the SIO3/LSMO heterostructure 
shown in Fig. 5 and a 4-point measurement 
scheme was used. A constant magnetic field H 
was set in the plane of  the SIO3/LSMO interface 
of  heterostructure. The measured voltages 
were VL, proportional to the longitudinal 
magnetoresistance, and VT, proportional to 
the transverse (planar) Hall magnetoresistance. 
Along the X direction (see Fig. 5), a current 
I = 0.5 mA at frequency F = 1.1 kHz was set 
and a lock-in amplifier with high-sensitivity was 
used for voltage measurement. The substrate 
with the sample was rotated around the normal 
to the substrate in order to change the angle φ 
between the magnetic field H and the current 
I. The longitudinal magnetoresistance was 
determined from RL = VL/I, and the transverse 
magnetoresistance by RT = VT/I.

Magnetic-field dependences in normalized 
units of  the change in magnetoresistance rL(T) = 
∆RL(T)/R0 (longitudinal ∆RL, and transverse ∆RT) 
of  SIO3/LSMO heterostructure, where ∆RL(T) = 
RL(T) – R0 (R0 – magnetoresistance at H = 0) vs. 
angle φ between magnetic field H and current 
I were recorded. The obtained values were 
compared with magnetoresistance measurements 
for LSMO films, as well as for structures with a 
platinum film deposited on top of  an epitaxial 
LSMO film on a substrate (Pt/LSMO). The 
measured longitudinal magnetoresistance rL(φ) 
contains in addition to the spin longitudinal 
magnetoresistance rLS also a contribution from 
the anisotropic magnetoresistance (AMR) of  
the ferromagnetic LSMO film rA = RA/R0. For 
the case of  transverse magnetoresistance rТ(φ) 
contains also a component of  the planar Hall 
effect magnetoresistance.

Fig. 6a shows the angular dependence of  
the longitudinal magnetoresistance rL(φ) of  
the SIO3/LSMO heterostructure in polar 
coordinates. The dependence of  rL(φ) observed in 
the experiment is a parallel connection of  rLS and 
rA. In this case, the angular dependence of  AMR 
is described by the function rAcos2φ, which looks 
like a dependence of  spin magnetoresistance of  
the SIO3/LSMO heterostructure [6]:

2
1 cos ,LSr r ϕ=  (4)

where

2
1

2 (ReG ImG )Re .
1 2 (ReG ImG  )

SIO SIO SIO
SH

SIO SIO SIO

ir
d i
λ λ ρ

θ
λ ρ

↑↓ ↑↓

↑↓ ↑↓

+
=

+ +
 (5)

ReG↑↓ = Reg↑↓e2/h, ImG↑↓ = Img↑↓e2/h, it is 
assumed that the spin diffusion length λSIO is 
much smaller than the SIO3 film thickness dSIO. 
When current I flows longitudinally (along the 
X direction) we obtain a sinusoidal dependence 
rL(φ) (Fig. 6a). The phase shift in rL(φ) is caused 
by the difference between the coordinate of  
the substrate edge, from which the angle φ is 
counted, and the direction of  the LSMO film 
magnetization easy axis, which is given by the 
crystallographic direction of  the [001]NdGaO3 
substrate on which the LSMO film was epitaxially 
grown [12]. Using the values of  SIO3 film 
resistivity ρSIO = 3·10-4 Ω cm [12] and λSIO = 1 

Fig. 7. Temperature dependence of  transverse (Hall) 
magnetoresistance rT. Curve (1) corresponds to the angle φ 
= 210°, at which rT is maximum, curve (2) was taken at 
the minimum value of  rT (φ = 275°). The inset shows the 
temperature dependence of  the transverse (Hall) resistance at 

H = 0.

NANOSTRUCTURES FOR ITGEORGY D. ULEV, GENNADY A. OVSYANNIKOV, KAREN I. 
KONSTANTINYAN, ANTON V. SHADRIN, IVAN E. MOSCAL, PETER V. LEGA



421

RENSIT | 2023 | Vol. 15 | No. 4

nm [19] obtained at room temperature and the 
data for Reg↑↓ и Img↑↓ from the Part 3.1. of  this 
paper, for thicknesses dSIO = 10 nm and dLSMO = 30 
nm from amplitudes of  magnetoresistance rL(φ) 
using eq. (4) and (5) we obtain θSH = 0.03±0.01 
for spin-Hall angle. Obtained value is an order 
of  magnitude smaller than for the transverse 
case (Fig. 6b), but is about 4 times larger than the 
spin Hall angle for c Pt heterostructures [3,6,8].

Fig. 6b shows the angular dependence 
of  the transverse magnetoresistance rT(φ) 
in polar coordinates of  the SIO3/LSMO 
heterostructure which, in the general case, is the 
sum of  the contributions from the spin-Hall 
magnetoresistance rH and the contribution from 
the out-of-plane magnetoresistance r2 [6].

1
2sin 2 cos ,

2TS
rr rϕ θ= +  (6)

where θ is the angle between the current and 
magnetization along the Z axis perpendicular 
to the substrate plane (not shown in Fig. 5). 
The obtained values of  rT turn out are by an 
order of  magnitude larger than in the case of  
the longitudinal magnetoresistance rL even 
considering existence only the first term in (6) 
at θ = π/2. As a result, from the data from rT(φ) 
we obtain θSH = 0.35±0.05 for the SIO3/LSMO 
heterostructure. Thus, from the transverse 
magnetoresistance measurements, we obtained 
a value of  θSH about 10 times larger than that 
from the longitudinal magnetoresistance, which, 
likely, caused by shunting of  the longitudinal 
AMR magnetoresistance of  the LSMO film [13]. 
Note, θSH ≈ 0.3 was obtained in SIO3/LSMO 
heterostructures [11,16] by other methods. The 
second term dependent on the imaginary part 
of  the complex spin mixing conductance [6] in 
eq. (6) arises due to the magnetization directed 
perpendicular to the substrate plane and can 
cause an increase in magnetoresistance, which 
was observed in SIO3/LSMO superlattices [17]. 
High values of  the spin Hall angle in structures 
with SIO3 films were reported earlier: θSH = 
0.76 for Py/SrIrO3 [15] and θSH = 1.1 for SrIrO3/
Co1-xTbx [29]. In order of  magnitude, these values 

are close to θSH, observed in structures with 
topological insulators [30].

When the SIO3/LSMO heterostructure was 
cooled down to liquid nitrogen temperature 
T=77 K, the magnetoresistance value decreased. 
Fig. 7 shows the temperature dependence of  
the normalized transverse value of  rT for two 
cases of  rT(φ) at fixed values of  the angle φ: 
when rT is maximal (φ = 210º) and minimal 
(φ = 275º) at T = 300 K. At low temperatures 
(T < 150 K) the measurement error (not 
shown in Fig.  7) no longer allowed to extract 
reliable data. At T = 77 K, neither transverse, 
nor longitudinal magnetoresistance could be 
detected. The temperature dependence of  
the transverse resistivity of  the SIO3/LSMO 
heterostructure RT, taken at H = 0 is shown 
in the inset to Fig.  7. In general, the nature 
of  the temperature dependence of  RT(T) is 
similar to the temperature dependence of  
the planar Hall resistance rT(T). It is known 
that the magnetization M of  an LSMO film 
increases with decreasing temperature, but 
relations (4)–(6) [6] do not imply a change in 
the Hall magnetoresistance with temperature. 
Note, that the temperature dependences of  
the characteristics of  magnetoresistance, spin 
diffusion length, and spin Hall angle were 
considered in [30,31] for structures different 
from those considered in this work, as well as 
for the case of  spin moment changes in SIO3/
LSMO [20,32] under the influence of  current 
pulses. Note also, that the observed increase in 
spin current with decreasing temperature for Pt/
LSMO [8] is not observed in our case, which is 
probably due to the influence of  the conducting 
layer at the SIO3/LSMO interface [12]. Note, 
that the changes of  magnetoresistance with 
temperature can be caused by the temperature 
dependences of  Reg↑↓ and Img↑↓. Varying the 
numerical value of  the ratio Img↑↓/Reg↑↓ in 
(5) does not lead to a noticeable change in 
the parameter r1, but can affect parameter r2 
in the case of  the occurrence of  out-of-plane 
magnetization in F-layer.
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4. CONCLUSION
It is shown experimentally that under applied 
microwaves the spin current response in 
SrIrO3/La0.7Sr0.3MnO3 heterostructure exceeds 
the response caused by contributions due to 
parasitic detection at contacts and anisotropic 
magnetoresistance by an order in magnitude. 
It is shown that the imaginary part of  the spin 
mixing conductance in SrIrO3/La0.7Sr0.3MnO3 
interface turns out, by an order of  magnitude, 
is equal to its real part. It was found out that 
the amplitude of  the angular dependence of  
the transverse magnetoresistance significantly 
exceeds the amplitude of  the longitudinal one, 
which is, most likely, affected by the shunting 
effect of  the anisotropic magnetoresistance of  
the film La0.7Sr0.3MnO3 and by the conducting 
layer at the interface of  the heterostructure 
SrIrO3/La0.7Sr0.3MnO3. The spin-Hall angle (the 
ratio of  spin and charge currents) determined 
from measurements of  the longitudinal 
spin magnetoresistance was by an order of  
magnitude smaller than for the transverse 
(Hall) magnetoresistance, which is caused 
by the presence of  a conducting layer at the 
heterostructure interface. As the temperature 
decreases below room temperature, we did not 
find any significant increase in spin current 
value, both from the direct detection of  the spin 
current due to the inverse spin-Hall effect, and 
from the temperature dependence of  the spin 
magnetoresistance.
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