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Employing a first-principles and model Hamiltonian approach, we work out the electronic properties of polar-
polar LaVO; /KTaO; (LVO/KTO, 001) heterostructures, with up to six layers of KTO and five layers of LVO.
Our analyses indicate the existence of multiple Lifshitz transitions (LTs) within the #,, bands, which can be
fine-tuned by adjusting the number of LVO layers or applying gate voltage. Contrary to the experimental report,
spin-orbit coupling is found to be negligible, originating solely from the Ta 5d,,-derived band of KTO, while
the 5d,, and 5d,, bands are considerably away from the Fermi level while LVO overlayers having no role in
it. Magnetic properties of the heterostructures, due to vanadium ions, exhibit a pronounced sensitivity to the
number of LVO and KTO layers. Our calculations indicate that the interlayer AFM, (so called A-AFM), is
energetically most favorable. This is further supported by ground state energy calculations on extended +/2 x /2
supercells. Moreover, we find that an insulator to metal transition at the interface requires four LVO layers,
corroborating the experimental observation. The interfaces featuring ferromagnetic (FM) ground states turn out
to be half-metallic after the critical thickness is reached. Considerations of the magnetic interactions appear

crucial for the experimentally observed critical thickness for metallicity.
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I. INTRODUCTION

Interfaces of polar-nonpolar perovskite heterostructures are
well-studied in literature owing to various applications using
their physical properties such as the formation of a two-
dimensional electron gas (2DEG), metal-insulator transition,
magnetotransport, magnetism, and superconductivity [1-3].
The next generation perovskite heterostructure is polar-polar
where due to ionic interactions, an intrinsic electric field is
induced [4,5]. The ability to tune the physical and chemical
properties of a system by an external electric field along
with the induced internal electric field is a major objective of
electronic, optoelectronic, and nanoelectronic applications.

A wide variety of interfaces have been extensively inves-
tigated both experimentally and theoretically; in particular,
a well-known polar-nonpolar LaAlO3/SrTiO; (LAO/STO)
(001) interface has emerged as a promising candidate for
last few decades due to its remarkable features. It exhibits
LAO thickness-dependent transport properties, absent in its
bulk counterparts [6—8]. Other than the metal-insulator tran-
sition, the Rashba spin-splitting [9,10], the coexistence of
ferromagnetism and superconductivity [3,10,11], electronic
reconstruction [8], oxygen-vacancy effects [12], topological
superconductivity [13,14], and its influence on Lifshitz transi-
tions [15] are explored in these interfaces. Notably, a critical
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thickness of four unit cells of LAO is necessary to make
the interface conducting [7]. Compared to the polar-nonpolar
interfaces, which form the 2DEG via polar discontinuity, the
polar-polar oxide interfaces [5] are expected to produce higher
charge carrier density and carrier mobility as there are, in
principle, two electron-donor layers in this case transferring
electrons to the interface to avoid polar discontinuity [16].

In a recent experimental report, such a polar-polar inter-
face is formed to study its transport properties, in which the
layers of LaVO; are stacked over KTaOj3 a substrate, forming
a LaVO;/KTaO3; (LVO/KTO) interface in (001) direction
[4]. A strong anisotropic transverse and longitudinal magne-
toresistance (MR) was interpreted as the signature of strong
spin-orbit coupling (SOC). In addition, the nature of observed
anomalous MR (AMR) and planar-Hall effect (PHE) [17] was
thought to come from Weyl fermions. The bulk KTaO; is a
band insulator with an optical gap of 3.5 eV [18,19] crystal-
lizing in a cubic symmetry with space group 221 (Pm3n).
It has a sizable SOC strength compared to SrTiO3 coming
from the Ta 5d orbitals [20-22]. ABOs oxides form alter-
native (+/—) charges in (AO) and BO; layers. In case of
KTaO3;, the sequence is (K*Oz’)’l/(TaSJrO%_)H, while it
is (La>t0O?~)*1/ (V3+O§*)‘1 for LaVO;. Unlike LAO/STO,
in LVO/KTO, the two materials form a 4 /4 interface of
(TaOy) !/ (LaO)H! type, when terminated at TaO,.

Electron-electron correlations are usually considered im-
portant in d-electron systems for the metal-insulator transition
(MIT) and the experimentally observed band gap. How-
ever, this is not always the case. As discussed in recent
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theoretical studies [23,24], microscopic degrees of freedom
such as structural distortions and magnetic order actively
participate in breaking local symmetries. Such symmetry
breaking (SB) could indeed lead to MIT. Lowering the lattice
symmetry can lower overall energy, and lead to a more stable
state. In addition, formation of a heterostructure lowers the en-
ergy compared to the sum of energies of the participating bulk
materials. This specific class of materials is in polymorphous
crystal geometries, in which local and global symmetries are
not the same, as discussed by Malyi et al. [24]. As we will
show, in LVO/KTO systems we have studied, even though
the structural and magnetic SBs are important, we find that
the stabilization of the insulating phase requires electronic
correlation via Hubbard-like U .

To address the issue of a conducting interface, and conse-
quently, the formation of 2DEG, we investigate the electronic
properties of the polar-polar (001) LVO/KTO interface us-
ing first-principles density functional calculations. The cubic
LaVO; (LVO), which is metallic with mostly V 3d orbitals
at the Fermi level (FL), forms a conducting interface with
KTO substrate even with a single layer of LVO. Although
it is unclear from the experimental report which structure
of LVO was used for the transport investigation, the charge
distribution in the thin films of LVO and a later study suggest
that a cubic LVO was likely used to form the LVO/KTO
interface [25]. We therefore perform our investigations with
cubic LVO [26,27] to match the stoichiometry and structure
of KTO. In passing, we note that the orthorhombic phase
of LaVOs; is a Mott-Hubbard insulator [28,29], undergoing a
metal-insulator transition [30,31]. The cubic perovskite LVO
is a ferromagnetic metal with a total magnetic moment ~2u,
as reported by Rashid ez al. [32]. To the best of our knowledge,
no previous studies discuss the magnetic order in LVO-based
heterostructures, except one experiment [33]. There are also
some theoretical studies dedicated to the cubic phase of
bulk LVO, investigating the magnetism [32] and electron-
correlation using DMFT [34,35]. Along with the nonmagnetic
calculations, we also report various possible magnetic orders
with different number of layers of LVO in the LVO/KTO
heterostructure.

The remainder of the paper is organized as follows. In
Secs. I and III, we describe the computational details and the
interface geometry, respectively. In Sec. IV, we present the
nonmagnetic electronic band structures with different layers
of LVO and KTO, and then in Sec. V we discuss the possible
magnetic ordering in the LVO layers. Finally, in Sec. VII, we
conclude with our findings.

II. METHODOLOGY

We use density functional theory as implemented in Vienna
ab initio simulation package (VASP) within the plane-wave
pseudopotential method [36,37]. To approximate the electron-
ion potential, we use the projected wave method [38], and
the Perdew-Burke-Ernzerhof of the generalized gradient ap-
proximation [39] is used to approximate exchange-correlation
effects, taking into account the on-site Coulomb interactions
(GGA + U) for La, Ta and V within Dudarev’s approach [40].
An empirical U value equal to 7.5 eV is used for La [41],
while for Taand Vitis 5 eV [42] and 3.4 eV [43], respectively.
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FIG. 1. GGA + U bulk band structures without SOC for the
ABOs;-type cubic perovskites of (a) KTO and (b) LVO, with cor-
responding crystal structures shown in the insets. The large purple
(green) spheres at the corners are the A atoms, yellow (cyan) are the
B atoms at the center. The oxygen atoms are shown with small red
spheres. SOC-incorporated bands are shown in the bottom panel in
(c) for KTO and (d) for LVO. The green, magenta, and cyan bands in
all four figures present d.,, d.., and d,, orbitals.

The calculations are performed with a kinetic energy cut off
of 530 eV, Brillouin zone sampling with a Gamma-centered
11 x 11 x 1 k mesh, and energy convergence criteria of
107%eV. We fully relax the atomic positions until the force
on each atom is less than 0.05 eV /A. To discard any spurious
interaction, a 20 A vacuum is added between the periodic
films. We further perform spin-polarized calculations to in-
vestigate the magnetic ground state of different combinations
of LVO and KTO layers. We use the initial magnetic moment
along the z direction for V sites of different layers of LVO in
parallel (for ferromagnetic order) and antiparallel (for antifer-
romagnetic order) directions. We calculate the spin-polarized
density of states using the tetrahedron smearing method as
implemented in VASP.

III. CRYSTAL STRUCTURES AND INTERFACES

From our calculations we find that bulk KTO is an indirect
band gap insulator with a gap ~2.7¢eV. It is found to be in
the cubic phase with space group 221 (Pm3n) [see Fig. 1(a)]
and lattice parameters a = b = ¢ = 4.03 A which are in good
agreement with the previously reported values [18,19]. The
corresponding band structure is presented in Fig. 1(a). The
cubic phase of bulk LaVO3 (LVO), on the other hand, shows
metallic behavior. The calculated lattice parameter (a) of LVO
is 3.95 A in good agreement with the experimentally reported
value (3.91 A [26,27]). Naturally occurring LVO has an or-
thorhombic crystal structure and is an insulator with a 1.1 eV
band gap [28-30]. Including SOC, we note that the degener-
acy between the 1, bands (d,y, dy; and d,;) is lifted in both
KTO and LVO as shown in Figs. 1(c) and 1(d), respectively.
We use a cubic phase [26] of LVO for the hetero-structure with
cubic KTO as a substrate to match the structures, which was
most likely the case for experimental haterostructures.
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(c) 1/4

(d) 3/3

FIG. 2. [(a)—(g)] (LVO),,/(KTO), heterostructure configurations with m/n mentioned at the bottom of each. The interface is formed at the
(TaO,)*! termination in each configuration, shown in (g) with a shaded box. Also shown are the alternate charged layers.

To prepare the heterostructures (LVO),,/(KTO),, we use
different layers (m and n) of LVO and KTO. We terminate
the KTO unit cell at (TaO,)*' layer and LVO at (LaO)*!
layer to form a polar-polar interface, (LaO)*!/(Ta0,)*!. To
compare the results and see the effect of the number of layers
of (LVO),, and (KTO),, we use various configurations as
illustrated in Fig. 2. It is important to note that the crystal
symmetry of the supercell structures are reduced from the
bulk cubic structure to tetragonal P4mm with space group
No. 99. All the defined geometries are relaxed with the conju-
gate gradient algorithm as implemented in the VASP package.
While optimizing the geometries, we kept the in-plane lattice
constant equal to 4.03 A for all the supercells, which is also
the lattice constant for bulk KTO. We are using KTO as
substrate—the LVO layers are under a tensile strain of 1.98%.
We check the lattice constant with the full geometry relaxation
(cell parameters and atomic positions) for the smallest super-
cell, 2/2. The lattice constant with the fully relaxed structure
for 2/2 is 3.99 A, that is an average of the lattice constants
of LVO and KTO. In Sec. V, we will discuss in detail the
difference in the electronic structures of this fully relaxed 2/2
and laterally constrained 2/2. Here we just point out that the
two sets of results are in qualitative agreement.

In order to discuss the stability and possibility of the for-
mation of the heterostructures in any given crystal structure,
we calculate the formation energies for each of the configura-
tions. The formation energy is defined as Efwvo), /kT10),] =
E(LVO)m /(KTO), — E(LVO)m — E(KTO),,s where Ei are the ground
state energies of the ith system. It is energetically favorable to
form the heterostructures, indicated by the negative formation
energies outlined in Table T1 of Ref. [44].

IV. NONMAGNETIC ELECTRONIC STRUCTURE

In the following, we perform layer-dependent electronic
structure calculations for different heterostructures given in
Fig. 2. We show the band structures with nonmagnetic calcu-
lations in Fig. 3. The cubic LVO being metallic, a single layer

of LVO on the KTO substrate is enough to make the interface
conducting. From the nonmagnetic calculations, we observe
the following.

(1) Increasing KTO layers only shifts the oxygen bands
in the valence band region towards the FL but does not affect
the conduction bands. The bandwidths of the systems with the
same number of layers of LVO (m) are almost the same for any
n, indicating the bandwidth is n-independent, where n is the
number of KTO layers.

(2) Though all the surfaces under investigation are con-
ducting, including single LVO layer, as we will discuss shortly
in Sec. IV B of projected bands, more than one layer of LVO
(i.e., m > 1) is needed for Tajy 5d, orbital to take part in
charge transport, where Taj,, is the Ta atom at the interface.

(3) The interfaces with three and more than three layers
of LVO (i.e., m > 3) show a Lifshitz transition [9,15] near
the FL as shown in Fig. 3. It is important to mention that
the Lifshitz transition is not coming from the ,, manifold of
the interfacial transition metal Ta. Unlike LAO/STO (Ti t,,
at the interface), the Lifshitz transition in the present case is
formed between the interfacial Ta d,, band and the V d,. .
(near the interface) bands. We will have a clear idea from
the projected band structure in Fig. 4 of Sec. IV B. It is well
understood that the Lifshitz transition plays a vital role in
anomalous transport, such as thermal conductivity, as well
as the Seebeck coefficient. The change in the Fermi surface
topology, induced by the Lifshitz transition, gives rise to a
cusp in the dc and thermal conductivity as reported by Nandy
et al. [15]. Our results involving multiple layers of LVO/KTO
indicate that the Lifshitz transition point can be adjusted by
varying the number of LVO layers, eliminating the need for
external gate voltage. This feature makes these heterostruc-
tures particularly suitable for application in thermal transport
devices. Among these structures, those with three layers of
LVO emerge as optimal candidates due to the proximity of the
Lifshitz point to the FL.

(4) Contrary to experimental claim [4], there is hardly any
SOC in the bands involved in transport at the interface: the
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FIG. 3. Nonmagnetic band structures without (top) and with (bottom) SOC for various configurations shown in Fig. 2 along X-I"-X-M
high symmetry path of a square Brillouin zone. The bands in green, magenta and cyan are Ta;y 5dyy, V 3d,, and V 3d,., respectively. Lifshitz

Xy» )

transition is shown for 3/3, 3/4, and 4/4 configurations with green (Ta;, ), magenta (V 3d,.) and cyan (V 3d,.) bands. Both atomic and Rashba
SOC are weak for all the cases. SOC breaks the degeneracy between the 3d,; and V 3d,, orbitals weakly in the bands involved in the Lifshitz

transition.

bands near the FL show negligible SOC. The small SOC
breaks the degeneracy slightly at the Lifshitz points. The
Rashba spin splitting is negligible in all the cases. Contrary to
the large SOC (in the Ta 5d orbitals) in bulk KTO, as shown in
Fig. 1(c), the LVO/KTO interfaces studied here do not show
significant SOC. A recent report, however, claims significant
SOC in SrTaO3/KTaOs; interface [45] having Ta on both the
materials.

A bare KTO slab was then checked for a strong Rashba
spin splitting. We calculate the band structure of a thin film
constructed with eight unit cells of KTO (shown in Fig. S1(a)
of Ref. [44]) and find that the strength of Rashba SOC is
fairly large. In Fig. S1(b) of Ref. [44], we see that there
are several bands around the I' point, with the considerable
Rashba spin splitting (shown inside a red rectangle). The
bands with strong Rashba spin-splittings are around 0.5 eV
above the Fermi energy, while the Rashba spin-split bands for
the 4/4 interface are far removed from the FL, around 1.2 eV

above it [see Figs. 3 and 4(e)]. We wish to emphasize that the
spin-split bands observed in Fig. 4(e) arise from the Ta 5d,,
and Ta 5d., orbitals, and not from the Ta 5d,, orbital. It is
probable that increasing the number of KTO layers (beyond
8) could bring these spin-split bands closer to the FL, as
reported in Kakkar et al. [25]. The conduction band topology
is unaffected with increasing number of KTO layers for the
heterointerface LVO/KTO (see Fig. 3) though. It seems that
the substantial Rashba spin-orbit coupling primarily origi-
nates from the KTO surface rather than the LVO layers in
the LVO/KTO interfaces. Few layers of KTO have minimal
Rashba SOC to show up in transport.

A. Layer projected density of states

To assess the role of individual layers within the slab,
we examine the layer-projected DOS for the 4/4 LVO/KTO
hetero-interface, as illustrated in Fig. S1(c) of Ref. [44]. The

1 1 .
0 0 7\4:}
Y/
-1 \:/Ta_

Energy (eV)

1
N

-3

(e) 474 Tardf; |

1. '\&\«fﬁ/-d
1 \\\JI//Ta'-Et-dyf o

-3

X T

X M

FIG. 4. The orbital-projected bands (without SOC) of Taj, 5d,, at the interface (green), and f,, of V (blue and magenta) just above the
interface. V1 and V2 in (b) and (c) represent the nearest and farthest V atoms from the interface, respectively. (d) The bands shown in green,
blue and magenta circles participate in the Lifshitz transition near the FL in a 3/3 interface. (e) The projected bands with SOC for 4/4 case.
The Rashba spin-split bands, contributed by Ta d,, .., are about 1.2 eV above the FL.
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layer-projected DOS analysis reveals that, among all the Ta
atoms in the KTO substrate, only the interfacial Ta atom
(Tayy) participates in charge transport. Conversely, all the V
atoms in the slab contribute to the FL. Our layer-projected
DOS highlights a nearly equal contribution from all V atoms
at the FL.

B. Projected band structure

To gain insight into the distinct orbital contributions at the
interface, we illustrate orbital-projected bands without SOC in
Fig. 4. Figure 4(a) reveals that, in the context of 1/n (one layer
of LVO and n layers of KTO), only the #,, band manifold of
V 3d bands is contributing near the FL, with the interfacial Ta
playing no role in transport. The green band is the d,, orbital
of the interfacial Ta atom. Our analysis indicates that more
than one layer of cubic LVO is necessary to bring the interfa-
cial Ta 5d,, band down to the FL. For the 2/2 configuration
[refer to Figs. 4(b) and 4(c)], both the d,. ,, bands from the
nearest and farthest V atoms contribute nearly equally. As
previously noted, the Lifshitz transition is evident in cases
involving three or more layers of LVO, as shown in Fig. 4(d),
where a Lifshitz transition occurs between Tajy d,, and V
dy.. bands. Here, the interfaces with three layers of LVO
are intriguing due to their Lifshitz point being closest to the
FL, as observed in Fig. 4(d). This characteristic, presumably,
makes the 3/n heterostructures ideal candidates for thermo-
electric applications. The Rashba spin-split bands for the 4/4
system are depicted in Fig. 4(e) with red and blue circles. It is
important to reiterate that the Rashba spin-splitting in the Ta
dy, band is minimal, while a significant contribution to Rashba
SOC strength is observed in the Ta dy, ., bands approximately
1.2 eV above the FL.

C. Model Hamiltonian

To conduct a theoretical analysis of physics near the Lif-
shitz point, we formulate an effective Hamiltonian model. In
the absence of SOC, we specifically select three bands in
close proximity to the Fermi energy [refer to Fig. 4(d)]. These
bands originate from the contributions of Ta d,, and V d,_ ,..
The corresponding Hamiltonian model for these three bands is
expressed through Slater-Koster integrals, defined as follows.

Liyxy = 3m*n? tido + (m2 +n? - 4m2n2)tddn

+ (12 + m*n*) tgqs,
tyeye = 3PP tage + (I + m? — 41%m*) t44n

+ (n* + IPm?) 1445, (1)
toror = 302 Ptyae + (0% + 1* — 40°1%) 1445

+ (m2 + nzlz) tads,

where [, m, and n are the direction cosines of Ta atom at the
interface and V atom near the interface, and ty45, t44-, and
t445 are the Slater-Koster overlap parameters.

We construct the three-band model Hamiltonian,

hy hi  his hh 0 O
Ho=\|ha h hx|=10 h O (2)
hst  hy b3 0 0 hs

with Ay, hy, and h3 being d,,, d,., and d, band dispersion
relations, respectively. The off-diagonal elements are zero due
to symmetry of the orthogonal orbitals. These diagonal matrix
elements are constructed using the Slater-Koster integrals as
we present in Eq. (3).

hy = €1 — 2t1(cos(ky) + cos(ky)) — 1o — 413 cos(k,) cos(ky),
hy = € — 2(t; cos(ky) + 1, cos(ky)) —t; — 213 cos(ky),

h3 = €3 — 2(ty cos(ky) + 14 cos(ky)) —t4 — 215 cos(ky),
(3)

where ¢; are the onsite energies for Ta d,, and V d,. . orbitals,
and #;’s are the hopping integrals. The #,, bands around I" point
are present in Fig. S2 of Ref. [44]. The strong hybridization
between three orbitals leads to avoided band crossings around
the I' point. This avoided crossing also represents a broken
symmetry which is the inversion symmetry in the case of
the interface. We incorporate the broken inversion symmetry
in the tight-binding Hamiltonian using atomic SOC and the
orbital Rashba effect. The atomic SOC and the orbital Rashba
Hamiltonian, in basis of [Ta dy s, V dy; 6,V dox 6], 0 is the
spin index, can be defined in the following manner [10]:

0 O 0 0 1 =i

0 o i -1 0 0

_ 810 —i 0 i 0 0
Haso=310 -1 = o o of @

1 0 0 0 0 —i

i 0 0 0o i O

0 —2i sin(ky) —2i sin(ky)
Hrso = y | 2i sin(k,) 0 0 , (5
2i sin(ky) 0 0

where ¢ and y are the atomic and Rashba SOC, re-
spectively. The effective Hamiltonian including spin-orbit
interactions is H = Ho + Haso + Hrso- Fitting this six-band
Hamiltonian near the I' point gives us the unknown pa-
rameters, which are as follows (in eV): ¢; =0.76, €, =
0.7, e =0.57, t; = 0.0919.1, = 0.1778, t3 = 0.2048, 14 =
0.1186, ts =0.1295, ¢ =0.03, and y = 0.015. The fitted
bands using these parameters are presented in Fig. S2 of
Ref. [44].

In Fig. 5, we depict the Fermi surface, illustrating its trans-
formation under varying chemical potentials (w). The Lifshitz
transition, denoting a shift in the Fermi surface topology,
can be controlled experimentally by adjusting the chemical
potential, carrier density, and, consequently, the Lifshitz point
through gate voltage modulation. Notably, at © = —0.42¢eV,
only two orbitals form electron-like pockets, but as u in-
creases, additional electron-like pockets emerge as shown in
Fig. 5. At © = —0.33 eV, all three pockets contribute to the
Fermi surface. This highlights the 3/3 configured hetero-
interface as an optimal choice for transport devices due to its
proximity to the FL.

V. MAGNETIC ORDERING

Numerous investigations are available in literature for the
magnetic characteristics of bulk LVO compound [28,46—49].
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FIG. 5. (a) The tight-binding band structure and [(b)—(e)] the change in the Fermi surface topologies can be observed at different chemical
potentials (x1). The Fermi surfaces are plotted in the k,-k, plane and in units of 7.

With a total spin moment S = 1 from V3 ionic configuration
(3d?), vanadium (V) plays a crucial role in the magnetism
of LVO. The pseudo-cubic phase of LVO, with a tetragonal
distortion of the cubic structure, exhibits C-type antiferromag-
netic (AFM) order at low temperatures. In the C-type AFM,
V moments in the basal plane (ab plane) are antiferromagnet-
ically ordered while the moments along the ¢ axis are ordered
ferromagnetically. The susceptibility displays a peak at the
transition temperature Ty ~ 140 K and there is a concomi-
tant orthorhombic to monoclinic transition at that temperature
[28,49]. Conversely, the cubic LVO, sharing the same space
group as KTO (Pm3n), is claimed to be ferromagnetic (FM)
[32]. In Fig. 6(a), we present the spin-polarized DOS for bulk
cubic LVO, revealing the unmistakable FM nature of the cubic
phase. Notably, the DOS illustrates a substantial band gap
(approximately 4 eV) in the spin-down channel, while the
spin up channel shows finite DOS at FL, indicative of a half-
metal. This was reported earlier as well [32]. The half-metallic
character, a distinctive feature of the ferromagnetic state [50],
has its potential utility in spintronics devices, where both spin
current and charge current are harnessed [51-56].

To explore the magnetic order in the (001) interface com-
posed of LVO/KTO, we conducted spin-polarized density
functional theory calculations for a range of interfaces illus-
trated in Fig. 2. The sublattice magnetization was constrained
to exhibit parallel alignment on V atoms across different lay-
ers for FM order and antiparallel alignment for AFM order.
The crystal structures are relaxed with different magnetic or-
derings, by keeping again the in-plane lattice constant fixed.
The relaxed geometries are shown in Fig. S3(b) of Ref. [44].
After relaxation there is a uniform elongation of the atomic
layers in the magnetic case, making the system more stable
compared to the nonmagnetic case (Fig. S3(a) of Ref. [44]),
where the LVO and KTO layers are nonuniformly deform-
ing the overall geometry. This uniform relaxation of atomic
positions in the magnetic case is possibly the reason for the
insulating phases, which we are going to discuss shortly.
Moreover, we also perform a full geometry relaxation (atomic
positions and lattice parameters), and find that the electronic
structure of the system is unaltered, implying the local relax-
ations are more important than the global geometry relaxation.
The AFM DOS for 2/2 with partial (atomic positions) and

full geometry relaxation are shown in Fig. S4 of Ref. [44].
We then compared the spin-polarized ground state energies
(GSEs) of all the heterostructures, considering various mag-
netic orderings such as nonmagnetic (NM) with zero moment,
FM, and AFM. By AFM we mean that each V layer is fer-
romagnetic but the layers are antiferromagnetically ordered
as one goes from one layer to the next in the (001) direc-
tion. In a bulk system this type of AFM ordering is referred
to as A-AFM. The resulting data are organized in Table L.
Notably, we observe that energetically the AFM ground state
consistently emerges as the most favorable ground state in all
the heterostructures excepting for the monolayer of LVO. An

IDOS (states/eV)

6 -4 -2 0 2
Energy (eV)

(b) FM

4

T up —
tdown

' 1/2

-

DOS (states/eV)

DOS (states/eV)

-6 -4 -2 0 2

Energy (eV)

4

4 2 0 2
Energy (eV)

FIG. 6. (a) The spin-resolved density of states (DOS) for the
cubic LVO. The gap in the minority spin channel shows it is an FM
half-metal. (b) The FM DOS for various interfaces. (c) DOS for the
AFM order. The DOS range for all the plots is —20 to 25 states/eV.
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TABLE 1. The ground state energies (in eV) for nonmagnetic (NM), ferromagnetic (FM), and antiferromagnetic (AFM) ordering. FM
implies both intraplanar (parallel to the interface) and interplanar (perpendicular to the interface) spin orientations, and AFM implies intraplanar
ordering is ferromagnetic and interplanar nearest-neighbor ordering is antiferromagnetic (commonly known as A-AFM in 3D magnetically
ordered systems). The value of U used for V 3d orbitals is 3 eV (the cases with U = 5 eV are shown in the bracket).

interface NM (eV) FM (eV) AFM (eV) Nature

1/2 —112.212 —113.655 FM-Insulator
1/4 —186.148 —187.592 FM-Insulator
2/2 —151.557 —153.938 (—151.952) —153.989 (—151.985) AFM-Insulator
2/3 —188.520 —190.907 —190.959 AFM-Insulator
2/4 —225.475 —227.868 —227.923 AFM-Insulator
2/6 —299.447 —301.853 —301.896 AFM-Insulator
3/3 —227.694 —230.728 —231.187 AFM-Insulator
3/4 —264.643 —266.855 (—264.568) —267.794 (—265.085) AFM-Insulator
3/5 —301.649 —304.962 —305.166 AFM-Insulator
4/4 —303.897 —307.732 —308.364 AFM-Metal
4/5 —340.926 —345.012 —345.082 AFM-Metal
4/6 —375.535 —380.743 —382.245 AFM-Metal
5/5 —380.247 —385.253 —385.732 AFM-Metal

examination of Table I reveals a small difference (approxi-
mately 0.1 eV) between GSEs of FM and AFM with equal
number of LVO and KTO layers, suggestive of a potential
coexistence of AFM and FM ground states [57], and a pos-
sible transition between them. To assess the stability of the
magnetic behavior with variations of Hubbard U, we perform
the spin-polarized calculations for some of the interfaces with
ahigher U of 5 eV. Assuredly, the ground state remains nearly
insensitive to changes in U, as evidenced by the GSEs detailed
in Table L.

As we noted earlier in the introduction, the local sym-
metries of bulk materials could be lowered by forming
heterostructures resulting in MIT [23,24]. If the energy can
be lowered by lowering symmetries, it indicates a possible
stable phase and an electronic phase transition might occur.
By forming interfaces and introducing magnetic order, we
break crystal symmetries. We calculated the relative GSEs per
formula unit for each configuration and found that the energies
are lowered for magnetic states. The measured relative GSEs
are tabulated in Table T2 of Ref. [44]. We find that the AFM
and FM are more stable than the nonmagnetic phases. How-
ever, even though we have symmetry breaking in the system,
it is not enough to open a gap at the FL in the single particle
spectrum. In order to open a band gap, addition of Hubbard-U
in the density functional calculations is required (in addition
to local structural and magnetic SBs). For example, we check
the AFM-DOS without and with U for the 2/2 LVO/KTO
heterostructure (see Fig. S5 of Ref. [44]), and find that effect
of electron-electron correlation is necessary for a gap to open
up between occupied and unoccupied single particle states.

Examining the ferromagnetic DOS (though it is less stable
compared to AFM) shown in Fig. 6(b), it is evident that
the interfaces exhibit a half-metallic behavior. Specifically,
only one spin channel conducts at the FL, while the other
channel remains gapped. All FM LVO/KTO (001) interfaces
appear to possess inherent half-metallic character beyond
three LVO layers. It is crucial to highlight that the bulk LVO
itself is half-metallic, but this half-metallicity is suppressed
in (LVO),,/(KTO), heterostructures, where, m < 4. In these
cases, the system makes a transition to an insulating state. It

requires more than three layers of LVO for the bands of one of
the spin channels to appear at the FL in the FM heterostruc-
ture, and make it conducting (as half-metal). This is illustrated
in Fig. 6(b). Turning attention to the AFM cases in Fig. 6(c),
it is seen that they exhibit insulating behavior for configura-
tions with fewer than four layers of LVO. Additionally, the
magnetic moment on each V atom is found to be slightly less
than 2.

In order to understand the underlying mechanism for the
magnetic ordering, we plot the orbital levels and correspond-
ing orbital-projected, spin-resolved density of states in Fig. 7
of different interfaces with different magnetic and conduct-
ing characters. Also shown are the primary location of the
two electrons of V3T in its outermost shell. Analyzing the
spin-resolved DOS as presented in Fig. 6, we identified differ-
ent magnetic characteristics for configurations 2/2, 2/4, 4 /4,
and 4/5, classifying them as FM-insulator, FM-half-metal,
AFM-metal, and FM-half-metal, respectively. We report for
all possible conducting and magnetic orderings for the sake
of completeness, even though the interlayer AFM is the most
stable phase. The Goodenough-Kanamori-Anderson (GKA)
rule [58-62] may be used to interpret the magnetic behav-
ior of the 2/2 configuration shown in Fig. 7(a). In the 2/2
heterostructure, antiferromagnetic coupling along the ¢ axis
arises from a superexchange mechanism facilitated by oxy-
gen anions. This can be seen from the DOS plot shown in
Fig. S6 of Ref. [44], where oxygen and V atom-projected
DOS are present on the same energies just below the FL.
This involves a virtual hop between the two V3* ions via the
intervening oxygen. Specifically, the superexchange involves
a p-d hopping process where O 2p orbitals overlap with V
3d,. . orbitals. Moreover, the o overlap of 2p orbitals with the
e, orbitals is stronger than the 7 overlap with the ,, orbitals,
indicating a relatively weak antiferromagnetic superexchange
in the case of the 2/2 interface. The DOS in Fig. 7(b) is
essential to understand the ferromagnetic exchange in 2/4.
Here, both V1 and V2 exhibit the same spin-orbital order,
featuring a gap where the FL is elevated compared to 2/2.
The FM superexchange mechanism governs the behavior of
the 2/4 FM insulator, wherein an occupied and an empty
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FIG. 7. The orbital occupations with spin-levels shown in light green (spin-up) and cyan (spin-down) for (a) 2/2, (b) 2/4, (c) 4/4, and
(d) 4/5 interfaces. V1, V2, etc. are the vanadium ions (V3*). The vanadium ion nearest to the interface is V1. Black dashed lines are the Fermi
levels in all cases. Corresponding orbital-projected spin-resolved DOS are shown in the lower panels: e, and t,, orbitals in the middle and
lower panels, respectively.

orbital exchange electrons via oxygen. This superexchange is
relatively weak in the 2/4 scenario, as the f,, orbitals bond
with O 2p orbitals through 7 overlap.

Next

we analyze the DOS for the 4/4 interface where

insulator-metal transition occurs [shown in Fig. 7(c)]. Clearly,
I, orbitals are dominantly taking part at the FL. Focusing on
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FIG. 8. The charge density difference (Ap) plots for (a) 2/2,
AFM-insulator, (b) 4/4, AFM-metal, (c) 4/5, EM-half-metal, and
(d) 4/5, AFM-metal. Yellow surfaces represent electron clouds and
the blue regions represent electron depletion. The isosurface value is
set at 0.005 ¢/A3.

a particular orbital, such as dy, (indicated by the green lines in
the lower panels of Fig. 7(c)), of V1 and V2, they touch each
other just below the FL with their opposite spin moments. The
same is true for V3 and V4 as shown in the last two panels of
Fig. 7(c). In this scenario, electrons hop between nearest V3
ions along the ¢ axis via intervening oxygen leading to in-
terplanar antiferromagnetic superechange. A direct exchange
mechanism can be utilized to explain the FM half-metal char-
acter in 4/5, with no contribution from down spins from any
of the V atoms. It is important to remark that in the 4/4 and
4/5 configurations of Figs. 7(c) and 7(d), the inner V3 ions
(V2 and V3) are alike in terms of DOS, while the outermost
V3+ jon (V4) is similar to the one near the interface (V1). This
suggests there is an interaction which connects interface to the
surface, such as electron reconstruction mechanism.

The AFM-metallic phases are always intriguing. In order
to get insights how AFM-metallic phases of 4/n interfaces
are different from AFM-insulator (2/2) and FM-half-metals,
and understanding the charge reconstruction mechanism, we
plot the charge density difference in Fig. 8. One thing
which is common in all the four cases is the formation of
two-dimensional electron gas (2DEG) at the interface. This
indicates charge accumulation at the interfacial Taj,, as will
be further demonstrated by the partial free charge carriers we
will discuss shortly. The formation of the interface attracts
charges from the surface and bulk layers and induce electronic
interactions at the interface of both the materials leading to
conduction of the interface. The only difference among all is
observed in the 4/n cases [see Figs. 8(b) and 8(d)], where
it is clearly seen that there are more charge accumulation at

the V2 site. As we mentioned earlier, 4/n is the case where
the AFM interfaces start conducting and showing a transition
from insulating to metallic phase. We see that there is a charge
leftover at V2 after subtracting the charge densities of LVO
and KTO, and this leftover charge is supposed to be the source
of the metallic AFM phase in the 4/n interfaces. We also
calculate partial free charge carrier stemming from different
V atoms by integrating the atom-projected DOS near the FL.
for the 4/4 interface (shown in Fig. S9 of Ref. [44]). There
are mixed charge carriers (electrons and holes) at the interface
whose magnitudes are given in Table T3 of Ref. [44]. We find
that holes are in majority, which are contributed by the internal
V atoms, V2 and V3. There is a small contribution of electrons
at Ta;,, (see Table T3 of Ref. [44]).

We will now discuss the electronic polarization originated
from the polar distortions in the insulating interfaces using
Berry phase method [63—65]. Our focus lies specifically on the
aggregate electronic polarization within magnetic insulating
interfaces. A comprehensive examination of local polariza-
tions and their associated distortions necessitates a separate,
detailed investigation. The total electronic polarization cal-
culated for 2/2-AFM, 2/3-AFM, and 3/3-AFM insulating
interfaces are 0.24, 0.71, and 0.73 C/mz, respectively. It is
crucial to underscore that the relaxation of crystal geometries
induces local distortions, resulting in a charge imbalance and
the formation of dipoles. These dipoles constitute the primary
origin of electronic polarization within the system. In con-
trast, the unrelaxed geometries exhibit have higher energy, are
metallic, and do not support dipole moments.

In the oxide interfaces of this nature, as highlighted in
our introduction, achieving a critical thickness is pivotal for
metallicity of the interface. Contrary to experimental claims
[4] our study emphasizes the consideration of magnetic in-
teractions for the determination of the critical thickness and
there is no unique value for every m/n combination. Our
spin-polarized calculations demonstrate that, for the interface
to exhibit conductivity, a critical thickness of no less than
four layers of LVO, featuring interplanar AFM interactions,
is imperative (Fig. 6).

VI. +/2 x +/2 SUPERCELLS

To explore the intra and interlayer magnetic coupling fur-
ther and to confirm that intra-planar exchange between V
moments is ferromagnetic, we construct a +/2 x /2 supercell
for the 2/2, 3/3 and 4/4 supercells. We expand the 1 x 1
supercells along the diagonal direction, the in-plane lattice
constant of the new supercells is now +/2a = 5.70 A (a is
the lattice constant of 1 x 1 supercell). Therefore the new
supercells have two transition-metal (TM) ions within each
plane. In the /2 x /2 supercells, there are two magnetic V3*
ions in each plane, one at the corner (V1) and another at the
center (V2), the schematic of which is shown in Fig. 9(a). A
relaxed structure is also shown in Fig. S8 of Ref. [44] for the
3/3 heterostructure. All the atomic positions and the lattice
geometries are allowed to relax and buckling in the bonds
can be seen after the relaxation. The La-O and V-O (K-O and
Ta-O) bonds bend in the downward (upward) direction along
the ¢ axis and the overall bond angle (O-M-O, where M is A
or B of the ABO3; complex) in the plane deviates from 180°.

054402-9



SHUBHAM PATEL et al.

PHYSICAL REVIEW B 110, 054402 (2024)

-6 4 -2 0 2 4

(d) A-AFM
-6 -4 2 0 2 4 —‘6—4—‘20‘24

(e) C-AFM H G-AFM

FIG. 9. (a) Top and (b) side views of a V2 x 2 supercell for
the 2/2 configuration. V1 and V2 indicate the magnetic V3* ions at
the corner and at the center of the supercell, respectively. There are
four magnetic ions in this 2/2 supercell, two in each layer, posing a
possibility for FM, A-AFM, C-AFM, and G-AFM. Respective spin-
polarized DOSs are shown in (¢) FM, (d) A-AFM, (e) C-AFM, and
(f) G-AFM. Vacuum is added along the ¢ direction as shown by the
arrow in (b).

As discussed for the normal supercells, the v/2 x +/2 super-
cells also show an overall elongation along the ¢ axis. LVO
and KTO layers stretch in the opposite directions inducing
a polar distortion between LVO and KTO (see Fig. S8(b) of
Ref. [44]). The /2 x +/2 supercells make it possible to study
various AFM orders, such as A-AFM, C-AFM and G-AFM. In
the A-AFM, all the magnetic ions in a plane are aligned along
the z direction while the ones in the next plane are oppositely
aligned. In C-AFM order, the spins of the corner ions are up
in each layer while the spins at the central atoms are down. In
G-AFM, all the nearest-neighbor spins are aligned opposite
to each other. Comparing the GSEs for the normal 1 x 1
and the v/2 x +/2 supercells, for FM and A-AFM order, we
note that the GSEs are exactly doubled due to doubling of
the system size, within the accuracy of ~0.01eV. We next
calculate the GSEs for all the four (FM, A-AFM, C-AFM,
and G-AFM) magnetic orders, and find that the A-AFM is the
most stable state and the FM is the second most stable, except

1/2 and 1/4-4/2 x /2 supercells. In 1/2, the intralayer AFM
is more stable as compared to intralayer FM. The intralayer
AFM in 1/2 is slightly lower in energy (0.08 eV) as compared
to the FM. On the other hand, the trend in 1/4 is consistent
with other m/m configuations (shown in Table II) for which
the intralayer AFM is the less stable as compared to the
intralayer FM. The C-AFM magnetic state possesses highest
GSE, implying that 2D antiferromagnetism (in a single plane)
is unstable. Our study thus suggests that the interlayer AFM
coupling (A-AFM) is favorable and the intralayer coupling is
ferromagnetic (as against C and G-type AFM). Therefore, the
stable AFM orders are, in fact, A-type AFM ground states.
We plot the corresponding DOS in Figs. 9(c)-9(f). We notice
that the FM and A-AFM are insulating with the valence bands
almost touching but not crossing the FL. We also show that
the DOS for the normal 2/2 supercell are insulating for the
FM and the A-AFM states (Fig. 6). The DOS for 1/2, 1/4,
3/3 and 4/4-/2 x +/2 supercells are shown in Fig. S7 of the
Ref. [44]. 1/2 and 1/4 are insulating in their stable phases,
intralayer AFM and FM, respectively. For 3/3 and 4/4, the
A-type AFM is the most stable state with insulating and
metallic property, respectively, as shown in Figs. S7(i) and
S7(n). Thus, we find that the critical thickness for metallicity
of LVO/KTO heterostructures is more than three layers of
LVO, that holds true even for the extended ~/2 x +/2 su-
percells. In addition, magnetism plays an important role in
confirming the experimentally observed insulator to metal
transition.

VII. DISCUSSION AND CONCLUSIONS

In summary, we studied several heterostructures formed
out of cubic LVO and KTO perovskites, stacked along the
(001) direction. We assessed their stability by computing their
formation energies, with negative values indicating the feasi-
bility of interfaces with cubic KTO as the substrate, despite
LVO naturally existing in the orthorhombic phase. We study
both nonmagnetic and magnetic cases. Our findings for the
nonmagnetic case are as follows. (1) To have Ta 5d,, states
participate in transport, a minimum of two cubic LVO layers
is necessary. (2) Mostly, #, bands of all the 3d-V atoms
contribute to the FL, while only Tajy 5dx, band plays any
role. (3) The Lifshitz transition, observed in interfaces with
three or more layers of LVO, involves V 3d,; . bands near
the interface and Ta 5d;, at the interface, in contrast with
LAO/STO interface, where the transition occurs among the
I, bands of Ti at the interface. This underscores the intricate

TABLE II. The ground state energies per unit cell (in eV) for ferromagnetic (FM), A-type antiferromagnetic (A-AFM), C-AFM, and
G-AFM orderings for +/2 x /2 supercells. The GSEs suggest that the A-AFM is the most stable and the FM is the second most stable state,

except 1/n.

interface FM A-AFM C-AFM G-AFM Nature

1/2 —227.326 —227.413 AFM-Insulator
1/4 —375.194 —372.613 FM-Insulator
2/2 —307.876 —307.985 —305.313 —306.408 A-AFM-Insulator
3/3 —462.285 —462.462 —459.698 —461.020 A-AFM-Insulator
4/4 —616.250 —616.591 —613.942 —616.337 A-AFM-Metal
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multiatom multi-orbital contributions to the transport phe-
nomenon in these heterostructures. Furthermore, our study
demonstrates that the bands involved in the Lifshitz transition
can be finely tuned using the thickness of LVO and KTO. (4)
Notably, our band structure and the model Hamiltonian study
predicts negligible Rashba SOC, raising questions about the
significance of SOC in transport. Additional layers of KTO,
while keeping LVO layers constant, have minimal effects on
the physics near the FL.

Magnetism in LVO/KTO heterostructures, is primarily in-
fluenced by the magnetic properties of LVO. Spin-polarized
DFT calculations indicate that in LVO/KTO heterostructures,
the interlayer AFM ordering, commonly known as A-AFM,
ground state is the most favorable, while the nonmagnetic
ground state being the least stable. We observe that if the
number of LVO layers are fewer than four, the A-AFM
ground states become insulating. The DOS for ferromagnetic
heterostructures demonstrates a half-metallic character. The
small energy difference between FM and AFM ground state
energies implies a potential coexistence of AFM and FM
ground states. Superexchange interaction mediated via oxy-
gen ions is responsible for the antiferromagnetic coupling,
while a direct exchange most likely leads to ferromagnetic
coupling. The magnetic interactions are necessary to explain

the critical thickness of LVO for the conducting LVO/KTO
heterostructures. The extended \/5 X ﬁ supercells further
confirms the essential role of magnetic interactions in eluci-
dating the critical thickness of LVO. Furthermore, it is also
shown that A-AFM (interlayer AFM and intralayer FM) is
most stable state for all m/n, except 1/2, for which the in-
tralayer AFM is favorable.
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