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Frustration-driven structural distortion in VOMoO 4
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Nuclear magnetic resonance~NMR!, electron paramagnetic resonance~EPR!, magnetization measurements,
and electronic structure calculations in VOMoO4 are presented. It is found that VOMoO4 is a frustrated
two-dimensional antiferromagnet on a square lattice with competing exchange interactions along the side (J1)
and the diagonal (J2) of the square. From magnetization measurementsJ11J2 is estimated around 155 K, in
satisfactory agreement with the values derived from electronic structure calculations. Around 100 K a struc-
tural distortion, possibly driven by the frustration, is evidenced. This distortion induces significant modifica-
tions in the NMR and EPR spectra which are possibly due to valence fluctuations. The analysis of the spectra
suggests that the size of the domains where the lattice is distorted progressively grows on cooling as the
temperature approaches the transition to the magnetic ground state atTc.42 K.
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I. INTRODUCTION

In the last decade transition metal oxides have attracte
lot of interest in view of the rich phenomenology induced
the strong electronic correlations. The properties of these
ides are rather peculiar once the interaction of the electr
with the lattice becomes relevant. This is the driving mec
nism of several phenomena such as, for example, super
ductivity, colossal magnetoresistivity,1 and the spin-Peierls
transition.2 Recently, the importance of the coupling betwe
the electron spin and lattice has emerged for a new clas
materials, the frustrated antiferromagnets.3 In this case, the
magnetoelastic coupling tends to relieve the degenerac
the ground state caused by the frustration of the magn
exchange couplings.4 This is the situation observed, for ex
ample, in Li2VOSiO4,5,6 which is a frustrated two-
dimensional S51/2 antiferromagnet~2DFQHAF! on a
square lattice with competing exchange interactions al
the side (J1) and diagonal (J2) of the square. This com
pound hasJ1.J2 (J11J2.8.5 K) and represents a proto
type of the two-dimensionalJ1-J2 model, which was exten
sively studied from a theoretical point of view in the la
decade.7 In the absence of any spin-lattice coupling t
ground state is double degenerate, the two states corresp
ing to collinear phases~hereafter called I and II! which differ
in the orientation of the magnetic wave vector.8 The magne-
toelastic coupling leads to a lattice distortion atTdist.(J1
1J2)/2, which affects 29Si and 7Li NMR spectra,5,6 and
Li2VOSiO4 is observed to collapse always in one of the tw
possible ground states.

Another 2DFQHAF, nearly isostructural to Li2VOSiO4,9

is VOMoO4.10 The structure of these compounds is form
by pyling up layers of SiVO5 for the former and of MoVO5
for the latter. These layers contain VO5 pyramids separated
by (Si,Mo)O4 tetrahedra~see Fig. 1!. The only difference is
that in Li2VOSiO4 a plane of Li1 ions is present between th
SiVO5 layers. VOMoO4 has been recently investigated b
Shiozaki and co-workers,11 which, however, have considere
0163-1829/2002/66~9!/094420~11!/$20.00 66 0944
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it as a protoype of a weakly one-dimension
antiferromagnet12 instead of a 2DFQHAF, as will be show
in the following. The interest in VOMoO4 stems from the
fact that although the structure is very similar to the one
Li2VOSiO4, the exchange couplings are more than an or
of magnitude larger. Thus the comparison of the propertie
the two systems would allow us to understand if frustrat
is indeed the driving mechanism for the observed structu
distortions.

In this paper nuclear magnetic resonance~NMR!, electron
paramagnetic resonance~EPR!, and magnetization measure
ments in VOMoO4 powders are presented. The temperat
dependence of the susceptibility evidences that also,
VOMoO4, J1.J2. At temperatures belowJ11J2—namely,
at Tdist.0.64(J11J2)—VOMoO4 shows a lattice distortion
possibly driven by the magnetic frustration. The distorti
seems to induce valence fluctuations, not observed

FIG. 1. Structure of VOMoO4 projected along@001#. VO5 pyra-
mids ~black! run parallel to the line of sight and are connected
MoO4 tetrahedra~gray!. For details see Ref. 10. The dashed li
shows the projection of the unit cell witha56.6078 Å.
©2002 The American Physical Society20-1
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P. CARRETTAet al. PHYSICAL REVIEW B 66, 094420 ~2002!
Li2VOSiO4, with a charge transfer from V41 to Mo61.
Moreover, it is found that domains of distorted lattice, with
size which progressively grows on cooling, are formed
low Tdist . The magnitude of the superexchange couplin
was estimated from electronic structure calculations and
two-dimensional character of VOMoO4 evidenced. Finally,
the role of Mod orbitals in determining the differences wit
respect to Li2VOSiO4 is emphasized.

The paper is organized as follows: in Sec. II the techni
aspects and the experimental results will be shown, whil
Sec. III analysis of the data, including the electronic struct
calculation, and analysis of NMR relaxation rates and of
lattice distortion will be presented. The final conclusions
summarized in Sec. IV.

II. EXPERIMENTAL ASPECTS AND EXPERIMENTAL
RESULTS

A. Sample preparation, EPR, and magnetization measurements

VOMoO4 powders were obtained by solid-state react
starting from a stoichiometric mixture of MoO3 ~Aldrich,
99.51%!, V2O5 ~Aldrich, 99.99%), and V2O3 heated in a
vacuum-sealed quartz tube at 675 °C for 24 h. V2O3 itself
was prepared by reducing V2O5 ~Aldrich, 99.61%) under
hydrogen at 800 °C. The sample purity was analyzed
means of x-ray powder diffraction and all diffraction pea
corresponded to the ones of VOMoO4 ~JCPDS file: 18-
1454!. Single crystals were prepared by chemical transp
reaction starting from a stoichiometric mixture of the starti
materials and TeCl4~10% in weight!. The mixture was
sealed under vacuum and heated for 24 h at 575 °C,
slowly cooled at 10 C/h down to room temperature.

EPR spectra were recorded with anX-band spectromete
equipped with a standard microwave cavity and a variab
temperature device. The measurements were performed
on powders and on a single crystal of volumeV
<0.03 mm3. The EPR powder spectra are characterized b
line shape which becomes progressively more asymmetr
the temperature is lowered below 130 K@see Fig. 2~a! and
the inset to Fig. 3~a!#. These spectra can be quite well sim
lated by considering a temperature-independent cylindricg̃
tensor with componentsgc51.960 andgab51.932. These
values are consistent with the estimates of V41 g̃ in the
framework of the crystal field approximation, by assuming
spin-orbit couplingl5150 cm21 and some covalency be
tween V and O.13 It should be noticed thatgc andgab values
are reversed with respect to what one might expect jus
looking at the spectrum atT570 K in Fig. 3~a!. In fact, one
would be tempted to associate the low-field most inte
peak with V41 in grains whereHW'cW , while the less intense
one with those grains withHW icW . However, if this assignmen
is made the data cannot be fitted adequately. The increa
the intensity of the low-field peak with respect to the hig
field one, below 130 K~see the inset to Fig. 3!, has rather to
be associated with a faster decrease of the linewidthDH for
HW icW than forHW'cW ~see Fig. 3!. These results can be suitab
compared to the ones derived from EPR measurements
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single crystal. The crystal was mounted on a sample ho
that allowed one to rotate the field in theac plane. V41 EPR
spectra on the crystal confirmed that theg̃ tensor is practi-
cally temperature independent down toTc.42 K with gc
andgab identical to the ones derived from the EPR powd
spectra. Moreover, the temperature dependence ofDH is the
same found for the powders, characterized first by a decre
on cooling, then a minimum around 60 K, and finally a
increase as the temperature approachesTc ~see Fig. 3!. The
temperature dependence of the area of the EPR powder s
tra, which in principle is proportional to the static uniform
susceptibilityx, is shown in Fig. 4. Above 100 K the tem
perature dependence is very similar to the one derived fox

FIG. 2. ~a! Derivative of the EPR powder spectra~solid lines! at
T5293 and 70 K. The circles show the best fit of the two spec
used to determineg andDH. Notice that, in order to better illustrat
the different asymmetry, the intensity of two spectra was not n
malized.~b! Derivative of the EPR powder spectra for five select
temperatures between 69 K andTc . The temperatures, moving
from the most intense to the less intense signal, areT569, 59, 49,
45.5, and 42 K. A marked decrease in the intensity of the E
signal on cooling is evident.
0-2
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FRUSTRATION-DRIVEN STRUCTURAL DISTORTION IN . . . PHYSICAL REVIEW B66, 094420 ~2002!
from magnetization measurements~see paragraph below!;
however, below this temperature a rapid decrease of the
intensity is evident@see Fig. 2~b!#, down toTc . Then, below
Tc a small signal with a differentg̃, possibly arising from
impurities, starts to be detected.

Magnetization ~M! measurements were performed
VOMoO4 powders using a commercial Quantum Desi
MPMS-XL7 superconducting quantum interenference dev
~SQUID! magnetometer. The temperature dependence o
susceptibility, defined asx5M /H with H the intensity of the
applied magnetic field, is shown in Fig. 5~a!. One observes a

FIG. 3. Temperature dependence of the peak to peak widt
the EPR powder spectrum in VOMoO4. In the inset the ratio be-

tween the EPR linewidth forHW i and'cW , estimated from the analy
sis of the powder spectra, is reported.

FIG. 4. Temperature dependence of the area of the EPR s
~squares! and of the spin susceptibility~circles! measured experi-
mentally with a SQUID magnetometer after subtraction of the V
Vleck contribution~see text!. The area of the EPR signal, which i
principle is proportional to the spin susceptibility, was rescaled
match the value of the spin susceptibility at room temperature.
09442
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high-temperature Curie-Weiss behavior, a broad maxim
around 100 K typical of low-dimensional antiferromagne
and a kink atTc.42 K, which indicates the presence of
phase transition. This trend is the same already observe
Shiozakiet al.11 At temperatures well above the maximu
the susceptibility is given by

x~T!5
C

T1Q
1xVV , ~1!

whereC is the Curie constant,Q the Curie-Weiss tempera
ture, andxVV Van Vleck susceptibility. In order to estimat
Q, which for a 2DFQHAF on a square lattice is equal
J11J2, one has to determine first the value ofxVV . Since
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FIG. 5. ~a! Temperature dependence of the susceptibility
VOMoO4, for H51 kG. The solid line shows the high-temperatu
Curie-Weiss behavior forQ5155 K. ~b! Plot of the susceptibility
measured with the SQUID magnetometer~after subtraction of the
atomic diamagnetic contribution! vs the area of the EPR signa
with the temperature as an implicit parameter. The intercept of
solid line was used to derive Van Vleck susceptibility.
0-3
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FIG. 6. ~a! 95Mo NMR powder spectra in
VOMoO4 oriented powders forH59 T along the

c axis.~b! 95Mo NMR shift in VOMoO4 for HW ic
vs the spin susceptibility, measured with th
SQUID magnetometer, after subtraction of th
Van Vleck term. The temperature, which is a
implicit parameter, is shown for a few selecte
points. The solid lines evidence the change
slope, i.e., of hyperfine coupling, on cooling.
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, as
xVV does not contribute to the EPR signal, its value can
directly determined by plottingx measured with the SQUID
against the EPR area forT.150 K @see Fig. 5~b!#. One finds
xVV53.531024 emu/mol, a value consistent with the sep
ration between thet2g levels derived from crystal field cal
culations and close to the one estimated for Li2VOSiO4,
where V41 has practically the same coordination. Then,
fitting the susceptibility data forT.150 K, with Eq.~1! one
derivesQ5155620 K.

B. NMR spectra and relaxation rates
95Mo NMR spectra were recorded both on unoriented

well as on magnetically aligned powders by summing
Fourier transform of half of the echo signal recorded at d
ferent frequencies. The powders were oriented in epoxy r
with the magnetic field direction along thec axis which, as
can be seen from a close inspection of the crystal sym
tries, corresponds to the principal axis of the electric fi
gradient ~EFG! at 95Mo nuclei. The NMR spectra in the
oriented powders are characterized by five well-defin
peaks@see Fig. 6~a!# separated bynQ.106 kHz. For a cy-
lindrical EFG tensor, as the one of95Mo in VOMoO4, one
has that14 nQ53eVzzQ(12g`)/20h, whereVzz is the prin-
cipal component of the EFG tensor,Q520.019 barn the
95Mo electric quadrupole moment, and (12g`) the Sternhe-
imer antishielding factor. One can compare the experime
value of nQ with the one derived from an estimate of th
EFG based on lattice sums, within a point charge appro
mation and taking (12g`).24.861, as estimate
theoretically.15 One obtainsnQ.102.5 kHz, in remarkable
agreement with the experimental finding. On the other ha
the powder spectra are characterized by a sharp central p
corresponding to the 1/2→21/2 transition, and by an unde
lying broad powder spectrum. BelowTc the 95Mo NMR
powder spectrum broadens, as expected in the presence
magnetic order, yielding a local field at the nuclei which
randomly oriented with respect to the external field.

It is interesting to analyze the temperature dependenc
the shift of the central line in the oriented powders forHW ic
and for the unoriented powders, which probe mainly the s
for HW'c. As reported in Fig. 7~a! one observes that th
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resonance frequency of the peak in the unoriented pow
has a temperature dependence which is exactly the opp
of the one observed for the susceptibility~see Fig. 5!. Since
the quadrupolar corrections to the central line shift are n
ligible, one can assert that the opposite behavior of these
quantities is due to a negative hyperfine coupling cons
~A! between the95Mo nucleus and the four nearest-neighb
V41 ions. In fact, the shift of the NMR line can be written a

DK5
4Ax

gmBNA
1d, ~2!

with mB the Bohr magneton andd the chemical shift. Hence
by plotting DK vs x @see Fig. 7~b!# one can derive the hy
perfine coupling constantA which for T<100 K turns out
Apow.29 kOe. In Fig. 7~b! one clearly observes tha
around 100 K there is a sizable change of slope which ha
be associated with a marked decrease in the hyperfine
pling and suggests that around 100 K significant modifi
tions in the local structure around Mo61 are taking place.
Above 110 K one hasApow.22.5 kOe. The shift measure
ments in the oriented powders yield quantitatively simi
results@see Fig. 6~b!#, pointing out that the hyperfine cou
pling is quite isotropic. The values for the component of t
hyperfine coupling tensor forHW ic turn out to be Ac.
211.5 kOe for T,100 K and Ac.22.7 kOe for T
.110 K. Finally, it must be mentioned that while abov
100 K the width of the central line is temperature indepe
dent, a sizable broadening is observed below 100 K, the l
width for HW ic increasing from about 2.3 kHz at 106 K t
about 6.5 kHz at 50 K. This fact suggests an increasing
homogeneity at the microscopic level.

Nuclear spin-lattice relaxation rate 1/T1 was measured on
the central95Mo NMR line by means of a saturation recov
ery pulse sequence. The length of the saturation sequ
was much shorter thanT1 while the repetition time was
much longer than the spin-lattice relaxation time to allo
nuclear spins to reach thermal equilibrium between e
scan. The recovery law was found to be multiexponential
0-4
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FRUSTRATION-DRIVEN STRUCTURAL DISTORTION IN . . . PHYSICAL REVIEW B66, 094420 ~2002!
expected. Now, the point is whether the relaxation proces
driven by fluctuations of the hyperfine field or of the EF
As we shall see later on in the discussion of the experime
results, the magnetic relaxation mechanism is the domin
one~Sec. III B!. Then, the recovery law for the nuclear ma
netizationmz(t) is

mz~ t→`!2mz~ t !

mz~`!
5

1

35
e2t/T11

8

45
e26t/T11

50

63
e215t/T1.

~3!

The values of 1/T1 derived from the fit of the experimen
tal data with Eq.~3! are reported in Fig. 8. One notices

FIG. 7. ~a! Temperature dependence of the resonance freque
for 95Mo NMR central line.~b! 95Mo NMR shift of the central line
in VOMoO4 unoriented powders plotted against the spin susce
bility, measured with the SQUID magnetometer, after subtraction
the Van Vleck term. The temperature, which is an implicit para
eter, is shown for a few selected points. The solid lines evidence
change of slope, i.e., of hyperfine coupling, on cooling.
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decrease of the relaxation rate on cooling down to abou
K, then a plateau and a peak atTc , as expected for a second
order phase transition.

The decay of the echo signal after ap/2-t-p pulse se-
quence was observed to be practically exponential. The
cay of the amplitude of95Mo echo signal arises in principle
from three different contributions: namely,

E~2t!5E~0!@D~2t!e22t/T1
R
e2Dv82tc

2f (2t,tc)#. ~4!

The first termD(2t) is the decay associated with the95Mo
nuclear dipole-dipole interaction. The second momentM2 of
the corresponding frequency distribution was determined
the basis of lattice sums taking into account the natural ab
dance of 95Mo.14 It was found thatAM2590 s21. If one
takes this value and assumes a Gaussian decay, sizabl
viations from the exponential behavior should be detect
mainly at low temperature. The absence of any evidence
such a Gaussian deviation could stem from the low natu
abundance of95Mo nuclei which leads, as for diluted nuclea
spins, to a dipolar contribution to the echo decay which
neither Gaussian nor exponential.14 Then one has to approxi
mate the nuclear dipole contribution to the echo decay wit
moment expansion.D(2t) was expanded up to the fourt
moment and its expression was used to fit the data up
2t.1/(2AM2). It must be remarked that, in anyway, abo
120 K the contribution ofD(2t) to the echo decay is sma
with respect to the one due to the third term in Eq.~4!.

The second term in Eq.~4! is the Redfield contribution to
the echo decay. When just the central transition of anI
55/2 nucleus is irradiated and in the case of an isotro
spin-lattice relaxation rate one has17 1/T1

R59/T1. The third
term is the dominant one and originates from a lo
frequency dynamics characterized by a correlation timetc
which modulates the resonance frequency of the nuclei
Dv8. The observation that the echo decay is exponen

cy

i-
f
-
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FIG. 8. Temperature dependence of95Mo NMR 1/T1 in
VOMoO4 for the central line in a magnetic field of 9 T, derived b
fitting the recovery of nuclear magnetization with Eq.~3!.
0-5
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P. CARRETTAet al. PHYSICAL REVIEW B 66, 094420 ~2002!
implies thatDv8tc!1, so thatf 52t/tc and the last term of
Eq. ~4! becomes exp(22t/T2), with14 1/T25Dv82tc . The
temperature dependence of 1/T2 derived by fitting the echo
decay with Eq.~4! is shown in Fig. 9.

Finally, it must be mentioned that a51V NMR signal was
detected, with a temperature dependence of 1/T1 and of 1/T2
very similar to the ones reported in Ref. 16. However,
values of the relaxation rates are too small to be ascribe
V41 sites in VOMoO4. The comparison of (1/T2)2 with the
second moment derived for the51V dipole-dipole interaction
shows that this signal must be due to a few percent of51V
nuclei, possibly belonging to V51 impurities.

III. ANALYSIS OF THE DATA AND DISCUSSION

A. Electronic structure and superexchange couplings

The superexchange couplingsJ1 and J2 were estimated
both theoretically, starting from electronic structure calcu
tions, and experimentally from the temperature depende
of the susceptibility. The electronic structure of VOMoO4
was calculated by using density functional theory~DFT! in
the local density approximation~LDA !. The tight-binding
linear muffin-tin orbital method18 ~LMTO47 Stuttgart code!
was adopted together with the exchange-correlation pote
of Perdew and Zunger19 while the lattice parameters wer
taken from Ref. 10.

In Fig. 10 the electronic structure of VOMoO4 and the
corresponding density of states~DOS!, derived with the lin-
ear tetrahedron method, are shown. The DOS was check
have already converged with a mesh of about 858 irreduc
k points. One can notice that only two relatively narro
bands, well separated from all the others, cross the Fe
level (eF), which was set to zero energy. The density
states shows a pronounced feature aroundeF , i.e., in corre-
spondence with these two bands. This feature is more evi

FIG. 9. Temperature dependence of 1/T2 in VOMoO4 powders
for H59 T, derived by fitting the echo decay of95Mo central tran-
sition with Eq.~4!.
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in the lower part of Fig. 10 where these two bands and
DOS in the energy window (20.8,0.4) eV are reported. In
order to minimize the linearization error in this energy wi
dow, we placed the linearization energies close to the Fe
level. The eigenvectors of the two conduction bands h
mainly V dxy character, mixed with some O2 px/y and, in the
case of the lower-energy band, with some Modxy character.
At the G point the two conduction bands are, respective
the bonding~lower energy! and antibonding~higher energy!
V dxy bands.

The LDA bands can be understood from a few-band tig
binding model, as shown in the Appendix, and the dispers
curve of the two conduction bands can be written in terms
the nearest-neighbor~NN! (t1) and next-nearest-neighbo
~NNN! (t2) hoppings within the~001! plane and of the hop-
ping between adjacent planes (t'):

e~k!5e012t2@cos~kxa!1cos~kya!#

14t1@cos~kxa/2!cos~kya/2!#12t'cos~kzc!. ~5!

Their values can be estimated from a least-squares fittin
the calculated band structure. The results are shown in T
I. The NN hoppingt1 and the NNN hoppingt2 have two
contributions of opposite sign. The first one originates fro
the hopping between V and NN O orbitals while the seco
one from hoppings involving V and NN O and Mo orbital

FIG. 10. ~Top! Band structure~left! and density of states~right!
of VOMoO4. The Fermi level is set at zero energy. The symme
points areG5(0,0,0), X5(p/a,0,0), M5(p/a,p/a,0), and Z
5(0,0,p/c). ~Bottom! Band structure of VOMoO4 close to the
Fermi level. On the right side the total DOS~solid line! is shown.
The V d projected DOS~dashed line! and the Op and Mod pro-
jected DOS~dash-dotted and dotted lines! are also shown.

TABLE I. Hopping integrals ~in meV! for VOMoO4. The
Coulomb repulsion is in eV and the exchange coupling consta
are in K.

t1 t2 t' U J1 J2 J' J1 /J2

Lower band 2110 252 21 5 110 22 ,1022 4.5
Higher band 1135 242 22 5 154 16 ,1022 10
0-6
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FRUSTRATION-DRIVEN STRUCTURAL DISTORTION IN . . . PHYSICAL REVIEW B66, 094420 ~2002!
The sign is different because while the energy of Op orbitals
lies below the Fermi level the one of Mod orbitals is above
~see the Appendix!. The contribution coming from Mo de
pends mainly on the energy of Modxy effective orbital,
whose energy is affected by the hopping with Vdz2 and,
therefore, depends on V-Mo distance. Thus, the closer V i
Mo, the higher is the energy of Modxy and the smaller the
contribution of Mo to t2 and t1. In addition, the hopping
between Op and Mo dxy states tends to enhance the ra
t1 /t2 ~see the Appendix!.

The hopping integrals can now be used to estimate
exchange couplings among V41 spins. VOMoO4 is a half-
filled band Hubbard insulator and, in the limit of strong Co
lomb repulsion, the exchange couplings can be expresse
Ji54t i

2/(U2Vi). Heret i are the NN and NNN hoppings,U
the on-site Coulomb repulsion, and Vi the intersite Coulomb
repulsion, which is supposed to be much smaller thanU. It
was shown20 that typical values ofU for the vanadates ar
U;4 –5 eV. So by takingU;5 eV and neglecting Vi the
coupling values shown in Table I were derived.

First one notices thatJ' is at least four orders of magn
tude smaller than the in-plane coupling constants, poin
out that VOMoO4 is a 2D system and not a one-dimension
one as claimed by Shiozaki and co-workers.11,12 Second, it
should be observed that the value ofJ11J2 ranges between
132 and 170 K, in good agreement with the valueQ5J1
1J2.155 K derived experimentally for the Curie-Weis
temperature. On the other hand, for both bands we findJ1
.J2, with J1 /J2 around 4.5 for the lower-energy band an
10 for the higher-energy band. This result, however, seem
contrast with the experimental findings. In fact, the tempe
ture dependence of the susceptibility and in particular
ratio betweenQ and the temperature of the maximum in t
susceptibility are very similar to the ones of Li2VOSiO4,
pointing out that also, in VOMoO4, J2 /J1.1. The similar-
ity becomes evident oncex is plotted as a function ofT/Q
~see Fig. 11!. It is interesting to observe that an analogo
discrepancy between the ratioJ2 /J1 derived experimentally
and the one estimated from electronic structure calcula
was found by Rosneret al.21 for Li2VOSiO4. Also in that
case the estimate ofJ11J2 was in good agreement with th
experimental one, while the value ofJ2 was found to be
about a factor of 10 larger thanJ1, the opposite of what
happens for VOMoO4. To assure that the estimate ofJ2 /J1
was not influenced by the method adopted for calculating
band structure, the coupling constants were calculated
for Li2VOSiO4 and a ratioJ2 /J1.10 was found, in good
agreement with the results of Rosneret al.21 The big differ-
ence in the ratio calculated for Li2VOSiO4 and VOMoO4
cannot be associated with a difference in the V-O distan
which are quite similar in both compounds, or with the sm
rotation of the basis of the VO5 pyramid. This difference
should rather be ascribed to the role of Modxy orbitals in
VOMoO4 and of Li s orbitals in Li2VOSiO4. As already
mentioned the hopping between Op–Mo dxy tends to en-
hance the ratioJ1 /J2. On the other hand, in Li2VOSiO4 the
hopping between Op and NN Li s orbitals gives a contribu-
tion to t1 only, which has a sign opposite to the one due
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the V d–O p hopping. Hence the hopping through Lis or-
bitals reducest1 and the ratioJ1 /J2.

Therefore, the observed discrepancies between the ex
mental and calculated values ofJ2 /J1 cannot originate from
the method adopted to calculate the band structure but m
have another origin. They should rather be associated w
the simplified expression used to derive the superexcha
couplings, where just the on-site repulsionU was considered.

B. 95Mo relaxation rates and EPR linewidth

As shown in the previous section95Mo echo decay, which
probes the very-low-frequency dynamics, is characterized
two regimes: a high-temperature one where 1/T25Dv82tc
decreases on cooling and a low-temperature one whereT2
increases on approachingTc from above. This means that th
correlation timetc which describes the dynamics decreas
on cooling from room temperature down toT.100 K.
Which could be the origin of these dynamics? One possi
ity is that 95Mo echo decay above 100 K is driven by th
relaxation of unlike spins, namely, taking into account t
natural abundance and the magnitude of the nuclear m
netic moments present in VOMoO4, of 51V spins. Then,tc
[T1 of 51V andDv8 corresponds to the nuclear dipole co
pling between 95Mo and 51V nuclei which, from lattice
sums, turns outDv8.1510 s21. Now one can directly esti-
mate 51V 1/T1 from 95Mo 1/T2 experimental data~see Fig.
12!17,22.

One observes51V 1/T1 increasing exponentially on de
creasing temperature, as one would expect for a correl
2DQHAF.23 In fact, the nuclear spin-lattice relaxation ra
can be written as

FIG. 11. Spin susceptibility of Li2VOSiO4 and VOMoO4 as a
function ofT/Q, with Q58.7 K and 155 K, respectively. The am
plitude of the susceptibility of VOMoO4 has been rescaled by
factor slightly larger than the ratio between the Curie-Weiss te
peratures, indicating a slightly lower purity of the VOMoO4 sample
with respect to Li2VOSiO4.
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1

T1
5

g2

2N (
qW

uA~qW !u'
2 Saa~qW ,vL!, a5x,y, ~6!

with uA(qW )u'
2 the form factor, which gives the hyperfine co

pling of the nuclei with the spin excitations at wave vectorqW ,
andSaa(qW ,vL) the component of dynamical structure fact
at nuclear Larmor frequency. If scaling arguments apply,
can expressSaa(qW ,vL) in terms of the in-plane correlatio
length and, provided that VOMoO4 is in the renormalized
classical regime and51V hyperfine coupling is mainly on
site, one finds23

1

T1
~T!}j~T!

.0.49exp~2prs /T!F12
1

2 S T

2prs
D G , ~7!

with rs the spin stiffness. If51V 1/T1 data are fitted with this
simple expression, a poor fitting is obtained. The point is t
most of the data obtained for51V 1/T1 lie in a temperature
range whereT>J11J2.155 K and scaling arguments ca
no longer be applied. A more accurate quantitative anal
can be performed forT@J11J2, where V41 spins are un-
correlated. In this temperature limit one can write24

1

T1
5

g2

2

S~S11!

3
A'

2
A2p

vE
, ~8!

with A'
51V hyperfine coupling constants andvE

5AJ1
21J2

2(kB /\)A2zS(S11)/3 the Heisenberg exchang
frequency, wherez54 is the number of V41 coupled
through J1 or throughJ2, to a reference V41 ion. If one
takes 1/T1.6 ms21 for T@J11J2 ~see Fig. 12!, one derives
A'.80 kG. This is a typical value for V41 hyperfine

FIG. 12. Temperature dependence of51V NMR 1/T1 as esti-
mated from the temperature dependence of95Mo 1/T2 shown in
Fig. 9 ~see Sec. III B!. The line is a guide to the eye.
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coupling,25 supporting the assumption that vanadium nucl
spin-lattice relaxation is driving95Mo echo decay.

The increase in95Mo 1/T2 on approachingTc must have
a different origin since51V 1/T1 is expected to continue
increasing on cooling and finally diverge at the transiti
temperature. The change of behavior around 100 K could
ascribed to the onset of a very-low-frequency dynami
which is possibly associated with the motions of doma
walls separating collinear I and II domains, as recently o
served in Li2VOSiO4.26

It is interesting to compare the temperature dependenc
51V and 95Mo nuclear spin-lattice relaxation rates~see Figs.
8 and 12!. One observes that while the former increases
cooling, the latter decreases. One could then be tempte
associate95Mo relaxation to another mechanism, for e
ample a quadrupolar one, where the relaxation is due
phonons.14 However, the nuclear spin-lattice relaxation ra
due to phonons turns out to be an order of magnitude sma
than the one derived experimentally if the recovery laws
propriate for a quadrupolar relaxation mechanism are use27

On the other hand, if one estimates the value expected
1/T1 in the assumption of a relaxation mechanism driven
V41 dynamics forT@J11J2 @Eq. ~8!#, the calculated value
turns out to be slightly larger than the experimental one. S
is possible that the in-plane spin correlation causes a
crease of95Mo 1/T1. This is what is expected if the95Mo
form factor filters out, at least partially, the spin fluctuatio
at the critical wave vector. In fact the95Mo form factor
uA(qW )u25$2A@cos(qxa/2)1cos(qya/2)#%2 is peaked at (qx
50,qy50), zero at (p/a,p/a), and reaches a reduced valu
at (p/a,0) @or (0,p/a)], which corresponds to the critica
wave vector of the envisaged collinear ground state. T
situation is very similar to the one found in CFTD~copper
formiate tetradeuterate!, a nonfrustrated 2DQHAF.28 In this
system1H has a form factor similar to the one of95Mo in
VOMoO4 and 1/T1 was also observed first to decrease
cooling for T<J and then to increase. An accurate calcu
tion of the temperature dependence of95Mo 1/T1 in
VOMoO4 goes beyond the aim of this work, since it wou
require precise knowledge of the temperature dependenc
the hyperfine coupling constants between 220 K andTc .

It is also instructive to compare95Mo 1/T1 with the EPR
linewidth DH ~see Fig. 3!. The similarity in the temperature
dependence of both quantities is striking. Although it is n
straightforward to establish a relationship between these
quantities, the former probing the spectral density of the tw
spin correlation function while the latter of the four-spin
correlation function,24 the physical origin of their behavior is
the same. In fact, also the initial decrease ofDH on cooling
has to be associated with the loss of weight of theq→0
diffusive modes and to an increase in the spectral weigh
(p/a,0) @or (0,p/a)], which finally gives rise, in view of the
slowing down of the critical fluctuations, to a peak atTc .29

As pointed out by Richards and Salamon~29! the transfer of
spectral weight fromq.0 to the critical wave vector cause
also a modification in the angular dependence ofDH, with
first a decrease ofDHab /DHc and then an increase, exact
as it was found for VOMoO4 ~see the inset to Fig. 3!. For
0-8
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T!J11J2, the EPR linewidth should scale with the in-plan
correlation length, and if the same scaling laws derived
two-dimensional antiferromagnets24 are used, one shoul
find DH}j3. Then, by fitting the few experimental data
Fig. 3 for T<55 K and assuming the temperature dep
dence ofj given by Eq.~7! one derives a value for 2prs
around 60 K, well belowJ11J2, as expected for a frustrate
2D antiferromagnet.30

C. Frustration-driven structural distortion

The analysis of NMR spectra points out that a local str
tural distortion around95Mo nuclei takes place atTdist
.100 K, yielding a sizable change of the magnetic hyp
fine coupling~see Sec. II B!. The occurrence of a structura
distortion in VOMoO4 is a natural consequence of the fru
tration which, in the absence of a spin-lattice interaction,
J2 /J1.1 would lead to a double degenerate ground s
down to a temperature where an Ising transition to one of
two ground states occurs.31 The effect of the lattice is to
relieve the degeneracy among the two ground states, so
the frustrated system always collapses in one of the
states. This is somewhat analogous to the Jahn-Teller di
tion which relieves the degeneracy among the electronic
els split by the crystal field and for this reason some auth
have called this distortion the ‘‘spin-Teller’’ distortion.3,32

Recently, evidence for such a distortion in a thre
dimensional pyrochlore antiferromagnet was presented.33 On
the other hand, some connection with the spin-Peierls dis
tion is also present. In fact, quite recently Becca and Mil34

have shown that for a 2DJ1-J2 system the magnetoelast
coupling would induce a distortion which, depending on t
value ofJ2 /J1 and on their dependence on the lattice para
eters, could break either just the rotational invariance or
for a standard spin-Peierls transition, also the translatio
invariance. Recent NMR measurements suggest that
breakdown of the rotational invariance takes place
Li2VOSiO4.35 In VOMoO4, however, the situation is some
what more complicated than the one described by Becca
Mila34 since J1 and J2 show a subtle dependence on M
position and, therefore, cannot be expressed in a simple f
in terms of the V-V distance.

Now, based on simple order-of-magnitude estimates
can show that the origin of the lattice distortion
Li2VOSiO4 and VOMoO4 is the same. In fact, if one take
the ratio between the temperature at which the distortion
in and J11J2, one finds Tdist /(J11J2)50.560.07 for
Li2VOSiO4 and a close value, 0.6460.07, for VOMoO4.
This similarity can be understood by considering the exp
sion of the elastic and magnetic energies to lowest orde
the displacements

E5 (
i , j ,a

~]Ji j /]xa!~SW i•SW j !xa1(
a,b

kabxaxb/2, ~9!

with xa,b the coordinates of the magnetic ions coupled by
elastic constantka,b . Since the reduction of magnetic energ
is linear inxa and the elastic one is quadratic, a minimum
magnetoelastic energy can be achieved for a small displ
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ment xeq of the coordinates. Now, if one considers justJ1

andJ2, couplings, the order of magnitude of the energy g
induced by the displacement turns out to beExeq

.
2C@](J11J2)/]xa#xeq

2 /kxeq
, with C a constant which de-

pends on the crystal structure. Then, if one considers tha
similarities in Li2VOSiO4 and VOMoO4 structure yield
roughly similar elastic constants and power-law depende
of Ji on xa , it is likely that kBTdist.Exeq

}(J11J2), as

experimentally found.
It is remarkable to observe that while a clear signature

such a distortion is present in the NMR spectra, no mod

cation in V41 g̃ tensor is detected down toTc . On the other
hand, below 100 K a decrease in the intensity of the E
signal, much faster than the decrease of the macrosc
magnetization, is observed~see Figs. 3 and 4!. This effect is
not associated with a saturation or a broadening of the E
signal but rather indicates that there are some ions that
becoming EPR silent. These ions cannot correspond to V41,
which in a pyramidal coordination such as the one
VOMoO4 should always give an EPR signal. However,
valence fluctuations take place, they could correspond
Mo51 ions. In fact, due to selection rules, the signal of Mo51

in a regular tetrahedral configuration is canceled out. T
regular tetrahedral coordination is indeed supported by
small values of the95Mo quadrupolar frequency~see Sec.
II B !.

As a whole, the comparison of NMR and EPR spec
leads to the following possible scenario. The distortion
duced by the frustration causes, thanks to the hybridiza
of Mo d orbitals in the band formation, a charge trans
from V41 to Mo61. As the distortion develops it induces
modification just in the NMR spectra of the adjacent nucl
yielding a broadening of the NMR line~see Sec. II B! and
the disappearance of the EPR signal of the adjacent V41

ions. The V41 ions far from the distortion continue to giv
rise to an EPR signal with unchangedg values, as experi-
mentally observed. As the temperature is lowered, the siz
the distorted domains progressively grows and the EPR
nal diminshes. The formation of distorted and nondistor
domains would support also the modifications in29Si NMR
spectra in Li2VOSiO4.5 In fact, in Li2VOSiO4 as the tem-
perature is lowered belowTdist , one observes the progres
sive decrease of a low-frequency peak~undistorted site! and
the growth of a shifted high-frequency peak~distorted site!
~see Ref. 5!. Hence, atTdist a diffusive transition sets in
yielding a progressive distortion of the whole lattice as t
temperature decreases below 100 K.

It should be noticed that it is somewhat unusual th
Mo51 formation does not cause any Jahn-Teller effect. Ho
ever, in this system the Jahn-Teller distortion could actua
be hindered by the frustration-driven distortion. This can o
cur if the distortion yields an energy gain of the frustrat
magnetic lattice larger than the shift of thet2g ground state.
The charge transfer could also induce a progressive cr
over of VOMoO4 from a half-filled to a quarter-filled band
configuration, as the one of NaV2O5,36 as the temperature
decreases below 100 K and modifications in the transp
0-9
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properties should be observed. In fact, below 100 K a de-
crease in the energy barrier measured with resistivity
detected.37

IV. CONCLUSIONS

In conclusion, it was shown that VOMoO4 is a prototype
of a 2DFQHAF on a square lattice withJ1.J2, such as
Li2VOSiO4. The exchange couplings in VOMoO4 are much
larger than the ones of Li2VOSiO4 and a valueJ11J2
.155 K was derived, in good agreement with the one e
mated from electronic structure calculations. In VOMoO4 a
lattice distortion takes place atTdist.100 K. As the tem-
perature is lowered belowTdist a progressive growth of the
domains with lattice distortion occurs. From the comparis
with Li2VOSiO4 one finds that in these 2DFQHAFTdist
roughly scales withJ11J2, supporting the assumption tha
the distortion is driven by the magnetic frustration. Final
in VOMoO4, novel phenomena, not observed in Li2VOSiO4,
occur below Tdist and are tentatively associated with
charge transfer from V to Mo.
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APPENDIX: TIGHT-BINDING MODEL

The simplest model which can be used to describe
bands derived in the framework of the LDA includes 1
orbitals. Thedxy of V1 and V2 ~energyed), where V1 is the
atom at (1/4,1/4,zV) and V2 is the atom at (21/4,21/4,
2zV); the four O px orbitals ~energy ep) centered in
„6(1/42d1),7d2 ,7zO… and „6(1/41d1 ,71/26d2 ,
7zO…; the four O py orbitals ~energy ep) centered in
e

.

F.

B
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„7d1 ,6(1/41d2),7zO… and „(71/26d1),6(1/42d2),
7zO…; and the two Mo centered in (1/4,21/4,1/2) and
(21/4,1/4,1/2)~energyem). Within this model the following
hopping integrals are considered: the hoppings betweend
and Op states (tpd), the hopping between NN Opx and Opy
orbitals (too), and the hopping between Modxy and its NN
O px and Opy orbitals (tmo). Starting from this band mode
the dispersion curve of the two conduction bands can
obtained by downfolding all the O and V states.38 Setting
d15d250 and neglectingt' one has

e5ed18
tpd
2

e2ep
14

tpd
2

e2ep

b

12b
@cos2~kx/2!1cos2~ky/2!#

68
tpd

e2ep

a

12b
cos~kx/2!cos~ky/2!, ~A1!

with

b516
too
2

~e2ep!2
14

tmo
2

~e2ep!~e2em! S 114
too

~e2ep! D
2

and

a5
4too

~e2ep!
14

tmo
2

~e2ep!~e2em! S 114
too

~e2ep! D .

Then one has that the in-plane NN and NNN hoppings

t152
t

e2ep

a

12b

and

t252
t2

e2ep

b

12b
,

so thatJ2 /J1.(t2 /t1)25b2/a2.
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