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High-magnetic-field NMR studies of LiVGe2O6: A quasi-one-dimensional spinSÄ1 system
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We report 7Li pulsed NMR measurements in polycrystalline and single-crystal samples of the quasi-one-
dimensionalS51 antiferromagnet LiVGe2O6, whose AF transition temperature isTN.24.5 K. The field (B0)
and temperature (T) ranges covered were 9–44.5 T and 1.7–300 K, respectively. The measurements included
NMR spectra, the spin-lattice relaxation rate (T1

21), and the spin-phase relaxation rate (T2
21), often as a

function of the orientation of the field relative to the crystal axes. The spectra indicate an AF magnetic structure
consistent with that obtained from neutron diffraction measurements, but with the moments aligned parallel to
the c axis. The spectra also provide theT-dependence of the AF order parameter and show that the transition
is either second-order or weakly first-order. Both the spectra and theT1

21 data show thatB0 has at most a small
effect on the alignment of the AF moment. There is no spin-flop transition up to 44.5 T. These features indicate
a very large magnetic anisotropy energy in LiVGe2O6, with orbital degrees of freedom playing an important
role. Below 8 K,T1

21 varies substantially with the orientation ofB0 in the plane perpendicular to thec axis,
suggesting a small energy gap for magnetic fluctuations that is very anisotropic.

DOI: 10.1103/PhysRevB.65.214413 PACS number~s!: 75.30.Kz, 75.50.Ee, 76.60.2k
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I. INTRODUCTION

Recently, a quasi-one-dimensional~1D! spin S51 sys-
tem, LiVGe2O6, has been the object of intensiv
experimental1–3 and theoretical investigations.4–6 It has an
antiferromagnetic phase transition at about 25 K and the
pected Haldane gap is either absent or strongly suppres
Quantum chemistry calculations4 indicate that a second
order splittingDCF of the t2g orbitals may play a dominan
role in this system. Our new measurements indicate thatDCF

might be much smaller than previously thought,1 leading to a
large uniaxial magnetic anisotropy and orbital fluctuation

It has been established by neutron diffraction measu
ments that the low temperature phase has a rather sim
long-range antiferromagnetic order.3 In this paper, we repor
the results of a number of different NMR measurements
this material. We also address several important quest
about the phase transition which remained open previou
including the order of the phase transition, the size and or
of the energy gap in the magnetic excitation spectrum be
the Néel temperature, and the orientation of the magne
moments in the antiferromagnetic phase. Many of the res
reported here were obtained on powder samples. Some o
more recent measurements were made on single-cr
samples.

The 7Li NMR measurements we report include NM
spectra, the spin-lattice relaxation rateT1

21, and the spin–
spin relaxation rateT2

21, at magnetic fieldsB between 9.0
and 44.5 T and temperaturesT over the range 1.7–300 K. In
0163-1829/2002/65~21!/214413~12!/$20.00 65 2144
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spite of various attempts to observe the resonance signa
51V nuclei above the transition and at the lowest tempe
tures in the AF phase, only a tiny spurious signal could
detected in the polycrystalline sample and no signal at
was found in the single-crystal samples. The 9.0 T meas
ments were made at UCLA, the measurements between
and 44.5 T were done at the NHMFL in Tallahassee, a
measurements at 12 T were performed at the GHMFL
Grenoble. We have extended previous NMR measurem
on a polycrystalline powder sample2 to much lower tempera-
tures as well as to much higher magnetic fields. Furtherm
we present the first NMR measurements on LiVGe2O6 single
crystals as a function of the polar and azimuthal ang
which give new insights on the low temperature behavior
this system, where orbital degrees of freedom seem to p
an important role.

This paper is organized as follows. First, we describe
preparation of the samples and the measurement proced
Then, we present the experimental results and a partial in
pretation of some of them. In the subsequent discussion
address issues concerning the magnetic structure, the p
transition, the relaxation rate and the influence of orbital
grees of freedom.

II. SAMPLES AND EXPERIMENTAL METHODS

The LiVGe2O6 powder sample was prepared as describ
by Millet et al.1 The single-crystal samples were synthesiz
at the Centre d’Etudes Nucle´aires in Grenoble using a flux o
GeO2:Li2B4O7 with the molar ratio 8:1. After reducing the
©2002 The American Physical Society13-1
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V2O5 with H2 and using a slow increase of the temperat
up to 720 °C, the compound LiVGe2O6 was obtained with a
thermal treatment of the components up to 800 °C unde
with 2% vol H2. Then, a mixture of 70% wt of the flux an
30% wt of the compound was put in platinum crucible a
heated for 1 day at 970 °C. After that, it was slowly cooled
the rate of 2 °C per hour to 780 °C, after which the power
the furnace was switched off and allowed to cool to roo
temperature. Finally, the products were washed with boil
water. Pale green needles were obtained, the maximum
of which was approximately 1 mm30.10 mm30.050 mm.
The typical dimensions of the samples used for our NM
measurements were 700mm3100 mm350 mm, which
corresponds to a mass of about 15mg and ;331016 7Li
spins. The small NMR coils used for most of the sing
crystal work were a few turns of 25mm diameter insulated
copper wire wound tightly onto the sample.

LiVGe2O6 crystallizes in the monoclinic system, spa
group P21 /c.1 The chains of VO6 octahedra are parallel t
the c direction and are connected to their neighbor cha
only by two GeO4 tetrahedra. There is a very small couplin
perpendicular to the chains. The Vanadium atoms are loc
in distorted oxygen octahedra and the threet2g orbitals are
split into a low-lying doublet (dxy ,dyz) and a single orbital
(dxz) at an energyDCF above the doublet.

All of the NMR results reported here were performed
the 7Li nuclei using standard spin-echo techniques carr
out with a spectrometer and probes built at UCLA. T
NMR spectra were obtained by frequency-shifted a
summed Fourier transform processing7 with fixed applied
magnetic fields between 9.0 and 44.5 T. Rotation of the fi
alignment about one axis during the measurements was
by placing the sample and NMR coil on a goniometer pl
form whose orientation was controlled from the top of t
probe. Further rotation about a second axis perpendicula
the goniometer rotation axis was carried out by changing
placement of the coil and sample on the goniometer platfo
when the probe was out of the cryostat. We estimate that
absolute accuracy of the corresponding angle settings
approximately610 deg and that the precision in changi
the angle with the goniometer was60.5 deg. Part of the
uncertainty in the absolute angle was associated with
small size of the samples and part of it from thermal contr
tion in the goniometer control upon cooling from room tem
perature to low temperatures.

An unsuccessful attempt was made to observe the51V
NMR signal in a single-crystal sample. A thorough sea
was done by sweeping the resonance frequency in the
sence of any external field at 4.2 K as well as sweepinB
~aligned along thec axis! between 0 and 14 T withT in the
range 1.5–5 K at the fixed frequencies 200, 300, and
MHz. We attribute the lack of a signal, which otherwi
should have been rather intense, to values ofT1 or T2 that
were less than the approximately 2ms dead time of the NMR
spectrometer. It may be that extending such measuremen
much lowerT will reveal this 51V signal.

The 7Li T1
21 measurements were performed by first rot

ing the nuclear magnetization out of equilibrium by a sh
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saturation chain of rf pulses, then waiting a variable recov
time, t, and finally measuring the integrated spin-echo inte
sity, m(t). As discussed below, the quadrupolar splitting
the NMR line is very small, about 15 kHz, so that a sing
exponential form is expected form(t) as long as all parts o
the sample have the same value ofT1

21. To monitor any
deviation from the single exponential behavior, we used
stretched exponential to fit our data

m~ t !5m`1~m02m`!exp~2t/T1!b, ~1!

wherem0 andm` are the nuclear magnetization att50 just
after the saturation sequence and the equilibrium magne
tion, respectively. The fit parameterT1 is the single time that
characterizes the recovery of the magnetization. It is the t
for the quantity@m`2m(t)#/@m`2m0# to decay to 1/e. The
exponentb reflects the width of the distribution of relaxatio
rates. Forb51, it corresponds to a single exponential and
b decreases from 1, it represents a progressively broa
distribution. TheT1

21 measurements were done at Larm
frequencies between 149 and 762 MHz and applied magn
fields between 9.0 and 41.5 T. For some of the measurem
at high magnetic fields below 3 K only the beginning of the
recovery curves were measured and the parameterm` was
set using values from the measurements between 10 and
and the inverse temperature dependence ofm` .

Our T2
21 measurements were done at 148.981 MHz in

field of 9.0 T. The pulse sequence used was ap/2 preparation
pulse applied tom` followed a timet later by a second pulse
whose angle was set to maximize the amplitude of the ec
The integral of the spin echo signal was recorded as a fu
tion of t. The decay of the signal was analyzed using
function

m~2t!5m~0!exp@2~2t/T2!b#, ~2!

where b is the stretched exponential parameter betwee
~exponential decay! and 2~Gaussian decay!. For the powder
sample theb parameter was usually left free during the fi
and resulted in values around 1.4. The spin-echo amplit
for the single-crystal measurements was modulated by
quadrupolar interaction, which caused strong deviations
m(2t) from an exponential decay. In this case, the value
b used in the analysis was fixed at 2.

III. EXPERIMENTAL RESULTS

A. NMR spectra of polycrystalline LiVGe2O6

Figure 1 shows two NMR spectra of the powder sample
the paramagnetic regime, i.e., atT.TN'25 K. The experi-
mental points are indicated by the symbols and the solid
dotted lines are fits to a model of a polycrystalline powder
the presence of an axially symmetric, anisotropic shift,8 as
discussed below.

For the simulation of the asymmetric NMR spectra in t
paramagnetic regime we assumed each V ion to have a
ment along the applied magnetic field, whose magnitude
independent of the orientation. Hence, the anisotropy of
g-factor was not taken into account. It was, however, verifi
that when 1.g' /gi>0.5, results similar to those for an iso
3-2
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tropic g-factor are obtained. The corresponding magne
field at the Li sites was then calculated by adding all
dipole contributions of the V ions in a sphere of about 5 n
diameter around the Li ion. It was verified that modifying t
diameter of the sphere does not have any effects on the
sults. The hyperfine field at the Li sites cannot, however,
fully accounted for by assuming a purely dipolar field of t
V moments. An additional isotropic hyperfine coupling
the order of 0.048 T/mB is needed. The latter may arise in
manner similar to the superexchange interaction. By ass
ing a randomly distributed powder, i.e., the direction of t
applied magnetic field is pointing along all possible dire
tions of the unit sphere, the Li spectra were then simulate
different temperatures. From the simulations of the measu
spectra, one obtains for the average component^MZ& of the
magnetic moments along the direction of the applied fi
0.048 mB at 300 K and 0.080mB at 53 K, respectively.
Their ratio is what one expects from the temperature dep
dence of the dc-susceptibility.2 The simulations, shown in
Fig. 1 are based on only three parameters:~i! an isotropic
hyperfine coupling, which is the same for all the data,~ii ! the
size of the magnetic moment on the V ions, whose temp
ture dependence follows the dc-susceptibility, and~iii ! a
Gaussian broadening function. In view of the small num
of parameters the fits agree fairly well with the measu
data. Some deviations are observed in the low-frequency
of the signal; their origin is not yet understood.

The 9.0 T NMR powder spectra near the transtion and
the ordered phase are shown in Fig. 2. They show a cont
ous transfer of spectral weight from a narrow line in t
paramagnetic phase to a broad signal in the antiferrom
netic ~AF! phase that occurs over a narrow temperat
range. As seen in Fig. 3, which shows the fraction of
intensity in the AF phase, both phases coexist in a temp
ture range of about 1.5 K around 24.4 K.

The order parameter of the AF phase is the magnitude
polarization of the AF moments associated with the V atom
They generate a corresponding magnetic fieldBi at the i th

FIG. 1. 7Li NMR spectra in the paramagnetic phase of po
crystalline LiVGe2O6. The dotted line is the expected position
7Li in a reference compound like LiCl. The solid and dashed lin
are simulations~see text!.
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7Li sites, which can be calculated for a given AF mome
configuration. Depending on the configuration of the A
state,Bi may have a sequence of values at different7Li sites
or be given by a single value for all of them. At the hig
magnetic fields used in our experiments, the7Li spins probe
the static order parameter through the shift in their spectr
which is given by the component ofBi that is parallel to the
applied field B0. For a randomly oriented polycrystallin
sample, the NMR spectrum in the AF phase depends on
response of the AF polarization to the varying orientation
the external field.

The NMR spectra in the AF phase below 23 K have
broad, nearly rectangular shape. This shape is expected
randomly oriented powder spectrum ifBi has the same mag
nitude at all 7Li nuclei, is parallel or antiparallel to a singl
crystalline direction and maintains the same orientation w
respect to the crystalline axes for all orientations ofB0. For
Bi!B0, the field at the nuclei is given byB01Bi cos(u),

s
FIG. 2. 7Li NMR spectra of polycrystalline LiVGe2O6 at 9.0 T

for T between 15 and 27 K.

FIG. 3. Fraction of the total NMR intensity in the polycrysta
line LiVGe2O6 spectra at 9.0 Tesla which is attributed to the an
ferromagnetic phase.
3-3
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P. VONLANTHEN et al. PHYSICAL REVIEW B 65 214413
whereu is the polar angle in spherical coordinates. Then,
frequency shift is:f 5gBi cos(u). The probability (dN) that
a particular value ofu occurs is:dN51/2 sin(u)du and the
density of states in the powder pattern is

dN

d f
5UdN

du UUdu

d fU5 1

2gBi
, ~3!

i.e., constant and results in a rectangular shape for the s
trum.

Since this shape is indeed observed, the powder spe
indicate that the direction of the internal magnetization is
affected by the orientation of the external magnetic fie
From these measurements~see Fig. 2! we obtain the value
Bi50.106 T.

In Fig. 4 the part of the NMR linewidth@Dn(T)# propor-
tional to the AF order parameter is plotted as a function
temperature. The contribution of the width in the param
netic phase is subtracted in quadrature from the AF con
bution using

Dn5~DnAF
2 2DnP

2!1/2, ~4!

whereDnAF and DnP are the HWHM of the spectra in th
AF phase and in the paramagetic phase at 26 K, respecti
The solid line corresponds to a power law behaviorDn(T)
}(TN2T)0.460.05. The onset of the broadening of the spec
occurs at 25.04 K, which we identify as the Ne´el temperature
TN for the polycrystalline sample.

B. NMR spectra of LiVGe2O6 single crystals

The coordinates shown in Fig. 5 will be used to discu
our measurements on the single-crystal samples. They
clude the crystalline axesa, b, andc, the Cartesian axesx, y,
and z, and the spherical coordinatesu ~polar angle! and f
~azimuthal angle!. X-ray measurements9 have shown that the
long dimension of LiVGe2O6 single-crystals is along the
crystallographicc-direction. For all of our single-crysta
NMR measurements, the value off is close to zero, unles
specified otherwise.

FIG. 4. Frequency shiftDn from the NMR spectra of polycrys
talline LiVGe2O6. The width in the paramagnetic phase at 26 K h
been subtracted. The solid line is a fit to the data~see text!.
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Figure 6 shows NMR spectra of a LiVGe2O6 single crys-
tal at temperatures between 23 and 26 K foru'60°. The
NMR spectrum is a single line in the paramagnetic phase
two lines in the AF phase that correspond to the two m
netically inequivalent7Li sites. As for the powder spectra
both phases coexist over a small range ofT. However, this
range is substantially narrower with a value.0.3 K for the
single crystal.

As for the powder sample, the single-crystal linewidt
are rather broad nearTN . Just above the transition,Dn(T) is
about 36 kHz compared to 19 kHz at 38 K. Since the d
susceptibility increases with increasingT in this range, the

s
FIG. 5. Definition of various coordinates for a typica

LiVGe2O6 single crystal.

FIG. 6. Single-crystal7Li NMR spectra of LiVGe2O6 nearTN .
The needle direction, which corresponds to the crystallographc
direction, is aligned 60° from the applied magnetic field.
3-4
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opposite change in the linewidth may indicate that there
slow, short range fluctuations above the phase transition
enhance the linewidth somewhat. Furthermore, in the wh
considered temperature range, the linewidths of the sin
crystal signals are consistent with the width of the broad
ing function used to fit the spectra of the polycrystalli
sample. The large NMR linewidth seen just belowTN may
also be caused by a distribution ofTN in the sample.

In Fig. 7, Dn(T), representing the splitting of the tw
peaks in the7Li NMR spectrum, is plotted as function ofT
for B05 9.0, 41.5, and 44.5 T, withu530° at 9.0 T and
approximately 20° for the measurements at 41.5 and 44.
The data obtained at 41.5 and 44.5 T have also been m
plied by 1.15 and 1.28, respectively, to bring the curves
gether. This indicates a somewhat reduced value of the o
parameter for the measurements in higher fields, an as
that will be discussed later. For the same reason, the va
of T have been reduced by 0.6 and 1.6 K for the meas
ments at 41.5 and 44.5 T, respectively. We attribute th
adjustments inT as being caused by differences in the inst
mentation, which resulted in an uncertainty of about 1 K in
TN for the measurements at these higher values ofB0.

Because of the large values ofB0, a substantial reduction
of TN proportional toB0

2 is expected.10 However, as can be
seen in Fig. 7, no such reduction is observed. This se
rather surprising becausegmBB/kB554 K, for B544.5 T
with g51.79, i.e., about twiceTN . It may be, however, tha
the value of g51.79, obtained from the paramagne
susceptibility1 is too large because, as will be discussed la
the measurements of Lumsdenet al.,3 as well as our own
measurements, show that the value of the ordered mome
only about 1.14mB . Furthermore, it is evident that a larg
change inB0 has no significant effect on theT dependence o
the order parameter in the ordered phase, as the three c
coincide. The solid line is a power law fit to the data ju
below the transition withDn(T)}(TN2T)0.360.05. The value
of the exponent is somewhat smaller than that 0.4 obtai
for the polycrystalline sample. Qualitatively, such a redu

FIG. 7. Frequency shiftDn of the 7Li peaks in the AF phase o
LiVGe2O6 from the peak in the paramagnetic phase as a functio
T. For comparison, the measurements at 41.5 and 44.5 Tesla
been multiplied by the factors 1.15 and 1.28, respectively. The s
line is a fit to the data~see text!.
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tion is consistent with the smaller distribution ofTN inferred
from the smaller temperature range over which a coexista
of two phases is indicated in the single-crystal samples.

C. T1
À1

„T,B… for polycrystalline LiVGe 2O6

In this section we describe our spin-lattice relaxation r
measurements at 9.0 and 23 Tesla performed on the p
crystalline sample. BelowTN the measurements were done
the same frequency and magnetic field as above the tra
tion. But because of the very broad linewidth of about 3
MHz in the AF-phase, only a small part of the NMR spe
trum was covered by the rf-pulses. The nuclei near resona
were those withu'90°; i.e., B0 close to lying in the azi-
muthal plane. The anglef is distributed randomly over 2p.

Figure 8 shows a typical magnetization recovery cu
~filled circles!. The best fit using Eq.~1! ~solid line!, which
yields b50.92, is an excellent fit to the data. The inset
Fig. 8 shows that theT-dependence ofb is essentially the
same at both 9.0 and 23.0 T. Except forT close toTN , above
12 K the values obtained forb are close to 1 and correspon
to a relatively narrow distribution ofT1

21. Near the transition
and below 12 K,b considerably deviates from 1, which in
dicates a substantially broader distribution ofT1

21 at these
temperatures. We attribute the broadening of the distribu
of T1

21 close toTN to the distribution ofTN for the different
parts of the sample mentioned earlier. As discussed below
the single-crystal measurements, the large deviation fromb
51 seen below 12 K reflects a large, unexpected depend
of T1

21 uponf.
TheT1

21 values obtained for 9.0 and 23.0 T are shown
Fig. 9. Whereb is substantially less than 1, a wide distrib
tion of values forT1

21 is present. Therefore, the plotted valu
is the one that represents the single recovery rate that c
acterizes this distribution. Nevertheless, from
T-dependence useful information on the dynamics of
system can be obtained, even at the lowest values ofT. For
the 9.0 T measurements, well aboveTN , T1

21 depends only
weakly onT, slowly increasing by about a factor 2 betwee

of
ve

id

FIG. 8. Recovery of the magnetization during aT1
21 measure-

ment in polycrystalline LiVGe2O6. The solid line is the fit of Eq.~1!
for b50.92. Inset: Plot ofb as function ofT at 9.0 and 23 T.
3-5
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40 and 200 K and remaining almost constant between
and 300 K. Therefore, as previously reported1,2, there is no
indication of a Haldane gap in this quasi 1D system. Bel
40 K, T1

21 increases rapidly to a maximum value of abo
140 s21 at TN , presumably due to critical fluctuations ne
the transition.

Below 23 K,T1
21 drops very rapidly by about six decade

to a value near 331024 s21 at 1.8 K. In the lowT regime,
the effect ofB0 on T1

21(T) is very weak. Because the valu
of gmBB/kB for 23 T is close toTN this result was unex-
pected, as was the small influence ofB0 on the spectra
shown in Sec. III B which are also affected only weakly
B0.

D. T1
À1

„T… of a LiVGe2O6 single crystal

Figure 10 shows measurements ofT1
21 as a function ofT

for a single-crystal of LiVGe2O6 for u590°, 60°, and 30°,
with f;0°. Over the whole temperature range, no sign
cant deviations fromb51 were observed. This behavior in
dicates that unlike the polycrystalline sample, there is

FIG. 9. 7Li T1
21 as function ofT in polycrystalline LiVGe2O6 at

9.0 ~open circles! and 23 Tesla~filled circles!.

FIG. 10. 7Li T1
21 as function of T in a single-crystal of

LiVGe2O6. The three values of the polar angleu are 90° ~open
circles!, 60° ~open triangles!, and 30°~filled circles!. Inset:T1

21 as
function of uT224.45u above ~open circles! and below ~filled
circles! TN for u'90°.
21441
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distribution in T1
21; i.e., the relaxation follows a single ex

ponential. In principle, this result should make a detai
interpretation of the results more straightforward.

The general behavior ofT1
21(T) is similar to that of the

polycrystalline sample. From 200 to 40 K the relaxation ra
slightly decreases by about a factor of two, but subseque
increases by more than one order of magnitude towardsTN ,
and decreases rapidly belowTN . The inset of Fig. 10 shows
a log–log plot ofT1

21 for u'90° close toTN as a function of
uT2TNu with TN524.45 K. Close to the transition, the da
both below and aboveTN , fall on the same curve, given b

T1
21}uT224.45u20.55. ~5!

Although the exponent20.55 is expected to reflect the crit
cal behavior of the AF transition in this material, it should
interpreted with caution. Because the width of the transit
shown by the coexistence of both phases~Fig. 6! over a
range of 0.3 K may indicate a distribution ofTN in the
sample, it may be that the exponent is really a lower limit
the rate of the divergence on approachingTN .

Figure 10 also shows that theu dependence ofT1
21(T) on

T has a crossover fromu being approximately independen
of u below 8 K to a strong dependence above 10 K. Th
behavior is shown in more detail in Fig. 11, whereT1

21 is
plotted as function ofu for several values ofT both above
and below 10 K. Above 10 K,T1

21 is well described by

T1
21~u!5A~T!@35 sin2~u!15#, ~6!

where A determines the magnitude ofT1
21. The measure-

ments at 5 and 3 K do notshow any dependence onu. At 2.2
K, the moderateu-dependence ofT1

21 is not well enough
established to draw useful conclusions.

Now we turn to measurements in whichf was varied and
u is held fixed at 90°; i.e.,B0 was rotated in the azimutha
plane. For these measurements, the direction correspon
to f50 is always the same, but the location off50 in the
azimuthal plane is not known. Figure 12 showsT1

21 at u
590° as a function of 1/T for f15245° andf250° at 28.5

FIG. 11. Angular dependence ofT1
21 in a LiVGe2O6 single-

crystal at five temperatures between 35 and 2.2 K. The solid lin
a fit to the data at 35 and 13 K~see text!.
3-6
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T and, for comparison at 9.0 T andf50°. In addition thef
dependence ofT1

21 for 4.5 and 1.7 K atu590° and 28.5 T is
shown in Fig. 13. A huge change of two decades inT1

21 is
seen for a variation of only 30° inf.

These variations ofT1
21 with u andf help to explain the

observation thatb<1 throughout the entire range ofT for
the polycrystalline sample~Fig. 8!. Below ;8 K, the varia-
tion of T1

21 as a function off causes a very broad distribu
tion of T1

21 in the polycrystalline sample that is qualitative
consistent with the established small values ofb. Similarly,
aboveTN , the narrower distribution ofT1

21 caused by its
variation with u ~Fig. 10! results in a value ofb that is
slightly less than one. In the range 10–20 K, the mode
range ofu near 90° selected by the rf pulse at the center
the spectrum and the variation ofTN in the sample are prob
ably the major conditions responsible for the measured va
of b.

Our T1
21 measurements at the highestB0 of 41.5 T for a

FIG. 12. 7Li T1
21 as function of 1/T in a LiVGe2O6 single

crystal at 28.5 T and the polar angleu590° for two azimuthal
anglesf15245° ~filled circles! andf250° ~filled squares! and at
9.0 T atu590° ~open circles!. The solid and dashed lines indica
energy gaps of 2.6 and 14.7 K, respectively. The dotted line
guide to the eye.

FIG. 13. 7Li T1
21 as function off in a LiVGe2O6 single crystal

at 28.5 T andu590° for T54.5 K ~open circles! and T51.7 K
~filled circles!.
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limited number of angles and temperatures are shown in
14 and its inset. No significant deviation from the results
lower B0 is evident. This behavior shows that although t
dynamical properties of the electron moments that form
AF state are quite sensitive to the alignment ofB0, they are
nearly independent of its magnitude up to 41.5 T.

E. T2
À1

„T… of LiVGe2O6

Figure 15 shows the oscillatory behavior of the amplitu
of the spin-echo decay as a function of the pulse spacingt at
9.0 T, 36 K, andu50 in a single-crystal sample. We attribu
the modulation of the echo height to the static quadrup
interaction of the7Li nuclei. From the period of the modu
lation, tm , the quadrupole frequency,nQ , is obtained:11 nQ
51/tm . Since the orientation of the electric field gradie
~EFG! tensor at these sites is not known, our limited me
surements do not provide an exact value ofnQ . However,
from the Fourier transform of the decay curve for aT2 mea-
surement with one of the shortest periods~see inset Fig. 15!,
an approximate value ofnQ' 15 kHz is obtained for the
quadrupole frequency. Actually, two frequenciesnQ and 2nQ

a

FIG. 14. 7Li T1
21 as function of 1/T in a LiVGe2O6 single

crystal at 41.5 T foru530° ~solid circles! and u570° ~open
squares!. Inset:u-dependence ofT1

21 at 12 K and 41.5 T.

FIG. 15. Spin-echo decay as a function oft in a LiVGe2O6

single crystal at 9.0 T. Inset: FFT of the spin-echo decay.
3-7
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P. VONLANTHEN et al. PHYSICAL REVIEW B 65 214413
are seen, as expected for a nuclear spinI 53/2 system.11 Also
no change in the modulation was observed over the en
range ofT that was covered. This behavior indicates that
EFG is constant and that no structural change occurs atTN ,
in agreement with neutron and x-ray diffractio
measurements.3

In Fig. 16,T2
21 as functionT is plotted atB059.0 T for

both a polycrystalline powder sample and a single cry
sample. Several features are seen in these measurement
cept for very close to the transition,T2

21.1000 s21 above
TN . Also, there is a narrow peak inT2

21 within 1 K of TN in
which T2

21 is enhanced by about 25% for the powder sam
and by 70% for the single-crystal one. We attribute the
increases to slow, critical fluctuations, of the local field ne
TN .

As T decreases below 23 K, there is an increase inT2
21 by

the factor 2.3. From elementary considerations, one m
expect areductionin T2

21 caused by the AF field ‘‘detuning’
the 7Li spins. Although it should be present, this mechani
is clearly not the dominant one forT2

21. There are three
mechanisms that are often responsible for such an increa
T2

21: ~1! A slow fluctuation of the local magnetic field o
EFG in the frequency range near toT2

21, ~2! an increase in
T1

21 to values on the order of or larger thanT2
21 caused by

other mechanisms, or~3! an enhancement of the spin-sp
interactions between the nuclei being measured. We ex
that the first is not determiningT2

21 because it seems un
likely that slow fluctuations would be independent ofT when
the fast ones that determineT1

21 vary so rapidly withT. The
second obviously does not apply because all of the meas
values ofT1

21 are too small. It may be that the third mech
nism does apply through the7Li-7Li spin-spin interaction
being enhanced by the Suhl-Nakamura interaction medi
by the AF spin wave modes12 that are expected to form a
low T. Although this approach shows some promise,
evaluate it in detail is beyond the scope of this paper.

IV. DISCUSSION

In this Section, we discuss and interpret features of
results that have not been covered in the above present
of the data.

FIG. 16. 7Li T2
21 as function ofT at 9.0 T in polycrystalline

LiVGe2O6 ~filled circles! and a LiVGe2O6 single crystal~open
circles!.
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A. Magnetic structure

In this section we discuss how the NMR spectra of bo
the powdered and the single-crystal samples can be use
infer the spatial arrangement of the moments in the AF ph
of LiVGe2O6. First, we consider what can be inferred fro
the data in the randomly oriented polycrystalline sample.
NMR spectra in the AF phase can be analyzed in a sim
way as in the paramagnetic phase~see Sec. III A!; i.e., sum
the contribution of all the V31 ions in a sphere of about 5 nm
around the7Li nuclei, but with the magnetic moments on th
V31 ions having an AF configuration. We used the AF stru
ture corresponding to a simple AF period along the chain
ferromagnetic order between the chains and a value
1.14 mB for the magnetic moments reported by Lumsd
et al.,3 but with several different orientations of the magne
moments. For the moments pointing along the~100! direc-
tion, a total field of only 0.022 T, which is much less than t
measured value of about 0.106 Tesla~see Sec. III A!, is ob-
tained. However, when the moments are parallel to the~001!
direction, the result is 0.104 T, which is very close to t
measured value. Thus, the polycrystal measurements
compatible with the proposed AF structure by Lumsden
al.3, but with the magnetic moments pointing along the cry
tallographicc direction instead of thea direction.

The measurements on the single-crystal samples pro
even more direct evidence that the hyperfine fields at the
sites, and therefore the moments on the V31 ions, are aligned
parallel ~and antiparallel! along the crystallographicc direc-
tion. This can be seen from Fig. 17, whereDn for the two
peaks in the7Li spectrum caused by the magnetically i
equivalent sites in the AF phase near 10 K is plotted
function of u. For the measurements at 9.0 T, a good fit
Dn is given by

Dn5149.0161.86 cos~u!10.01 cos~2u!70.03 cos~3u!.
~7!

FIG. 17. Shift of the7Li NMR-absorption peaks in LiVGe2O6

as function ofu at 9.0, 23.0, and 41.5 T. The solid lines are fits
the data at 9.0 Tesla~see text! and the dashed lines are guides to t
eye. Inset: Frequency differenceDn between the two NMR lines in
the AF phase, as function ofB0 at T'10 K. The solid line is a
guide to the eye.
3-8
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HIGH-MAGNETIC-FIELD NMR STUDIES OF . . . PHYSICAL REVIEW B 65 214413
The dominant term in this fit is proportional to cos(u), which
is consistent withBi being parallel to thec axis for all values
of u. SinceBi has this orientation for the AF ordered m
ments parallel to thec axis, we conclude that the momen
themselves are aligned with thec axis in the AF phase.

For the measurements at 9.0 T, the deviations from
cosine function are quite small. The cos(2u) dependence can
be interpreted as a slight tipping of the moments byB0.13

The inset of Fig. 17 shows the maximum shiftDnmax as a
function of B0 at T'10 K. The few high field measure
ments near 10 K indicate a small reduction of the order
rameter. Because of the small number of measurements
point needs confirmation by a more complete set of meas
ments.

B. Phase transition

As shown in Sec. III A, the NMR spectra of the polycry
talline sample indicate the coexistence of the paramagn
and AF phases over a range of 1.5 K, centered aroundTN . It
has been suggested2 that a first-order transition is responsib
for the coexistence of the two phases. On the other hand
T-dependence of the splitting, which is proportional to t
order parameter, varies continuously and smoothly to zer
the transition temperature. This behavior indicates that
phase transition is of second order, or at most, very wea
first order. An alternative explanation for the coexistence
the two phases is a distribution of transition temperatu
TN . Such a distribution, caused by dislocations, stack
faults and V vacancies, could easily be present in a polyc
talline sample. This explanation is also consistent with
small value of the exponentb near the transition~inset of
Fig. 8!, which indicates a very broad distribution ofT1

21

about TN , where T1
21 varies more rapidly withT than at

temperatures nearby. The variation ofT1
21 with T very close

to the transition~inset, Fig. 9! is slower than expected give
the divergent critical behavior near a second-order transit
As indicated earlier, this suppression of the critical div
gence could be caused by a distribution ofTN .

This interpretation in terms of a distribution ofTN is sup-
ported by our measurements on single crystals. In comp
son with the polycrystalline sample, the data imply a co
istence of both phases over the substantially narrower ra
of about 0.3 K and a peak inT1

21 that is narrower and highe
nearTN ~inset, Fig. 10!. This behavior is qualitatively con
sistent with a distribution ofTN in which the single-crysta
has fewer imperfections, and therefore, a more narrow
tribution of TN than the polycrystalline sample.

In Sec. IV A it was shown that the AF state of LiVGe2O6
has a rather simple magnetic structure. It has, however, s
unusual features which we turn to now. First, consider
magnitude ofTN . We start with a simple spin Hamiltonia
which, as will be discussed later might not be sufficient
describe the system

H5Ji(
^ i , j &

Si•Sj1D(
j

~Sj
z!21J'(

( i , j )
Si•Sj , ~8!
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where^ i , j & denotes an intrachain nearest-neighbor pair a
( i , j ) denotes an intrachain one.Ji andJ' are, respectively,
the intrachain and interchain coupling constants, andD is the
single-ion anisotropy. The value about 45 K has been e
mated forJi .1,2 Because of the quasi 1D character of t
crystal structure, it is surprising that the measured valueTN
;25 K could be more than halfJi . On the basis of a mean
field calculation14 and the assumptionsJi545 K, four
neighboring chains, andTN525 K, J' has been estimated3

to be about 1.4 K, or@J' /Ji#.0.03. More advanced
calculations15–17 show, however, that such a ratio is bare
enough to induce an AF transition, and very unlikely to ha
a value ofTN as large asJi/2. In fact based on the calculatio
of Sénéchalet al.16 we estimate the ratio of the interchain
the intrachain coupling constant which would be needed
explain the relatively high-transition temperature to be lar
than 0.06. From crystal considerations, however, this va
seems to be very large. For example, AgVP2S6, which is a
compound with a structure similar to LiVGe2O6, has a ratio
J' /Ji<1025.18 Therefore, it seems that the relatively hig
transition temperature cannot be explained by the interch
coupling alone. If, however, the Haldane gap is not pres
even a very small coupling between the chains might
enough to induce an AF phase transition. Later, we will co
sider this possibility in terms of a large single-ion anisotrop

Another remarkable feature of LiVGe2O6 is the weak in-
fluence ofB0 on the properties of the AF state. This appli
to TN , is seen in the properties of an apparent gap in
fluctuations responsible forT1

21 ~to be discussed later!, and
is evident in the absence of a spin-flop transition forB0 as
high as 44.5 T. The last point is noteworthy because on
basis of a simple mean-field approximation, the spin-fl
field (HSF) is expected to be19

HSF5~2HEHA2HA
2 !1/2, ~9!

where HA is the anisotropy field andHE is the exchange
field. The field HA is related to the single-ion anisotrop
according toD5HAgmB /S. From these considerations,D
.50 K, which might be responsible for closing the Halda
gap20 and may explain the relatively high AF-phase tran
tion temperatureTN . Although the mean-field approximatio
used here might not be fully appropriate becauseHA is com-
parable toHE, it does allow us to obtain at least a roug
estimate of the single-ion anisotropy using the Hamilton
of ~Eq. 8!.

It should be pointed out that according to a rece
publication,6 no phase transition is expected to occur
LiVGe2O6. In this work, mid-gap states are assumed to
responsible for the susceptibility anomaly in the experim
tal data of LiVGe2O6 and it is predicted that this anomal
will be weaker if there are fewer crystal defects and nonm
netic impurities. This interpretation is in clear contradictio
with the prior NMR2 and neutron diffraction3 experiments
and our NMR measurements reported here. Our experim
on both polycrystalline and high quality single-cryst
samples show clearly that a magnetic phase transition oc
and permit us to refine the magnetic structure propo
earlier.3 Although the phase transition appears to be m
3-9
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complicated than a simple ordering driven by inter- and
trachain coupling, there is no doubt that the V moments or
antiferromagnetically below approximately 25 K.

C. T1
À1 as function of T, B, u, and f

Although in principle part of the coupling responsible f
T1

21 of the 7Li spins could be quadrupolar, the discussion
the next paragraph argues that there is no significant qua
polar contribution to it. As a result, our interpretation ofT1

21

involves only magnetic coupling to the7Li spins.
There are basically two mechanisms for electric field g

dient fluctuations that might contribute toT1
21 of the 7Li

spins: Charge fluctuations associated with some instabilit
the lattice and the Raman-type phonon process first
scribed by van Kranendonk.21 Since the quadrupolar splittin
found in Sec. III E is very small and does not change o
the temperature range studied, there is no reason to exp
significant contribution toT1

21 from charge fluctuations
Also, the small 7Li quadrupolar interaction and observe
T-dependence ofT1

21 rule out quadrupolar relaxation b
phonons.21 We therefore conclude that there is no significa
quadrupolar contribution toT1

21 and that it is caused by
magnetic fluctuations.

In Fig. 18 the spin-lattice relaxation rate,T1
21, of poly-

crystalline LiVGe2O6 is plotted as function ofT21 for B0
59.0 and 23 T. Well into the AF phase below 10 K, th
behavior ofT1

21 has theT-dependence expected of electr
spin excitations across an energy gap (D); i.e., the slope of
the curve is constant and negative at lowT. If one simply fits
the data to

T1
21~T!}exp~2D/T!, ~10!

the values obtained forD are 14 K at 9.0 T and 11 K at 23 T
Such values must, however, be interpreted as an ave

over a distribution ofD that is quite broad. This is seen i
Fig 12, where there is a large variation of the slope for t
different values off at 28.5 T~solid lines!, and a large slope

FIG. 18. 7Li T1
21 as function 1/T in polycrystalline LiVGe2O6

at 9.0 and 23 T. The solid dashed lines are fits to the lowT data
using Eq.~10!. The values shown forD are 14 K at 9 T and and 11
K at 23 T.
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at 9 T andf.0 ~dashed!. The two valuesD52.6 K andD

514.7 K indicate a very large effect of the alignment ofB0

in the azimuthal plane onD for magnetic excitations at low
T. Therefore, the following discussion of the polycrystallin
sample results applies to an average behavior and is app
mate and phenomenological.

First, consider the effect ofB0 on D. In a three-
dimensional~3D! antiferromagnet, when there is a gap in t
excitation spectrum, it usually depends strongly onB0 be-
cause of the Zeeman interaction, which is}gmBB0. Instead,
our measurements show the very weak field dependenc
less than 3 K for a difference in applied field of 14 Tesla
SincegmBB/kB , with g51.79, is about 28 K forB523 T,
the usual expectations for the dependence ofD on B0 do not
apply.

Also, in comparison to our results in Sec. IV B,D appears
too small to be attributed to a magnon gap. FromD5 14 and
11 K at 9.0 and 23 T, respectively, one would expect aD
.16 K. From this value, a spin-flop field smaller than 20
is expected, which is contradicted by the absence of a s
flop transition up to 44.5 T shown by our NMR-spectru
measurements. On the basis of this evidence, it appears
at low T the magnetic fluctuations responsible forT1

21 in
LiVGe2O6 are not simple magnon excitations. This is pa
ticularly evident from theT1

21 measurements shown in Fig
12 and 13, where very large anisotropies inT1

21 are seen.
It is rather difficult to identify the microscopic mechanis

responsible for the very large anisotropy ofT1
21 shown in

Fig. 13, where, for comparison, the variation cos4 f and
cos8 f are shown by the dashed and solid lines, respectiv
For example, if it were caused by a fluctuating magnetic fi
aligned with the value off corresponding to the maximum
in T1

21, for other values off, one would expect the much
weaker angular variationT1

21}cos2 f. Similar arguments for
quadrupolar relaxation~excluded above from other argu
ments! by a fluctuating EFG could give a variation up
cos4 f.

Although we do not have a microscopic model for it, th
temperature and angular variations seen in Figs. 12 and
suggest a gap-type behavior with a splitting which itself
very anisotropic. More work, both experimental and theor
ical, is needed to identify the mechanisms for this behav

In summary, the angular dependence of the spin-lat
relaxation rate measurements for the single-crystal sam
is rather complicated and it is difficult to construct a detail
interpretation. For both the paramagnetic regime and the
regime down to about 8 K,T1

21 Fig. 11 and Eq.~6! indicate
that the largest contribution toT1

21 has the angular depen
dence}sin2 u. This behavior is consistent with magnet
fluctuations that are predominantly along thec direction that
have dipolar coupling and only a small isotropic contrib
tion. It may reflect primarily amplitude fluctuations of the A
order parameter.

Below about 8 K, the disappearance of theu-dependence
of T1

21 and the emergence of itsf-dependence indicates tha
at low T, the origin of the fluctuations responsible forT1

21 is
very different from what it is at higherT.
3-10
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D. Orbital degrees of freedom and magnetic anisotropy

In this section we mention some points about the m
netic anisotropy and the orbital degrees of freedom of th
electrons in LiVGe2O6 suggested by our measuremen
They suggest that the second-order splittingDCF of the t2g
orbitals is rather small, with the consequence that~i! there is
a large uniaxial anisotropy asg'52(12l/DCF) (l5 spin–
orbit coupling! is strongly reduced for small values ofDCF,
and~ii ! orbital fluctuations may play a significant role in th
properties ofT1

21.
A large anisotropy energy has not yet been observed

rectly from 51V NMR measurements because we were
able to observe the signal. It can, however, be inferred fr
several aspects of our7Li NMR measurements. In particula
the absence of a significantB0 dependence ofTN ~Fig. 7!, the
absence of a spin-flop transition forB0 up to 44.5 T, and the
u dependence ofDn ~Fig. 17! all indicate a large uniaxia
anisotropy for the static magnetization. A similar pictu
emerges from theT1

21 measurements above about 8
where theu-dependence ofT1

21 ~Fig. 11! indicates that the
fluctuations of the V moments are constrained mainly to
c direction.

The situation of the V ions in LiVGe2O6 is similar to
those in V2O3, where it has been reported22 that, at least for
the metallic phase,T1

21 at the V sites is dominated by orbita
fluctuations. In LiVGe2O6 the presence of orbital fluctua
tions of the V31 t2g orbitals is suggested by the azimuthalf
dependence of the spin-lattice relaxation rate at the7Li site
~Figs. 12 and 13! which is very anisotropic and independe
of the magnitude ofB0. Furthermore, orbital fluctuation
might be very effective at the51V site itself, and may be
responsible for the absence of the51V NMR signal.

According to a quantum chemistry analysis
LiVGe2O6,1,2 if DCF between the V31 orbitals is similar to
the hopping integrals between neighboring V sites, it is
possible to describe the system with a pure spin Hamilton
and the orbital degrees of freedom have to be included
plicitly. Our NMR data indicate that this is the case
LiVGe2O6. Therefore, the Hamiltonian given in Eq.~8!
should be modified to better describe the physics
LiVGe2O6, and include orbital degrees of freedom whi
might or might not be strongly coupled to the spin degrees
freedom.
,
e

,

.R
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V. CONCLUSIONS

We have presented pulsed7Li NMR measurements in
polycrystalline and single-crystal samples of the quasi o
dimensional antiferromagnet LiVGe2O6 over theB0 and T
ranges 9–44.5 T and 1.5–300 K, respectively. They co
both the paramagnetic and the AF phases, for which the t
sition is at TN.24.5 K. The measurements include NM
spectra and the relaxation timesT1

21 and T2
21, often as a

function of alignment ofB0. From the spectrum measure
ments, we find that in the AF phase the magnetic structur
consistent with that reported on the basis of neutron diffr
tion measurements,3 but with the moments aligned parallel t
thec axis. Measurements ofT2

21 show oscillations caused b
the static electric field gradient. The corresponding inter
tion is quite small and independent ofT, which indicates that
over the range ofT that was covered, no lattice structur
transition is observed in LiVGe2O6. The spectrum measure
ments also provide theT-dependence of the order parame
and show that the transition is either second-order or wea
first order. The coexistence of the two phases over a nar
range aroundTN and the behavior of the NMR linewidth
below it is attributed to a distribution ofTN in the samples.
Both the spectra and the angular dependence ofT1

21 indicate
that the external field has at most a small effect on the ali
ment of the AF moment. There is no spin-flop transition
to 44.5 T. These features show that there is a very la
anisotropy energy in this material and that the Hamilton
should include orbital degrees of freedom to adequately
scribe it. Below 8 K, a rapid dependence ofT1

21 on the
azimuthal angle suggests the presence of a low energy
for magnetic fluctuations that is highly anisotropic.
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