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ABSTRACT

The influence of lattice strain on magnetism is studied for perovskite rare-earth chromite, YCrO3
(YCO) thin films. A combined theoretical and experimental approach is used to demonstrate the cor-
relation between lattice-strain and magnetic properties of YCO films. The first-principles calculations
reveal that the local Cr magnetic moments and the out-of-plane magnetization linearly increase with
changing the in-plane lattice strain from compressive to tensile. The experimental results agree with
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the theory findings showing a strong dependence of magnetization on epitaxial strain in YCO films.
These results unveil the lattice-strain-controlled functionalities on perovskite rare-earth chromites

and related material systems.
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IMPACT STATEMENT

This work demonstrates the correlation between lattice and spin degree of freedoms in rare-earth
chromites, which establishes a way to tailor functionalities in magneto-electric device applications.

Introduction

Perovskite rare-earth orthochromites (RCrO3, R = rare-
earth metals) have recently attracted tremendous interest
as they exhibit magnetoelectric multiferroicity that can
show great promise for low-energy spintronics, magne-
tocaloric, magnetic sensors and memory devices [1-7].
The two ferroic orders, ferroelectricity at higher temper-
ature and magnetism at relatively lower temperature, are
observed in RCrO3 [8-10]. Despite its centrosymmet-
ric structure (Pbnm, GdFeOs-type), the origin of ferro-
electricity in RCrOj is due to the displacement of Cr>*
ions from the center of the Cr-sublattice and the weak
ferromagnetism results from the G-type canted antifer-
romagnetism (CAFM) of Cr®* spins [8,11-13]. Interest-
ingly, RCrO3 materials exhibit a broad spectrum of rich
magnetic properties such as spin reorientation transition,
spin flipping, exchange bias, magnetization reversal, and
anisotropic magnetostriction [14-19].

Tuning magnetic, optical and electronic properties
of RCrO3 under different stimuli such as temperature,

chemical doping, epitaxial strain, electric field, and
hydrostatic pressure have revealed novel and funda-
mental physical phenomena [12,20-26]. A strong order
parameter coupling can be observed in terms of chang-
ing net magnetic moment, magnetic ordering tempera-
ture, and optical band-gap through the change of internal
strain in the RCrOj lattice [20-25,27]. However, these
studies are limited to either bulk ceramics or theoreti-
cal predictions. A few experimental studies have reported
the effect of lattice-distortions on magnetic anisotropy,
magnetic transition temperature, and dielectric proper-
ties in thin-film RCrO3 [8,25,28,29]. Most reported films
are polycrystalline and the correlation between epitax-
ial strain and magnetism in RCrOs3 films is not well-
established.

In this work, we perform experimental and theoreti-
cal studies to reveal the effect of strain on the magnetic
properties of YCrO3 (YCO) epitaxial films. YCO is a
member of the RCrO3 family and an insulating antifer-
romagnetic system, which shows intriguing functional
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properties [30-33]. YCO shows the onset of CAFM tran-
sition at 140 K resulting in weak ferromagnetism at
low temperature [34,35]. We investigate the magnetic
behavior of differently strained YCO thin films, grown
on (110)p [O— orthorhombic] YAIO3 (YAO), and (001)
LaAlO3 (LAO) and (001) SrTiO3; (STO) substrates. A
direct correlation between lattice-strain and magnetic
behavior in YCO epitaxial thin films is demonstrated.

Experimental details

A stoichiometric polycrystalline ceramic target of YCrO;
(YCO) was synthesized using a conventional solid-state
reaction method [36]. YCO films were deposited on
(110)0 YAO (equivalent to (001) pseudo cubic direc-
tion), (001) LAO and (001) STO substrates, using pulsed
laser deposition (PLD). The target was ablated by a
KrF excimer laser (A = 248 nm) operating at a repe-
tition rate of 4 Hz with a laser fluence of 1.25]/cm?.
The detailed growth conditions were described else-
where [25]. Panalytical X’Pert Pro four-circle high-
resolution X-ray diffractometer with Cu Kol radiation
was employed for the X-ray diffraction (XRD) charac-
terization of the crystal structure and strain of the films.
The film’s thickness, interface and microstructure were
characterized by high-resolution transmission electron
microscopy (HRTEM). Magnetization measurements as
a function of applied magnetic field (M-H loops) were
measured in a physical property measurement system
(PPMS, Quanum Design) with a vibrating sample mag-
netometer (VSM) option. M-H hysteresis loops were
collected for the complete cycle of magnetic field +7
kOe < H < —7 kOe along the out-of-plane direction of
the samples at 10 K. Raman spectroscopic measurements
were conducted in backscattering/reflection mode using
a 532.3 nm excitation (Oxxius LCX-532S-100, 100 mW
continuous wave single longitudinal mode diode pumped
solid state laser) in a Horiba LabRAM HR Evolution
microscope fitted with volume Bragg gratings. Intensity
was calibrated using a VIS-Halogen light source (NIST
test no. 685/289682-17), and spectral calibration was per-
formed using the 1332.5cm™! peak of a synthetic Type
IIa diamond [37]. The instrument was configured using
a 50 um confocal hole, a 2400 gr/mm grating, and a 100 x
0.90 numerical aperture objective.

Calculation methods

The quantum mechanical computations were performed
within the density functional theory (DFT) approach
using the Vienna Ab  initio  Simulation
Package (VASP) [38,39]. A plane-wave basis set and
the generalized gradient approximation (GGA) [40] of

Perdew-Burke-Ernzerhof (PBE) [41] with projector aug-
mented wave (PAW) method [42] were used to obtain
the relaxed structure and magnetic properties of YCO.
A plane wave cut-off energy of 520 eV was used for the
plane-wave basis set and a I"-centered Monkhorst-Pack
k-point mesh [43] of 6 x 6 x 5 was used for the Bril-
louin zone sampling of the 20-atom orthorhombic cell
(Pbnm space group) which can be viewed as a /2 x /2
x 2 multiple of the prototypical five-atom pseudo-cubic
perovskite unit cell. The O 2s and 2p, the Cr 3p, 4s, 3d,
and Y 4s, 4p, 4d, and 5s electrons were included in the
valence states. A 0.05 eV Gaussian smearing was applied
to band occupancies near the Fermi level, and total
energies were extrapolated back to 0 K. Spin-orbit cou-
pling, with non-collinear magnetic states allowed, was
explicitly considered in the calculations and a ‘Hubbard
U’ correction (with Dudarev’s formulation; ] = 0 eV
and U = 3.7) [44] was employed to correctly represent
the localized electronic states of Cr’s 3d electrons [45].
To obtain a geometry optimized equilibrium structure,
starting with a G-type antiferromagnetic configuration
all atomic positions, as well as the three lattice parameters
were fully relaxed using the conjugate gradient method
until all the Hellmann-Feynman forces and the stress
component were less than 0.005 eV/A and 1.0 x 1072
GPa, respectively.

Results and discussion

Bulk YCO has the orthorhombic structure with the lattice
parameters a = 5.255 A, b = 5.520 A and ¢ = 7.536 A,
where the corresponding pseudocubic unit-cell structure
yields apc = 3.786 A [8,46]. YCO films on YAO, LAO and
STO substrates have in-plane (IP) lattice mismatches of
—2.05%, 0.05% and 3.05% respectively.

Figures 1(a) and 1(b) show the XRD full range 6-26
scan and the local scans around (002) peaks of the films
on YAO, LAO and STO, respectively. Only 00/ reflections
of the YCO films are observed from the §-26 scans, indi-
cating that the films are epitaxial and phase pure. The
thickness of the films measured from TEM are 44 nm
on YAQO, 42 nm on LAO and 46 nm on STO substrates.
Figure 1(c) shows the room temperature Raman spec-
troscopy of YCO/LAO and bare LAO substrate in the
100-600 cm ™! spectral window. The YCO film’s spec-
trum show up to seven Raman modes of Ag, Bog and B3g
symmetries, which are consistent with the phonon modes
observed in bulk ceramic and single-crystal YCO [36,47].
Therefore, the XRD and Raman measurements confirm
the desired structure and lattice symmetry of YCO epi-
taxial films.

To investigate the strain states of the films, X-ray recip-
rocal space mappings (RSMs) were performed around



the orthorhombic YAO (332), LAO (103), and STO (103)
reflections, which corresponds to the pseudocubic (103)
reflection of the YCO. The 44 nm YCO film on YAO is
slightly relaxed due to the higher compressive misfit of
—2.05%, as shown in Figure 2(a). The RSM of 42 nm YCO
film on LAO measured around the (103) reflection indi-
cates that the film is fully strained due to the very small
lattice misfit strain of 0.05%, as shown in Figure 2(b).
The RSM of 46 nm YCO film on STO around the (103)
reflection indicates that the YCO film is relaxed due to
a large misfit of 3.05% (Figure 2c). The psuedocubic IP
lattice parameters on YAO, LAQ, and STO substrates are
calculated to be aj = 3.726, 3.786 and 3.808 A, respec-
tively, from RSM. The IP biaxial tensile strains calcu-
lated using €x = (a — apc)/apc are —1.58%, 0.00%, and
0.58% for YAO, LAO and STO substrates. The out-of-
plane (OOP) lattice parameters are a; = 3.847, 3.790
and 3.762 A and the strains calculated using €., = (a —
apc)lapcare 1.61%, 0.11% and —0.63% for YAO, LAO and
STO, respectively. The films’ tetragonality (ay/a)) on
YAO, LAO, and STO are 1.03, 1.00 and 0.99, respectively,
which decreases while going from compressive to tensile
strain.

The YCO/STO film microstructure and interface qual-
ity were investigated by HRTEM. A cross-section view
of the film on STO shows crystallinity with an approx-
imately uniform interface without any obvious defects
(Figure 3a). As shown in Figure 3(b), the energy-
dispersive X-ray spectroscopy (XEDS) is demonstrated
forlocal chemical fidelity of the film on an STO substrate.
The XEDS signal from oxygen is distributed from film
to substrate, across the interface, as both contain oxy-
gen. Figure 3(c) shows the HRTEM image of the interface
without any obvious defects. To check the crystallinity
and epitaxial quality of the film, the selected area electron
diffraction (SAED) on YCO/STO was also performed
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Figure 2. RSMs of YCO films on different substrates. (a) RSM
around (332) orthorhombic reflection on YAO and (103) pseu-
docubic reflection of YCO film. RSMs around (103) reflections of
(b) YCO/LAO, and (c) YCO/STO films.

and shown in Figure 3(d). The clear and distinguished
diffraction spots confirm the epitaxial growth of YCO
film on STO, which is consistent with the XRD mea-
surements. The magnified cross-sectional view of the
film-substrate interface in high-resolution, shown in
Figure 3(e), confirms the single crystallinity of the film.
The contrast at the interface is sharp and distinguishable
between film and substrate.

Theoretical investigations were carried out to under-
stand the effect of lattice strain on the magnetic proper-
ties of YCO. Following Bertaut’s notation, which denotes
both the type of magnetic ordering and the direction of
the corresponding magnetic order parameter, the mod-
eled magnetic ordering for the relaxed YCO can be
characterized as the I'y (G, Ap, F.) spin configura-
tions exhibiting weak ferromagnetic moments along the ¢
direction while local magnetic moments on Cr atoms are
predominantly aligned along the a direction in a G-type
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Figure 1. Room-temperature XRD 6 —26 scans and Raman spectrum of YCO thin films. (a) XRD 6-26 scans for the YCO films deposited on
(110)p YAOQ, (001) LAO and (001) STO substrates. (b) An enlarged view of 620 scans around the (002) YCO film peak. (c) Room temperature
Raman spectrum of the YCO film grown on LAO substrate, including the spectrum from the bare LAO substrate.
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Figure 3. TEM images of YCO on STO substrate. (a) The cross-
sectional TEM on the sample shows the abrupt film-substrate
interface. (b) XEDS spatial maps of O, Sr, Y, Ti, and Cr near the
film-substrate interface. (c) HR-TEM image around the film-surface
interface (d) SAED pattern of YCO on cubic STO substrate. (e) The
enlarged HRTEM view of the interface.

AFM configuration [3]. To understand the effect of lat-
tice strain, epitaxially strained supercells with IP misfit
strain varying systematically from a 5% compressive to
a 5% tensile strain, in steps of 0.5% were considered. To
model the strained supercells, the a and b lattice param-
eters were constrained to the respective strained values
relative to the relaxed case, while the ¢ lattice parame-
ters and all the internal coordinates were allowed to relax.
Spin-orbit coupling was explicitly considered in all the
computations.

Figure 4 showcases our computational results for the
total IP Cr magnetic moments along the a-direction in a
G-type antiferromagnetic configuration, net OOP mag-
netic moments, and the OOP lattice parameters as a
function of IP lattice strain ranging from 5% compressive
to 5% tensile strain. In Figure 4(a), the lattice constant
along the c-axis decreases going from compressive to
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Figure 4. DFT calculations on variation of (a) OOP lattice parame-
ters, (b) Cr magnetic moment and (c) net remanent magnetization
with the IP strain, ranging from compressive to tensile.

tensile strain, which is consistent with the XRD results.
Figures 4(b) and 4(c) show that both the local magnetic
moments on the Cr atoms as well as the net magne-
tization perpendicular to film’s plane linearly increase
with the IP lattice strain systematically changing from a
compressive to a tensile strain.

The experimental studies are performed to further
investigate the theoretical findings. The low-temperature
magnetic measurements are performed to examine the
M-H hysteresis by applying magnetic field along the
OOP direction to the YCO films up to +7 kOe at 10 K.
The M-H loops for the variably strained films are shown
in Figure 5. From Figure 5(a—c), it is observed that the net
magnetization increases while changing IP strain from
compressive to tensile. The remanent magnetization per-
pendicular to the plane of YCO films is increased while
going from compressive to tensile strain (Figure 5d),
which is consistent with the theoretical results presented
in Figure 4(c). The presence of such non-zero remnant

Magnetic field (kOe)

3 02r oF 5008
9 o1} % 004
% 0.0 ,% 0.00
% 01F §-0.04
8 ool 8008 |

4 2 0 2 4
Magnetic field (kOe)

Figure 5. Zero field cooled OOP M-H hysteresis loops of YCO on (a) YAO, (b) LAO and (c) STO substrates measured at 10 K. (d) OOP
remanent magnetization increases while changing the strain from compressive (YAO) to tensile (STO).
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Table 1. Summary of the lattice parameters, strain states and OOP remanent magnetization of YCO films on different substrates.

IP lattice IP lattice OOP lattice OOP remanent
parameter of parameter of parameter of Tetragonality IP lattice magnetization
Substrate substrate (A) film (ay) (A) film (a1) (A) (aL/ay) strain (%) (uB/f.u)
YAO 3.710 3.726 3.847 1.03 1.58 0.008
LAO 3.788 3.786 3.790 1.00 0.00 0.012
STO 3.905 3.808 3.762 0.99 0.58 0.014
magnetizations shows that the YCO films exhibit a weak ~ Acknowledgments

ferromagnetic order. The change in lattice parameters
and OOP remanent magnetization with lattice-strain is
summarized in Table 1. These results indicate that the lat-
tice strain has a strong influence on the magnetic proper-
ties, which indicates a strong correlation between lattice
and spin orders in YCO.

The experimental results are consistent with the DFT
findings on structural and magnetic behaviors of YCO.
Based on previous DFT results on SmCrO;3 [28], the
observation of strain tuned magnetism in YCO can be
explained if the modification of the Cr-Cr superexchange
interaction is of central importance in driving the strain
tuning of magnetization. Specifically, the strain-induced
magnetic behavior can be explained from superexchange
interaction of Cr-O-Cr, which is related to the changes in
bond angles of Cr-O-Cr due to the biaxial strain. When
the film is subjected to compressive strain, Cr-O-Cr
bond angle decreases along the in-plane direction and
increases along the OOP direction, whereas the oppo-
site effect is observed for tensile strain [48]. This change
in bond angle and enhanced orbital overlap along the
IP direction could be the driver of the higher saturation
moment. While this observation based on prior com-
putational studies is also in line with our calculations,
experimental validation of this would require further
measurements aimed at quantifying octahedral rotations
and bond lengths.

Conclusion

In summary, a combined experimental and theoretical
approach is used to demonstrate the direct correlation
between lattice-strain and magnetic properties of YCO
films. Theoretical calculations show that the local mag-
netic moments on the Cr atoms as well as the net mag-
netization perpendicular to film’s plane linearly increase
with the in-plane lattice strain. Field-dependent magne-
tometry experiments further confirm that the magnetic
properties are strongly dependent on substrate-induced
lattice strain in YCO. The ability to achieve strain-
controlled magnetism can provide insights on both the
fundamental understanding of physical properties and
the utilization of rare-earth orthochromites for func-
tional applications.
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