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Magnetic and thermodynamic properties of Li2VOSiO4: A two-dimensional SÄ1Õ2
frustrated antiferromagnet on a square lattice
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NMR, muon spin rotation (mSR), magnetization, and specific-heat measurements in Li2VOSiO4 powders
and single crystals are reported. Specific-heat and magnetization measurements evidence that Li2VOSiO4 is a
frustrated two-dimensionalS51/2 Heisenberg antiferromagnet on a square lattice with a superexchange cou-
pling J1, along the sides of the square, almost equal toJ2, the one along the diagonal (J2 /J151.160.1 with
J21J158.261 K). At Tc.2.8 K a phase transition to a low-temperature collinear order is observed.Tc and
the sublattice magnetization, derived from NMR andmSR, were found practically independent on the magnetic
field intensity up to 9 T. The critical exponent of the sublattice magnetization was estimatedb.0.235, nearly
coincident with the one predicted for a two-dimensionalXY system on a finite size. The different magnetic
properties found above and belowTc are associated with the modifications in the spin Hamiltonian arising
from a structural distortion occurring just aboveTc .
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I. INTRODUCTION

In recent years one has witnessed an extensive inves
tion of quantum phase transition in low-dimensionalS51/2
Heisenberg antiferromagnets~QHAF! as a function of dop-
ing, magnetic field, and disorder.1 For example, two-
dimensional QHAF~2DQHAF! have been widely studied in
order to evidence a phase transition from the renormali
classical to the quantum disordered regime upon cha
doping.2 Another possibility to drive quantum phase tran
tions in a 2DQHAF is to induce a sizeable frustration.
particular, for a square lattice with an exchange coupl
along the diagonalJ2 about half of the one along the sides
the squareJ1 @see Fig. 1~a!#, a crossover to a spin-liquid
ground state is expected.3–5 For J2 /J1&0.35 Néel order is
realized, while forJ2 /J1*0.65 a collinear order should de
velop, with spins ferromagnetically aligned either along thx
axis, corresponding to a magnetic wave vectorQ5(0,p/a),
or along they axis @Q5(p/a,0)#.6 Frustrated 2DQHAF are
different from standard magnets mainly in two respects: fi
quantum fluctuations lift the degeneracy of the classical s
tem, an effect known as order by disorder7 and typical of a
certain class of frustrated magnets, second there is an a
tional Ising degree of freedom corresponding to thex- or
y-collinear ground states. This twofold degeneracy can
lifted by the coupling of the spin Hamiltonian with the la
tice.

Although in the last ten years an intense theoretical st
of the J22J1 phase diagram has been carried out a desc
tion of the temperature and magnetic-field dependence o
spin dynamics close to the critical points is still neede
Moreover, even if some frustrated 2D systems have b
investigated8 an experimental study of theJ22J1 phase dia-
0163-1829/2001/64~2!/024409~10!/$20.00 64 0244
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gram is still missing. Recently, two vanadates which can
considered as prototypes of frustrated 2DQHAF on a squ
lattice with J1.J2 have been discovered:9 Li2VOSiO4 and
Li2VOGeO4. These two isostructural compounds are char
terized by a layered structure containing V41 (S51/2)
ions10 @see Figs. 1~b! and 2#. The structure ofV41 layers
suggests that the superexchange couplings between firs
second neighbors are similar. It is, however, difficulta priori
to decide which one should dominate: first neighbors
connected by two superexchange channels, but they ar
cated in pyramids looking in opposite directions and are
exactly in the same plane, whereas second neighbors are
nected by one channel, but are located in pyramids look
in the same directions and are in the same plane. On the b
of NMR and susceptibility it has been possible to demo
strate that in Li2VOSiO4 J2 /J1 is of the order of unity and
that the ground state is collinear,9 as expected forJ2 /J1

*0.65.6 Moreover, from29Si NMR spectra a structural dis
tortion occurring just above the transition to the colline
phase has been evidenced.

In this paper we present a detailed study of the magn
and thermodynamic properties of Li2VOSiO4 by means of
NMR, muon spin rotation (mSR), magnetization and
specific-heat measurements. In particular, we show that
spin dynamic and static properties above the collinear ord
ing temperatureTc are consistent with the ones theoretica
predicted for a frustrated 2DQHAF withJ2 /J1.1. The
phase transition to the collinear phase seems to be trigg
by the structural distortion occurring just aboveTc , which
possibly modifies the superexchange couplings and lifts
degeneracy among the two ground-state configurations.
critical exponent of the sublattice magnetization and the
©2001 The American Physical Society09-1
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R. MELZI et al. PHYSICAL REVIEW B 64 024409
dependence ofTc on the magnetic field intensity up to 9 T
suggest that the transition is driven by the XY anisotropy

The paper is organized as folows: in Sec. II we present
experimental results obtained by each technique; in Sec
we discuss the experimental results in the light of numer
and analytical results for frustrated 2DQHAF on a squ
lattice, first forT.Tc and then forT,Tc ; the main conclu-
sions are summarized in Sec. IV.

FIG. 1. ~a! Schematic phase diagram of a frustrated 2DQH
on a square lattice as a function of the ratioJ2 /J1 of the superex-
change couplings.~b! Structure of Li2VOSiO4 projected along
@001#. SiO4 tetrahedra are in gray, VO5 pyramids are in black,
while the gray circles indicate Li1 position~for details see Ref. 10!.
The arrows show the configuration of V41 spins in the collinear
ground state.

FIG. 2. Perspective view of Li2VOSiO4 showing the layered
character of the structure. SiO4 tetrahedra are in gray, VO5 pyra-
mids in black, while the circles between the layers indicate L1

sites.
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II. EXPERIMENTAL ASPECTS AND EXPERIMENTAL
RESULTS

A. Sample preparation, specific heat, and magnetization

Li2VOSiO4 was prepared by solid-state reaction starti
from a stoechiometric mixture of Li2SiO3 , V2O3, and V2O5
according to the procedure described in Ref. 10. The sam
was analyzed by x-ray powder diffraction~XRD! using a
Seifert C3000 diffractometer with CuKa radiation and then
pressed into a 1 g pellet followed by a short sintering in
vacuum at 800 °C for 6 h. Single crystals, of average s
13130.2 mm3, were obtained from Li2VOSiO4 powder
heated at 1150 °C for 2 h, slowly cooled at a rate of 5 °C
down to 1000 °C and then furnace cooled down to ro
temperature.

Specific-heat@C(T)# measurements have been perform
on a sintered pellet of Li2VOSiO4 by using a standard home
made adiabatic calorimeter. The contribution of the adde
decreased from about 5% to below 1% of the total heat
pacity on decreasingT from 25 to 2.5 K. At lowT the spe-
cific heat shows a broad maximum due to the correlated s
excitations and a sharp peak around 2.8 K@see Fig. 3~a!#
associated with a second-order phase transition, as ca
inferred from the nonsingular behavior of the entropy arou
2.8 K. Above 20 K a rapid increase, originating from phono
excitations is observed@see Fig. 3~a!#. In order to accurately
estimate the magnetic contributionCm(T) @Fig. 3~b!# to the
specific heat one has to subtract the phonon termCp(T),
extrapolated to lowT. Cp(T) was observed to follow a De
bye law from 20 to 70 K, namely

Cp~T!59NkBS T

QD
D 3E

0

QD /T x4ex

~ex21!2 dx, ~1!

with QD.280 K the Debye temperature. It must be stress
that below 15 KCp(T) is negligible with respect toCm(T),
therefore any incorrect extrapolation ofCp(T) to low T will
not affect the estimate ofCm(T) below 15 K.

Magnetization measurements were carried out with
Quantum Design MPMS-XL7 superconducting quantum
terference device~SQUID! magnetometer, both on powde
and on single crystals. TheT dependence of the spin susce
tibility x5M /H is shown in Fig. 4. One observes a high-T
Curie-like behavior, a lowT maximum around 5 K, and a
kink at Tc.2.8 K, the same temperature where a peak in
specific heat is detected. The kink is better evidenced if
reports the derivative of the susceptibilitydx/dT ~see the
upper inset of Fig. 4!. The susceptibility above 15 K can b
appropriately fitted by

x~T!5xVV1cx /~T1Q!, ~2!

where Q is the Curie-Weiss temperature,cx5NAg2S(S
11)mB

2/3kB (g is the Lande´ factor andmB is the Bohr mag-
neton! is the Curie constant andxVV the Van Vleck term.
The best fit of the data in theT range 10–300 K yieldsQ
58.261 K,11 cx50.34 emu K/mole, and xVV54
31024 emu/mole. We point out that the value ofcx is in
good quantitative agreement with what one would expect
an S51/2 paramagnet, while the absolute value ofxVV is
9-2



s

n

in
.

n
a

a

ou
U
/c

ar-
lder
ely
em-
-

lly
s.
l
ons
ma-

n

-

the

ould
is
it

an

y

but

-

out

ed
per-
lar,
half
or
n it
cy
as-
ac-

ion

ac

MAGNETIC AND THERMODYNAMIC PROPERTIES OF . . . PHYSICAL REVIEW B64 024409
consistent with a separation between thedxy ground state and
the first excitedt2g levels of the order of 0.15 eV, which i
typical for V41 in a pyramidal environment.12 Below Tc the
T dependence of the susceptibility for magnetic fieldsHic
and H'c is different, as expected in the presence of lo
range order. In particular, one observes that while forH'c
the susceptibility progressively diminishes on decreas
temperature, forHic it flattens ~see the lower inset of Fig
4!, suggesting that V41 magnetic moments lie in theab
plane.

The magnetic-field dependence ofTc , derived either from
the kink in the susceptibility or from the maximum i
dx/dT, was measured from 0.1 up to 7 T, where the Zeem
energygmBH is greater thankBQ, and, remarkably,Tc was
not observed to vary by more than 0.07 K, i.e., less th
0.03Tc ~see Fig. 5!.

B. µSR

Zero-field~ZF! mSR measurements have been carried
on Li2VOSiO4 powders at ISIS pulsed source, both on EM
and MUSR beamlines, using spin-polarized 29 MeV

FIG. 3. ~a! Temperature dependence of Li2VOSiO4 molar spe-
cific heat below 70 K. The solid lines show the phonon contribut
to C(T), according to Eq.~1! in the text, withQD5280 K. ~b!
Magnetic contribution to the specific heat, obtained after subtr
ing the phonon term corresponding to the solid line in~a!.
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muons. The time evolution of the muon polarization is ch
acterized by a constant background, due to the sample ho
and cryostat walls, and by a fast decay which progressiv
changes from exponential to Gaussian on increasing t
perature, forT.Tc . BelowTc both oscillating and nonoscil
lating components are evident~see Fig. 6!, the second one
with an amplitude about half of the former one, as usua
expected in magnetic powders with equivalent muon site13

It must be mentioned that belowTc around 10% of the tota
asymmetry is missing, possibly due to fast precessing mu
which cannot be detected at a pulsed muon source. Sum
rizing, belowTc the time evolution of the muon polarizatio
was fitted according to

Pm~ t !5Aback1A1e2stcos~gBmt1f!1A2e2lt, ~3!

whereAback is the sample holder background,A1 is the am-
plitude of the oscillating component, withg52p
3135.5 MHz/T them1 gyromagnetic ratio andBm the local
field at them1, while A2 is the ampltude of the nonoscillat
ing component withl the longitudinal decay rate. AboveTc
the polarization was fitted by

Pm~ t !5Aback1Ae2lte2sN
2 t2/2, ~4!

where the exponential term is the relaxation induced by
progressive slowing down of the V41 spin fluctuations on
decreasing temperature, while the Gaussian term sh
originate from nuclear dipolar interaction. In particular, it
likely that m1 localizes close to the apical oxygens, where
is coupled to7Li nuclear magnetic moments. The gaussi
relaxation rate was estimatedsN50.3460.01 ms21, for
Tc<T<4.2 K, a value typical for relaxation driven b
nuclear dipole interaction.13

TheT dependence of the local field at the muonBm and of
the longitudinal relaxation ratel, derived after the fit of the
data with Eqs.~3! and ~4!, are reported in Figs. 7~a! and 8,
respectively.Bm(T), which yields theT dependence of V41

average magnetic moment, is characterized by a sharp
continuous decrease on approachingTc , while l(T) is char-
acterized by a divergence atTc , as expected for a second
order phase transition.

C. 7Li and 29Si NMR
7Li ( I 53/2) NMR measurements have been carried

both on single crystals and powders, while29Si (I 51/2)
NMR, due to the reduced sensitivity could be perform
only in powder samples. The measurements have been
formed using standard NMR pulse sequences. In particu
the spectra have been recorded by Fourier transform of
of the echo signal when the line was completely irradiated
by summing spectra recorded at different frequencies whe
was only partially irradiated. The NMR resonance frequen
of 7Li was observed to shift to high frequencies on decre
ing temperature, with a trend identical to the one of the m
roscopic susceptibility~Fig. 4!. In fact, for 7Li NMR shift
one can write

t-
9-3
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FIG. 4. Temperature depen
dence of the susceptibilityx
5M /H, for H53 kG, in
Li2VOSiO4 powders. The dashed
line shows the best fit according t
Eq. ~2!, for 15<T<300 K. In the
upper inset the derivativedx/dT
is reported, evidencing a phas
transition around 2.8 K. In the
lower inset magnetization mea
surements in a Li2VOSiO4 single
crystal, both for H parallel and
perpendicular to thec axis, are re-
ported. The intensity ofM for

HW'c have been rescaled for th
sake of comparison.
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7DK~T!5

(
j

Ajx~T!

gmBNA
1d, ~5!

whereAj is the hyperfine coupling tensor with thej th V41

andd the chemical shift. AT dependent shift was observe
both in the single crystals and in the powders, evidencin
sizeable transferred hyperfine interaction of V41 spins with
7Li nuclei. From the plot of the shift versus the susceptibil

FIG. 5. Magnetic field versusT phase diagram for Li2VOSiO4.
The circles indicate the field dependence ofTc derived from the
kink in the susceptibility and/or from the peak indx/dT ~see Fig.
4!, while the squares indicate the corresponding values ofTc deter-
mined from 7Li NMR spectra@see Fig. 7~b!#.
02440
a

~Fig. 9! the hyperfine coupling constants and the chemi
shift were determined. It turns out thatd5270630 ppm
and that the hyperfine field at7Li is given by

hW 5(
j

~Adip! jSW j1 (
i 51,2

AtSW i , ~6!

whereAdip is the dipolar coupling with V41 ions, whileAt
5850 G is the transferred coupling, which is supposed
arise from the two V41 nearest neighbors only. On the oth
hand,29Si NMR resonance frequency in the powders is co
stant from room temperature down to 4 K, pointing out th
the hyperfine coupling is of purely dipolar origin in this cas

Below Tc , in the single crystals, forHic, 7Li NMR spec-
trum splits in three lines~see Fig. 10!: a central one with an
intensity about twice of that of two equally spaced satellit
The two satellites correspond to7Li sites with hyperfine
fields of equal intensity but opposite orientations, while t
central line corresponds to7Li sites where the hyperfine field
cancels out.9 The T dependence of the satellites shift is pr
portional to the amplitude of V41 magnetic moment and
therefore it is another method, besides ZFmSR, to determine
the temperature dependence of the sublattice magnetiza
@see Fig. 7~b!#.

As already pointed out in Ref. 9,29Si NMR powder spec-
trum shows a quite different behavior at low T. Around 3
still aboveTc , one observes the appearance of a shifted n
row peak. On decreasingT the low-frequency peak progres
sively disappears, while the intensity of the high-frequen
one increases. This jump in29Si NMR shift has to be asso
ciated either with a modification of the chemical shift or
the hyperfine coupling, suggesting the occurrence of a st
tural distortion just aboveTc . It has to be noticed that, on th
contrary, no anomaly was detected in7Li spectra around 3
9-4
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MAGNETIC AND THERMODYNAMIC PROPERTIES OF . . . PHYSICAL REVIEW B64 024409
K. Below Tc
29Si NMR linewidth is very close to the on

aboveTc , indicating that the local field at29Si site is zero.
The nuclear spin-lattice relaxation rate 1/T1 was measured

by exciting the nuclear magnetization either with a comb
saturating pulses or with a 180° pulse~inversion recovery
sequence!. Both for 7Li and 29Si the recovery of nuclea
magnetization towards equilibrium was a single exponen
indicating that for7Li also the63/2→61/2 lines were size-
ably irradiated during the measurements. In fact, at ro
temperature one can discern the63/2→61/2 lines shifted
by .40 kHz from the11/2→21/2.14 TheT dependence o
7Li 1/T1 is shown in Fig. 11. One observes that 1/T1 is
constant from room temperature down to.3.2 K, then
shows a peak atTc and rapidly decreases in the order
phase.29Si 1/T1 shows a similarT dependence below 4.2 K
~Fig. 12!; its absolute value, however, is about two orders
magnitude smaller, supporting the conclusion in favor o
hyperfine coupling of purely dipolar origin.

FIG. 6. Time evolution ofm1 polarization in Li2VOSiO4 pow-
ders for T close toTc . The solid regular line shows the best
according to Eq.~3! in the text. TheT stability was within65
31023 K.
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III. DISCUSSION

A. Above Tc

TheT dependence of the susceptibility and of the spec
heat allows us to derive information on the basic parame
of the electron-spin Hamiltonian, namely the coupling co
stants and their ratioJ2 /J1. For a nonfrustratedS51/2 2D
Heisenberg AF on a square lattice the Curie-Weiss temp
ture Q5J1 nearly coincides with the temperature where t
susceptibility displays a maximum and one hasTm

x

50.935Q.15 On the other hand, in Li2VOSiO4 Q5J21J1

58.261 K is significantly larger thanTm
x 55.35 K ~see

Fig. 4!, as expected for a frustrated system. By compar
the measured ratioTm

x /Q50.6560.07 with exact diagonal-
ization and quantum Monte Carlo~QMC! results it is pos-
sible to estimateJ2 /J1.9 It turns out thatJ2 /J1 is close either
to 0.25 or 2.5,9 however, it is not possible to say which of th
two coupling constants is larger. We remark that these
values were estimated by assumingQ58.2 K, however,
taking into account the uncertainty of61 K in the estimate

FIG. 7. ~a! Temperature dependence of the local field at
muon in Li2VOSiO4 powders, derived from ZFmSR measure-
ments. The dashed line indicates the critical behavior for a crit
exponent of the magnetizationb50.23560.009 ~see text!. ~b!
Temperature dependence of the splitting of7Li NMR satellites, for
H51.8 T along thec axis. The solid line shows the critical behav
ior for an exponentb50.24.
9-5
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of Curie-Weiss temperature and that exact diagonalizat
provide useful estimates forJ2 /J1,0.4, while QMC simu-
lations only forJ2 /J1*2,9 it is difficult to assign an error
bar to these estimates ofJ2 /J1.

A more accurate determination of the ratioJ2 /J1 can be
done by analyzingCm(T) data in the light of diagonalization
results by Singh and Narayanan16 and of the numerical cal
culations by Bacciet al.17 From the numerical results re
ported in Refs. 15 and 16 it is possible to plot the amplitu
of the specific heat at the maximumCm(Tm

C) as a function of
the ratio J2 /J1 @Fig. 13~a!#. It turns out that the value
Cm(Tm

C)5(0.43660.004)R found for Li2VOSiO4 (R
5NAkB) ~see Fig. 3! is compatible only withJ2 /J150.44

FIG. 8. Temperature dependence of the muon longitudinal
laxation rate in Li2VOSiO4 powders. The solid line indicates theT
dependence ofl according to Eq.~10!, with a spin stiffnessrs

57.4/2p K.

FIG. 9. Plot of 7Li NMR paramagnetic shift versus the macr
scopic susceptibility in Li2VOSiO4, for Hic. The solid line shows
the best fit yielding a total hyperfine coupling of 2.6 kG and

chemical shiftd5270630 ppm forHW ic.
02440
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60.01 or 1.160.1 @Fig. 13~a!#. To discriminate among the
two ratios one can analyze howTm

C53.560.1 K varies as a
function of J2 /J1. Since

Tm
C

J1
5

Tm
C

Q S 11
J2

J1
D , ~7!

with Tm
C/Q50.4260.04, one can check which value o

J2 /J1 is compatible with the results ofTm
C/J1 vs J2 /J1 re-

ported by Singh and Narayanan16 @see Fig. 13~b!#. One ob-
serves that Eq.~7! is satisfied only forJ2 /J1 around 0.1 or
1.1. Therefore the only solution which is compatible with t
experimental values both ofTm

C and C(Tm
C) is J2 /J151.1

60.1. This also indicates thatQ is close to 9 K@see Fig.
13~b!# and thatTm

x /Q.0.59. Now, by assuming this valu
for Tm

x /Q one would derive from the analysis of the susce
tiblity a valueJ2 /J1&2, in agreement with the specific-he
analysis, even if an accurate estimate with QMC is p
vented, since in this range ofJ2 /J1 the results start to suffe
from the minus sign problem.18 A value ofJ2 /J1 around 1.1
also implies that Li2VOSiO4 lies on the right-hand side o
the phase diagram reported in Fig. 1~a!, where the ground

-

FIG. 10. 7Li NMR spectra forH59 T along thec axis in a
Li2VOSiO4 single crystal, in the proximity ofTc .
9-6



re

c

tio

n-
.
-
-

at

nd

fo

K

c
-
are

the

iss

MAGNETIC AND THERMODYNAMIC PROPERTIES OF . . . PHYSICAL REVIEW B64 024409
state is expected to be a collinear phase, in complete ag
ment with NMR results belowTc ~see later on!.

Further information on the superexchange constants
be achieved from the analysis of7Li 1/T1. In the limit T
@J11J2 , 1/T1 is constant~see Fig. 11! and, by resorting to
the usual Gaussian form for the decay of the spin-correla
function, one can write19

~1/T1!`5
g2

2

S~S11!

3

A2p

vE
3(

k,i , j
uAi j

k u2 ~8!

FIG. 11. 7Li nuclear spin-lattice relaxation rate 1/T1 for HW ic in
Li 2VOSiO4, for H51.8 T ~open squares! and 9 T~closed circles!.
The dotted line gives the best fit according to the expression
two-magnon relaxation processes~see text!, yielding D5661 K.
In the inset the correspondingT dependence in the range 1.6–100
is reported.

FIG. 12. 29Si NMR 1/T1 in Li2VOSiO4 for H51.8 T, for T
<4.2 K.
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with Ai j
k ( i , j 5x,y,z), the components of the hyperfine te

sor due to thekth V41 andg the nuclear gyromagnetic ratio
vE5AJ1

21J2
2(kB /\)A2zS(S11)/3 is the Heisenberg ex

change frequency, wherez54 is the number of nearest
neighbor spins of a V41 coupled either throughJ1 or J2. By
using in Eq. 8 (1/T1)`50.2 ms21, i.e., 7Li relaxation rate in
the T range 300-3.2 K, one findsAJ1

21J2
2.8.7 K, close to

what one would derive from susceptibility and specific-he
measurements.

On decreasing temperature7Li and 29Si 1/T1 remain
constant down to 3.2 K, at variance withm1 1/T1 ~usually
calledl), which diverges on decreasingT, already at 4.2 K,
due to the growth of the AF correlations. Both for nuclei a

r

FIG. 13. ~a! Amplitude of the maximum in the molar specifi
heat for a frustrated 2DQHAF versusJ2 /J1. The open squares rep
resent the data derived from Ref. 16, while the closed circles
derived from Ref. 17. The gray region aroundCm(Tm

C)/R50.436
represents the experimental value for this quantity, inclusive of
error bar.~b! Tm

C/J1 ~see text! versusJ2 /J1 derived from Ref. 16.
The solid lines show the behavior according to Eq.~7!, for values of
Q corresponding to the lower and upper limits of the Curie-We
temperature estimated from susceptibility measurements.
9-7
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R. MELZI et al. PHYSICAL REVIEW B 64 024409
m1 the spin-lattice relaxation is induced by the fluctuatio
of the effective local field, driven by the correlated spin d
namics, and one can write

1/T1[l5
g2

2N (
qW ,a

uAqW u2Saa~qW ,vR!, ~9!

where uAqW u2 is the hyperfine form factor and
Saa(qW ,vR) (a5x,y,z) are the components of the dynam
cal structure factor at the NMR ormSR resonance frequency
One immediately realizes that a different trend of NMR a
mSR 1/T1 can originate from the different form factors
which couple each one of these probes in a different w
with the spin excitations at the critical wave vector. In pa
ticular, one might suspect that7Li and 29Si form factors
filter out the AF correlated spin excitations. However, if o
considers that7Li is coupled via a transferred hyperfine in
teraction with V41 nearest neighbors@see Eq.~6!#, one finds
that 7Li form factor is little qW dependent and that no filterin
of the AF excitations can be envisaged. Moreover, the div
gence of7Li and 29Si 1/T1 at Tc evidences that the fluctua
tions at the critical wave vectors cannot be completely
tered out.

Another relevant difference is still present betweenmSR
and NMR measurements. While the former were perform
in zero field, NMR 1/T1 measurements were carried out
magnetic fields ranging from 1.8 to 9 T, at which the Zeem
energy is comparable to the superexchange couplings. Th
fore it is tempting to associate the different behavior of NM
andmSR spin-lattice relaxation rates aboveTc to a crossover
of regime induced by the magnetic field. In particular, t
T-independentT1 measured in NMR would be consiste
with a quantum critical regime where the in-plane correlat
length j(T)}1/T,20 while the exponential divergence o
1/T1 (l) measured withmSR would be consistent with
renormalized classical regime where the spin stiffnessrs is
renormalized with respect to its mean-field value by quant
fluctuations,20 where, by resorting to classical scaling arg
ments for 2D systems, one can write21

1/T1~T![l~T!}j~T!

50.493a3e2prs /TF120.43
T

J
1OS T

J D 2G ~10!

with a the lattice step. From theT dependence ofl ~see Fig.
8! aboveTc one derives 2prs57.4 K, less than the value
1.15Q expected for a nonfrustrated system.22

B. Below Tc

Since V41 magnetic moments lie in theab plane, as sug-
gested by susceptibility measurements~Fig. 4! and by the
EPR analysis of theg tensor,23 and provided that the dipola
magnetic field cancels at29Si site, one realizes that the ord
must be collinear with a critical wave vectorQ5(p/a,0),
wherex is the direction of the magnetic moments.9

The second order transition to the lowT collinear phase is
evidenced by the peaks in 1/T1 and indx/dT. It is remark-
able to observe thatTc is practically field independent up t
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at least 9 T~see Fig. 5!, wheregmBH/kB.J11J2, while a
decrease is expected, withTc vanishing forgmBH.6kBJ2,
if J2 /J1.1, i.e., atH.20 T.24 A possible explanation for
this peculiar behavior is that the structural distortion occ
ring just aboveTc , deduced from29Si NMR spectra, cause
an increase in the coupling constants and that even at
gmBH/kB,J11J2. Another possibility is that Li2VOSiO4 is
a 2D XY system with Tc close to the correspondin
Berezinskii-Kosterlitz-Thouless transition.24

Also the T dependence of the sublattice magnetizatio
derived either from the local field at the muon or from t
splitting of 7Li NMR line, was found independent on th
magnetic field intensity from zero up to 9 T. From ZFmSR
measurements it has been possible to derive a critical e
nent b50.23560.009 for the sublattice magnetization@see
Fig. 7~a!#. Remarkably, this value ofb is very close to the
one predicted for a 2DXY model on a finite size.25 Although
some in-plane anisotropy can be discerned from the sus
tibility data just aboveTc ~see the inset to Fig. 4!, there is no
evidence of a crossover from Heisenberg to XY in theT
dependence of the correlation length, derived froml(T)
aboveTc .26 It is also interesting to observe that the subl
tice magnetization measured by means ofmSR shows a
slight high-T tail, as expected in a finite-size system.25 If the
order is purely 2D, without long-range order along thec axis,
one would expect7Li nuclei, which lie between V41 layers,
to be characterized by a broad powderlike NMR spectru
This is certainly not the case forTc2T*0.2 K ~see Fig.
10!, however, one cannot exclude from the NMR measu
ments that the order is 2D in the very vicinity ofTc . In fact,
since the strong in-plane XY correlations enhance the
coupling the difference between the 2DXY and 3D ordering
temperatures is expected to be small, of the order of
interlayer couplingJ' .27 An upper limit for J' can be esti-
mated by assuming thatTc is the 3D ordering temperature o
a Heisenberg AF, whereTc.0.4J'j2(Tc).

28 From the tem-
perature dependence ofm1 relaxation ratel @see Eq.~10!#
one findsj(Tc)/a.5.3, leading toJ'.0.2 K. This value is
possibly overestimated and difficult to justify if one consi
ers the chemical bondings in the Li2VOSiO4 structure.
Therefore a purely 2D order should be observable only
Tc2T&0.2 K.

Although the nature of this phase transition remains to
clarified, one can argue that the insensitivity both of the N´el
temperature and of the critical exponent of the sublatt
magnetization to the magnetic field indicates that the ph
transition is driven by theXY anisotropy.

In 3D magnets with two or more possible pitch vectorsQ,
the ordering usually corresponds to a choice of pitch vec
The situation is often more complicated at lower tempe
ture, and further transitions corresponding to other combi
tions of the pitch vectors or to the appearance of higher h
monics have been reported. Besides, the relevant param
for the nature of the transition is the productN5n3m,
wheren is the number of components of the order parame
~3 for Heisenberg! andm is the number of equivalent wav
vectors.29 As a consequence, the resulting transition can h
a large critical exponentb, typically around 0.4, or might in
some cases be discontinuous.
9-8
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The results reported in the present paper suggest tha
transition is split into two transitions: First a structural tra
sition, as revealed by Si NMR, then an ordering transition
seen at the Li site. A natural question arises as to whethe
Ising degree of freedom corresponding to the two poss
collinear states is associated with the structural distortion
with the magnetic ordering. We believe that the first pos
bility is the most likely both on experimental and theoretic
grounds. Experimentally, the small value of the exponenb
is typical of layered magnets withXY symmetry. If the pa-
rameterN was increased by a factor 2 with respect to t
number of components of the order parameter due to
Ising degree of freedom, one would not expect to obse
such a small exponent. Besides, the choice of a pitch ve
for the collinear phase renders the two directions inequi
lent, and this is likely to be coupled to the lattice and to
associated with a structural distortion.

One has to notice that the structural distortion occurr
just aboveTc may have modified the spin Hamiltonian
Therefore a discussion of the properties of the ordered ph
on the basis of the parameters extracted aboveTc could be
misleading. Nevertheless, one has to notice that, to be
sistent with a collinear order,J2 /J1 must be larger than
.0.65 also belowTc .

Information on the coupling constants belowTc can be
derived from theT dependence of7Li nuclear spin-lattice
relaxation. BelowTc

7Li 1/T1 is mainly driven by two-
magnon Raman processes,30 leading to aT3 T dependence
for T@D, the gap in the spin-wave spectrum, and to 1/T1
}T2exp(2D/T) for T!D. The low T dependence of
7Li 1/T1 turns out to be activated and, by fitting the data
T<2.2 K with the latter expression, one findsD56
61 K.31 This value of the spin-wave gap is quite large
compared to the value ofQ5J11J2, estimated from suscep
tibility measurements aboveTc , and would imply an axial
anisotropyD.Q58.261 K @D;D2/(J11J2)#, which is
quite large for V41. In fact, the values of theg factor esti-
mated from ESR measurements are very close to 2 and y
a value of D,1 K.23 Moreover, if D.Q Li2VOSiO4
should behave as an Ising system, not as anXY or Heisen-
berg one, in sharp contrast to the experimental findings. T
one is tempted to argue that the low-T collinear phase is
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characterized by coupling constants slightly larger than
ones determined aboveTc , so thatD!J11J2 and its abso-
lute value is smaller.

Finally, one has to expect that frustration also cause
reduction of the staggered magnetization due to the enha
ment of quantum fluctuations. TheT→0 average magnetic
moment of V41 ions can be obtained from7Li NMR spectra
below Tc . By extrapolating toT→0 the splitting of 7Li
NMR satellites and taking into account the hyperfine co
plings given by Eq.~6!, one can estimate a V41 magnetic
momentm(T→0).0.24mB . This value is reduced not onl
with respect to the value 0.65mB expected for a nonfrustrate
2DQHAF, but also with respect to the value derived nume
cally by Schulzet al.22 for J2 /J1.1, suggesting that prob
ably belowTc J2 /J1&1.

IV. CONCLUSION

In conclusion, it has been shown that Li2VOSiO4 is a
prototype of a frustrated 2DQHAF on a square lattice w
J2 /J1.1.1 andJ21J158.261 K. Its ground state is a col
linear phase, as expected forJ2 /J1*0.65. The phase dia
gram as a function of the magnetic-field intensity is char
terized by a constantTc(H), for 0<H<9 T. This
observation, together with the fact that the critical expon
of the magnetizationb.0.235, suggest that the transition
the collinear phase is driven by theXY anisotropy. The
structural distortion occurring just aboveTc , is expected to
lift the degeneracy between the two collinear ground sta
and to modify the superexchange couplings. In order to g
further insights on the nature of the phase transition and
the effective coupling constants belowTc further measure-
ments with other techniques~e.g., inelastic neutron scatte
ing! are required.
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