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Mott breakdown effect in spinel MgTi1.2V0.8O4
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Materials in which a Mott insulator to metal transition (Mott breakdown) can be induced using a moderate
dc current (with an electric field that is much smaller than the corresponding Zener breakdown voltage) is
extremely promising for electronic device applications and offer a unique platform for investigation of the
underlying emergent mechanism. Here we report a Mott breakdown phenomenon in a spinel compound, namely,
MgTi1.2V0.8O4, which undergoes a sharp switching of resistivity by several orders of magnitude by application of
a dc current. The observed Mott breakdown effect, which is associated with a negative differential resistance as
seen in the corresponding electric-voltage (V ) vs electric-current (I) curve (opposite to Ohm’s law dependence),
occurs beyond a temperature-dependent threshold electric current (Ith), which corresponds to an extremely small
threshold electric-field (Eth) (for example, Eth is found to be ∼40 V/cm at 50 K and further decreases with an
increase in temperature). The system remains in the metastable metallic state only in the presence of high-current
flow upto the lowest measured temperature and switches back to the highly insulating state when the current flow
is switched off. Associated experimental observations suggest against a Joule-heating driven change in state and
hint towards an electronic mechanism. Using first-principles calculation and several experimental probes, we
further investigate the origin of the driving mechanism. The presence of two Jahn-Teller active ions, i.e., Ti3+

(3d1—one electron among three t2g levels) and V3+ (3d2—two electrons among three t2g levels) in MgTi1.2V0.8O4

along with the obtained density of states offers a unique opportunity which seems critical for the Mott breakdown
phenomenon as it supports high-current induced excitation of electrons through an activated avalanche process
from Ti3+ t2g levels (located at the edge of the valence band) into V3+ t2g levels (located at the bottom of the
conduction band) thereby removing the orbital degrees of freedom of the V and Ti electrons and leading to
melting of the Jahn-Teller driven structural transition into the insulating tetragonal phase.

DOI: 10.1103/PhysRevB.103.245145

Strongly correlated electron systems exhibit a plethora of
functional properties [1–8], including metal-to-insulator tran-
sition [9–11], and serve as a cradle for multiple emergent
physics. In Mott insulators, due to strong Coulomb repul-
sion, electrons remain localized on atomiclike orbitals, which,
thus, remain unavailable for electrical conduction process.
Excitingly, breaking of the many-body Mott-insulating state
to make the charge carriers free for electrical conduction have
been demonstrated by adopting several techniques, such as
photoexcitation [12], through charge-carrier doping, and by
applying hydrostatic pressure [9]. Among such techniques,
application of electric pulse or passing electric current to
induce breakdown of the Mott-insulating phase is of immense
interest and being actively investigated due to its applica-
tion in electronic devices. The promising realization of the
emergent metallic state by collapsing the insulating Mott gap
with a low electric field or current (much smaller than the
Zener breakdown limit) is extremely challenging and have
been limited to only few selected systems [13–19]. However,
in such cases, elucidation of the microscopic mechanisms
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that lead to such a novel phenomenon largely remains an
open problem. In this paper, we report the breakdown of an
insulating state in a spinel system, namely, MgTi1.2V0.8O4

(MgTVO) (which is a solid-solution member of two insulating
spinel oxides, MgTi2O4 and MgV2O4) in the presence of dc
current flow corresponding to a record low Eth. Although
MgTVO remains in the highly insulating state throughout
the temperature range in the presence of a small dc current,
a sharp drop in resistivity by several orders of magnitude
(measured in linear four-probe geometry) from the insulating
to a metallic state is observed on application of a moderate
dc current (I > Ith). One of the parent spinels of MgTVO,
namely, MgTi2O4, contains orbitally active Ti3+ ions and un-
dergoes a cooperative Jahn-Teller (JT) effect driven structural
transition (accompanied with a spin-singlet transition) from a
cubic Fd-3m to a chiral tetragonal P41212 structure at 260 K
[20–24]. The other parent member, MgV2O4 also comprises
orbitally active V3+ ions and undergoes a JT-effect driven
structural transition from cubic Fd-3m to tetragonal I41/a
at 62 K followed by a lower-temperature antiferromagnetic
ordering at 40 K [25]. Curiously, the ground-state structure of
the solid-solution compound MgTVO is found to contain both
kinds of ions, i.e., orbitally inactive Ti4+ (3d0) and V2+ (3d3)
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ions (due to energetically favorable transfer of a 3d electron
from a Ti3+ ion to a V3+ ion) along with the presence of
orbitally active Ti3+ and V3+ ions (the copresence of orbitally
active V3+ ions is found necessary to optimize the lattice
strain energy, which comes accompanied with the much larger
V2+ ions). The partial density of states (DOS) of MgTVO
sheds light on the possible mechanism of the observed Mott
breakdown effect, which likely proceeds with current-induced
excitations of electron (through an avalanche process) across
the band gap from Ti3+ into V3+ levels thereby melting
the JT-effect driven structural transition. Since such a field-
induced metastable metallic state and the insulating state
have very different orbital polarizations (arising from varying
orbital degrees of freedom), a small threshold field for met-
allization can, therefore, be expected as shown using model
calculations [26].

Polycrystalline samples of MgTVO were prepared using
the solid-state reaction method by mixing MgO, TiO2, V2O3,
and Ti powders and annealing at 1080 ◦C in a vacuum sealed
quartz tube. X-ray diffraction (XRD) and Rietveld refinement
[27] were used to investigate the phase formation and lat-
tice parameters of the sample. Temperature-dependent linear
four-probe resistivity, heat-capacity, and dielectric constant
measurements were performed using the physical property
measurement system (Cryogenic Limited, U.K.) and a closed-
cycle cryostat, respectively. The ohmic nature of the electrical
contacts (possessing small contact resistance values), used
for the four-probe resistivity measurements, were verified
[28–30]. To investigate the magnetic properties and valence
state of the system, we have used the magnetic property
measurement system and x-ray photoelectron spectroscopy
(XPS), respectively. All XPS spectra were corrected for any
charging effects by using the C 1s binding-energy position
as a reference. The electronic structure calculations were
performed using density functional theory by considering a
plane-wave basis as implemented in the Vienna ab initio sim-
ulation package [31]. The generalized gradient approximation
(GGA) for the exchange-correlation functional along with
electron-electron correlation (GGA + U ) [32] were consid-
ered with 37.5% V ions doped at the Ti site (six V and ten Ti
ions in a cubic unit cell, close to the 40% experimental doping
percentage) in MgTi2O4. We have taken the experimental
lattice parameters of MgTVO and performed GGA + U cal-
culations with internal geometry optimizations using various
magnetic configurations [nonmagnetic, ferromagnetic (FM),
antiferromagnetic (AFM)]. For reciprocal space integrations,
we have used 6 × 6 × 6 �-centered k mesh and have adopted
a plane-wave cutoff of 500 eV.

The temperature dependencies of four-probe resistivity of
MgTVO, measured in both heating and cooling cycles with
constant current (I) values of 0.1 and 100 mA are shown in
Fig. 1(a). For a constant-current measurement with 0.1 mA,
the sample remains in the insulating state throughout the tem-
perature range in both heating and cooling cycles. In sharp
contrast, an extremely sharp drop in resistivity is observed in
the heating run around 45 K from a large resistivity value
(beyond the measurement limit of our setup) to 0.2 � cm
for 100-mA current. Interestingly, in the cooling run with
100-mA current, the sample continues to remain in the metal-
lic phase even below 45 K (the small positive temperature
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FIG. 1. Temperature dependencies of resistivity, measured with
(a) 0.1- and 100-mA currents and with (b) 1-, 10-, and 50-mA
currents in both heating and cooling cycles. The inset to (a) shows
low-temperature resistivity hysteresis. (c) Current dependencies of
electric-field values in both forward and backward current sweeps
exhibiting negative differential resistance beyond a temperature-
dependent threshold electric-field (Eth) value. (d) shows the linear
dependence of ln(Eth ) on 1/T [the lower inset shows ln(Eth ) does not
depend linearly on temperature]. The upper inset shows an increase
in threshold power (Pth) with the sample base temperature.

coefficient of resistivity is likely from grain-boundary effects
[33–35]). In all isocurrent measurements where we observe a
sharp drop in resistivity values in the heating run, a metastable
metallic state is realized until the lowest temperatures in the
cooling run. Importantly, the current-induced metallization
in MgTVO is found to exhibit many characteristic features
as discussed below, which are incompatible with Joule heat-
ing as the driving mechanism [28,36–40]. As shown in the
upper inset of Fig. 1(d), the threshold power to induce the
high-resistance state to the low-resistance state transition at
a given temperature is found to increase with the increase in
the sample base temperature [36,40]. Clearly, in the event that
the resistivity state transition is induced by the Joule-heating
mechanism, the threshold power to induce the resistivity state
transition is known to decrease with the increase in sample
base temperature [36,40,41]. Furthermore, as seen in Fig. S4
of the Supplemental Material [28], the sharp drop in resis-
tivity values in the heating run from the high-resistance to
the low-resistance state occurs at the same temperature for
various applied currents. When such an effect is driven by
Joule heating, the drop in resistivity values is expected to
occur at a higher temperature for a lower applied current,
which is clearly inconsistent with the present experimental
observations. Also, the clear absence of any hysteresis in the
various isothermal E -I curves [as seen in Fig. 1(c)] between
the increasing and the decreasing current sweep curves across

245145-2



MOTT BREAKDOWN EFFECT IN SPINEL … PHYSICAL REVIEW B 103, 245145 (2021)

the threshold current suggest against Joule heating [42,43]
or any irreversible chemical change to be the driving force
behind the observed resistive state transition in MgTVO.

The breakdown of the insulating state also gets reflected
in the isothermal voltage(V )-I curves where after a certain
threshold electric-field (Eth), the V -I curve deviates from an

Ohm’s law dependency (positive linear �V
�I ), and a negative

�V
�I is obtained thereby leading to a negative differential re-
sistance (NDR). Similar NDR effects have been observed in
other systems where a breakdown of the corresponding insu-
lating state can be triggered through an applied electric field
[13–15,44]. Excitingly, Eth for MgTVO is extremely small
even at low temperatures, for example, Eth = 38 V/cm at
T = 50 K. Furthermore, E th for MgTVO is found to decrease
with increasing temperature as seen in Fig. 1(c) (E -I curves
for some other temperatures are shown in Fig. S5 of the
Supplemental Material [28]). A clear linear and direct depen-
dence is observed for the obtained (ln Eth) values against 1

T
as seen in Fig. 1(d), suggesting thermally activated [16,17,45]
dependency Eth (T )

Eth (0) = exp( �
KT ).

The abruptly sharp transition in resistivity data (for ex-
ample, in the heating run with 100-mA current) along with
the presence of hysteresis in resistivity values obtained be-
tween the heating and the cooling runs [shown in the inset
of Fig. 1(a)], suggests the presence of a low-temperature
first-order transition. We next discuss the magnetic proper-
ties to investigate any magnetic origin to such a transition.
The temperature-dependent magnetic susceptibility (χ ) of
MgTVO as shown in Fig. 2(a), exhibits no magnetic anomaly
in the entire temperature range between 10 and 300 K. A
modified Curie-Weiss law [χ = C/(T − θ ) + χ0] [46] with a
small negative Curie-Weiss temperature of ∼− 4 K (suggest-
ing AFM spin interactions), can nicely explain the magnetic
data below 200 K. Two magnetic transitions are clearly dis-
cernible from the derivative magnetization ( dχ

dT ) data, the first
transition observed around 5 K [shown in the upper inset of
Fig. 2(a)]. This, along with extracted negative Curie-Weiss
temperature, indicates an antiferromagnetic ordering at 5 K in
MgTVO. The second, and much weaker transition, seen in dχ

dT
around 338 K, is also associated with a distinct small drop in
magnetization value [shown in the lower inset to Fig. 2(a)] and
is indicative of a much-weakened spin-singlet transition than
the parent spinel MgTi2O4 [20]. The resistivity values (for
both the heating and the cooling runs along with the sharpness
of resistivity transition in the heating run) remain similar when
measured either in the presence or in the absence of a 7-T
magnetic field (Fig. S7 of the Supplemental Material [28]).
All above observations clearly rule out any magnetic origin to
the low-temperature first-order transition.

To investigate a possible structural origin of the first-
order transition, we discuss the temperature dependencies
of the dielectric-constant data. A low-temperature transition
is clearly discernible as a sharp dip in the dielectric con-
stant (εr) data (the transition temperature of the dip remains
same for various applied frequencies, which is suggestive
of a first-order transition) as shown in Fig. 2(b). Around
similar temperature, a clear transition is also seen in the
corresponding heat-capacity (C) data as seen in the C

T vs
T data [shown in the inset of Fig. 2(b)]. To investigate the

(b)

(c) (d)

(a) 

FIG. 2. (a) Curie-Weiss fitting of the magnetic susceptibility (χ )
data measured with 0.1 T. The magnetic transition is discernible at
5 K as seen from dχ

dT data (upper inset). A drop in susceptibility
(χ ) is also observed around 338 K (lower inset). (b) Temperature
(T ) dependent dielectric constant (εr) values exhibiting a frequency
dispersionless transition around 65 K. The inset shows specific-heat
(C) also exhibits a low-temperature transition as seen in C

T vsT data.
(c) The (111)-XRD peak exhibits no temperature-dependent broad-
ening, whereas, broadening is observed for the (400)-XRD peak at
low temperature as compared to room temperature (shown in the
inset). (d) Rietveld refinement of the 15-K XRD spectrum with the
tetragonal I41/a structure along with the nonconducting diamagnetic
impurity phase of MgTiO3 (∼4%, indicated with an asterisk).

origin of the low-temperature transition, we have performed
XRD investigations both above (300 K) and below (15 K)
the phase transition. The (111)-XRD-peak, observed at both
temperatures, overlaps on each other [Fig. 2(c)] and does
not show any additional temperature-dependent broadenings.
However, the (400)-XRD peak shows additional broadening
at 15 K compared to the 300-K spectra [as seen in the inset
of Fig. 2(c), the (311)- and (440)-XRD peaks also show sim-
ilar low-temperature broadenings as shown in Fig. S8 of the
Supplemental Material [28]). Such low-temperature broaden-
ings only in selective XRD peaks, although notably opposite
to the usual thermal-broadening effect, is consistent with
a higher-temperature cubic to lower-temperature tetragonal
structural transition. Similar observations on related spinel ox-
ide MnTi2O4, have been used as a characteristic tool to detect
weak (with the pseudocubic lattice parameters being closely
similar in the tetragonal phase) structural transitions [48,49].
In consistence with this scenario, the 15-K XRD spectrum of
MgTVO could be fit [Fig. 2(d)] better with a tetragonal I41/a
structure (ground-state space group of MgV2O4) rather than
the cubic Fd-3m space group or the tetragonal P41212 space
group (ground state of MgTi2O4).
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FIG. 3. (a) Comparison of the V 2p XPS spectra of
MgTi1.2V0.8O4 with reference spectra for the V3+ ion (V2O3

[47] and MgV2O4) and the V2+ ion (VO [47]). (b) Deconvolution of
the Ti 2p XPS spectra into contributions from Ti3+ and Ti4+ ions.

Having elucidated a structural origin to the observed first-
order transition in MgTVO, we next discuss the valence states
of its constituent V and Ti ions since they affect the transport
properties significantly. Interestingly, the V 2p and Ti 2p XPS
spectra of MgTVO, recorded at room temperature [as shown
in Figs. 3(a) and 3(b) and the O 1s spectrum shown in Fig.
S9 of the Supplemental Material [28]), clearly elucidate the
mixed-valence states for both V and Ti ions, i.e., MgTVO
contains orbitally inactive V2+ (3d3) and Ti4+ (3d0) ions
along with the presence of orbitally V3+ (3d2) and Ti3+ (3d1)
ions. Such diluted presence of JT-active ions (V3+ and Ti3+

ions) in MgTVO as compared to its parent spinels, MgTi2O4

(only Ti3+ ions) and MgV2O4 (only V3+ ions), clearly elu-
cidate the weakening of JT driven structural transition in
MgTVO. Similar mixed valence states for V and Ti ions are
also inferred from the first-principles calculations on V-doped
MgTi2O4 (Fig. S10 of the Supplemental Material [28]). Since
a current-induced metallic phase is realized in MgTVO over
the temperature window from 50 K to around 200 K [as shown
in Fig. 1(c) and Fig. S6 of the Supplemental Material [28]), we
discuss next the electronic structure of the high-temperature
distorted cubic phase of MgTVO. Figure 4(a) shows the
DOS of the distorted Fd-3m structure of V-doped MgTi2O4,
obtained with U values of (3,4) eV for (Ti,V) (similar U
values were used in related systems [22,50]), which gives
an insulating character in consistence with experiments. We
focus here on the relative position of the orbitals positioned
across the band gap, which remains invariant for either the
FM or the AFM spin orderings as illustrated in Fig. S11
of the Supplemental Material [28]. Among the many Ti3+

ions with which the doped V (V3+) ion share edges in the
corner-sharing tetrahedral geometry of the spinel structure, a
complete transfer of an electron is observed to occur from
a single Ti ion to the V ion [shown in Fig. 4(c)]. Since the
resultant V2+ ion from such a process has a much larger ionic
radii (0.79 Å) as compared to the V3+ ion (0.64 Å) to optimize
the lattice strain, not all V3+ ions can accept charges from
Ti3+ ions to form the correspondingly more stable V2+ ion.
The V3+O6 and the much larger-sized V2+O6 octahedra [as
shown in Figs. 4(d) and 4(e)] are accommodated by relative
tiltings within the TiO6 framework, which causes local Ti-O
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FIG. 4. Spin-resolved total density of states for various atoms
in (a) and (b) shows the corresponding eg and t2g levels of the
constituent ions. (c) shows the charge-density plot of the distorted
cubic phase. Thick red lines indicate bonds involving charge transfer
from Ti to V ions. (d) and (e) show the corresponding VO6 octahedra
involving V2+ and V3+ ions.

bond compressions along particular directions and, thus, helps
in breaking the orbital degeneracy of the single electron of
Ti3+ ions. To reduce the elastic-strain energy resulting from
such a process, the compressions of the neighboring TiO6

octahedra are mutually staggered among the three crystallo-
graphic directions (a, b and c) in the distorted cubic structure,
causing the single electron occupation on the dyz, dxz, and dxy

Ti orbitals, respectively.
Figure 4(a) shows the DOS of the resultant insulating state.

The DOS near the Fermi-level (EF) as seen in Fig. 4(b) is
primarily made up of V and Ti 3d levels with some small
hybridization with O 2p orbitals. As seen in Fig. 4(b), which
highlights the eg and t2g levels for various ionic valencies, the
states across the band gap comprises primarily of t2g levels of
Ti3+ states (just below EF) and the V3+ t2g states (just above
EF). Expectedly, the V2+ levels, which are stabilized through
the half-filled t2g configuration, do not participate in the band-
gap formation. The lowest-energy excitation of electrons in
the presence of high-current flow, thus, occurs from Ti3+ to
V3+ levels, leading to the lifting of orbital degeneracies of the
electrons on both Ti and V ions and thereby melting of the
JT-effect driven structural transition.

To summarize, we report breakdown of the Mott-insulating
state in a spinel oxide system (MgTVO) at record-low thresh-
old electric-field values. The Mott breakdown phenomenon
seems to occur in MgTVO through an activated avalanche
process following the Fröhlich two-temperature breakdown
mechanism [51] (as suggested by Fig. 1(d) and some further
checks as included in the Supplemental Material [28]). The
in-gap electronic states, a crucial ingredient of the Fröhlich
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model, likely has an intrinsic origin in MgTVO arising from
partially excited Ti t2g levels, however, further studies will be
necessary to verify such a scenario. Importantly, however, the
magnitude of the energy splitting in MgTVO is naturally a
strong function of the cooperative JT lattice distortions (along
with U ) of the constituent V and Ti ions. In the presence
of high-current flow, the transfer of electrons from Ti levels
to V levels strongly affects the electronic configurations on
these ions thereby modifying the JT distortions and, in turn,
the gap value, triggering an avalanche process at a much
smaller threshold electric-field value. In the event when the
sample is cooled from a temperature above the structural
transition temperature under the equilibrium condition or with
a small current (such as 0.1- or 1-mA) flow, i.e., in the
presence of negligible charge excitations, MgTVO undergoes
a low-temperature cooperative JT-effect (arising from V3+
ions) driven structural transition from cubic (insulating) to
the low-temperature tetragonal (insulating) phase. However,
in a similar cooling run performed with high-current flow
(above the threshold value, such as 100 mA) due to charge
excitations from Ti towards V in the cubic phase, the resulting
JT-inactive V2+ ions cannot drive anymore the cooperative
JT-effect driven structural transition, and the sample contin-
ues to be in the metallic cubic phase (metallicity driven by
charge excitations which facilitate charge transport involving

vacant Ti4+ orbitals) until the lowest temperatures. This low-
temperature cubic phase is, however, metastable, i.e., when
the current flow is switched off at a lower temperature than
the equilibrium structural transition temperature, reemergence
of JT-active V3+ ions (along with Ti3+ ions) again leads to
a cooperative JT-effect driven structural transition from the
cubic phase into the tetragonal phase. Since the band gap of
the tetragonal phase is relatively higher (because of associated
JT distortions as seen in Fig. S14 of the Supplemental Material
[28]), further current-induced tetragonal to cubic structural
transition is not possible at the same temperature. A detailed
thermal model analysis of experimental results on controlled
nanodevices of MgTVO (likely to be the subject of a future
study), would be helpful to further elucidate the driving mech-
anism for the resistive state transition in MgTVO.
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