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Spin Hall angle in iridate/manganite heterostructures
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We present results on experimental determination of spin-Hall angle θSH in the SrIrO3/La0.7Sr0.3MnO3

heterostructure with nanometer-thick films. From longitudinal magnetoresistance value of spin-Hall angle was

estimated θL
SH ≈ 0.04± 0.01, from the transverse θT

SH ≈ 0.35± 0.06. Decreasing the temperature from room

to T = 165K, the transverse magnetoresistance decreased, and at temperatures T < 150K it was not detected

within the measurement error. For comparison, we measured also a single SrIrO3 film which did not demonstrate

magnetoresistance.
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1. Introduction

Conversion of charge current IQ to spin current IS in

F/N structures (F -ferromagnetic, N-metal) through direct

spin Hall effect (SHE) and reverse process — conversion

of orthogonally directed IS to IQ through inverse spin Hall

effect (ISHE) is characterized by spin Hall angle θSH [1]:

IQ = θSH
2e
~

[n× IS ], (1)

where e — electron charge, ~ — Planck’s constant, n —
single vector of spin moment in direction from ferromag-

netic F to metal N. There are papers (see, for instance, [2,3]
and references therein), where parameter θSH was estimated

for F/N structures formed from yttrium-iron garnet (YIG),
permalloy, cobalt-containing ferromagnetic and

”
heavy“

metal (for instance, Pt, Ta, W), under conditions when

magnetization precession and generation of spin current IS

were supported by spin pumping of ferromagnetic reso-

nance (FMR). At the same time, value θSH may be extracted

from measurements of spin magnetoresistance (SMR) [3],
taking angle dependencies SMR [4] of F/N structures.

When metal was replaced for oxide SrIrO3 (SIO), having
high energy of spin-orbital interaction ESO ∼ 0.4 eV [5], an
increase in parameter θSH [6–8] was reported. Such works

were mostly performed on structures produced by ex situ,

for example, SrIrO3/Py [6,7], SrIrO3/Co1−xTbx [8], while

properties of the interface between material N and the

ferromagnetic are important. Currently a lot of attention

is paid to oxide heterostructures with epitaxial interface

between the ferromagnetic and non-magnetic material [4,9].
This paper reports an experimental research of a thin-

film heterostructure SrIrO3/La0.7Sr0.3MnO3 with in situ

deposited films of SIO and LSMO (La0.7Sr0.3MnO3). The

sample geometry made with the help of photolithography

made it possible to carry out measurements of both

”
longitudinal“, and

”
transverse“ SMR magnetoresistance.

2. Heterostructures and measurement
procedure

Thin SIO films (with thickness of units nm) and LSMO

films (of dozens nm) were deposited on single-crystal

substrates (110) NdGaO3(NGO) using radio frequency

magnetron sputtering at high temperature in oxygen at-

mosphere [4]. Epitaxial growth of films was observed

”
cube on cube“: (001)SIO‖(001)LSMO‖(110)NGO and

[100]SIO‖[100]LSMO‖[001]NGO.

Fig. 1 shows sample geometry based on SIO/LSMO

heterostructure and direction of current setting I into film

SIO and external magnetic field H . SMR measurements

were carried out with low noise phase sensitive frequency-

selective amplifier at frequency of F = 1.072 kHz, the

output signal integration time τ = 30ms. Magnetic field H
was set by Helmholtz coils by a controlled bipolar source

of current IH = 3−5A, making it possible to change the

field H step by step from 0 to +Hmax and back to −Hmax

with return to H = 0, the step 1H = Hmax/N varied

N = 200−1500. Resistance value R(H) was recorded by
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Figure 1. Topology of the sample based on heterostruc-

ture SrIrO3/La0.7Sr0.3MnO3 on substrate (110)NdGaO3, typical

thickness values: dSIO = 10 nm, dLSMO = 30 nm. Heterostructure

width 100 µm, distance between voltage outputs were 1.5mm.

the automated system recording of parameters H,V1,V2,

and temperature T . Angle dependences of SMR were

implemented by rotation of the substrate in the plane X−Y ,
by changing the angle ϕ between the direction of current

setting I and external magnetic field H . To determine

”
longitudinal“ resistance RL = V1/I voltage V1 was taken

along the direction of current setting I (output V1); for

”
transverse“ RT = V2/I — from outputs V2 (see Fig. 1).
The output analog signal was digitized by n = 400 counts,

making it possible to extract useful information, using

radiophysical methods of noise signal processing [10]. To

increase signal-to-noise ratio, m = 1−10 dependences of

R(H) were measured for every angle ϕ.

3. Measurement results and discussion

Fig. 2 shows dependences on field H of resis-

tance variation 1R = R(H) − R(H = 0), normalized by

R0 = R(H = 0), for transverse SMR 1RT /RT
0 (Fig. 2, a),

longitudinal 1RL/RL
0 (Fig. 2, b) of heterostructure

SIO/LSMO, and also 1R/R0 for single SIO film made

separately on substrate NdGaO3 (Fig. 2, c). All dependences
in Fig. 2 were obtained at room temperature T ≈ 300K.

Series of dependences 1RT/RT
0 and 1RL/RL

0 on angle ϕ

between magnetic field H and current I = 0.5mA were

recorded. Fig. 2, a and Fig. 2, b show dependences of

longitudinal and transverse SMR on magnetic field for

two angles ϕ, corresponding to maximum and minimum

resistance variation. In single SIO film there was no magne-

toresistance (see Fig. 2, c), on anisotropic magnetoresistance

of LSMO film we reported in the paper [4].
To determine θSH through ϕ angle-dependent parameters

1RL(H) and 1RT (H) (see Fig. 3), the following expressions

were used (2)−(4) [3]:

(

1RL

R0

)

= −θ2SH
2λSIO

dSIO

+
1

2
r1(1 + cos 2ϕ), (2)

r1 = θ2SH
λSIO

dSIO

Re
2λSIOρSIO(ReG↑↓ + i ImG↑↓)

1 + 2λSIOρSIO(ReG↑↓ + i ImG↑↓)
, (3)

(

1RT

R0

)

=
r1
2

sin 2ϕ, (4)

where dSIO — thickness, ρSIO — resistivity and λSIO — spin

diffusion length of SIO film. To estimate value of the real

part of spin-mixing conductance at the interface, a simplified

ratio Re g↑↓ = ReG↑↓/(h/e2) ≈ (h/e2)/(ρSIOλSIO) [11–13]
was used. To estimate Im g↑↓, approach [11,13] was

used. At λSIO = 1 nm [14], ρSIO = 3 · 10−4 � · cm, we get

Reg↑↓ ≈ 9 · 1018 m−2, which by order of value matches the

one received in [14]. For imaginary part of spin-mixing

conductance ImG↑↓ results [11] were used, which produced

value Im g↑↓ ≈ 1019 m−2 for the case of SIO/LSMO het-

erostructure with magnetization of LSMO film M = 370G.

An estimation of minimum value ImG↑↓ turned out to be

commensurate with value ReG↑↓ for the case considered
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Figure 2. R0 = R(H = 0) -normalized dependences of resistance

variation 1R/R0 on field H at T = 300K: a — transverse 1RT /R0

of heterostructure SIO/LSMO, the dependence taken at angle

ϕ = 140◦ (1) and ϕ = 210◦ (2); b — longitudinal 1RL/R0

dependence at ϕ = 100◦ (1) and ϕ = 200◦ (2). c — 1R/R0

for a single SIO film. When angle ϕ changed, 1R = 0 value did

not change.
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here with dSIO = 10 nm, dLSMO = 30 nm. This means

that to determine spin Hall angle of the heterostruc-

ture, it is necessary to take into account contribution of

ImG↑↓. When determining θSH from 1RL(ϕ) measure-

ments, LSMO film contributes due to anisotropic magne-

toresistance RAMR ∼ (1RAMR/R0) cos 2ϕ. As a result, the

measured SMR value in the longitudinal case contains two

components 1RL from SMR and RAMR [4,11]. According

to [15], AMR for LSMO film and value R0 in the

longitudinal and transverse cases are quite different, which

in case of SIO/LSMO heterostructure manifested in the

ratio RL
0/RT

0 = 26.5 at temperature that was close to room

one. It should be taken into account that apart from

impact of AMR from LSMO film on measured value of

SMR in SIO/LSMO, between layers of SIO and LSMO,

a shunting transition layer [16] is formed, which reduces

amplitude 1R/R0. Due to large difference RL
0 ≫ RT

0 , effect

of shunting layer manifests itself more in the longitudinal

case, and variation amplitude 1RL/RL
0 from ϕ (see Fig. 3)

was significantly less than in the transverse configuration

1RT/R0. Assessment of spin Hall angle from transverse

SMR, using expression (4) from amplitude 1RT/R0 at

sin 2ϕ, given in Fig. 3, a, gave θT
SH ≈ 0.35 ± 0.06. From

longitudinal magnetoresistance (Fig. 3, b) with account of

contribution of anisotropic magnetoresistance from LSMO

film [4] we get an order lower value θL
SH ≈ 0.04± 0.01.

When SIO/LSMO heterostructure was cooled down to

liquid nitrogen temperature T = 77K SMR value decreases.

Fig. 4 shows temperature dependence of normalized trans-

verse SMR for two cases when 1RT/R0 at T = 300K is

ϕ, deg
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Figure 3. Angle dependences of normalized SMR values taken

for field Hmax = 100Oe at T = 300K, experiment — square

symbols, approximation — solid line ∼ sin 2ϕ. a — transverse

1RT /R0, b — longitudinal 1RL/R0. Measurement error for the

longitudinal case is given in the figure, for the longitudinal SMR

the error is less than the symbol size.
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Figure 4. Temperature dependence of normalized transverse

SMR 1RT /R0. Curve 1 corresponds to angle ϕ = 210◦, when

1RT/R0 is maximum, curve 2 is taken at ϕ = 275◦. The insert

shows temperature dependences of longitudinal and transverse

resistances at H = 0.

maximum at ϕ = 210◦ and minimum at ϕ = 275◦ . At low

temperatures (T < 150K) measurement error (not shown

in figure) did not make it possible to extract valid data. At

T = 77K it was not possible to detect transverse or longi-

tudinal SMR. Temperature dependences of longitudinal RL

and transverse RT resistances of heterostructure SIO/LSMO,

taken at H = 0 are given in the insert. In general, the

nature of temperature dependence 1RT /R0 is similar to

RT (T ), however, based on theory [3], temperature variation

of film resistivity ρSIO will not explain drop 1RT/R0 with

temperature reduction. It is known that magnetization M of

LSMO film increases as the temperature decreases, but it is

not clear how it affects parameter r1 (3). Note that tem-

perature dependences of SMR characteristics, length of spin

diffusion, spin Hall angle were considered in papers [17–19]
on structures different from the ones considered in this

paper, and also for the case of spin moment variation in

SIO/LSMO [20] under impact of current pulses.

4. Conclusion

Angle dependences of transverse and longitudinal

spin magnetoresistance obtained estimates of spin Hall

angle θSH at T = 300K for thin-film heterostructure

SrIrO3/La0.7Sr0.3MnO3, epitaxially deposited on substrate

NdGaO3. It was found that amplitude of angular variation

of transverse magnetoresistance substantially exceeds the

longitudinal one, the value of which is likely affected

by shunting impact of anisotropic magnetoresistance and

resistance of the interface between films SrIrO3 and

La0.7Sr0.3MnO3. As temperature reduces below room
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temperature, the value of transverse spin magnetoresistance

decreases.

Acknowledgments

Authors would like to thank A.A. Klimov, T.A. Shay-

khulov, E.A. Kalachev for assistance in the experiment and

useful discussions.

Funding

The study was supported by a grant from the Russian

Science Foundation (Project No. 23-49-10006). The paper

used equipment of unique scientific plant #352529
”
Cryoin-

tegral“ (agreement No. 075-15-2021-667 of the Ministry of

Education and Science of Russia).

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] E. Saitoh, M. Ueda, H. Miyajima, S. Tatara. Appl. Phys. Lett.

88, 182509 (2006).
[2] J. Sinova, S.O. Valenzuela, J. Wunderlich, C.H. Back, T. Jung-

wirth. Rev. Mod. Phys. 87, 1213 (2015).
[3] Y.-T. Chen, S. Takahashi, H. Nakayama, M. Althammer,

Sebastian T.B. Goennenwein, E. Saitoh, Gerrit E.W. Bauer.

J. Phys.: Condens. Matter 28, 103004 (2016).
[4] K.Y. Constantinian, G.A. Ovsyannikov, A.V. Shadrin,

V.A. Shmakov, A.M. Petrzhik, Yu.V. Kislinskii, A.A. Klimov.

Phys. Solid State, 64, 10, 1410 (2022).
[5] L. Zhang, B. Pang, Y.B. Chen, Y. Chen. Critical Rev. Solid

State Mater. Sci. 43, 5, 367 (2018)
[6] T. Nan, T.J. Anderson, J. Gibbons, K. Hwang, N. Campbell,

H. Zhou, Y.Q. Dong, G.Y. Kim, D.F. Shao, T.R. Paudel,

N. Reynolds, X.J. Wang, N.X. Sun, E.Y. Tsymbal, S.Y. Choi,

M.S. Rzchowski, Y.B. Kim, D.C. Ralph, C.B. Eom. Proc. Nat.

Acad. Sci. USA 116, 16186 (2019).
[7] A.S. Everhardt, M. Dc, X. Huang, S. Sayed, T.A. Gosavi,

Y. Tang, C.-C. Lin, S. Manipatruni, I.A. Young, S. Datta,

J.-P. Wang, R. Ramesh. Phys. Rev. Mater. 3, 051201 (2019).
[8] H. Wang, K.-Y. Meng, P. Zhang, J.T. Hou, J. Finley, J. Han,

F. Yang, L. Liu. Appl. Phys. Lett. 114, 232406 (2019).
[9] X. Huang, S. Sayed, J. Mittelstaedt, J. Mittelstaedt, S. Susarla,

S. Karimeddiny, L. Caretta, H. Zhang, V.A. Stoica, T. Gosavi,

F. Mahfouzi, Q. Sun, P. Ercius, N. Kioussis, S. Salahuddin,

D.C. Ralph, R. Ramesh. Adv. Mater. 2008269 (2021).
[10] N.A. Esepkina, D.V. Korolkov, Yu.V. Pariyskiy. Radiote-

leskopy i radiometry. Nauka, M. (1973) 416 p. (in Russian).
[11] G.A. Ovsyannikov, K.Y. Constantinian, E.A. Kalachev, and

A.A. Klimov. Tech. Phys. Lett. 48, 176 (2022).
G.A. Ovsyannikov, K.I. Konstantinyan, E.A. Kalachev,

A.A. Klimov. Pis’ma v ZhTF 48, 12, 44 (2022). (in Russian).
[12] Ya. Tserkovnyak, A. Brataas, G.E.W. Bauer. Phys. Rev. Lett.

88, 117601 (2002).
[13] J. Dubowik, P. Graczyk, A. Krysztofik, H. Głowinski, E. Coy,

K. Załeski, I. Goscianska. Phys. Rev. Appl. 13, 054011 (2020).

[14] S. Crossley, A.G. Swartz, K. Nishio, H.Y. Hwang. Phys. Rev.

B 100, 115163 (2019).
[15] T. Li, L. Zhang, X. Hong. J. Vac. Sci. Technol. A 40, 010807

(2022).
[16] G.A. Ovsyannikov, T.A. Shaikhulov, K.L. Stankevich,

Yu. Khaydukov, N.V. Andreev. Phys. Rev. B 102, 144401

(2020).
[17] S.R. Marmion, M. Ali, M. McLaren, D.A. Williams,

B.J. Hickey. Phys. Rev. B 89, 220404(R) (2014).
[18] Y. Wang, P. Deorani, X. Qiu, J.H. Kwon, H. Yang. Appl. Phys.

Lett. 105, 152412 (2014).
[19] H. Wang, K.-Y. Meng, P. Zhang, J.T. Hou, J. Finley, J. Han,

F. Yang, L. Liu. Appl. Phys. Lett. 114, 232406 (2019).
[20] L. Liu, G. Zhou, X. Shu, C. Li, W. Lin, L. Ren, C. Zhou,

T. Zhao, R. Guo, Q. Xie, H. Wang, J. Zhou, P. Yang,

S.J. Pennycook, X. Xu, J. Chen. Phys. Rev. B 105, 144419

(2022).

Translated by Ego Translating

Physics of the Solid State, 2023, Vol. 65, No. 7


