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As one of intriguing physical results of electronic reconstruction, the metal—insulator transition plays an important
role in exploring new electronic devices. In this study, the density functional theory is employed to investigate the metal—
insulator transition in (LaTiO3),,/(CaVO3), superlattices. Herein, three kinds of physical avenues, i.e., stacking orienta-
tion, epitaxial strain, and thickness periods, are used to tune the metal-insulator transition. Our calculations find that the
[001]- and [110]-oriented (LaTiO3);/(CaVO3); superlattices on SrTiO3 substrate are insulating, while [111]-oriented case
is metallic. Such metallic behavior in [111] orientation can also be modulated by epitaxial strain. Besides the structural ori-
entation and strain effect, the highly probable metal—insulator transition is presented in (LaTiO3),,/(CaVO3), superlattices
with increasing thickness. In addition, several interesting physical phenomena have also been revealed, such as selective

charge transfer, charge ordering, and orbital ordering.

Keywords: metal-insulator transition, superlattices, charge transfer

PACS: 73.21.Cd, 71.30.+h, 73.20.At

1. Introduction

Due to a broad range of novel physical properties in con-
densed matter physics and material science, perovskite oxides
ABOj; have been intensively investigated as a platform to ex-
plore new electronic devices and technical applications.!!=]
With tuning of a control parameter such as composition, tem-
perature, pressure, and epitaxial strain, desirable functional
behavior can be obtained.’~!?! In particular, as an intrigu-
ing physical phenomena for applications to high-performance
switching devices, the metal—insulator transition (MIT) has at-

[13-15

tracted great interest. ! For example, MIT has been stud-

ied by applying the field-effect technique and hole doping

16-18] 1n addition, a coupled magnetic-

of the valence band.!
ferroelectric MIT with large mixed magnetic—electric—elastic
responses was induced by epitaxial train!'"!

In recent years, the latest thin film technology in the syn-
thesis of oxides has broadened exciting avenues for the de-
vice design and will probably lead the revolution of electronic
devices.[?*-23 Thus, besides aforementioned physical meth-
ods, transition metal-oxide superlattices provide a wider range
of strategies to tune MIT. For example, the metal-insulator
transition has been observed in (LaMnO3);,/(StMnO3),, su-
perlattices with increasing n,>*-27! such thickness-dependent
MIT also occurred at the interface between LaAlO; and
SrTiO3.?%! In addition, an effective way to tune MIT in

DOI: 10.1088/1674-1056/abc237

CaZrO3/SrTiO3 via ionic liquid electrolyte gating has been
reported.[*”) However, in many previously studied materials,
the exploration of MIT for each material is generally limited
to one research method. Thus, it would be interesting to use
different methods to tune MIT in specific materials.

In this work, LaTiO3 and CaVO3; materials are selected
to construct the superlattice, i.e., LaTiO3/CaVOs3 superlattice.
There are several physical considerations to discuss. First,
both materials have only one d electron, i.e., d! configuration,
which allows us to observe the changes of electronic struc-
tures directly. Second, the identical crystalline structures (or-
thorhombic No. 62 Pbnm) and approximate lattice constants
of parent materials ensure the possibility for epitaxial growth
of LaTiO3/CaVOs3 superlattices in experiment. Last but not
least, considering charge transfer between Ti3t and V31, it is
also interesting to explore whether there is charge transfer be-
tween Ti’T and V**. Here, three kinds of physical avenues,
i.e., stacking orientation, epitaxial strain, and thickness peri-
ods, are employed to tune the MIT. In the following study, the
MIT has been well modulated based on these physical meth-
ods. Meanwhile, some interesting physical phenomena, such
as charge ordering and orbital ordering, have also been re-

vealed.
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2. Models and methods

The ground state of bulk LaTiO3 (LTO) is a G-type anti-
ferromagnetic (G-AFM) Mott insulator, ") while bulk CaVO;
(CVO) is a paramagnetic (PM) metal.?!) The experimental
lattice constants (a, b, c) is (5.637, 5.619, 7.916) for LTO!3?!
and (5.322, 5.343, 7.547) for CVO!33 in units of A. To address
the biaxial strain effects, the widely used cubic StTiO3 (STO)
and LaAlO3 (LAO) are chosen as the substrates, namely,
the in-plane lattice constants are fixed to match the partic-
ular substrates. To investigate the effects of thickness peri-
ods, (LTO)1/(CVO); and (LTO),/(CVO), superlattices stacked
along the [001] orientation are studied, using STO as the sub-
strate.

All the following calculations are performed based
on the generalized gradient approximation (GGA) with re-
vised Perdew—Burke-Ernzerhof (PBEsol) potentials,**l as
implemented in the Vienna ab initio Simulation Package
(VASP).[33:3%] The cutoff energy of the plane wave is 520 eV
and the on-site Hubbard repulsion Ug (= U —J) is im-
posed on Ti’s/V’s 3d and La’s 4f orbitals using the Dudarev
implementation.’’! According to previous literature,383]
Uei(Ti) = 3 eV, Uer(V) = 3 eV, and Ug(La) = 8 eV are
adopted as default parameters in the following calculations.
In our calculations, the relaxed lattice constants are very close

32331 and the magnetic moments

to the experimental values, !
of bulk LTO is ~ 0.68 up/Ti. The atomic projected den-
sity of states (PDOS) of bulk LTO and CVO are displayed
in Figs. 1(d) and I(e).

mainly come from Ti’s or V’s 3d orbitals.

The states around the Fermi level
All these re-

(a) [001]

(c) [111]

PDOS

—10

sults guarantee the reliability of following calculations on su-
perlattices. Monkhorst—Pack k-point meshes of 7 x 7 x 5,
7x5x7,and 7 x7 x 3 centered at I" point are adopted for
(LTO){/(CVO); superlattices stacking along the [001], [110],
and [111] orientations respectively, while 5 x5 x 1 and 3 x 3 x
1 meshes are used for the [001]-orientated (LTO);/(CVO), and
(LTO),/(CVO), superlattices respectively. Both the out-of-
plane lattice constants and atomic positions are fully relaxed
until the Hellman—-Feynman forces are converged to less than

0.01 eV/A.

3. Results and discussion
3.1. Stacking orientation

To study the effects of stacking orientation on MIT, three
orientations of (LTO){/(CVO); superlattice, i.e., [001], [110],
and [111] [see Figs. 1(a)-1(c)], grown on STO substrate are
calculated. The mismatch between material and substrate
is: ~ 1.9% (LTO) and ~ 3.4% (CVO) for [001] superlat-
tice; ~ 1.7% (LTO) and ~ 3.5% (CVO) for [110] superlattice;
~ 1.8% (LTO) and ~ 3.4% (CVO) for [111] superlattice. The
possible magnetic ground states of superlattices are investi-
gated firstly. For [001] and [110] cases, the local magnetic
moments of Ti are nearly quenched to zero, and Ti’s moment
along the [111] direction is also significantly reduced com-
pared to the bulk LTO (~ 0.68 ug/Ti), as shown in Table 1,
which suggests that the magnetic ground states of superlat-
tices mainly depend on V ions. In our calculations, the two V
ions in the minimal cell are coupled antiferromagnetically.

10} (d) bulk LTO
0

TDOS — Ti

i

20} (e) bulk CVO TDOS — V
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0 :
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Fig. 1. (a)-(c) Sketch of (LaTiO3);/(CaVO3); superlattices stacking along the [001], [110], and [111] directions, respectively. (d) and (e) PDOS for
bulk LaTiO3 and CaVO3. (f)—(i) PDOS for (LaTiO3);/(CaVO3); superlattices grown on SrTiO3 substrate along the [001], [110], and [111] directions,
respectively. (i) [111]-oriented superlattice grown on LaAlO3 substrate. The Fermi level for each case is marked by a (black) broken line. The V and Ti

atoms are represented by red and blue spheres, respectively.
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Table 1. Summary of DFT results. The magnetic moments of ground state
are calculated. The magnetic moment My (Mr;) is in units of ug/V(Ti). The
degree of charge transfer from Ti to V can be intuitively obtained from the
corresponding magnetic moments.

(LTO),,/(CVO), Substrate Orientation My My
[001] 1.78 0.00
me1ln—1 STO [110] 179 0.00
[111] 1.71 0.17
LAO [111] 1.74 0.10
1.

m=1n=2 STO [001] 03 0.00

1.73
m=2n=2 STO [001] 174 0.00
1.74 0.00

Phenomenologically, considering the d! configuration of
bulk LTO (Ti**) and CVO (V#"), the local magnetic moments
of both Ti and V ions should be close to 1 up in theory. How-
ever, as shown in Table 1, the local magnetic moments of
Ti ions are all significantly reduced to ~ 0 or ~ 0.17 ug/Ti
for (LTO){/(CVO); superlattices. Meanwhile, the correspond-
ing V’s moments are promoted to ~ 1.78, ~ 1.79, and ~
1.71 ug/V for such three orientations respectively, indicating
that the valence state of V ion in superlattices is not V4,
Combined with the changes of magnetic moments between
Ti ion and V ion, charge transfer from Ti** to V4 should
occur, which can be represented as: Ti3* (d!)/V4+ (dh)-Ti*+
(d®)/V3* (d?), similar to the charge transfer in LaTiO3/LaVO3
superlattices. 1401 1y addition, one can see that different orienta-
tions present different degrees of charge transfer [see Table 1].
For [111]-oriented case, the charge transfer is incomplete, i.e.,
partial charge transfer, making electrons itinerant and thus ren-
dering metallic behavior, as shown in Fig. 1(h). However, for
[001] and [110] cases, the charge transfer from Ti to V be-
comes complete, leading to insulating behavior, as shown in
Figs. 1(f) and 1(g). Therefore, orientation-dependent MIT is
observed in (LTO);/(CVO); superlattice.

In fact, such phenomena including charger transfer and
orientation-dependent metal—insulator transition have been

1401 However, for

emphasized in LaTiO3/LaVO3 superlattices.
LaTiO3/LaVOs superlattices, the [001] case exhibits metallic
behavior which is contrary to our calculations due to the differ-
ent structural distortions between LaVO3 and CaVOs3. Since
A-site ion of CaVO3 is smaller than that of LaVQj3, the band-
width of 3d orbitals would be reduced by such a relatively
strong GdFeOs-type distortion of CaVOs3, which prefers the
insulating behavior, as shown in Fig. 1(f). Following this argu-
ment, the strain effects closely related to the lattice distortion

will be studied next.

3.2. Epitaxial strain

In general, the physical properties of perovskite oxides
are very sensitive to the epitaxial strain,[*!=*! and due to this
sensitivity, structural distortions imposed by epitaxial strain
can introduce strong changes in the electronic structures. Tak-
ing [111]-oriented superlattice as an example, LAO substrate
with smaller lattice constants is adopted as stronger strain
compared with STO substrate. As shown in Fig. 1(i), insulat-
ing behavior is presented when LaAlOj3 substrate is applied, as
expected. Thus, besides stacking orientation, epitaxial strain
is also an effective physical method to achieve MIT in this
system. By comparing the magnetic moments with STO sub-
strate, it is found that the Ti’s magnetic moment of the super-
lattice on LAO substrate is reduced to ~ 0.1 up and the corre-
sponding V’s moment is promoted to ~ 1.74 ug, as indicated
in Table 1, suggesting enhanced charge transfer from Ti** to
VAT,

The underlying physical mechanism of such strain-
induced MIT should be attributed to the lattice distortions.
To confirm this argument, the Ti—O bond lengths and Ti-O-V
bond angles are calculated, as demonstrated in Fig. 2, which
show some obvious differences between LAO substrate and
STO substrate. First, the Ti-O-V bond angles on STO sub-
strate are straighter than that on LAO substrate, which facili-
tates the electron hopping and thus gives rise to a wider band-
width [see Fig. 1(h)]. Second, the Ti—O bond lengths of the
superlattice grown on STO substrate are almost equal, while
LAO substrate shows a slight difference between these Ti—O
bond lengths, as shown in Fig. 2. In addition, the Ti—O bond
lengths on LAO substrate are smaller than that on STO sub-
strate, indicating a shrunk size of oxygen octahedral cage, in
agreement with higher valence of Ti that originated from the

enhanced charge transfer from Ti to V.

(a) STO substrate (b) LAO substrate

[111]
1.94 A
1.93 A
6, =179.8° 6, =179.6°
0,=179.5° 0,=178.3°
1.94 A w 1.93 A, \

Fig. 2. The optimized Ti-O-V bond angles and Ti-O bonds lengths for
[111]-oriented (LaTiO3);/(CaVOs3); superlattices grown on (a) SrTiO3 sub-
strate and (b) LaAlOj substrate. Ti, V, and O atoms are represented by blue,
larger and smaller red spheres, respectively.

To reveal the evolution of electronic properties upon bi-
axial strains, the lattice constant a’ of substrate within a wide

range from 3.75 A to 3.95 A is scanned, as shown in Fig. 3.
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When ' is greater than 3.90 A, the system presents metal-
lic behavior and the corresponding Ti’s moment is about ~
0.17 up, rendering a partial charge transfer from Ti to V. Such
the incomplete charge transfer can be visualized by spatial dis-
tribution of the electron density of Ti ion. However, the charge
transfer is enhanced when «’ is less than 3.85 A, leading to in-
sulating behavior. Therefore, the metal-insulator transition in
the [111]-oriented superlattice can be effectively tuned by the

epitaxial strain.

0.15 e a—s—= STO
m
e o6 =
N insulator metal E
s - - e
L 0.10f ] °
a )=
[ b
oD =
o xf/{ {0.12 §
@ 0.05F o J o :
l—: ;D
oF LAO s g J0.08 =
1 1 1
3.75 3.80 3.85 3.90 3.95

Lattice constant a’/A

Fig. 3. The ground-state phase diagram of the [111]-oriented superlattice
(LaTiO3)/(CaVO3); as a function of biaxial strain. Insulating and metal-
lic regions are distinguished by yellow and blue colors. The red line and
blue line denote the band gap (left axis) and magnetic moment of Ti (right
axis). The in-plane lattice constants of the superlattice are fixed to match the
a x /2 A. Here, the Ti’s spatial distribution of the electron density corre-
sponds to a’ = 3.80 A (left) and &’ = 3.90 A (right).

3.3. Thickness periods

Besides the structural orientation and strain effect, the
thickness periods can also dramatically tune the physical prop-
erties of superlattices, such as the magnetic transition!#®47]
and hybrid ferroelectricity.[*®49 In view of this, it is nec-
essary to study the effect of thickness on LTO/CVO su-
perlattices. Here, the [001]-orientated (LTO){/(CVO), and
(LTO),/(CVO), superlattices grown on the STO substrate will
be studied.

Before investigating the electronic structures of the su-
perlattices (LTO){/(CVO), and (LTO),/(CVO),, the ground
magnetic states are studied. In these two cases, Ti’s mag-
netic moments are all quenched due to the complete charge
transfer, as shown in Table 1. Meanwhile, V’s layers ex-
hibit a C-AFM configuration (i.e., antiferromagnetic coupling
in-plane but ferromagnetic coupling along the c axis). For
(LTO)/(CVO), superlattice, the total density of states and the
partial density of states are shown in Figs. 4(a)-4(c). The sys-
tem is insulating with an obvious energy gap. Due to the com-
plete charge transfer from Ti to V, the bands near the Fermi
level are mostly contributed by V’s 3d orbitals. Interestingly,

considering the special structure of each LTO unit stacked two

CVO units, there are two options for charge transfer from the
Tito V:

(i) The electron can be equally shared by the two V ions
(i.e., V ions have the formal valence of +3.5);

(i) The electron can be localized in one of them (i.e., V
ions have mixed formal valences of +3 and +4).

In our calculations, the case of charge ordering has the
lower energy than that without charge ordering. As indicated
in Table 1, such two V’s local moments are ~ 1.03 ug and
~ 1.73 up respectively, suggesting an alternating V3t/V4+
charge ordering. Such the selective charge transfer is because
of the expansion of the V-O octahedra around the doped elec-
trons, similar to the (LaFeOs3),/(LaTiO3); superlattice.[#8:49]
To confirm this argument, the V-O bond lengths are calcu-
lated. We found that the average V3* bond length (2.01 A)
is larger than the average V** bond length (1.97 A), suggest-
ing the expansion of the octahedron, an energetically favorable
distortion. As shown in Figs. 4(b) and 4(c), for the V ion in
layer 1, the d,, is occupied by one electron (i.e., V4t), while
both dj, and d,; orbitals of V ion in layer 2 are fully occupied
(i.e., V3*), which can be visualized by the spatial distribution
of electrons [see Fig. 4(e)]. The electron disproportion of V
ions between layer 1 and layer 2 is very clear. As shown in
Fig. 4(e), the electron cloud surrounding V4* ion (i.e., V ion
in layer 1) is dy, shaped, while for the V3* ion (i.e., Vion in
layer 2), the shape of electron cloud is formed by coupling d,,
and d,; orbitals. Therefore, orbital ordering between layer 1
and layer 2 is also presented in (LTO);/(CVO), superlattice.

For (LTO),/(CVO), superlattice, the charge transfer still
occurs and is also complete from Ti to V, as indicated in
Table 1, similar to the (LTO);/(CVO); and (LTO);/(CVO);
cases. However, the system has an obvious tendency to be-
come metallic, as shown in Fig. 4(d). According to previous

40461 such weak metallicity, i.e., small DOS values

reports, !
at Fermi level, can be enhanced by further increasing thick-
ness. By comparing the electronic structures of these three
[001] cases, one can see that the appearance of metal behav-
ior is due to the shift of Ti’s conduction band. Therefore,
the Ti’s physical environment is analyzed to understand such
the thickness-dependent metal-insulator transition. For both
(LTO){/(CVO); and (LTO)1/(CVO); superlattices, each Ti has
four in-plane nearest-neighbor Ti, while in (LTO),/(CVO),
superlattice, each Ti has five nearest-neighbor Ti, resulting
in an expanded dimension, which will broaden the band-
width. In addition, with increasing thickness, the reduced in-
terface/volume ratio can also seriously affect the electronic
structures. Thus, MIT in this system is tuned by these two

factors.
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Fig. 4. (a) PDOS of [001]-oriented (LaTiO3);/(CaVO3), superlattice and the corresponding orbital-resolved PDOS around the Fermi level for CaVO3 bilayer:
(b) layer 1, (c) layer 2. (d) DOS of [001]-oriented (LaTiO3),/(CaVO3), superlattice. The black dotted line represents the Fermi level. The corresponding
spatial distribution of the electron density and local magnetic moments for the cases of (e) (LaTiO3);/(CaVO3), superlattice and (f) (LaTiO3),/(CaVO3);
superlattice. Ti, V, and O atoms are represented by blue, larger and smaller red spheres, respectively.

4. Conclusion

In summary, metal-insulator transition in the LTO/CVO
superlattice has been studied using the first-principles calcu-
lation. It is found that metal-insulator transition in this sys-
tem can be tuned by stacking orientation, epitaxial strain,
and thickness periods. The (LTO){/(CVO); superlattice on
STO substrate shows insulating behavior when stacking along
[001] and [110] orientations and metallic behavior when
For the [111]-oriented
(LTO)1/(CVO); superlattice, metal-insulator transition is pre-

stacking along [111] orientation.

sented when STO substrate is replaced by LAO substrate. For
the [001]-oriented (LTO),,/(CVO),, superlattices on STO sub-
strate, the highly probable metal-insulator transition appears
by changing the thickness periods. Furthermore, many inter-
esting topics, such as selective charge transfer, charge, and or-
bital ordering, are also presented in (LTO);/(CVO), superlat-
tice.
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