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Homopolar Bond Formation in ZnV,0, Close to a Metal-Insulator Transition
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Electronic structure calculations for spinel vanadate ZnV,0, show that partial electronic delocalization
in this system leads to a structural instability, with the formation of V-V dimers along the [011] and [101]
directions, and readily accounts for the intriguing magnetic structure of this material. The formation of V-
V bonds is a consequence of the proximity to the itinerant-electron boundary and is not related to orbital
ordering. We discuss how this mechanism naturally couples charge and lattice degrees of freedom in

magnetic insulators close to such a crossover.
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The transition between an antiferromagnetic (AF) insu-
lator and a paramagnetic metal is associated with some of
the most intriguing experimental observations in solid state
physics. Unconventional forms of superconductivity, elec-
tronic phase separation, and a variety of non-Fermi liquid
behavior are well-known examples. Although not com-
pletely understood, it is however becoming clear that a
strong coupling between charge, spin, orbital, and lattice
degrees of freedom is an essential ingredient to explain
many of these phenomena. Thus, it is important to define
the properties and conditions under which this coupling
among different degrees of freedom takes place and to
explore their consequences. Especially interesting phe-
nomena may occur in a regime intermediate between lo-
calized and itinerant electrons, i.e., close to the insulator-
metal (Mott) transition. One such possibility is that this
crossover can occur via partial delocalization of electrons,
not in the whole system right away, but first in certain
clusters, e.g., in dimers [1]. Below, we prove that this
scenario can indeed be realized in one specific system,
the spinel ZnV,0,, and argue that this effect can also
take place in other similar systems close to Mott transition.

The spinel ZnV,0, is an excellent candidate for such
study, being a magnetic insulator close to the itinerant-
electron limit. Ab initio calculations with structural opti-
mization could be very useful to study possible lattice
instabilities, and this is what is done in the present Letter.
We will show that for small values of the electron-electron
(Hubbard’s) repulsion U, the most stable structure always
consists of V-V dimers along the [011] and [101] direc-
tions, with ferromagnetic bonds becoming shorter [2] that
helps to understand the intriguing magnetic structure of
this material. There is no orbital ordering in our solution,
except higher occupation of the d,, orbital. The dimeriza-
tion obtained is a dramatic example of a strong electron-
lattice coupling due to the partial electronic delocalization
in the proximity of the itinerant-electron limit.
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ZnV,0, crystallizes in a cubic spinel structure, where
the V atoms form a pyrochlore lattice of corner-sharing
tetrahedra. Because of the geometry of the pyrochlore
lattice, the AF interactions between the V atoms are highly
frustrated. The material undergoes a magnetic transition
and a structural transition to a low-temperature tetragonal
phase (¢/a < 1) below 50 K [3]. The lattice formed by the
Vatoms can be described as built up by V-V chains running
along the [110], [011], and [101] directions (we use below
the cubic setting). The magnetic structure, found by neu-
tron diffraction [4,5], is AF along the [110] direction
(within the ab plane), but along the [101] and [011] (off-
plane) directions the V moments order {1]|1T (see Fig. 1).
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FIG. 1 (color online). Schematic representation of the ‘“‘dimer-
ized” structure resulting from our ab initio, all-electron calcu-
lations for realistic values of U in ZnV,0,. Bold (thin) line
represents short (long) in-chain bonds. The magnetic structure is
indicated by arrows.
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The electronic structure of the V3* jon (d?) has an
orbitally degenerate configuration. Several types of orbital
orderings were proposed for ZnV,0, recently [6—10]. One
is an “‘antiferro-orbital” picture [9], with the full occupa-
tion of a d,, orbital at each site and with an alternation of
d,, and d,, orbitals along the c-axis. Also, a “ferro-
orbital”” ordering of complex orbitals (d,, * id,) [6] and
an “orbital-Peierls” ordering [7] with the orbitals in a
dy, —d,, — d,, — d,; pattern along the tetragonally com-
pressed c-axis were suggested. In the ab initio calculations,
including spin-orbit effects [8], the most stable solution is
the same as in Ref. [6]. Most of these works assume that
U/W (W being the bandwidth) is large, i.e., use a purely
localized picture, which seems to contradict recent experi-
mental findings [1]. In many of these works, the lattice
symmetry found in the existing experiments (space group
14, /amd) [3] was imposed as a rigid constraint. However,
in general, electronic structure may have lower symmetry.
Below, the structure derived from the tetragonal distortion
described above will be called the ‘“standard” structure,
and the relaxed structure with lower symmetry will be
referred to as “dimerized” structure, to signal the forma-
tion of V-V dimers along the chains.

Full-potential, all-electron, electronic structure calcula-
tions based on the density functional theory, utilizing the
APW + lo method [11] were performed using the WIEN2K
software [12]. We have used various exchange-correlation
functionals and the LDA + U scheme [13] to model strong
correlation effects in the system, these being controlled by
an effective U (Uyg = U — J), U being the on-site
Coulomb repulsion and J the Hund’s rule exchange con-
stant. Spin-orbit effects have been introduced as a second
variation using the scalar relativistic approximation [14].
All our calculations were fully converged with respect to
the parameters used, with a cutoff of 200 eV for the plane
wave expansion and a 7 X 7 X 7 mesh in the irreducible
wedge of the Brillouin zone. Local orbitals were used to
improve the flexibility in dealing with semicore states (Zn
3p, V 3sand 3p, and O 2s). The geometry optimization
was carried out minimizing the forces on the atoms and the
total energy of the system, relaxing the system from an
initial trial state with reduced symmetry, allowing for hav-
ing unequal V-V distances along the [011] and [101]
directions.

As mentioned above, the anomalous variation found in
the pressure dependence of Ty along the series A>"V,0,
[1] has been interpreted as the consequence of a variation
of U/W, which first becomes progressively reduced by
pressure, and then collapses close to the itinerant limit.
According to this, even though MgV,0, and ZnV,0, are
still semiconducting, a partial electronic delocalization
along the V-V bonds leading to the formation of short-
range cation clusters and to a lattice instability can be
anticipated. In Fig. 2, we present experimental resistivity
curves for different vanadates in which the divalent cation
at the tetrahedral site has been used to tune the V-V
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FIG. 2 (color online). Temperature dependence of the resistiv-
ity in the A>*V,0, series. Small differences in the resistivity for
MgV,04 and ZnV,0, could be due to intergrain boundary
scattering in the ceramic pellets (their room temperature resis-
tivity differs only by =8 ) cm). In any case, their activation
energy (AE) is practically identical, as it should be, given the
similar V-V distance in both compounds.

distance (the details of sample preparation and character-
ization are given in Ref. [1]). The results show how the
activation energy decreases with the decrease of V-V dis-
tance as the metal-insulator transition is approached from
the insulating side. This confirms the reduction of U/W in
this series, which could lead to a partial delocalization of
electrons [1]. In order to check the possibility of a lattice
instability due to this electronic effect, we performed a
structural optimization using the experimentally observed
magnetic structure [4,5] ( 1I111] spins in [110] chains, TT{{11
in [101] and [011] directions). As a starting point, we
selected an artificially deformed structure that would give
rise to V-V dimers (distances along the [101] and [011]
chains get short-long-short-long) and let the system relax
until forces on the atoms are smaller than 4 mRy/a.u.
(small enough to consider the system is relaxed) [15].
The system relaxes to a structure away from the “stan-
dard” one, forming chains with an alternation of short-long
V-V distances (Fig. 1). The same relaxed structure is
obtained starting from different artificially deformed struc-
tures, including the one with the chains having short-
intermedite-long-intermediate V-V distances along the
[101] and [011] chains (proposed in Ref. [7]). This shows
we have found a stable (it is the ground state) and repro-
ducible structure. We have performed structural relaxa-
tions using the LDA + U method for several values of
U (up to 6 eV). For small values of U (up to 3.0 eV),
this leads to the same relaxed structure as obtained with
GGA (the difference in V-V distances is less than 1%), but
a relaxation for large values of (U.; > 3 eV) leads to the
“standard” V positions without dimerization. For Uy =
3.0 eV, the “dimerized” structure obtained would be only
3 meV/V more stable than the “standard” one. Figure 3
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FIG. 3. Stabilization energies (in meV/V) of the ‘“‘dimerized”
structure with respect to the ““standard” one as a function of Ug-.
Our proposed ““dimerized” structure is more stable for values of
U = 3 eV. Error bars for Uy = 0 account for the various
functionals used (see text).

shows the total energy differences, for various values of
Uy, between the structures optimized with LDA + U,
both of them in the experimentally found magnetic struc-
ture. For U = 0, we have obtained values using various
exchange-correlation functionals for optimizing the struc-
ture. This gives that such a “dimerized’” structure is more
stable than the “‘standard” one (by 30 meV/V with the
Perdew-Burke-Ernzerhoff GGA [16], by 14 meV/V using
the Wu-Cohen GGA [17] and by 8 meV/V using the LDA
[18]). For U.s > 3 eV, the “‘standard” structure is ob-
tained as a result of a structure optimization.

For carrying out this computational experiment, one
needs to reduce the symmetry of the compound from the
“standard” I4,/amd [19,20] to the P4,2,2 space group
[19], that allows having different V-V distances along the
chains and, at the same time, keeping the same magnetic
unit cell. The lattice parameters (unit cell volume) were not
optimized, they were taken from Ref. [4]. They are usually
given by experiment quite accurately. However, the inter-
nal positions are much more difficult to obtain experimen-
tally, especially in the case of small distortions as the one
we describe here. For that reason, the internal optimization
we have carried out computationally becomes necessary.

For relatively small values of Uy (below about 3 eV)
the “dimerized” structure is more stable than the “stan-
dard” one. Such small values of U,y would be consistent
with our experimental findings of the system being close to
the itinerant-electron limit. In such cases, LDA + U
method is known to overestimate correlation effects, and
in the itinerant case LDA or GGA calculations may be
more appropriate. To model the intermediate situation, we
have to reduce the values of U/W; thus, values of Uy <
3 eV seem quite reasonable for ZnV,0, (for which W is
calculated to be 2 eV). It is remarkable that in the “di-
merized” structure, even the GGA calculation is enough to
open a tiny gap in the density of states (~0.05 eV). This
occurs because in the “dimerized” structure, spin-parallel

V atoms move closer to allow two halves of d,, (d,,)
electrons to fill up a bonding molecular orbital along the
[101] ([011]) direction (see Fig. 1). Then the bonding-
antibonding splitting opens the gap and stabilizes this
“dimerized” structure, without the need of orbital
ordering.

Thus, from our calculations, we conclude that as Ug/W
is reduced on approaching the itinerant behavior, a strong
coupling between charge and lattice degrees of freedom
takes place leading to the obtained dimerization and de-
termining the low-temperature properties of the system.
Detailed experiments, preferably on single crystals, should
be carried out to check our new proposed picture of
ZnV,0y,. It is remarkable that no special constraints have
been introduced in the calculations, so the specific results
obtained for ZnV,0, may be a manifestation of a general
trend which may exist also in other systems close to a
localized-itinerant crossover, in particular, in other V
spinels.

Table I shows the V-V distances in the “dimerized”
structure, so we can compare them with the other members
of the series. The shortest V-V distance is below the critical
distance for electron itineracy (~2.94 A), as estimated by
Goodenough for a direct V3" — V3* bond across a shared
octahedral edge in an oxide [21]. This is in agreement with
the experimental prediction of the formation of V-V mo-
lecular orbitals close to a metal-insulator transition in
ZnV,0, [1], and is similar to the case of MgTi,O,, where
a tetramerization of the Ti chains has been observed [22].

As mentioned above, for the ‘“‘standard” structure it is
possible to stabilize different orbital orderings. Among
them, the most stable one has an unquenched orbital an-
gular momentum of about 0.7y per V site antiparallel to
the spin moment at each site. However, if we analyze the
electronic structure of the ‘“‘dimerized” structure, such an
orbital ordering is not found. In fact, in our solution, we do
not observe any orbital ordering (except higher occupation
of the d,, orbital, common for all the models). The occu-
pations of the levels d,, and d,, are almost identical, but
the orbital angular momenta are fairly small (about 0.1 ).
If we use a basis set with the real combination of orbitals:
d,, * d,, they are also equally populated. Hence, there is
no trace of orbital ordering left once dimerization of the V

TABLE 1. V-V distances (in A) along the different directions
in the “standard” (experimental values from Ref. [4]) and the
“dimerized” (our calculations) structure of ZnV,0, and also for
the other members of the series AV,0, in the cubic phase (our
experimental results).

in-plane off-plane short off-plane long
“standard” 2.98 2.97 2.97
“dimerized” 2.98 2.92 3.01
CdV,0, 3.07 3.07 3.07
MnV,0, 3.01 3.01 3.01
MgV,0, 2.97 2.97 2.97

256403-3



PRL 101, 256403 (2008)

PHYSICAL REVIEW LETTERS

week ending
19 DECEMBER 2008

chains occurs. The dimerization of the structure is caused
by a spin-lattice coupling without orbital ordering being
involved, the only necessary ingredient being the reduction
of U.s/W in the vicinity of a metal-insulator transition.

We have carried out total energy calculations in various
magnetic structures to calculate the different exchange
constants in the material. We have fitted the total energies
obtained for U, = 1.7 eV to a Heisenberg model (H =
—>.;/i;SiS;) to calculate Ji, = —16 meV (the in-plane
exchange constant), J; = 10 meV (out-of-plane exchange
constant for the short FM bonds) and J;, = —3 meV (a
much smaller out-of-plane AF exchange constant for the
long bonds). Thus, the dimerized structure removes the
magnetic frustration and readily explains the experimen-
tally observed off-plane 1f]|]T magnetic structure (see
Fig. 1). Our work resolves the difficulty in obtaining the
correct magnetic structure met in other approaches
[6,9,10]. A possible physical picture explaining why there
occurs dimerization in the 11/|1T chains close to the itinerant
regime is that in this case the exchange interaction re-
sembles double exchange. Shortening of 1T bonds leads to
a larger hopping and to a gain in double exchange energy,
stabilizing this spin ordering.

Summarizing, our ab initio calculations demonstrate
that in ZnV,0,, the system close to localized-itinerant
crossover, there occurs partial delocalization of electrons
in pairs of V ions, analogous to the formation of homopolar
V-V covalent bonds. This V-V bonding occurs simulta-
neously with corresponding lattice distortion and is caused
by the strong interplay of charge, spin, and lattice degrees
of freedom in a regime when electron correlations gradu-
ally weaken. We want to emphasize that it is the nature of
the chemical bond that changes at the electronic transition,
and hence dramatic changes in the physical properties of
the system can be expected. The unusual properties of
many localized-electron systems that are close to the itin-
erant crossover should be revisited on the light of the
results presented in this Letter.
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