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Strain tuning of interorbital correlations in LaVO; thin films
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3d? vanadate perovskites exhibit an unusual phase diagram where the low temperature orbital and spin orders
are strongly dependent upon the rare-earth cation size. Here, we demonstrate the delicate role of strain in epitaxial
LaVO; films by performing low-energy muon spin spectroscopy and ellipsometry measurements. The electronic
structure is revealed by the measurement of the multipeak structure of the charge excitations. The analysis
highlights the independent roles of the d,, band confinement and the d.,, d,, doublet polarization for the orbital

ordering to establish.
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I. INTRODUCTION

In transition metal oxides (TMOs), partially occupied d
orbitals experience a strong on-site Coulomb interaction U
that leads, for systems with a half-filled conduction band
of bandwidth W, to a Mott insulating state [1,2]. The Mott
transition has been originally predicted to occur, in the ab-
sence of orbital degeneracy, at a critical U/W ratio of ~2.
It has been shown later that orbitally degenerate materials
also undergo a Mott transition with an increased U /W critical
ratio [3]. Extending the Mott-Hubbard model to multiband
systems in effective Hamiltonians [4-6] has revealed that
d electrons in TMOs couple through their orbital and spin
degrees of freedom, resulting in orbital /spin-ordered ground
states. Nowadays, ab initio calculations can correctly predict
such states and describe their evolution with temperature (see,
for instance, Refs. [7-10]). Advances in thin film synthesis
have enabled the study of the complex phase diagrams of
these materials and, in particular, the dependence of their
electronic properties on the lattice by using epitaxial strain
[11,12]. For these compounds, the coupling of the electronic
properties to the crystalline structure is indeed important. In
the perovskite phase, the fivefold 3d orbital degeneracy is
lifted by the octahedral coordination of the transition metal
(TM) with oxygen, leading to threefold degenerate #,, and
twofold degenerate e, orbital sets. Further crystal-field (CF)
splitting can be induced by lattice distortions, such as the
orthorhombic ones (GdFeOs type), which do not affect e,
and 1,, orbitals equally. Indeed, the e, orbital lobes, pointing
towards the oxygen atoms (o bonding), experience a larger
Coulomb repulsion than the 1, orbitals, that are pointing away
from oxygen (7 bonding). Therefore, e, systems are more
prone to a significant Jahn-Teller (JT) coupling that lifts the
orbital degeneracy [13] and drives an orbital order (OO), as

*stefano.gariglio@unige.ch

2469-9950/2021/103(12)/125112(6)

125112-1

observed in manganites [10]. The mechanism lifting the 7,
orbital degeneracy is more complex since the JT coupling
has the same energy scale as the d-d orbital superexchange
interaction. These two mechanisms compete in determining
the final spin/orbital ground state. The JT coupling, which
lifts the f,, state degeneracy via the static structural distor-
tion [14], tends to drive the electronic ground state through
a rigid OO upon cooling [15]. On the other hand, the d-d
superexchange interaction which lifts the #,, state degeneracy
due to the spin/orbital correlation, tends to drive the electronic
ground state through a fluctuating-type OO upon cooling [16]
[17-21]. In both mechanisms, the ground state spin order
(SO) follows the OO symmetry according to the Goodenough-
Kanamori-Anderson (GKA) rule [22].

A paradigmatic example of such complexity are the 3d?
vanadate perovskites. In their high temperature phase, RVO3
vanadates (R being a rare earth or Y) are paramagnetic Mott
insulators with strong three-dimensional (3D) orbital fluctua-
tions where the two d electrons fluctuate between the xy, zx,
and zy orbital states. As the temperature is lowered, the system
switches from the 3D orbital fluctuation regime to a quasi-1D
orbital fluctuation regime [21,23-25]. At the transition tem-
perature Tpo, which is in the range 140-200 K depending on
the R cation size, the xy orbitals (of lower energy because
of the orthorhombic distortion) become singly occupied,
while the remaining electron occupies the empty zx or zy
orbitals. Two different ground states are observed depending
on the zx, zy orbital arrangement along the z axis as shown
in Fig. 1 [26]: The orbital singlet that consists of an antiferro
orbital arrangement along z (G-type OO and C-type SO) and
the orbital triplet that consists of a ferro orbital arrangement
along z (C-type OO and G-type SO).

The observed OO in LaVOs is a condensation of the orbital
singlet state (G-type OO and C-type SO), although the JT cou-
pling lifts the zx, zy degeneracy [27], i.e., polarizes the {zx/zy}
doublets. This fact reflects the rather weak JT coupling that is
not strong enough to balance the superexchange-mediated d-d
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FIG. 1. (a) The multiplet representation of the four first charge
excitations for a cubic 3d? transition metal oxide with 1, orbitals
[23]. The xy (black), zy (blue), zx orbitals (red), and spin (gray
arrows) are represented. The transition to the high-spin state (*A,)
has the lowest excitation energy U — 3J,. The low-spin transition
with electrons in different orbitals 2E has an excitation energy U. The
low-spin transitions with the electrons on the same orbitals (T and
27») have excitations energies of U and U + 2J,,, respectively. (b) II-
lustration of the two allowed antiferromagnetic (AFM) SO assuming
the G-type OO: The ground state observed for LaVO; is the C-type
SO (ferromagnetic chains along z with the lower energy excitation
energy U — 3J,). (c) Assuming the C-type OO, only the G-type
SO is allowed. (b) and (c) The excitations involved per spin/orbital
bond are marked by the black arrows. In the 1D orbital fluctuation
regime, the spin/orbital bonds fluctuate between the three possible
arrangements; as the temperature decreases, the G-type OO/C-type
SO ground state sets in for LaVOs.

interaction. This interplay between the lattice-orbital coupling
and the electronic correlations has been extensively debated
to explain the complex phase diagram of the 3d” vanadates,
whose ground state turns out to be highly susceptible to small
changes in the internal distortions [21,28-30]. Our purpose
with the present work is to alter the LaVOs3 zy/zx/xy energy
levels and bandwidths using the epitaxial strain. We highlight
the independent roles of the xy band confinement and of the
{zx, zy} doublet polarization for the establishment of the OO
and SO. We show that by changing the sign of the applied
biaxial strain we can alter the LaVO3; OO transition either by
enhancing the 1D quantum orbital fluctuation regime or by
maintaining the bulk one.

In detail, we grow LaVOs films on top of two different sub-
strates to tune the octahedral rotations, and consequently, the
crystal-field (CF) splitting. Using muon spin relaxation (4 SR)
and ellipsometry, we detect the onset of the antiferromagnetic
spin ordering temperature and probe the film optical conduc-

tivity as a function of temperature. The epitaxial strain alters
the multipeak structure of the optical conductivity as well
as the spin/orbital ordering transition temperatures [31,32].
For the compressive system (LaVO3; on SrTiOs3), the tempera-
ture dependence of the optical excitations is very similar to the
bulk one [25] with a spin ordering lowered to Tso = 125 K
and an orbital ordering occurring at Too = 135 K, while in
bulk both occur around 140 K. The OO (3D to 1D regime
transition) manifests in an abrupt change in the optical spectra
at Too, as in the bulk. For the tensile system (LaVOj3; on
DyScO3), the spin ordering transition is increased to 155 K
while the optical spectra, drastically different from previous
LaVO; bulk measurements [25], evolve smoothly in tempera-
ture, a behavior that reflects the progressive establishment of
the 1D fluctuating-type OO upon cooling.

II. EXPERIMENTAL DETAILS

LaVOs; thin films were grown by pulsed laser deposition
using a ceramic target of LaVO, in an oxygen pressure of
107 mbar at 900 °C (for details, see Ref. [33]). Their thick-
ness was 80 nm. The use of two different substrates [(001)
SrTiO; and (110),DyScO3] allows us to apply a strain of
~ — 0.5% and ~ + 0.5%, respectively. In a previous study we
have observed that the strain state determines the orientation
of the orthorhombic cell on the substrate. The compressive
strain provided by SrTiO; induces an in-plane orientation of
the long orthorhombic (c,) axis. On the contrary, the tensile
strain induced by DyScO; leads to an out-of-plane ¢, axis ori-
entation [33]. In the following, we use the film orthorhombic
unit cell as a reference for the directions of a,, b,, and c,,
choosing, for the orbitals, the xy plane to be perpendicular
to c,.

One way to probe the spin-orbital correlations and their
evolution in temperature is to perform optical spectroscopy
[34] combined with uSR. In the ©SR measurement, spin-
polarized muons are used as a probe to detect the distribution
of the local magnetic field inside the sample: It is a highly
sensitive technique for magnetic transitions that is used here
to reveal the onset of the antiferromagnetic order. The uSR
measurements were performed in a small transverse magnetic
field of 5 mT (TF-uSR measurements) at the nE4 beamline
of the Paul Scherrer Institute in Switzerland [35,36] and ana-
lyzed by MUSRFIT [37]. The results shown here were obtained
by using an implantation energy of 7 keV, which corresponds
to the muons stopping approximately in the middle of the
LaVOs; film. However, additional measurements as a function
of implantation energy in the range of 4-18 keV revealed
no variation of the magnetic state across the film. We also
performed a few measurements in zero field (ZF-uSR mea-
surements) to detect the spontaneous precession signal in the
local field, a technique that gives evidence of the presence of
a long range magnetic order in the samples [38].

III. RESULTS AND DISCUSSIONS

TF-uSR asymmetry spectra, measured in both films at
various temperatures, are shown in Fig. 2. The data exhibit
a damped oscillating behavior, which can be fitted to

A(t) = Age ™ cos(wt + @),
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FIG. 2. Typical asymmetry spectra measured at various tempera-
tures using an implantation energy of 7 keV: In (a)—(c) are shown the
data of LaVO;/DyScO; and in (d)—(f) the ones of LaVO;/SrTiO;
films. The lines indicate the best fit using the formula presented in
the text.

where Ay is the initial amplitude of the asymmetry, A is the
damping rate of the oscillation amplitude, @ the (Larmor)
precession frequency, ¢ the time, and ¢ is the initial phase
of the precession which depends on the initial direction of
the muon spin and the geometry of the positron detectors.
The precession frequency w is proportional to the mean lo-
cal field (B;) experienced by the muons, @ = y,B;, where
Yu = 2w x 135.5 MHz/T is the muon gyromagnetic ratio.
The damping rate X is a measure of the width of the local field
distribution. The temperature evolution of the initial muon
spin polarization inferred from A is plotted in Fig. 4 for the
two strain states. Note that due to broad internal magnetic
field distributions, a magnetic state in a transverse field can
cause an effective loss of initial muon spin polarization [39].
At a critical temperature we observe a sharp drop in the spin
polarization, that is due to the appearance of strong static
magnetic fields in the sample: We define this temperature as
the spin ordering temperature and estimate 7y = 125 K for
LaVOs; on SrTiO;3 and 155 K on DyScO;.

To probe the electronic evolution of these insulating lay-
ers we resorted to optical spectroscopy. In an ellipsometry
measurement, the change in temperature of the optical spectra
along the different crystallographic axes of the films reveals
the evolution of the kinetic terms involved per spin-orbital
bond [23]. In a correlated insulator, the different d-d optical
excitation energies are ruled by the local interactions. Since it
is now accepted that the occupancy of the xy orbital becomes
one below Tpo [21,27,40], the different virtual low-energy
d-d excitations dizdz — di1d3- involve only the zx, zy orbital
doublets and the half-filled xy orbitals. Taking into account
the intraorbital interaction U and the Hund’s exchange inter-
action J,, [23], different Mott-Hubbard (MH) excitations are
expected as shown in Fig. 1: the high-spin “A, transition of
energy U — 3J,, and the three low-spin transitions >71, >E, and
2T, of energies U, U, and U + 2J, (the last one is above our
experimental energy range). With an energy between U and
U + 2J, there is also a charge-transfer (CT) p-d transition.
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FIG. 3. Plot of the temperature dependent optical conductivity
vs energy for (a) a LaVO; layer on top of SrTiO;, where the incident
beam is polarized perpendicularly to both ¢, and (ab), axes, and (b) a
LaVOs; layer on top of DyScOjs, where E is perpendicular to ¢, axis.
In both plots, the temperature of the antiferromagnetic order Ty is
marked by the dashed black line.

The ellipsometry measurement has been performed using
a rotating analyzer and the optical analysis uses a Kramers-
Kronig strain variational method, implemented in a software
by Kuzmenko [41], modeling the system as an orthorhom-
bic film on a substrate. Taking the reported bulk values of
U ~ 3-3.6 eV for the on-site Coulomb interaction (intraor-
bital), and of J, ~ 0.4-0.7 eV for the Hund’s exchange
interaction, with a CT excitation peak of around 4.5 eV
[24,29,42—-44], we can identify in our optical spectra shown
in Fig. 3 the double peak A (1.8-2.2 eV) as the *A, multiplet
and the peak B (3.1 eV) as the ’T,’E multiplets.

Considering a G-type OO and a C-type SO ferromagnetic
(FM) spin arrangement along the ¢, axis and antiferro-
magnetic (AFM) along the ab, direction, as sketched in
Fig. 1(b), an increase of the spectral weight (SW) of peak
A upon cooling is expected only along the ¢, axis [45]. This
strong anisotropy has been observed on RVOj; single crystals
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FIG. 4. (a) Black curve: SW of peak A;, A, and their sum (A) for
the compressive LaVOs; layer. In red: The muon initial spin polariza-
tion revealing the occurrence of the antiferromagnetic order (7y) at
125 K. (b) Black curve: SW of peak A and peak B for the LaVO;
layer under tensile strain. In red: The muon initial spin polarization
drops when the antiferromagnetic order sets in at 155 K.

(R = La, Ce, Cd, and Y) with a transition temperature ranging
from 140 to 200 K [24,25]. On the other hand, considering
a C-type OO, an increase of the SW of peak B is expected
along both the ¢, and the ab, axes [23,45]. This effect has
been observed in the low temperature phase of YVO;3; [24].
Along the ab direction, one would expect the evolution of
the SW to be independent of the two types of OO. Indeed,
whether it is a C or G type, only the low-spin transitions of
energy U are allowed by the in-plane AFM spin arrangement
[see Fig. 1(b)], i.e., a transfer of spectral weight from the
low-energy peak (A) to the high-energy one (B) is expected
upon cooling [45].

The optical spectra measured on the LaVO; thin films
are shown in Fig. 3. For the film under compressive strain
[Fig. 3(a)], the spectra are similar to the ones of bulk LaVOs3:
The peak A (high-spin excitation) splits in two peaks A
(1.8 eV) and A, (2.3 eV), where the first is attributed to an
exciton and the second to a MH transition [46]. As in bulk
LaVOs;, the signature of the G-type OO manifests in a gain
of SW of peak A below Tpo. Note that in bulk, it is mainly
o, that is evolving. In the present case (compressive strain),

the measured optical conductivity o; is a mixture of o, and
o due to the presence of 90° ¢, domains [47]. The film
under tensile strain [Fig. 3(b)] is oriented with the ¢, axis
out of plane, so that only o, is measured. Here, in contrast
to the bulk LaVOs;, both peaks A and B are present. Going
across the OO transition, one notices a transfer of SW from
peak A to peak B. We note that although this SW transfer
along o, is expected for both the G- and C-type OO [45],
the only transition in bulk that clearly shows this behavior
is the low temperature C-type OO observed on YVO;3 [24].
Optical conductivity for compounds characterized by a G-type
0O such as LaVOs3; shows almost no change of SW in the ab,
plane [24,25,48] and no peak B.

From these measurements, we extract the SW of the dif-
ferent peaks using the optical conductivity sum rule [41]. The
result is shown in Fig. 4. For the LaVO3; layer under compres-
sive strain (c, axis in plane), the temperature dependence of
the SW of peak A shows a clear kink at Too (135 K) [see
Fig. 4(a)]. Looking at the evolution of its two components
(A and A3), one notices a second discontinuity affecting the
SW of peak A, at 125 K: This temperature coincides with
the spin ordering temperature, as evidenced by the drop at
125 K in the muon initial polarization, so that we relate this
second change in spectral weight to the spin transition. This
observation confirms that the kink at 135 K indicates the
orbital ordering temperature. The evolution in temperature of
the SW of peak A reproduces the behavior observed on RVOs3
single crystals going across the orbital transition towards a
G-type order [24,25]. We claim that the presence of kinks at
the OO temperature is the signature of the localization of the
xy orbital state, concomitant with the establishment of the 1D
zy, zx doublet fluctuation regime [20,23]. For the LaVOj3 layer
under tensile strain (¢, axis out of plane), the SW transfer
from peak A to peak B shows no kink at the spin ordering
temperature: Tgo is again revealed by the drop in the muon
initial polarization at 155 K. The smooth evolution of the
SWs in the range of the measured temperature [see Fig. 4(b)]
indicates the free establishment of the 1D orbital fluctuation
regime upon cooling, i.e., that the 1D regime is not quenched
by the 3D orbital fluctuations.

The effect of strain on the CF splittings and hopping
amplitudes (bandwidths) of the bulk LaVO; has already
been investigated by density functional theory (DFT) [31,32].
When biaxial strain is applied on a 100,. oriented unit
cell, the in- and out-of-plane octahedral rotations are af-
fected as well as the CF splitting. For a compressive/tensile
strain, the calculations predict an increase/decrease of the
octahedral rotations about the out-of-plane direction and a
decrease/increase of the octahedral rotations about the axes
in the epitaxial plane. These changes are concomitant with
an extra tetragonal CF splitting. In our case, the strain
level (£0.5%) is expected to generate an extra split of
~0.06 eV [31] between the in-plane orbital (epitaxial plane)
and the two others. Also, the downward/upward shifting of
the orbital energy levels is respectively accompanied by a
decrease/increase of the first neighbor hopping amplitudes
(~ £ 0.25 eV). As a result, orbital states whose energy levels
are shifted down see their bandwidth decrease and tend to
localize and vice versa (see Fig. 5). We therefore expect the
layer under tensile strain with ¢, perpendicular to the interface
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FIG. 5. Schematic representation of the epitaxial strain effect on
the CF splitting and bandwidth of the V #,, orbitals. In the zero-strain
state, the xy, yz, and xz orbitals are split by an absolute value of
~0.1 eV [32]. Left side: A compressive epitaxial strain is applied
to the zx plane, which increases the original CF splitting between
xz and yz orbitals. Right side: A tensile epitaxial strain is applied
to the xy plane, increasing the original CF splitting between the xy
and the yz/xz orbital states. The strain-induced energy levels shifting
(~ £ 0.06 eV) are accompanied by a decrease or increase of the first
neighbor hopping amplitudes (~ =+ 0.25 eV), which manifests in a
bandwidth decrease or increase [32].

to stabilize the zx, zy doublet via the xy orbital confinement
and therefore enhance the material propensity to reach the 1D
orbital fluctuation regime. Tso is indeed increased by 15 K and
the smooth onset of the OO starts 50 K above the bulk OO
temperature (see Fig. 4). On the other hand, the compressive
strain with ¢, parallel to the interface induces a polarization
of the zx, zy doublet (see Fig. 5), that adds on top of the bulk
natural CF splitting and goes against the G-type OO. Indeed,
the SO and OO transition temperatures are lowered by 15 and
10 K, respectively (see Fig. 4).

IV. SUMMARY

Unveiling the electronic structure of the layers by identify-
ing the charge excitations, we have demonstrated the sensitive

role of strain in epitaxial LaVO; films. Following the SW
evolution of the different peaks as a function of temperature,
we shed light on the OO origin. Altering the CF using biaxial
strain allowed us to identify the roles of the xy band con-
finement and of the {zx, zy} doublet correlations for the OO
and SO establishment: (1) The use of compressive strain on
LaVOs, that increases the zx, zy doublet polarization, did not
suppress the bulk G-type orbital order driven by the d-d cor-
relations, and only a substantial decrease of the bulk spin and
orbital order transition temperature is observed, confirming
the rather weak orbital-lattice JT coupling. Moreover, despite
the locking of the ¢, axis by the substrate and the absence of
a structural transition (no reduction of the unit cell volume
measured by temperature-dependent x-ray diffraction [33]),
the optical signature at the OO/SO remains quasi-identical
to the bulk one. These observations unambiguously show that
the bulk structural transition indeed originates from the d-d
orbital correlations. (2) The use of tensile strain that lowers the
xy energy levels is believed to increase the 3D to 1D transition
temperature, thereby allowing the zx, zy doublet fluctuations
to persist to higher temperatures than in the bulk. This ex-
pected enhancement of the 1D quantum orbital fluctuations at
high temperatures is indeed confirmed by the observation of
the smooth evolution of the SW in temperature, up to 180 K.
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