Particles |

Particles: Unique Properties,

Uncountable Applications

Advanced
Optical Metrology

Read the latest eBook and
better your knowledge with
highlights from the recent
studies on the design and
characterization of micro-
and nanoparticles for
different application areas.

Particles |

d P %D:. N K
- ’ - .*,,’f._-.' . »
l S b R B 1 : ‘._. 1 g Je
- Ry o o ¥ o " §y- - . . .
& C"" '.‘"M > 3 .-‘:--“' --” :. . - _q g - %
s \’}_ . F ot LTy » L c._ y A
5 « 4 " . _!’f. . : ‘ ol s & 2 o< *
o Y Bas TR AR AL
f . Sl 2" e 3
-~ . e, . > -
- - ‘ : « ..
# 4 . .' . » .
’ . >
» -
- . -

This eBook is sponsored by

OLYMPUS WI LEY



https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3Aef855156-5d95-45b1-b33f-15ba288bce69&url=https%3A%2F%2Fadvancedopticalmetrology.com%2Fcorrosion%2Fparticles-unique-properties-uncountable-applications.html&pubDoi=10.1002/adma.202109163&viewOrigin=offlinePdf

RESEARCH ARTICLE

'.) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Direct Observation of Strong Anomalous Hall Effect and
Proximity-Induced Ferromagnetic State in SrlrO;

Arun Kumar Jaiswal, Di Wang, Vanessa Wollersen, Rudolf Schneider, Matthieu Le Tacon,

and Dirk Fuchs*

The 5d iridium-based transition metal oxides have gained broad interest
because of their strong spin—orbit coupling, which favors new or exotic
quantum electronic states. On the other hand, they rarely exhibit more main-
stream orders like ferromagnetism due to generally weak electron—electron
correlation strength. Here, a proximity-induced ferromagnetic (FM) state with
Tc = 100 K and strong magnetocrystalline anisotropy is shown in a SrlrO;
(S10) heterostructure via interfacial charge transfer by using a ferromagnetic
insulator in contact with SI10O. Electrical transport allows to selectively probe
the FM state of the SIO layer and the direct observation of a strong, intrinsic,
and positive anomalous Hall effect (AHE). For T < 20 K, the AHE displays
unusually large coercive and saturation field, a fingerprint of a strong pseu-
dospin-lattice coupling. A Hall angle, o,,*"¥/ g, larger by an order of mag-
nitude than in typical 3d metals and an FM net moment of about 0.1 u3/Ir,

is reported. This emphasizes how efficiently the nontrivial topological band

have gained a lot of interest. The iridates
indeed display SOC which is on a similar
energy scale than that of the electron-
correlation or the electronic bandwidth,!
which favors new or exotic quantum
electronic states.?¥] However, in contrast
to archetypical correlated 3d TMOs, the
electron-electron correlation strength is
often too small in the 5d TMOs to host
ferromagnetism.

For Sr,IrO, (n = 1), the SOC results in
a spin-orbital mixed state of the Ir* ion
with a filled quadruplet pseudospin state
Jeg = 3/2 and a half-filled doublet J.g4 =
1/2.7) Magnetic interaction of neighbored
pseudospins leads to a basal (ab)-plane
canted antiferromagnetic (AFM) Mott-

properties of SIO can be manipulated by structural modifications and the

exchange interaction with 3d TMOs.

1. Introduction

The search for new materials for next generation information
technology has strongly pushed scientific work in the field of
spintronics, which addresses in particular the mutual influ-
ences of spin and charges on electronic transport. Spin—orbit
coupling, which is naturally present in heavy metals, provides
interesting perspectives for the manipulation of spin-transport
and, in this respect, the 5d iridium-based transition metal
oxides (TMOs) of the Ruddlesden—Popper series Sr,,iIr,03,,1
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insulator ground state with pseudospins
locked to the oxygen octahedral rota-
tion.B1 For n = 2, interlayer coupling
weakens which leads to a spin-flop transi-
tion of the pseudospins with out-of-plane
spin alignment along the c-axis and Ty = 280 K.l In contrast,
the perovskite phase SrIrO; (SIO) (n = o) displays paramag-
netic semimetallic behavior due to an increased hybridization
of Ir5d and O2p orbitals.}'>1] Nevertheless, SIO is on the
verge of a magnetic ground state and may display AFM or fer-
romagnetic (FM) properties as well, depending on the details of
the Hubbard interaction U and the SOC.['l Owing to a strong
pseudospin-lattice coupling,!!®! these can be finely tuned by
structural modifications, especially with respect to the network
of the corner-sharing IrOy octahedra which in turn enables a
manipulation of the magnetism in SIO.

The bulk structure of SIO consists in a distorted
orthorhombic perovskite structure with in-phase and antiphase
rotations of the IrOg octahedra (a"a™c* in Glazer notation).[”18l
However, a suppression of octahedral out-of-plane tilts, akin to
the rotation pattern of Sr,IrO, can be achieved when ultrathin
SIO films are epitaxially grown on cubic SrTiO; (STO) which
concomitantly yields a metal-to-insulator transition (MIT).[")
Other type of structural distortions are likewise discussed as a
possible source for magnetic properties of SIO.2% For example,
in SIO/STO superlattices the IrOg4 rotation pattern supports an
AFM ground state,?22l where the ordering temperature Ty can
be controlled by the interlayer coupling, i.e., by the STO thick-
nessl?3l or epitaxial strain.?4l

Meanwhile a lot of activities have been focused on SIO-based
heterostructures including magnetic active layers, which seems

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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to be a promising route to design new systems exhibiting both,
SOC and ferromagnetism. A topological Hall effect has been
reported for SIO/SrRuO; heterostructures!?” demonstrating the
ability of the strong SOC of SIO to influence the magnetic prop-
erties of an itinerant ferromagnet. In manganite/SIO superlat-
tices magnetic exchange between the different layers may also
result in interfacial FM properties.?*-34 These can in principle
be probed through magnetotransport as effects such as the
anomalous Hall effect (AHE) or the anisotropic magnetoresist-
ance (AMR), two hallmarks of an FM metal, directly relate to,
e.g., the magnetization, ordering temperature and anisotropy of
the magnetic state and are therefore useful quantities to charac-
terize the magnetic properties of materials.

The main drawback of manganite/SIO heterostructures
with respect to an analysis of the magnetic state of SIO is
that the manganite layer, if in contact with SIO becomes
conductive due to interfacial charge transfer, resulting in a
distinct contribution to the AHE. The conductivity is well
explained by the e,-double exchange mechanism in electron-
or hole-doped manganites.>*! In this work, we overcome this
difficulty by presenting a detailed study of heterostructures
composed of SIO and LaCoO; (LCO). Epitaxially strained
LCO is an FM insulator with a T = 85 K. As shown in
this work, light electron-doping of LCO due to interfacial
charge transfer or others does not lead to any measurable
conductivity which is very likely due to the spin-blockade
phenomenon of cobaltites.[®l This ideally allows unambig-
uous selective characterization of the magnetism induced at
the SIO/LCO interfaces by electronic transport. We observe
an interfacial electron transfer from SIO to LCO and show
that the heterostructures reveal a strong positive AHE and
a four-fold symmetric AMR. This indicates the formation of
a proximity-induced FM state in SIO with T¢ = 100 K and a
(110) in-plane magnetic easy-axis. Furthermore, the AHE dis-
plays unusually high coercivity and saturation field at low T,
alongside a rather large Hall angle.

These results demonstrate how efficiently the nontrivial
topological band properties of SIO can be tuned by structural
modifications at correlated oxide interfaces, which provides
new promising routes to functionalize these materials.

2. Results and Discussion

2.1. Structural Properties of SrlrO;/LaCoO; Heterostructures

In the following, we will concentrate on three different types
of heterostructures: i) SIO single-layer, i.e., 10 monolayers (ML)
of SIO capped with a STO (4 ML) protection layer, ii) LCO/SIO
bilayer, i.e., 10 ML of LCO on 10 ML of SIO, and iii) LCO/STO/
SIO trilayer, where the LCO and SIO layer are separated by 4 ML
of epitaxial STO. The heterostructures were produced by pulsed
laser deposition on TiO,-terminated (001) STO, as described in
the Experimental Section.™”) In Figure 1a, we report cross-sec-
tional high-resolution scanning transmission electron micros-
copy (HR-STEM) images of our LCO/SIO bilayer documenting
stoichiometric composition and atomically sharp LCO/SIO and
SIO/STO interfaces with atomic interdiffusion over distances
that do not exceed 1 ML.
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The structural properties of the heterostructures were fur-
ther analyzed by X-ray diffraction using a Bruker D8 Davinci
diffractometer equipped with Cu Ke radiation. The reciprocal
space maps on pseudocubic {204} lattice reflections shown in
Figure 1b clearly indicate a pseudomorphic growth of the SIO
and LCO layer. The peak maxima of the films and the STO sub-
strate appear at h = 2, i.e., in-plane lattice parameters are iden-
tical to STO (a = 3.905 A). Despite the line broadening of the
film peaks along the I-direction, a distinct variation of the out-
of-plane lattice spacing for the different azimuth angles is not
observed. In contrast to thicker SIO films (t > 17 nm) for which
we observed clear orthorhombic distortion,*¥ the pseudomor-
phic growth of the thin SIO layer obviously results in a suppres-
sion of octahedral distortion. The pseudotetragonal structures
of the compressed SIO film results in in-plane lattice param-
eters a = b= 3.9 A, and an out-of-plane lattice parameter of ¢ =
4.05 A. The tensile strained LCO film displays a = b = 3.9 A
and ¢ = 3.78 A, in contrast to the pseudo-cubic bulk value of a =
3.83 A1

To analyze the octahedral tilt pattern of the IrOg and CoOy
octahedra in more detailed, we carried out measurements on
specific half-integer pseudocubic lattice reflections. The occur-
rence of such half-integer reflections indicates a doubling of the
pseudo-cubic unit-cell and allows to determine the octahedral
tilt and rotation pattern of the distorted perovskite structure.
Antiphase rotations (-) along the a, b, and c-axis produce half-
integer (hkl) reflections odd—odd-odd with k# I, h # 1, and h #
k, respectively, whereas in-phase rotations (+) along the corre-
sponding axes produce reflections even-odd—odd (k # I), odd—
even—odd (h # 1), and odd-odd-even (h = k).['/) For the hetero-
structure we did not observe any reflections indicating in-phase
rotations. Antiphase-rotations are documented only for SIO
along the c-axis, see Figure 1c (left), which results in a one-tilt
rotation pattern of a%’c, hinting to a I4/mcm (No. 140) sym-
metry. The same behavior is also observed for a 10 ML-thick
SIO single layer.

Intensities and peak positions of the SIO half-integer reflec-
tions obtained from the LCO/SIO bilayer and the SIO single
layer are nearly identical for both (see Figure S3b in the Sup-
porting Information), demonstrating same octahedral distor-
tion and epitaxial strain for both samples.

The suppression of out-of-plane octahedral tilts along the a-
and b-axis in SIO films grown with a thickness of only a few
monolayers on STO was also reported by other groups!*
and documents not only lattice, but also bond-angle adaption
of SIO due to epitaxy. Depending on the film growth and epi-
taxial strain, structural relaxation toward the orthorhombic bulk
structure also results in out-of-plane rotations along the a- and
b-axes and therefore in the occurrence of corresponding half-
integer reflections. For example, on the right side of Figure 1c
we have shown the half-integer reflections of LCO films grown
on STO for different film thickness. For the 10 ML-thick film,
peak intensity is too small to be detected, very likely due to
the lower X-ray scattering amplitude of Co in comparison to
Ir (see also Figure 1b). With increasing film thickness, peaks
corresponding to the a"a ¢ rotation pattern of bulk rhombohe-
dral LCO appear.!l Interestingly, the (1/2 1/2 3/2) peak inten-
sity which indicates out-of-plane antiphase rotations increases
much stronger compared to the in-plane antiphase rotation

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. a) HR-STEM image showing the STO/SIO and the SIO/LCO interface of an LCO/SIO heterostructure. The interfaces are sharp and well
defined. Elements are indicated by color. b) Reciprocal space maps of the SIO/LCO heterostructure. The maps are recorded in the vicinity of the {204}
STO reflection. The intensity is plotted as a function of the scattering vector q expressed in noninteger Miller indices h, k, and | of the STO substrate
reflection. LCO, STO and SIO film peaks are indicated and do not show distinct orthorhombic distortion. c¢) 6/26 scans on specific half-integer asym-
metric pseudocubic lattice reflections on SIO of the heterostructure (left) and LCO films on STO (right). The presence or absence of the reflections
indicate an a%a’" octahedral rotation pattern for SIO and LCO of the heterostructure (see text). d) Schematic of the octahedral rotation pattern of LCO
and SIO of the heterostructure. The counterclockwise antiphase rotation along the out-of-plane c-axis of the CoOg and IrOg octahedra are indicated.

along the c-axis. Since the peak intensity is correlated to the
strength of the octahedral tilt, this strongly suggests stronger
suppression of the out-of-plane rotations of the CoOg octahedra,
like the situation for SIO on STO. We can therefore infer from
this that a rotation pattern a%a’ is occurring as well for the
10 ML-thick LCO layer of our heterostructure. In Figure 1d we
have sketched the octahedral rotation pattern of the BOg (B =

Co, Ir, and Ti) octahedra of the bilayer heterostructure.

2.2. Electronic Transport and Magnetism in SIO

The electronic transport properties of the samples were deter-
mined by four-point resistance measurements on micro-
bridges.[’”! Single layers of LCO on STO and STO display
insulating behavior. Even small electron or hole doping of LCO
does not result in any measurable conductance (see the Sup-
porting Information*’)) so that the resulting conductivity of
the LCO/SIO bilayer and LCO/STO/SIO trilayer is completely
related to the SIO layer, see also below.

The temperature dependence of the longitudinal resistivity
Py Of the three types of heterostructures is shown in Figure 2a.

Adv. Mater. 2022, 34, 2109163 2109163 (3 of 11)

For the SIO film and the LCO/STO/SIO trilayer, p,,(T) is nearly
the same and well comparable to previous reports,!>4~#
attesting that the electronic properties of SIO are not impacted
by LCO in the trilayer. In stark contrast, the LCO/SIO bilayer
shows significant increase of resistivity and appears closer to
a MIT. For SIO films thinner than 4 ML grown on STO, a MIT
has been reported®! and interpreted as originating from a
strain-induced suppression of the out-of-plane rotation of IrOg
octahedra, ) similar to that of AFM insulating Sr,1rO,.[*l How-
ever, since here the distinct increase of p,, is only observed for
the bilayer, we attribute this primarily to an electron transfer
from SIO to LCO, see below. In Figure 2b we have shown
PuxlT) for an LCO/SIO* bilayer where the SIO thickness is
only 6 ML thick in comparison to a 6 ML-thick SIO single
layer. The single layer shows increased resistivity with respect
to the 10 ML-thick single layer which indicates the approach
to a metal-to-insulator transition. When LCO is deposited on
top, the LCO/SIO* bilayer sample becomes insulating below
about 130 K very likely due to interfacial charge transfer (see
also Section 2.4). However, the charge transfer to LCO, which
can be assumed to be the same as for the 10 ML-thick LCO/
SIO bilayer, does not lead to any measurable conductivity of

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. a) Longitudinal resistivity p,(T) of the SIO heterostructures. The inset displays p,(T) of LCO/SIO on a semilog scale to visualize the
logarithmic T-dependence (dashed line in the inset). b) p(T) of a 6 ML-thick SIO single layer in comparison to an LCO/SIO* bilayer with same SIO
thickness and 10 ML of LCO. The bilayer shows completely insulating behavior below 130 K. c) Transverse resistivity p,, of the LCO/SIO bilayer and

the LCO/STO/SIO trilayer at T =20 K.

the sample. Therefore, any contributions from LCO to the
conductivity or AHE in the LCO/SIO bilayer can be definitely
ruled out. For T > 100 K, p,,(T) of the LCO/SIO bilayer displays
logarithmic T-dependence, as shown in the inset of Figure 2a,
characteristic of magnetic spin-flip scattering (py, o< —InT).*]
Its strong decrease below about 100 K hints to an ordering of
magnetic moments. The suppression is quite significant and
indicates magnetic ordering not only at the interface, i.e., of the
Co ions, but also of the Ir ions in the conducting SIO layer.

In Figure 2c, the transverse Hall resistivity p,, versus toH of
the LCO/SIO and LCO/STO/SIO is shown for T = 20 K. There
again, electronic transport of SIO is comparable to that of the
trilayer LCO/STO/SIO so that we only focus here on the com-
parison between the bilayer and the trilayer, in which the LCO
and SIO layers are directly in contact or not, respectively. The
trilayer displays electron-like linear behavior of p,, versus toH
and indicates dominant one-type charge carrier ordinary Hall
effect (OHE) in the measured field-range. In contrast, p,,, of the
bilayer is dominated by strong positive anomalous Hall effect
(AHE), a clear indication for magnetism in SIO. Here, the Hall
resistivity is expressed by py, = py,°"'F + p,,AHE. The linear field

Adv. Mater. 2022, 34, 2109163 2109163 (4 of 11)

dependence of p,, at high fields indicates single type charge
carrier transport and magnetic saturation. Therefore, the anom-
alous part of the Hall resistance has been obtained by subtrac-
tion of the linear part from p,,. The OHE caused by Lorentz
force, is linear and well described by single band electron trans-
port alike, p, O"F = R x p,H, with the Hall constant R°. In
comparison to the trilayer, RC is obviously larger, indicating a
smaller electron concentration of SIO in the bilayer.

Generally, the AHE is proportional to the magnetization, i.e.,
Py *HE = R*M, with R* depending on specific material param-
eters and the longitudinal conductivity o,,.[*! In Figure 3a we
show the anomalous Hall contribution p,,*"E of the LCO/SIO
bilayer for various temperatures. p,,A"* displays hysteretic
behavior with rather large coercive and saturation field below
50 K. For T'< 10 K, the coercive field H, reaches up to 5 T and
saturation is obviously not achieved even for yyH = 14 T. The
hysteretic behavior is perfectly fitted by a modified Heaviside-
step function where M is given by: M = M, x tanh(h x (H £ H)),
with M, h, and H, being the saturation magnetization, the
slope at H, and the coercive field, respectively. Fitting parame-
ters are listed in Table S1, see the Supporting Information. With

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. a) p, "€ versus figH of LCO/SIO at different T (symbols). More data can be found in Figure S6 (Supporting Information). Field sweep
direction is indicated. For the fits (solid lines) the field-dependence of M is described by Heaviside-step functions, see text. b) The amplitude (AHE)
of p,"HE versus T for LCO/SIO heterostructures with 10 ML and 25 ML (multiplied by 100) SIO thickness. ) o, *"F versus o, Data were obtained at

different Tand pgoH =14 T.

increasing temperature, the saturation value of p,*HE, (AHE),
decreases. The AHE displays small contributions from a second
hysteresis loop which hints to a slightly inhomogeneous mag-
netic state of the SIO layer. Figure 3b shows (AHE) versus T of
LCO/SIO bilayers for 10 ML and 25 ML of SIO. The T-depend-
ence of (AHE) demonstrates the onset of FM behavior at T¢ =
100 K, which is close to the T of LCO.

The charge transfer from SIO to LCO, as indicated above
by the OHE (and which will be quantified more specifically
in Section 2.4) results in small electron doping of LCO which
is known to rather suppress the double exchange and Tc.l?”#!
Also, as shown in Figure 2¢, LCO in contact with SIO does not
contribute to conductivity. Therefore, possible contributions
from the interfacial LCO layer to p,,*"'F are excluded. Further-
more, (AHE) rapidly decreases with increasing SIO thickness
and since the LCO/STO/SIO trilayer does not display any AHE
throughout the complete temperature range, the measure-
ments document proximity induced ferromagnetism in the
SIO layer by LCO.

Below 90 K, the AHE of LCO/SIO is rather large and domi-
nates p,,. The sign of p, *1E is always positive and opposite
to that which has been recently discussed for SIO/manganite
heterostructures.? Because of the insulating nature of
LCO, the AHE unambiguously originates from the conduc-
tive SIO layer. This in turn indicates that underlying mech-
anism strongly relies on the related magnetic ion, Ir, which
inherently shows a large SOC. The anomalous Hall effect
is a direct consequence of time reversal symmetry breaking
and spin orbit coupling. Depending on o,, of the sample,
intrinsic scattering which is related to the topology of the

Adv. Mater. 2022, 34, 2109163 2109163 (5 of 11)

electronic band structure (through the Berry phase curvature
(BC)) or extrinsic skew- and side jump scattering dominate
O'xYAHE.[48] For LCO/SIO 0, = 500 Q7! cm™ at 80 K, which
puts the material into the moderately dirty metal limit, where
intrinsic scattering results in the independence of o,,A"* on
the transport lifetime and scattering mechanism (so to the
independence of 6,,A" on 0,,).1* This is indeed the case for
T < 30 K as seen in Figure 3¢, where we show that o, AHE
remains constant as o,, decreases. The maximum Hall angle
0, ""'f/ o, —the figure of merit for spin- to charge-current
conversion—amounts to 0.8%, a value comparable to that of
iridate oxide or other heavy metals displaying strong SOC,I>%
but orders of magnitude larger compared to 3d metal oxides,
e.g., Co,Ti;_,0,_5!*! This hints to nontrivial topological band
properties of SIO. The band structure of 3D orthorhombic
(Pbnm) SrlrO; displays a line node made of J.g = 1/2 bands
below the Fermi level.’U Band crossings at the Dirac nodal
ring in the U-R-X plane originating from the mirror reflec-
tion of the crystalline Pbnm symmetry, prevent a full gap
opening and result in a topological metallic state.!?! Lifting
the Dirac degeneracy by breaking the mirror symmetry or by
epitaxial strain may lead to various topological surface states
in heteroepitaxial superlattices.[>>->4

In principle, the intrinsic AHE can be calculated from the
BC of the occupied Bloch bands. However, for SIO these are
very sensitive to structural distortions and charge transfer,
which impedes accurate calculations very much. Nevertheless,
theoretical analysis indicates strong enhancement of BC due to
magnetic monopoles induced at avoided band crossings in the
presence of strong SOC and magnetic order.¥

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. a) MR versus toH of LCO/SIO at different T (symbols). Field sweep direction is indicated. Fits to the data, see text, are shown by solid lines.
b) The normalized magnetization myz (symbols) and mae (solid lines) as deduced from fits to the MR and AHE, respectively, for various tempera-

tures. Scale of each plot is the same.

Much can also be learned about this new FM state of SIO
by the magnetoresistance. Below T, the LCO/SIO bilayer dis-
plays negative hysteretic contributions to the normal magne-
toresistance MR = [P, (H) — Pxx(0)]/Pxx(0), Which is absent in
the single- and the trilayer sample.’] In Figure 4a, we show
MR versus u,H for various temperatures between 10 and 100 K.
Within that temperature range, MR is well described by the
sum of two contributions, namely the classical Lorentz scat-
tering, i.e., MR o< H2! and spin-flip scattering which results
in a negative contribution to MR e« —M? and which is effectively
suppressed above the ferromagnetic transition temperature.>%l
Even though, SIO single layers display distinct weak antilocali-
zation (positive MR) at low T, this phase coherent electronic
transport is effectively suppressed by the FM order. We cannot
rule out completely other minor contributions to MR which
however does not affect our main conclusions here. The fits to
the data are shown in Figure 4a alike. Fitting parameters are
listed in Table S1, see the Supporting Information. Contribu-
tions by the spin-flip scattering are perfectly fitted by using the
same Heaviside-step functional behavior for M as for the AHE
measurement analysis (Figure 3a). In Figure 4b we show the
normalized magnetization myg = M(uyH)/M(14 T) as deduced
from MR, and compare it to that obtained from the AHE,
Mapg, for Tc 2 T > 10 K. The field dependence for both, myr
and mpyg, is very similar, documenting the consistency of the
magnetotransport with respect to the magnetic state of SIO.
Discrepancies appear for T < 10 K, where no full saturation of
sample magnetization can be achieved with the highest mag-
netic field available on our experimental set-up (14 T). Note that

Adv. Mater. 2022, 34, 2109163 2109163 (6 of 11)

the magnetization at T = 100 K is about 6 times smaller com-
pared to T=50 K.

The underlaying mechanism of magnetism in LCO/SIO is
expected to be similar to that discussed for manganite/SIO het-
erostructures by Bhowal et al., i.e., a combination of proximity
effect and hole-doping.””! The proximity effect which arises by
the AFM coupling of the Ir atoms with the Co atoms drives
the SIO layer FM to align it antiferromagnetically with the
FM moments of the LCO layer. On the other side, the inter-
facial hybridization is inherently connected to charge transfer.
In these terms, charge transfer may also affect the strength of
the magnetic coupling. The electron transfer from SIO to LCO,
i.e., hole-doping of SIO may also support ferromagnetism in
SI1O.B8]

2.3. Magnetic Anisotropy of SIO

As pointed out in the previous section, the saturation field at
10 K is extremely large (>14 T) indicating magnetic hard-axis
behavior along the out-of-plane (001) direction. In the following,
the magnetic anisotropy of the SIO layer is analyzed by field-
sweeps along different crystallographic directions. In Figure 5,
MR at 10 K is shown for out-of-plane field direction, i.e., H par-
allel to the surface normal », in comparison to MR for in-plane
field direction (H L n). Here, o denotes the angle between in-
plane field- and current direction. Obviously, for in-plane field
directions, the coercivity is nearly vanishing and much smaller
compared to MR for H parallel to n, which documents mag-
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Figure 5. a) MR of LCO/SIO versus poH at 10 K. Field direction is parallel to the surface normal n of the film. Field-sweep direction up (down) is indi-
cated by arrow and green (blue) symbols. Fits to the data (see text) are shown by solid lines. b) MR for in-plane field direction for different o at 10 K.
c) Anisotropic magnetoresistance at 5 K and 14 T. Data are well described by AMR(0) = ¢ + ¢, X cos(20t— @,) + ¢4 X cos(4a — @), with the amplitudes
Co, €2, and ¢4, and the offset angles @, and @y (solid line). For = @,/2 and w,/4 magnetic field is parallel to current and [100] direction, respectively.
Fitting parameters are listed in Table S2, see the Supporting Information. d) The two-fold normal and four-fold magnetocrystalline component of the
AMR() as deduced from the fitting results. e) The ab-plane view of the rotation pattern of the IrO4 octahedra (green squares). The antiphase rotation
along the c-axis is indicated by the neighbored n; and n;;; ML of SIO. The rotation direction is shown by arrows. The pseudospin (red arrow) rotation
is similar due to the strong pseudospin—lattice coupling in the iridates. The canting of the pseudospins results in a magnetic net moment (shown on
the right by blue arrows), which, due to the antiphase rotation, shows FM coupling in the ab-plane and along the c-axis.

netic easy in-plane behavior. However, a closer look at the data
reveals for a = 45° a somewhat larger [MR| compared to o= 0°
or 90°. The larger |MR| is interpreted by a larger M and there-
fore by an in-plane (110) magnetic easy-axis.

The magnetic anisotropy of the LCO/SIO bilayer is further
evidenced by the anisotropic magnetoresistance AMR(e) =
[Pxx(®) = Prx(0)]/pxx(0), see Figure 5c. The normal AMR, the
resistance difference for magnetization/field parallel to current
flow and orthogonal to it, is two-fold symmetric with maxima
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for I parallel to magnetic field. Angle dependent spin-Hall or
Edelstein magnetoresistance are two-fold symmetric alike
however, in magnetic materials usually an order of magnitude
smaller compared to the normal AMR. For the bilayer, a dis-
tinct AMR(0) appears below T and increases with increasing
field strength.””) Beside a small two-fold symmetric contribu-
tion, AMR(e) is dominated by a four-fold, hence a magne-
tocrystalline anisotropy independent of current direction, with
minima at o = n x 45° (n = 1-4). Here, the minima indicate
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the minimum of spin-flip scattering and hence indicate a
dominantly parallel spin-alignment with magnetic field. For
the maxima positions, there is some remaining spin-flip scat-
tering and hence less strict spin alignment with respect to mag-
netic field. The minima positions are energetically the lowest
for spin alignment parallel to field and present the easy-axis
direction.’”) Therefore, AMR(e) also evidences (110) magnetic
easy-axis. AMR(0) is well described by a two-fold normal- and
a four-fold symmetric magnetocrystalline magnetoresistance:
AMR(@) = ¢y + ¢, X cos(20 — wy)+c, X cos(4a — @), where ¢,
is an angle-independent contribution to the AMR, and ¢, and
c, are the amplitudes of the normal and magnetocrystalline
magnetoresistance, respectively. @, and @ are the offset angles
of the magnetic field direction with respect to the current- and
crystallographic [100] direction, respectively.

The magnetocrystalline anisotropy of the LCO/SIO bilayer is
apparently related to the rotation pattern of the IrOg octahedra.
In Sr,IrO,, the IrO4 octahedra are rotated in a similar way
around the c-axis with respect to the ideal I4/mmm tetragonal
space group.*®l Below Ty = 240 K of Sr,IrO,, the pseudospins
follow the rotation of the oxygen octahedra which results in a
canted AFM structure in the ab-plane with a canting angle of
about 12° from the (110)-direction.*! In SIO, the pseudospin
state of the Ir* ion (J¢ = ¥2) can be assumed to be similar
except the magnetic ground state. The schematic of the IrOq
rotation pattern for SIO of the LCO/SIO bilayer is shown in
Figure 5d. The opposite rotation of neighbored corner-sharing
octahedra around the [001]-direction favors an FM order of the
net moments arising from the canted AFM order of the pseu-
dospins of SIO with an alignment along the (110) direction. As
shown Dbefore, the magnetoresistance measurements indeed
advocate for a resulting magnetic in-plane (110)-easy axis. In
that context, the large saturation fields for T < 10 K of the AHE
and MR is very likely explained in terms of the strong pseu-
dospin-lattice coupling and the freeze-out of phonons at low
Tl Epitaxial strain may also enhance antiphase octahedral
rotations and induce an AHE with large coercive and saturation
field. However, since the octahedral distortion of SIO found in
the LCO/SIO bilayer is same as for the SIO single layer, strain
can be ruled out as a possible reason for this.

A crude estimation for the magnetic net moment of SIO
from magnetization measurements results in about 0.1 up/Ir,
about twice that of Sr,Ir0,[#% This may indicate enhanced
spin-canting with respect to Sr,IrO,, possibly due to the com-
pressive epitaxial growth of SIO on STO. These results also
strongly hint to an FM ordering of the net moments within the
SIO layer. Furthermore, the magnetization measurements also
indicate an orientation of the SIO net moments antiparallel to
those of LCO. This is similar to that found in SIO/manganite
superlattices, where the Ir moments are coupled opposite to the
moments of Mn.[2>26]

2.4. Interfacial Charge Transfer

The appearance of AHE in LCO/SIO below about 100 K, which
is close to the T¢ of strained LCO films,®¥ indicates that the
FM state in the SIO layer is not only caused by the structural
modification of SIO but also triggered by magnetic coupling to
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the LCO layer via interfacial charge transfer. A prerequisite for
the occurrence of proximity induced magnetism and interfacial
magnetic exchange is the hybridization of neighbored atomic
orbitals at the interface or the formation of bonding molecular
orbitals. The strength of the magnetic exchange will depend on
the degree of the orbital overlap and resulting charge transfer.
Because of charge neutrality, a decrease of electrical charge by
An on the one side must lead to an increase by An on the other
side.

To identify possible charge transfer at the LCO/SIO inter-
face, we investigated the valence state of Co with respect to the
distance d from the interface by atomically resolved electron
energy loss spectrum (EELS) imaging in scanning transmission
electron microscopy (STEM) mode.’”) Co L; and L, signals were
integrated to construct the Co map shown in Figure 6a (right)
together with the high-angle annular dark-field (HAADF)
STEM image (left). Co atomic columns can be clearly distin-
guished from the Co map and the LCO/SIO interface is atomi-
cally sharp. To quantitatively analyze the Co valence states with
respect to d from the interface, EELS spectra were integrated
from the Co columns directly (d = 0) and close (d = 1-3 ML)
to the interface, as indicated by the labeled boxes in the STEM
image. The Co L; absorption peak clearly shifts to lower energy
(Figure S9b, Supporting Information) and shows increased L;/
L, ratio toward the interface. The L;/L, intensity ratio abruptly
drops at a distance of 2 ML from the interface, see Figure 6b.
The peak ratio reflects the 3d occupancy and evidences a dis-
tinct lowering of the valence state of the Co ion from 3+ toward
2+ at the interface (d = 0). The measurements indicate confined
electron transfer from Ir to Co which may hint to the formation
of Ir-Co bonding molecular orbitals, akin to recent observation
made in SIO/manganite heterostructures.?’!

The rather large energy of the Ir L3/L, abortion edge
(>11.2 keV) did not allow similar EELS analysis within a trans-
mission electron microscope for Ir atoms close to the interface.
Verification of a change of the Ir valence state by for example
X-ray absorption spectroscopy at the Ir-L edge may also be very
ambiguous.’] In contrast, due to the rather low charge-carrier
concentration of SIO, much larger sensitivity and reliability
toward An is achieved by electrical transport.

For that reason, we have estimated the electron loss of the
Ir atoms by Hall measurements. At T = 150 K, well above T,
the Hall resistivity (p,, = p,°"'F) for the LCO/SIO bilayer and
the LCO/STO/SIO trilayer is strictly linear, see Figure 6c. The
slope of p,, versus yyH is negative and larger for the LCO/SIO
bilayer indicating a larger R® and hence lower electron concen-
tration. For the bi- and trilayer we deduced n. = 1 x 10%! and
1.9 x 102 cm3. The difference An, = 9 X 102 cm™3 (0.05 elec-
trons per unit cell) amounts to 0.5 electrons per Ir if charge
carrier depletion is confined only to the first Ir layer. This
would result in a nominal valence state of Ir*>* at the interface
which is well comparable to the charge transfer observed in
SIO/manganite heterostructures.®l So, both experiments con-
sistently demonstrate an electron accumulation in LCO and a
depletion in SIO at the interface.

Predictions for the band alignment and charge transfer in
complex oxide interfaces haven been proposed recently.l®? The
alignment of oxygen states at the interface generally yields a
mismatch A in the heterostructure's Fermi energy driving a
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Figure 6. a) HAADF-STEM image (left) and Co map from STEM-EELS spectrum imaging (right) for LCO/SIO interface. The first 4 Co rows distant from
the interface are labeled and indicated by boxes. b) The Co Ls/L, intensity ratio as a function of the distance d from the interface. The Co valence state
as deduced from the ratio is indicated. c) The Hall resistivity at T > T¢ for the LCO/SIO bilayer and the LCO/STO/SIO trilayer. The different slopes
indicate a decrease of the charge carrier concentration in LCO/SIO. d) Schematic of the Ir5d and Co3d band alignment at the LCO/SIO interface. The
alignment of oxygen states at the interface generally yield a mismatch in the heterostructure's Fermi energy driving a charge transfer from SIO to LCO.

charge transfer. For LCO/SIO A amounts to about 2 eV which
is very likely the reason for the charge transfer from SIO to
LCO. The alignment of the Ir5d and the Co3d bands for such a
charge transfer is sketched in Figure 6d.

3. Conclusion

We have presented a detailed study on SIO thin film heterostruc-
tures and document a proximity induced FM state in SIO via
interfacial charge transfer by using an FM insulator in contact
with SIO. In contrast to previous reports on SIO heterostruc-
tures, we were able to probe electrical transport selectively only
on a single SIO layer and to observe directly the FM proper-
ties of SIO. The deposition of 10 ML of SIO on STO results in
a tetragonal structure with [4/mcm symmetry in contrast to the
orthorhombic Pbnm symmetry of bulk material. The epitaxial
growth induces antiphase octahedral rotations around the c-
axis with a rotation pattern a%a%c, which enables a canted AFM
state of the Ir pseudospins. However, distinct FM order of the
magnetic net moments only appears in LCO/SIO heterostruc-
tures, where SIO is in direct contact with LCO. The strong posi-
tive AHE and four-fold symmetric AMR evidence an FM state
with Tc = 100 K, a magnetic net moment of about 0.1 up/Ir and
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a (110) in-plane magnetic easy-axis. In contrast to manganite/
SIO heterostructures, the LCO/SIO bilayers display positive
AHE throughout the measured temperature range. For a better
understanding of this behavior a more profound theoretical elab-
oration including interfacial charge transfer, epitaxial strain and
Rashba effect is needed. Furthermore, the AHE displays unusual
large saturation field at low T which documents the strong pseu-
dospin-lattice coupling in iridates. In comparison to 3d metal
oxides the Hall angle of 0.8% is rather large hinting to nontrivial
topological band properties of SIO. The results show how effi-
ciently the electronic structure of SIO can be manipulated by
structural modifications at the interface with 3d TMOs and may
provide a new route to functionalize 5d metal oxide materials.

4. Experimental Section

Thin Film and Sample Preparation: Thin film preparation of epitaxial
perovskite SrlrO; (S10), LaCoO; (LCO), and SrTiO; (STO) was carried
out by pulsed laser deposition (PLD) from stoichiometric targets on
(001) oriented TiO,-terminated STO substrates.®*¢4 The deposition
of SIO and STO was carried out at substrate temperature T, = 600 °C,
oxygen partial pressure p(O,) =0.1 mbar, and laser fluence of F=1) cm™,
whereas LCO was deposited at Tg = 650 °C, p(O,) = 0.3 mbar and
F =2 ) cm™. The film growth was monitored by in situ high pressure
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reflection high energy electron diffraction (RHEED), documenting a
layer-by-layer growth mode for all the films and allowing thickness
control of the deposition on the scale of one monolayer (ML).’”) For
transport measurements, microbridges with a length of 200 pm and
a width of 40 um were patterned into a 6 point Hall bar geometry by
ultraviolet photolithography. Contacts to the SIO layer were prepared by
ultrasonic Al-wire bonding.

High-Resolution Electron Microscopy Analysis: The cross-sectional TEM
specimen of the SIO/LCO bilayer thin film was prepared by focused ion
beam (FIB) (Strata dual beam, FEI Company). The interface structure at
atomic resolution was imaged by a Thermo Fisher Scientific Themis Z
electron microscope, operating at 300kV and equipped with both image
and probe correctors. The atomically resolved EELS spectrum imaging
was performed on the same microscope in STEM mode with Gatan
Continuum K3 HR image filter.

Transport and Magnetization Measurements: The electronic transport
of the samples was characterized by four-point resistance measurements
on microbridges using a standard physical property measurement
system equipped with a 14 T superconducting solenoid magnet and
a sample holder allowing for axial sample rotation. The magnetic
properties of the samples were studied by superconducting quantum
interference device (SQUID) magnetometry.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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