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Superconductivity in the family of spinel oxides is very rare owing to their robust Mott-insulating nature.
About half a century ago, LiTi,O4 became the first reported spinel compound to show superconductivity with a
12 K transition temperature. Since then, several unsuccessful attempts were made to enhance the 7; of this family
of materials. However, a very recent experiment [A. Rahaman et al., arXiv:2209.02053] has reported supercon-
ductivity at a higher temperature (below ~16 K) in the V-doped Mg, _;Ti,O, thin surface layer while its bulk
counterpart remains Mott insulating. The superconducting 7; of this material is significantly higher compared to
other engineered MgTi, O, thin films grown on different substrates. From our first-principles analysis, we have
identified that Mg depletion significantly reduces Jahn-Teller (JT) activity and antiferromagnetic superexchange
at the surface layer of V-doped Mg,_,;Ti,O4 due to considerable charge transfer between various ions. The

combined effect of a degraded antiferromagnetic order and reduced JT activity weakens the “Mottness” of the
system, leading to the emergence of superconductivity at higher temperatures.

DOI: 10.1103/PhysRevB.107.174515

I. INTRODUCTION

The emergence of unconventional superconductivity in
strongly correlated systems is believed to originate from
a repulsive electron-electron interaction that mediates the
Cooper pair formation in the doped Mott insulators [1-4].
This strong on-site Coulomb interaction between electrons
also drives the long-range antiferromagnetic order in the
undoped compounds [5,6]. However, these two phases do
not coexist and superconductivity arises after the suppres-
sion of antiferromagnetism and other intertwined electronic
phases, e.g., possible spin and charge order [7,8]. Over
the last four decades, unconventional superconductivity has
been discovered in many strongly correlated systems: among
them, cuprates [9—12], nickelates [13—15], iron-based pnic-
tides [16-18], and heavy fermion superconductors [19-21]
have been extensively studied.. Lately, the focus has shifted
towards exploring new superconductors that offer rich func-
tionalities. This family of superconductors not only helps in
understanding the interplay between superconductivity and
other exotic phases but also promises diverse application pos-
sibilities [22-25].

Transition-metal spinel oxides show some promise as they
are well known for a variety of fascinating functional prop-
erties due to a strong coupling between their charge, spin,
orbital, and lattice degrees of freedom induced partly by
Jahn-Teller (JT) distortion [26—-31]. Charge fluctuations have a
major role to play in enhanced superconductivity. Indeed, one
of the motivations for the early search for high-7; supercon-
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ductivity was the suppression of JT distortions in perovskite
oxides leading to enhanced charge fluctuations [32]. However,
superconductivity in the family of spinel oxides is rare. It was
first observed in charge-frustrated mixed-valent spinel oxide
LiTi, O, (having both Ti** : 3d! and Ti*" : 3d°) a long time
back [33] with a T. of 12K. Since then, there has been a
lively debate on the origin and nature of superconductivity
in LiTi;Oy4, until a very recent experiment provided strong
evidence for anisotropic d-wave pairing in LiTi,Oy4 [34]. This
indeed suggests an unconventional superconductivity due to
spin-orbital fluctuations induced by charge frustration [35,36].

Several attempts have been made in the past to increase the
T. by doping at the Li/Ti site of LiTi,O4 [37-39] or finding
alternate spinel oxides that have similar properties to LiTi, Oy.
In this regard, MgTi, Oy is one of the best candidates because
the ionic radii of Mg?>" and Li* are almost identical. How-
ever, like most spinel compounds, bulk MgTi,O4 undergoes a
metal-to-insulator transition (driven by JT distortion) at 260
K [26,40] and remains a Mott insulator down to the low-
est temperatures. Interestingly, a few purposefully engineered
MgTi,O4 compounds bring superconductivity into the pic-
ture by suppressing its Mott insulating nature. For example,
superconductivity has been reported in a superlattice consist-
ing of MgTi,O4 and SrTiO; having a reduced Mg/Ti ratio
[23] or in highly Mg-deficient Mg-Ti-O films (Mg:TigO;9)
on the (011)-oriented MgAl, Oy substrate [41]. Unfortunately,
in all the above cases, the superconducting 7. remains much
lower than 12 K, the 7. of LiTi,O4 [23,33,41]. A major
breakthrough came very recently when a recent experiment
reported superconductivity in the Mg-deficient surface layer
of V-doped MgTi,04 with a considerably higher 7; of ~16 K
(the highest among the spinels so far) [42]. The bulk
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V-doped MgTi, 04 compound, on the other hand, remains a
Mott insulator [43,44]. Despite the fact that charge and orbital
fluctuations have been speculated as possible reasons for the
enhancement of T¢, the mechanism and a theoretical explana-
tion for superconductivity in the surface layer of the V-doped
Mg, _;TipO4 are still missing and require further attention.
Using first-principles approach, we have studied the elec-
tronic properties of insulating bulk V-doped MgTi, O, and its
Mg-deficient surface layer, which shows superconductivity at
~16 K. We have demonstrated how various ordered phases
such as spin, orbital, and charge-ordered states vary from
bulk to surface layers, and how Mg depletion at the top layer
diminishes the overall JT activity of the neighboring layers
and enhance the instabilities that already exist in the system.
All these factors, as a whole, contribute to the “high-7;” su-
perconductivity in V-doped Mg, _sTi»O4 spinel.

II. METHODS

Density-functional theory (DFT) calculations have been
performed using a plane-wave basis with a kinetic energy
cutoff of 500 eV and the projector augmented-wave method
[45,46] as implemented in the Vienna Ab initio Simulation
Package (VASP) [47,48]. The Perdew-Burke-Ernzerhof [49]
version of the generalized gradient approximation (GGA) has
been used as an exchange-correlation functional. A v/2 x
V2 x 1 supercell containing 8 f.u. has been used for bulk
calculations. This supercell serves two purposes: (i) it can
accommodate 37.5% bulk and 33.33% surface V doping
(close to experimental 30% V-doped case) and (ii) the up-up-
down-down antiferromagnetic spin configuration (magnetic
ground state) can be constructed. In spin-polarized calcula-
tions, strong correlation effects for the Ti and V 3d electrons
have been incorporated within the GGA-+U approach [50].
We have used an effective on-site Coulomb repulsion, U =
3 eV, for both transition-metal ions, which is reasonable for
similar systems [51,52]. For the bulk compound, both lattice
constants and atomic positions are relaxed using GGA+U un-
til the forces on each atom converge to 0.005 eV/A. However,
for the slab calculations, only atomic positions were relaxed
until the forces on each atom converged to 0.01 eV/A. The
optimized bulk and slab structures are given in Supplemental
Material S1 [53]. The reciprocal-space integration has been
carried out using 4 x 4 x 4 and 2 x 2 x 1 I'-centered k-mesh
grid for the bulk and slab calculations, respectively.

III. RESULTS

Bulk V-doped MgTi,04 is reported to crystallize in the
distorted cubic-spinel structure (space group F'd — 3m) above
room temperature, whereas the x-ray spectrum of V-doped
MgTi,O4 at 15 K fits a tetragonal /4, /a structure better [44],
indicating that the system undergoes a JT-driven structural
phase transition. Besides, it has been reported that the elec-
tronic structures and orbital order qualitatively remain almost
identical irrespective of the choice of crystal structure [44].
So, either structure would do equally well while exploring
electronic properties, but since the high-T. superconductivity
has been observed below ~16 K, we consider the tetragonal
structure in our calculations.

For both the end compounds MgTi,O4 and MgV, 0y, the
respective transition metal Ti** (3d') and V3* (3d?) ions are
JT active because of the partial occupation of f,, orbitals; they
possess orbital degrees of freedom. However, when a V3+
ion is doped at the Ti** site, an electron is transferred from
the Ti ion to the nearest V ion, and this introduces mixed
valency for both V and Ti ions into the system. Therefore,
V-doped MgTi, Oy contains both orbitally inactive V>*(3d%)
and Ti** (3d") along with orbitally active Ti** and V3* ions
[Fig. 1(a)]. Therefore, in V-doped MgTi,0Oy4, the presence of
Ti** and V** ions leads to a partial reduction of the orbital
degrees of freedom, as they are JT inactive due to their empty
and half-filled 1,, shells, respectively. Furthermore, as shown
in Supplemental Fig. S1(a) [53], TiO¢ and VOg octahedra in
this compound share edges, suggesting the occurrence of a co-
operative JT distortion. This effect is particularly pronounced
when neighboring transition metals are also JT active, as ob-
served in compounds like MgTi,O4 and MgV,0,. However,
in the case of V-doped MgTi, 04, the cooperative JT activity
is reduced due to the presence of non-JT-active V>* and Ti**
sites.

We now discuss the electronic structure of the tetragonal
phase of V-doped MgTi,O4. As reported in the literature,
the bulk V-doped MgTi,O4 compound is a Mott insulator, in
which Ti and V spins form an antiferromagnetic (AFM) order.
To obtain an insulating ground state, GGA+U calculations
have been performed. As reported in the previous literature
[44], for 37.5% V doping, the atomic arrangements of Ti and
V ions for which the total energy of the system is minimum
has been chosen [Fig. 1(a)]. The up-up-down-down AFM spin
order within each corner-shared tetrahedral unit of transition
metals is taken as the initial spin configuration. But, due to the
electron transfer from Ti** — V3T, a few Ti>T ions convert to
spinless Ti** (d°) ions, and the converged spin configuration
of V-doped MgTi,O; is shown in Fig 1(b).

Figures 1(c)-1(d) depict the resultant insulating density of
states (DOS) of V-doped MgTi,O4. Here, Ti and V orbital-
projected d states (t,; and eg) around the Fermi level (Ep)
are shown. As expected, the d orbitals of Ti** ions (d°) are
unoccupied in both spin channels, whereas the 1, levels of
Ti** (d") are partially occupied in the majority spin chan-
nel and completely unoccupied in the minority spin channel
[Fig. 1(c)]. On the other hand, the half-filled #,, levels of v+
(d?) that lie well below the E are occupied by the minority
spins [Fig 1(d)]. As a result, both Ti** and V?* ions are
orbitally inactive and do not participate in the JT activity. In
case of V3t (d?), I, levels are partially occupied by two elec-
trons in the majority spin channel [Fig. 1(d)]. Interestingly, in
the majority spin channel, the valence- and conduction states
(bands) across Er (~1 eV) are the 1,, levels of Ti*t and V3,
respectively. Therefore, under a suitable external perturbation
(such as doping, electric field, etc.), the transfer of an electron
from Ti** — V3% is energetically more favorable than any
other ions involved. Eventually, the electron-transfer process
assists in lifting orbital degeneracies of electrons on both Ti
and V ions and thereby melts the JT distortion. The incidental
orbital order of Ti and V ions in the bulk V-doped MgTi,0O4
compound is shown in Supplemental Fig. S1(b) [53]. This
partial DOS analysis to identify JT active/inactive sites is con-
sistent with the length-distortion parameter (¢) [54] analysis
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FIG. 1. (a) Crystal structure and (b) magnetic ground state of 37.5% bulk V-doped MgTi,O, compound containing both orbitally inactive
Ti** (34%) and V**(3d?) ions along with orbitally active Ti** (3d') and V3* (3d?) ions. Mg atoms are depicted in yellow, Ti are in blue, V
are in red, and O are in green, whereas majority and minority spins are marked as orange and blue arrows, respectively. d-orbital (#,, and
e,) projected density of states of (c) Ti and (d) V atoms in the majority and minority spin channels as obtained within GGA+U calculations.
Results indicate the insulating ground state of the 37.5% bulk V-doped MgTi,O4 compound, where the Fermi level is denoted as Eg.

that involves Ti/V-O distortions of the respective octahedron
(cf. Supplemental Material S3 [53] for details). But, calculat-
ing ¢ for the slab configurations is very challenging because of
their complex geometry and the presence of many transition-
metal ions. Therefore, we have considered the partial DOS
approach to identify JT active/nonactive sites for bulk and slab
structures.

A. Mg depletion

In order to understand the surface superconductivity phe-
nomenon in the Mg-depleted V-doped MgTi,O4 compound, a
slab has been constructed from the bulk compound. For this
purpose, a +/2 x +/2 x 2 supercell has been constructed and
a vacuum of 20 A has been introduced along the (001) direc-
tion. The V-doped MgTi,O4 slab has the same stoichiometry
as the bulk, and it contains eight layers of transition metals.
The advantage of this supercell construction is that the bulk
magnetic configuration can be accurately reciprocated to the
slab geometry, and the surface layers can be viewed separately
from the bulk. The ratio of orbitally active V3t (Ti31) sites and
orbitally inactive V>* (Ti*") sites in the V-doped MgTi, O,
slab remains the same 1:2 (3:2) as bulk. Therefore, the JT
activity does not get perturbed by changing the dimensionality
of the system.

First, we discuss the pristine V-doped MgTi,O4 slab
[Fig. 2(a)] and analyze the DOS of each surface layer

containing transition-metal atoms. Figures 2(b)-2(f) shows
the d-orbital projected DOS of Ti and V atoms for the first
three layers as these can be considered as the surface layers
due to their proximity to the surface Mg atoms. The first
layer contains only JT-active Ti** ions, and their I, electrons
occupy the states below the Er [Fig. 2(b)]. The second layer,
on the other hand, has both JT-active Ti’* and JT-inactive
V**. The 1y, electrons of the respective majority and minority
spin channels of Ti’* and V>* lie below the Er [Figs. 2(c)
and 2(d)]. In the third layer, JT activity, however, is governed
by V cations. As evident from the DOS [Fig. 2(e)], d states
of Ti atoms on the third layer are unoccupied, which con-
firms their 44 valency. Also, the DOS of V atoms (on the
same layer) mimics the DOS of V3* in the bulk and shows
the partial occupancy of 1, orbitals [Fig. 2(f)]. Interestingly,
these surface states remain insulating, which is consistent with
the experiments. The corresponding orbital order of this slab
structure is shown in Supplemental Fig. S2(a) [53].

Now we turn to discuss the case of Mg-depleted V-doped
MgTi, 04 slab structure [Fig. 3(a)], which causes a charge
imbalance in the system. In order to restore the charge bal-
ance, a charge-transfer process across the surface layers is
inevitable. Besides, the vacancy defects created during this
process would lead to local structural distortions that affect
the JT activity and may favor superconductivity to appear in
the system. Therefore, understanding the electronic properties
of the surface layer is crucial to explore the possibility of
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FIG. 2. (a) V-doped MgTi, Oy slab structure containing 33.33% surface V atoms. The first three layers of transition metals are considered
as the surface layers because of their proximity to the surface Mg atoms, whereas the bottom five layers can be considered as the part of bulk
counterpart. Charge states of the respective transition metals of the surface layers are indicated. (b)—(f) d-orbital (to, and €,) projected density
of states (DOS) of Ti and V atoms in the majority and minority spin channels of each surface layer as obtained within GGA+-U calculations.

superconductivity at the surface of the V-doped Mg, _;Ti,O4
spinel compound.

Figures 3(b)-3(f) shows the DOS of Ti and V ions of the
top three surface layers of V-doped Mg;_;Ti,O4. Unlike the
previous case (without Mg depletion), the first layer contains
both JT-active Ti** and JT-inactive Ti** at alternate sites (cf.
orbital order, Supplemental Fig. S2(b) [53]) as indicated in
the DOS [Fig. 3(b)]. The DOS of the next layer [Fig. 3(c)],
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which was previously occupied by the £, states of Ti**, be-
comes completely unoccupied, indicating the transition of the
Ti** — Ti**. However, V atoms of the same layer remain in
the 2+ state (half-filled #,,) [Fig. 3(d)], which implies that the
JT activity of the second layer is completely suppressed. Strik-
ingly, the DOS of V atoms [Fig 3(f)] of the third layer shows a
metallic nature (5, levels lie on the Ef), and the ions show an
intermediate valency close to 2+ that effectively reduces the
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FIG. 3. (a) V-doped Mg, _;Ti,O4 (Mg-depleted) slab structure containing 33.33% surface V atoms. Charge states of the respective transition
metals of the surface layers are indicated. (b)—(f) d-orbital (t,, and e,) projected density of states of Ti and V atoms in the majority and minority
spin channels of each surface layer as obtained within GGA+U calculations.
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FIG. 4. Charge-density difference plot of the V-doped MgTi, O, slab (a) with Mg and (b) without Mg atoms at the surface. Yellow and cyan
colors represent the charge-accumulation and charge-depletion region, respectively. (c) Schematic of the charge-transfer mechanism across the

surface layers.

strength of JT interaction at those sites. But, the 4+ charge
state of the Ti ion on the same layer does not change [Fig 3(e)].
Note that charge states of both Ti and V ions in the fourth
and subsequent layers remain unchanged, suggesting that the
effect of Mg depletion on charge transfer remains more promi-
nent in the first three layers. Therefore, Mg depletion helps
diminish the overall JT activity of the neighboring layers due
to the emergence of more orbitally inactive Ti and V ions, and
in addition, the slab becomes conducting.

Finally, we discuss the charge-transfer process that hap-
pens at the surface layers of V-doped Mg, _,;Ti,O4. Fig-
ures 4(a) and 4(b) depict the charge-density difference
between two slab structures before and after Mg depletion.
The surface O ion, which is connected to both Mg and Ti,
receives electrons from Mg because the alkaline earth metal
is more electropositive than the transition metal. Therefore,
when Mg is present at the surface, the unpaired valence elec-
tron of Ti stays at the d orbital [yellow isosurface [Fig. 4(a):
charge-surplus region]. But, as soon as the Mg is removed, Ti
donates its electron to the O and becomes a charge-deficient
site [cyan isosurface: Fig. 4(b)]. This electron transfer from
Ti to O at the top layer explains the mechanism behind the
transition of the Ti ion to the 44 state. At the same time,
another charge-transfer process takes place from Ti** (second
layer) to V3* (third layer). The unpaired valence electron of
Ti** could not go to the V7 sites of the same layer as the tae
orbitals of the latter are half filled and accommodating another
electron would cost more energy. As a result, the electron
would prefer to move to the V3T ion in the next layer to

achieve the minimum energy configuration at both sites and
become orbitally inactive simultaneously. The schematic dia-
gram of the corresponding charge-transfer process is shown in
Fig. 4(c).

We have further analyzed the electronic structures and
charge-states of 31.25% V-doped bulk MgTi,O4. The bulk
compound with 31.25% V doping has been constructed by
replacing one V by Ti in 37.5% V-doped structure. This
way, three different atomic arrangements of Ti and V ions
are possible. These optimized structures and their associate
energies have been included in the Supplemental Material
S2 and Supplemental Table S1 [53], respectively. Among all
possible arrangements of Ti and V ions in this doping con-
centration, the structure shown in Fig. S3(a) has the lowest
energy. The DOS of the respective Ti and V ions are shown
in Supplemental Figs S3(b) and S3(c) [53]. The compound
remains a Mott insulator, and the electronic structures remain
qualitatively the same as before (37.5%). However, the slab
constructed from 31.25% V-doped bulk has only 25% V atoms
at the surface layer, below the experimental ~30% V-doped
case [42]. The DOS (Supplemental Fig. S4 [53]) indicates
that the insulating surface states of the slab remain gapped
even after Mg depletion. Also, the number of JT active ions
are more on the surface layers compared to the previous
case, where surface layers contain 33.33% V atoms. This
finding indicates that 33.33% V ions at the surface layers
could be an ideal situation for observing superconductivity
at the V-doped Mg, _;Ti,O, thin films in agreement with the
experiment.
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IV. DISCUSSION

Mg depletion from the V-doped MgTi,O4 surface brings
forth many possible scenarios that the observed surface su-
perconductivity could be attributed to. First, charge and
orbital fluctuations that were already present in the V-doped
MgTi,O4 compound are further enhanced due to the removal
of surface Mg atoms. This allows the system to undergo
several electron-transfer processes that effectively stabilize
energetically more favorable Ti*' and V> states at the sur-
face. Moreover, these charge states of the respective transition
metals are JT inactive as well with reduced orbital degrees
of freedom. In the recent literature [23,42], the suppressions
of JT activity and orbital order were proposed as essential
prerequisites for superconductivity. From our DFT calcula-
tions, we find this to be happening at the surface of V-doped
Mg, _;sTi;O4. Furthermore, the inclusion of Ti** ions in the
surface layers breaks the superexchange chain among neigh-
boring ions due to their lack of magnetic moment (d°),
resulting in a weakening of the AFM order in the system,
which in turn facilitates a superconducting transition.

V. CONCLUSIONS

In conclusion, through first-principles analysis, we have
shown that the Mg depletion from the surface of V-doped
MgTi, 04 increases the number of JT inactive sites signifi-
cantly at the surface layers containing 33.33% V ions, which

is lower than the nominal concentration of the bulk. The
charge-transfer process that happens across the surface layers
to balance the charge deficiency (after the removal of Mg?*™
ions) has been identified as the possible driving mechanism
for enhanced superconductivity. Besides, having more Ti**
states at the surface layers weakens the AFM superexchange
interaction. Simultaneously, V ions in one of the top surface
layers show metallicity. It is evident from our analysis that the
surface layers of V-doped Mg, _;Ti,O4 have all the key ingre-
dients that can boost superconductivity as the Mott transition
gets inhibited. Also, our results are in line with the existing
literature that reports (i) reduced Mg/Ti ratio [41] and (ii)
suppression of orbital degrees of freedom [23] promoting su-
perconductivity in engineered MgTi, O, thin films. However,
pointing out the primary mechanism for superconductivity
from a first-principles calculation is extremely challenging for
this class of materials and many-body approaches are needed.
These results will provide guidance for experimental as well
as theoretical explorations of superconductivity in various
promising strongly correlated systems.
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