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7Li and 51V NMR study of the heavy-fermion compound LiV2O4

A. V. Mahajan,* R. Sala,† E. Lee, F. Borsa,† S. Kondo, and D. C. Johnston
Ames Laboratory and Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011

~Received 30 October 1997!

7Li and 51V NMR Knight shift, linewidth, spin-lattice, and spin-spin relaxation rate data are reported as a
function of temperatureT ~1.5–800 K and 74–575 K for Li and V nuclei, respectively! in the heavy fermion
compound LiV2O4. The 7Li Knight shift K exhibits a broad maximum at about 25 K and is nearly constant
below 4.2 K, as is the linewidth. The51V Knight shift is negative at 575 K and it decreases strongly as the
temperature is lowered. Above;80 K, both7Li and 51V Knight shifts are proportional to the susceptibility and
from the slope the hyperfine coupling constant can be obtained for both nuclei. The7Li spin-lattice relaxation
rate increases as the temperature is lowered below room temperature reaching a maximum at about 50 K.
Below 5 K the relaxation rate decreases linearly withT as for normal metals but with a very high value of the
Korringa product (T1T)21. Even so, the7Li Korringa ratioK2T1T/SLi below; 10 K is on the order of unity
as in conventional metals, thus indicating heavy Fermi liquid behavior. From an analysis of the7Li and 51V
relaxation rate data we infer an approximate square root temperature dependence of the V local moment
spin-relaxation rate at high temperatures (T*50 K!. A simplified analysis of the data yields a value of 17 meV
for the magnitude of the exchange coupling constant between the local moments and the conduction electrons
and 2.3 meV for that between neighboring local moments. Quantitative discrepancies in the7Li and 51V
relaxation rates at lowT from what is expected for a uniform heavy Fermi liquid indicate that effects such as
Kondo effect screening of the V local moment and/or dynamical vanadiumt2g orbital occupation correlation/
fluctuation effects may be present in our system.@S0163-1829~98!00715-2#
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I. INTRODUCTION

There is currently great interest in understanding the
havior of strongly correlated metallic systems. While there
adequate theoretical understanding of systems in the f
electron limit or in the case of localized moments, syste
that have competing electron correlation and transfer eff
can show unusual properties and are theoretically difficul
describe. Metals doped with dilute amounts of magnetic
purities have been investigated in the past to understand
modifications of the magnetic properties of the doped im
rity as well as the host atoms. The Kondo effect, which
volves a quenching of the impurity local moment, was d
covered then. On the other hand, metallic systems involv
a high concentration of local moments also exhibit intere
ing physical phenomena. In particular, systems such as s
RAl3 (R denotes rare earth! compounds, CeCu2Si2, etc.1

show a crossover to heavy-fermion behavior at low tempe
tures, wherein the 4f local moments are quenched and t
carriers are inferred to have very high effective mas
(*100me , whereme is the electron mass!.

Nuclear magnetic resonance~NMR! has, in the past, pro
vided valuable information regarding fundamental issu
such as formation of local moments in metals in the dil
limit, Kondo effect, magnetic fluctuations and orderin
heavy-fermion behavior, etc. via a study of the magnitu
and the temperatureT variation of the Knight shiftK, line-
width D, and the spin-spin~1/T2) and the spin-lattice~1/T1)
relaxation rates.

More recently, NMR in the cuprate high-Tc compounds
has helped in understanding the strongly correlated e
tronic state. We have been involved in investigating co
570163-1829/98/57~15!/8890~10!/$15.00
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pounds analogous to the Cu-based materials. Vanadi
based oxides that have a mixture of V31 ~3d2) and V41

~3d1) are particularly interesting since they can be though
as electron analogs of the cuprates that have 1–2 holes
Cu. LiV2O4 has the cubic spinel structure with the vanadiu
atoms occupying octahedral sites and the Li atoms occu
ing tetrahedral sites.2 Since the formal oxidation state of V i
nonintegral~13.5! and the V ions are crystallographicall
equivalent, LiV2O4 must be metallic as is observed.3 Heavy-
fermion behavior in LiV2O4 has recently been discovered4

At high T, the magnetic susceptibilityx(T) can be fit by the
sum of a T-independent termx0 and a Curie-Weiss
@C/(T2u)# spin term with an effective moment close to th
expected from a spinS51/2 ion and a Weiss temperatureu
in the range of212 to260 K, depending on theT range of
the fit below ;400 K.5 This suggests that one electron
localized on the V ion and the V local moments have an
ferromagnetic interactions between them.

Until the work of Ref. 4, and independently Ref. 6,x(T)
measurements on LiV2O4 have found an increasing susce
tibility with decreasingT ~down to 4 K!. 7Li and 51V NMR
measurements on these samples detected a shift that s
with the susceptibility, an increasing relaxation rate with d
creasingT, and a Curie-Weiss-like linewidth.7,8 The 7Li
NMR measurements that we report here pertain to new h
quality samples for which the susceptibility starts deviati
from the Curie-Weiss law around 50–100 K and exhibits
broad weak maximum around 16 K~see Fig. 1!. With a
combination of bulk susceptibility, heat capacity, muon sp
relaxation (mSR!, and NMR on these relatively defect fre
and pure samples we and collaborators have established4 that
LiV 2O4 exhibits a crossover from a combination of loc
8890 © 1998 The American Physical Society
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57 88917Li AND 51V NMR STUDY OF THE HEAVY-FERMION . . . .
moments and itinerant electrons at highT to a heavy Fermi
liquid at low T. In the following we present a detailed anal
sis of our 7Li and 51V NMR measurements in LiV2O4.

II. EXPERIMENTAL DETAILS

The data reported here pertain to samples on which re
tivity, susceptibility, heat capacity, x-ray and/or neutron d
fraction, and/ormSR measurements~reported in Refs. 4 and
5! were carried out. The details regarding sample prepara
can be found in Ref. 5.

7Li and 51V NMR measurements have been perform
with a phase-coherent pulse spectrometer.9 K, D, T1, andT2
of 7Li were measured in theT range 1.5 to 800 K in applied
fields of 1, 1.5, 2~electromagnet!, 4.7, and 8.2 T~supercon-
ducting magnets!. K, D, andT1 of 51V were measured from
74 to 575 K in an applied field of 4.7 T; a few measureme
were done at low field~1.5 T! and low temperature~4.2–1.5
K!. The shift was measured with respect to an aqueous L
and an aqueous AlCl3 solution for 7Li and 51V, respectively.
The 7Li T1 was determined by monitoring the recovery
nuclear magnetization following ap/2 pulse~pulse width5
3 msec! and the51V T1 has been determined from the reco
ery of the spin echo intensity following a saturation seque
of 5–10 p/2 pulses~pulse width5 4 msec!. T2 was deter-
mined from the variation of the echo height with delay b
tween twop/2 reading pulses. The linewidth has been m
sured by taking the full width at half maximum~FWHM!
intensity of the Fourier transform of the free induction dec
(7Li ! and of the spin echo signal (51V!. A pumped4He cry-
ostat was used for temperatures between 1.5 and 4.2 K.
measurements between 4.2 and 300 K, the temperature
varied with an Oxford continuous flow cryostat. To atta
temperatures above 300 K we used a furnace with nitro
exchange gas.

III. RESULTS

A. 7Li NMR

Since the Li nucleus~nuclear spinI 53/2) is at a site of
cubic symmetry, we observe a single NMR line without qu

FIG. 1. Magnetic susceptibilityx[ M /H (H510 kG! vs T in
LiV 2O4 from our present work@(s), sample 3-3-q1# and Ref. 21
(d). The solid lines are the best fit curves according to Eq.~4!.
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drupolar effects. The7Li shift K is then reliably obtained
from the peak position. The variation ofK with T is shown
in Fig. 2; an expanded plot of the data below 100 K is sho
in the inset. We see that the shift increases in a Curie-We
like manner with decreasingT and has a broad peak aroun
25–30 K, in accord with bulk susceptibility data4 ~see Fig.
1!. The Curie-Weiss-like increase of the shift with decrea
ing T is indicative of local~or quasilocal! moments at the
vanadium sites in the sample.

From Fig. 3K is seen to vary approximately linearly wit
the local moment susceptibility above 100 K@see Eq.~3!
below#, with T as an implicit parameter. The slope yields t
hyperfine coupling constant and is further analyzed in S
IV A. The deviation from linearity at lowT seen here has
also been seen in, e.g., CeAl3 (27Al NMR !, a heavy fermion
compound.10 Such nonlinearity is expected, on theoretic
grounds, for heavy fermion compounds at lowT.11

In samples with relatively higher impurity Curie terms
the susceptibility we find that at lowT ('20 K!, the 7Li
NMR line shape becomes asymmetric with apparently a s

FIG. 2. 7Li Knight shift K vs temperatureT in LiV 2O4. An
expanded plot of the data below 100 K is shown in the ins
Samples 3-3, 3-3-q1, 4-0-1, and 12-1 yield nearly identical resu

FIG. 3. 7Li Knight shift K vs the local moment susceptibility
x loc per mole V@see Eqs.~2!–~4! in the text# in sample 12-1. The
x loc is the one obtained from the best fit according to Eq.~4! in the
text for the susceptibility data in Fig. 1. The line is a linear fit to t
data above 100 K.
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8892 57MAHAJAN, SALA, LEE, BORSA, KONDO, AND JOHNSTON
ond broad line on the high-shift side@Fig. 4~a!# with an in-
tensity of a few percent of the total intensity. Using sh
~compared toT1 of the main line! delays between the satu
rating and the probing pulse it is seen that the second lin

FIG. 4. ~a! 7Li NMR line shape~for sample 3-3! as obtained
from the Fourier transform of the echo signal following the pu
sequencep/2- t1-(p/2-t2-p/2! with t2515031026 sec andt1 vary-
ing as indicated in the figure.~b! Same as above, but for samp
4-0-1, which has lower amounts of paramagnetic~Curie term! im-
purities, as inferred from bulk magnetization measurements.~c! 7Li
NMR echo shape in sample 3-3-a2~which has higher amounts o
paramagnetic impurities! following a pulse sequencep/2-t-p/2 for
two time delayst as indicated in the figure. The horizontal scale
the time elapsed following the secondp/2 pulse.
t

is

enhanced relative to the main line. This indicates that
second line has a shorterT1. This could be due to a sma
fraction of the vanadium atoms occupying the tetrahed
sites that are crystallographically and magnetically inequi
lent to the octahedral sites. A moment localized at these s
could give rise to the second line through an indirect hyp
fine coupling via the conduction electrons to the ne
neighbor 7Li nuclei. This broad, fast relaxing feature is le
prominent in samples with smaller Curie terms in the susc
tibility @see Fig. 4~b! and Table I#. This is presumably related
to a smaller fraction of magnetic defect species in th
samples. In addition, at lower temperatures (,10–15 K! the
shape of the spin echo seems to imply the presence o
additional signal with a phase different from the main sign
@see Fig. 4~c!#. For longer delays between the twop/2 pulses
this additional feature disappears, indicating that it ha
shorterT2. The shorterT2 might be due to local moments i
the vicinity of the Li nuclei and the peculiar shape of th
echo signal might indicate the presence of some struct
distortions~at a local level! at low temperatures, lowering
the symmetry of some of the Li sites. Quadrupolar effe
become relevant due to this and the smallerp/2 pulse width
observed might be expected if only the central line is irra
ated. In a defect free and perfectly ordered sample, th
effects would presumably be absent. We note that x-ray4 and
neutron4,12 diffraction measurements on these samples fou
no evidence for a structural phase transition from 295 do
to 4 K.

The 7Li NMR linewidth D was found to be field depen
dent, indicating that the broadening is inhomogeneousD
increases with decreasingT, as shown in Fig. 5, in a way
approximately proportional to the magnetic susceptibili
We found that the width depends on the sample prepara
procedure, the linewidth being lowest in the ‘‘best’’@having
a clear plateau and/or peak inx(T. 20 K! and having low
amounts of extrinsic paramagnetic Curie-term impuritie#
samples~see Table I!. Finally, D seems to level off below
about 30 K, in qualitative agreement with the susceptibili
Our experimental data are in good agreement with previ
results,13,14 which were obtained mostly at low fields. Th
authors of Ref. 14 analyze the7Li NMR linewidth in terms
of a contribution from dipole-dipole interaction and a cont
bution from the distribution of local fields due to demagn
tization effects. In the following we perform the same ana
sis to explain the51V NMR linewidth data. The conclusion is
that for both 7Li and 51V the linewidth is dominated at low
T and high field by macroscopic magnetization effects a
thus it does not provide useful information besides that
ready obtained from the susceptibility.

The 7Li nuclear spin-lattice relaxation rate 1/T1 was de-
termined by fitting the nuclear magnetization recovery, f
lowing a p/2 pulse, to an exponential. The recovery w
found to be a single exponential over the entire tempera
range~1.5–800 K!. TheT variation of 7Li 1/T1 is shown in
Fig. 6. 1/T1 first increases linearly withT, goes through a
maximum at about 50 K, and then decreases at higher t
peratures. We note here that in the case of metallic LiTi2O4,
which is isostructural to LiV2O4, the 7Li NMR spin-lattice
relaxation rate follows a Korringa law15 (1/T1}T) between
20 and 300 K,16 in strong contrast to our data in LiV2O4. At
room temperature the7Li 1/T1 in LiV 2O4 is about 100 times
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TABLE I. Summary of the ‘‘impurity’’ concentrationn deduced from analyses of low-I magnetization
data ~Refs. 4 and 5!. Also shown are the Korringa products (T1T)21 and the Korringa ratiosK2T1T/SLi

obtained from the7Li NMR data in the low-T range~1.524.2 K! @see Figs. 2 and 6~b!#.

Sample designation Sample designation n (T1T)21 K2T1T/SLi

~Present work! ~in Ref. 4! ~mol %! ~sec21 K21)

4-0-1 1 0.03 2.2560.05 0.5560.1
3-3 2 0.35 2.560.1 0.5060.1

3-3-q1 4 0.08 2.2060.05 0.5760.1
12-1 0.02 2.2560.05 0.5560.1

3-3-a2 1.2 3.060.1 0.4260.1
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that in LiTi 2O4. Below about 10 K~in LiV 2O4), whereK is
nearly constant, 1/T1 varies linearly withT, implying the
validity of a Fermi-liquid picture~the minimum 1/T1T52.25
sec21 K21 for various samples, as opposed to a value of
31024 sec21 K21 in LiTi 2O4). Even for samples in which
the bulk susceptibility does not show a clear peak around
K due to the presence of paramagnetic defects and/or im
rities the relaxation rate is Korringa-like below 4 K. Th
indicates that the Fermi-liquid state is robust and insensi
to small changes in stoichiometry, defect-level and/or s
occupation. The low-T behavior for various samples i
shown in Fig. 6~b! and Table I. Figure 7 shows theT varia-
tion of K2T1T scaled byS51.7431026 sec K, the value
expected for a7Li nucleus in a free electron picture.15

K2T1T/S shows an increase with a decrease inT below 800
K, has a maximum around 100 K, and decreases at loweT.
Interestingly, these variations are qualitatively similar

FIG. 5. Variation of the7Li NMR linewidth D ~full width at
half maximum! with temperatureT for various LiV2O4 samples.
The linewidth is larger at higher fields and the linewidth determin
from the Fourier transform~FT! of the free induction decay is large
than that determined from the FT of the echo.
6

0
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e
e

those observed in27Al NMR of the heavy-fermion com-
pound CeAl3.10 The spin-spin relaxation rate 1/T2 shown
below 260 K in Fig. 8 is nearlyT independent, suggestin
that it is dominated by nuclear dipole-dipole interactions.

B. 51V NMR

The structure2 of LiV 2O4 contains crystallographically
equivalent V ions~nuclear spinI 57/2) in slightly distorted
octahedral coordination with O; thus quadrupole effects
possible. Because we found thep/2 pulse length on the51V
nuclei to be the same as thep/2 pulse length on the27Al
nuclei in a reference solution with identical coil and pow
conditions (51V and 27Al have almost the sameg), we can

d

FIG. 6. ~a! 7Li nuclear spin-lattice relaxation rate 1/T1 vs tem-
peratureT for sample 3-3.~b! 7Li nuclear spin-lattice relaxation
rate vs temperature (T,4.2 K! for samples 3-3, 3-3-a2, 3-3-q1
4-0-1, and 12-1. The straight line corresponds to the Korringa pr
uct (T1T)2152.25 sec21 K 21.
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8894 57MAHAJAN, SALA, LEE, BORSA, KONDO, AND JOHNSTON
conclude that both the central transition line (1 1
2↔2 1

2 ) and

the satellite lines (6 1
2↔6 3

2↔6 5
2 ↔6 7

2 ) are irradiated by
the RF pulse. Quadrupole effects are thus negligible.
51V linewidth was found to be both temperature and fie
dependent, as shown in Fig. 9. The formal oxidation stat
V 13.5. The presence of only one51V line rules out the pos-
sibility of having different moments on the V31 and V41

with a lifetime longer than the time window of the NMR
experiment, i.e., 1026 sec. The51V linewidth can be inter-
preted in terms of aT- and anH-independent contribution
from the nuclear51V- 51V and 51V- 7Li dipolar interaction17

and aT- and anH-dependent contribution from macroscop
field inhomogeneities due to the demagnetization effects
powder sample.18 By using a Gaussian approximation w
can write for the51V linewidth

DFWHM52.35A^Dn2&dip1~BxVHg/2p!2, ~1!

where xV is the measured volume susceptibili
(xV5xMd/M , d54.105 g/cm3 is the density, andM5173
g/mol is the molar mass!, g/2p51119.3 Hz G21 and B is
the fractional root-mean-square deviation of the local fi
from the applied fieldH. Using the lattice constanta58.24
Å, the contribution to the second moment obtained from
Van Vleck17 formula is ^Dn2&dip5^Dn2&V -V1^Dn2&V -Li
54.63107 Hz210.413107 Hz255.03107 Hz2. A fit of
the measured linewidth using Eq.~1! with B the only fitting
parameter yields the solid curve in the inset of Fig. 9 w
B53.6. The value ofB estimated for a powder of closel

FIG. 7. The Korringa ratioK2T1T/S vs temperatureT from 7Li
NMR for LiV 2O4 ~sample 3-3!.

FIG. 8. The 7Li nuclear spin-spin relaxation rate 1/T2 vs tem-
peratureT in LiV 2O4 ~sample 3-3!.
e

is

a

d

e

packed spheroids18 is B54p30.11451.43. An additional
contribution to the local magnetic field distribution can ari
from the dipolar sum inside the Lorentz cavity since the51V
nucleus is located at a point of noncubic symmetry w
respect to the surrounding V local moments. Thus the51V
linewidth can be explained entirely by assuming that all
V local moments carry the same average moment. As m
tioned before a similar analysis can be used to explain
7Li linewidth in Fig. 5. The details of the analysis will not b
repeated here since they are the same as in Ref. 14.
conclude that both the51V and the 7Li linewidth can be
explained without the need to assume different local m
ments at the V sites.

The 51V Knight shift K versus temperature is reported
Fig. 10. It is negative, strongly temperature dependent,
directly proportional to the susceptibility above 74 K~see
inset in Fig. 10!.

The 51V nuclear spin lattice relaxation rate has been d

FIG. 9. 51V NMR linewidth D ~full width at half maximum!,
obtained from the FT of the echo signal in a magnetic field of 1.5
(s) and 4.7 T (d) ~sample 12-1!, vs temperatureT. In the inset the
same data are plotted as a function of the local moment volu
susceptibilityxV ; the solid curve represents Eq.~1! in the text, with
B53.6.

FIG. 10. 51V Knight shift K vs temperatureT and, in the inset,
vs the local moment susceptibilityx loc ~sample 12-1!. The solid
straight line in the inset is a linear fit to the data~see text!.
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57 88957Li AND 51V NMR STUDY OF THE HEAVY-FERMION . . . .
termined from the recovery of the echo amplitude followi
a saturation comb. The recovery is found to be exponen
over the entire temperature range investigated, 74 to 57
In Fig. 11 we report our 1/T1 data and compare them wit
data from the literature.13,14 The signal is lost below 74 K
becauseT2 becomes very short. It is noted that the big er
bars on our relaxation data in Fig. 11 are due to the fact
T1 is very short and is comparable toT2, thus making it
difficult to obtain the initial condition of complete saturatio
or of inversion of the magnetization. At room temperatu
our data are in agreement with the previous ones.13,14 The
disagreement found at lower temperatures is not prese
understood. A search for the51V NMR signal with our spec-
trometer in the temperature range 1.5–4.2 K was unsucc
ful. Since the 51V signal has been observed at lowT by
continuous wave techniques at low fields14 (H,1.5 T!, we
are led to the conclusion that the51V T1 and/orT2 must be
so short at lowT that the free induction decay falls entire
inside the dead time of the receiver (T1,2< 5 msec!.

IV. ANALYSIS AND DISCUSSION

A. High-temperature 7Li and 51V NMR results

1. Knight shift

We now discuss the high-T (*50 K! 7Li data in the
context of a V local moment picture. The7Li nuclei can be
coupled via a direct dipolar coupling to the V local mome
and via exchange hyperfine coupling to the V moment a
conduction electrons, both of which haved character. In ad-
dition, one can have a partials character to the electrons a
the Fermi level, which will give rise to a shift of the7Li
NMR line via the usual Fermi contact interaction. Since t
trace of the dipolar coupling tensor is zero, a shift caused
the dipolar coupling~in our polycrystalline samples! will
arise only in the presence of ag-factor anisotropy. In the
expression for the NMR lineshift due to the dipolar and h
perfine interactions with local moments~in the presence o
an anisotropicg factor! the prefactor to the shift due to th
dipolar interaction containsguu

22g'
2 while the prefactor to the

shift due to hyperfine coupling containsguu
2 1 2g'

2 , whereguu
andg' are respectively the parallel and perpendicular co
ponents of theg factor.19 On the other hand, in the expre
sion for the second moment of the line shape in a sys
described above the corresponding prefactors are 2guu

2 1 g'
2

FIG. 11. 51V nuclear spin-lattice relaxation rate 1/T1 vs tem-
peratureT; our data@(d), sample 12-1# are compared with data
from Ref. 14 (L) and from Ref. 13 (n).
al
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for the dipolar interaction andguu
22g'

2 for the hyperfine in-
teraction, respectively.20 Hence, for a weakg-factor anisot-
ropy the coupling determined from the variation of the sh
with susceptibility is dominated by the hyperfine term wh
that determined from the variation of linewidth with susce
tibility is dominated by the dipolar term and/or by macr
scopic demagnetization effects. In Ref. 8 we have shown
the hyperfine coupling constant as inferred from the variat
of the linewidth with susceptibility is more than 3 time
smaller than that determined from the variation of the Knig
shift with susceptibility. Furthermore, in the analysis of t
linewidth of both7Li and 51V in Sec. III we have shown tha
a large part of the broadening is due to macroscopic dem
netization effects. Hence the hyperfine coupling is the do
nant coupling producing the Knight shift in LiV2O4.

The total measured susceptibility at highT (*50–100 K!
can be written as follows:

xTOT~T!5xVV1xcore1xPauli1x loc~T!, ~2!

wherexVV is the orbital Van Vleck susceptibility,xcore is the
core diamagnetic susceptibility,xPauli is the Pauli paramag
netic susceptibility of conduction electrons, andx loc(T) is
the susceptibility of local moments. Since each Li atom
coupled to 4 oxygens, each of which in turn is coupled to
vanadium atoms, the7Li Knight shift can be written as

K~T!5KVV1KPauli1K loc~T!52
AVV

NAmB
xVV12

APauli

NAmB
xPauli

112
Aloc

NAmB
x loc~T!, ~3!

where theA’s are the hyperfine coupling constants and t
susceptibilities are expressed in cm3 per mole of vanadium
atoms. The factors of 2 in Eq.~3! account for the two V
atoms per formula unit. In the present case the orbital hyp
fine couplingAVV is probably negligible for the7Li nucleus
since its valence shell is an orbital singlet. The measu
bulk susceptibility in the range 100 to 800 K~Refs. 4, 5, and
21! can be fitted by

x~T!5x01
2C

T2u
[x01x loc~T!, ~4!

with x055.4531024 cm3/mol LiV2 O 4, C50.329 cm3 K/
mol V ~yielding g1.873), andu5213 K ~see Fig. 1!. We
thus identify thex loc(T) in Eqs.~2! and ~3! with the Curie-
Weiss term in Eq.~4!. Then by plottingK(T) versusx loc(T)
and fitting the data above 100 K to a straight line, as sho
in Fig. 3, one obtains from the slopeAloc50.18 (60.01) kG
and from the intercept K052(APauli/NAmB)xPauli

520.0094%. In order to extract the hyperfine constant
the 7Li nuclei with the conduction electrons,APauli, one has
to estimate the Pauli contribution to the total susceptibili
xVV has been estimated from aK versus x analysis5

of the 51V NMR7 and bulk susceptibility5 data on
LiV 2O4 (xVV51.1931024 cm3/mol V!.5 Using22

xcore523131026 cm3/mol V and setting
x05xVV1xcore1xPauli52.7231024 cm3/mol V we get
xPauli51.8531024 cm3/mol V, which is about a factor of
two larger than that23 of LiTi 2O4. With this estimate ofxPauli
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8896 57MAHAJAN, SALA, LEE, BORSA, KONDO, AND JOHNSTON
we evaluateAPauli521.44(60.02) kG. The hyperfine cou
pling constantAPauli for Li is only about 1% of the atomic
constant for 2s electrons15 as expected for a conduction ban
predominantly formed by the vanadiumd electrons. Further-
more, the negative sign indicates that the hyperfine inte
tion arises froms conduction band states below the Fer
energy, which are polarized by antiferromagnetic excha
interaction with thed states.

We now analyze the51V data. Assuming that the Knigh
shift at the 51V nuclei is dominated by the on-site hyperfin
interaction with the electronic V local moment, plus th
usual Van Vleck and Pauli terms, we write

K~T!5
BVV

NAmB
xVV1

BPauli

NAmB
xPauli1

Bloc

NAmB
x loc~T!, ~5!

where theB’s are the hyperfine coupling constants and
susceptibilities are the same as in Eq.~3!. Because the Van
Vleck term is not negligible as in the Li case the separ
evaluation of the hyperfine constantsBVV and BPauli is not
straightforward and will not be attempted here. On the ot
hand, one can extract with precisionBloc in Eq. ~5! by fitting
a straight line to the plot ofK versusx loc ~see inset in Fig.
10!. From the slope of the linear fit one findsBloc5279 kG,
a value in close agreement with a previous determinatio14

(274 kG! and with the same sign and the same order
magnitude as the nuclear hyperfine constant in vanad
metal15 (Bloc52112 kG!. The intercept of theK versus
x loc(T) in Fig. 10 yields theT-independent portion of Eq
~5!. One findsK050.74%. SinceBPauli in Eq. ~5! should be
dominated by core polarization effects, which yield a ne
tive hyperfine interaction, the positive sign indicates that
positive orbital contribution proportional toxVV is the domi-
nant one.

2. Spin-lattice relaxation

We discuss the7Li relaxation data first. In the case o
local moments in metals the spin-lattice relaxation of nuc
occurs by two channels. One is the usual Korringa relaxa
via conduction electrons and the second is related to m
netic spin fluctuations. The Korringa term estimated on
basis of the T-independent K0 is 1/T1T5K0

2/S55
(61)31023 sec21 K21 whereS5(ge /gn)2h/(8p2kB), ge
and gn52p(1655 Hz/G for 7Li are respectively the elec
tronic and the nuclear gyromagnetic ratios,h is Planck’s
constant, andkB is the Boltzmann constant. This value ma
be overestimated since it is a factor of 10 larger than in
isostructural compound
LiTi 2O4 ~Ref. 16! where there are no local moments. Ev
taking this upper limit for the Korringa term the contributio
to the relaxation rate from this term is still a factor of 10 le
than our measured value at room temperature. Hence,
fluctuations are likely to dominate the nuclear spin-latt
relaxation below room temperature, and in the following
assume the Korringa contribution to be negligible up to 8
K.

The local moment contribution to the spin-lattice rela
ation rate is given by24
c-
i
e

e

e

r

f
m

-
e

i
n
g-
e

e

in

0

1

T1
5

2kBTgn
2

NA
2g2mB

2
A2Sq~xM9 ~q,vL!/vL!, ~6!

where A is the hyperfine coupling constant, which is a
sumed to be independent ofq, andxM9 (q,vL) is the imagi-
nary part of the wave-vector-dependent dynamical susce
bility pertaining to the local moment per mole of magne
atoms, at the Larmor frequencyvL . In the limit vL→0 the
summation is given byNAxM

loc(T)t/2p wherexM
loc(T) is the

static local moment susceptibility per mole andt is the re-
laxation time of the electronic spin. In order to estimate t
total hyperfine constantA in Eq. ~6! one has to consider tha
the 7Li nuclei can be coupled to the V local moments bo
by a transferred exchange hyperfine interaction and by a
rect dipolar interaction. As argued before, the dipolar int
action does not contribute to the measured Knight shift bu
would contribute to the relaxation rate. Thus the effect
hyperfine interaction squaredA2 is made up of the sum o
two terms~we assume that the transferred hyperfine and
dipolar interactions are uncorrelated17!
A2512(Aloc)21(Adip)2. The first term contains the isotropi
transferred hyperfine interactionAloc of a 7Li nucleus with a
nearest-neighbor V ion. This quantity is the same as in
Knight shift @see Eq.~3!# and thus one can use the valu
obtained from theK versusx plot in Fig. 3, i.e.,Aloc5180
G. The second term is the sum of the square of the transv
local dipolar fields generated at the7Li nuclear site by the
surrounding V local moments. This term was calculated fr
the known crystal structure2 by summing over 1000 units
cells containing 8 formula units each, and by assumin
complete uncorrelation. For a powder average one h24

Adip5(A2pg2mB
2( l r l

26)1/252.50 kG where we used
g51.873 from Fig. 1. Thus we obtain
A5A12(Aloc)21(Adip)252.58 kG.

Substituting values of various fundamental constants
Eq. ~6! we can write

1

T1T
51.7331014xM

loc~T!t. ~7!

It follows that the relaxation rate of the spin of the loc
moment can be written as

1

t
51.7331014xM

loc~T!T1T. ~8!

By using for x loc(T) the Curie-Weiss term in Eq.~4!, we
calculate theT dependence of 1/t from our experimental
relaxation data (T.100 K! as given by Eq.~8!. The results
are plotted in Fig. 12. We point out that in the tradition
heavy-fermion compounds which contain 4f local moments
and conduction electrons that belong to a different (3d) or-
bital Cox et al.25 have predicted aT0.5 dependence for the
relaxation rate of the local moment spin. Such aT depen-
dence has indeed been experimentally observed in the
of YbCuAl,25 CeCu2Ge2,

26 and YbNi2B2C ~Ref. 27! heavy-
fermion compounds. As shown in Fig. 12, aT0.5 behavior fits
the data reasonably well between 200 and 800 K. If we
clude lower-T data, a better fit to aT0.6 power-law behavior
is found. It is noted that if the Korringa term is not neg
gible, as we have assumed, theT dependence of 1/t may be
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found to be different. We remark that in the case of LiV2O4,
the local moments and the conduction electrons both a
from the three nearly degeneratet2g orbitals. At present, to
our knowledge, a theory that can predict the electronic
magnetic properties of such a system does not exist.

The temperature dependence of the local moment re
ation rate 1/t in Fig. 12 can be analyzed with the followin
phenomenological model, which should be valid at roo
temperature and above. We write

1/t51/td11/tex, ~9!

where the first term corresponds to the spin-lattice relaxa
of the impurity spin via conduction electrons and is given
an expression similar to the Korringa law28

1/td5~4p/\!~kBT!@Jr~eF!#25G0T, ~10!

whereJ is the coupling of the local moments to the ban
The second term comes from impurity spin fluctuations d
to spin-spin exchange interaction and is given in the lim
of high temperatures by24 1/tex5vex/2p5G1 with vex

2

58Jex
2 zS(S11)/3\2, where Jex is defined such that the

Heisenberg exchange term in the Hamiltonian is 2JexSi•Sj
whereSi and Sj are the nearest-neighbor spins andz is the
number of nearest-neighbor spins. ForT well above any or-
dering temperature,tex is expected to be independent ofT
while td varies inversely withT. Fitting the 300–700 K data
to a straight line yieldsG054.4(61)3109 sec21 K21 and
G151.9(60.3)31012 sec21, respectively.

From Eq.~10!, we now calculateuJur(eF)50.05. Taking
the experimentally inferred value of the Pauli susceptibi
~above! and usingxPauli58NAmB

2r(eF)/g2 with g52, we
find that r(eF)52.9 states/~eV vanadium spin direction!.

FIG. 12. Vanadium electronic spin-relaxation rate 1/t vs tem-
peratureT, as extracted from7Li ( d) and from 51V ( n) nuclear
relaxation rates~see text!. The solid curve is aT0.5 dependence.
se

d

x-

n

.
e
t

This leads to a value of 17(61) meV (;200 K! for uJu, the
coupling of the local moments with the conduction electro
Similarly, from G1 we calculate the exchange couplinguJexu
between the vanadium spins (S51/2 andz56 wherez is the
number of V nearest neighbors to a given V atom! to be
2.26(60.03) meV (; 26 K!. This is much smaller than the
coupling of the local moment to the band. In a mean-fie
estimate we can then calculate the corresponding Weiss
perature uuu52zS(S11)uJexu/3kB578 K, which is some-
what larger than the Weiss temperature obtained in Fig
from the 100–800 K fit to the susceptibility, i.e.,uuu513 K.
However, we note that the value ofu obtained by fitting Eq.
~4! to x(T) data for LiV2O4 strongly depends on the tem
perature range of the fit. For example, Hayakawaet al.21

obtainu;240 K for the 80–300 K range andu;2470 K for
the 600–1000 K range.

Interestingly, in the case of209Bi NMR in YbBiPt,29 a
heavy-fermion compound, the relaxation rate data at higT
have been modeled as coming from local moment fluct
tions. However, the authors did not consider the contribut
from the exchange coupling between the spins. That
contribution is present is apparent from the nonzero interc
of their 1/t versusT plot. Extracting the intercept from thei
plot yields 1/tex5431012 sec21. We then calculateuJexu to
be 9.5 meV~114 K!. This might still be much smaller than
the coupling of the local moments to the band. They cal
late uJur(eF)50.0879. If one assumesr(eF)51 state/eV
then uJu'80 meV, which is an order of magnitude larg
than the coupling between the moments. In the paper
Lysak and MacLaughlin10 on 27Al NMR in CeAl 3, they plot
1/t versusT on a log-log plot. Their value ofuJexu appears to
be about 10 meV. Thus, the local moment–local mom
couplings in the rare-earth-based compounds appear t
;4–5 times that in LiV2 O 4.

We turn now to the51V relaxation rate data~see Fig. 11!.
We can extract the relaxation rate of the V local moment
t following the same procedure used for the7Li T1 @see Eqs.
~6!–~8!#. If we assume that the51V T1 is dominated by the
hyperfine coupling of the nucleus with the on-site local m
ment, then we can use for the hyperfine constantA in Eq. ~6!
the value obtained from theK versusx plot in the inset
in Fig. 10, i.e., uBlocu579 kG. Thus we find
1/t57.4731016xM

loc(T)T1T assumingg51.873. By using
the Curie-Weiss expression forxM

loc in Eq. ~4! and the experi-
mental values for the51V T1 we obtain the relaxation rate
1/t shown in Fig. 12. The relaxation ratet21 of the vana-
dium local moment derived from the7Li and 51V spin-lattice
relaxation rates should in principle be identical. However,
view of the simplicity of the model and of the fact that w
have neglected other contributions~e.g., possible Korringa
contributions! to the T1 for either 7Li and 51V we should
consider the agreement in the order of magnitude and in
general temperature behavior of the two sets of values in
12 as satisfactory.

B. Low-temperature „&20 K…

7Li NMR results

In the above analysis, we have considered the high-T 7Li
relaxation data, which can be explained by a V local moment
formalism. Around 50 K or so, the7Li nuclear spin-lattice
relaxation rate has a maximum and at low temperature
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decreases linearly withT as shown in Fig. 6~b!. This is pre-
cisely the region inT where the shift and the bulk suscept
bility have a plateau. In fact, below 100 K the susceptibil
in Fig. 1 departs from the fit in terms of a local moment te
x loc @see Eq.~4!# and the Knight shift is no longer linear in
the extrapolated local moment susceptibilityx loc as it ap-
pears in Fig. 3. This then is an indication that at lowT the
local moments disappear and one is left with a Fermi liqu
Low-T heat capacity data on these samples4 give a very high
coefficient of electronic heat capacityg~1 K!50.21 J/~mol
V! K 2 ~see Ref. 30 for a detailed discussion!, indicative of a
heavy Fermi liquid. The Korringa ratioK2T1T/S is T depen-
dent in the high-T region but becomes constant below abo
10 K and has a value of about 0.5~see Fig. 7 and Table I!,
close to the value found in normal metals.15 However, it
should be noted that the Korringa ratio of narrowd-band
transition metals, with very few exceptions, is significan
larger than unity,15 which is contrary to the smaller valu
found here. A possible explanation is related to the prese
of local ‘‘impurity’’ moments on V defect species. Thes
moments would shorten the measuredT1 without affecting
the Knight shift value, thus depressing the Korringa rat
Although some degree of correlation is seen between
Korringa ratio and the ‘‘impurity’’ concentration from in-
specting Table I, it can be noted that even for the b
samples the Korringa ratio ('0.5! is less than 1.

A constant Korringa product (T1T)21 has been observed
before in other heavy-fermion systems@YbNi 2B 2C,27

CeAl3,10 CePd2In,31 and CeCu2Ge2 ~Ref. 26!# but an analy-
sis of the Korringa ratioK2T1T/S was possible only in
CeAl3.10 It is interesting to note that in this rare-earth heav
fermion compound a Korringa ratio of the order of two w
found atT,10 K, which, although greater than unity, is sti
too low to be consistent with a strongly exchange enhan
Fermi liquid, a situation similar to the one in LiV2O4.

V. CONCLUSIONS

In conclusion, we have studied the heavy-fermion co
pound LiV2O4 by 7Li and 51V NMR. Our results demon-
strate that LiV2O4 exhibits a crossover from local momen
behavior at highT (T*50 K! to a heavy-Fermi-liquid be-
havior below about 10 K. In the low-T region the7Li Knight
shift and 1/(T1T) becomeT independent with a Korringa
ratio of about 0.5. In the high-T region (T*50 K! the data
indicate the existence of local moments. From theT depen-
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dence of the7Li 1/T1 we infer an empirical linearT depen-
dence for the local moment relaxation rate above;300 K,
and aT0.5 dependence if lower-T data are included. This
should be compared to the dynamical structure factor de
mined from future inelastic neutron scattering experimen
Using a simple model, we deduce a coupling of 2.3 m
between the local moments and 17 meV between the lo
moments and the band. As mentioned earlier, a theory
can model a system that has local moments and conduc
electrons that arise out of the same~nearly! degeneratet2g
orbitals and that exhibits a crossover to heavy-fermion
havior at lowT is called for. Furthermore, we recall that ou
search for the51V NMR signal at T54.2 K using pulse
techniques was unsuccessful, indicating that theT1 and/orT2
are very short (< 5 msec!. One expects that for a norma
transition metal T1 is given by the Korringa ratio
K2T1T5pS where for 51V S53.3531026 sec K ~see Sec.
IV A 2 ! andp is a number that can vary15 from 1 to 10. For
T54.2 K the shortestT1 is obtained forp51 with K~4 K! 5
27.2%~Ref. 7! and isT151.531024 sec; the minimumT2,
due to nuclear-dipolar interaction alone, is of the order
T2.1/A^Dn2&dip51/A53107 Hz251.431024 sec @see Eq.
~1!#. Thus theT1 and/orT2 of 51V at low T (< 5 msec! must
be more than an order of magnitude shorter than what
estimates for a Fermi liquid even allowing for the high de
sity of states at the V sites, i.e., largeuKu. Thus the question
arises about the microscopic nature of the heavy-ferm
state in this system. The present findings could be explai
if the apparent disappearance of the local moment of the
below .30 K, as seen by the7Li NMR and magnetic sus-
ceptibility, is in fact due to a Kondo-like screening of the
local moment by the conduction electrons. In this case
51V nucleus would still be strongly coupled to its on-si
local moment, presumably giving rise to a very fast rela
ation rate. However, the quantitative values ofT1,2 expected
in this case remain to be theoretically elucidated. An ad
tional source of relaxation may be dynamical orbit
ordering-correlation-fluctuation effects within the nearly d
generatet2g orbital manifold of each V ion.32
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