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ABSTRACT

Epitaxial strain is a useful handle to engineer the physical properties of perovskite oxide materials. Here, we apply it to orthorhombic chromites
that are a family of antiferromagnets showing fruitful functionalities as well as strong spin-lattice coupling via antisymmetric exchange
interaction along Cr-O-Cr bonds. Using pulsed laser deposition, we grow YCrOs thin films on various substrates imposing strain levels
in the range from —1.8% to +0.3%. The films are stoichiometric with a 3+ valence for Cr both within the films and at their surface. They
display an antiferromagnetic spin order below their Néel temperature, which we show can be strongly tuned by epitaxial strain with a slope of
—8.54 K/%. A dimensionless figure of merit (defined as the slope normalized by the Néel temperature of bulk) is determined to be 6.1, which
is larger than that of other perovskites, such as manganites (5.5), ferrites (2.3), or nickelates (4.6). Density functional theory simulations bring
insight into the role of Cr-O bond lengths and oxygen octahedral rotations on the observed behavior. Our results shed light on orthorhombic
chromites that may offer an energy-efficient piezo-spintronic operation.

© 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/10.1063/5.0095742

Since the absence of net magnetization in antiferromagnets
(AFMs) hinders their control by an external magnetic field, the
spin-lattice coupling emerges as an essential mechanism to tune
their properties and extends their applicability range in spintronic
and magnonic devices." Among a variety of approaches to harness
antiparallel spin configurations in AFMs,” a strain-mediated control
has the advantage of low-power and magnetic-field-free spin-
tronic operation, for example, when combined with piezoelectric
materials’ or in ultrafast experiments. Understanding the effect of
strain in different types of AFM materials is, thus, important, partic-
ularly in noncollinear AFMs, in which recent studies revealed exotic
spintronic phenomena.”’

Noncollinear magnetic orthorhombic chromites® not only
display a wide spectrum of spin configurations’” but also possible
multiferroic properties.” YCrOs (YCO) is a relatively simple mem-
ber of the orthorhombic chromite family in which only Cr ions
carry a magnetic moment. It is a canted AFM displaying weak
ferromagnetism and a Néel temperature Ty ~ 141 K.*° Recently,
Pal et al.” showed that epitaxial YCO thin films can be grown on
(LaAlO3)0.3(Sr2TaAlOg)o.7 (LSAT) substrates but pointed to the dif-
ficulty of suppressing Cr species with oxidation states higher than
the nominal 3+. Paudel et al. explored the role of substrate-induced
strain on the magnetization of YCO films but their films were
partially relaxed, complicating the analysis of the results.'’ So far, the
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influence of epitaxial strain on the Néel temperature of YCO films
has not been investigated.

In this article, we study the structural and magnetic proper-
ties of YCO epitaxial thin films grown on various substrates by
performing x-ray diffraction (XRD), high-angle annular dark-field
(HAADF) and annular bright field (ABF) scanning transmission
electron microscopy (STEM), first-principles density functional the-
ory (DFT) calculations, x-ray absorption spectroscopy (XAS), and
superconducting quantum interference device (SQUID) magnetom-
etry. The orthorhombic domain structure and Cr valence state of
YCO thin films on LaAlOj3 substrates (LAO that induces the smallest
misfit strain to YCO) are analyzed confirming the high growth
quality. Then, we study the strain effect on the AFM transition tem-
perature of YCO by comparing YCO thin films grown on YAIO3
(YAO), NdAIO; (NAO), LAO, and SrLaGaO, (SLGO) substrates.
The relation between the strain-induced changes in oxygen octahe-
dral rotations, bond lengths, and the Néel temperature is understood
by performing DFT calculations.

Epitaxial YCO thin films were epitaxially grown on four dif-
ferent perovskite substrates by using pulsed laser deposition (PLD).
The film thickness ranged between 10 and 20 nm. The base pres-
sure of the PLD chamber was below 10”7 mbar. During the YCO
growth, the substrate temperature and O, pressure were kept at
700 °C and 0.4 mbar, respectively. The surface of a YCO pellet was
ablated by 248 nm KrF excimer laser pulses. The laser fluence and
repetition rate were ~2 J cm™2 and 5 Hz, respectively. The growth
mode and quality of YCO were monitored by utilizing the reflec-
tion high-energy electron diffraction (RHEED); the YCO growth
mode was initially layer-by-layer and slowly became step-flow. After
the growth, the YCO films were cooled down to room temperature
under the same O, pressure. Then, the samples were transferred
in ultra-high vacuum to a dc magnetron sputter chamber in order
to cap them with a Pt layer to prevent oxidation or degradation of
the samples. The thickness of Pt was chosen between 1 and 3 nm
depending on the type of measurement. The STEM measurements
were performed on a Nion Cs-corrected microscope operated at
100 keV. HAADF- and ABF-STEM images were obtained for a con-
verge semi-angle of 30 mrad with collection semi-angles between
80-200 mrad and 15-30 mrad, respectively. Electron energy loss
spectroscopy (EELS) was obtained with the same microscope using
a MerlinEM detector from Quantum Detectors. The XAS signals
were obtained in the total electron yield (TEY) mode under the
normal incidence of linearly polarized light at the VEKMAG end
station installed at the PM2 beamline in BESSY II of the Helmholtz-
Zentrum Berlin.'" The high-resolution XRD data and reciprocal
space maps (RSMs) were acquired by employing an x-ray four-circle
diffractometer (Panalytical Empyrean) with Cu Ka; radiation. By
using SQUID magnetometry, the Néel temperature of the samples
was determined during a warm-up process in 10-50 Oe. The DFT
calculations were performed with the VASP package'”'” using the
parameter free SCAN exchange-correlation functional'* that is fully
able to capture the physics of transition metal oxide perovskites.'”
The energy cut off was set to 500 eV. In order to identify the ground
state with epitaxial strain, we checked two different growth orienta-
tions of YCrOj with either the a’a’c* rotation along or orthogonal
to the substrate, thereby producing a*a™c™ or a”a”c¢" tilt patterns
for the two possible growth orientations, respectively. Then, two
lattice parameters were imposed to those of the substrate, and the
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third parameter was allowed to relax both in magnitude and angle.
In any case, atomic positions were relaxed until forces acting on
each atom are lower than 1 meV/A. Magnetic exchange interac-
tions | were extracted by mapping the total energy for different
spin configurations at fixed ground state structure on a Heisenberg
model H = *Ziqj i7S:Sj where S; is a spin located at site i. Interactions
were limited to nearest-neighbor Cr** spins with two interactions
between nearest neighbors in the (ab)-plane (J1) and along ¢ (J>).
The Ty was computed using a mean field model with Ty = —(S + 1)
S(2J1 + J2)/(3ks) where S = 3/2 for a Cr** cation.

Figure 1(a) shows the orthorhombic Pbnm crystal structure
of bulk YCO where an antiferrodistortive configuration (a”a”c*)
of CrOs octahedra is clearly displayed.'” The lattice parameters of
bulk YCO are known as a, = 5.52260 A, b, = 524376 A, and
Co = 7.53555 A, where “o0” indicates orthorhombic notation.'*"’
Converting the orthorhombic lattice parameters into pseudocubic
(pc) lattice parameters leads to apc ~ 3.793 A and Vpe ~ 54.56 A3,
The pseudocubic in plane lattice parameters for (001),c-oriented
YAO, NAO, LAO, and SLGO substrates are 3.708, 3.744, 3.789, and
3.852 A, respectively. We, thus, expect that YCO films on YAO,
NAO, and LAO substrates undergo compressive misfit strain but
YCO films on SLGO substrates are tensile strained. Figure 1(b)
shows the atomically flat surface of a YCO thin film deposited on
an LAO substrate (YCO/LAO) where the lattice mismatch is the
smallest among the four substrates. The RHEED patterns of the
LAO substrate and the YCO film obtained during the PLD growth
[Figs. 1(c) and 1(d)] exhibit vertically aligned streaks, which confirm
the high-quality two-dimensional surface. The periodicity of
RHEED streaks for YCO is approximately half that for the LAO
substrate [Fig. 1(d)] since the orthorhombic phase of YCO has a
larger unit cell compared to the pseudocubic LAO substrate.

FIG. 1. (a) Orthorhombic unit-cell structure of bulk YCO.6 (b) Atomic force micro-
scopy image of an as-grown YCO thin film on an LAO substrate (YCO/LAO). The
scale bar indicates 1 um. RHEED pattern for the surface of (c) the LAO sub-
strate and (d) the YCO film along [100],c. Here, “pc” represents the perovskite
pseudocubic index and [001], defined as an out-of-plane direction.
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The atomic structure of the YCO/LAO sample was investi- (a)
gated by performing HAADF- and ABF-STEM as summarized in
Fig. 2. Figure 2(a) reveals a clear interface between the film and
the substrate as well as domain boundaries along the out-of-plane
orientation due to the presence of multiple structural domains
in YCO. These orthorhombic YCO domains are highlighted in
Fig. 2(b) and the alternating red and green domains show that the
orthorhombic YCO tries to match its anisotropic in-plane lattice
parameters on the pseudocubic lattice of LAO. The corresponding L L
fast Fourier transform (FFT) images are shown in Figs. 2(c) and 570 580 590 600
2(d). Figures 2(e) and 2(f) are high-magnification ABF-STEM and Photon energy (eV)
HAADF-STEM images obtained in the same area, which show the (b)

: o . 15 T T
sharp interface and epitaxial connection not only between YCO and I
LAO but also between different YCO domains.

To gain insight into the chemistry of the YCO film, EELS and
XAS signals around the Cr L3 » edge were collected from a Pt-capped
YCO/LAO sample [see Fig. 3(a)]. As the TEY mode in XAS mostly
probes the surface of YCO, it is useful to compare the surface-
sensitive XAS data with the EELS data obtained from the middle of
the YCO layer in order to test the homogeneity of the sample along
the depth direction. The shape and position of main- and sub-peaks
in both spectra prove that the valence state of chromium in the YCO
layer is uniformly Cr** .2 ) . ) . )

Using the optimized growth conditions described above, YCO 570 580 590 600
thin films were epitaxially grown on three additional substrates in
order to tune the strain state of YCO. The XAS spectra displayed

(arb. unit)

Normalized intensity

Normalized XAS intensity
(arb. unit)

Photon energy (eV)

FIG. 3. (a) XAS and EELS around Cr L3,-edge obtained from a YCO thin film
grown on an LAO substrate at room temperature. (b) XAS results from the four
different samples.

in Fig. 3(b) indicate that all the samples have well-defined Cr**
states. The lattice parameters of YCO/YAO, YCO/NAO, YCO/LAO,
and YCO/SLGO samples were studied by combining conventional
XRD scans [Fig. 4(a)] and high-resolution RSMs [Figs. 4(b)-4(e)].
As shown in Fig. 4(a), the (002)p peak position of YCO shifts toward
higher 26 angles, i.e., toward smaller cp, as the in-plane lattice para-
meters of substrates increase from YAO to SLGO. By comparing
the reciprocal lattice Q, and Q, positions between the film and
substrate in the YCO/YAO sample [see dashed lines in Fig. 4(b)],
one observes that YCO is fully strained along one in-plane orien-
tation of YAO (i.e., [001],) but partially relaxed along the other
orthogonal in-plane orientation (i.e., [110],). Recalling that YAO
also has an orthorhombic crystal symmetry, the RSM shows that the
orthorhombic ¢, axis of YCO is parallel and fully strained to that of
YAO but the other axes are partially relaxed. Two substrate peaks
appear in Fig. 4(c) due to the pronounced twin angle of NAO and
a powder-like line pattern crossing near Q; = 4.8 A™" also comes
from NAO but its exact origin is elusive.”’ The YCO grown on
SLGO shows a broad peak feature [Fig. 4(e)], which confirms the
isotropic strain of YCO on the square lattice of SLGO. Figure 4(f)

FIG. 2. (a) Low-magnification HAADF-STEM image of a YCO/LAO sample. The
brightest layer on top of YCO is a Pt cap to avoid any damage during the sample

preparation. (b) Composite image showing the three different crystallographic ori- summarizes the lattice parameters and unit-cell volume of YCO on
entations (red, green, and blue domains) in the YCO layer. The green, red, and the four different substrates. We see a linear scaling of the unit-cell
blue domains correspond to the cases where the orthorhombic b, axis (i.e., the volume (blue) as the strain state of YCO goes from compressive to

longest) is oriented along [100]ss, [010]sc, and [001]y.. FFT image of (c) green tensile cases. Although the YCO film on SLGO shows some degree

el 1) iza] @il ety e (ol [leliruczplicziten ) ASmAL @ § of structural relaxatsigon the Tx of this film globally falls ongthe

HAADF-STEM images. : ’ N 1 globatly :
same linear trend as the other samples. This suggests that, in the

APL Mater. 10, 081101 (2022); doi: 10.1063/5.0095742 10, 081101-3
© Author(s) 2022


https://scitation.org/journal/apm

APL Materials

(a) o

ARTICLE

scitation.org/journal/apm

T T T 55.5
E 3.85}
10° @4
3 384} 1°0
m
210’
o 3.83F E- 545
> —
7 < ] <
S ~ 3.82} ~
-— Q - 54 0 g
£ © >
381}
E 453.5 FIG. 4. (a) Conventional XRD scans
3.80F showing the (002),; peaks of YCO
grown on four different substrates. The
-------------------- == dashed line is a guide to the eye and
3.791 53.0 indicates the systematic shifts of the
L . L YCO (002),c peak. (b)-(e) RSMs around
-2 -1 0 1 (103)pc peaks. For the YAO case, two

Strain (%)

(b)

(e)

different in-plane orientations were mea-
sured as the substrate has anisotropic
in-plane lattice parameters. Here, the

@
~ LAO

dashed lines represent the Q; and Q,
positions of the intense substrate peaks.
The red lines indicate the pseudocubic
Q, positions calculated from (a). (f) The
strain dependence of out-of-plane lat-
tice parameter (cpc) and unit-cell volume
(Vipe) where the dashed lines correspond
to the bulk (or strain-free)'®® unit cell.

18 16 18

Q (AT

1.6
Q (A

18 16
Q, (A

1.6
Q (A

1.8

first approximation, defects associated with strain relaxation do not
have a strong influence on the Néel temperature. However, studying
the effect of dislocations or strain gradients on the functional prop-
erties of chromium perovskites is certainly worth investigating in
the future.

In order to determine the Néel temperature of the samples, the
canted magnetic moment () was measured as a function of tem-
perature [Fig. 5(a)]. As the weak moment occurs as a result of the
noncollinear AFM configuration in YCO, the onset of the non-zero
magnetic moment informs on the Néel temperature.® The strong
increase of m below ~40 K signals the paramagnetic contribution
of the Pt cap. Figure 5(b) summarizes the strain-dependence of Ty
in YCO thin films. The transition temperature is inversely propor-
tional to the strain value and it is quantified by the slope of the graph

to —8.54 K/%. A figure of merit (f) can be defined if we normalize
the slope by Tx of bulk YCO, resulting in a useful dimensionless
quantity for comparing the strain sensitivity of Ty in different mate-
rials. We obtained f = 6.1 for YCO, and interestingly, it is larger than
the values estimated from the previous reports on other perovskite
AFMs: f = 5.5 for Lag7Sro3sMnO3 (LSMO),” 2.3 for BiFeO3,** and
4.6 for NdNiO3%° as shown in Fig. 5(c).

In order to get insights into the evolution of Ty with strain,
the computed Néel temperature on the basis of DFT calculations is
also reported in Fig. 5(b). First, we find that the bulk YCO adopts an
orthorhombic structure with antiferromagnetic interaction between
all nearest-neighbor Cr** spins, yielding a computed Ty of 136 K,
in sharp agreement with the experimental value of 141 K.*” Sec-
ond, we identify that all tested epitaxial strain values ranging
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from —2.90 to +0.53% lead to a growth orientation with the a’a’c*
rotation aligned along the substrate, hence yielding a*a™c™ tilt
patterns. The computed T’ as a function of strain follows the exper-
imental trend, i.e., an increase of Ty with the compressive strain [see
Fig. 5(b)]. This is ascribed to a monotonous (i) shortening of Cr-O
bond lengths on average and (ii) weakening of the a*a’c” octahe-
dral rotations when going from +0.53% to —2.90% of epitaxial strain
while the a’a™¢™ rotation amplitudes are roughly constant with
strain. Ultimately, superexchange is favored yielding an increase of
J1 and J> magnetic constants and Twn. The slight deviation of Ty
between DFT and experimental results for the tensile strain may
originate from minor O vacancies (i.e., not considered in the DFT
calculation) generally observed in other magnetic oxide films’*”’
and whose formation is favored by the tensile strain.”®

In conclusion, we have investigated the influence of epitaxial
strain on the Néel temperature of YCO by growing YCO thin films
on four different substrates ranging from compressive to tensile
strain regions. The crystal structure and chemistry of YCO have
been investigated in order to confirm the high quality of the samples.
Without much difference in the valence state of Cr for all the sam-
ples, we have observed that the Néel temperature of YCO decreases
when the in-plane lattice parameters of substrates increase. The
strain engineering of Cr-O-Cr superexchange interaction has been
understood with the help of DFT calculation. Our findings exem-
plify the strain-control of noncollinear AFM materials and infer
that the compressive strain can be more reliable for improving the
mechanical switching process of noncollinear AFM oxides without
generating oxygen defects.
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