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Epitaxial strain effect on the J. = 1/2 moment orientation in Sr,IrQ, thin films
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We have grown Sr,IrO4 (SIO) epitaxial thin films on SrTiO3; (STO) and NdGaO; (NGO) substrates by a
pulsed laser deposition method and characterized their structures and magnetic properties. We find that SIO
films grown on STO substrates display tetragonal structure with a tensile strain of 0.13%, while SIO films grown
on NGO substrates exhibit slightly orthorhombic structure with anisotropic biaxial tensile strains of 0.39% and
0.51% along the in-plane crystallographic axes. Although both films display insulating properties as bulk SIO
does, their magnetic properties are distinct from that of bulk SIO. The ferromagnetic (FM) component of the
Jefe = 1/2 canted antiferromagnetic order, which emerges below ~240 K in bulk SIO, is significantly weakened
in both films, with a greater weakening appearing in the SIO/NGO film. From structural and magnetoresistance
anisotropy analyses for both films, we reveal that the weak FM component in SIO films is dependent on the
epitaxial strain. The greater tensile strain leads to a smaller octahedral rotation: The rotation angle is ~9.7(1)°
for the SIO/NGO film and ~10.7(2)° for the SIO/STO film. These findings indicate that the J.¢ = 1/2 moment

orientation in SIO follows the IrO¢ octahedral rotation due to strong spin-orbit interaction.

DOI: 10.1103/PhysRevB.89.035109

I. INTRODUCTION

Transition metal oxides (TMOs) have been a fertile ground
for condensed matter physics due to their fascinating exotic
phenomena such as high-temperature superconductivity in
cuprates [1-2], spin triplet superconductivity in ruthenates
[3-5], colossal magnetoresistance in manganites [6], and
metal-insulator transition in vanadates [7]. These physical
properties are extremely sensitive to the external stimuli such
as magnetic field [8], lattice distortion [9—10], and carrier
doping [11] due to the complex interplay among the spin,
charge, lattice, and orbital degrees of freedom. Recently, 5d
TMOs such as iridates have drawn great attention due to
the new physics arising from the large relativistic spin-orbit
interaction (SOI) in heavy elements [12—15]. The strength of
SOI Ag_o is as large as 0.4 eV, comparable to the kinetic
energy and the Coulomb repulsion energy in 5d TMOs. Such
strong SOI in 5d TMOs is expected to lead to new exotic
phases not seen in the 3d and 4d TMOs, such as topological
insulating states [16-19], a Weyl semimetal [20-21], and an
axion insulator [22].

Single-layered perovskite Sr;IrO4 (SIO) is a good example
that has attracted a great deal of interest in SOI physics. Due
to the spatially extended 5d orbits, the Coulomb repulsion U
becomes very small. Based on the traditional Mott physics,
SIO is expected to be a Fermi liquid metal like its 4d
counterpart Sr,RhO4 [23]. Surprisingly, SIO is found to be
a Mott insulator [24]. This puzzle can be solved only by
taking the strong SOI into consideration [12]. In such a case,
spin and orbital moments alone are no longer good quantum
numbers, yet the total moment J is still a good quantum
number. The originally degenerated f,, band is split up into
a narrower, half-filled J. =1/2 band and a wider, filled
Jett = 3/2 band. The J = 1/2 band is so narrow that even
the weak Coulomb repulsion U is sufficient to open up a gap,
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establishing a novel Jo = 1/2 Mott state. The existence of
the Jor = 1/2 Mott state has been proven by resonant x-ray
scattering measurement [25]. The Jo = 1/2 moments form
a canted antiferromagnetic (AFM) order with Ty ~ 240 K,
leading to a weak ferromagnetic (FM) behavior that appears
at Ty [24,26]. The origin of moment canting is attributed to
the Dzyalosinsky-Moriya (DM) interaction, which originates
from the absence of the inversion symmetry of adjacent AFM
coupled spins [24,27,28]. The structural inversion symmetry
breaking in SIO is caused by the rotation of IrO¢ octahedra
about the c-axis [24]. Another alternate explanation for the
moment canting in SIO is that the strong SOI locks the relative
orientation of spin and orbital moments, such that the total
moment J is frozen in the IrO¢ octahedral cage and forced to
rotate together with the IrOg octahedron [29]. Indeed, recent
resonant X-ray scattering measurements by Boseggia et al. [30]
show that in SIO, the IrOg octahedra rotation angle [11.8(1)°]
is very close to the J.¢ = 1/2 moment canting angle [12.2(8)°],
suggesting that the Jo = 1/2 moments are rigidly locked to
the correlated rotations of IrO¢ octahedra [30].

Given that SIO exhibits a novel, SOI-driven Mott state,
the tuning of the SIO ground state may lead to new exotic
phases characterized by high-temperature superconductivity
[31]. Indeed, the physical properties of SIO have been shown
to be tunable by chemical doping, quasihydrostatic pressure,
and epitaxial strain. One example is the SrpIr; _,Rh, Oy4 system,
where the iso-electronic doping of Rh does not change the
lattice structure nor the Fermi level, but only suppresses the
SOI [32-33]. Optical spectrum measurements revealed that
the Mott gap of SIO thin film collapses upon Rh substitution
[32]. Indeed, only 7% doping of Rh can effectively decrease
the resistivity of the system by six orders of magnitude [33].
Secondly, the quasihydrostatic pressure was found to cause a
striking effect on the magnetic properties of SIO; the weak
FM component is quenched under a pressure above 17 GPa,
which is believed to result from the tetragonal distortion of
IrO¢ octahedra induced by the pressure [34]. Another example
is the epitaxial SIO thin film system [35-36], where the IrOg
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octahedral rotation and interlayer spacing are controlled by
the epitaxial strain [35]. Optical spectroscopy studies on such
films clearly indicate that the electronic state is tuned by the
epitaxial strain [35], and transport measurements reported by
Rayan-Serrao et al. [36] show that the energy gap size of SIO
film can be modified by the strain. However, the effect of
the epitaxial strain on the magnetic order of SIO is yet to be
investigated.

Given that the weak FM behavior of SIO originates from the
lattice distortion through the DM interaction [24], the epitaxial
strain may cause significant influence on the magnetism of the
SIO films. To investigate the strain effect on the magnetism of
SIO, we have grown SIO epitaxial thin films on perovskite
substrates of SrTiO3 (STO) and NdGaO; (NGO) using a
pulsed laser deposition (PLD) method. In this paper, we report
the structural, magnetic, and magnetotransport properties of
SIO thin films. The SIO/STO film exhibits an isotropic
tensile strain of 0.13%, whereas the SIO/NGO film exhibits
an anisotropic biaxial tensile strain of 0.39% and 0.51%
along the two in-plane crystallographic axes, respectively. Our
systematic magnetoresistance (MR) measurements reveal that
the FM behavior is much more significantly weakened in the
SIO/NGO film than in the SIO/STO film. We will show that
the distinct magnetic behaviors between these two types of
films can be well understood in terms of the dependence of the
Jesr = 1/2 moment orientation on the epitaxial strain.

II. EXPERIMENT

We have grown epitaxial thin films of SIO using the
PLD method with a KrF excimer laser (App = 248 nm).
Single crystalline STO and NGO are used as substrates, both
with (001) pseudocubic orientations. A stoichiometric SIO
polycrystalline pellet was used as the target. The SIO films
were deposited at 1080°C in an atmosphere of 150 mTorr of
O,. The thickness of SIO films used for current studies is
200 nm. We chose to use such thick films for the following
reasons: (a) Since SIO films exhibit insulating behavior, their
in-plane resistances are extremely large at low temperatures.
For example, the 10-nm-thick SIO film yields a resistance
larger than 10'"' © at low temperatures, which is beyond
our measurement limit. (b) The resistances of 200 nm films
are within the measurable range, even at low temperatures.
(c) SIO/STO and SIO/NGO films are distinctively strained in
spite of the 200 nm thickness, as shown below. The structures
of films were characterized by a high-resolution four-circle
x-ray diffractometer (HR-XRD, Bruker) with a Cu K-« 1 radi-
ation of wavelength Axrp = 1.5406 A; magnetic properties of
films were probed by a superconducting quantum interference
device (SQUID, Quantum Design). Their electronic transport
properties were measured using a standard four-probe method
in a physical property measurement system (PPMS, Quantum
Design).

III. RESULTS AND DISCUSSIONS

Fig. 1(a)-1(f) presents the HR-XRD data for SIO films
on STO and NGO substrates, respectively. The strong (00/)
diffraction peaks in the #—26 scans shown in Fig. 1(a) and
1(b) confirm high crystalline quality with c-orientation for

PHYSICAL REVIEW B 89, 035109 (2014)

Q’ 0.03°
. 5
10 s [sio
&
n 1 stol, |
= 02 00 02
> A6 (de
£ (deg)
T
> :
2 0
2 =
E =}
g
S

(d) ®

10" bt s

-
o
©

Intensity (arb. units)

FIG. 1. (Color online) HR-XRD 6-260 scans of 200 nm SIO films
on (a) STO and (b) NGO substrates. The insets show the rocking
curves of (002) reflections around the SIO films and corresponding
substrates (the data have been shifted for clarity). ¢ scans of (c) SIO
(103), (d) STO (101) reflections for the SIO/STO film, (e) SIO (103),
(f) NGO (101) reflections for the SIO/NGO film. ¢ = 0° is defined
as the direction parallel to [100]sto or [100]nGo-

both films. The sharp rocking curves of SIO (002) peaks, with
the full widths at half maximum (FWHMs) as sharp as 0.03°
(see the insets), indicate both films exhibit very small mosaic
spread. The satellite peaks near the SIO (002) reflections in the
rocking curves for both films are attributed to other domains
in the films, which arise from the multiple domains of the
commercial substrates, as confirmed by the rocking curves of
STO (002) and NGO (002) reflection peaks, shown in the insets
of Fig. 1(a) and 1(b), respectively. From the XRD ¢-scans
for STO (101), NGO (101), and SIO (103) reflection peaks
shown in Fig. 1(c)-1(f), fourfold symmetries are observed,
indicating the epitaxial growth with [100]si0l|[100]sT0,
[010]s10]1[010]sT0, and [001]s10]|[001]sto for the SIO/STO
film and [100]si0/I[100]nGo, [010]si0/I[010]nGo,  and
[001]s10]1[001]nGo for the SIO/NGO film, respectively. The
diffraction indices denoted in Fig. 1 are based on the
pseudotetragonal unit cell with a ~ b &~ ay/~/2, ¢ = ¢/2 for
SIO (where ap = +/2 x 3.888 A and ¢ = 2 x 12.899 A are
lattice constants of bulk SIO [24]), and the pseudocubic unit
cell with ango = cNGo = angoo/+/2 and bygo = cnGoo/2 for
NGO (where angoo = 5.431 A, bngoo = 5.499 A, and engoo =
7.557 A are lattice constants of orthorhombic NGO).

We have also performed XRD reciprocal space map (RSM)
measurements on the SIO films in order to determine their
in-plane lattice constants, as shown in Fig. 2(a) and 2(c)-2(f).
Although the SIO films involve multiple domains, only the
major one is probed in the RSMs, indicated by the single
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FIG. 2. (Color online) Reciprocal space maps of HR-XRD
around the (a) STO (103) and SIO (109), (¢) NGO (103) and
SIO (109), (d) NGO (—103) and SIO (—109), (e) NGO (013) and
SIO (019), (f) NGO (0-13) and SIO (0-19) peaks. (b) Schematic
diagram of SIO in-plane structure; a, in-plane lattice constant; w, the
in-plane Ir-O-Ir bond angle; ¢, the IrOq octahedral rotation angle.
The horizontal arrows represent the ferromagnetic component from
canted Jor = 1/2 moments.

(109) diffraction spot of the SIO film. The SIO/STO film
possesses a tetragonal structure due to the cubic lattice of STO,
while the SIO/NGO film lattice has a slightly orthorhombic
distortion due to the monoclinic lattice of NGO, for which a
two-dimensional surface lattice is expected to be rectangular.
For the tetragonal SIO/STO film, the lattice parameters a and
¢ are determined to be 3.893 A and 12.796 A, respectively,
from the horizontal and vertical peak positions of the (109)
diffraction spot in the RSM shown in Fig. 2(a). For the
SIO/NGO film, however, at least two RSMs around (109) and
(019) reflections of SIO are required to determine the a, b,
and c lattice constants of the orthorhombic lattice. Moreover,
given that the NGO substrate is monoclinic, one should rule
out the possibility that the SIO film possesses a monoclinic
lattice. To verify the orthorhombicity of the SIO film, we need
four RSMs around (109), (019), (—109), and (0-19) reflections
of SIO; these RSMs are shown in Fig. 2(c)-2(f). The 1/dyo;
values of the (103), (—103), and (013) reflections of NGO are
all different, whereas those of the (013) and (0—13) reflections
of NGO are the same (see the dashed eye guideline), reflecting
the fact that 8§ # 90° and o = 90° for the NGO lattice,
respectively. In contrast, the 1/dyg; values of all four SIO
reflection spots are the same (see the dashed eye guideline),
indicating that « = 8 = 90° for the SIO lattice. Given that
the two-dimensional surface lattice of the NGO substrate is
rectangular, the SIO film should exhibit peak splitting in
RSM if y # 90°, due to possible twin domains. However,
the absence of SIO peak splitting indicates that y = 90° for
the SIO lattice. Therefore, the SIO/NGO film should possess
an orthorhombic lattice. From the horizontal and vertical
positions of the (109), (019), (—109), and (0-19) reflections
in the RSMs, a, b, and c lattice constants are calculated to be
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3.903 A,3.908 A, and 12.839 A, respectively, for the SIO/NGO
film.

Based on the bulk SIp lattice constants ay = V2 x 3.888 A
and cp = 2 x 12.899 A, together with the lattice constants
of SIO films we calculated from RSM results, we can

evaluate the epitaxial strains for the SIO films along in-plane
V2a—ay

crystallographic directions, which are defined as ¢, = -
and ¢, = ‘[}’ ¥2—h The SIO/STO film is under an isotropic
biaxial tensﬂe strain with &, = ¢, = 0.13%. This tensile
strain agrees with the fact that the dyio9 of the STO substrate
(= V2x3.905 A) is larger than the in-plane lattice constant
of bulk SIO. Since the probed strain (0.13%) is less than the
expected full strain (0.44%), the strain is partially relaxed,
which is understandable given the 200 nm film thickness.
For the SIO/NGO film, since the lattice constants of NGO
(anco = 3.855 A and bngo = 3.864 A) are both smaller than
those of bulk SIO, one would expect biaxial compressive strain
along both in-plane directions. However, the SIO/NGO film is
found to be under an anisotropic biaxial tensile strain with g,
= 0.39% and ¢, = 0.51%. Such a controversy between lattice
mismatch and actual strain effect is also observed by Nicoles
et al. in the SIO/(LaAlO3)0_3(Sl‘gAlTaO6)o‘7 film [35]

Since previous studies on SIO films have revealed that
in-plane Ir-O bond lengths dy,_¢ are rigid against the epitaxial
strain, and the modification of in-plane lattice constants can
be accommodated only by the change of in-plane Ir-O-Ir bond
angle w (see Fig. 2[b]) [35-36], we can expect that a different
strain effect in SIO/STO and SIO/NGO films would result
in distinct IrOg octahedral rotations. As shown in Fig. 2(b),
the in-plane Ir-O-Ir bonding angle w could be inferred from
the Ir-O bond length and the in-plane lattice constant via
a = di_o+/2(1 — cos w) [35], and the [rO¢ octahedral rotation
angle ¢ is equal to (1/2)(180° — w). We estimate the IrOg
octahedral rotation angles of SIO films using these relations
and the lattice constants of SIO films probed in RSMs in
Fig. 2. The value for ¢ is ~ 10.7(2)° for the SIO/STO film
and 9.7(1)° for the SIO/NGO film. Both are smaller than
¢ = 11.8(1)° for the bulk SIO [30], consistent with our
conjecture. Given that our SIO films have 200 nm thickness,
a natural question is whether the decreased rotation angles
of IrO¢ octahedra in our SIO films extend through the entire
thickness. Since the increased lattice parameter a probed by
the XRD-RSM measurements is an average effect of entire
thickness, we can reasonably expect that the decrease of the
octahedral rotation extends through the whole thickness on the
average. Since the weak FM behavior in SIO is caused by the
Jeif = 1/2 moment canting, which is rigidly locked to IrOg
octahedral rotation through the DM interaction, as indicated
above [24,30], the smaller IrO¢ octahedral rotation angles in
SIO films are expected to result in weakened FM behavior.
This is exactly what we observed in our experiments, as shown
below.

We present in-plane resistivity (p,,) as a function of
temperature (7') for both SIO/STO and SIO/NGO films in
Fig. 3(a). Both films exhibit insulating behavior in the whole
measured temperature range, which implies that they are still
in the Jo = 1/2 Mott insulating state like the bulk SIO,
consistent with the result reported by Rayan-Serrao et al.
[36]. Figure 3(b) shows the magnetization as a function of
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FIG. 3. (Color online) (a) In-plane resistivity vs. temperature for -20; 50 100 150 200 0 50 100 150 200
SIO films. (b) Magnetization as a function of temperature for the 7(K) T(K)

SIO/STO film, measured with the magnetic field of 5 kOe applied
along [100]sj0 and ZFC and FC histories.

temperature M(T) for the SIO/STO film measured under a
field of 5 kOe along [100]s;0. The diamagnetic contribution
from the STO substrate, measured separately after grinding
off the film from the substrate, has been subtracted from the
overall magnetization. The weak FM behavior below T¢ =
190 K apparently arises from the moment canting in the AFM
order as indicated above [24]. The irreversibility observed
below Ti; = 36 K between the zero-field-cooling (ZFC) and
the field-cooling (FC) histories represents low-temperature
enhancement of the FM component due to the decrease
of thermal fluctuations. In comparison with the SIO bulk,
which shows a weak FM component below T¢ ~ 240 K and
irreversibility of magnetization below Tj, ~ 180 K (probed at
5 kOe) [37], the FM component in the SIO/STO film is indeed
weakened, as we expected. However, since the paramagnetic
signal of NGO substrate is three orders of magnitude larger
than that of the SIO film, we could not examine the magnetic
properties for the SIO/NGO film directly from magnetization
measurements.

To examine the magnetic properties of the SIO/NGO
film and compare it with those of the SIO/STO film, we
performed magnetotransport measurements for both films. In
Fig. 4(a) and 4(c), we show the in-plane magnetoresistance,
MR = 200 a5 4 function of field H (along [100]s10)
at various temperatures, for the SIO/STO and the SIO/NGO
films. One remarkable feature for the SIO/STO film is that
its MR measured under a field of 8 T undergoes a transition
from positive to negative on cooling at 7* = 135 K, as shown
in Fig. 4(b). Below ~40 K, MR tends to saturate when the
applied field is increased above 1 T and shows hysteresis
behavior between upward and downward field sweeps at
20 K, as shown in the inset of Fig. 4(b). Apparently, these
characteristics agree well with the low-temperature enhanced
FM component from the canted AFM order due to the decrease
of the thermal fluctuations. This observation is also in line with
the magnetotransport properties of bulk SIO, which exhibits
negative MR with saturation and hysteresis behavior at low
temperatures [29]. The MR of the SIO/NGO film measured

FIG. 4. (Color online) Magnetoresistance (MR) vs. magnetic
field (along [100]s;0) at various fixed temperatures for the
(a) SIO/STO film and the (¢) SIO/NGO film. MR at 8 T as a function
of temperature for the (b) SIO/STO film and the (d) SIO/NGO film.
The inset of (b) shows MR vs. magnetic field at 20 K for the SIO/STO
film.

under a field of 8 T also exhibits a positive-to-negative
transition, but at a much lower temperature 7* = 25 K, as
shown in Fig. 4(d). However, the low-temperature saturation
behavior seen in the MR(H) curves for the SIO/STO film is
absent for the SIO/NGO film [see Fig. 4(c)], indicating that the
FM component in the SIO/NGO film is more heavily weakened
as compared to the SIO/STO film.

Stronger weakening of FM component in the SIO/NGO
film is also evidenced in the measurements of angular
dependence of magnetoresistance (AMR) for the SIO/STO
and the SIO/NGO films. The schematic diagram of the AMR
measurement setup is shown in Fig. 5(a). In Fig. 5(b)-5(e),
we present AMR as a function of polar angle 6 measured at a
fixed field o H = 8 T and using various temperatures for the
SIO/STO and the SIO/NGO films. Here, AMR is defined as

AMR@®,T) = %&T”;”M, where the orientation angle

0 of the magnetic field and temperature are variables. For
the SIO/STO film, AMR shows a strong twofold periodicity
with the minimum value along the in-plane direction when
T <T* (=135 K). As indicated above, the low-temperature
enhanced FM component is responsible for the negative MR
in the SIO/STO film through the spin scattering mechanism.
The observation of AMR minimum value along the in-plane di-
rection is consistent with the in-plane—oriented FM component
arising from the J.¢ = 1/2 moment canting [24-25]. However,
when the temperature is increased above T*, where MR
becomes positive, although AMR shows twofold anisotropy,
the minimum value switches to the out-of-plane direction.
Moreover, the magnitude of MR is also much smaller for
T>T* than for T < T*. The SIO/NGO film also shows a sign
reversal in MR, but at a much lower temperature 7* (=25 K),
as indicated above. Like the SIO/STO film, the SIO/NGO film
also exhibits a weak twofold anisotropy in its AMR, with the
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FIG. 5. (Color online) (a) Schematic diagram of magnetic field orientation relative to crystallographic axes in AMR measurements, with
the polar angle 6 denoting the direction of magnetic field. Polar angular dependence of normalized in-plane magnetoresistance AMR(0,7) =
M for the SIO/STO film for (b) T < T* = 135K and (¢) T > T* = 135 K, for the SIO/NGO film for (d) T < T* =25 K and

0,T

(e) T > T* = 25 K. All the data in (b)—(e) are collected at a fixed field of 8 T. T* represents the critical temperature for the sign reversal of

MR (see text). MR is positive above T * but negative below T *.

minimum values along the out-of-plane direction for 7' > T*.
Nevertheless, at temperature below 7*, the SIO/NGO film
shows distinct behavior in AMR from the SIO/STO film. Its
AMR consists of two components, i.e., a dominating fourfold
periodicity plus a minor twofold periodicity. The signature of
double components becomes significant for 7 < 10 K. We
notice that such an AMR anisotropy with double components
looks similar to the anisotropic behavior of AMR in the
SIO/Lay/3Sr;;3MnO3 (LSMO)/STO film recently reported by
Marti et al. [38], where MR is measured with the current along
the c-axis.

The distinct temperature dependence of AMR anisotropy
between the SIO/STO and the SIO/NGO films implies
that these two films have distinct magnetic properties. To
further address this issue, we performed Fourier transfor-
mation analyses for the AMR(#,T) data, from which we

can obtain the n-fold Fourier complex amplitude A, and
normalized weight W, as functions of temperature for both
films, where A,(T)= 5~ [>" AMR(0,T)exp(—inf)df and
W,(T) = |A(T)* /Y, |A,(T)I*. Figure 6(a) and (c) shows
Yo (T), the phase angle of A,(T') for SIO/STO and SIO/NGO
films, which is determined by the AMR minimum value
direction. For the SIO/STO film, ¥»(T) remains at constants
of 0and w for T < T* and T > T¥*, indicating the AMR
minimum values are along in-plane and out-of-plane directions
for these temperature regions, respectively. The remarkable 7
phase shiftin ¥, (T) across T* ( = 135 K) reflects the observed
switching behavior of AMR minimum value directions at 7*.
The value of ,(T) for the SIO/NGO film also exhibits a 7
phase shift, but at a much lower temperature, 7* = 25 K, where
MR shows a sign reversal. Figure 6(b) and (d) shows W,(T')
and Wy4(T) for the SIO/STO and SIO/NGO films. Generally,
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FIG. 6. (Color online) Phase angles i, of twofold Fourier
amplitude A, of AMR(9) of the (a) SIO/STO film and the
(c) SIO/NGO film as a function of temperature at uoH = 8 T.
Twofold squared weight W, and fourfold squared weight W,, defined
as W,(T) = |A(T)* /Y., 1A.(T)I*, of the (b) SIO/STO film and
the (d) SIO/NGO film as a function of temperature.

for a pure twofold anisotropy with sin(26) angular dependence
in MR, W, shows a value of 100%; however, if AMR involves
a competition between two twofold components with different
phase angles vr,, Wy and even higher-order W,, (n > 4) show
finite values. In this case, when the sum of W, is normalized
to unity, we can expect a deviation of W, from 100%. For the
SIO/STO film, W, sharply increases above T * and eventually
reaches almost 100% for T > 160 K, indicating a pure twofold
behavior. Such a pure twofold anisotropy in MR is commonly
seen in AFM insulators, such as Ca,RuQOy4 [39], Pr;_, Sr,MnO3
[40], and La,_,Ce,CuQy4 [41],; it reflects the Ising anisotropy
of AFM order and existence of magnetic scattering. However,
for T < T* region, W, reaches only ~75% below 90 K,
suggesting the competition between a dominating twofold
component with ¥, = 0 and a weak twofold component with
Y, = m. Indeed, W, reaches a finite value of 14% in this
temperature region. W, exhibits a greater deviation as the
temperature approaches 7*, with a minimum value of 25%
occurring at 7*. In contrast, W, shows a maximum value of
40% at T*. These facts indicate that the competition between
these two twofold components is the strongest at T*. As
indicated above, the twofold component with i, = 0 should
clearly be attributed to the low-temperature enhancement of
the FM component arising from the moment canting in the
AFM order, since it occurs at the same temperature where MR
shows a positive-to-negative sign reversal. For the SIO/NGO
film, W, also reaches almost 100% for T > T*, indicating
a pure twofold anisotropy due to the insulating AFM phase.
However, for T < T*, W, decreases to ~15%, whereas Wy
increases, up to 75% for T < 10 K. Such a large deviation
from a pure twofold anisotropy indicates that the twofold
component with ¥, = 0 is much weaker in the SIO/NGO
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film than in the SIO/STO film, consistent with the expected
heavier weakening of the FM component in this film. Our
analyses clearly reveal that the FM component, which arises
from the canting of moments, depends on the IrO¢ octahedral
rotation, which is in turn determined by the epitaxial strain. In
other words, the Jeir = 1/2 moment orientation in SIO follows
the IrOg¢ octahedral rotation. This argument is consistent with
the results obtained in recent x-ray resonant scattering studies
on SIO, which show that the canting of magnetic moments
is locked to the octahedral rotation due to strong spin-orbital
interaction [30].

As noted above, the AMR anisotropy of SIO/LSMO/STO
film reported by Marti et al. [38] looks similar to that of
our SIO/NGO film. This implies that the FM component in
the SIO/LSMO/STO film is heavily weakened as well. The
epitaxial strain should also be responsible for such a FM
component weakening. The SIO layer in the SIO/LSMO/STO
film is as thin as 6 nm, i.e., much thinner than our SIO films,
the thicknesses of which are 200 nm. In general, the strength
of epitaxial strain is thickness dependent. Indeed, this has been
observed by Rayan-Serrao et al. for SIO/STO films [36]. They
found that the tensile strain is around 0.23% for a 10-nm-thick
film and reaches as high as 0.31% for a 5-nm-thick film, i.e.,
much larger than the 0.13% tensile strain of our SIO/STO film.
From the above discussions on the effect of epitaxial strain on
IrO¢ octahedral rotation, we can expect a much smaller IrOg
octahedral rotation in the SIO/LSMO/STO film as compared
to our SIO/STO film. As a result, it is not surprising to observe
a strongly weakened FM component in the SIO/LSMO/STO
film. Given that the FM component is controlled by the
IrO¢ octahedral rotation, one might speculate that the FM
component would diminish when the octahedral rotation could
be fully suppressed. Bulk Ba;IrO4 (BIO) actually represents
an example for such a scenario. In BIO, the IrOg octahedra
do not involve any rotation, and its AFM order is indeed not
accompanied by a FM component [42].

Finally, we turn to a comparison of the strain effect of
SIO films with the quasihydrostatic pressure effect of bulk
SIO. As noted above, in bulk SIO under a quasihydrostatic
pressure above 17 GPa, the weak FM behavior is quenched
[34]. This fact, at a first glance, appears to be not in line
with our observation that the tensile strain, which is equivalent
to a negative pressure, also weakens FM behavior heavily. To
reconcile this inconsistency, the change in the c-lattice constant
should also be taken into consideration, since the ideal Jog =
1/2 state only exists in a system of cubic symmetry [43]. The
elongation of IrO¢ octahedra along the c-axis must also affect
magnetic properties. For bulk SIO under a quasihydrostatic
pressure of 17 GPa, the relative lattice constants shrink along
the a-axis and c-axis, —Aal/a = 2.5% and —Ac/c = 2.1%,
respectively. Although the shrink in the ag-axis favors the
FM component, as discussed above, the shrink in the c-axis
suppresses the FM component [34]. The net result of the
competition is that the weak FM behavior is quenched under a
pressure over 17 GPa. In our SIO films, although the in-plane
axes exhibit relative elongations with &, = &, = 0.13% for
the SIO/STO film and ¢, = 0.39% and ¢, = 0.51% for the
SIO/NGO film, the c-axis shows relative shrinking of 0.79%
for the SIO/STO film and 0.47% for the SIO/NGO film.
Both changes of in-plane and c-axis tend to weaken the FM
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components in our SIO film. The shrinking of the c-axis alone,
however, cannot explain the weakening of FM components in
our SIO films, since the SIO/NGO film shows a relatively
smaller shrinking of the c-axis than the SIO/STO film, but it
exhibits a much more weakened FM component. Therefore,
the modifications of the magnetic properties for SIO films
still need to be understood in terms of the modification of the
Jeif = 1/2 moment orientation by epitaxial strain.

IV. CONCLUSION

We have grown SIO epitaxial thin films on perovskite STO
and NGO substrates using the pulsed laser deposition method
and investigated the strain effect on their magnetic properties.
The SIO film on the STO substrate shows a tetragonal structure
with 0.13% isotropic tensile strain. The SIO film on the
NGO substrate, however, is characterized by an orthorhombic
structure with anisotropic biaxial tensile strain (0.39% along
the a-axis and 0.51% along the b-axis). Our detailed structural
analyses reveal that the IrOg octahedral rotation is modified
by the strain. A greater strain leads to a smaller octahedral
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rotation angle. The octahedral rotation angles for the SIO/NGO
and SIO/STO films are estimated to be 9.71° and 10.72°,
respectively, which are both smaller than the rotation angle of
11.05° for bulk SIO. The epitaxial strain results in a remarkable
effect on magnetic properties of SIO. From magnetization and
magnetotransport measurements, we found that the weak FM
behavior, which originates from the canted AFM order, is
strongly weakened for both films, with a heavier weakening
occurring in the SIO/NGO film. The fact that a smaller FM
component comes with a smaller IrO¢ octahedral rotation
clearly indicates an important fact—that the orientation of the
Jetr = 1/2 moment orientation is locked to the IrOg octahedral
rotation which reflects the important role played by the strong
spin-orbit interaction in iridates.
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