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Out of equilibrium phenomena are a major issue of modern physics. In particular, correlated materials
such as Mott insulators experience fascinating long-lived exotic states under a strong electric field. Yet, the
origin of their destabilization by the electric field is not elucidated. Here we present a comprehensive study
of the electrical response of canonical Mott insulators GaM,Qg (M = V, Nb, Ta, Mo; Q = S, Se) in the
context of a microscopic theory of electrical breakdown where in-gap states allow for a description in terms
of a two-temperature model. Our results show how the nonlinearities and the resistive transition originate
from a massive creation of hot electrons under an electric field. These results give new insights for the
control of the long-lived states reached under an electric field in these systems which has recently open the
way to new functionalities used in neuromorphic applications.

DOI: 10.1103/PhysRevLett.121.016601

The study of correlated electronic systems in nonequili-
brium conditions is rapidly expanding. These systems
have already fascinating properties at equilibrium such as
high-temperature superconductivity or colossal magneto-
resistance. The recent advances of ultrafast pump-probe
techniques and cold atom physics have highlighted the
enormous potential of driving such systems out of equilib-
rium. It is a novel powerful way to discover unusual
electronic states which are absent at equilibrium, the so-
called hidden phases [1]. In Mott insulators, for instance, two
recent discoveries, namely, the stabilization of a hidden
quantum state in TaS, by a single-shot ultrafast laser pulse
[2] and light-induced superconductivity in a stripe-ordered
cuprate [3], illustrate the relevance of this approach. In Mott
insulators, both ultrafast single-photon absorption
(hv > Mott-Hubbard gap Ay) [4] and terahertz excitation
(hv < Ayy) [5] yield a transient Mott insulator to metal
transition related to a massive creation of hot carriers.

An alternative way to bring an insulating system out of
equilibrium is the application of a strong dc electric field,
beyond the polarization regime [6]. A classical example is
dielectric breakdown in semiconductors [7]. However, the
effect of strong dc electric fields on correlated systems is
much more complex. Recent results obtained on canonical
Mott insulators are remarkable, with the realization, above a
threshold electric field, of long-lived metallic states with low-
temperature granular superconductivity [8]. However,
despite numerous theoretical studies [9—16], the mechanism
at the origin of the system destabilization under an electric
field is still under debate. Models invoking the Landau-Zener
tunneling effect (see, e.g., Refs. [9,17], and references
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therein) capture neither the correct order of magnitude for
the threshold electric field nor its strongly temperature-
dependent behavior [18]. Theoretical approaches proposed
more recently may avoid these issues but at the cost of a
limited range of validity. In fact, they require one to tune the
Mott insulators inside [13] or within an extremely narrow
window close to the coexistence domain between the
correlated metal and Mott insulating states [15]. Thus, the
models proposed so far can hardly explain the insulator to
metal transitions induced by moderate electric fields, which
appear quite universally in narrow and large gap Mott
insulators. In that context, it was recently noted in a review
by Aoki e al. [6] thatitis “an interesting challenge to develop
a microscopic understanding of the nonlinear transport
properties of correlated systems from a universal viewpoint.”
Here we show that a microscopic theory based on the
description proposed by Frohlich in the 1940s for the
dielectric breakdown in imperfect semiconductors can be
successfully applied for Mott insulators. As predicted by this
model, we observed that the canonical Mott insulators
GaM,Qg (M = V, Nb, Ta, Mo; Q = S, Se) exhibit (i) non-
linear electrical properties at a low field that results from an
elevation of their electronic temperature and (ii) electrical
breakdown above a threshold field when nonequilibrium
conditions (called hereafter “out of equilibrium”) are reached
and lead to a divergence of the electronic temperature.
The foundations of current theories of intrinsic electrical
breakdown in band semiconductors were laid more than
70 years ago by Frohlich and Seitz [7,19-22]. In particular,
Frohlich studied the effect of trapped electrons on the
electrical response [19]. He shows that, if their density is
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FIG. 1. Schematic description of the breakdown in the dirty

limit. (a) The density of states presents a gap &; between the
fundamental impurity level ¢, and the conduction band (red
region), with discrete impurity levels spread on the energy width
Ag (blue region). Some electrons in the impurity levels (V;) and
in the conduction band (N,) are indicated by the blue and red
points. (b) Simulation of the density of states of the Mott insulator
GaTa,Seg at finite temperature 7 = 116 K. An in-gap peak (blue
region) is present at the edge of the upper Hubbard band (red
region) due to the weak electronic doping (n = 1.045). (c) Ther-
mal balance of the electronic system. Electrons have a temper-
ature T, distinct from the lattice temperature 7y. P, and Py are
the heating and cooling powers, respectively, sustained by the
electrons. (d) Time evolution of the electronic temperature under
several values of the electric field.

sufficient, a specific breakdown mechanism appears, here-
after called the dielectric breakdown in the dirty limit. The
starting ingredient of the theory is the specific density of
states (DOS) described Fig. 1(a). The trapped electrons
have a ground state g, located at £; below the conduction
band and several localized excited energy levels distributed
on a typical energy width Ae and located just below the
conduction band. Unlike the electrons in the conduction
band, the trapped electrons cannot be accelerated by an
electric field, because these levels are not continuously
distributed. However, if their density is high enough, they
give rise to an efficient scattering with the conduction
electrons. They act as a reservoir for the electronic energy
gained by the conduction electrons and have a central role
in the stability of the electronic system.

The DOS assumed in Frohlich’s model and represented
in Fig. I(a) is actually particularly relevant for Mott
insulators in the presence of weak doping. Theoretically,
doping in correlated materials gives rise to the transfer of
spectral weight from a high to a low energy and the creation
of in-gap electronic states [23]. Recently, these in-gap states
have been imaged directly by scanning tunneling micros-
copy in a Mott insulator close to a lattice defect [24]. We
have performed LDA + DMFT numerical calculations to
obtain the DOS in the presence of weak doping for
GaTa,Seg, a member of the GaM,Qg family of Mott
insulators used in this study [25]. As shown in Fig. 1(b)
and in Fig. S2 [25], the computed DOS in the weak doping

regime presents a gap with an additional peak below the
conduction band, which is reminiscent of the localized in-
gap states in Fig. 1(a). These strongly correlated states
actually have a very heavy effective mass, which diverges
in the zero-doping limit [30]. Hence, they may be expected
to have low mobility and be prone to localize by lattice
imperfections.

The relevance of Frohlich’s model for Mott insulators is
further reinforced by recent theoretical calculations per-
formed in the Hubbard-Holstein [31] and in the photodoped
dynamic Hubbard models [32]. These studies have pointed
out the formation of polaroniclike in-gap states under
photodoping or dc-like experiments. Polaronic in-gap
states appear instantaneously below the upper Hubbard
band when photocarriers are generated in a Mott insulator.
These states extend over more than half of the gap width
and couple directly to the doublons. Consequently, the
creation of the polaronic states induces a rapid thermal-
ization of the doublons generated in the Mott insulator.
Therefore, these calculations suggest that, rather remark-
ably, Mott insulators gather the basic ingredients assumed
in Frohlich’s model.

The theory of the dielectric breakdown in the dirty limit
is based on the thermal balance of the electronic system,
which consists of the energy transfer rates from the electric
field to the conduction electrons (gain) and from the
electrons localized in shallow levels to the lattice (loss),
as shown in Fig. 1(c). Under an electric field, the electronic
temperature T, rises above the lattice-bath temperature T,
until the two energy transfer rates (gain and loss) equili-
brate [see Fig. 1(d)]. More importantly, above a threshold
field Ey,, the energy rates gained and lost by the electrons
can no longer be equilibrated. As a consequence of this
collective phenomenon, the electronic temperature rises
drastically and induces the electrical breakdown [19].

Several measurable predictions are derived from this
two-temperature model [19]. First, the temperature depend-
ence of the threshold field is thermally activated such as

Ae
E[h X €Xp (m) . (1)

Second, the rising of the electronic temperature implies
that below the threshold field a nonlinear electrical behav-
ior exists (i.e., a deviation from Ohm’s law). The theory
predicts that in the low field limit (E/Ey, < 1), for which
T, is close to T, the ratio o(E)/c(E =0) becomes
temperature independent:

E? ¢
—exp(r o) )
E<Ey, Eth eAe

with e Euler’s constant.
Moreover, when the field tends to the threshold field
(E/Ey = 1), the conductivity ratio tends to the value

o(E)

(o}
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FIG. 2. Resistive transition under electric pulses in the Mott
insulator GaMo,Sg. (a) Temperature dependence of the resistivity
represented as a function of 7 or 1000/ T (top inset). The dashed
line in the top inset represents the fit by an activated law. The
lower inset show a picture of the sample. (b) Schematic descrip-
tion of the experimental setup. (c),(d) An example of a resistive
transition under an electrical field. The inset shows the sample
with the electrodes connected on two opposite faces. (e) I-V
characteristics of the same sample measured in dc (black circles)
or extracted from pulse measurements (c),(d) before and after the
resistive transitions (red and blue squares, respectively). The
black dotted line gives a linear Ohmic behavior for comparison.

€6
= exp< > (3)
E—E, Ae

Finally, this kind of breakdown does not occur if the
density N; is too low to interact efficiently with the
conduction electrons. This corresponds to the clean limit
regime that could occur at a sufficiently low temperature
and where an avalanche breakdown could occur by impact
ionization. In this regime, the threshold field is expected to
increase with the temperature in contrast to the breakdown
field in the dirty limit.

The GaM,Qg (M =V, Nb, Ta, Mo; QO = S, Se) com-
pounds used for this study have been shown to be canonical
Mott insulators sharing the same lacunar spinel structure
but with narrow gaps depending on their chemistry and
ranging from 0.1 to 0.4 eV [33-35]. Figure 2 summarizes
the typical response to a dc electric field measured in
GaMo,Sg, which is analogous to the one observed in other

o(E)
]

GaM Qg compounds [33,36-38]. Figure 2(a) displays the
temperature dependence of the resistivity, showing a
thermally activated behavior with a gap e5 of 356 meV.
When an electric field pulse exceeding a threshold field Ey,
of a few kV/cm is applied to these compounds, thanks to
the circuit sketched in Fig. 2(b), an abrupt drop of the
voltage across the sample and an increase of the intensity
within the circuit are observed as shown in Figs. 2(c)
and 2(d) [33,37,38]. Such transitions called resistive
switching occur after a delay ¢, in the millisecond range.
A series of short electric pulses allows us to draw the
current-voltage characteristic of the GaMo,Sg sample. This
I —V curve is very specific and consists in two branches
[see Fig. 2(e)]. The first one corresponds to the nontransited
state that deviates slightly from Ohm’s law at a low field as
will be discussed in more detail in the following. The
second branch, related to the “transited” state, is almost
vertical, which means that the sample voltage after the
transition always lies on the same value. It also corresponds
to the threshold voltage in continuous dc measurements
[also shown in Fig. 2(e)].

Figure 3(a) displays the temperature dependence of the
threshold field Ey, obtained for several GaMo,Sg single
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FIG. 3. Electrical response of GaMo,Sg, GaV,Sg, and GaTa,Seg

Mott insulators compared to Frohlich’s theory. (a) Temperature
dependence of the threshold field Ey, for these three compounds.
Four GaMo,Sg samples (S1-S4) have been measured. The black
lines are fits with Eq. (1). (b) Voltage dependence of the conduct-
ance measured below the threshold field in GaMo,Sg for several
temperatures. (c) Data from (b) displayed as normalized conduct-
ance G/ G, versus squared normalized voltage (V/Vy,)2. The black
line and the black point correspond to the prediction by Egs. (2) and
(3), respectively, with no fitting parameter.
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crystals. All samples give similar results with two temper-
ature regimes. The low-temperature regime is characterized
by a saturation of Ey, with a maximum value of 110 kV/cm
at 74 K, while at a high temperature (above 125 K) the
threshold field decreases exponentially, following Eq. (1)
with Ae =230 meV. The same type of temperature
dependence of the threshold field was measured for two
other compounds of the AM,Qg family, namely, GaV,Sg
and GaTaySeg [see Figs. 3(a) and S3]. For these com-
pounds also, Ej, exhibits a thermal activation law, and a fit
with Eq. (1) shows that Ae varies from 114 meV in GaV,Sg
to 112 meV in GaTa,Sg. All these experimental observa-
tions point to a remarkable agreement with several key
predictions of Frohlich’s theory: the existence of a thresh-
old electric field, of two temperature regimes, and of an
activated dependence of Ey, at a high temperature.

Figure 3(b) shows the conductance G measured for
several GaMo,Sg samples versus the applied voltage at
different temperatures ranging from 70 to 200 K. To
compare these experimental data with the model’s predicti-
ons [i.e., Egs. (2) and (3)], Fig. 3(c) displays 6(E)/c(E=0)
versus (E/Ey,)?* for different temperatures. All data above
125 K obtained on several crystals collapse into a single
curve, in agreement with the theory. In the low field limit,
this experimental master curve shows a very good agree-
ment with the curve calculated from Eq. (2) using the
values e and Ae determined, respectively, from the p(7')
and E(T) curves. Moreover, the ratio ¢(E)/c(0) for
E — E,;, reaches a value close to that predicted from
Eq. (3), i.e., 6(E)/0(0) = 4.7, indicated as a black dot
in Fig. 2(c). This striking agreement with Frohlich’s theory
is not restricted to GaMo,Sg but convincingly appears also
in GaTa,Seg, as shown in Fig. S3 [25].

This agreement of experimental data with the theory is
all the more remarkable considering that both Egs. (2) and
(3) have no adjustable parameters. As expected, in the low-
temperature regime for which the electrical breakdown is
no longer influenced by the presence of localized in-gap
states, the experimental data depart strongly from the
predictions for the high-temperature regime. This is par-
ticularly clear in Fig. 3(c), where obvious deviations from
the master curve appear below 125 K.

All these results show that the Mott insulators studied in
this work experience under an electric field an enhance-
ment of electronic conductivity because of the multiplica-
tion of charge carriers. This destabilization is a collective
phenomenon where the in-gap states play a major role. Ata
high temperature and below the threshold field, the carrier
multiplication vanishes with time, and the electronic
temperature can be stabilized above that of the lattice.
The low field nonlinear behavior described by the Frohlich
model is therefore a homogeneous phenomenon. But when
the electronic system is pushed beyond thermal stability, a
dielectric breakdown occurs which is much likely inho-
mogeneous. Indeed defects, which cannot be avoided in
real samples, may induce small local variations of the

electric field and trigger the formation of a filamentary path
as proposed in Ref. [37].

In the nonequilibrium regime above the threshold field,
the resistive transition occurs abruptly in GaMo,Sg at a
time 7, after the beginning of the electric pulse, which
depends on the strength of the field [see Fig. 4(a)]. The
transient properties of the dielectric breakdown have been
extensively studied for band insulators in the framework of
a laser-induced breakdown [39—45]. The time at which the
breakdown occurs is usually defined as the time at which
the electric field generates enough free carriers to reach the
critical plasma density [39—42] where the system acquires
metallic properties. A scaling law exists for pulses longer
than 10 ps between the fluence breakdown Fy, (or the
threshold electric field Ey,) and the pulse width (7)) such as
Fy < Ege, /7, (e, Ej o 1/7,). In our case, this
should lead to a threshold field dependence with a time
delay of the form E},  1/1,. As shown in Fig. 4(b), this is
precisely the dependence obtained from the results on
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FIG. 4. Dynamics of the dielectric breakdown of GaMoy,Sg.
(a) Time evolution of the sample voltage Vg (left scale) and
corresponding electric field (E) in the sample (right scale) during
pulses of several amplitudes Vg between 35 and 90 V. The
dielectric breakdown starts after a time ¢,, which decreases with
increasing Vg. (b) Inverse of 7, as a function of the initial electric
field through the sample. The black line indicates a quartic field
dependence.
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GaMo,Sg, where ¢, spreads on 2 orders of magnitude. This
very specific dependence of r; with the electric field
appears systematically in all AM,Qg compounds (see
Fig. S4 [25]). These results strongly evidence that the
resistive transition appears when the electronic system
reaches the critical plasma density.

In conclusion, our present results provide a sound
microscopic description of the nonlinear transport proper-
ties of Mott insulators under electric fields. At a low field, a
Mott insulator reaches a steady state with a slight elevation
of its electronic temperature above that of the lattice. This
steady state is achieved as the power gained by the
conducting electrons (thanks to the electric field) is bal-
anced by the power lost by electrons trapped in in-gap
states (thanks to electron phonon interactions). This non-
linear electrical behavior was observed in all GaM Qg
compounds, and we have shown its remarkable agreement
with the Frohlich theory. Above a threshold electric field,
the power gained and lost by electrons cannot equilibrate
anymore. In this nonequilibrium regime, the electronic
temperature diverges, and when the critical plasma density
is reached, the dielectric breakdown occurs. The most
prominent signature of this dielectric breakdown is the
resistive switching measured in all GaM,(Qg. Beyond these
compounds, the same type of resistive transition was found
in the canonical Mott insulators (V, Cr),0; and Ni(S, Se),
[37], which suggests that it should apply for a large variety
of correlated materials. Finally, we note that the behavior of
Mott insulators under an electric field departs strongly from
the one of semiconductors. The electric field generates in
Mott insulators a long-lived “hidden” metallic phase
characterized by the presence of hot electrons whose
control could open the way to new functionalities. A
striking example is the leaky integrate and fire functionality
recently used to implement a novel type of artificial
neuron [46].
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