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ABSTRACT
The ability to tune magnetic ordering in complex oxide based correlated antiferromagnetic insulators, due to the coupling between the
charge, spin, lattice, and orbital degrees of freedom, opens a vast playground in spintronics. Here, we study a tensile strain induced
coexistence of a wide range of magnetic ordering, as established from the temperature dependence of the spin Hall magnetoresistance (SMR)
and spin Seebeck effect (SSE) studies and complemented by structural and bulk magnetization measurements. The temperature dependence
of the SMR, SSE, and bulk magnetization studies ﬁngerprints the competition between different magnetic domains across the manganite ﬁlm
thickness. Our work demonstrates that strain induced spatial variation of magnetization in such nominal antiferromagnetic manganite,
SrMnO3, can be tuned by orbital ordering and opens research opportunities in antiferromagnetic spintronics.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0035948

In recent years, spin Hall magnetoresistance (SMR) and Spin
Seebeck Effect (SSE), relying on the spin-charge inter-conversion by
Spin (Inverse) Hall effect (SHE and ISHE), have emerged as efﬁcient
electrical means to probe magnetic ordering in a wide range of
magnetic systems such as ferromagnets, ferrimagnets,1–4 and
antiferromagnets.5–9 The versatility of this approach in providing
additional information, on the surface magnetization10,11 or on magnetic anisotropy,9,12 that otherwise need dedicated microscopic techniques or synchrotron based facilities, makes it a useful all-electrical
scheme for the study of complex magnetic ordering in thin ﬁlms of
magnetic materials. In this context, strongly correlated rare earth manganites, exhibiting competing magnetic ground states in their phase
diagram,13 provide an important platform for the study and identiﬁcation of magnetic ordering, essential for developing antiferromagnetic
oxide based spintronics, but is largely unexplored.
SrMnO3 (SMO) is one of the end members of the La1xSrxMnO3
family. In bulk, it exhibits three different polymorph phases, namely,
cubic, 4H, and 6H hexagonal phases, stabilized at different growth
temperatures.14 All the polymorphs exhibit fully compensated G-type
antiferromagnetic-insulating behavior with Neel temperature (TN)
varying between 260 and 278 K.14,15 The antiferromagnetic exchange
in bulk SMO is governed by the superexchange interaction between
the Mn4þ ions that preserve the degeneracy of the, e.g., orbitals of
Mn4þ. Thin ﬁlms of SMO, on the other hand, can be tailored to
exhibit a wide range of magnetic ordering. For example, by tuning
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epitaxial strain, the antiferromagnetic (AFM) ordering in thin SMO
ﬁlms can be tuned from G-type to C/A-type.16,17 In addition, controlled tuning of different growth conditions can also lead to coexistence of different magnetically ordered phases for this end member of
the manganite family, typical among them being a ferromagnetic insulating phase brought about by the structural distortion of the oxygen
octahedra and leading to an oxygen deﬁcient SrMnO3d phase.18
Moreover, ﬁrst principles calculations have predicted that tensile or
compressive strain can drive a series of magnetic phase transitions that
couples with the ferroelectric order in SMO and were corroborated by
experimental studies.17,19–22
In this work, we study the temperature dependence of magnetic phases that coexist in thin ﬁlms of SrMnO3 (SMO) using
complementary techniques, (i) bulk magnetization studies using
Superconducting Quantum interference device (SQUID), (ii)
Surface sensitive SMR response, and (iii) bulk sensitive SSE
response. Two different ﬁlm types, deposited by adopting different
growth strategies and of varying thicknesses (S1 and S2) are studied in this work. The different approaches allow for the study of
the correlated interplay between tensile strain and oxygen vacancies across SrMnO3/SrTiO3 interfaces. This work demonstrates the
inevitability of coexisting magnetically ordered states, intrinsic to
such tensile strained SMO thin ﬁlms that are nominally antiferromagnetic, inspite of adopting careful growth strategies, as revealed
by spin transport studies.
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The ﬁlms, S1 (SMO 2 nm/STO) and S2 (SMO 17 nm/STO), were
grown using Pulsed Laser Deposition (PLD) techniques. The deposition conditions and structural characterization by 2h  x scans along
(001) direction and reciprocal space mapping (RSM) are discussed in
the supplementary material. Whereas the ultrathin sample (S1) does
not show x-ray diffraction (XRD) peaks in the 2h  x scan, the analysis of 2h  x scan and reciprocal space mapping (RSM) in S2 yields a
tensile strain of 2.9%. Temperature and ﬁeld-dependent magnetization
studies of both SMO ﬁlms were done using SQUID magnetometer
(Quantum Design). Figure 1(a) shows the temperature dependent
in-plane hysteresis loops for samples S1 and S2, after subtracting the
linear diamagnetic contribution arising from the STO substrates. For
sample S1, hysteresis loops with ﬁnite coercivity and large saturation
magnetization are observed at different temperatures bearing signatures of a predominant ferromagnetic behavior. In bulk, SMO is an
antiferromagnetic insulator with a G-type ordering.14,23 However, in
thin ﬁlms, the effect of tensile strain, oxygen vacancies, and different
growth environment promotes competing magnetic states with ferromagnetic, ferrimagnetic, and antiferromagnetic ordering.17–21 In our
case, the thinner sample S1 shows a strong ferromagnetic behavior
that arises from the mixed valence states in Mn, prevalent in
such competing magnetic phases, due to tensile strain and oxygen
vacancies.17–20 Owing to its ultrathin nature in sample S1, no structural characterization and quantiﬁcation of the strain were possible.
On the other hand, the thicker sample S2 shows a saturation
magnetization of 200 emu/cc at 10 K and requires larger magnetic ﬁeld
to reach saturation as shown in the supplementary material (Fig. S2).
The structural characterization in sample S2 (Fig. S1 in the
supplementary material) reveals a tensile strain of 2.9% and tetragonality ratio similar to previous reports.16,20 Besides, both S1 and S2
exhibit distinct magnetic phase transitions (TN ¼ 290 K for S1, TN
> 350 K for S2), as shown from the bifurcation points of zero ﬁeld
cooled (ZFC) and ﬁeld cooled (FC) curves in Fig. 1(b) (blue arrow).

FIG. 1. Temperature dependence of magnetic hysteresis loops of (a) sample S1:
SMO (2 nm)/STO (top panel), sample S2: SMO (17 nm)/STO (bottom panel). (b)
Temperature dependent magnetization plots of S1 and S2, recorded in both zeroﬁeld cooled and ﬁeld cooled modes (HFC ¼ 70 kOe with a running ﬁeld of 500 Oe).
The black arrows near 40 K indicate the magnetic phase transitions due to secondary phases, and the blue arrow indicates the bifurcation of the ZFC and FC curves
at 300 K indicating the magnetic phase transition of SMO ﬁlm in sample S1.
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Magnetization vs Temperature (M-T) plots show an additional magnetic ordering around 40 K for both S1 and S2 as seen from the cusp
like feature (black arrow) in the ZFC curve similar to previous
reports.18 Secondary phases of MnOx with mixed oxidation states of
Mn (Mn2þ, Mn3þ, and Mn4þ) that could segregate during the deposition of ReMnO3 are well documented in the literature. The competing
magnetic phases are reported to be ferrimagnetic Mn3O424–27 or
c  Mn2 O3 28 with transition temperature around 40–46 K and antiferromagnetic MnO/a  Mn2 O3 with transition temperatures around
80–100 K.29 Further, computationally both the cubic and hexagonal
structures are shown to exhibit several magnetically ordered structures,
depending on the interactions between the neighboring B site cations
and with an AF ground state.14
In order to gain more insights into the temperature dependence
of magnetic ordering in SMO thin ﬁlms, we have performed simultaneous measurements of spin Hall magnetoresistance (SMR) and
Spin Seebeck Effect (SSE) using spin Hall effect based spin transport.
UV-lithography followed by electron beam evaporation were used to
pattern and fabricate a 7 nm thick-Pt Hall bar device (dimensions:
width w ¼ 50 lm, length l ¼ 3000 lm) on SMO thin ﬁlms as shown in
Fig. 3(a). Simultaneous angle dependent spin Hall magnetoresistance
(SMR) and Spin Seebeck effect (SSE) measurements were performed
on a physical property measurement (PPMS) system (Quantum
Design) in the temperature range of 5–300 K and the magnetic ﬁeld
range of 0–7 T to get insights about the magnetic order of SMO thin
ﬁlms. For ﬁeld-dependent SMR and SSE measurements, a sinusoidal
alternating current of amplitude I0¼ 1 mA (J0 ¼ 2.8  109 A/m2)
and frequency (x) ¼ 7.77 Hz were driven across the Pt Hall bar in the
y-direction (see the supplementary material). Four Lock-in ampliﬁers
1x
1x
and Vxy
were simultaneously used to measure the ﬁrst harmonic(Vyy
2x
2x
at phase ¼ 0 ) and second harmonic (Vyy
and Vxy
at phase ¼ 90 )
voltages with a time constant of 3 s by rotating the sample along the
x-y (a), x-z (b), and y-z (c) planes, respectively.
Figure 2 shows the angular dependent magnetoresistance
(ADMR) responses for both S1 and S2, along the plane of transport
(x-y plane). The details of the ADMR responses in the longitudinal
contacts are discussed in the supplementary material. For simplicity,
we focus on the transverse measurements, as any background resistances are minimized in the x-y plane owing to its measurement geometry. On application of the charge current Jac (Je marked in Fig. 2) along
the Pt strip (y-direction), a spin current (Js) in the Pt layer due to spin
Hall effect is induced (SHE)30 that exerts a torque on the magnetization (M) vector of the underlying SMO layer. Depending on the relative orientation of M in SMO and l the spin accumulation, reﬂection
or absorption of spin current occurs at the Pt/FM interface, which in
turn causes the modulation of spin Hall magnetoresistance (SMR)30,31
in an applied magnetic ﬁeld.
A typical transverse SMR contribution arising at the interface of
Pt/SMO is described as follows:31
DRxy Dqxy w
hmx my i / sinð2aÞ;
¼
Ro
qo l

(1)

where DRxy is the change in the SMR response measured in the longitudinal and transverse conﬁgurations, respectively. DRxy ¼ Ryy(a ¼ 45 )
 Ryy(a ¼ 135 ). The transverse SMR variations in the x-y plane
(a-direction) shown for S1 and S2 samples (Fig. 2) with a 7 T ﬁeld, follows a sin(2a) variation, and consistent with Eq. (1). The spin resistance
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FIG. 2. The angular dependence of transverse SMR signals shown for three representative temperatures obtained at an applied magnetic ﬁeld (B) ¼ 7 T along a rotation plane for both S1 and S2 samples. Here, Je and l represent the corresponding
electron ﬂow and spin accumulation directions, respectively.

displays a maximum (absorbed) and minimum (reﬂected) at a ¼ 45
and a ¼ 135 (B ? Je) conﬁgurations, respectively. This is similar to
SMR signals observed on Pt/YIG and other ferrimagnetic spinel systems,
commonly attributed to positive SMR,32 and occurs when the applied
magnetic ﬁeld exceeds the anisotropy ﬁelds in Pt/FM heterostructures.
In addition, the transverse SMR signals display a sin(2a) behavior
according to Eq. (1) [Figs. 2(a) and 2(b)]. The different contributions to
the magnetoresponse, which can simultaneously occur across Pt/insulator hybrid systems, are discussed in the supplementary material. By systematic cross-check and analysis, we ascribe the observed signals, shown
in Fig. 2, to originate due to SMR.
We further used Spin Seebeck studies to understand the bulk magnetic ordering in samples S1 and S2. In Figs. 3(a) and 3(b), the SSE signals are detected in the longitudinal and transverse conﬁgurations,
respectively, at 5 K by sweeping the in-plane 7 T ﬁeld (a -scan) for sample S2. These responses are detected as second harmonic resistances
2x
(R2x
yy and Rxy ) in the lock-in ampliﬁer. An applied current bias
(I0 ¼ 1.5 mA in this case) induces a thermal gradient (rT) creating a
magnon spin accumulation (lm) in the bulk SMO layer, which in turn
diffuses a spin current (Is) in the Pt layer, that is detected as charge resistance due to inverse spin Hall effect (ISHE).33,34 From Figs. 3(a) and
3(b), we observe a sinusoidal variation of the SSE signal. The SSE signals
show a peak at 0 and 180 for the longitudinal contacts [Fig. 3(a)]
when the applied magnetic ﬁeld is parallel to the magnon spin accumulation, leading to a detectable charge resistance in Pt due to ISHE.
Similar signals are observed for sample S1, which are shown in the
supplementary material. These obtained signals scale quadratically with
current bias (see the supplementary material) indicating a current
induced SSE.2–4 On the other hand, we observe a phase shift of 90 in
the observed response for the transverse conﬁguration [Fig. 3(b)].
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In order to further investigate the observed SSE response, we performed angular dependent measurements (see the supplementary
material) in the out-of-plane direction to rule out the contribution of
thermal response arising from Anomalous Nernst Effect in Pt, in close
proximity with a magnetic insulator.35,36 We have performed ﬁeld
dependent measurements of the SSE signals, at angles, where the SSE
response showed a maximum. This is shown in the inset of Figs. 3(a)
and 3(b) for both longitudinal and transverse conﬁgurations. The ﬁeld
dependent SSE measurements display a non-linear dependence, attributed to either a weak-ferromagnetic behavior37 or to an easy-plane
antiferromagnetic ordering,7,8 as inferred from the absence of any hysteretic behavior in the trace and retrace of the magnetic ﬁeld, as
reported for other ferri/ferromagnetic materials.2,4
We now discuss our ﬁndings, in light of the different probing
techniques used in this work, to understand the role of the coupling
between the coexisting magnetic domains in the tensile strained S1
and S2 ﬁlms. From the bulk magnetization studies, we ﬁnd the coexistence of different magnetically ordered phases and their coupling with
temperature as shown in Fig. 2. We now take into account the temperature dependent SMR and SSE amplitudes for samples S1 and S2 at an
applied in-plane magnetic ﬁeld of 7 T, as shown in Figs. 4(a) and 4(b).
S1 shows a temperature dependence atypical of SMR response in Pt/
YIG hybrid systems;38,39 and the variation of S2 is unique. In S2, it saturates beyond a critical temperature, Tcrit, but for T < Tcrit, a steep
decrease is observed. This temperature range corresponds to the temperature at which the ZFC curves, in Fig. 2(b), exhibit a cusp in
SQUID studies, and is ascribed to the presence of antiferromagnetic
ordering in the bulk. As discussed earlier, our tensile strained ﬁlms
exhibit ferromagnetic ordering, evinced in the M-H loops in Fig. 2(a)
due to a possible SrMnO3d phase (low oxygen pressure during
growth). To understand the temperature variation of the SMR
response in S2, we recall that the additional annealing step induces a
competing magnetically frustated ordering. Additionally, the absence
of any hysteresis in the ﬁeld dependent SSE measurements shown for
sample S2, [insets of Figs. 3(a) and 3(b)] indicate the presence of a
bulk antiferromagnetic ground state, where the antiferromagnetic sublattices gradually cant in the direction of the magnetic ﬁeld.8
Moreover, the SSE signals, which indicate the thermal excitation of the
magnons in SMO ﬁlms, decrease with increasing temperature and are
not detected beyond 40 K as shown in Fig. 4(b). From a collective
inference drawn from the bulk magnetization, SMR, and SSE studies,
we consider the thin ﬁlm to comprise of competing magnetic ordering
at the surface (S-SMO) and in the bulk (B-SMO), whose strength is
tuned by temperature. Thus, below T < Tcrit, enhancement in the antiferromagnetic ordering of the magnetic domains near the surface leads
to a reduction in the SMR response similar to that observed in Pt/YIG
hybrids with surface treatment in YIG38 or by insertion of antiferromagnetic NiO layer.40 Above T > Tcrit, surface ferromagnetic ordering
dominates the SMR response. Additionally, no SSE signals are detected
above Tcrit for both S1 and S2, indicating a lack of exchange stiffness
and long range magnetic ordering above Tcrit.
As shown in Fig. 4(c), below T < Tcrit and for a ﬁeld of 7 T, the
enhanced antiferromagnetic ordering across the S-SMO and B-SMO
layers facilitates magnon excitation and propagation that is detected as
a ﬁnite spin current at the Pt electrodes. However for T > Tcrit, the
coupling between the S-and B-SMO layers is weakened, hindering efﬁcient magnon spin transport, leading to a vanishing SSE signal.
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FIG. 3. (a) and (b) Angular dependent SSE signals measured in the longitudinal and transverse SSE conﬁgurations at 5 K at 7 T in-plane ﬁeld (a scan) for a current bias of
I0 ¼ 1.2 mA for sample S2. The insets show the ﬁeld dependent SSE signals acquired at different angles.

FIG. 4. (a) and (b) Temperature dependence of SMR (top panel) and SSE (bottom panel) signals at current bias of I0 ¼ 1 mA and 1.5 mA, respectively, and at an applied magnetic ﬁeld of 7 T. (c) The schematic on the right hand side shows the ﬁeld dependent exchange coupled ordering of the magnetic moments in the surface (S-SMO) and bulk
(B-SMO) layers of the SMO ﬁlms for the temperature ranges, T < Tcrit and T > Tcrit.
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Overall, our ﬁndings reiterate (i) the presence of a magnetic ordering
at the surface of the SMO ﬁlms that is responsible for the observed
SSE signals11 and (ii) the surface sensitivity of the SMR in detecting
competing magnetic ordering in such tensile strained SMO thin ﬁlms.
Moreover, as reported earlier, enhancement of SSE responses at low
temperatures in Pt/YIG,41 Pt/Cr2O38 hybrids, indicate the role of the
magnon-phonon interaction due to the thermal induced phonon drag.
This is demonstrated by infrared and Raman studies (below TN) for
bulk SMO.42 In our case, the temperature dependence of magnetic
ordering, evident from the M–T and SSE studies hint at magnonphonon interaction as a possible reason for the decrease in SSE signals
with increasing temperature. However, further studies are needed to
establish this. In order to further ascertain that the SSE signals originate in Pt due to SMO, control experiments were performed on Pt/
SrTiO3, where no such modulations are observed in the second harmonic signal with an applied magnetic ﬁeld of 7 T. This is shown in
Fig. S12 (see the supplementary material).
Our work represents a ﬁrst comprehensive study of the temperature and ﬁeld dependence of the magnetic ordering in SMO thin ﬁlms
utilizing complementary all-electrical transport. Furthermore, our
study also highlights the predominant contribution of the surface magnetic ordering from the temperature dependence of the SMR and SSE
studies, promoted by a spatially varying strain across the ﬁlms and the
choice of growth parameters. The ability to tune the magnetic ordering
with strain and oxygen vacancies in thin ﬁlms of SrMnO3 is an important step toward using such materials for magnon spin transport studies and their control by electric ﬁeld in such multiferroics.
See the supplementary material for discussion on the growth and
structural characterization of the SrMnO3 thin ﬁlms, magnetization
and magnetic phase transition, signals due to Spin Hall
Magnetoresistance and Magnetoresistance in Pt and angular Spin
Seebeck responses in sample S1.
The authors would like to thank G. H. Hoogeboom for
useful discussion on SMR technique and J. L. van Rijn and A. A.
Burema for helpful suggestions. Authors thank J. Baas, J. G.
Holstein, H. H. de Vries, T. J. Schouten, and H. Adema for
technical support. This work is realized using the facilities
available at NanoLab NL and is supported by the Dieptestrategie
grant 2014 from the Zernike Institute for Advanced Materials,
University of Groningen.
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R. Søndenå, P. Ravindran, S. Stølen, T. Grande, and M. Hanﬂand, “Electronic
structure and magnetic properties of cubic and hexagonal SrMnO3,” Phys. Rev.
B 74, 144102 (2006).
15
D. M. Nalecz, R. Bujakiewicz-Koronska, and R. J. Radwanski, “Magnetic phase
transition in antiferromagnetic SrMnO3 perovskites,” Ferroelectrics 483, 86–94
(2015).
16
L. Maurel, N. Marcano, T. Prokscha, E. Langenberg, J. Blasco, R. Guzman, A.
Suter, C. Magen, L. Morell
on, M. R. Ibarra, J. A. Pardo, and P. A. Algarabel,
“Nature of antiferromagnetic order in epitaxially strained multiferroic SrMnO3
thin ﬁlms,” Phys. Rev. B 92, 024419 (2015).
17
J. H. Lee and K. M. Rabe, “Epitaxial-strain-induced multiferroicity in SrMnO3
from ﬁrst principles,” Phys. Rev. Lett. 104, 207204 (2010).
18
F. Wang, Y. Q. Zhang, Y. Bai, W. Liu, H. R. Zhang, W. Y. Wang, S. K. Li, S.
Ma, X. G. Zhao, J. R. Sun, Z. H. Wang, Z. J. Wang, and Z. D. Zhang, “Oxygen
vacancy formation, crystal structures, and magnetic properties of three
SrMnO3-d ﬁlms,” Appl. Phys. Lett. 109, 052403 (2016).
19
C. Becher, L. Maurel, U. Aschauer, M. Lilienblum, C. Magen, D. Meier, E.
Langenberg, M. Trassin, J. Blasco, I. P. Krug, P. A. Algarabel, N. A. Spaldin, J.
A. Pardo, and M. Fiebig, “Strain-induced coupling of electrical polarization and
structural defects in SrMnO3 ﬁlms,” Nat. Nanotechnol. 10, 661–665 (2015).
20
J. W. Guo, P. S. Wang, Y. Yuan, Q. He, J. L. Lu, T. Z. Chen, S. Z. Yang, Y. J.
Wang, R. Erni, M. D. Rossell, V. Gopalan, H. J. Xiang, Y. Tokura, and P. Yu,
“Strain-induced ferroelectricity and spin-lattice coupling in SrMnO3 thin
ﬁlms,” Phys. Rev. B 97, 235135 (2018).
21
A. Edstr€
om and C. Ederer, “First-principles-based strain and temperaturedependent ferroic phase diagram of SrMnO3,” Phys. Rev. Mater. 2, 104409
(2018).
22
A. Edstr€
om and C. Ederer, “Prediction of a giant magnetoelectric cross-Caloric
effect around a tetracritical point in multiferroic SrMnO3,” Phys. Rev. Lett.
124, 167201 (2020).
23
A. A. Belik, Y. Matsushita, Y. Katsuya, M. Tanaka, T. Kolodiazhnyi, M. Isobe,
and E. Takayama-Muromachi, “Crystal structure and magnetic properties of
6H-SrMnO3,” Phys. Rev. B 84, 094438 (2011).

118, 052407-5

Applied Physics Letters

24

A. Pomar, Z. Konstantinović, N. Bagues, J. Roqueta, L. L
opez-Mir, L. Balcells,
C. Frontera, N. Mestres, A. Gutierrez-Llorente, M. Sćepanović, N. Lazarević,
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