Electronic Reconstruction in (LaVO;),,/SfVO; (m =5, 6)

Superlattices
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The (LaV3*03),,,/StV*O; (m = 5, 6) superlattices are investigated by first
principles calculations. While bulk LavVO; is a C-type antiferromagnetic semi- is
conductor and bulk SrVO; is a paramagnetic metal, semiconducting A-type
antiferromagnetic states for both superlattices are found due to epitaxial
strain. At the interfaces, however, the V spins couple antiferromagnetically for
m =5 and ferromagnetically for m = 6 (m-dependence of the magnetization).
Electronic reconstruction in form of charge ordering is predicted to occur with
V3* and V#* states arranged in a checkerboard pattern on both sides of the
SrO layer. As compared to bulk LaVO3, the presence of V#* ions introduces
in-gap states that strongly reduce the bandgap and influence the orbital occu-

pation and ordering.

1. Introduction

Superlattices of transition metal oxides have been widely
investigated in recent years, as they host a number of phys-
ical phenomena and functionalities that are not found in the
bulk oxides, which is attributed to charge, spin, and orbital
reconstructions.'™ The crystal structure, electronic proper-
ties, magnetism, and transport behavior of LaVO;/SrVO,
superlattices with varying periodicities have been described
in refs.’~1% In particular, ferromagnetism with Curie temper-
ature far above room temperature has been evidenced, which
is striking, because doping of bulk LaVO; never results in a
ferromagnetic phase. Indeed, bulk LaVO; is a Mott-Hubbard
insulator'12 with a phase transition at =140 K that leads from
monoclinic to orthorhombic symmetry and from a C-type anti-
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ferromagnetic (AFM) to a paramag-
netic state.¥ In contrast, bulk SrVO;
a paramagnetic metal with cubic
symmetry.' The electronic configura-
tions of the V ions in LaVO; and SrVO;,
respectively, are 3d? (V**) and 3d! (V). It
has been found that the solid solution
La;_,Sr,VO;, containing mixed V3 and
V# states, shows a non-Fermi liquid
behavior up to very high temperatures and
is subject to an insulator-to-metal transi-
tion under hole doping.[*>1°]

Appearance of both V3™ and V#' states
at the interfaces of (LaVOs)g/(SrVOs);
superlattices has been reported in
ref. [10] without identifying a specific
spatial pattern. In addition, it is known that the magnetization
in (LaVOs),,/StVO; superlattices depends on the thickness of
the LaVO; layer, with m = 4, 6 yielding larger saturation mag-
netization than m = 3, 5.8 The fact that in the latter case the
saturation magnetization does not exceed the threshold of the
substrate impurities indicates that there is no macroscopic
magnetization. The mechanism responsible for the deviating
behaviors of superlattices with odd and even thicknesses is
not fully understood so far. While it could be a pure strong
correlation effect,’”] results on the bulk compounds indicate
that strain introduced into the superlattices by the substrate
may also influence the magnetic behavior (as well as other
physical properties).'® Distortions in vanadate superlattices
generated by charge disproportionation into V** and V* ions
have the potential to result in ferroelectricity"! and distortions
of the VOg octahedra can have complex effects on the orbital
occupations.?¥!

Based on these considerations, we will study in the present
work (LaVO;),,/StVO3 superlattices by numerical calculations
within density functional theory, using experimental lattice para-
meters. Our considerations will focus on the cases m = 5 and 6,
as examples for superlattices with odd and even thicknesses. We
will establish the magnetic ground state, provide detailed insight
into the electronic reconstruction (in particular with respect to
the V ions at the interfaces of the superlattices), and explain the
observed m-dependence of the electronic and magnetic properties.

2. Methodology

Spin-polarized first-principles calculations are performed emp-
loying the projector augmented wave method of the Vienna
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Figure 1. Relaxed structures of the m =5 and m = 6 superlattices.

Ab initio Simulation Package.’!l The generalized gradient
approximation (GGA) in the Perdew—Burke-Ernzerhof flavor
is used for the exchange-correlation functional. To describe the
onsite electronic correlations of the V 3d orbitals the GGA+U
approachi?? is adopted with an effective interaction para-
meter of 3 eV (to reproduce the experimental bandgap of bulk
LaVO;'%2%). The cut-off energy of the plane-wave basis is set
to 500 eV and the Brillouin zone is sampled on 9 x 9 X 1 and
12 x 12 x 2 k-meshes in the structure optimizations and elec-
tronic structure calculations, respectively. Electronic self-con-
sistency of 107 eV is achieved and the atomic positions are
relaxed until no atom experiences a residual force above
0.02 eV AL,

According to experiments, the pseudocubic lattice parameter
of LaVO; is 3.92 A and the cubic lattice parameter of SrVOj is
3.84 AP Tt has been reported that (LaVOs),,/StVO; superlattices
grown on SrTiO; substrate develop a small tetragonal distortion
of the perovskite structure with an in-plane lattice parameter of
a = 3.88 A and an out-of-plane lattice parameter ¢ = 3.95 A.l%]
Recent theoretical studies on LaVO;/SrVO; superlattices have
assumed a different tetragonal distortion (c/a < 1) or have
employed bulk symmetry.?") Using the experimental lattice
parameters will allow us to be more realistic, which is particu-
larly important for LaVOs, since the c/a ratio in this compound
has strong effects on the electronic properties.'® In unstrained
bulk LaVO; the magnetic ground state is given by C-type
AFM ordering,1? while strain can induce G and A-type AFM
ordering.l® In order to identify the magnetic ground state for
the (LaVOs3),,/SrVO; superlattices, we therefore study A, C, and
G-type AFM ordering as well as ferromagnetic (FM) ordering.
To this aim, we built V2 x V2 x 6 (m = 5) and V2 x V2 x 7 (m = 6)
supercells of the perovskite unit cell, see Figure 1, based on the
experimental lattice parameters mentioned above.

3. Results and Discussion

We obtain in both superlattices for A-type AFM ordering the
lowest total energy, 142 meV (m =5) and 126 meV (m = 6) lower
than for C-type AFM ordering, 294 meV (m = 5) and 132 meV
(m = 6) lower than for G-type AFM, and 173 meV (m =5) and
221 meV (m = 6) lower than for FM ordering. This fact indicates

that the epitaxial strain present in the superlattices due to the
substrate yields a magnetic phase transition away from the
C-type AFM ordering of bulk LaVO;. A-type AFM ordering also
appears in bulk LaVO; for a corresponding c/a ratio and results
in partial occupation of the dy, orbitals.'® This implies that
the superlattices under study might also deviate from the bulk
orbital ordering (dy, occupied, dy,jy, G-type ordered**).

The optimized structures obtained for the m =5 and m = 6
superlattices in the case of A-type AFM ordering (ground state)
are shown in Figure 1la,b, respectively. For convenience, the
VO, layers are counted starting from the SrO layer. Both super-
lattices show substantial distortions of the VO, octahedra, see
Table 1, which lists the out-of-plane V—0 bond lengths between
adjacent atomic layers and the corresponding V—O—V bond
angles (averaged over all bonds or bond angles between these
layers). Both short (1.84 A, 1.83 A) and long (2.04 A, 2.03 A)
V—0 bonds appear between the L1 and SrO layers for both
superlattices. These bond lengths correspond to V3* (long) and
V*#* (short) ions, as we will discuss later. Further away from the
SrO layer all V=0 bond lengths are very similar, see Table 1,
while the V—O—V bond angles decrease and approach the bulk
value of 157°.15] We note that the pinching effect (shortening
of the V=0 bonds next to the SrO layer) discovered in ref. [26]
by simulations for 1 x 1 x 6 and 1 x 1 x 7 supercells is quali-
tatively reproduced by our V2 x V2 x 6 and V2 x V2 x 7 super-
cells, however, with significant changes in magnitude and with
a strongly modified pattern of bond lengths across the super-
cells. In addition, the realization of both short and long V—0O
bonds between the L1 and SrO layers is simply not possible in
the smaller supercells of ref. [26]. This shows that the compu-
tationally expensive approach of the present study is essential
for describing key structural features, besides opening the pos-
sibility to consider in-plane magnetic ordering.

We find for the VO octahedra rotations of about 10° around
the c-axis, while those around the a- and b-axes are not sig-
nificant. This resembles observations for LaVO; thin films
on SrTO;%, again in response to the presence of compressive
strain. Concerning the L1 layers next to the SrO layer, the m =5
superlattice shows a reduction of the rotation angles, while the
m = 6 superlattice does not. However, the octahedral distortions

Table 1. Out-of-plane V—0O bond lengths and V—O—V bond angles
between the atomic layers of the superlattices.

m=>5 m=6
SrO-L1 1.84A 2.04 A 1.83A 2.03 A
L1-LaO 2.00 A 1.99A
LaO-12 2.02 A 2.01A
12-La0 2.02 A 2.02 A
LaO-13 2.03 A 2.02 A
13-LaO 2.03 A 2.03 A
LaO-L4 2.03 A
L1-SrO-L1 163° 172°
L1-LaO-L2 160° 164°
12-LaO-L3 159° 159°
13-LaO-L4 157°
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Figure 2. DOS and band structure of the m = 5 superlattice. The black
and red lines on the right hand side denote the spin majority and minority
bands, respectively.

in the L1 layers (see above) jeopardize an analysis in terms of
rotations (collective displacements of O atoms). Therefore, it
seems that the strong distortions of half of the VOg octahedra
in the L1 layers are the principal contributors to the structure
stabilization around the Sr ions, allowing for a nearly bulk-like
structure in the other VO, layers.

The density of states (DOS) and band structure obtained
for the m = 5 superlattice are shown in Figures 2a,b, respec-
tively. According to the DOS, the V 3d states dominate at the
valence band edge and therefore play a decisive role for the
electronic properties. The bandgap turns out to be 0.78 eV, i.e.,
much smaller than the bulk value of 1.39 eV calculated by the
same method. The reason is that two in-gap hole bands, see
Figure 2b, are introduced in the bandgap of bulk LaVOj; due to
partial replacement of La*" by Sr?* in the superlattice.

Figure 3a—e gives the orbital-projected V 3d DOS for layers
L1, L2, and L3. We sum here the V 3d DOS for the two L1 layers,
two L2 layers, and two L3 layers, see Figure 1, because the dif-
ferences encountered for the two sides of the SrO layer are
small. We find that the occupied states always are dominated by
the t,, orbitals (dy, dy,, and d,,), whereas the ¢, orbitals (d3,;
and dy, ) appear at higher energy and thus play no role for the
following discussion. The L1 layer (directly in contact with the
SrO layer) shows distinct differences in the orbital occupations
with respect to the L2 and L3 layers, see particularly Figure 3b,c,
because the in-gap hole bands turn out to belong to the dy, and
d,, orbitals of the L1 layer.

To further explore the origin of the hole states, the DOS is
projected on the individual V atoms in the two L1 layers in
Figure 4a—d. AFM ordering between the L1 layers is evident.
For atom V1a (V1d) only the d,, orbital is occupied by one spin-
up (spin-down) electron, resulting in a magnetic moment of
1.0 pg. This 3d' electronic configuration corresponds to the
V*# state of bulk SrVO;. For atom V1b (Vic) both the d,, and
d,, orbitals are occupied by one spin-up (spin-down) electron,
whereas the d,, orbital remains empty. This inversion of the
orbital occupation between the V3* and V** ions can be under-
stood in terms of the observed octahedral distortions, see above,
because the short V—0O bonds favor the in-plane orbital (V*')
and the long V—O bonds the out-of-plane orbitals (V3*). The
magnetic moment of 1.8 iy obtained for atoms V1b and Vlc is
very close to that of the V3* state of bulk LaVOj; (1.8-2.0 pg),?®!
confirming a 3d? electronic configuration. We note that the
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Figure 3. V 3d DOS projected on VO, layers L1, L2, and L3 of the m =5
superlattice.

main features of the V 3d t,, DOS in the V3* and V# states and
the respective magnetic moments are consistent with previous
results on the m = 1 superlattice.l'”)

Figure 4e—h shows the DOS projected on the V atoms in the
L2 and L3 layers following the layer with atoms V1c and V1d.
Corresponding results for the L2 and L3 layers on the other side
of the SrO layer are very similar and therefore omitted here. We
observe AFM ordering between the L1 and L2 layers as well as
between the L2 and L3 layers. Combined with the in-plane FM
ordering evident in Figure 4, this gives rise to an overall A-type
AFM state. The fact that we have in the valence band contri-
butions of all three t,, orbitals agrees with the prediction of
ref. [17] for bulk LaVOj in the presence of a tetragonal distortion
with c/a > 1. Indeed, we find in the L2 and L3 layers magnetic
moments of 1.8 g and, therefore, 3d? electronic configurations.
It is important to realize that we have in the m = 5 superlattice
an even number of VO, layers, compare Figure 1, so that the
A-type AFM ordering results in zero macroscopic magnetiza-
tion. While in the L1 layers V3" and V*' states are arranged in
a checkerboard pattern, elsewhere the V3* state of bulk LaVO;
is maintained.

We will show below that A-type AFM ordering is also realized
in the m = 6 superlattice. However, due to the odd number of
VO, layers in this superlattice at least two layers must be sub-
ject to FM ordering, which is confirmed by the experimental
observation of finite macroscopic magnetization.[! FM align-
ment of the two L1 layers turns out to be energetically favorable
over FM alignment of the L1 and L2 layers by 30 meV and over

1701169 (3 of 6)



Via Vib

@
v2c v2d
. La -
V3c V3d
2 T . T
| |
| |
— 1 i
> | |
< | |
2 01 I 1 i
(V2] |
o | |
0-1; | . |
| Vib |
-2 — —
2 T T
(c) : (d) |
— 14 | d |
3 | ’
S~ | |
:0 | T :
(%] | |
(@) | |
-4 | : |
I |
PR I | N L —
2 T T
(e) | (f) |
= | ’
@
=0 . o | =
(%] I |
o | | ;ii
0-1 | |
V2¢ | vad |
-2 S R
2 T T
(g) i (h) |
] i I
st ! ﬂ " ! ﬂ
< 1 |
20 : ~ :
(%] |
24 A I (e
L] V3e i v3d i —d,,
2 « 0 1 2 3 2 4 0 1 2 3
E-E; (eV) E-E (eV)

Figure 4. V 3d t,, DOS of individual V atoms in the m = 5 superlattice.

FM alignment of the 12 and L3 layers by 60 meV (and there-
fore is studied in the following). The DOS and band structure
obtained for the m = 6 superlattice are shown in Figure 5a,b,
respectively. Similar to the m = 5 superlattice, the V 3d states
turn out to dominate at the valence band edge. However, all
in-gap states now belong to the same spin channel and a net
magnetic moment of 2 g is obtained for the supercell. As this
value agrees with the experimental situation,® we conclude
that the appearance of macroscopic magnetization is a direct
consequence of the epitaxial strain that leads to A-type AFM
ordering. FM ordering of the L1 layers in the m = 6 superlattice

N
wv
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o

-254

504,

Figure 5. DOS and band structure of the m = 6 superlattice. The black
and red lines on the right hand side denote the spin majority and minority
bands, respectively.

is also in line with the fact that the V—O—V bond angles in
Table 1 reflect different rotation patterns of the VOg octa-
hedra in the two superlattice, which are linked to the magnetic
exchange coupling.*’!

Except for minor differences in the magnetic moments, the
electronic reconstruction otherwise is very similar in the m =5
and m = 6 superlattices. In particular, this is seen in the orbital-
projected V 3d DOS given in Figure 6a—e for the different VO,
layers (again summed for layers with the same distance to the
SrO layer, see Figure 1, due to close similarity): The occupied
states mainly trace back to the t,, orbitals, the d,, states in the
L1 layer (next to the SrO layer) appear at lower energy than in
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Figure 6. V 3d DOS projected on VO, layers L1, L2, L3, and L4 of the
m = 6 superlattice.
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Figure 7. V 3d t;, DOS of individual V atoms in the m = 6 superlattice.

the other layers, and the in-gap hole bands belong to the d,, and
dy, orbitals of the L1 layer.

Figure 7a—d shows the DOS projected on individual V atoms,
reflecting FM ordering of the two L1 layers. The valence states
of atoms V1a and V1d are due to the d,; orbital and both short
V—0 bonds and magnetic moments of 1.0 ug are in line with
3d! electronic configurations. On the other hand, the valence
states of atoms V1b and Vlc trace back to the d,, and dy, orbitals
with long V—O bonds and magnetic moments of 1.8 pip, resem-
bling the V3* state of bulk LaVO;. We thus obtain also for the
m = 6 superlattice in the L1 layer a checkerboard pattern of
V3t and V* states. For the V atoms in layers 12, L3, and 14,
finally, all three t,, orbitals contribute to the valence band, see
Figure 7ef for an example, and we have long V—O bonds and
magnetic moments of 1.8 g as in bulk LaVOs.

We notice that our calculations result in semiconducting
characters for both the m = 5 and m = 6 superlattices. For
the m = 6 superlattice this fact is supported by AC measure-
ments,’] whereas in DC measurementsl® a metallic low tem-
perature behavior is found. This difference between experi-
ment and calculations can be explained by the likely presence

of O defects in the investigated samples. A recent study of the
band structure of O deficient StVOj; thin films points to com-
plex band shifts due to local modifications of the crystalline
structure around O vacancies.’% In superlattices this excess
charge will most probably occupy interface states with high
effective mass, explaining the observed discrepancy between
experiment and calculations. Moreover, our results for the
m =5 and m = 6 superlattices clearly point at a checkboard
pattern of V3* and V* states, which is one of the patterns pro-
posed in ref. [19] besides other patterns such as stripe order. At
least for the lattice parameters observed experimentally in the
case that a single SrVO; layer is surrounded by thick LaVO;
layers, the checkerboard pattern turns out to be energetically
favorable over all other patterns compatible with our choice of
supercells.

4, Conclusions

We have studied the electronic reconstruction and magnetic
ordering in the (LaVOs),,/StVO; (m =5, 6) superlattices with
odd and even thicknesses of the LaVOj; region. We find in
both cases A-type AFM ordering of the V spins, except for
FM alignment in the two interfacial VO, layers of the m = 6
superlattice. A-type AFM ordering of LaVO;, which realizes
C-type AFM ordering as bulk compound, is demonstrated to
be a consequence of epitaxial strain induced by the substrate.
Differences in the magnetism of the m = 5 and m = 6 superlat-
tices can be attributed to the fact that only in the case of odd
m an even number of VO, layers is available to fully realize
A-type AFM ordering, which explains the odd-even behavior
observed in experiments. For the first time we have identified
an electronic reconstruction in the interfacial VO, layers with
an equal number of V3* and V* states arranged in a checker-
board pattern, whereas elsewhere the V3* state of bulk LaVO;
is maintained. The V* ions are responsible for the creation
of in-gap hole bands, which will be occupied in O deficient
samples.
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