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High-resolution x-ray and neutron powder-diffraction measurements were performed on polycrystalline
VOMoO4. Below .40 K the system orders in a simple Néel antiferromagnetic statespropagation vectorkW

=0d, indicating a dominant role of the nearest-neighbor interactions. The order is three dimensional but the
reduced saturated magnetic momentm of 0.41s1d mB/V4+ at 2 K indicates strongly two-dimensional character
and enhanced quantum fluctuations. On cooling, there is no evidence of a reduction of the crystal symmetry.
However, neutron diffraction indicates an anomalous evolution of the lattice parameters, which can be related
to the onset of magnetic correlations.
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Frustrated magnets based on transition metals have be-
come subjects of many theoretical and experimental studies
in the past years:1,2 a variety of exotic quantum effects are
expected when competitive interactions lead a system into a
frustrated state, where it is impossible to satisfy all the pair
interactions simultaneously. One of the most studied model
systems is the spin-1/2 Heisenberg antiferromagnet on a
square lattice with competing nearest-sJ1d and next-nearest-
sJ2d neighbor antiferromagnetic interactions. In two dimen-
sions, the zero-point quantum fluctuationssenhanced by a
low spin valued, combined with the frustration, are strong
enough to destroy the long range ordering in the system even
at zero temperature. The two limiting cases of this model are
relatively simple and well understood: whenJ1@J2, the sys-
tem orders into a simple Néel state, whereas whenJ1!J2 the
problem can be treated in terms of two decoupled interpen-
etrating Néel lattices. In the mean-field limit, all the relative
orientations of these two sublattices have the same energy,
but the order-by-disorder mechanism3 lowers the energy of
the collinear states. The intermediate situation is still a matter
of debate; in particular, different predictions exist concerning
the magnetic and nonmagnetic ground states in the vicinity
of the fully frustrated pointsJ1.23J2d sRef. 4d.

Recently, several new vanadium-based compounds have
provided experimental realizations of theJ1-J2 model, and
are currently receiving significant attention by the scientific
community. The first widely studied prototype of this family
was Li2VOSiO4 sRef. 5d. At low temperature, this material
was found to order in the collinear magnetic state.6–8 The
staggered magnetization from neutron scattering was found
to be 0.63mB, in excellent agreement withJ2/J1.12, as ob-
tained from band-structure calculations and bulk properties
measurements.9

Another window into this phase diagram is provided by
the closely related system VOMoO4 sRef. 10d. Initially,
VOMoO4 was considered as a weak one-dimensional
antiferromagnet.11–13 However, recent band-structure calcu-
lations by Carrettaet al.14 have shown that this system is

essentially two dimensionals2Dd, with extremely weak inter-
planar coupling. The crystal structure of VOMoO4, shown in
Fig. 1, presents many similarities with Li2VOSiO4.
VOMoO4 crystallizes in the tetragonal space groupP4/n
sNo. 85d, with two formula units per cell, the spin-1/2 V4+

ions forming a network of VO5 square pyramids, sharing
corners with MoO4 tetrahedra. The main differences with
respect to Li2VOSiO4 sspace groupP4/nmmd are the ab-
sence of Li to separate the layers, the fact that the apical
oxygens of the VO5 pyramids point away rather than toward
the interior of the MoVO5 layers and the rotations of both
VO5 and MoO4 polyhedra, resulting in the loss of the mirror
planes.

Carrettaet al.14 measured the magnetic susceptibility and
the electron-paramagnetic-resonance signal of VOMoO4,

FIG. 1. sColor onlined Comparison between the crystallographic
structure of VOMoO4 sleftd and LiVOSiO4 srightd. Two projections
are shown alongf001g stopd and f100g sbottomd for each crystal.
The small circles are the Li ion. The MosSidO4 tetrahedra are drawn
in dark gray, whereas the V4 pyramids are drawn in light gray. Due
to the reversal of the pyramids alongz in the f001g projections half
of the V are hidden by the apical oxygenfOs1dg. The unit cell is
indicated by solid lines.
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and showed that the magnetic properties of Li2VOSiO4 and
VOMoO4 are quite similar, once normalized to their ordering
temperaturessTN=2.8 and 42 K, respectivelyd. This was
taken as a strong indication that the two systems are in the
same region of the phase diagramsJ1.J2d. Intriguingly,
95Mo nuclear magnetic resonancesNMRd evidenced a local
lattice distortion occurring at about 100 K, which was ex-
plained with the necessity to remove the frustration of the
nearest-neighborsNNd interactions, through the so-called
spin Jahn-Teller mechanism.15 The modulation of the NN
interaction would occur through a small charge transfer from
the V to the Mo site. Both magnetization and NMR
measurement14 clearly indicate a transition to a magnetic
ground state occurring at about 42 K. Although the exact
nature of this ground state could not be determined from
these bulk measurements, Carretta predicts a collinear order-
ing, as expected forJ1.J2. The consistency of this picture is
challenged by band-structure calculations carried out by the
same authors,14 which would place VOMoO4 on theother
side of the phase diagramsJ1.J2, with J1/J2.5−10d. This
discrepancy is attributed to an inadequate modeling of the
electron-electron interactions in the band-structure calcula-
tion. In this paper, we present high-resolution x-ray and neu-
tron powder-diffraction measurements on polycrystalline
samples ofVOMO4. Contrary to the expectations, but con-
sistent with Carrettaet al.’s band-structure calculations,
VOMoO4 orders into a simple Néel state, implyingJ1@J2.
This is further confirmed by the refined low-temperature
value of the magnetic moments0.41mBd, which is consistent
with J2.0.23J1. In agreement with Carrettaet al.’s find-
ings, we found clear evidence in the lattice parameters of a
structural anomaly on cooling below 150 K, and other struc-
tural changes are consistent with a continuous transfer of
charge to the Mo. However, these effects can no longer be
attributed to the spin Jahn-Teller mechanism. Rather, we sug-
gest that the structural distortion reduces the next-nearest-
neighborsNNNd interaction, pushing the system further to-
ward the unfrustrated limit.

The synthesis of the VOMoO4 samples is described in
Ref. 14. High-resolution synchrotron x-ray powder-
diffraction data were collected at 20 and 80 K with a wave-
lengthl=0.499 530s8d Å, using the high-resolution powder-
diffraction beamline ID31 at the ESRF, Grenoble. The 80
-K data were well refined in the space groupP4/n, with
RF2.0.088. No additional Bragg peaks appeared on cooling,
and the refinement of the low-temperatures20-Kd diffraction
pattern in the same space groupP4/n gave a very similar
agreement factorsRF2.0.103d. A close inspection of the
data shows very weak additional peaks but these features are
present at both temperatureseither seen as an asymmetric
profile or weak shouldersd. Therefore, they seem to be re-
lated to an unknown impurity phase. Neutron powder-
diffraction data were collected using the general materials
diffractometer GEM at the ISIS pulsed neutron source. Data
in the temperature range 1.8-250 K were collected on warm-
ing, using a helium cryostat. A second set of data with finer
temperature spacing was collected on warming between 7
and 50 K, using a closed-cycle refrigeratorsdisplexd, and
was found to be fully consistent with the first set in the

region of overlap. A diffraction pattern collected at 1.8 K in
the neutron experiment is shown in Fig. 2. Rietveld
analysis16 of the diffraction pattern was carried out using the
FullProf Suite.17 The VOMoO4 nuclear structure as deter-
mined from the neutron data is fully consistent with the x-ray
results. In particular, within the experimental resolution,
VOMoO4 appears to be metrically tetragonal in the tempera-
ture range 1.8øTø250 K, with no evidence of symmetry
lowering transitions.

Two resolution-limited extra peaks indicated by the ar-
rows in Fig. 2, which are forbidden in the space groupP4/n,
appear below 40 K. This temperature is close to the Néel
temperaturesTN=42 Kd as determined by magnetic suscep-
tibility and other local probes, indicating that the new peaks
are magnetic. The appearance of thes1,0,0d magnetic peak at
6.7 Å immediately allows one to identifykW =0 as the propa-
gation vector of the magnetic structure. This also rules out
the same collinear order of Li2VOSiO4, which has a propa-
gation vectorkW =s1/2,1/2,0d. A propagation vectorkW =0
would be compatible with a FM structure but the presence of
peaks not allowed by the crystal symmetry also excludes this
possibility. It should be noticed that Shiozaki11 suggested
that a weak FM component might be present in this com-
pound at lowT. The detection limit for such a component
with neutron diffraction is.0.1mB, however such a compo-
nent would lead to a canted magnetic structure which is not
symmetry allowed in the Landau framework of continuous
transitions. We used the programBASIREPS sRef. 18d to
search systematically the irreducible representationssIRd of
the propagation vector groupsP4/nd and the corresponding
basis functions for the V site. The magnetic representation is
reduced into six one-dimensionals1Dd IRs: G1+G2+sG3

+G7d+sG4+G8d following Kovalev’s convention,19 where
sG3=G7

* and G4=G8
*d. Therefore, assuming a second-order

FIG. 2. Neutron powder-diffraction pattern collected at 1.8 K;
two of the GEMS detector banks are shown; the data collected in
the two banks are shifted and multiplied by two different constants
for the sake of lisibility. The arrows indicate the positions of the
observed magnetic peaks, the vertical lines are the position of the
peaks calculated by Rietveld refinement for the structuralsupperd
and the magneticslowerd phases. The difference between the ob-
served and the calculated profile is also shown on the bottom. In the
temperature dependence of the magnetic moment, shown in the
inset, the solid line is a guide for the eye.
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transition, a maximum of one parameter suffices to deter-
mine the magnetic structure. Excluding FM ordering and tak-
ing symmetry into account, there are only two possible mag-
netic structures, both corresponding to simple Néel ordering,
with collinear magnetic moments pointing either along thec
axis or in theab plane. This is clearly different from the case
of Li2VOSiO4, where symmetry allows both collinear and
noncollinear ordering.8 It is noteworthy that Shubnikov sym-
metry analysis20 would only allow moments along thec axis
smagnetic space groupP4/n8 for the AFM structure and
P4/n for the FM structure, since onlyG1 and G2 are real
representations.

Due to the small number of observed magnetic peaks, the
two possible AFM structures are essentially indistinguish-
able, and gave the same agreement factor and saturated mag-
netic momentm=0.41s1dmB/V4+. The temperature depen-
dence of the magnetic moment is shown in the inset of Fig.
2. It is clear that the moment is saturated at low temperature,
but it is impossible to extract a reliable order parameter from
these data. The sharpness of the magnetic reflections clearly
indicates three-dimensionals3Dd ordering, but this is not un-
common in 2D systems with a weak coupling in the third
dimension, and was also observed in Li2VOSiO4. A more
reliable indication of the dimensionality of the system is
given by the value of the magnetic moments0.41mB/V4+d.
AssumingS=1/2 and noorbital contribution, this value is
too low for a 3D-ordered systems1mB/V4+d, but it is only
slightly lower than what is expected for a 2D nonfrustrated
system s0.6mB/V4+ for J2=0d. Theoretical models predict
that the moment will smoothly decrease as a function of
J2/J1 towards the nonmagnetic ground state. In particular,
our measured magnetic moments0.41mBd would indicate
J2.0.2·J1 sRefs. 21 and 22d, in excellent agreement with
Carrettaet al.’s band-structure calculations.

As already mentioned, there is no evidence of a structural
phase transition, even in the high-resolution x-ray synchro-
tron data. However, we were able to follow the evolution of
the crystal structure in detail, and relate it to the anomalies
observed by Carretta in the95Mo NMR. The temperature
dependence of the lattice parameters is shown in Fig. 3. As
expected for 2D systems, thec parameter shows much
greater thermal expansions0.9% from 2 to 250 Kd than the
in-plane parameter. Botha and c display anomalies above

100 K, a clear minimum fora and a small change of slope
for c. These anomalies are also reflected in the unit-cell vol-
umeV: an attempt to fit its temperature dependence using the
Debye model in the first-order Grüneisen approximation sys-
tematically underestimates the low-temperature values and
overestimates all the data above 120 K.

A closer inspectionssee inset of Fig. 3d demonstrates that
the anomalous trend of thea parameter starts at about 170 K,
with the lattice parameter going through a broad minimum at
Tmin.150 K and expanding on cooling down to the lowest
measured temperature. A small jump can be observed near
the magnetic transitions40 Kd, although it is unclear whether
this is statistically significant. Carretta attributes the ob-
served NMR anomaly to the transfer of charge between V4+

and Mo6+, so that the oxidation state of the latter would be
reduced. We have looked for the signature of this charge
transfer in the internal structural parameterssbond lengths
and anglesd, which were determined at all temperatures by
Rietveld refinements based on our neutron data. A selection
of the bond lengths is shown in Fig. 4. Due to the small
coherent scattering length of V for neutrons, all the param-
eters containing the V fractional coordinatez have rather
large error bars. Nevertheless, it is clear that the VOs1d bond
is the major one responsible for the thermal expansion along
the c axis. Both in-plane VOs2d and MoOs2d distances in-
crease on cooling, but the effect on the MoOs2d is much
more pronounced. To accommodate the negative thermal ex-
pansion of the MoOs2d and VOs2d bonds, having their largest
projection in theab plane, the systemdecreasesthe rotation
of the polyhedra, so that the MouOs2d–V bond anglein-
creasesfrom .150.3° at 1.8 K to.150.7° at 250 K.

FIG. 3. Change of the tetragonal lattice parametersa andc with
T plotted on the same scale. In the inset, zoom on the temperature
evolution of thea lattice parameter.

FIG. 4. sTopd temperature change of the V–Os1d distance, the
data are noisy due to the neutron difficulty to access the V position
ssee main textd. sBottomd temperature change of the Mo–Os2d and
V–Os2d distance.
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The expansion of the Mo–Os2d bond length on cooling
may be interpreted as due to an increasing population of the
Mo dxy orbitals, and is therefore consistent with a transfer of
charge from V4+ to Mo6+. However, this change occurscon-
tinuouslyon cooling from room temperature, and cannot be
attributed to the onset of short-range magnetic ordering. On
the contrary, we can suspect a much stronger link between
magnetism and thea-axis anomaly, which occurs atTmin
.J1+J2 sRef. 14d. Unfortunately, the effect of this anomaly
on the internal parameters is too small to be observed. Nev-
ertheless, we can speculate that the main effect of this
anomaly is to furtherincreasethe J1/J2 ratio, pushing the
system further towards the unfrustrated limit. It is notewor-
thy that the NNN interactions are uniformly violated in the
simple Néel state. The spin Jahn-Teller mechanism requires
exact cancelation between symmetry equivalent interactions
of opposite sign, and is therefore not relevant here. Instead,
the energy can be lowered simply by reducing the NNN in-

teraction. Unlike the case of Li2VOSiO4, this can occurwith-
out symmetry reduction, and should be observed well above
TN due to short-range magnetic correlations.

Our main conclusion is that VOMoO4 orders in a simple
AFM Néel state, indicating a largeJ1/J2 ratio. The V mo-
ment is significantly reduced from the spin-only value, con-
sistent with a strongly 2D character and enhanced quantum
fluctuations. Far from being a replica of Li2VOSiO4,
VOMoO4 must be assigned to a completely different part of
the J1/J2 phase diagram, and will provide independent veri-
fication of the theoretical models. Nevertheless, our measure-
ments agree in many other respects with results obtained
with local probes. In particular, our observation of structural
anomalies aboveTN confirms the possibility that the onset of
magnetic order is coupled to the lattice.

Fruitful discussions with P. Carretta and R. Caciuffo are
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