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A%*tV,04 spinels provide a unique opportunity for studying the evolution of the charge gap of Mott in-
sulators that approach the itinerant electron limit under the application of external pressure. Here we report
high-pressure resistivity and optical measurements in ZnV20y, that provide unambiguous evidence of an un-
usual non-monotonic behavior of the charge gap, A, as a function of pressure P. These unexpected results
suggest that ZnV20O4 undergoes a crossover from a Mott insulator with a charge gap dominated by the on-site
Coulomb repulsion U, to a second type of insulator in the high pressure regime. Our Monte Carlo simulations
of the three-band Hubbard model relevant for ZnV2O4 reproduce the non-monotonic behavior of A(P) and
provide a partial understanding of this exotic phenomenon.

PACS numbers: 72.80.Sk 75.85.+t 75.25.Dk

Mott insulators are paradigmatic examples of strongly cor-
related materials. Electronic charge localization is driven by
a strong intra-atomic Coulomb repulsion, U, that prevents va-
lence electrons from occupying the same orbital. This contri-
bution competes against the kinetic energy term that favours
electronic delocalization: electrons can hop with an ampli-
tude ¢ between valence orbitals of nearest-neighbor ions. The
strong-coupling limit, U >> ¢, corresponds to materials in
which valence electrons are strongly localized in their atomic
orbitals. Since the charge is “quasi-frozen” in this limit, the
effective low-energy degrees of freedom are the orbital flavour
and the localized magnetic moments that arise from the single-
occupancy condition (unpaired electronic spins). The oppo-
site weak-coupling limit, U < ¢, corresponds to correlated
metals whose electrons are completely delocalized. This sim-
ple analysis implies that a metal-insulator or Mott transition
is induced at a critical value U,./t. One of the current experi-
mental and theoretical challenges in condensed matter physics
is the characterization of the electronic properties when ap-
proaching the Mott transition.

Many fascinating properties of doped high-T¢ cuprates and
CMR manganites are influenced by their proximity to a Mott
transition, with a characteristic intermixing of orbital, spin and
charge degrees of freedom. In general, there are few examples
of simple materials whose ¢/U ratio can be varied under con-
trol. The A2*V,0y spinels are a family of Mott insulators
that fulfil this criterion because the V-V distance can be re-
duced significantly by decreasing the size of the A?T cation
[3]. The absence of e, electrons makes direct V-V hybridiza-
tion between t,, orbitals the only relevant contribution to the
hopping amplitude. Therefore, reducing the bond-distance in-
creases t/U.

ZnV,0,4 has one of the smallest charge gaps among the
vanadium spinels: (A ~ 0.55eV) [1]. Itis then expected that a
moderate pressures should be enough to reach the Mott transi-
tion for this material. In contrast to this naive expectation, the
resistivity and optical measurements of A(P) that we report in

this Letter show clear evidence of a non-monotonic behavior
of A(P) (it reaches the minimum value near 11GPa). This
unusual phenomenon suggests the existence of a crossover be-
tween two different insulating regimes: a low-pressure Mott
phase, whose gap is induced by the on-site electronic repul-
sion U, and a high-pressure regime with a charge gap induced
by a different mechanism. The measured non-monotonic de-
pendence of A on ¢/U is reproduced by our Quantum Monte
Carlo simulations of the three-orbital Hubbard Hamiltonian
relevant for ZnV,0,4. Our theoretical results indicate that the
change of sign of dA/dP is accompanied by a suppression
of the orbital ordering expected for materials that are deep in-
side the Mott regime (small ¢/U ratio) [7, 8] and the enhance-
ment of the magnetic up-up-down-down ordering along the
[£1,0,1] and [0,41,1] chains that has been reported in these
materials [9].

Single-phase, polycrystalline ZnV20, spinel was synthe-
sized by solid-state reaction from stoichiometric VoO3 and
dried ZnO in evacuated quartz ampoules. Structural param-
eters were derived from x-ray diffraction patterns by Ri-
etveld analysis. Resistivity under pressure was measured in
a diamond anvil cell (DAC), using a mixture of epoxy and
AlyOg3 for the pressure-transmitting medium. Pressure was
determined by using the ruby fluorescence method[13]. En-
ergy dispersive x-ray diffraction data under pressure at room
temperature were recorded at HASYLAB, Hamburg, beam-
line F3, using a DAC and liquid nitrogen a the pressure-
transmitting medium. Here, pressure was determined with
a gold calibrant inside the sample chamber that allows for
in-situ determination of the pressure from the known lat-
tice parameter of gold [10] and the Murnaghan equation
of state.Murnaghan37. Pressure-dependent transmittance ex-
periments were conducted at room temperature by using a
Bruker IFS 66v/S FT-IR spectrometer with an infrared micro-
scope (Bruker IRscope II), and a DAC[12], using CsI pow-
der as pressure transmitting medium. The applied pressure
P was determined with the ruby luminescence method.[13]



The transmittance spectrum was obtained by measuring the
intensity Is(w) of the radiation transmitting through the sam-
ple (T'(w)=Is(w)/I;(w)), while the corresponding absorbance
was calculated according to A=logy¢(1/7"), where A is a mea-
sure of the real part of the optical conductivity.
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FIG. 1: Room temperature absorbance spectra of ZnV204 in the
mid-infrared range for the low-pressure (a) and high-pressure (b)
regime. The dashed gray line in (a) is the linear extrapolation used to
determine the absorption edge (intersection of the linear extrapola-
tion with the frequency axis marked by an open circle) at the lowest
pressure (0.9 GPa).

Fig. 1 shows the absorbance spectrum of ZnV50y4 in the
mid-infrared range. The peak observed below ~1000 cm™!
corresponds to one of the four phonon modes expected for
cubic spinels. The absorbance spectra shows a strong onset
above ~1000 cm~!, with a totally unexpected behavior as a
function of pressure: the absorption edge shifts to lower ener-
gies for increasing pressures below P, ~11 GPa [Fig. 1 (a)],
while the opposite trend is observed for P > P, [Fig. 1 (b)].
The charge gap A(P) is estimated from the intersection of the
linear extrapolation of the absorption edge and the frequency
axis, as it is illustrated in Fig. 1 (a). A decreases with pressure
up to P, ~11 GPa, and it starts increasing above this thresh-
old value producing a clear minimum in the A(P) curve (see
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FIG. 2: Pressure dependence of the activation energy obtained from
the fittings of the R vs T curves (open symbols), and from the position
of the absorption edge (closed symbols).

To confirm the validity of these results, we measured
the temperature dependence of the electrical resistivity of
ZnV30,4 up to 17.4 GPa. The temperature range available
for the fittings is wide enough because the resistance becomes
too large only below 150 K. The activation energy extracted
from the In R vs. 1/T plots shows a clear mininmum at
P. ~8(2) GPa. The discrepancy between the P, value ex-
tracted from the transport and optical data could be related
to the influence of inter-grain scattering to the resistivity in
a polycrystalline sample. In spite of this quantitative dis-
agreement, both techniques show the same non-monotonic de-
pendence of the A as a function of P. Further indications
of a pressure-induced instability are found in the measured
phonon spectrum of ZnV,0y4. Fig. 3 shows a blow-up of the
low-frequency region of Fig. 1, which contains the highest-
frequency phonon that will be called “phonon mode 4” from
now on. Although the phonon excitation is quite broad al-
ready at the lowest pressure, a three-fold splitting is clearly
visible for P, 212 GPa (see supporting information). This
observation suggests a pressure induced structural transition
in ZnV30y.

To analyse the origin of the pressure induced transition, it
is important to review the original structure at ambient pres-
sure. undergoes a structural transition at ~50 K from the high
temperature cubic Fd-3m to the low temperature tetragonal
phase I41/amd [5]. It has been proposed recently that this
transition is induced by partial electronic delocalization due
to the proximity of ZnV50Oy4 to the Mott transition [1] . The
band structure calculation presented in Ref.[1] indicates that
V-V dimers form along the [011] and [101] directions together
with an 1] magnetic order along the same directions. The
shorter V-V dimers are ferromagnetic and the dimer order-
ing provides a way of partially releasing the geometric frus-
tration of the spinel structure. It has been shown recently
that the same dimer ordering in CdV,0y4 leads to a ferro-
electric distortion[6] that reduces the crystal symmetry group
from 14,/amd to P4,2,2. Fig. 4 shows the high-pressure
sinchrotron data, where an anomaly in the pressured depen-
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FIG. 3: Low-frequency part of Fig. 1 showing the highest-frequency
phonon mode (phonon mode 4). The three-fold splitting of this
phonon mode with increasing pressure is indicated by the arrows,
for the highest pressure (20.2 GPa).
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FIG. 4: Pressure dependence of the lattice volume V(p) of ZnV204
at room temperature for pressures up to 20 GPa which shows an
anomaly in V(p) around 10-12 GPa. The inset shows the (440) Bragg
reflection of ZnV204 and the (220) Bragg reflection of Au which is
used as pressure calibrant. The splitting of the cubic (440) reflec-
tion of ZnV20y into tetragonal (400) and (224) reflections is clearly
visible for pressures above 20 GPa.

dence of the sample volume is clearly visible at P, ~10 GPa.
The splitting of the cubic (440) peak observed in the inset to
Fig. 4 is consistent with the appearance of the (400) and (224)
peaks of the tetragonal phase P412:2. Hence, the pressure
induced structural instability seems to be related to a stabi-
lization of the dimerized phase above P, ~10-12 GPa. More-
over, measurements of the magnetic susceptibility as a func-
tion of pressure show that the single magneto-structural transi-
tion into the 1] ordered phase (with Ty ~ 38K at ambient
pressure) splits into two different transitions above a rather
low pressure of 2 Kbar [3].

Since the dimerized state is induced by the electronic de-
grees of freedom, we will consider a purely electronic model
of ZnV50y, although a complete description of the unusual

pressure induced behavior requires a model that also includes
the lattice degrees of freedom. We will then consider a three-
band Hubbard model that only includes the three low-energy
o4 orbitals. The e, orbitals can be omitted because the oc-
tahedral crystal field splitting between e, and t,, orbitals is
of order 2eV, i.e., much larger than the typical values of the
hopping amplitude ¢ between t54 orbitals of nearest-neighbor
ions. The corresponding multi-orbital Hubbard Hamiltonian
is:

H = —t Z (d;’raodjoéa +d}agdi0(0') + UzniaT”iaL

o,00,(3,5) [|ex i,0r
+ (U - 2J> Z NiaoNifo’ — Jzni(w'niﬁa
i,a#B,0,0’ i,a#B,0
+Acf ano—ﬂzni (1)
i, a={yz,zz},0 i

where 100 = dzaodmg, n; = Za ,Niao 18 the particle den-
sity operator, Ay is the tetragonalycrystal field splitting and
1 is the chemical potential. The off-diagonal terms of the
Hund’s coupling have been eliminated because they do not
play an important role, as long as the magnetic ordering is
collinear, [9] and such terms introduce a negative sign prob-
lem. As itis clear from the first term of H, an electron can hop
along an a-bond (bond parallel to the « direction) only when
it occupies an a-orbital (o« = {zy,zz,yz}). This is a good
approximation as long as the o-bond gives the dominant con-
tribution to the hopping amplitude between nearest-neighbor
V3+ ions. This hypothesis is indirectly confirmed by the mea-
sured Bloch parameter in the more localized vanadium spinel
CdV,0y: 0TN/OV =~ 3.3 [3] (Tiv is the Néel temperature
and V is the sample volume). On the other hand, electrons
on different orbitals (chains) interact via direct Coulomb and
Hund’s interactions.

To compute equilibrium properties of H we apply a quan-
tum Monte Carlo (QMC) method based on the Feynman
path integral formulation [14]. In general, three-dimensional
fermionic problems cannot be simulated with this method be-
cause of the well-known sign problem. However, the sign
problem can be eliminated in our case because the electrons
can only move along chains oriented in the xy, yz and zz di-
rections and the interaction terms of H are all diagonal [15].
The simulations have been performed in finite lattices of L>
sites with L = 4, 8, 12 and closed boundary conditions. More
details about the characteristics of this QMC simulation will
be presented elsewhere [16].

The charge gap, A, was estimated from the width of the
plateau in the p(n) curve (n = >_,(n;)/L3) computed for dif-
ferent values of t /U, with J = 0.8(eV) and U = 3.9(eV) (see
Figure 5a). We use the value J=0.8eV, which is the average
between the values J=0.9eV given in Ref. [4] and J=0.7eV
from Ref. [17]. The value of U=3.9eV is within the range
U < 4eV proposed by Pardo et al [1]. Figure 5b shows the
t/U dependence of A. The clear non-monotonic behavior as
a function of increasing ¢/U is in qualitative agreement with



the pressure dependence that we has extracted from our opti-
cal and transport measurements. Although we present results
for a range of ¢/U values that is much wider than the exper-
imentally accessible window, the minimum value of the gap
is obtained for ¢./U ~ 0.12 and such value can be slightly
above the ratio that is expected for ZnV20y: t/U ~ 0.1 for
t ~ 0.35eV and U ~ 3.5eV) [8]. Our QMC simulations
also reproduce the observed magneto-structural transition into
the above mentioned 1] ordered phase. It is important to
remark that the measured magnetic ordering is reproduced
by using an unbiased (QMC) approach. Moreover, the cor-
responding ordering temperature increases significantly for
t/U > t./U indicating that the change in slope of A(¢/U)
is correlated with a strengthening of the observed magneto-
structural ordering at ambient pressure. However, our QMC
simulation does not reproduce the splitting between the mag-
netic and structural transitions that is already observed at low
pressures [3]. We believe that this discrepancy is originated
in two oversimplifications of our model. In first place, we
are not including the electron-phonon coupling that is rele-
vant for strengthening the dimer ordering in absence of mag-
netic ordering. In second place, we are introducing an artifi-
cial easy-axis anisotropy by neglecting the off-diagonal terms
of the Hund’s coupling (our Hund’s interaction is Ising-like
instead of Heisenberg like). The consequent reduction of spin
fluctuations can also preclude the splitting between the struc-
tural and magnetic transitions. Finally, it is important to note
that the range of t/U values considered in our QMC simula-
tions (see Figure 5) is much wider than the range that can be
experimentally accessed by applying pressure.
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FIG. 5: (a) QMC results for the average charge densities in each t2,4
orbital as a function of chemical potential p for different values of
t, J = 0.8(eV) and U = 3.9(eV). The temperature was fixed at
T = 0.05(eV) and we set A = 1.0(eV) so that zy-orbital mainly
occupied by one electron and the other electron occupies the yz or
zz-orbitals. Charge gap as a function of ¢ /U extracted from the p(u)
curves shown in panel (a). Error bars indicate uncertainty due to the
finite temperature. (c) Néel temperature as a function of ¢/U for
©=3.05eV.

Our experimental observations and numerical calculations
suggest that the non-monotonic dependence of the charge gap
is then induced by a transition from a Mott regime, whose
charge gap is dominated by the Coulomb repulsion U, to
a dimerized insulator whose gap is controlled by the am-
plitude of the dimerization order parameter: <dT dit1a0 —

100

d1+1aadi+2aa> + H.c. (the index 7 denotes the sites of a V
chain oriented along the « direction). This exotic behavior of
ZnV30, under pressure could be a more general characteris-
tic of geometrically frustrated Mott insulators that approach
the itinerant limit from the intermediate coupling regime. In
general, highly frustrated Mott insulators tend to exhibit si-
multaneous bond and magnetic orderings in their strong cou-
pling limit [18, 19]. The bond ordering emerges from the
frustrated nature of the underlying lattice: there are different
ways of choosing the frustrated bonds in the magnetically or-
dered ground state ( a bond is “frustrated” if it connects two
moments that are aligned in a single-bond high energy state).
This freedom leads to a discrete broken symmetry in addition
to the spontaneously broken symmetry of spin rotations that
characterizes any magnetic ordering. Our study of ZnV,04
suggests that these two orderings can become independent of
each other away from the strong-coupling regime. It is impor-
tant to note that the coupling between the electronic and lat-
tice degrees of freedom becomes stronger in the intermediate-
coupling regime because the bond order parameter becomes
of order one (itis of order ¢/U in the strong-coupling regime).
This implies that a strong enough electron-phonon coupling
can trigger the bond ordering in absence of magnetic ordering.
The stabilization mechanism is always the same: bonds that
become inequivalent have different hopping amplitudes and
this effect lowers the geometric frustration of the electronic
kinetic energy terms.

The strengthening of the bond ordering away from the
strong-coupling regime becomes particularly interesting when
such ordering corresponds to a ferroelectric distortion, like in
the case of CdV,0y4 [6]. Since the same structural distortion
is observed in ZnV40y, our study suggests that the magnitude
of the electric polarization and the ferroelectric Curie tem-
perature can be increased significantly by decreasing the V-V
distance. Moreover, the significant increase in the magnitude
of the charge gap should also reduce the losses or leak cur-
rents that are the main limiting factor for measuring the spon-
taneous electric polarization of ZnV,0,. Therefore, closing
the Mott gap of geometrically frustrated Mott insulators is a
potential route for enhancing electronically driven ferroelec-
tricity. According to our results, this goal could be achieved
in the spinel Vanadates by reducing the V-V distance relative
to the lattice parameter of ZnV,0,. This should be done by a
chemical substitution that does not introduce additional mag-
netic ions in order to preserve the magnetic ordering of the
AV50, family (with A=Cd, Mg and Zn).
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