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Epitaxially strained La;sCrO3; (LCO) thin films, with ¢ ranging between —0.25 (Cr-rich) and
0.25 (La-rich), were grown on SrTiO3(001) substrates by solid-source molecular beam epitaxy
(MBE). The effect of the cationic-stoichiometry deviation (6) on the structural properties
(surface structure, morphology, terminations and unit-cell parameters) is reported. Whereas
deviation from stoichiometry does not significantly affect the structural quality (all films keep
a perovskite structure, are epitaxial, atomically flat, fully strained, and present mosaicity
below 0.1°), increasing || leads to an increase of the out-of-plane lattice parameter and of the
unit-cell volume. These results are of importance for further studies on structure-properties

relationships in the view to build enhanced LCO-based devices.
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|. INTRODUCTION

Perovskite oxides with general formula ABO3 (A being an alkaline metal, alkaline
earth metal, or lanthanide, and B being a 3d transition metal) have attracted much attention in
the past several decades due to their remarkable physical and chemical properties such as
ferroelectricity, ferromagnetism, thermoelectricity, in addition to chemical stability and
flexibility, as well as physical tunability and couplings, that make them very appealing for
diverse applications*'2. The lanthanum chromite, LaCrO; (LCO), is an antiferromagnetic
insulator (Ty ~ 290 K) with a charge transfer gap of 3.3 eV**. LCO exhibits an orthorhombic
bulk structure (space group Pbnm) with lattice parameters a = 5.513 A, b = 5.473 A and ¢ =
7.759 A at room temperature and ambient pressure®. However, it can be viewed as a
pseudocubic lattice cell with a,. = 3.885 A®’  structurally compatible with other functional
perovskite oxides. The properties of LCO that can be tuned by forming solid solutions, enable
its use in many different key applications and devices (e.g. solid-oxide fuel cells?®,
memories®?, catalysis™*, as well as water splitting'? and p-type transparent conductivity and
thermoelectricity™). Previous studies have shown the impact of pressure, strain, chemical
composition, couplings and atomically-defined interfaces on the physical properties

(magnetic, electronic, optical, phononic, etc.) of LCO-based materials'#*>16:171819.202122.23.24

LCO has been mainly studied theoretically*%?°

or experimentally in the form of bulk
powders or polycrystalline films®®'*41>24 However, highly demanding applications, as well
as refined property tuning based on advanced control of the structural properties require state-
of-the-art growth of epitaxial LCO films, as introduced by Ueda et al. with ferromagnetic
epitaxial [LaFeOs/LaCrO3] superlattices grown by pulsed laser deposition (PLD)™. Qiao et
al.” have introduced a successful epitaxial growth of stoichiometric LaCrO; by molecular

beam epitaxy (MBE), allowing studies of interface physics for instance'®?#. However, the

effect of the cationic-stoichiometry deviation () in La;sCrOz on structural properties has



been studied only within a restricted range close to the stoichiometry (—0.15 < §< 0.1, or also
noted 0.85 < x = 1+5 = La/Cr < 1.1 for La,CrO3)?, whereas it can be of critical importance
for properties and applications. They have mainly focused on the formation of point defects,
surface segregation and cationic intermixing at the interface with SrTiO3(001) substrate. A
clear structural trend with a wider stoichiometry deviation is lacking. It is well known that
stoichiometry deviation tends to enlarge the unit-cell volume through the formation of
charged ionic vacancies in the lattice, and thus enlarge the out-of-plane lattice parameter (and
consequent tetragonality) in strained epitaxial ABO3 films, like in the reference SrTiO;
(STO)*?"?8 For instance, the deviation of the cationic stoichiometry in STO epitaxial films
can be large while maintaining a perovskite structure and can greatly impact their physical
properties such as the electronic and phononic transport?®***3, Similarly, Kan et al.** have
shown that the structural and ferroelectric properties depend on the cationic stoichiometry in
BaTiOs epitaxial thin films. Likewise, Qiao et al.* focused on the effects of stoichiometry
deviation on the structural properties and intermixing at the LaAlO3/STO(001) interface, and
Warusawithana et al.>* have shown that off-stoichiometry (Al-rich LaAlO; films) is required
to obtain the two-dimensional electron gas at this interface.

In this study, epitaxially-strained La;.sCrOg3 thin films were grown with high quality

on STO(001) substrates by MBE with ¢ widely varying in the £0.25 range. The impact of

large cationic-stoichiometry deviation (d) on LCO structural properties has been investigated.
Particularly, the surface structure, morphology, terminations, lattice cell parameters and

crystalline quality of the LCO thin films are shown and discussed.

. EXPERIMENTAL



About 15 nm thick epitaxial La;+sCrOs; (LCO) thin films were grown on single-
crystalline STO(001) substrates (MaTecK GmbH) by solid-source MBE in a UHV chamber
with a base pressure <1x10° Torr. La and Cr were evaporated from effusion cells in
codeposition, with a growth rate of ~0.1 nm/min. The fluxes were measured before the growth
using a Bayard-Alpert (BA) gauge (after subtraction of the background pressure), and
checked using a quartz crystal microbalance (QCM) (Fig. SI 1). The molecular oxygen partial
pressure P(O,) was kept constant at 1x107 Torr during the growth, and the growth
temperature was set to 700°C. The STO substrates were annealed for 15 minutes before
starting the growth. Reflection high-energy electron diffraction (RHEED) was used to in-situ
monitor the LCO growth and the surface quality. The LCO epitaxial films were grown by
layer-by-layer mode (Fig. SI 2). All the films were grown on as-received STO(001)
substrates, except for one additional stoichiometric LCO film (6 = 0) grown on a TiO,-
terminated STO(001) substrate. The standard preparation for TiO,-terminated STO(001)
substrates consists in i) 10 min of ultrasonic immersion in deionized water (to enhance the
subsequent acid etching), ii) 20s etching in buffered HF solution (to have only remaining TiO,
termination), iii) rinsing abundantly in deionized water (to avoid residual etchant yielding
etching pits) and drying with nitrogen, and iv) annealing in air at 1000°C for 1 hour (to flatten
the TiO,-terminated terraces)®>.

Atomic force microscopy (AFM) working in tapping mode was used to measure the
surface  morphology, mean roughness, as well as chemical contrast by phase-shift
imaging®83%“? (Fig. 2 and Fig. SI 3). Film structure was investigated by X-ray diffraction
(XRD) using a Rigaku Smartlab diffractometer equipped with a high-brilliance rotating
anode, and a double-crystal Ge(220) monochromator. The crystalline orientation, out-of-plane

cell parameters and relative crystalline quality were examined through 26 @ scans and -

scans (Fig. 3 and Fig. SI 7). In-plane lattice parameters were obtained from reciprocal space



maps (RSM) around the asymmetric (103) reflection (Fig. 4). X-ray reflectivity (XRR) was
also used to measure the thickness of the films (Fig. SI 6). Rutherford backscattering
spectrometry (RBS), using a 2 MeV He™ beam incident at 6° with a 172° scattering angle, was
used to check the cationic stoichiometry of the films, which was in perfect agreement with the
XRD results within the instrumental uncertainties (Fig. SI 4). X-ray photoelectron
spectroscopy (XPS) spectra were acquired using monochromatic Al Ka radiation (hv = 1486.6

eV) at normal emission to check the near-surface region of the films (Fig. SI 5).

lIl. RESULTS AND DISCUSSION
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FiG. 1 (single column). RHEED patterns recorded along the <100> and <110> azimuths (around
200°C, P(0,) = 1x10° Torr) after growth of the La,.sCrO; films, (a) = —0.25; (b) = —0.125; (c) 6 =

0; (d) 5 = 0.1 and (e) & = 0.25. The vertical white arrows indicate 2™ order reflections demonstrating



surface reconstruction in the considered azimuth. Corresponding surface reconstruction is indicated on

the right of the RHEED patterns for each composition.

RHEED patterns along both high-symmetry <100> and <110> in-plane
crystallographic directions are shown after the growth of LCO thin films (Fig. 1). All the
RHEED patterns present well contrasted streak lines meaning that all the films are epitaxial
with flat surface. However, for |6| = 0.25 (Fig. 1a and 1e), the streaks are slightly blurred and
the background is brighter than that observed for samples with lower |J|, revealing larger
crystalline disorder. For ¢ = —0.125 (slightly Cr-rich LCO film, Fig. 1b) and 6 = 0
(stoichiometric LCO film, Fig. 1c), the streaks are sharp along both azimuths, indicating that
the surface is well ordered. Additionally, for both these samples, a 2" order streaky reflection
along the <110> direction (indicated by arrows in Fig. 1) is observed. A weak 2" order
streaky reflection also appears along the <100> azimuth for 6 = —0.125 whereas only 1% order
reflection is observed along this azimuth at 6 = 0, which indicates a 2x2 and a 2x1 surface
reconstruction for the slightly Cr-rich LCO film (6 = —0.125, Fig. 1b) and the stoichiometric
film (6 = 0, Fig. 1c), respectively. In contrast, when ¢ = 0.1 (slightly La-rich LCO film, Fig.

1d) only 1% order streaks are visible indicating the absence of surface reconstruction.
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On as-received STO(001) substrates (both SrO and TiO, chemical terminations)

Fi1G. 2 (single column). 1x1 um?* AFM topographic (left panel) and phase-lag (right panel) images of
the LCO thin films grown on as-received STO(001) substrate with (a) 6 = —0.25, (b) 6 =—0.125, (¢) 0
=0,(d) 0=0.1and (e) 6 = 0.25. (f) LCO thin film grown on prepared TiO,-terminated STO(001)

substrate with J = 0.

AFM images of the film surface are shown in Fig. 2. The left panel and the right panel
present the topographic images and the phase-lag images, respectively. In agreement with
RHEED patterns (Fig. 1) and XRR analysis (Fig. SI 6), all the topographic images reveal
smooth surfaces with root-mean-square (rms) roughness less than 0.3 nm. Atomic steps and
terraces can be clearly observed for the Cr-rich LCO films (5 < 0, Fig. 2a and 2b), and are still

distinguishable for the stoichiometric film (6 = 0, Fig. 2c). For the La-rich LCO films (5 > 0,
7



Fig. 2d and 2e), the “steps and terraces” morphology becomes unclear, and completely
disappears at § = 0.25 (Fig. 2e), even if the surfaces remain globally flat (rms roughness is
about 0.25 nm at 6 = 0.25). The La-rich surface could present 2D-islands of La,O3; randomly
distributed on the surface, even if the XPS spectra does not show any evidence of secondary
phase in the near surface region (Fig. SI 5)%.

The phase-lag images reveal chemical contrasts on flat surfaces, although phase-lag
contrast may also appear at step edges due to sharp height differences® %% |n Fig. 2, strong
persistent phase-lag contrast appears at the surface of the stoichiometric film (6= 0) in which
the contrast is roughly half-tone (Fig. 2c). This contrast indicates a double termination (CrO,
and LaO) at the surface of the stoichiometric film, due to the replication during stoichiometric
2D-growth of the double termination initially present at the surface of unprepared STO
substrate®®. The half unit-cell steps measured on topographic image at the phase-lag contrast
location is consistent with this interpretation (Fig. SI 3). This chemical contrast at the film
surface decreases and disappears when |J| increases, confirming the dominance of one cation
at the surface of non-stoichiometric films. The AFM analysis carried out on the film grown on
a prepared TiO,-terminated STO(001) substrate further confirms this assumption. In that case,
step heights of unit-cell height are measured (Fig. SI 3) and no contrast is observed in the
phase-lag image (Fig. 2f), indicating a single chemical termination, most probably the CrO,-
termination if no switching of chemical termination occurs during growth, which seems to be
the case since no delay is observed in the RHEED intensity oscillations at the first stage of

layer-by-layer growth (Fig. Sl 2).
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FiG. 3 (single column). XRD characterizations. (a-e) 26-w scans near the (002) Bragg reflections of
LCO thin films and STO substrates for (a) 6 = —0.25; (b) 6 =—0.125; (¢) 6 =0; (d) 6 =0.1 and (e) 6 =
0.25. (f) Out-of-plane lattice cell parameter as a function of the cationic-stoichiometry deviation ¢. (g)
w-scans around the LCO (002) reflection for all the films, normalized to the stoichiometric film (6 =

0). (h) Normalized integrated diffracted intensity of the w-scans shown in (g) as a function of ¢.

The structural properties of all LCO films have been investigated by XRD. Wide 26w
scans (10-80°) reveal only diffraction peaks corresponding to the {001} reflections of the LCO
films and STO(001) substrates (Fig. SI 7), showing that no other orientation or phase than
LCO (00I) are present in the epitaxial films. Cationic intermixing at the interface with STO
and secondary phase formation, which are dependent on the growth conditions and STO
substrate quality, are not observed here by XRD (and XPS) although a few La-rich
precipitates could be present at the nanometer scale close to the interface®®. The presence of
Pendellosung fringes around the diffraction peaks of the films attest their high crystalline

quality. Fig. 3a-e show the XRD 26w scans around the (002) reflections of the LCO films



and STO substrates plotted in reciprocal space units. The LCO (002) reflection is very close
to that of STO substrate and appears as a shoulder of the substrate peak (Fig. 3 and Fig. SI 5).
Qualitatively, the position of the film reflection decreases in Q. while deviating from the
stoichiometry, which means that the out-of-plane cell parameter of the LCO film (CLco)
increases with cationic-stoichiometry deviation. Both Cr-rich and La-rich films exhibit larger
CLco than that of the stoichiometric LCO film, in agreement with other perovskite oxide films
such as SrTiOs**?"?® This standard trend is also observed by Qiao et al., but with a ¢ co
minimum (less than 3.87 A) shifted at slightly Cr-rich films (6 = —0.05) and not at the
stoichiometry (6 = 0)%. This small composition shift (5%) with our results could be due to i)
the uncertainty in the determination of composition and film lattice parameter, and ii) to the
ratio and distribution of point cationic defects (vacancy, anti-site) in the films.

Quantitatively, ¢ co has been extracted here from fits of the XRD spectra (Fig. 3a-e),
and is shown as a function of ¢ in Fig. 3f, together with the results of the Chambers’ group on
fully-strained epitaxial LCO films for comparison”**%. Our values range from 3.873 A to
3.926 A. Our minimal value, recorded for the stoichiometric film, is c.co = 3.873 A which is
in good agreement with the most recent results of the Chambers’ group™, although different
values (from 3.871 to 3.881 A) are reported in different articles from this group on fully-
strained stoichiometric LCO epitaxial film on STO(001) substrate’**?*. Around the
stoichiometry, lattice parameters are lower than the LCO pseudocubic bulk value (3.885 A,
blue dotted line), indicating reduced ¢ co (—0.3%) owing to the in-plane tensile stress exerted
by STO(001) substrate (relative in-plane tensile strain & = 0.51%)*. The out-of-plane lattice
cell parameter increases up to almost 3.93 A for clearly non-stoichiometric films: 3.92 A for 6
= —0.25 and 3.926 A for 6 = 0.25. In such cases, these high c co values, superior to the
substrate lattice parameter, are partly due to in-plane compressive strain of the epitaxial films,

in addition to the effect of cationic-stoichiometry deviation it-self. For 6 = 0.1 (slightly La-
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(~3.873 A for 6 = —0.15)>.

rich film), c.co = 3.896 A, in very good agreement with Qiao’s results®. For ¢ = —0.125
(slightly Cr-rich), c.co = 3.886 A, which is slightly larger than the Qiao’s reported value

The w-scans measured for all the films around the LCO (002) reflection are shown in
Fig. 3g. The mosaicity of the films (full width at half maximum, FWHM, of these curves) is
below 0.09°, comparable to that of the single-crystalline STO substrates, confirming the high-
quality of the films with a low level of defects. However, Figure 3h shows that the diffracted
intensity progressively decreases with J, most probably due to the introduction of cationic
vacancies in the lattice (modifying the structural factor) which must permit to keep high-

quality perovskite structure in all cases even with such large (25%) cationic variations.
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FIG. 4 (double column if possible). Reciprocal space maps around the asymmetric (103) reflection of
parameter (Csto).

the LCO thin films and STO substrate, for (a) 6 =—0.25, (b) 6 =-0.125,(c) =0, (d) 6 =0.1 and (e) o

= 0.25. The dotted line indicates the Q, position of the STO substrate related to its out-of-plane lattice

The in-plane lattice parameters of the LCO films and the associated anisotropic strain

have been measured by XRD reciprocal space mapping around asymmetrical reflection. Fig. 4
shows the reciprocal space maps (RSMs) acquired around the asymmetric (103) reflection of

LCO films and STO substrate. The shoulder of the nodes corresponding to the LCO thin films

is shifted along Q. depending on chemical composition consistently with the 26 @ scans,

11



confirming the variation of ¢, co shown in Fig. 3. By contrast, the LCO (103) node are aligned
vertically with the substrate node, indicating that the in-plane lattice parameters of the LCO
thin films (a_co) are equal to the STO(001) lattice cell parameter (3.905 A). All LCO films
are fully coherently strained to the substrates, confirming that the critical thickness (t;) from
which an epitaxial strain relaxation occurs is well above the thickness of our thin films. This
is consistent both with the low lattice mismatch of LCO/STO(001) heteroepitaxy (0.51%)*

and with previous experimental results (t; > 50 nm)’.
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FIG. 5 (single column). Dependence on ¢ of (a) the lattice unit-cell volume, (b) the tetragonality c/a,

and (c) the density of LCO thin films.

From the measured out-of-plane and in-plane lattice cell parameters (c and a), the
unit-cell volume can be extracted and plotted as a function of cationic-stoichiometry deviation
(Fig. 5a). The unit-cell volume is found to be in-between 59 and 60 A® within the composition

range. A trend similar to the evolution of ¢ with ¢ is observed since a remains constant with a

12



minimum at stoichiometry. Cationic-stoichiometry deviation might generate point defects
such as cationic vacancies that induce expansion of the unit-cell volume from electrostatic
repulsions near these charged ionic defects. Around the stoichiometry, for 6 = —0.125, 0 and

0.1, the LCO films exhibit values of a that exceed c, induced by the heteroepitaxial in-plane

tensile stress. However, for larger stoichiometric deviation, when ¢ = £0.25, it turns to in-

plane compressive stress since ¢ is larger than a, which means that the corresponding bulk
pseudocubic lattice parameter in such cases is larger than that of the STO substrate (> 3.905
A). The tetragonality (c/a) is found to vary between 0.99 and 1.01 and is plotted as a function
of ¢ in Fig. bb. The density of all LCO films were extracted from unit-cell volume and
chemical composition, and is plotted as a function of ¢ in Fig. 5¢. Film density has an
approximate linear increasing trend with ¢ due to the progressive introduction of La with
larger atomic mass in the crystal lattice.

Regarding the literature on the impact of pressure, strain, chemical composition,
couplings and atomically-defined interfaces on the physical properties of LCO-based

materials (magnetic, electronic, optical, phononic, etc.)'#*>16:171819.2021,23.24

, the progressive
change of chemical composition, lattice parameters and epitaxial strain observed in this study
may change the physical properties of the LCO films and could be further exploited to build

enhanced or novel LCO-based devices.

IV.CONCLUSIONS

In summary, high-quality ~15 nm thick (00l)-oriented La;+sCrOs epitaxial thin films
with —0.25 < 6 < 0.25 were grown on STO(001) substrates by MBE. Despite such large

composition range, all films conserve the perovskite structure, are atomically flat, epitaxial

and fully strained, with mosaicity below 0.1°. Any secondary phase has been observed with

13



the different structural characterization techniques used here (RHEED, XRD, XPS, AFM).
The out-of-plane lattice parameter and unit-cell volume reach a minimum at the cationic
stoichiometry (3.873 A and 59.06 A®, respectively) and increase when deviating from it. The
diffracted intensity slightly decreases with ¢, most probably due to the introduction of cationic
vacancies in the lattice, which must permit to keep high-quality perovskite structure in all
cases even with such large (25%) cationic variations. These results are of high interest for
further understanding the interplay between the structural and physico-chemical properties in

order to build enhanced or novel LCO-based devices.
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