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Single crystals of Mott-Hubbard insulator LaVO; exhibit spin and orbital ordering
along with a structural change below ~140 K. The occurrence of orbital ordering
in epitaxial LaVO; films has, however, been little investigated. By temperature-
dependent Raman scattering spectroscopy, we probed and evidenced the transition
to orbital ordering in epitaxial LaVO; film samples fabricated by pulsed-laser depo-
sition. This opens up the possibility to explore the influence of different epitaxial
strain (compressive vs. tensile) and of epitaxy-induced distortions of oxygen octa-
hedra on the orbital ordering, in epitaxial perovskite vanadate films. © 2016 Au-
thor(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)).
[http://dx.doi.org/10.1063/1.4945658]

Transition-metal oxides, for which strong electron correlations play an important role, exhibit
a wide spectrum of intriguing physical properties, such as Mott transitions, colossal magnetoresis-
tance, and high T¢-superconductivity. LaVOs is a prototypical Mott-Hubbard insulator with a 3d>
electronic configuration of V3*. At 143 K, LaVOs single crystals undergo a magnetic transition
from a paramagnetic state to an antiferromagnetic state and a first order structural phase transition
from orthorhombic Pbnm to monoclinic P2;/b following right below the magnetic ordering temper-
ature, at 141 K.'? The antiferromagnetic state is a C-type spin-ordered (C-type SO) state with
ferromagnetically arranged V3*(S = 1) spins along the c-axis and the antiferromagnetic alignment
in the ab plane. Along with the structural transition, a G-type orbital order (G-type OO) sets in
below 141 K as well, with commonly occupied #,, dyy, orbitals and dy, or d,, orbitals that are
alternately occupied in all directions.

Concerning the motivation for thin films of Mott insulators, an exciting application is their use
as the active material in resistive random access memories.> Particular interest in epitaxial LaVO3
films has been driven by the “polar discontinuity” at the interface LaVO3/SrTiO;, analogues to
the LaAlO3/SrTiO; case.* The fabrication of phase pure LaVOj; films, however, requires oxygen
pressures lower than about 10~ mbar, so that the competing LaVO, phase does not form. The
fabrication of the LaVO, films under high vacuum conditions affects the stoichiometry of the
film and oxygen content of the SrTiO; substrates. The surface of SrTiO; substrates may become
reduced,® and this affects the transport properties of the LaVO,/SrTiO; samples dramatically.’
Temperature-dependent transport properties of LaVO, films grown on SrTiOs, showing either
metallic*® or an overlapping two-component metallic and semiconducting behavior,” are influ-
enced by contributions from the oxygen-deficient substrate. Similar issues have been encountered
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for the assessment of the properties of epitaxial LaTiOj thin films, whose growth also requires high
vacuum conditions.' The role played in epitaxial film properties by SrTiO; substrates, which are
prone to change readily the oxygen content and the transport properties under reducing conditions,
was brought into focus, e.g., by Schneider et al.!!

In contrast, the transport properties of LaVO, films grown on DyScO3(110) (DSO) substrates,
under the same conditions as films grown on SrTiO3 (100) (STO), indicate semiconducting behavior
of the vanadate films.® The resistance of the LaVO, films on DSO substrates increased with
decreasing temperature and only the resistivity data down to about 180 K were shown by He et al.®
Although the transport properties of the LaVOj3 films grown on DSO exhibit the semiconducting
behavior expected for a Mott insulating material, DyScOj3 crystals are paramagnetic'? and hinder
strongly the magnetic measurements of LaVOj; films. Temperature-dependent magnetic suscepti-
bility and magnetization measurements of LaVOs; single crystals yielded direct information about
the antiferromagnetic order and the corresponding transition temperatures.'>'* However, so far no
systematic measurements have been published for LaVO; epitaxial films. There exists a report on
the magnetic properties of PrVO; epitaxial films grown on STO(100), for which a surprisingly
reduced SO temperature of 80 K (in bulk, the antiferromagnetic SO temperature is 140 K) and a
hard-ferromagnetic behavior at 10 K were observed.'?

Probably due to these experimental difficulties, so far the ordering phenomena in epitaxial
perovskite vanadate film samples have not been properly addressed. Optical spectroscopy inves-
tigations provide alternative methods for studying orbital ordering transitions in LaVOs; films.
Though also these techniques may suffer from hindering contributions from the substrates, they
are potentially easier methods to separate the substrate and film contributions by making use of
the specific spectral film/substrate features. Temperature-dependent Raman scattering and optical
conductivity investigations of LaVOs; single crystals were performed in great detail, in order to
study the coupling between structure and electronic properties in the SO and OO states.>!¢-20

Here we investigate the structural phase transitions and the onset of the orbital ordering in
LaVOj; epitaxial films fabricated by pulsed-laser deposition (PLD). Temperature-dependent Raman
scattering spectroscopy was employed to monitor the occurrence of orbital ordering and its asso-
ciated structural phase transition in LaVOj epitaxial films. To the best of our knowledge, neither
Raman spectroscopy studies nor experimental evidence of orbital ordering occurring in LaVO; film
samples has been reported so far.

Epitaxial growth of LaVO; films has been achieved by a variety of techniques, predominantly
by PLD*>"-%2 or by molecular beam epitaxy.?? The stabilization of the perovskite LaVO3 phase in
thin films was successful by performing the growth in either high vacuum*>7=>22 or in pure Ar or
Ar/H, atmosphere.”?! We fabricated the films by PLD using a KrF excimer laser. The chamber was
evacuated down to less than 10~7 mbar. STO(100), DSO(110), and twinned LaGaOs3(110)/(001)
(LGO) single crystal substrates were employed. The substrates were heated to temperatures of about
450°C in high vacuum conditions. Then Ar/4% H, gas mixture was let in the PLD chamber to
pressures of ~10~3 mbar and the substrates were further heated to 700 °C and the films were grown
under these conditions. In the same PLD system, using moderate pressures of 4 x 10~* mbar, Ar/H,
was successful for the growth of films of other materials that require reducing conditions, such as
EuTiO; films.?

A laser fluence of 1.2 J/cm? was employed for the ablation of the LaVO, ceramic target and
the laser repetition rate was 3 Hz. After growth, the samples were cooled to room temperature (RT)
in the same Ar/H, atmosphere. Reflective high energy electron diffraction (RHEED) was used to
monitor the growth and estimate the growth rate of the LaVOj; films.

Raman scattering spectra were recorded in back-scattering configuration using a Horiba-Jobin-
Yvon Labram HR 800 spectrometer equipped with an Olympus Microscope, a 600 grooves/mm
grating, and a Peltier cooled CCD detector. For excitation, the 632.8 nm (1.96 eV) line of a
HeNe laser was used. The beam was focused on the sample (spot size of ~2.5 um) and collected
through a 50x magnification long distance microscope objective (numerical aperture NA = 0.55).
To avoid sample heating, the laser power at the sample was kept below 1.5 mW. Temperature-
dependent Raman measurements from 87 K up to room temperature were carried out with a Linkam
THMS-600 cooling-heating stage placed under the Raman microscope. For each temperature, two
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measurements were done: for the first measurement, the laser was focused at the sample surface
(film/substrate signal); during the second, the laser was focused about 20 um under the sample sur-
face (substrate signal).>* The Raman scattering signal belonging to the LaVOs films was obtained by
normalizing the two spectra and subsequent subtraction.

Atomic force microscopy (AFM) scans of the samples confirmed the layer-by-layer growth
mode (see the topography images in Fig. 1) of the films on all substrates, which was also indicated
by RHEED patterns observed during the film growth (Fig. 1, left). The layer-by-layer growth was
readily achieved on all the substrates, especially if the crystals had been annealed prior to being
used for PLD. The only substrates that were not annealed were the LGO crystals, in order to avoid
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FIG. 1. Morphological and structural characterization of (a) LaVOj3 films grown on SrTiO3(100), (b) on DyScO3(110), and
(c) on twinned LaGaO3(110)/(001): RHEED patterns of the substrates and films (on the left), atomic force microscopy images
(middle), and 26 —w XRD scans (right). The inset in the AFM image from panel (b) shows also the surface morphology of
the annealed DyScO3(110) crystal and in (c) of the as-received LaGaO3(110) crystal, prior to being used for film growth.
AFM images in (a) and (b) show scans over 2 um X2 pm areas and in (c) over 5 umxS5 um areas.
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possible mechanical damage occurring during the structural phase transition at 423 K, but also in
this case, layer-by-layer growth was achieved.

LaVO; crystallizes at RT in an orthorhombic structure (Pbnm), with lattice parameters a =
5.555 A, b =15.553 A, and ¢ =7.849 A and thus a ~ b ~ c/\,/2.1’13"4’25‘27 The low temperature
phase is monoclinic P2;/b, with a rather larger change of the c-axis. The structure of LaVO;
exhibits tilted VOg octahedra and displaced La ions (with respect to a pure perovskite structure),
which in case of the bulk are relatively small and the lattice parameters can be related to a pseudocu-
bic (PC) structure according to the relation: apcravo, * a/V2 =~ b/y2 = ¢/2 = 3.926 A. The lattice
match of LaVOs is fairly good with the cubic STO(IOO) or pseudocublc LGO(110) and DSO(110)
substrates (apc.Lco110 = =3.89 A asto = 3.905 A apc,psolin = =3.95 A)

20 — w X-ray diffraction (XRD) scans demonstrate that the LaVOs; films on both substrates are
epitaxial and phase pure (Fig. 1, right). For the film grown under compressive stress on STO(100),
the average out-of-plane lattice parameter of our LaVOs films is about 3.955 A and thus larger than
apc,Lavo, ~ 3.926 A. The value is in good agreement with the out-of-plane lattice parameter reported
for stoichiometric LaVO; films grown on STO(100) by molecular beam epitaxy.?> Zhang et al.’> com-
mented that, unlike in the well-studied case of epitaxial SrTiO3 films,28 for which the out-of-plane
lattice parameter expands with increasing amounts of cation non-stoichiometry, the opposite trend
was found for LaVOj; films. For the film grown under even higher levels of compressive stress on
LGO(110), the average out-of-plane lattice parameter of our LaVO3 films is about 3.96 A. On the other
hand, the average out-of-plane lattice parameter for LaVOs3 grown on DSO(110) is about 3.905 A,
which is slightly smaller than the apc Lavo, & 3.926 A, due to the tensile epitaxial strain conditions.
260 — w XRD scans do not allow us to distinguish between (110)-oriented and (001) oriented growths
of LaVOs. It has been recently theoretically argued that there is no clear energetic preference toward
one of these orientations for epitaxially strained LaVOs3, both under compressive and tensile strain.?’
Experimentally, so far only the structure and orientation of PrVO; and LaVOs; films grown under
compressive strain on SrTiO3(100) have been studied, and only domains with the c-axis lying in the
plane of the SrTiO; substrate were found.'>-26-2°

The orientation of the c-axis is very important for making the right choice of the polarization
of the incident light in optical spectroscopy investigations.'®?%3 To obtain more information on
the epitaxial relationships between the films and the substrates and on the domain structure of
the films, we performed transmission electron microscopy of cross sectional specimens. Scanning
transmission electron microscopy (STEM) investigations of LaVOj; films grown on cubic STO(100)
crystals revealed that the films grow with the long orthorhombic c-axis of the LaVOj; oriented
in-plane of the substrate. Figure 2 shows a summary of the investigations of a 33 nm thick LaVO3
film grown on STO(100). Two types of domains, both with the c-axis lying in the plane of the
STO substrate but rotated 90° with respect to each other, were identified.?® High angle annular dark
field (HAADF)-STEM images taken in two such domains are shown in Figs. 2(b) and 2(c). The
orientation of the orthorhombic unit cell in the two domains was determined by performing Fourier
transform of the images, as shown in Figs. 2(d) and 2(e), where also structural models for the two
domains are schematically proposed. Structural defects, most likely anti-phase boundaries, present
in the LaVOs3 films can be better seen at higher magnification, as marked by the box in Fig. 2(f) and
zoomed-in in Fig. 2(g).

Figure 3 summarizes the STEM of a 52 nm thick LaVO; film deposited on DSO. Most of
the layer has a (110) orientation, i.e., the long c-axis lies in the plane of the DSO(110) substrate.
However, there are also domains with the c-axis oriented perpendicular to the substrate surface.
Figure 3(b) shows two neighboring domains for which the c-axis is oriented in-plane, pointing
towards the viewer (on the left side of the image), and out-of-plane with respect to the DSO(110)
substrate. Analysis of the Fourier transforms of the images in the two regions allowed us to deter-
mine the orientation of the orthorhombic c-axis of the LaVOs. Antiphase boundaries are present
at the intersection of the domains, similar to what was observed for the LaVO3 grown on STO.
In Fig. 3(c), an annular bright field (ABF)-STEM image taken in a domain with in-plane c-axis
orientation is shown and the oxygen column position can be thus viewed, allowing the visualisation
of the zigzag VO tilts corresponding to the slightly distorted orthorhombic structure of the LaVO3
film.?
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FIG. 2. Cross section HAADF-STEM investigations of a 33 nm thick LaVO3 film grown on SrTiO3(100): (a) low magnifi-
cation overview image with a white box indicating where the high magnification images from (b) and (c) were taken; ((b)
and (d)) high magnification image of a domain with the [001], c-axis pointing to the left and its corresponding fast Fourier
transform (FFT) with structure model below; ((c) and (e)) high magnification image of a domain with the [001], c-axis
pointing to the viewer and the corresponding FFT of the image with proposed structure model below; ((f) and (g)) anti-phase
boundaries defects are present in the film, as marked by the black box in (g) and by the yellow arrow at higher magnification
view in (f).
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For the LaVOs film deposited on twinned (110)/(001)LGO substrate, we expect that both do-
mains with the c-axis in-plane (on top of (110)LGO) and out-of-plane (on top of (001)LGO) form as
well, as confirmed by the Raman data (vide infra).

We performed temperature-dependent in plane dc resistivity measurements on a 40 nm thick
LaVO; film grown on DSO(110) substrate (not shown). The resistance of the LaVOs; film increased
rapidly with decreasing temperature, so that the measurements could not be performed below
200 K, due to the too high resistance.®!> The temperature dependence of the resistance of LaVO; on
DSO(110)8 is in stark contrast to the behavior of the resistance of LaVO; films on STO(100) sub-
strates, for which metallic-like behavior was measured by several groups.*”# DSO, which is a better
insulator and is less prone to become oxygen deficient or get reduced,'"3! preserves an insulating
surface during and after the LaVOj3 deposition. Temperature-dependent dc resistivity measurements
of LaVOs single crystals show the onset of the G-type OO by the kinks in the curve, occurring at
141 K.' However, no similar kinks have been observed or reported for resistivity data on thin film
LaVOs samples on various substrates.*’~%2!

A convenient method to study the OO transition in bulk LaVO; is Raman spectroscopy. The
Raman spectra of LaVO; show the activation of a characteristic band at 719 cm™ (89 meV)
below the OO transition.>!%-1820 This band is readily observed using excitation resonant to the
Mott-Hubbard gap near 2 eV, such as the light of a HeNe laser (1.96 eV).!%!7:19 Tt originates from
an out-of-phase oxygen stretching mode along the c-axis and has a B, symmetry in the ortho-
rhombic Pbnm phase and a Ag symmetry in the monoclinic OO phase.>!%!832 This Raman mode
was observed for LaVOj; crystals for xx-polarized light and not for zz-polarized light (the relations
of the optical axes, x, y, and z, to the orthorhombic axes a, b, c are x =a+ b, y =a — b, and
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FIG. 3. Cross section HAADF- and ABF-STEM investigations of a 52 nm thick LaVOj3 film grown on DyScO3(110): (a) low
magnification overview image with a white box indicating where the high magnification images from (b) were taken; (b) high
magnification image of a region where two domains, separated by anti-phase boundaries (APB), are visible: a domain with
the in-plane [001], c-axis pointing to the viewer, a domain with the out-of-plane [001], c-axis pointing to the top surface,
and their corresponding fast Fourier transforms (FFT) with structure models at the right; (c) high magnification ABF-STEM
image taken in a domain with the [001], c-axis pointing to the viewer where the oxygen atomic columns are also imaged and
the tilts of the VOg octahedra are visible.

7 = ¢).21%17.19 We monitored this particular Raman peak in the spectra of a 55 nm thick LaVO;
film grown on DSO(110) substrate. This LaVOs3 film was capped with ~1.5 nm thick amorphous
SrTiO; layer to protect it against oxidation.*® Figure 4 shows the spectra acquired while heating
the sample from 87 K to RT. Three peaks clearly observed at about 182 cm™' (23 meV), 427 cm™!
(53 meV), and 717 cm™! (89 meV) at 88 K (as marked by black arrows) can be assigned to the
LaVOs; film (Fig. 4(a)). The first two peaks persist in the Raman spectra up to RT: the one at
182 cm™! (23 meV) is related to the rotation of VOg octahedra and the one at 427 cm™' (53 meV)
corresponds to the Jahn-Teller mode.'®!” The Ag out-of-phase oxygen stretching mode at 717 cm™!
(89 meV) disappears at about 160 K (Fig. 4(b)), indicating that OO transition temperature in the
LaVOs; film is 160 K (Fig. 4(c)). This transition temperature to the G-type OO phase is slightly
higher than for bulk crystals. Such a shift is not uncommon in epitaxial strained films and may
be due to epitaxy induced structural modifications. It was recently found that in single crystals of
Y_,La, VO3, G-type OO is present locally above the Too temperature, but it is short range.>*

We also measured Raman scattering spectra of LaVOs3 films grown on STO(100) substrate
down to 87 K (not shown). SrTiOj3 is not a good substrate for Raman investigations of thin films
samples because it exhibits multiple phonon modes and a strong Raman background that substan-
tially hinder Raman-based thin film experiments.* This is in particular true for probing the OO in
LaVO; films since STO has a dominant spectral feature at 716 cm™! (88.7 meV), preventing the
unambiguous observation of the 719 cm™! (89 meV) G-type OO-related phonon of LaVOs;.

More insight into the OO of the LaVO; films under compressive strain could be, however,
obtained by Raman spectroscopy of (110)/(001)-oriented LaVO; films grown on LGO(110)/(001)
substrates (Fig. 5). LGO crystals allow the observation of the LaVO3; phonons at 270 cm™! (33 meV,
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FIG. 4. Temperature-dependent Raman scattering spectroscopy of a 55 nm thick LaVO3 film grown on DyScO3(110), capped
with amorphous SrTiO3: (a) Raman spectra at temperatures above and below the OO-transition, focusing at the sample surface
(i.e., film/substrate signal, thick lines) and 20 um below the surface (substrate signal only, thin dashed lines); the black
arrows point at Raman peaks corresponding to the LaVOs film. (b) Detailed temperature dependence of the three observed
Raman scattering peaks belonging to the LaVO3 film was obtained by normalizing the two spectra at the same intensity and
their subsequent subtraction. (c) Temperature dependence of the integrated intensity for the Raman peak occurring at about
717 em™!, evidencing the transition toward orbital ordering (Too = 160 K) in LaVOj3 films grown under tensile strain.

an oxygen bending mode that is active already at RT, see Ref. 17), 348 cm™' (43 meV) and 513 cm™!
(63 meV), and at about 700-725 cm™! (86-90 meV) (Fig. 5(a)). Around 700 cm™! (86 meV), a broad
peak is visible already at RT which it splits into two peaks at 90 K, one at 701 cm™' (86 meV)
and one at 725 cm™! (90 meV). The former was attributed to the phonon density of states'® and the
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FIG. 5. Temperature-dependent Raman scattering spectroscopy of a 55 nm thick LaVOs3 film grown on a twinned
LaGaO3(110)/(001) crystal: (a) Raman spectra at temperatures above and below the OO-transition, focusing at the sample
surface (i.e., film/substrate signal, thick lines) and 20 pum below the surface (substrate signal only, thin dashed lines); the
black arrows point at Raman peaks corresponding to the LaVO3 film. (b) Detailed temperature dependence of the observed
Raman scattering peaks belonging to the LaVO3 film was obtained by normalizing the two spectra at the same intensity and
their subsequent subtraction. The Raman band at about 270 cm™! was affected by the subtraction procedure, because of the
close proximity of a strong Raman mode of the LaGaOj crystal.

latter has been assigned to the Ag out-of-phase oxygen stretching mode. For LaVO3/LGO(110), the
mode is shifted to higher energy as compared to the mode in LaVO3/DSO(110) samples, in which it
occurs at 717 cm™! (89 meV) at 88 K. This energy difference indicates that compressive and tensile
epitaxial strain influences the structure of LaVOj; epitaxial films.

In addition to the characteristic phonon peak around 720 cm~! (89 meV) clearly evidencing the
structural phase transition and the onset of G-type OO in LaVOs, the spectra of the LaVO;/LGO
sample (Fig. 5(b)) also show the appearance of two broad Raman bands at 348 cm™! (43 meV)
and 513 cm™! (63 meV) below 160 K. These modes, which are also characteristic for the OO
phase,* have been reported by Miyasaka et al., who showed them to be resonantly enhanced when
exciting at the Mott-Hubbard gap energy.!®!” Even though it is generally agreed that these modes
are associated with the OO phase, the precise origin of these modes is currently not clear. Miyasaka
et al. assigned them to collective electronic excitations (two-orbiton excitations). Sugai and Hirota®’



046103-9 Vrejoiu et al. APL Mater. 4, 046103 (2016)

argued that this assignment might be incorrect and that, for instance, the 513 cm™! (63 meV) band
is more likely due to a Jahn-Teller phonon, in analogy to similar modes in other orthorhombic
perovskites.>? It may be that these modes originate even from multi-phonon processes, as it was
debated in the case of similar modes observed in OO phase of LaMnO3.*

Summarizing, we fabricated epitaxial films of LaVO;3; on various crystals by PLD under
reducing Ar/H, atmosphere and characterized their domain structure by high resolution scann-
ing transmission electron microscopy. By Raman scattering spectroscopy, for the first time, we
evidenced that the transition to orbital ordering occurs in LaVOs; films, both under compressive
and tensile strain. This enables the study of further aspects of orbital ordering, such as the influ-
ence of compressive vs. tensile strain and epitaxy-induced deformations of oxygen octahedra on
the orbital-ordering and electronic structure of film samples. Raman scattering spectroscopy in
conjunction with future temperature-dependent optical conductivity!'*>° and X-ray spectroscopy™”
measurements corroborated with VOg octahedra observations by electron microscopy can provide
a comprehensive insight into the structure-electronic property relations of epitaxially modified
LaVO3.
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