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ABSTRACT

Transition-metal oxide (TMO) based heterostructures provide fertile playground to explore or functionalize novel quantum materials. In
this regard, the combination of 3d and 5d TMOs have gained special interest because of the simultaneous appearance of strong spin-orbit
coupling and electron correlation at the interface of those heterostructures. Artificial breaking of the inversion symmetry in heterostructures
may also result in a distinct interfacial Dzyaloshinskii-Moriya interaction (DMI) and the formation of non-collinear magnetic spin structures
in case of magnetic TMOs. Among the 5d TMOs, SrIrOj; (SIO) has gained significant attention because of its large spin-orbit coupling and the
semi-metallic ground state, which are highly susceptible to structural distortions. Here, we report on the preparation and the characterisation
of structural, electronic and magnetic properties of epitaxial heterostructures consisting of the 54 TMO SIO and the 3d antiferromagnetic
insulator LaFeOs.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000325

I. INTRODUCTION

Transition-metal oxide (TMO) based heterostructures (HS)
and interfaces offer a unique way to engineer novel quantum states
that are absent in the bulk counterparts of their constituting mate-
rials.! In addition, the complex interplay between lattice, orbit,
charge and spin degree of freedom provides an opportunity to
design specific properties and functionalities that could for instance
serve as basis for the next-generation spintronic devices.” A well-
known example is the interface between the two non-magnetic band
insulators LaAlO; and SrTiO;, where a conducting and possibly
magnetic two-dimensional electron gas (2DEG) has been observed.
This interface has shown a large, electrically tuneable spin-to-charge
conversion.” Apart from these 2DEGs, heterostructures comprising
4d- and 5d- TMOs with strong spin-orbit coupling also present a
promising platform for new quantum states.’

Among the 5d TMOs, SrIrO; (SIO) is of current interest.” It
shows large spin-orbit coupling and a semi-metallic ground state
that is highly susceptible to structural distortions.”* However, the
electron correlation in 5d TMOs is usually too small to host fer-
romagnetism. Recently, ultra-thin SIO films and superlattices (SL)

with thickness less than 4-unit cells have shown structurally induced
metal to insulator- and magnetic phase transitions demonstrating
the correlation between structural and electric/magnetic properties.’
In SIO, a magnetic ground state should be achievable by tuning
the competition between Coulomb interaction and spin-orbit cou-
pling.'” The effect of magnetic substrate on the magnetotransport
properties of SIO has also been demonstrated, where a hysteretic
magnetoresistance at 2K was observed."’

Recently, SIO based HSs and SLs have demonstrated inter-
esting properties. In particular, iridate-manganite (La;xSrxMnO3
(LSMO)-SIO)) HSs and SLs have shown interfacial charge transfer
from iridate to the manganite layer which leads to the formation of
molecular orbitals at the interface.'”'* Indications of a ferromag-
netic ground state of SIO were deduced from x-ray magnetic circular
dichroism (XMCD).'”"* Skoropata et al. have also reported on a
topological Hall effect in SIO/LSMO SLs which has been discussed in
the context of skyrmion-like magnetic textures at the interface.'>'>'°

Here, we report on the synthesis and the characterisation of
high-quality heterostructures, where we have combined SIO with
a 3d antiferromagnetic insulator LaFeOs; (LFO). Bulk LFO is a
G-type antiferromagnetic insulator with one of the largest known
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Neel temperature Tx = 740 K. ' Tt shows a large magnetic moment

of 3.8-4.0 [,tB/Fe.W‘w The combination of 3d and 5d TMOs provides
competition between spin-orbit coupling and electron correlation
at the interface and is thus expected to be a promising route to gen-
erate magnetic exchange across the interface producing a magnetic
ground state in SIO. A clear observation of anomalous Hall effect
and butterfly shaped magnetoresistance suggest a proximity induced
magnetic state in SIO.

Il. EXPERIMENTAL

SIO and LFO thin films were deposited by pulsed laser deposi-
tion using a KrF excimer laser. The films were deposited from sto-
ichiometric homemade polycrystalline targets on TiO,-terminated
SrTiO3 (STO) (001) substrates. Surface termination was carried out
by standard buffered HF etch and high temperature annealing. A
clear step-terrace like surface structure with a step height of one
STO unit cell was observed by atomic force microscopy. During the
growth, substrate temperature and laser frequency was kept fixed at
700 °C and 2 Hz, respectively. For the LFO films, we used a laser
energy of E ~ 2 mJ/cm? and an oxygen partial pressure of P(O;)
=5 x 10~° mbar, and for SIO E ~1 mJ/cm? and P(O,) = 0.1 mbar.
The heterostructures were capped with a 5 nm thick STO capping
layer to protect the layers from any possible degradation. Film thick-
ness of the individual layers were controlled by in situ reflection high
energy electron diffraction (RHEED). After the deposition, sam-
ples were in situ post-annealed in 500 mbar oxygen pressure for 30
minutes to reduce possible oxygen deficiencies. Structural proper-
ties were characterized by X-ray reflectivity and diffraction using a
Bruker D8 Davinci diffractometer.

Magnetic properties of the HS were recorded with a supercon-
ducting quantum interference device (SQUID). Magnetization data
were corrected with respect to the diamagnetic background from the
STO substrate.

To analyse electrical transport, contacts to the HS were made
with a wire bonder using aluminium wire in Van der Pauw geom-
etry. The measurements were carried out with a physical property
measurement system (PPMS). Magnetoresistance and Hall data
were symmetrized and anti-symmetrized, respectively.

I1l. RESULTS AND DISCUSSION

Fig. 1(a) shows the x-ray reflectivity (XRR) and x-ray diffrac-
tion (XRD) of the LFO and SIO single layers and the SIO/LFO
bilayer. The film thicknesses were determined by simulating the XRR
data. The thicknesses are 17nm, 22nm and 22/17 nm for the LFO,
SIO and SIO/LFO samples, respectively. The right panel in Fig. 1(a)
show the XRD of the samples in the vicinity of the pseudo-cubic
(001) and (002) reflections. Clear thickness oscillations are observed
in the diffraction which reflects the high degree of crystallinity of the
samples. The out-of-plane lattice parameters for LFO and SIO films
were determined from the peak positions and are nearly the same,
i.e., 4.0 A. The HS also shows no distinct splitting of the film peaks
so that same out of plane lattice parameters for SIO and LFO in the
HS can be assumed as well.

In Fig. 1(b), we show the resistivity p versus T of the SIO sin-
gle layer and SIO/LFO HS. Both show qualitatively similar behavior,
i.e., p decreases with decreasing T until a minimum is reached at
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FIG. 1. (a) X-ray reflectivity and x-ray diffraction of LFO, SIO and SIO/LFO grown
on TiO,- STO (001) substrate. Intensity is plotted on logarithmic scale. The black
circles represent the measured XRR data and red solid lines are the corresponding
fits to the XRR data. Diffraction is shown for the pseudo-cubic (001) and (002)
reflection. (b) Resistivity p versus T for SIO and SIO/LFO heterostructure.

T'min » 220 K. For T < Trin, p increases with decreasing T. This is also
consistent with other reports and indicates the semi-metallic nature
of SIO."”*"*” Note, that the resistivity of the HS is larger compared
to that of the SIO single layer which is likely related to a lower charge
carrier concentration as indicated by Hall measurements. Due to the
insulating behavior of LFO, it does not contribute to the conductivity
of the HS.

Next, we report on the magnetotransport properties of
SIO/LFO HS. Fig. 2(a) shows the magnetoresistance (MR) of
SIO/LFO at 2K with applied magnetic field perpendicular to the
film surface. A small hysteretic butterfly shaped MR is observed
at low temperatures which suggests towards the possible magnetic
state in the SIO. Usually, hysteretic behavior of MR originates from
magnetic domains in a ferromagnetic metal. For instance, a similar
hysteretic MR has been observed at 2K in SIO films on DyScO3 (110)
substrate,'! induced by the magnetic DyScOs. In Fig. 2(b), we show
the Hall resistance (Ryy) versus magnetic field at 2 K. Apart from
the linear ordinary Hall resistance (OHR), an additional hysteretic
contribution to Ryy is observed, see inset Fig. 2(b). In the context
of magnetism, the contribution is known as the anomalous Hall
resistance Ry, """ (AHR)** which can be extracted by subtracting
the linear part from the measured Ryy. Generally, in ferromagnetic
metals the magnetic scattering of charge carries result in a butter-
fly shaped hysteretic magnetotransport behavior (MR ~ —M?* and
Ry ~ M). This is indeed the case here. The Magnetoresistance
at low temperatures show a clear butterfly shaped hysteretic MR,
which suggests a magnetic state in SIO at the interface. The magnetic
state is again confirmed from the observation of a hysteretic anoma-
lous Hall resistance. Fig. 2(c) shows the ordinary Hall resistance
Rey®"F of the SIO/LFO HS. Ryy°™™ is linear and the negative slope
documents the dominating electron like transport behavior which
is usually observed for SIO films on STO. Assuming a one-type
charge carrier transport, the charge carrier concentration # amounts
toabout 3.0 x 10* cm™ and 4.6 x 10*” cm ™ at 10 K for STO/LFO HS
and SIO, respectively. The low carrier concentration in the SIO/LFO
HS hints toward a possible charge transfer from SIO to LFO, which
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FIG. 2. Magnetotransport of SIO/LFO HS at T = 2K. (a) Magnetoresistance (MR)
vs. field (uoH) at 2 K. Arrows and color indicate the field sweep directions. (b) The
Hall resistance (Rxy) Vs. poH. Inset: Ry, at low fields where a hysteretic behavior
can be observed. (c) Ordinary part of the Hall resistance vs. poH. (d) Anoma-
lous part of the Hall resistance vs. uoH. Arrows and color indicate the field sweep
directions.

has been observed in SIO/LSMO. In Fig. 2(d), we show the extracted
AHR of the SIO/LFO HS. The AHR is positive and opposite to what
have been observed in LSMO-SIO heterostructures. '’ The sign of
anomalous Hall resistance is directly related to the Berry curvature
(BC) and so to the electronic band structure at the Fermi energy.
To give a definite answer on the sign of the AHR calculations of the
BC are needed. The coercive field is rather large and similar to the
coercive field observed in MR. Usually, AHE is considered as a signa-
ture of magnetic polarization.” Since the transport is limited to SIO,
the observed AHR is also related to the SIO layer only and indicates
induced magnetism in SIO.

Fig. 3(a) shows the extracted AHR for different temperatures.
The AHR displays very large coercivity field below 10 K, where a
full saturation is obviously not achieved even for 14 T. An additional
hump like feature can be seen at 2 K. This might be related to some
anisotropic behavior of the sample caused by the non-saturated
magnetization and a failure of the van der Pauw measurement in
case of inhomogeneous sample magnetization.

Fig. 3(b) shows the maximum value (Rgy*"®) of the AHR at
14 T versus T. The (Ry,""'*) decreases with increasing temperature
and becomes almost zero at room temperature. Since the R,(YAHE is
usually proportional to the magnetization (Ry*™® ~ M”*), the T-
dependence of Ry, """ suggests an onset of magnetism in SIO.

Magnetization measurements of the SIO/LFO HS are reported
in Fig. 4. In Fig. 4(a), the magnetic moment m” is shown versus
UoH at different temperatures which compares well to that of sin-
gle LFO films (not shown here). The diamagnetic signal from the
STO substrate has been removed by subtracting the linear part of

FIG. 3. (a) Anomalous Hall resistance vs. uoH for a SIO/LFO HS at various
temperatures. (b) The maximum value (Ry""E) of the AHR (at uoH = 14 T)
vs. T.
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FIG. 4. (a) Magnetic moment m* versus poH for the SIO/LFO HS at various
temperatures. The linear diamagnetic contribution from the substrate has been
subtracted from the measured data. (b) Normalized anomalous Hall resistance
and magnetic moment of SIO/LFO HS vs. yoH at T = 10K.

m* vs poH, which has been determined at yoH> 6 T. m* vs. yoH
shows a hysteretic behavior with a small coercive field H. around
200 Oe at 10K. The magnetic moments arise from the Fe** in LFO.
The estimated moment from the magnetization measurements is
about 2.2 ug/Fe which is half of the observed moments in bulk
LFO.""” The saturation magnetization decreases with increasing
temperature.

Fig. 4(b) displays the normalized Ry™ and m* of the
SIO/LFO HS at 10K. They both show a very different coercive field.
Since, the magnetic moment of the HS is dominated by the LFO
signal, the large coercivity of the AHE cannot be due to the mag-
netization of LFO but again indicates the relation to SIO. As the
induced magnetism in SIO is supposed to be limited to the inter-
facial region of the SIO layer the contribution to m” is expected to

AHE
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be very small, which makes a direct measurement by SQUID very
difficult. However, decreasing the layer thickness of LFO and SIO in
corresponding HSs and SLs will facilitate the characterization of the
magnetic state in SIO.

IV. SUMMARY AND CONCLUSIONS

In conclusion, high quality epitaxial SIO/LFO heterostructures
were grown by pulsed laser deposition. Clear observation of an
anomalous Hall resistance and a butterfly shaped hysteretic magne-
toresistance indicates magnetism in the heterostructures related to
SIO. The similar coercivity of MR and Ry,“"™* consistently demon-
strates the presence of a ferromagnetic state in SIO. The presented
results show the possibility to induce magnetism in 5d TMOs close
to room temperature and hence the importance of 3d - 5d TMO
interfaces for the exploration of new magnetic states where both
strong spin-orbit coupling and electron correlation can be included.
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