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NMR, muon spin rotation £SR), magnetization, and specific-heat measurements,MQa$iO, powders
and single crystals are reported. Specific-heat and magnetization measurements evidengé@&OL iis a
frustrated two-dimensioné&= 1/2 Heisenberg antiferromagnet on a square lattice with a superexchange cou-
pling J;, along the sides of the square, almost equalsicthe one along the diagonal{/J;=1.1+0.1 with
J,+J;=8.2t1 K). At T.,=2.8 K a phase transition to a low-temperature collinear order is obsefyeohd
the sublattice magnetization, derived from NMR an8R, were found practically independent on the magnetic
field intensity up to 9 T. The critical exponent of the sublattice magnetization was estigat@®35, nearly
coincident with the one predicted for a two-dimensioK& system on a finite size. The different magnetic
properties found above and beldly are associated with the modifications in the spin Hamiltonian arising
from a structural distortion occurring just aboVg.
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[. INTRODUCTION gram is still missing. Recently, two vanadates which can be

In recent years one has witnessed an extensive investigaensidered as prototypes of frustrated 2DQHAF on a square
tion of quantum phase transition in low-dimensioSat1/2  lattice with J;=J, have been discoverédti,VOSiO, and
Heisenberg antiferromagnefQHAF) as a function of dop- Li,VOGeQ,. These two isostructural compounds are charac-
ing, magnetic field, and disordér.For example, two- terized by a layered structure containing*'V (S=1/2)
dimensional QHAR2DQHAF) have been widely studied in ions'® [see Figs. (b) and 4. The structure olV** layers
order to evidence a phase transition from the renormalizeduggests that the superexchange couplings between first and
classical to the quantum disordered regime upon chargsecond neighbors are similar. It is, however, diffi@uftriori
doping? Another possibility to drive quantum phase transi-to decide which one should dominate: first neighbors are
tions in a 2DQHAF is to induce a sizeable frustration. Inconnected by two superexchange channels, but they are lo-
particular, for a square lattice with an exchange couplingcated in pyramids looking in opposite directions and are not
along the diagonal, about half of the one along the sides of exactly in the same plane, whereas second neighbors are con-
the squarel; [see Fig. 1a)], a crossover to a spin-liquid nected by one channel, but are located in pyramids looking
ground state is expectéd® For J,/J;<0.35 Nel order is in the same directions and are in the same plane. On the basis
realized, while forJ,/J;=0.65 a collinear order should de- of NMR and susceptibility it has been possible to demon-
velop, with spins ferromagnetically aligned either alongsthe strate that in LiVOSIO, J,/J; is of the order of unity and
axis, corresponding to a magnetic wave ved@or (0,7/a),  that the ground state is collinedras expected fod,/J;
or along they axis[ Q= (7/a,0)].° Frustrated 2DQHAF are =0.65° Moreover, from?°Si NMR spectra a structural dis-
different from standard magnets mainly in two respects: firstortion occurring just above the transition to the collinear
guantum fluctuations lift the degeneracy of the classical sysphase has been evidenced.
tem, an effect known as order by disortland typical of a In this paper we present a detailed study of the magnetic
certain class of frustrated magnets, second there is an addind thermodynamic properties of,MOSIiO, by means of
tional Ising degree of freedom corresponding to #8eor NMR, muon spin rotation £SR), magnetization and
y-collinear ground states. This twofold degeneracy can bepecific-heat measurements. In particular, we show that the
lifted by the coupling of the spin Hamiltonian with the lat- spin dynamic and static properties above the collinear order-
tice. ing temperaturd ; are consistent with the ones theoretically

Although in the last ten years an intense theoretical studyredicted for a frustrated 2DQHAF witld,/J;=1. The
of the J,—J; phase diagram has been carried out a descripphase transition to the collinear phase seems to be triggered
tion of the temperature and magnetic-field dependence of thiey the structural distortion occurring just aboVe, which
spin dynamics close to the critical points is still needed.possibly modifies the superexchange couplings and lifts the
Moreover, even if some frustrated 2D systems have beedegeneracy among the two ground-state configurations. The
investigatel an experimental study of thi,— J; phase dia- critical exponent of the sublattice magnetization and the in-
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y Seifert C3000 diffractometer with Gux radiation and then
pressed ird a 1 gpellet followed by a short sintering in
vacuum at 800 °C for 6 h. Single crystals, of average size
1X1x0.2 mn?, were obtained from LVOSIO, powder
heated at 1150 °C for 2 h, slowly cooled at a rate of 5 °C/h
down to 1000°C and then furnace cooled down to room
temperature.

Specific-heaf C(T) ] measurements have been performed
on a sintered pellet of LVOSIiO, by using a standard home-
made adiabatic calorimeter. The contribution of the addenda
decreased from about 5% to below 1% of the total heat ca-
pacity on decreasing from 25 to 2.5 K. At lowT the spe-
cific heat shows a broad maximum due to the correlated spin
excitations and a sharp peak around 2.§d€e Fig. 8a)]
associated with a second-order phase transition, as can be

FIG. 1. (a) Schematic phase diagram of a frustrated 2DQHAFinferred from the nonsingular behavior of the entropy around
on a square lattice as a function of the raligJ, of the superex- 2.8 K. Above D K a rapid increase, originating from phonon
change couplings(b) Structure of L}VOSIO, projected along excitations is observedee Fig. 8a)]. In order to accurately
[001]. SiC, tetrahedra are in gray, Opyramids are in black, estimate the magnetic contributi@i"(T) [Fig. 3(b)] to the
while the gray circles indicate Liposition(for details see Ref. 10 specific heat one has to subtract the phonon t&R(T),

The arrows show the configuration of*V spins in the collinear extrapolated to lowl. CP(T) was observed to follow a De-

v+ J IIl. EXPERIMENTAL ASPECTS AND EXPERIMENTAL
N _ Jl a) RESULTS
', \\ 2 . cpe . .
z S A. Sample preparation, specific heat, and magnetization
Néel Order Collinear Order Li,VOSIO, was prepared by solid-state reaction starting
¢ 8¢ d $ 844 from a stoechiometric mixture of b$iO;, V,03, and V,Os
$ $ $ ¢ ¢ $ 48 according to the procedure described in Ref. 10. The sample
¢ 4 ¢ $ Spin-singlet $ 444 was analyzed by x-ray powder diffractic®KRD) using a

ST

ground state. bye law from 20 to 70 K, namely

3 @ 4
dependence of . on the magnetic field intensity up to 9 T, CP(T) = 9NK (L JOD/T x*e i "
suggest that the transition is driven by the XY anisotropy. 8lOp (e*=1)>""

The paper is organized as folows: in Sec. Il we present the
experimental results obtained by each technique; in Sec. I|
we discuss the experimental results in the light of numericai
anql ana}lytlcal results for frustrated ZPQHAF .on a square . ~tect the estimate @™(T) below 15 K.
lattice, first forT>T,. and then forT<T,; the main conclu- Magnetization measurements were carried out with a

sions are summarized in Sec. IV. Quantum Design MPMS-XL7 superconducting quantum in-
terference devicéSQUID) magnetometer, both on powders
and on single crystals. THeEdependence of the spin suscep-
tibility y=M/H is shown in Fig. 4. One observes a high-
Curie-like behavior, a lowl' maximum around 5 K, and a
kink atT,=2.8 K, the same temperature where a peak in the
specific heat is detected. The kink is better evidenced if one
reports the derivative of the susceptibiliy/dT (see the
upper inset of Fig. # The susceptibility above 15 K can be
appropriately fitted by

ith ®,=280 K the Debye temperature. It must be stressed
hat below 15 KCP(T) is negligible with respect t€™(T),
herefore any incorrect extrapolation 6P(T) to low T will

x(M)=xyvtc, /[(T+0), 2

where 0 is the Curie-Weiss temperature,szAQZS(S
+1),u§/3k3 (g is the Landeactor andug is the Bohr mag-
neton is the Curie constant angy the Van Vleck term.
The best fit of the data in th€ range 10—300 K yield®

FIG. 2. Perspective view of LVOSIO, showing the layered =821 K* ¢,=0.34 emuK/mole, and xy,=4
character of the structure. Sj@etrahedra are in gray, WQpyra- X 10~* emu/mole. We point out that the value of is in
mids in black, while the circles between the layers indicaté Li good quantitative agreement with what one would expect for
sites. an S=1/2 paramagnet, while the absolute valuexgf, is
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muons. The time evolution of the muon polarization is char-
(@) acterized by a constant background, due to the sample holder
and cryostat walls, and by a fast decay which progressively
changes from exponential to Gaussian on increasing tem-
perature, fofT>T,.. Below T both oscillating and nonoscil-
lating components are evidefgee Fig. 6, the second one
with an amplitude about half of the former one, as usually
expected in magnetic powders with equivalent muon $ites.

It must be mentioned that beloW, around 10% of the total
asymmetry is missing, possibly due to fast precessing muons
which cannot be detected at a pulsed muon source. Summa-
rizing, belowT, the time evolution of the muon polarization
was fitted according to

C(T)R

P (1) =Apackt Are” 7'cog ¥B,t+ ) +Ae ™, (3)

whereA, ..k is the sample holder background, is the am-

0.5 [ 28 plitude of the oscillating component, withy=2
'r . X 135.5 MHz/T theu" gyromagnetic ratio an8,, the local
0.4 ! N. L field at theu™, while A, is the ampltude of the nonoscillat-
{ o I ing component with\ the longitudinal decay rate. Abovie,
£ s L the polarization was fitted by
(-
S _ —Ma—oit22
0.2 - P (1) =Apackt Ae e  InTs, 4
0.1 % - where the exponential term is the relaxation induced by the
{ ) \{ progressive slowing down of the*V spin fluctuations on
0.0 , - decreasing temperature, while the Gaussian term should
10 originate from nuclear dipolar interaction. In particular, it is
T (K) likely that » ™ localizes close to the apical oxygens, where it

. 7 . . .
FIG. 3. (8) Temperature dependence o5LYDSIO, molar spe- IS Icou?Ied tot Li nucleartlma?g;tli ygﬂeongsi Th? 19af”55'a”
cific heat below 70 K. The solid lines show the phonon contributionfl_e ix'?;anzrie Wasles |ma_ INf_ ’ I_ o '“s(‘j . Orb
to C(T), according to Eq(1) in the text, with®p=280 K. (b) c= = » a value typical for relaxation driven by

Magnetic contribution to the specific heat, obtained after subtractnuCIear dipole interactioft. .
ing the phonon term corresponding to the solid lindan TheT dependence of the local field at the mu®pand of

the longitudinal relaxation rate, derived after the fit of the
consistent with a separation between thgground state and  data with Eqs(3) and (4), are reported in Figs.(@ and 8,
the first excited,, levels of the order of 0.15 eV, which is respectivelyB,(T), which yields theT dependence of ¥
typical for V** in a pyramidal environmerlf Below T, the ~ @verage magnetic moment, is characterllzed by.a sharp but
T dependence of the susceptibility for magnetic fieitfie ~ continuous decrease on approachiig while A(T) is char-
and HLc is different, as expected in the presence of long2Cterized by a divergence @, as expected for a second-
range order. In particular, one observes that whileHarc ~ order phase transition.
the susceptibility progressively diminishes on decreasing
temperature, foH||c it flattens (see the lower inset of Fig. C. "Li and 2°Si NMR
4), suggesting that ¥ magnetic moments lie in thab _ )
plane. Li (1=3/2) NMR measurements have been carried out

The magnetic-field dependence™f, derived either from  P0th on single crystals and powders, whildsi (1 =1/2)
the kink in the susceptibility or from the maximum in NMR_’ due to the reduced sensitivity could be performed
dy/dT, was measured from 0.1 up to 7 T, where the Zeema nly in powder samples. The measurements have been per-

ener H is greater tharks®, and, remarkablyT . was ormed using standard NMR pulse sequences. In particular,
not 3g§§5ed togvary by moBre than 0.07 K i.eyTCIess thaﬁhe spectra have been recorded by Fourier transform of half

0.03T, (see Fig. 5 of the echo signal when the line was completely irrgdiated or
by summing spectra recorded at different frequencies when it
was only partially irradiated. The NMR resonance frequency
B. uSR of ’Li was observed to shift to high frequencies on decreas-
Zero-field(ZF) ©SR measurements have been carried outng temperature, with a trend identical to the one of the mac-
on Li,VOSiO, powders at ISIS pulsed source, both on EMU roscopic susceptibilityFig. 4). In fact, for ’Li NMR shift
and MUSR beamlines, using spin-polarized 29 MeV/cone can write
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" 1 " " Ml |
\ 0.004
\ ’
0.020 - N
3 "
| S & 0.0021 - '.. FIG. 4. Temperature depen-
Oo 5 " dence of the susceptibilityy
22 =M/H, for H=3 kG, in
© 0.0157 oOo © i Li,VOSiO, powders. The dashed
3 - line shows the best fit according to
E ) Eq. (2), for 15<T<300 K. Inthe
~ upper inset the derivativey/dT
3 0.010 7.0x10%1 10 | is reported, evidencing a phase
E 5 transition around 2.8 K. In the
9 1 560000 lower inset magnetization mea-
P = surements in a LWOSIO, single
. crystal, both forH parallel and
0.005 soxo™y B perpendicular to the axis, are re-
ported. The intensity ofM for
1 oxo™3 HLlc have been rescaled for the
T(K) -~ ~ sake of comparison.
0-000 v v ' v LA | v v v v LA | v v v
1 10 100
T (K)
(Fig. 9 the hyperfine coupling constants and the chemical
> Ax(T) shift were determined. It turns out thate= —70+=30 ppm
TAK(T)= S | (5)  and that the hyperfine field dLi is given by
gusNa
where A; is the hyperfine coupling tensor with thth V4" S N & 2
and & the chemical shift. AT dependent shift was observed d 2 (Ad'p)’sj+i:§;‘,z AS ©

both in the single crystals and in the powders, evidencing a
sizeable transferred hyperfine interaction dff\spins with ~ where Ag;, is the dipolar coupling with ¥* ions, while A,

’Li nuclei. From the plot of the shift versus the susceptibility =850 G is the transferred coupling, which is supposed to
arise from the two ¥ nearest neighbors only. On the other

10 . L . L . L . hand, ?°Si NMR resonance frequency in the powders is con-
I stant from room temperature down to 4 K, pointing out that
| L the hyperfine coupling is of purely dipolar origin in this case.
8 L BelowT,, in the single crystals, fdd|/c, ‘Li NMR spec-
trum splits in three linegsee Fig. 10 a central one with an
] I intensity about twice of that of two equally spaced satellites.
6 L The two satellites correspond tllLi sites with hyperfine
1 fields of equal intensity but opposite orientations, while the
\ central line corresponds ttLi sites where the hyperfine field
Collinear Order I cancels ouf. The T dependence of the satellites shift is pro-
- portional to the amplitude of 4 magnetic moment and
31 B therefore it is another method, besides Z8R, to determine
] I the temperature dependence of the sublattice magnetization
. [see Fig. To)].
11 - As already pointed out in Ref. 4°Si NMR powder spec-
0 [ trum shows a quite different behavior at low T. Around 3 K,
T T T T T T T . .
0 1 2 3 4 still aboveT,, one observes the appearance of a shifted nar-
T (K) row pea_k. On decreas_in'gthe_Iow-fr_equency pe_ak progres-
sively disappears, while the intensity of the high-frequency
FIG. 5. Magnetic field versus phase diagram for LVOSiO,. ~ One increases. This jump if*Si NMR shift has to be asso-
The circles indicate the field dependenceTof derived from the ~ Ciated either with a modification of the chemical shift or of
kink in the susceptibility and/or from the peak dty/dT (see Fig.  the hyperfine coupling, suggesting the occurrence of a struc-
4), while the squares indicate the corresponding valueg afeter-  tural distortion just abové, . It has to be noticed that, on the
mined from ’Li NMR spectra[see Fig. )]. contrary, no anomaly was detected ihi spectra around 3

B (Tesla)
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FIG. 7. (@) Temperature dependence of the local field at the
0 1 2 3 4 muon in LLVOSIO, powders, derived from ZFuSR measure-
ments. The dashed line indicates the critical behavior for a critical
exponent of the magnetizatiof=0.235+0.009 (see text (b)
FIG. 6. Time evolution ofw* polarization in LpVOSiO, pow-  |emperature dependence of the s_pli_tting7bf NMR satellites, for
ders for T close toT,. The solid regular line shows the best fit H=1.8 T along the axis. The solid line shows the critical behav-
according to Eq(3) in the text. TheT stability was within+5  ior for an exponen3=0.24.
X103 K.

t (ns)

I1l. DISCUSSION
K. Below T, 2°Si NMR linewidth is very close to the one A. Above T,

. . . . 9 . . .
aboveT,, indicating that the local field at°Si site is zero. The T dependence of the susceptibility and of the specific

b The_r)ucler?r splnl—lattlce relax_atlo_n ratc_él’h;ANas_ rr?easurek()j Peat allows us to derive information on the basic parameters
y exciting the nuclear magnetization either with & comb Ofy¢ 1he electron-spin Hamiltonian, namely the coupling con-

saturating pulses or with & 180° pul§eversion recovery  gants and their ratid,/J,. For a nonfrustrate®=1/2 2D
sequence Both for L and _29_5' the recovery of nuclear pejsenberg AF on a square lattice the Curie-Weiss tempera-
magnetization towards equilibrium was a single exponentialyre ©=1J, nearly coincides with the temperature where the
indicating that for’Li also the+ 3/2— +1/2 lines were size- gysceptibility displays a maximum and one hag,
ably irradiated during the measurements. In fact, at room- g 9359 15 On the other hand, in LVOSIO, ®=J,+J,;
temperature one can discern the8/2— *1/2 lines shifted —go+1 K is significantly larger tharT}=5.35 K (see

by =40 kHz from the+1/2——1/2* The T dependence of Fig. 4) as expected for a frustrated system. By comparing
’Li 1/T, is shown in Fig. 11. One observes thaflfis  the measured ratid/® =0.65+0.07 with exact diagonal-
constant from room temperature down t3.2 K, then ization and quantum Monte CarK@MC) results it is pos-
shows a peak al. and rapidly decreases in the orderedsiple to estimatd,/J,.° It turns out thatl, /J; is close either
phase.?Si 1/T; shows a similaiT dependence below 4.2 K to 0.25 or 2.5 however, it is not possible to say which of the
(Fig. 12; its absolute value, however, is about two orders oftwo coupling constants is larger. We remark that these two
magnitude smaller, supporting the conclusion in favor of avalues were estimated by assumify=8.2 K, however,
hyperfine coupling of purely dipolar origin. taking into account the uncertainty af1 K in the estimate
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FIG. 8. Temperature dependence of the muon longitudinal re-
laxation rate in LjVOSIiO, powders. The solid line indicates tfe
dependence ok according to Eq.(10), with a spin stiffnesspg
=7.427 K.

of Curie-Weiss temperature and that exact diagonalizations
provide useful estimates fal,/J;<<0.4, while QMC simu-
lations only forJ,/J;=2 2 it is difficult to assign an error
bar to these estimates 3§/J;.

A more accurate determination of the rafig/J,; can be
done by analyzin€™(T) data in the light of diagonalization
results by Singh and Narayarfdrand of the numerical cal-
culations by Bacciet al!” From the numerical results re-
ported in Refs. 15 and 16 it is possible to plot the amplitude
of the specific heat at the maximu@(TS) as a function of
the ratio J,/J; [Fig. 13@)]. It turns out that the value

=Nukg) (see Fig. 3 is compatible only with],/J;=0.44

PHYSICAL REVIEW B 64 024409
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+0.01 or 1.1-0.1 [Fig. 13a)]. To discriminate among the
two ratios one can analyze hoif;,=3.5+0.1 K varies as a
function ofJ,/J;. Since

c TC
Tm_ Tm< Jz), o

el
with T$/®=0.42+0.04, one can check which value of
J,1J, is compatible with the results GII‘SW/J1 vs J,/J4 re-
ported by Singh and Narayaridrisee Fig. 18)]. One ob-
serves that Eq(7) is satisfied only forJ,/J; around 0.1 or
1.1. Therefore the only solution which is compatible with the
experimental values both ofS, and C(TS) is J,/J;=1.1
+0.1. This also indicates th& is close to 9 K[see Fig.
13(b)] and thatT}/®=0.59. Now, by assuming this value
for TX/©® one would derive from the analysis of the suscep-
tiblity a valueJ,/J;=<2, in agreement with the specific-heat
analysis, even if an accurate estimate with QMC is pre-

FIG. 9. Plot of ‘Li NMR paramagnetic shift versus the macro- vented, since in this range 8§/J, the results start to suffer

scopic susceptibility in LIVOSIOQ,, for H||c. The solid line shows

from the minus sign problerf A value ofJ,/J; around 1.1

the best fit yielding a total hyperfine coupling of 2.6 kG and aalso implies that LiVOSIiO, lies on the right-hand side of
chemical shifté= —70+=30 ppm forH||c.

the phase diagram reported in Figa)l where the ground
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FIG. 11. Li nuclear spin-lattice relaxation rateTl/for H||c in

Li,VOSIO,, for H=1.8 T (open squargsand 9 T(closed circles

The dotted line gives the best fit according to the expression for
two-magnon relaxation processgge tex, yieldingA=6+1 K.

In the inset the correspondifigdependence in the range 1.6—100 K
is reported.

state is expected to be a collinear phase, in complete agree¢
ment with NMR results belowl . (see later on

Further information on the superexchange constants cal
be achieved from the analysis 6ti 1/T,. In the limit T
>J,+J,, 1/T, is constan{see Fig. 11and, by resorting to
the usual Gaussian form for the decay of the spin-correlatior

_—
=
o

-
e

function, one can writ¢

2 5(S+1) 2
<1rr1>x=y7(T) HXE_ ik

WE  Kkii,j

60 1 " 1 1 1 1 1 " 1
50 ¢

40

*Si NMR

Q

1T, (s7)

20

10
)

0 T T T

30 o ¢

1
3.2 3.6 4.0

T (K)

2.4 2.8

FIG. 12. 2°Si NMR 1/T; in Li,VOSiO, for H=1.8 T, for T

<4.2 K.

4.4

(8) 0.0 T T T T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2
SN,

FIG. 13. () Amplitude of the maximum in the molar specific
heat for a frustrated 2DQHAF versuds/J;. The open squares rep-
resent the data derived from Ref. 16, while the closed circles are
derived from Ref. 17. The gray region arou@d‘(Tﬁ)/R:O.436
represents the experimental value for this quantity, inclusive of the
error bar.(b) Tﬁ/J1 (see texx versusJ,/J; derived from Ref. 16.
The solid lines show the behavior according to &, for values of
O corresponding to the lower and upper limits of the Curie-Weiss
temperature estimated from susceptibility measurements.

with A!‘j (i,j=x,y,2), the components of the hyperfine ten-
sor due to th&'™ V#* andy the nuclear gyromagnetic ratio.
we=J]+J5(kg/h)\J229S+1)/3 is the Heisenberg ex-
change frequency, where=4 is the number of nearest-
neighbor spins of a ¥ coupled either through, or J,. By
using in Eq. 8 (1IT;)..=0.2 ms %, i.e., "Li relaxation rate in
the T range 300-3.2 K, one findsJ21+J22:8.7 K, close to
what one would derive from susceptibility and specific-heat
measurements.

On decreasing temperaturéLi and 2°Si 1/T; remain
constant down to 3.2 K, at variance with* 1/T, (usually
called\), which diverges on decreasifig already at 4.2 K,
due to the growth of the AF correlations. Both for nuclei and
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n’ the spin-lattice relaxation is induced by the fluctuationsat least 9 T(see Fig. 5, wheregugH/kg>J;+J,, while a
of the effective local field, driven by the correlated spin dy-decrease is expected, wilh vanishing forgugH = 6kgJ,,
namics, and one can write if J,/J;=1, i.e., atH=20 T2*A possible explanation for
this peculiar behavior is that the structural distortion occur-
ring just aboveT ., deduced fron?°Si NMR spectra, causes
an increase in the coupling constants and that even at 9 T
b, ] gugH/kg<Ji+J,. Another possibility is that LVOSIO, is
where |Agl® is the hyperfine form factor and 5 2p XY system with T, close to the corresponding
See(0,0g) (@=Xx,y,2z) are the components of the dynami- Berezinskii-Kosterlitz-Thouless transitigh.
cal structure factor at the NMR @tSR resonance frequency.  Also the T dependence of the sublattice magnetization,
One immediately realizes that a different trend of NMR andderived either from the local field at the muon or from the
uSR 1T, can originate from the different form factors, splitting of ‘Li NMR line, was found independent on the
which couple each one of these probes in a different waynagnetic field intensity from zero up to 9 T. From ZER
with the spin excitations at the critical wave vector. In par-measurements it has been possible to derive a critical expo-
ticular, one might suspect thdii and 2°Si form factors nent 8=0.235+0.009 for the sublattice magnetizatifsee
filter out the AF correlated spin excitations. However, if oneFig. 7(a)]. Remarkably, this value o8 is very close to the
considers that'Li is coupled via a transferred hyperfine in- one predicted for a 2IXY model on a finite siz&® Although
teraction with VA" nearest neighbofsee Eq(6)], one finds  some in-plane anisotropy can be discerned from the suscep-
that ”Li form factor is little g dependent and that no filtering tibility data just aboveT; (see the inset to Fig.)dthere is no
of the AF excitations can be envisaged. Moreover, the diverevidence of a crossover from Heisenberg to XY in the
gence ofLi and 2°Si 1/T, at T, evidences that the fluctua- dependence of the correlation length, derived fraT)
tions at the critical wave vectors cannot be completely fil-aboveT..?° It is also interesting to observe that the sublat-
tered out. tice magnetization measured by means R shows a
Another relevant difference is still present betwgeBR  slight high-T tail, as expected in a finite-size systéhif the
and NMR measurements. While the former were performed@rder is purely 2D, without long-range order along thexis,
in zero field, NMR 1T, measurements were carried out in one would expectLi nuclei, which lie between ¥" layers,
magnetic fields ranging from 1.8 to 9 T, at which the Zeemario be characterized by a broad powderlike NMR spectrum.
energy is comparable to the superexchange couplings. Ther&his is certainly not the case fof,—T=0.2 K (see Fig.
fore it is tempting to associate the different behavior of NMR10), however, one cannot exclude from the NMR measure-
andu SR spin-lattice relaxation rates abolgto a crossover ments that the order is 2D in the very vicinity ©f . In fact,
of regime induced by the magnetic field. In particular, thesince the strong in-plane XY correlations enhance the 3D
T-independentT; measured in NMR would be consistent coupling the difference between the 20¢ and 3D ordering
with a quantum critical regime where the in-plane correlationtemperatures is expected to be small, of the order of the
length &(T)<1/T,%° while the exponential divergence of interlayer couplingl, .2" An upper limit forJ, can be esti-
1T, (N) measured withu SR would be consistent with a mated by assuming thai, is the 3D ordering temperature of
renormalized classical regime where the spin stiffnesis ~ a Heisenberg AF, wherg,=0.4), £2(T.).2® From the tem-
renormalized with respect to its mean-field value by quantunperature dependence pf" relaxation ratex [see Eq.(10)]
fluctuations’® where, by resorting to classical scaling argu-one findsé(T.)/a=5.3, leading ta), =0.2 K. This value is

2
’)/ -
UTi=0= 5 3 [A]?S,0(G,08), (9)
q,«a

ments for 2D systems, one can wfite possibly overestimated and difficult to justify if one consid-
ers the chemical bondings in the ,MOSIO, structure.
YTy (T)=N(T)=&(T) Therefore a purely 2D order should be observable only for
T.—T=<0.2 K.

2
=0.49% X e27rs/T 1_0.431 +O(I> (10) Although the nature of this phase transition remains to be

J J clarified, one can argue that the insensitivity both of thelNe

with a the lattice step. From the dependence of (see Fig. temperature and of the critical exponent of the sublattice
8) aboveT, one derives Zp.=7.4 K, less than the value magnetization to the magnetic field indicates that the phase
Cc S " 1

1.159 expected for a nonfrustrated systém. transition is driven by th&Y anisotropy.
In 3D magnets with two or more possible pitch vect@rs

the ordering usually corresponds to a choice of pitch vector.
The situation is often more complicated at lower tempera-

Since V" magnetic moments lie in theb plane, as sug- ture, and further transitions corresponding to other combina-
gested by susceptibility measuremeffédg. 4 and by the tions of the pitch vectors or to the appearance of higher har-
EPR analysis of thg tensor> and provided that the dipolar monics have been reported. Besides, the relevant parameter
magnetic field cancels &fSi site, one realizes that the order for the nature of the transition is the prodult=nxm,
must be collinear with a critical wave vect@=(w/a,0),  wheren is the number of components of the order parameter
wherex is the direction of the magnetic momerits. (3 for Heisenbergand m is the number of equivalent wave

The second order transition to the Idcollinear phase is  vectors?® As a consequence, the resulting transition can have
evidenced by the peaks inTL/ and indx/dT. It is remark-  a large critical exponeng, typically around 0.4, or might in
able to observe that. is practically field independent up to some cases be discontinuous.

B. Below T,
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The results reported in the present paper suggest that tloharacterized by coupling constants slightly larger than the
transition is split into two transitions: First a structural tran- ones determined abovi,, so thatD<J;+J, and its abso-
sition, as revealed by Si NMR, then an ordering transition, asute value is smaller.
seen at the Li site. A natural question arises as to whether the Finally, one has to expect that frustration also causes a
Ising degree of freedom corresponding to the two possibleeduction of the staggered magnetization due to the enhance-
collinear states is associated with the structural distortion oment of quantum fluctuations. The—0 average magnetic
with the magnetic ordering. We believe that the first possi-moment of VV* ions can be obtained frorfLi NMR spectra
bility is the most likely both on experimental and theoreticalbelow T.. By extrapolating toT—0 the splitting of ’Li
grounds. Experimentally, the small value of the expongnt NMR satellites and taking into account the hyperfine cou-
is typical of layered magnets witkY symmetry. If the pa- plings given by Eq.6), one can estimate a®V magnetic
rameterN was increased by a factor 2 with respect to themomentu(T—0)=0.24ug. This value is reduced not only
number of components of the order parameter due to theith respect to the value 0.5 expected for a nonfrustrated
Ising degree of freedom, one would not expect to observ@ DQHAF, but also with respect to the value derived numeri-
such a small exponent. Besides, the choice of a pitch vectarally by Schulzet al?? for J,/J;=1, suggesting that prob-
for the collinear phase renders the two directions inequivaably belowT, J,/J;<1.
lent, and this is likely to be coupled to the lattice and to be
associated with a structural distortion.

One has to notice that the structural distortion occurring

just aboveT. may have modified the spin Hamiltonian.  In conclusion, it has been shown that,¥DSiO, is a
Therefore a discussion of the properties of the ordered phaggototype of a frustrated 2DQHAF on a square lattice with
on the basis of the parameters extracted abveould be  J,/J;=1.1 andJ,+J;=8.2+1 K. Its ground state is a col-
misleading. Nevertheless, one has to notice that, to be cominear phase, as expected fds/J;=0.65. The phase dia-
sistent with a collinear order),/J; must be larger than gram as a function of the magnetic-field intensity is charac-
=0.65 also belowT. terized by a constantT.(H), for O<H=<9 T. This
Information on the coupling constants beldvy can be  observation, together with the fact that the critical exponent
derived from theT dependence of Li nuclear spin-lattice  of the magnetizatio=0.235, suggest that the transition to
relaxation. BelowT, ’Li 1/T, is mainly driven by two- the collinear phase is driven by theY anisotropy. The
magnon Raman process€deading to aT® T dependence structural distortion occurring just abowle, is expected to
for T>A, the gap in the spin-wave spectrum, and t611/ lift the degeneracy between the two collinear ground states
«T%exp(—A/T) for T<A. The low T dependence of and to modify the superexchange couplings. In order to gain
Li 2/T, turns out to be activated and, by fitting the data forfurther insights on the nature of the phase transition and on
T=<2.2 K with the latter expression, one find§=6  the effective coupling constants beldly further measure-
+1 K.3! This value of the spin-wave gap is quite large if ments with other technique®.g., inelastic neutron scatter-
compared to the value @ =J, +J,, estimated from suscep- ing) are required.
tibility measurements abové., and would imply an axial
anisotropyD=0=8.2+1 K [D~A?/(J;+J,)], which is
quite large for V*. In fact, the values of thg factor esti-
mated from ESR measurements are very close to 2 and yield A. Lascialfari and J. S. Lord are acknowledged for their
a value of D<1 K.2®> Moreover, if D=0 Li,VOSiO, help during the SQUID angtSR measurements, respec-
should behave as an Ising system, not aKahor Heisen-  tively. M. C. Mozzati is thanked for the crystal-field calcu-
berg one, in sharp contrast to the experimental findings. Thulitions. Fruitful discussions with L. Capriotti, A. Rigamonti,
one is tempted to argue that the Idweollinear phase is S. Sorella, and R. Vaia are gratefully acknowledged.
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