PHYSICAL REVIEW B 66, 094420 (2002
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Nuclear magnetic resonan@MR), electron paramagnetic resonafE® R, magnetization measurements,
and electronic structure calculations in VOMp@re presented. It is found that VOMg@Qs a frustrated
two-dimensional antiferromagnet on a square lattice with competing exchange interactions along thg side (
and the diagonal,) of the square. From magnetization measureméqsl, 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 sfhte- 42 K.
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I. INTRODUCTION it as a protoype of a weakly one-dimensional
antiferromagnét instead of a 2DFQHAF, as will be shown
In the last decade transition metal oxides have attracted ia the following. The interest in VOMo@stems from the
lot of interest in view of the rich phenomenology induced byfact that although the structure is very similar to the one of
the strong electronic correlations. The properties of these oX-i,VOSIO,, the exchange couplings are more than an order
ides are rather peculiar once the interaction of the electronsf magnitude larger. Thus the comparison of the properties of
with the lattice becomes relevant. This is the driving mechathe two systems would allow us to understand if frustration
nism of several phenomena such as, for example, supercois indeed the driving mechanism for the observed structural
ductivity, colossal magnetoresistivityand the spin-Peierls distortions.
transition? Recently, the importance of the coupling between  In this paper nuclear magnetic resonafi#IR), electron
the electron spin and lattice has emerged for a new class @ilaramagnetic resonan¢EPR), and magnetization measure-
materials, the frustrated antiferromagnéts. this case, the ments in VOMoQ powders are presented. The temperature
magnetoelastic coupling tends to relieve the degeneracy afependence of the susceptibility evidences that also, for
the ground state caused by the frustration of the magnetivOMoO,, J;=J,. At temperatures below, +J,—namely,
exchange couplingsThis is the situation observed, for ex- at T ;s=0.64(J; +J,)—VOMoO, shows a lattice distortion
ample, in LpVOSiO,,>® which is a frustrated two- possibly driven by the magnetic frustration. The distortion
dimensional S=1/2 antiferromagnet(2DFQHAP on a seems to induce valence fluctuations, not observed in
square lattice with competing exchange interactions along
the side (;) and diagonal {,) of the square. This com-
pound hasl;=J, (J;+J,=8.5 K) and represents a proto-
type of the two-dimensional;-J, model, which was exten-
sively studied from a theoretical point of view in the last
decad€. In the absence of any spin-lattice coupling the
ground state is double degenerate, the two states correspond-
ing to collinear phaseéhereafter called | and)which differ
in the orientation of the magnetic wave vectdthe magne-
toelastic coupling leads to a lattice distortion Tafis;=(J4
+J,)/2, which affects?°Si and “Li NMR spectra>® and
Li,VOSIQ, is observed to collapse always in one of the two
possible ground states.

Another 2DFQHAF, nearly isostructural to MOSIOy,° I
[~

is VOM00O,.%° The structure of these compounds is formed
by pyling up layers of SivV@ for the former and of MoV@

for the latter. These layers contain Y@yramids separated
by (Si,M0)C, tetrahedrésee Fig. 1 The only difference is FIG. 1. Structure of VOMo@ projected along001]. VO5 pyra-
that in Li,VOSIO, a plane of Li ions is present between the mids (black run parallel to the line of sight and are connected by
SiVOs layers. VOMoQ has been recently investigated by MoO, tetrahedragray). For details see Ref. 10. The dashed line
Shiozaki and co-workers,which, however, have considered shows the projection of the unit cell with=6.6078 A.
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Li,VOSIiO,, with a charge transfer from 4/ to Ma®*. e e —
Moreover, it is found that domains of distorted lattice, with a &z 1
size which progressively grows on cooling, are formed be- &
low Tg4ist- The magnitude of the superexchange couplingsD.
dist
was estimated from electronic structure calculations and the
two-dimensional character of VOMq@QCevidenced. Finally,
the role of Mod orbitals in determining the differences with
respect to LjVOSIO, is emphasized. .
The paper is organized as follows: in Sec. Il the technical ;
aspects and the experimental results will be shown, while in%
Sec. lll analysis of the data, including the electronic structure o 0.
calculation, and analysis of NMR relaxation rates and of the'g
lattice distortion will be presented. The final conclusions are.
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Il. EXPERIMENTAL AS;’E;‘IJ’ETASND EXPERIMENTAL . | | H (Ga‘uss) | |
A. Sample preparation, EPR, and magnetization measurements N b)

VOMoO, powders were obtained by solid-state reaction é 15 i
starting from a stoichiometric mixture of MgQO(Aldrich, D
99.5+ %), V,05 (Aldrich, 99.99%), and YO; heated ina £ 10+ -
vacuum-sealed quartz tube at 675°C for 24 BOY itself <
was prepared by reducing,®@s (Aldrich, 99.6+%) under < 5 L
hydrogen at 800°C. The sample purity was analyzed by.§0
means of x-ray powder diffraction and all diffraction peaks ; 0
corresponded to the ones of VOMpQJCPDS file: 18- &
1454). Single crystals were prepared by chemical transportﬁ
reaction starting from a stoichiometric mixture of the starting -2 e i
materials and TeCl410% in weighjf. The mixture was E’
sealed under vacuum and heated for 24 h at 575°C, therg -10- -
slowly cooled at 10 C/h down to room temperature. s ——————————— T ————

EPR spectra were recorded with Xrband spectrometer 2750 3000 3250 3500 3750 4000 4250
equipped with a standard microwave cavity and a variable- H (Gauss)
temperature device. The measurements were performed both
on powders and on a single crystal of volumé FIG. 2. (a) Derivative of the EPR powder spectisolid lines at

<0.03 mnt. The EPR powder spectra are characterized by &=293 and 70 K. The circles show the best fit of the two spectra,
line shape which becomes progressively more asymmetric assed to determing andAH. Notice that, in order to better illustrate

the temperature is lowered below 130[#ee Fig. 2a) and the different asymmetry, the intensity of two spectra was not nor-
the inset to Fig. @)]. These spectra can be quite well simu- malized.(b) Derivative of the EPR powder spectra for five selected

lated by considering a temperature-independent cylindgcal temperatures between 69 K anid. The temperatures, moving

; - - from the most intense to the less intense signal Tax&9, 59, 49,
tensor with componentg,=1.960 andg,,=1.932. These 455 304 42 K. A marked decrease in the intensity of the EPR

values are consistent with the estimates df \g in the signal on cooling is evident.
framework of the crystal field approximation, by assuming a

spin-orbit couplingh =150 cm * and some covalency be-
tween V and G2 It should be noticed thay, andg,, values
are reversed with respect to what one might expect just b
looking at the spectrum at=70 K in Fig. 3a). In fact, one

would be tempted to associate the low-field most intens . ; :

. v . - . . andg,y, identical to the ones derived from the EPR powder
peak with \/* in grains whereH L c, while the less intense spectra. Moreover, the temperature dependencetbfs the
one with those grains withi||c. However, if this assignment  same found for the powders, characterized first by a decrease
is made the data cannot be fitted adequately. The increase # cooling, then a minimum around 60 K, and finally an
the intensity of the low-field peak with respect to the high-jncrease as the temperature approacheésee Fig. 3 The
field one, below 130 Ksee the inset to Fig.)3has rather to  temperature dependence of the area of the EPR powder spec-
be associated with a faster decrease of the linewddthfor  tra, which in principle is proportional to the static uniform
H||c than forH_L ¢ (see Fig. 3 These results can be suitably susceptibilityy, is shown in Fig. 4. Above 100 K the tem-
compared to the ones derived from EPR measurements onperature dependence is very similar to the one deriveg for

single crystal. The crystal was mounted on a sample holder
that allowed one to rotate the field in tae plane. \* EPR

gpectra on the crystal confirmed that teensor is practi-
gally temperature independent down Te=42 K with g,
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FIG. 3. Temperature dependence of the peak to peak width of 11 . L . 1 . L . L
the EPR powder spectrum in VOMQOIn the inset the ratio be-
tween the EPR linewidth fori|| and. ¢, estimated from the analy-
sis of the powder spectra, is reported. 104
from magnetization measurementsee paragraph below
however, below this temperature a rapid decrease of the EPF
intensity is evidenfsee Fig. 2)], down toT.. Then, below

T. a small signal with a differengs, possibly arising from

impurities, starts to be detected.

Magnetization (M) measurements were performed on
VOMoO, powders using a commercial Quantum Design
MPMS-XL7 superconducting quantum interenference device
(SQUID) magnetometer. The temperature dependence of the
susceptibility, defined ag= M/H with H the intensity of the
applied magnetic field, is shown in Fig(@. One observes a
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FIG. 5. (a) Temperature dependence of the susceptibility in
VOMoO,, for H=1 kG. The solid line shows the high-temperature
Curie-Weiss behavior fo® =155 K. (b) Plot of the susceptibility
measured with the SQUID magnetometefter subtraction of the
atomic diamagnetic contributiorvs the area of the EPR signal,
with the temperature as an implicit parameter. The intercept of the
solid line was used to derive Van Vleck susceptibility.

high-temperature Curie-Weiss behavior, a broad maximum
around 100 K typical of low-dimensional antiferromagnets,
and a kink atT.=42 K, which indicates the presence of a

phase transition. This trend is the same already observed by
Shiozakiet al!* At temperatures well above the maximum
the susceptibility is given by

o
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FIG. 4. Temperature dependence of the area of the EPR signal

(squarep and of the spin susceptibiliticircles measured experi- ] ) ] )
mentally with a SQUID magnetometer after subtraction of the VanwhereC is the Curie constan®) the Curie-Weiss tempera-

Vleck contribution(see text The area of the EPR signal, which in ture, andy, Van Vleck susceptibility. In order to estimate
principle is proportional to the spin susceptibility, was rescaled to®, which for a 2DFQHAF on a square lattice is equal to
match the value of the spin susceptibility at room temperature. J;+J,, one has to determine first the value yf,,. Since
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- FIG. 6. _(a) Mo NMR powder spectra in
£ - VOMoO, oriented powders fad =9 T along the
= v s\ i c axis. (b) ®*Mo NMR shift in VOMoO, for Hl|c
E A s T=200K vs the spin susceptibility, measured with the
2 i SQUID magnetometer, after subtraction of the
%_ 1 - 1.24 r Van Vleck term. The temperature, which is an
E implicit parameter, is shown for a few selected
. - . | points. The solid lines evidence the change of
slope, i.e., of hyperfine coupling, on cooling.
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xvv does not contribute to the EPR signal, its value can beesonance frequency of the peak in the unoriented powders
directly determined by plottingg measured with the SQUID has a temperature dependence which is exactly the opposite
against the EPR area for> 150 K[see Fig. B)]. One finds  of the one observed for the susceptibilisee Fig. % Since
xvv=3.5x10"% emu/mol, a value consistent with the sepa-the quadrupolar corrections to the central line shift are neg-
ration between the,, levels derived from crystal field cal- ligible, one can assert that the opposite behavior of these two
culations and close to the one estimated fosMQSiO,, quantities is due to a negative hyperfine coupling constant
where VV* has practically the same coordination. Then, by(A) between the”®Mo nucleus and the four nearest-neighbor
fitting the susceptibility data fof >150 K, with Eq.(1) one  V** ions. In fact, the shift of the NMR line can be written as
derives® =155+ 20 K.

B. NMR spectra and relaxation rates 4AY

AK=
gueNa

%Mo NMR spectra were recorded both on unoriented as +9, 2

well as on magnetically aligned powders by summing the

Fourier transform of half of the echo signal recorded at dif-

ferent frequencies. The powders were oriented in epoxy resiwith ug the Bohr magneton anélthe chemical shift. Hence,
with the magnetic field direction along tleeaxis which, as by plotting AK vs y [see Fig. )] one can derive the hy-
can be seen from a close inspection of the crystal symmeperfine coupling constamk which for T<100 K turns out
tries, corresponds to the principal axis of the electric fieldAyo,~—9 kOe. In Fig. Tb) one clearly observes that
gradient (EFG) at Mo nuclei. The NMR spectra in the around 100 K there is a sizable change of slope which has to
oriented powders are characterized by five well-definede associated with a marked decrease in the hyperfine cou-
peaks[see Fig. 6a)] separated by,=106 kHz. For a cy- pling and suggests that around 100 K significant modifica-
lindrical EFG tensor, as the one 8fMo in VOMoO,, one tions in the local structure around ¥Io are taking place.
has that* vo=3eV,,Q(1-v.)/20h, whereV,, is the prin-  Above 110 K one ha#,,,~—2.5 kOe. The shift measure-
cipal component of the EFG tensdd=—0.019 barn the ments in the oriented powders yield quantitatively similar
%Mo electric quadrupole moment, and<ly..) the Sternhe- results[see Fig. )], pointing out that the hyperfine cou-
imer antishielding factor. One can compare the experimentgdling is quite isotropic. The values for the component of the
value of v with the one derived from an estimate of the hyperfine coupling tensor foﬁ||c turn out to beA.=

EFG based on lattice sums, within a point charge approxi-—11.5 kOe for T<100 K and A.=-2.7 kOe for T
mation and taking (% 1y.)=24.861, as estimated >110 K. Finally, it must be mentioned that while above
theoretically:> One obtainsvo=102.5 kHz, in remarkable 100 K the width of the central line is temperature indepen-
agreement with the experimental finding. On the other handgent, a sizable broadening is observed below 100 K, the line-
the powder spectra are characterized by a sharp central peglqin for |:|||C increasing from about 2.3 kHz at 106 K to

corresponding to the 1/2 —1/2 transition, and by an under- b4t 6 5 kHz at 50 K. This fact suggests an increasing in-
lying broad powder spectrum. Below, the Mo NMR homogeneity at the microscopic level.

powder spectrum broadens, as expected in the presence of ay,clear spin-lattice relaxation rateTy/was measured on
magnetic order, yielding a local field at the nuclei which ISthe central®®Mo NMR line by means of a saturation recov-

ranlttj(_)mlyf[ orlePtedtwnh rlespetcr: t? the extternaldfleld.d ery pulse sequence. The length of the saturation sequence
IS Interesting (o analyze the temperatureé dependence Qaq mych shorter thaif,; while the repetition time was

the shift of the central line in the oriented powders Fifc  much longer than the spin-lattice relaxation time to allow
and for the unoriented powders, which probe mainly the shifhyclear spins to reach thermal equilibrium between each
for HLc. As reported in Fig. {® one observes that the scan. The recovery law was found to be multiexponential, as
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FIG. 8. Temperature dependence 8fMo NMR 1/T; in
VOMOoO, for the central line in a magnetic field of 9 T, derived by
fitting the recovery of nuclear magnetization with E8).

1.6 . .
decrease of the relaxation rate on cooling down to about 90

% K, then a plateau and a peakTat, as expected for a second-
o order phase transition.
— The decay of the echo signal aftermd2-7-7 pulse se-

L4 N quence was observed to be practically exponential. The de-

cay of the amplitude oP®Mo echo signal arises in principle
\T=53 K from three different contributions: namely,

E(27)=E(0)[D(27)e 2"Tie de?tf2nm] (4

1.2 — T The first termD(27) is the decay associated with tfeMo
3 4 5 6 7 ) ; . .
nuclear dipole-dipole interaction. The second moméatof
10* - (emu/mole) the corresponding frequency distribution was determined on
P the basis of lattice sums taking into account the natural abun-
FIG. 7. (a) Temperature dependence of the resonance frequencgance of 9Mo.* It was found thatyM,=90 s *. If one
for Mo NMR central line.(b) ®*Mo NMR shift of the central line  takes this value and assumes a Gaussian decay, sizable de-
in VOMoO, unoriented powders plotted against the spin susceptiviations from the exponential behavior should be detected,
bility, measured with the SQUID magnetometer, after subtraction oimainly at low temperature. The absence of any evidence for
the Van Vleck term. The temperature, which is an implicit param-such a Gaussian deviation could stem from the low natural
eter, is shown for a few selected points. The solid lines evidence thghundance of°®Mo nuclei which leads, as for diluted nuclear
change of slope, i.e., of hyperfine coupling, on cooling. spins, to a dipolar contribution to the echo decay which is
neither Gaussian nor exponentialThen one has to approxi-
expected. Now, the point is whether the relaxation process ig1ate the nuclear dipole contribution to the echo decay with a
driven by fluctuations of the hyperfine field or of the EFG. moment expansiorD(27) was expanded up to the fourth
As we shall see later on in the discussion of the experimentahoment and its expression was used to fit the data up to
results, the magnetic relaxation mechanism is the dominargr=1/(2\/M,). It must be remarked that, in anyway, above
one(Sec. Il B). Then, the recovery law for the nuclear mag- 120 K the contribution oD(27) to the echo decay is small

netizationm,(t) is with respect to the one due to the third term in E4).
The second term in Ed4) is the Redfield contribution to
the echo decay. When just the central transition oflan
t —my(t 1 8 50 S . . .
My(t—c0) —my( ): e Uiy —gmbUTy — o= 15Ty =5/2 nucleus is irradiated and in the case of an isotropic
m,(0) 35 45 63

spin-lattice relaxation rate one HAL/Tf=9/T,. The third
) term is the dominant one and originates from a low-
frequency dynamics characterized by a correlation tirpe
The values of I¥; derived from the fit of the experimen- which modulates the resonance frequency of the nuclei by
tal data with Eq.(3) are reported in Fig. 8. One notices a Aw’. The observation that the echo decay is exponential
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of VOMoO,. The Fermi level is set at zero energy. The symmetry
T (K) points areI’=(0,0,0), X=(#/a,0,0), M=(=/a,n/a,0), andZ
=(0,0;7/c). (Bottom) Band structure of VOMo@ close to the
FIG. 9. Temperature dependence of Lin VOMoO, powders  Fermij level. On the right side the total DQSolid line) is shown.

fc.)r. H :9 T, derived by fitting the echo decay &Mo central tran- The V d projected DOSdashed lingand the Op and Mod pro-
sition with Eq. (4). jected DOS(dash-dotted and dotted lineare also shown.

implies thatA w’ 7.<1, so thatf =27/ 7, and the last term of in the lower part of Fig. 10 where these two bands and the
Eq. (4) becomes exp{27/T,), with' 1/T,=Aw’?7.. The  DOS in the energy window0.8,0.4) eV are reported. In
temperature dependence off 1/derived by fitting the echo order to minimize the linearization error in this energy win-
decay with Eq.(4) is shown in Fig. 9. dow, we placed the linearization energies close to the Fermi
Finally, it must be mentioned that@V NMR signal was  level. The eigenvectors of the two conduction bands have
detected, with a temperature dependence ®f ahd of 1T,  mainly V d,, character, mixed with some,®,,, and, in the
very similar to the ones reported in Ref. 16. However, thecase of the lower-energy band, with some Mg character.
values of the relaxation rates are too small to be ascribed tat the I' point the two conduction bands are, respectively,
V#* sites in VOMoQ. The comparison of (Th)? with the  the bonding(lower energy and antibondinghigher energy
second moment derived for iV dipole-dipole interaction Vv dyy bands.
shows that this signal must be due to a few percent’uf The LDA bands can be understood from a few-band tight-
nuclei, possibly belonging to % impurities. binding model, as shown in the Appendix, and the dispersion
curve of the two conduction bands can be written in terms of
the nearest-neighbofNN) (t;) and next-nearest-neighbor
(NNN) (t,) hoppings within thg001) plane and of the hop-
A. Electronic structure and superexchange couplings ping between adjacent planes ):

Ill. ANALYSIS OF THE DATA AND DISCUSSION

The superexchange couplinds and J, were estimated _
both theoretically, starting from electronic structure calcula- e(k)=eot 2tz codka) +cogkya)]
tions, and experimentally from the temperature dependence +4t,[ cog ka/2)cogk,al2) |+ 2t cogk,c). (5)
of the susceptibility. The electronic structure of VOMpO ) ) n
was calculated by using density functional theBFT) in Their values can be estimated from a least-squares f_|tt|ng of
the local density approximatiofLDA). The tight-binding the calculated bgnd structure. The results_are shown in Table
linear muffin-tin orbital methotf (LMTOA47 Stuttgart code |- The NN hoppingt; and the NNN hopping, have two
was adopted together with the exchange-correlation potenti&ontributions of opposite sign. The first one originates from
of Perdew and Zung&t while the lattice parameters were the hopping between V and NN O orbitals while the second

taken from Ref. 10. one from hoppings involving V and NN O and Mo orbitals.
In Fig. 10 the electronic structure of VOMq@Qand the o )
corresponding density of staté@OS), derived with the lin- TABLE |. Hopping integrals(in meV) for VOMoO,. The

ear tetrahedron method, are shown. The DOS was checked %)u_lomb repulsion is in eV and the exchange coupling constants
have already converged with a mesh of about 858 irreducibl8™ " K-

k points. One can notice that only two relatively narrow . . & U 2 3 ] 11
bands, well separated from all the others, cross the Fermi ! 2 L o2 L 172
level (eg), which was set to zero energy. The density of ower band —110 —-52 -1 5 110 22 <102 45

states shows a pronounced feature arogngdi.e., in corre-  Higher band +135 —42 —2 5 154 16 <102 10

spondence with these two bands. This feature is more evident
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The sign is different because while the energy g @rbitals 0.03 45— . : ' : L : .
lies below the Fermi level the one of Miborbitals is above 8

(see the Appendix The contribution coming from Mo de- 18 o 20
pends mainly on the energy of Md,, effective orbital, %__ Amovo,

whose energy is affected by the hopping withdy> and,
therefore, depends on V-Mo distance. Thus, the closer Vis tc~  0.02
Mo, the higher is the energy of Md,, and the smaller the
contribution of Mo tot, andt;. In addition, the hopping
between Op and Mod,, states tends to enhance the ratio
t,/t, (see the Appendix

The hopping integrals can now be used to estimate the £ 0014 -
exchange couplings among*V spins. VOMoQ is a half-
filled band Hubbard insulator and, in the limit of strong Cou-
lomb repulsion, the exchange couplings can be expressed ¢
Ji=4ti2/(U—Vi). Heret; are the NN and NNN hoppingsl

Xiivsio,

S
£
=
g
5
~—

X

the on-site Coulomb repulsion, and e intersite Coulomb 0.00 y T y T ; T 0
repulsion, which is supposed to be much smaller tbart 00 035 Lo L3 '
was showf’ that typical values otJ for the vanadates are T/e

U~4-5 eV. So by takindJ~5 eV and neglecting Vthe _ . .

coupling values shown in Table | were derived. FIG. 11. Spin susceptibility of LMWOSIO, and VOMoQ, as a

. . . . function of T/®, with ®=28.7 K and 155 K, respectively. The am-
e it of he Sscetly of UOophas ban iz 3

. S actor slightly larger than the ratio between the Curie-Weiss tem-
out that VO.MOQ ISa Z.D sy;tem and not a One-dlmen3|9na| peratures, indicating a slightly lower purity of the VOMg&ample
one as claimed by Shiozaki and co-workErs Second, it | respect to L{VOSIO,.
should be observed that the valueJaft-J, ranges between
132 and 170 K, in good agreement with the valBe=J;
+J,=155 K derived experimentally for the Curie-Weiss the V d—O p hopping. Hence the hopping through &.ior-
temperature. On the other hand, for both bands we Jind bitals reduces; and the ratiaJ; /J,.
>J,, with J;/J, around 4.5 for the lower-energy band and  Therefore, the observed discrepancies between the experi-
10 for the higher-energy band. This result, however, seems ifental and calculated values &f/J; cannot originate from
contrast with the experimental findings. In fact, the temperathe method adopted to calculate the band structure but must
ture dependence of the susceptibility and in particular thdxave another origin. They should rather be associated with
ratio betweer® and the temperature of the maximum in the the simplified expression used to derive the superexchange
susceptibility are very similar to the ones of,li0Si0,,  couplings, where just the on-site repulsidiwas considered.
pointing out that also, in VOMo@Q J,/J;=1. The similar-
ity becomes evident once is plotted as a function of /0 _ o
(syee Fig. 11 It is interesting to observe that an analogous B. *Mo relaxation rates and EPR linewidth
discrepancy between the ratig/J; derived experimentally As shown in the previous sectiofiMo echo decay, which
and the one estimated from electronic structure calculatioprobes the very-low-frequency dynamics, is characterized by
was found by Rosneet al?! for Li,VOSiO,. Also in that  two regimes: a high-temperature one wher&,HAw' %7,
case the estimate df, +J, was in good agreement with the decreases on cooling and a low-temperature one whe&e 1/
experimental one, while the value df was found to be increases on approachiig from above. This means that the
about a factor of 10 larger thady, the opposite of what correlation timer, which describes the dynamics decreases
happens for VOMo@Q To assure that the estimate Bf/J;  on cooling from room temperature down fB=100 K.
was not influenced by the method adopted for calculating th&Vhich could be the origin of these dynamics? One possibil-
band structure, the coupling constants were calculated alsty is that Mo echo decay above 100 K is driven by the
for Li,VOSIO, and a ratioJ,/J;=10 was found, in good relaxation of unlike spins, namely, taking into account the
agreement with the results of Rosraral?! The big differ-  natural abundance and the magnitude of the nuclear mag-
ence in the ratio calculated for AfOSiIO, and VOMoQ,  netic moments present in VOMq@Qof >V spins. Then,r,
cannot be associated with a difference in the V-O distancesz T, of >V andAw' corresponds to the nuclear dipole cou-
which are quite similar in both compounds, or with the smallpling between ®*Mo and %V nuclei which, from lattice
rotation of the basis of the ViOpyramid. This difference sums, turns ouAw’=1510 s 1. Now one can directly esti-
should rather be ascribed to the role of Mg, orbitals in  mate 5V 1/T; from %Mo 1/T, experimental datésee Fig.
VOMoO, and of Li s orbitals in LLbVOSIO,. As already 12)722
mentioned the hopping between ©-Mo d,, tends to en- One observesV 1/T; increasing exponentially on de-
hance the ratid, /J,. On the other hand, in bVOSIO, the  creasing temperature, as one would expect for a correlated
hopping between @ and NN Lis orbitals gives a contribu- 2DQHAF?3 In fact, the nuclear spin-lattice relaxation rate
tion to t; only, which has a sign opposite to the one due tocan be written as
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R R S EE coupling? supporting the assumption that vanadium nuclear
204 T spin-lattice relaxation is driving®Mo echo decay.

The increase if®Mo 1/T, on approaching . must have
a different origin since®V 1/T, is expected to continue
increasing on cooling and finally diverge at the transition
- temperature. The change of behavior around 100 K could be
T 12 | ascribed to the onset of a very-low-frequency dynamics,
é ¢ which is possibly associated with the motions of domain
t— ] r walls separating collinear | and Il domains, as recently ob-
—
>

16 -

g | served in LyVOSiO,.%
It is interesting to compare the temperature dependence of
5/ and ®*Mo nuclear spin-lattice relaxation ratésee Figs.
44 L 8 and 12. One observes that while the former increases on
cooling, the latter decreases. One could then be tempted to
associate®®Mo relaxation to another mechanism, for ex-
r r T r T . T . T ample a quadrupolar one, where the relaxation is due to
100 150 200 250 300 phononst* However, the nuclear spin-lattice relaxation rate
T (K) due to phonons tgrns out to_ be an order of magnitude smaller
than the one derived experimentally if the recovery laws ap-
FIG. 12. Temperature dependence ®Y NMR 1/T, as esti- Propriate for a quadrupolar relaxation mechanism are tised.
mated from the temperature dependence®®o 1/T, shown in ~ On the other hand, if one estimates the value expected for
Fig. 9 (see Sec. Il B. The line is a guide to the eye. 1/T in the assumption of a relaxation mechanism driven by
V4* dynamics forT>J;+J, [Eq. (8)], the calculated value
52 - R turns out to be slightly larger than_ the experi_mental one. So it
772N 2 |A(Q)|{Seald @), a=X,y, (6) is possible that the m-plane spin correlation causes a de-
1 q crease of*®Mo 1/T;. This is what is expected if théMo
form factor filters out, at least partially, the spin fluctuations
at the critical wave vector. In fact thé&®Mo form factor

|A(Q)|2={2A[ cos@ra/2) + cos@yal2)]}? is peaked at d

with |A(q)|? the form factor, which gives the hyperfine cou-
pling of the nuclei with the spin excitations at wave ve(ﬁor
andS,,(q,w) the component of dy_namical structure factor —0,,=0), zero at ¢r/a, /a), and reaches a reduced value
at nuclear Larmor frequency. If scaling arguments apply, one, (7T)/la,0) [or (0,/a)], which corresponds to the critical

can expressS,,(d,w,) in terms of the in-plane correlation \ave vector of the envisaged collinear ground state. This
length and, provided that VOMaQss in the renormalized  sityation is very similar to the one found in CFTRopper
classical regime and'V hyperfine coupling is mainly on  formiate tetradeuteratea nonfrustrated 2DQHAE In this

site, one find® systemH has a form factor similar to the one 8o in
1 VOMoOQ, and 1T, was also observed first to decrease on
—(T)x&(T) cooling for T<J and then to increase. An accurate calcula-
Ty tion of the temperature dependence Mo 1/T; in

VOMoO, goes beyond the aim of this work, since it would
) , (7) require precise knowledge of the temperature dependence of
27ps the hyperfine coupling constants between 220 K &pd

with pg the spin stiffness. 1PV 1/T, data are fitted with this It is also instructive to compar&Mo 1/T; with the EPR
simple expression, a poor fitting is obtained. The point is thatinewidth AH (see Fig. 3. The similarity in the temperature
most of the data obtained fo¥V 1/T, lie in a temperature dependence of both quantities is striking. Although it is not
range whereT=J,+J,=155 K and scaling arguments can Straightforward to establish a relationship between these two
no longer be applied. A more accurate quantitative analysiguantities, the former probing the spectral density of the two-
can be performed fof>J;+J,, where \V* spins are un- spin correlation function while the latter of the four-spins

1
=O.498Xp§277ps/T)[ 1- >

correlated. In this temperature limit one can wfite correlation functiorf* the physical origin of their behavior is
the same. In fact, also the initial decreaseAéf on cooling
1 y?S(S+1) ) Nz has to be associated with the loss of weight of the 0
T_1: 27 3 AL o’ (8)  diffusive modes and to an increase in the spectral weight at

(7/a,0) [or (0O,m/a)], which finally gives rise, in view of the
with A, °% hyperfine coupling constants andg  slowing down of the critical fluctuations, to a peakTat.2
= \/J21+ JZZ(kB/ﬁ)\/ZzS(S+ 1)/3 the Heisenberg exchange As pointed out by Richards and Salam@9) the transfer of
frequency, wherez=4 is the number of ¥' coupled spectral weight frong=0 to the critical wave vector causes
through J, or throughJ,, to a reference ¥ ion. If one  also a modification in the angular dependence\ef, with
takes 1T,;=6 ms ! for T>J;+J, (see Fig. 12, one derives first a decrease akH,,/AH, and then an increase, exactly
A, =80 kG. This is a typical value for 4 hyperfine as it was found for VOMo@ (see the inset to Fig.)3For
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T<J;+J,, the EPR linewidth should scale with the in-plane ment x4 of the coordinates. Now, if one considers just
correlation length, and if the same scaling laws derived forandJ,, couplings, the order of magnitude of the energy gain
two-dimensional antiferromagnétsare used, one should induced by the displacement turns out to Iig =
find AHo£°. Then, by fitting the few experimental data in _ ~ 2 - o

. ' . —C[d(I,+I,)]dx Ik, , with C a constant which de-
Fig. 3 for T<55 K and assuming the temperature depen- [0(31+ o) “]Xeq Xeq . .
dence ofé given by Eq.(7) one derives a value for2p, pends on the crystal structure. Then, if one considers that the

around 60 K, well belowd, +J,, as expected for a frustrated Similarities in LLbVOSIiO, and VOMoQ, structure yield

2D antiferromagnet’ roughly similar elastic constants and power-law dependence
of J; on x,, it is likely that kBTdistzExeqrx(JﬁJZ), as
C. Frustration-driven structural distortion experimentally found.

It is remarkable to observe that while a clear signature of
; 4 . 'such a distortion is present in the NMR spectra, no modifi-
tural distortion around®Mo nuclei takes place af g P P

~100 K, yielding a sizable change of the magnetic hyper_catlon in VA g tensor is detected_ down _fb:. O_n the other
fine coupling(see Sec. Il B The occurrence of a structural and, below 100 K a decrease in the intensity of the EPR
distortion in VOMoQ, is a natural consequence of the frus- Signal, much faster than the decrease of the macroscopic
tration which, in the absence of a spin-lattice interaction, formagnetization, is observegee Figs. 3 and)4This effect is
J,1J;=1 would lead to a double degenerate ground statéOt associated with a saturation or a broadening of the EPR
down to a temperature where an Ising transition to one of th&ignal but rather indicates that there are some ions that are
two ground states occuf$.The effect of the lattice is to becoming EPR silent. These ions cannot correspondtq V
relieve the degeneracy among the two ground states, so thahich in a pyramidal coordination such as the one in
the frustrated system always collapses in one of the tw&/OMoO, should always give an EPR signal. However, if
states. This is somewhat analogous to the Jahn-Teller distovalence fluctuations take place, they could correspond to
tion which relieves the degeneracy among the electronic lewlo®* ions. In fact, due to selection rules, the signal ofVio

els split by the crystal field and for this reason some authorgn a regular tetrahedral configuration is canceled out. The
have called this distortion the “spin-Teller” distortich’”  regular tetrahedral coordination is indeed supported by the

Recently, evidence for such a distortion in a three-small values of the®™o quadrupolar frequencysee Sec.
dimensional pyrochlore antiferromagnet was presefit€h B

the other hand, some connection with the spin-Peierls distor- Aé a whole, the comparison of NMR and EPR spectra
tion is also present. In fact, quite recently Becca and Wila |eads to the following possible scenario. The distortion in-
have shown that for a 20J;-J, system the magnetoelastic gyced by the frustration causes, thanks to the hybridization
coupling would induce a distortion which, depending on thegs Mo d orbitals in the band formation, a charge transfer
value ofJ,/J; and on their dependence on the lattice paramyom v4* to Mo®*. As the distortion develops it induces a
eters, could break either just the rotational invariance or, ag,qdification just in the NMR spectra of the adjacent nuclei,
for a standard spin-Peierls transition, also the translationeg}ieming a broadening of the NMR linésee Sec. Il B and
invariance. Recent NMR measurements suggest that thge disappearance of the EPR signal of the adjacéit V
breakdown of the rotational invariance takes place ingns. The \#* ions far from the distortion continue to give
Li,VOSIO,. * In VOM0O,, however, the situation is some- (ise to an EPR signal with unchangedvalues, as experi-
what more complicated than the one described by Becca andena|ly observed. As the temperature is lowered, the size of
Mila® since J, and J, show a subtle dependence on Mo the gistorted domains progressively grows and the EPR sig-
position and, therefore, cannot be expressed in a simple forg| diminshes. The formation of distorted and nondistorted
in terms of the V-V distance. _ _ domains would support also the modifications?i$i NMR
Now, based on simple order-of-magnitude estimates ongpectra in LjVOSIO,. In fact, in Li,VOSIO, as the tem-
can sh_ow that the origin of the lattice (_jlstortlon IN perature is lowered beloWy;s,, one observes the progres-
Li,VOSIO, and VOMoQ, is the same. In fact, if one takes gjye decrease of a low-frequency peakdistorted siteand
the ratio between the temperature at which the distortion setg,o growth of a shifted high-frequency peéistorted sit
in and J;+J;, one finds Ty;si/(J1+J2)=0.5£0.07 for  (see Ref. 5 Hence, atTyyq, a diffusive transition sets in,

Li,VOSIO, and a close value, 0.640.07, for VOMoQ,. yielding a progressive distortion of the whole lattice as the
This similarity can be understood by considering the expaniemperature decreases below 100 K.

sion of the elastic and magnetic energies to lowest order in |+ should be noticed that it is somewhat unusual that

the displacements Mo®* formation does not cause any Jahn-Teller effect. How-
ever, in this system the Jahn-Teller distortion could actually
be hindered by the frustration-driven distortion. This can oc-
cur if the distortion yields an energy gain of the frustrated
magnetic lattice larger than the shift of thg ground state.
with x,, 5 the coordinates of the magnetic ions coupled by ariThe charge transfer could also induce a progressive cross-
elastic constark, ;. Since the reduction of magnetic energy over of VOMoQ, from a half-filled to a quarter-filled band

is linear inx,, and the elastic one is quadratic, a minimum of configuration, as the one of Na®s,® as the temperature
magnetoelastic energy can be achieved for a small displacéecreases below 100 K and modifications in the transport

The analysis of NMR spectra points out that a local struc

E=2 (3/0X)(S- )Xot 2 KagXaXpl2,  (9)
ij,a a,B
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properties should be observed. In fact, belod ¥0a de- (% 6,,+(1/4+6,),F25) and ((F1/2*8;),*+(1/4-6,),
crease in the energy barrier measured with resistivity iszz,); and the two Mo centered in (1/41/4,1/2) and
detected”’ (—1/4,1/4,1/2)(energye,,) . Within this model the following
hopping integrals are considered: the hoppings betwedn V
IV. CONCLUSIONS and Op states {,4), the hopping between NN @, and Op,
orbitals (,,), and the hopping between My, and its NN
O px and Opy orbitals ¢n,). Starting from this band model

ET 3§gngjl_¢~]F on ﬁ square Ia}_mce _Wl\ﬂ/jlcl):Mch,aSUCh aﬁ the dispersion curve of the two conduction bands can be
2 &1 he exchange couplings In Qare muc obtained by downfolding all the O and V statésSetting
larger than the ones of {WVOSIO, and a valued;+J, 5,=8,=0 and neglecting, one has

1

=155 K was derived, in good agreement with the one esti-

In conclusion, it was shown that VOMqQQs a prototype

mated from electronic structure calculations. In VOMo® t2, 2, b

lattice distortion takes place &ty=100 K. As the tem- e=ey4t 86_‘)6 +46_p6 1_b[CO$2(kX/2)+CO$2(ky/2)]

perature is lowered belowWy;s; a progressive growth of the P P

domains with lattice distortion occurs. From the comparison thg @

with Li,VOSIiO, one finds that in these 2DFQHAF;s; . 1_pcotkid2)cosky/2), (A1)

roughly scales withJ; +J,, supporting the assumption that P

the distortion is driven by the magnetic frustration. Finally, with

in VOMoO,, novel phenomena, not observed in\LOSIiO,, 5 5 )

occur below T4y and are tentatively associated with a b=16 oo ia tho 144 too

charge transfer from V to Mo. B (e— ep)Z (e—€p)(e—€m) (e—€p)
ACKNOWLEDGMENTS and

The authors would like to thank F. Becca and A. Riga- Ay too too
monti for useful discussions. The research activity in Pavia a= (e—€p) (e~ €p)(e—€m) 1+4(E_6p) :

was supported by INFM Project No. PA-MALODI.
Then one has that the in-plane NN and NNN hoppings are
APPENDIX: TIGHT-BINDING MODEL

t a
The simplest model which can be used to describe the t1=26_ € 1-b
bands derived in the framework of the LDA includes 12
orbitals. Thed,, of V, and \, (energyey), where V4 is the and
atom at (1/4,1/4,) and \, is the atom at ¢ 1/4,—1/4, t2 b
—2zy); the four O p, orbitals (energy €,) centered in ty=2———-r,
(= (U4 5,),%8,,720) and (= (1/4+8,,T 12+ 5,, €€ 1-D

¥20); the four O p, orbitals (energy e,) centered in so thatd,/J;=(t,/t;)*=b?a’
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