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Synthesis, characterization, and magnetic susceptibility of the heavy-fermion
transition-metal oxide LiV 2O4

S. Kondo, D. C. Johnston, and L. L. Miller
Ames Laboratory and Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011

~Received 27 May 1998!

The preparative method, characterization, and magnetic susceptibilityx measurements versus temperatureT
of the heavy-fermion transition-metal oxide LiV2O4 are reported in detail. The intrinsicx(T) shows a nearly
T-independent behavior below;30 K with a shallow broad maximum at'16 K, whereas Curie-Weiss-like
behavior is observed above;50–100 K. Field-cooled and zero-field-cooled magnetizationMobsmeasurements
in applied magnetic fieldsH5102100 G from 1.8 to 50 K showed no evidence for spin-glass ordering.
Crystalline electric field theory for an assumed cubic V point group symmetry is found insufficient to describe
the observed temperature variation of the effective magnetic moment. The Kondo and Coqblin-Schrieffer
models do not describe the magnitude andT dependence ofx with realistic parameters. In the high-T range,
fits of x(T) by the predictions of high-temperature series expansion calculations provide estimates of the V-V
antiferromagnetic exchange coupling constantJ/kB;20 K, g factorg;2, and theT-independent susceptibility.
Other possible models to describe thex(T) are discussed. The paramagnetic impurities in the samples were
characterized using isothermalMobs(H) measurements with 0,H<5.5 T at 2–6 K. These impurities are
inferred to have spinSimp;3/2–4,gimp;2, and molar concentrations of 0.01–0.8 %, depending on the sample.
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I. INTRODUCTION

Especially since the discoveries of heavy-fermion1 ~HF!
and high-temperature superconducting compounds,2 strongly
correlated electron systems have drawn much attention
theoretically and experimentally. Extensive investigatio
have been done on many cerium- and uranium-based
compounds.3 The term ‘‘heavy fermion’’ refers to the larg
quasiparticle effective massm* /me;10021000 of these
compounds inferred from the electronic specific heat coe
cient g(T)[Ce(T)/T at low temperatureT, whereme is the
free electron mass andCe is the electronic specific hea
Fermi liquid ~FL! theory explains well the low-T properties
of many HF compounds. Non-FL compounds4 are currently
under intensive study in relation to quantum critic
phenomena.5 The transition-metal oxide compound LiV2O4
was recently reported6 to be the firstd-electron metal to
show heavy FL behaviors characteristic of those of
heaviest-massf-electron systems.

LiV 2O4 has the face-centered-cubic~fcc!, normal-spinel
structure with space groupFd3̄m @Fig. 1~a!#, first synthe-
sized by Reuter and Jaskowsky in 1960.7 The V ions have a
formal oxidation state of13.5, assuming that those of Li an
O are11 and22, respectively, corresponding to 1.5d elec-
trons per V ion. In the normal oxide spinel LiV2O4, the
oxygen ions constitute a nearly cubic-close-packed ar
Lithium occupies the 8a sites,8 corresponding to one-eight
of the 64 tetrahedral holes formed by the close-packed o
gen sublattice in a Bravais unit cell that contains eig
Li @V2#O4 formula units. Vanadium occupies the 16d sites
~enclosed in square brackets in the formula!, corresponding
to one-half of the 32 octahedral holes in the oxygen sub
tice per unit cell. All of the V ions are crystallographical
equivalent. Due to this fact and the nonintegral V oxidati
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state, the compound is expected to be metallic, which w
confirmed by single-crystal resistivityr(T) measurements
by Rogerset al.9 The V atoms constitute a three-dimension
network of corner-shared tetrahedra. The LiV2 sublattice is
identical to the cubic Laves phase~C15! structure, and the V
sublattice is identical to the transition-metalT sublattice of
the fccR2T2O7 pyrochlore structure.

Despite its metallic character, LiV2O4 exhibits a strongly
temperature-dependent magnetic susceptibility, indica
strong electron correlations. In the work reported befo
1997, the observed magnetic susceptibilityxobs(T) was
found to increase monotonically with decreasingT down to
'4 K and to approximately follow the Curie-Weiss law.10–15

Kessler and Sienko10 interpreted theirxobs(T) data as the
sum of a Curie-Weiss term 2C/(T2u) and a temperature
independent termx050.431024 cm3/mol. Their Curie
constantC was 0.468 cm3 K/~mol V!, corresponding to a
V14 g factor of 2.23 with spinS51/2. The negative Weiss
temperatureu5263 K suggests antiferromagnetic~AF! in-
teractions between the V spins. However, no magnetic or
ing was found above 4.2 K. This may be understood in ter
of the possible suppression of long-range magnetic orde
due to the geometric frustration among the AF-coupled
spins in the tetrahedra network.16,17 Similar values ofC and
u have also been obtained by subsequent workers,11–15 as
shown in Table I, in which reported crystallograph
data18–22are also shown. This local magnetic moment beh
ior of LiV 2O4 is in marked contrast to the magnetic prope
ties of isostructural LiTi2O4 which manifests a compara
tively temperature-independent Pauli paramagnetism
superconductivity (Tc<13.7 K!.23

Strong electron correlations in LiV2O4 were inferred by
Fujimori and co-workers24,25 from their ultraviolet and x-ray
photoemission spectroscopy~UPS and XPS! measurements
2609 ©1999 The American Physical Society



y

ance.

2610 PRB 59S. KONDO, D. C. JOHNSTON, AND L. L. MILLER
FIG. 1. ~Color! ~a! Normal spinel structure of LiV2O4 with a fcc Bravais unit cell.~b! A part of the structure depicting the trigonall
distorted oxygen octahedra. The distortion shown is exaggerated for clarity and corresponds to an oxygen parameteru50.27. Small,
medium, and large spheres represent lithium, vanadium, and oxygen, respectively; their sizes have no intended physical signific
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TABLE I. Lattice parametera0 , oxygen parameteru ~see text!, and magnetic parametersx0 , C, andu

reported in the literature for LiV2O4 . Theu values shown are for the second setting of the space groupFd3̄m
from theInternational Tables for Crystallography, Vol. A. ~Ref. 8!. The ‘‘T range’’ is the temperature rang
over which the fits to the susceptibility data were done,x0 is the temperature-independent contribution,C is
the Curie constant, andu is the Weiss temperature. The error in the last digit of a quantity is give
parentheses. Unless otherwise noted, all measurements were done on polycrystalline samples.

x0 C

a0

~Å! u
T range

~K!
S1026

cm3

mol LiV2O4
D S cm3 K

mol VD u
~K! Ref.

8.22 7
8.2403~12! 0.260~1! 18
8.240~2! 19
8.22 4.2–308 37 0.468 263 10
8.240~2! 0.253~1! 20
8.25a 21
8.255~6! 0.260 50–380a 37 0.460 234 12

50–380a 37 0.471 242 12b

80–300 43 0.441a 231 a 13
8.241~3! a 80–300 43 0.434a 239 a 14

0.473 11
8.235 10–300 0 0.535 235.4 15
8.2408~9! 100–300 230 0.35 233 22

aThis value was digitized from the published figure.
bSingle-crystal susceptibility data, corrected for the contribution of 10% V4O7.
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An anomalously small density of states at the Fermi le
was observed at room temperature which they attribute
the effect of long-range Coulomb interactions. They int
preted the observed spectra assuming charge fluctuation
tweend1(V41) andd2(V31) configurations on a time scal
longer than that of photoemission (;10215sec!. Moreover,
the intra-atomic Coulomb repulsion energyU was found to
be ;2 eV. This value is close to the widthW;2 eV of the
t2g conduction band calculated for LiTi2O4 .26,27 From these
observations, one might infer thatU;W for LiV 2O4, sug-
gesting proximity to a metal-insulator transition.

We and collaborators recently reported that LiV2O4
samples with high magnetic purity display a crossover fr
the aforementioned localized moment behavior above;100
K to a nearly temperature-independent susceptibility be
;30 K.6 This new finding was also reported independen
and nearly simultaneously by two other groups.22,28 Specific
heat measurements revealed a rapidly increasingg(T) with
decreasing temperature below;30 K with an exceptionally
large valueg(1 K)'0.42 J/mol K2.6 To our knowledge,
this g(1 K) is the largest value reported for any metal
d-electron compound, e.g., Y0.97Sc0.03Mn2(&0.2 J/mol K2)
~Ref. 29! and V22yO3(&0.07 J/mol K2).30 The Wilson
ratio31 at low T was found to beRW;1.7, consistent with a
heavy FL interpretation. From7Li NMR measurements, the
T variation of the Knight shiftK was found to approximately
follow that of the susceptibility.6,28,32–35 The 7Li nuclear
spin-lattice relaxation rate 1/T1 in LiV 2O4 was found to be
proportional toT below ;4 K, with a Korringa ratio on the
order of unity, again indicating FL behavior.6,33–35

In this paper we present a detailed study of the synthe
characterization, and magnetic susceptibility of LiV2O4. In
l
to
-
be-

w

is,

Sec. II our synthesis method and other experimental te
niques are described. Experimental results and analyse
given in Sec. III. In Sec. III A, after a brief overview of th
spinel structure, we present structural characterizations
nine LiV2O4 samples that were prepared in slightly differe
ways, based upon our results of thermogravimetric anal
~TGA!, x-ray diffraction measurements and their Rietve
analyses. In Sec. III B, results and analyses of magnetiza
measurements are given. In Sec. III B 1 an overview of
xobs(T)[Mobs(T)/H data of all nine samples studied is pr
sented. Then, in Sec. III B 2, we determine the magnetic
purity concentrations from analysis of theMobs(H) data.
Low-field (H5102100 G! xobs(T) susceptibility data, mea
sured after zero-field cooling~ZFC! and field cooling~FC!,
are presented in Sec. III B 3 a, from which we infer that spin-
glass ordering does not occur above 2 K. The above de
minations of magnetic impurity contributions toMobs(H,T)
allow us to extract the intrinsic susceptibilityx(T) from
xobs(T), as explained in Sec. III B 3 b. The paramagnetic
orbital Van Vleck susceptibilityxVV contribution is deter-
mined in Sec. IV A from a so-calledK-x analysis using51V
NMR measurements.32,35 We attempt to interpret thex(T)
data using three theories. First, the predictions of hi
temperature series expansion~HTSE! calculations for the
spin S51/2 Heisenberg model are compared to ourx(T)
data in Sec. IV B. Second, a crystalline electric field theo
prediction with the assumption of cubic point symmetry
the vanadium ion is tested in Sec. IV C. Third, we test t
applicability of the Kondo and Coqblin-Schrieffer models
our x(T) data in Sec. IV D. A summary and discussion a
given in Sec. V. Throughout this paper, a ‘‘mol’’ means
mole of LiV2O4 formula units, unless otherwise noted.
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II. SYNTHESIS AND EXPERIMENTAL DETAILS

Polycrystalline samples of LiV2O4 were prepared using
conventional solid-state reaction techniques with two sligh
different paths to the products. The five samples used in
previous work6 ~samples 1–5! were prepared by the metho
in Ref. 23. Two additional samples~samples 6 and 7! were

synthesized by the method of Uedaet al.22 Different precur-
sors are used in the two methods: ‘‘Li2VO3.5’’ ~see below!
and Li3VO4, respectively. Both methods successfu
yielded high-quality LiV2O4 samples which showed th
broad peak inxobs(T) at '16 K. In this report, only the first
synthesis method is explained in detail, and the reade
referred to Ref. 22 for details of the second method.

The starting materials were Li2CO3 ~99.999%, Johnson
Matthey!, V2O3 , and V2O5 ~99.995%, Johnson Matthey!.
Oxygen vacancies tend to be present in commercially
tained V2O5.36 Therefore, the V2O5 was heated in an oxyge
stream at 500–550 °C in order to fully oxidize and also d
it. V2O3 was made by reduction of either V2O5 or NH4VO3
~99.995%, Johnson Matthey! in a tube furnace under 5%
H2/95% He gas flow. The heating was done in two steps
635 °C for '1 day and then at 900–1000 °C for up to
days. The oxygen content of the nominal V22yO3 obtained
was then determined by TGA~see below!. The precursor
‘‘Li 2VO3.5’ ’ ~found to be a mixture of Li3VO4 and LiVO3
from an x-ray diffraction measurement! was prepared by
heating a mixture of Li2CO3 and V2O5 in a tube furnace
under an oxygen stream at'525 °C until the expected
weight decrease due to the loss of carbon dioxide was
tained. Ideally the molar ratio of Li2CO3 to V2O5 for the
nominal composition Li2VO3.5 is 2 to 1. A slight adjustmen
was, however, made to this ratio according to the actual m
sured oxygen content of the V22yO3 (y.0.005–0.017) so
that the final product is stoichiometric LiV2O4. This precur-
sor and V22yO3 were ground thoroughly inside a helium
filled glovebox. The mixture was then pelletized, wrapped
a piece of gold foil, sealed into a quartz tube under vacu
and heated between 570 °C and 700 °C for&2 weeks. The
as-prepared samples were all removed from the oven a
final furnace temperature and air cooled to room tempe
ture. For samples 2 and 3 additional heating at a higheT
5750 °C was given, with a repeated sequence of grind
repelletizing, and reheating for sample 2. From'725 °C dif-
ferent methods of cooling, liquid-nitrogen or ice-wat
quenching, or slow-oven cooling were applied to pieces fr
sample 2, yielding samples 4, 4A, and 4B, respectively.

Using a Rigaku Geigerflex diffractometer with a curv
graphite crystal monochrometer, x-ray diffraction patte
were obtained at room temperature with CuKa radiation.
Rietveld analyses of the diffraction patterns were carried
using the angle-dispersive x-ray diffraction version of t
RIETAN-97b program.37,38

TGA measurements were done using a Perkin-Elm
TGA 7 thermogravimetric analyzer. Oxygen contents of
samples were calculated from weight gains after heating
an oxygen flow to 540 °C for LiV2O4 and 620 °C for
V22yO3, assuming that the oxidized products contained
nadium as V51.

MagnetizationMobs measurements were performed usi
a Quantum Design MPMS5 superconducting quantum in
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ference device~SQUID! magnetometer over theT range
from 1.8–2 K to 400 K withH up to 5.5 T. Zero-field-cooled
~usually obtained by quenching the superconducting s
noid! Mobs(H51 T,T) scans were carried out and isothe
mal Mobs(H) data at various temperatures were obtain
Low-field ~10–100 G! ZFC and FCM (T) scans were done
from 1.8–2 K to 50 K in order to check for the presence
absence of spin-glass ordering.

III. RESULTS AND ANALYSES

A. Structure

X-ray diffraction patterns of our nine LiV2O4 samples
revealed that the samples were single phase or very ne
so. Figure 2~a! shows the diffraction pattern of sample
which has no detectable impurities. The nine samples
scribed in detail in this paper are categorized into th
groups in terms of purity: essentially impurity free~samples
3 and 7!, V3O5 impurity ~samples 1, 4, and 6! and V2O3

FIG. 2. ~a! X-ray diffraction pattern of LiV2O4 sample 7. The
spinel-phase peaks are indexed as shown.~b! Expanded plots of the
x-ray patterns of samples 1~top!, 2 ~middle!, and 7~bottom!. In-
dexed peaks are those of the spinel phase. Sample 1 has3O5

impurity ~solid circles!, whereas sample 2 has V2O3 impurity ~solid
squares!. Sample 7 has no impurity peaks except possibly the v
weak unidentified one marked with a star.
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TABLE II. Results of Rietveld refinements of x-ray diffraction measurements and magnetizationMobs(H)

isotherm analyses. The oxygen parameter~u! is for the second setting of the space groupFd3̄m from the
International Tables for Crystallography, Vol. A. ~Ref. 8!. f str imp is the impurity concentration. The error i
the last digit of a quantity is given in parentheses. The detection limit off str imp is assumed to be 1%~Ref. 38!.
For samples 3 and 7 in which no discernable impurities were seen, this detection limit is listed; the R
refinement for sample 5 directly yieldedf str imp,1%.

Sample Alt. sample a0 f str imp

No. No. Cooling Impurity ~Å! u ~mol %!

1 4-0-1 air V3O5 8.24062~11! 0.26115~17! 2.01
2 3-3 air V2O3 8.23997~4! 0.2612~20! 1.83
3 4-E-2 air pure 8.24100~15! 0.26032~99! ,1
4 3-3-q1 LN2 V3O5 8.24622~23! 0.26179~36! 3.83
4A 3-3-q2 ice H2O V2O3 8.24705~29! 0.26198~39! 1.71
4B 3-3-a2 slow cool V2O3 8.24734~20! 0.26106~32! 1.46
5 6-1 air V2O3 8.24347~25! 0.26149~39! ,1
6 12-1 air V3O5 8.23854~11! 0.26087~23! 2.20
7 13-1 air pure 8.24114~9! 0.26182~19! ,1
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impurity ~samples 2, 4A, 4B, and 5!. The presence of thes
impurity phases is detected in magnified views of the diffr
tion patterns as shown in Fig. 2~b!. Results from Rietveld
analyses of the diffraction patterns for these samples
given in Table II. The refinements of the spinel phase~space
group Fd3̄m, No. 227! were based on the assumption
exact LiV2O4 stoichiometry and the normal-spinel structu
cation distribution. The values of the isotropic therm
displacement parametersB of lithium and oxygen were taken
from the Rietveld analysis of neutron diffraction measu
ments on our LiV2O4 sample 5 by Chmaissemet al.,39 and
fixed throughout toBLi51.1 Å and BO50.48 Å, respec-
tively. These two atoms do not scatter x rays strongly eno
to allow accurate determinations of theB values from Ri-
etveld refinements of our x-ray diffraction data.

The positions of the oxygen atoms within the unit cell
the spinel structure are described by a variable oxygen
rameteru associated with the 32e positions in space group
Fd3̄m. The value ofu @in the space group setting with th
origin at center (3̄m)] for each of our samples was found
be larger than the ideal close-packed-oxygen value of
Compared to the ‘‘ideal’’ structure withu51/4, the volumes
of an oxygen tetrahedron and an octahedron become la
and smaller, respectively. The increase of the tetrahed
volume takes place in such a way that each of the four L
bonds are lengthened along one of the^111& directions, so
that the tetrahedron remains undistorted. As a result of
elongation, the tetrahedral and octahedral holes become
spectively, larger and smaller.40 Each of the oxygen atoms i
a tetrahedron is also bonded to three V atoms. Since
fractional coordinates of both Li and V are fixed in terms
the unit cell edge, an oxygen octahedron centered by
atom is accordingly trigonally distorted. This distortion
illustrated in Fig. 1~b!.

The nine LiV2O4 samples were given three different he
treatments after heating to 700–750 °C: air cooling~samples
1, 2, 3, 5, 6, and 7!, liquid-nitrogen quenching~sample 4!,
ice-water quenching~sample 4A!, or oven slow cooling at
'20 °C/h ~sample 4B!. Possible loss of Li at the high syn
thesis temperature, perhaps in the form of a lithium oxi
-
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was a concern. In a detailed neutron diffraction study, Dal
et al.41 determined the lithium contents in their samples
Li11xTi22xO4 (0<x<0.33), and found lithium deficiency
in the 8a site of the spinel phase of all four samples studie
If the spinel phase in the Li-V-O system is similarly Li de
ficient, then samples of exact stoichiometry LiV2O4 would
contain V-O impurity phase~s!, which might then explain the
presence of small amounts of V2O3 or V3O5 impurity phases
in most of our samples.

Sample 3 was intentionally made slightly of
stoichiometric, with the nominal composition LiV1.92O3.89.
A TGA measurement in oxygen showed a weight gain
12.804% to the maximally oxidized state. If one assumes
actual initial composition LiV1.92O3.891d , this weight gain
corresponds tod50.08 and an actual initial composition o
LiV 1.92O3.97 which can be rewritten as Li1.01V1.93O4 assum-
ing no oxygen vacancies on the oxygen sublattice. On
other hand, if one assumes an actual initial composition
Li12xV1.92O3.89, then the weight gain yieldsx50.19, and an
initial composition Li0.81V1.92O3.89 which can be similarly
rewritten as Li0.83V1.97O4 . Our Rietveld refinements could
not distinguish these possibilities from the stoichiomet
composition Li@V2#O4 for the spinel phase.

Sample 4, which was given a liquid-nitrogen quench fro
the final heating temperature of.725 °C~labeled ‘‘LN2’’ in
Table II!, is one of the structurally least pure samples~see
Table II!. Our Rietveld refinement of the x-ray diffractio
pattern for this sample did not reveal any discernable de
tion of the cation occupancy from that of ideal Li@V2#O4.
There is a strong similarity among samples 4, 4A~ice-water
quenched!, and 4B~oven slow cooled!, despite their different
heat treatments. These samples all have much larger la
parameters (a0*8.246 Å! than the other samples. The a
prepared sample 2, from which all three samples 4, 4A,
4B were obtained by the above quenching heat treatme
has a much smaller lattice parameter. On the other hand
oxygen parametersu of these four samples are similar t
each other and to those of the other samples in Table II.

The weight gains on oxidizing our samples in oxygen
the TGA can be converted to values of the average oxida
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state per vanadium atom, assuming the ideal stoichiom
LiV 2O4 for the initial composition. The values, to an acc
racy of 60.01, are 3.57, 3.55, 3.60, 3.56, 3.56, 3.57, 3.
3.55 for samples 1–7 and 4B, respectively. This meas
ment was not done for sample 4A. These values are sys
atically higher than the expected value of 3.50, possibly
cause the samples were not completely oxidized. Indeed
oxidized products were gray-black, and upon crushing w
brown, rather than a light color. On the other hand, x-r
diffraction patterns of the ‘‘LiV2O5.5’’ oxidation products
showed only a mixture of LiVO3 and Li4V10O27 phases as
expected from the known Li2O-V2O5 phase diagram.42 Our
upper temperature limit (540 °C) during oxidation of th
LiV 2O4 samples was chosen to be low enough so that
oxidized product at that temperature contained no liq
phase; this temperature may have been too low for comp
oxidation to occur. In contrast, our V22yO3 starting materials
turned orange on oxidation, which is the same color as
V2O5 from which they were made by hydrogen reduction

B. Magnetization measurements

1. Overview of observed magnetic susceptibility

An overview of the observed ZFC magnetic susceptib
ties xobs(T)[Mobs(T)/H at H51.0 T from 1.8–2 K to 400
K of the nine LiV2O4 samples is shown in Figs. 3~a!, 3~b!,
and 3~c!. Thexobs(T) data for the various samples show ve
similar Curie-Weiss-like behavior forT*50 K. Differences
in xobs(T) between the samples mainly appear at lowerT,
where variable Curie-likeCimp /T upturns occur.

Samples 1 and 6 clearly exhibit shallow broad peaks
xobs at T'16 K. Thexobs(T) of sample 6 is systematicall
slightly larger than that of sample 1; the reason for this s
is not known. Samples 3 and 4 also show a broad peak
a relatively small Curie-like upturn. Samples 2 and 7 sh
some evidence of a broad peak but the peak is parti
masked by the upturn. For samples 4A, 4B, and 5, the br
peak is evidently masked by larger Curie impurity contrib
tions. From Fig. 3 and Table II, samples 1, 4, and 6 with
smallest Curie-like magnetic impurity contributions conta
V3O5 impurities, whereas the other samples, with larg
magnetic impurity contributions, contain V2O3 impurities.
The reason for this correlation is not clear. The presenc
the vanadium oxide impurities by itself should not be a dir
cause of the Curie-like upturns. The susceptibility of pu
V2O3 follows the Curie-Weiss law in the metallicT region
above;170 K, but forT&170 K it becomes an antiferro
magnetic insulator, showing a decrease inx(T).43

V22yO3 (y'0.03), on the other hand, sustains its highT
metallic state down to low temperatures, and at its Ne´el tem-
peratureTN;10 K it undergoes a transition to an antiferr
magnetic phase with a cusp inx(T).43 V3O5 also orders
antiferromagnetically atTN575.5 K, but x(T) shows a
broad maximum at a higherT5125 K.44 Though not de-
tected in our x-ray diffraction measurements, V4O7, which
has the same V oxidation state as in LiV2O4, also displays a
cusp inxobs(T) at TN'33 K andxobs(T) follows the Curie-
Weiss law forT*50 K.44 The susceptibilities of these V-O
phases are all on the order of 1024–1023 cm3/mol at low
T.43,44 Moreover, theT variations ofxobs(T) in these vana-
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edium oxides forT&10 K are, upon decreasingT, decreasing
(V22yO3) or nearly T independent (V3O5 and V4O7), in
contrast to the increasing behavior of our Curie-like impur
susceptibilities. From the above discussion and the v
small amounts of V-O impurity phases found from the R
etveld refinements of our x-ray diffraction measurements,
conclude that the V-O impurity phases cannot give rise to
observed Curie-like upturns in ourxobs(T) data at lowT.
These Curie-like terms therefore most likely arise from pa
magnetic defects in the spinel phase and/or from a very sm
concentration of an unobserved impurity phase.

Figure 3~b! shows how the additional heat treatments
the as-prepared sample 2 yield different behaviors ofxobs(T)
at low T in samples 4, 4A, and 4B. Only liquid-nitroge
quenching~sample 4! caused a decrease in the Curie-li
upturn of sample 2. On the contrary, ice-water quench

FIG. 3. Observed magnetic susceptibilityxobs(T) ([Mobs/H)
of all nine samples studied, measured withH51 T after being
zero-field cooled to the lowestT: ~a! Samples 1 and 6,~b! samples
2, 4, 4A, and 4B, and~c! samples 3, 5, and 7.



o
e
ro
th

i

to

ith

g

ie

h
a

r
n

s

in

r
le

he

eiss
he

-
an-
g
t

ter-

of
-

ons.
t-
ters

a

we

s
col-

ho-

a
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~sample 4A! and oven slow cooling~sample 4B! caused
xobs(T) to have an even larger upturn. However, the size
the Curie-like upturn inxobs(T) of sample 4 was found to b
irreproducible when the same liquid-nitrogen quenching p
cedure was applied to another piece from sample 2; in
case the Curie-like upturn was larger, not smaller, than
sample 2. The observed susceptibility~not shown! of this
latter liquid-nitrogen-quenched sample is very similar
those of samples 4A and 4B. Thexobs(T) of samples 4A and
4B resemble those reported previously.10–15

2. Isothermal magnetization versus magnetic field

Larger Curie-like upturns were found in samples w
larger curvatures in the isothermalMobs(H) data at lowT. A
few representativeMobs(H,2 K) data for samples showin
various extents of curvatures inMobs(H) are shown in Fig. 4,
which may be compared with the correspondingxobs(T) data
at low T in Fig. 3. This correlation suggests that the Cur
like upturns in xobs(T) arise from paramagnetic~field-
saturable! impurities and/or defects in the samples. On t
other hand, there is no obvious correlation between the m
netic impurity concentration and the V2O3 or V3O5 phase
impurity concentration, as noted above.

The isothermalMobs(H) data for H<5.5 T displayed
negative curvature forT&10–20 K and linear behavior fo
higher T, as illustrated for sample 1 in Fig. 5. The conce
trations and other parameters of the magnetic impuritie
the various samples were obtained from analyses ofMobs(H)
isotherms as follows. From high-field measurements, the
trinsic magnetizationM (H,0.5 K) of LiV2O4 is propor-
tional to H up to H;16 T.45 Therefore, the observed mola
magnetizationMobs(H,T) isotherm data for each samp
were fitted by the equation

Mobs~H,T!5M imp~H,T!1M ~H,T!

5 f impNAgimpmBSimpBSimp
~x!1x~T!H, ~1!

where f imp is the magnetic impurity concentration,NA
Avogadro’s number,gimp the impurityg factor,mB the Bohr
magneton,Simp the impurity spin,BSimp

the Brillouin func-

FIG. 4. Comparison of the negative curvatures of observed m
netization isothermsMobsat T52 K vs applied magnetic fieldH for
samples 1, 3, 5, and 7.
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tion, x the intrinsic susceptibility of the LiV2O4 spinel
phase, andH the applied magnetic field. The argument of t
Brillouin function is x5gimpmBSimpH/@kB(T2u imp)#. Here
u imp represents the Weiss temperature of the Curie-W
law when the susceptibility is obtained by expanding t
Brillouin function in the limit of smallH/(T2u imp). Incor-
porating the parameteru impÞ0 takes account of possible in
teractions between magnetic impurities in a mean-field m
ner. To improve the precision of the obtained fittin
parameters, we fittedMobs(H) isotherm data measured a
more than one low temperature simultaneously by Eq.~1!.
Since the negative curvature of the isothermalMobs(H,T)
data diminishes rapidly with increasingT, only low-T ~1.8–6
K! data were used. Furthermore, a linearT dependence of
x(T) in this T range was assumed@see Fig. 3~a!# in order to
reduce the number of free parameters. However,x(T
52 K) and the linear slopedx/dT still have to be deter-
mined. Hence up to six free parameters were to be de
mined by fitting Eq. ~1! to the data:
f imp , gimp , Simp , u imp , x(T52 K), anddx/dT.

With all six parameters varied as free parameters, fits
Mobs(H,T) by Eq.~1! produced unsatisfactory results, yield
ing parameters with very large estimated standard deviati
Therefore, we fixedSimp to various half-integer values star
ing from 1/2, thereby reducing the number of free parame
of each fit to 5. With regard to thegimp values,g factors of
slightly less than 2 are observed in V14 compounds: VO2
~1.964! ~Ref. 46!, (NH4)xV2O5 ~1.962! ~Ref. 47!, and
Li xV2O5 ~1.96!.48 Using gimp'2 as a guide, we selected
few values of Simp which resulted ing;2 in the five-
parameter fit. Then using the obtained parameter values
calculated and plotted the impurity magnetizationM imp
([Mobs2xH) versusH/(T2u imp) for all the low-T data
utilized in the fit by Eq.~1!. If a fit is valid, then all the
M imp@H/(T2u imp)# data points obtained at the variou
isothermal temperatures for each sample should
lapse onto a universal curve described byM imp
5 f impNAgimpmBSimpBSimp

(x). The fixed value ofSimp which
gave the best universal behavior for a given sample was c
sen. Then, using thisSimp , we fixed the value ofgimp to 2 to

g-
FIG. 5. Observed magnetizationMobs vs applied magnetic field

H isotherms at temperaturesT52, 10, and 300 K for LiV2O4

sample 1. Negative curvature inMobs(H) is not present forT.10 K
for this sample.
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TABLE III. Results of magnetizationMobs(H,T) isotherm analyses, where theT values used are listed in
the second column.f mag imp is the molar magnetic impurity concentration. The error in the last digit o
quantity is given in parentheses. All numbers without an error listed were fixed in the fit. The Curie co
of the impurities was calculated fromCimp5 f mag impNAgimp

2 mB
2Simp(Simp11)/(3kB).

Cimp x(2 K) dx/dT
Sample
No.

T
~K!

Simp

~fixed!
gimp u imp

~K!
f mag imp

~mol %! S1023
cm3 K

mol D S 1022
cm3

molD S 1025
cm3

mol KD
1 2,3,4,5 3/2 2 0 0.049~2! 0.74 1.026~1! 7.3~1!

2 2,4,6 3 2.00~6! 20.6~2! 0.22~1! 13 1.034~5! 6.7~4!

3 2,5 5/2 2.10~2! 20.51~5! 0.118~2! 4.9 0.9979~6! 7.46~7!

4 2,3,4,5 5/2 2 20.2~1! 0.066~2! 2.5 0.9909~9! 6.7~1!

4A 2,5 3 2 20.5~1! 0.77~2! 46 1.145~9! 6.5~9!

4B 2,3,4,5 7/2 2 21.2~1! 0.74~2! 52 1.13~1! 4.4~7!

5 2,5 5/2 2.31~3! 20.59~4! 0.472~8! 24 1.091~2! 5~3!

6 2,5 4 2 20.9~14! 0.0113~6! 1.1 1.067 5.6~2!

7 2,5 3 2 20.2~2! 0.194~7! 12 1.094~4! 5.4~4!
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see if the resultantM imp@H/(T2u imp)# data yielded a similar
universal behavior. For the purpose of reducing the num
of free parameters as much as possible, if this fixed-g fit did
yield a comparable result, the parameters obtained w
taken as the final fitting parameters and are reported in
paper. For sample 1 only, the fit parameters obtained
further fixing u imp50 are reported here. To estimate t
goodness of a fit, thex2 per degree of freedom~DOF!
was obtained, which is defined as (Np2P)21( i 51

Np (Mi

2Mi
calc)2/s i

2 , whereNp is the number of data points,P is
the number of free parameters, ands i is the standard devia
tion of the observed valueMi . A fit is regarded as satisfac
tory if x2/DOF&1, and this criterion was achieved for ea
of the nine samples.

The magnetic parameters for each sample, obtaine
described above, are listed in Table III. Plots ofM imp versus
H/(T2u imp) for the nine samples are given in Figs. 6~a!,
6~b!, and 6~c!, where an excellent universal behavior f
each sample at different temperatures is seen. The two m
netically purest samples 1 and 6 have the largest rela
deviations of the data from the respective fit curves, es
cially at the larger values ofH/(T2u imp). Since these two
samples contain extremely small amounts of paramagn
saturable impurities, the magnetic parameters of the imp
ties could not be determined to high precision. The impu
spinsSimp obtained for the nine samples vary from 3/2 to
In general, the magnetic impurity Weiss temperatureuu impu
increased with magnetic impurity concentrationf imp . From
the chemical analyses of the starting materi
(V2O5 ,NH4VO3, and Li2CO3) supplied by the manufac
turer, magnetic impurity concentrations of 0.0024 mol %
and 0.0033 mol % Fe are inferred with respect to a mole
LiV 2O4, which are too small to account for the paramagne
impurity concentrations we derived for our samples.

3. Low-field magnetization versus temperature measurement

The ZFC xobs(T) data atH51 T in Fig. 3~a! for our
highest-magnetic-purity samples 1 and 6 show a broad m
mum atTpeak'16 K. One interpretation might be that stat
short-range~spin-glass! ordering sets in below this tempera
er
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i- FIG. 6. Calculated impurity magnetizationsM imp[Mobs2xH
vs H/(T2u imp) for the nine LiV2O4 samples. For each sample, th
solid curve is the best-fit Brillouin function in Eq.~1!.
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ture. To check for spin-glass ordering, we carried out lo
field ~10–100 G! ZFC and FC magnetization measureme
from 1.8–2 K to 50 K on all samples except samples 2 a
4B. For each sample, there was no hysteresis between
ZFC and FC measurements, as illustrated for sample
Fig. 7, and thus no evidence for spin-glass ordering ab
1.8–2 K.49

Uedaet al.22 reported that spin-glass ordering occurs
the zinc-doped lithium vanadium oxide spin
Li12xZnxV2O4 for 0.1,x<0.9. However, spin-glass orde
ing was not seen in the pure compound LiV2O4, consistent
with our results. Further, positive muon spin relaxati
(mSR) measurements for sample 1 did not detect static m
netic ordering down to 20 mK.6 However, themSR measure-
ments did indicate the presence of static spin-glass orde
in the off-stoichiometric sample 3 below 0.8 K.6 As men-
tioned in Sec. III A, the stoichiometry of sample 3 was i
tentionally made slightly cation deficient, and may conta
cation vacancies. Such a defective structure could facili
the occurrence of the spin-glass behavior by relieving
geometric frustration among the V spins. Whether the na
of the spin-glass ordering in sample 3 is similar to or diffe
ent from that in Li12xZnxV2O4 noted above is at presen
unclear.

4. Intrinsic susceptibility

The intrinsic susceptibilityx(T) was derived from the
observed Mobs(T) data at fixed H5 1 T using x(T)
5@Mobs(T)2M imp(H,T)#/H, whereM imp(H,T) is given by
Eq. ~1! with H51 T and by the parameters for each sam
given in Table III, andT is the only variable. Thex(T) for
each of the nine samples is shown in Figs. 8~a! and 8~b!,
along with xobs(T) for samples 1 and 6. A shallow broa
peak inx(T) is seen at a temperatureTpeak518, 16, 18, 18,
15, 17, 17, 5, and 14 K for samples 1–7, 4A, and 4B,
spectively. The peak profiles seen inx(T) for the two mag-
netically purest samples 1 and 6 are regarded as most clo
reflecting the intrinsic susceptibility of LiV2O4. This peak
shape is obtained in the derivedx(T) of all the samples
except for sample 4A, as seen in Fig. 8~b!. The physical

FIG. 7. Observed magnetic susceptibilityxobs(T)[Mobs(T)/H
vs temperatureT in a low magnetic fieldH550 G of LiV2O4

sample 4 cooled in zero field~ZFC! and in the low field~FC!.
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nature of the magnetic impurities in sample 4A is eviden
different from that in the other samples. Except for t
anomalous sample 4A, thex(T50) values were estimate
from Figs. 8~a! and 8~b!, neglecting the small residual in
creases at the lowestT for samples 2, 6, 7, and 4B, to be

x~0!59.8, 10.8, 9.6, 9.7, 10.0, 10.2, 10.2,

9.831023 cm3/mol ~samples 127, 4B!. ~2!

IV. MODELING OF THE INTRINSIC MAGNETIC
SUSCEPTIBILITY

A. Van Vleck susceptibility

The Van Vleck paramagnetic orbital susceptibilityxVV

may be obtained in favorable cases from the so-calledK-x
analysis, i.e., if the transition-metal NMR frequency shiftK
depends linearly onx, with T an implicit parameter. One
decomposesx(T) per mole of transition-metal atoms accor
ing to x(T)5xcore1xVV1xspin(T). We neglect the diamag
netic orbital Landau susceptibility, which should be small f
d-electron bands.50 The NMR shift is written in an analogou
fashion as

K~T!5KVV1Kspin~T!; ~3!

a termKcoredoes not appear on the right-hand side of Eq.~3!
because the absolute shift due toxcore is expected to be abou

FIG. 8. Observed susceptibilitiesxobs and derived intrinsic sus-
ceptibilities x vs temperatureT of ~a! samples 1 and 6 and~b!
samples 2, 3, 4, 5, 7, 4A, and 4B. The solid lines are guides to
eye.
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the same as in the Knight shift reference compound
hence does not appear in the shift measured with respe
the reference compound. Each component ofK is written as
a product of the corresponding component ofx and of the
hyperfine coupling constantA as

KVV5
AVV

NAmB
xVV, ~4a!

Kspin5
Aspin

NAmB
xspin. ~4b!

Combining Eqs.~3! and ~4! yields

K5
AVV

NAmB
xVV1

Aspin

NAmB
xspin. ~5!

If K(T) varies linearly with x(T), then the slope is
Aspin/NAmB sincexVV ~andxcore) is normally independent o
T. We write the observed linear relation as

K5Ko1
Aspin

NAmB
x. ~6!

Setting the right-hand sides of Eqs.~5! and~6! equal to each
other gives

xVV5
NAmBKo1Aspinxcore

AVV2Aspin
. ~7!

From 51V NMR and x(T) measurements, theK vs x

relationship for LiV2O4 was determined by Amakoet al.32

and was found to be linear from 100–300 K, as shown
Fig. 9. Our fit to their data gave

K50.0117~4!2F17.08~21!
mol V

cm3 GxS cm3

mol VD , ~8!

shown as the straight line in Fig. 9. Comparison of Eqs.~6!
and ~8! yields

Ko50.0117~4!, ~9a!

FIG. 9. 51V NMR Knight shift K vs observed magnetic susce
tibility xobs for LiV 2O4 by Amakoet al. ~Refs. 13 and 32! and by
Mahajanet al. ~Ref. 35! for LiV 2O4 sample 2. The lines are linea
fits to the data according to Eq.~6!.
d
to

n

Aspin5295.4~12! kG. ~9b!

The orbital Van Vleck hyperfine coupling constants f
V31 and V41 are similar. For atomic V31, one hasAVV

5403 kG.51 We will assume thatAVV in LiV 2O4 is given by
that52 for atomic V14,

AVV5455 kG. ~10!

The core susceptibility is estimated here from Selwoo
table,53 using the contributions @in units of
21026 cm3/(mol ion)] 1 for Li11, 7 for V14 and 12 for
O22, to be

xcore526331026
cm3

mol
. ~11!

Inserting Eqs.~9!–~11! into Eq. ~7! yields

xVV52.48~9!31024
cm3

mol
. ~12!

Mahajan et al.35 have measured the51V K(T) for our
LiV 2O4 sample 2 from 78 to 575 K. Their data are plotte
versus our measurement ofxobs(T) for sample 2 from 74 to
400 K in Fig. 9. Applying the sameK-x analysis as above
we obtain

Ko50.0101~3!, ~13!

Aspin5276.9~8! kG, ~14!

xVV52.22~6!31024
cm3

mol
, ~15!

where the linear fit ofK vs. xobs is shown by the dashed lin
in Fig. 9.

We may compare our similar values ofxVV for LiV 2O4 in
Eqs.~12! and~15! with those obtained fromK-x analyses of
other oxides containing V31 and V41. For stoichiometric
V2O3 above its metal-insulator transition temperature
;160 K, Jones54 and Takigawaet al.,51 respectively, ob-
tainedxVV52.10 and 2.0131024 cm3/(mol V). Kikuchi et
al.55 obtainedxVV50.9231024 cm3/(mol V) for LaVO3,
and for VO2, Pouget et al.52 obtained xVV50.65
31024 cm3/(mol V).

B. High-temperature series expansion analysis
of the susceptibility

Above ;50 K the monotonically decreasing susceptib
ity of LiV 2O4 with increasingT has been interpreted by pre
vious workers in terms of the Curie-Weiss law for a syste
of spinsS51/2 andg'2.10–15 To extend this line of analy-
sis, we have fittedx(T) by the high-temperature series e
pansion~HTSE! prediction56,57 up to sixth order in 1/T. The
assumed nearest-neighbor~NN! Heisenberg Hamiltonian be
tween localized moments readsH5J(^ i , j &Si•Sj , where the
sum is over all NN pairs,J is the NN exchange coupling
constant, andJ.0 denotes AF interactions. A HTSE of th
spin susceptibility,xHTSE

spin (T), arising from this Hamiltonian
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up to the (nmax)th order of J/kBT for general lattices and
spin S was determined by Rushbrooke and Wood,56 given
per mole of spins by

NAg2mB
2

xHTSE
spin ~T!J

5
3kBT

S~S11!J(
n50

nmax

bnS J

kBTD n

, ~16!

whereb0[1. Thebn coefficients forS51/2 up to sixth order
(nmax56) are

b15
z

4
, b25

z

8
, b35

z

24S 12
5p1

8 D ,

b45
z

768
~1325z215p115p2!,

FIG. 10. High-temperature series expansion predictions of
normalized spin susceptibilityxHTSE

spin J/NAg2mB
2 with nmax5126 vs

reduced temperaturekBT/J @Eq. ~16!# for the antiferromagnetically
coupled spinsS51/2 in theB sublattice of a normal-spinel com
poundA@B2#O4 .
b552
z

15360
~90z21221245p1260zp1245p1

2

290p2125p3!,

b65
z

184320
~134z22783z17131908zp122697p1

2106zp1
211284p1

22234zp21849p22291p3175p4

2288p1p2251q28r !. ~17!

Here z is the nearest-neighbor coordination number, an
pn , q, andr are so-called lattice parameters which depen
upon the geometry of the magnetic lattice. The Curie la
corresponds to maximum ordernmax50 and the Curie-Weiss
law to maximum ordernmax51. For theB sublattice of a
normal-spinel structure compoundA@B2#O4, which is geo-
metrically frustrated for AF interactions, the parameters a
z56, p152, p252, p350, p452, q50, andr 52. For S
51/2, Eq.~17! then yields

b15
3

2
, b25

3

4
, b352

1

16
,

b452
37

128
, b55

43

640
, b65

1361

6144
. ~18!

Figure 10 illustrates the HTSE predictions of Eq.~16! for S
51/2 using thesebn coefficients fornmax51 –6. The theoret-
ical xHTSE

spin (T) predictions withnmax52, 3, and 6 exhibit
broad maxima as seen in our experimentalx(T) data. The
prediction with nmax56 is evidently accurate at least for
kBT/J*1.6; at lower T, the theoretical curves withnmax

55 and 6 diverge noticably from each other on the scale
Fig. 10. Our fits given below of the experimental data by th
theoreticalxHTSE

spin (T) prediction were therefore carried out
over temperature ranges for whichkBT/J*1.6. The Weiss
temperatureu in the Curie-Weiss law is given for coordina-
tion numberz56 andS51/2 by u52zJS(S11)/(3kB)5
23J/(2kB).

e

sus-
digit
TABLE IV. Results of high-temperature series expansion calculation fits to the intrinsic magnetic
ceptibility data for LiV2O4 over the temperature ranges 50–400 K and 100–400 K. The error in the last
of a quantity is given in parentheses.

50–400 K 100–400 K
Sample
No. nmax

x0

(1024 cm3/mol) g
J/kB

~K!
x0

(1024 cm3/mol) g
J/kB

~K!

1 2 0.8~4! 2.17~1! 25.8~5! 2.7~3! 2.07~2! 20~1!

1 3 0.7~4! 2.18~2! 26.2~6! 2.6~3! 2.07~2! 20~1!

1 6 0.5~4! 2.19~2! 26.9~7! 2.6~3! 2.07~2! 20~1!

2 6 20.2~5! 2.26~2! 26.7~8! 2.6~3! 2.11~2! 19~1!

3 6 21.3~5! 2.23~2! 27.8~7! 1.4~3! 2.08~2! 20.5~8!

4 6 1.1~6! 2.16~3! 26.4~9! 4.1~5! 1.99~3! 17~2!

4A 6 20.6~8! 2.20~3! 26~1! 2.3~2! 2.05~1! 18.1~6!

4B 6 20.7~5! 2.12~2! 26.2~8! 1.8~5! 1.97~3! 18~2!

5 6 1.2~7! 2.17~3! 25~1! 4.9~7! 1.95~4! 13~2!

6 6 0.8~1! 2.251~6! 26.5~2! 3.3~7! 2.108~4! 18.4~2!

7 6 0.5~3! 2.20~1! 25.8~5! 3.0~1! 2.051~8! 17.5~4!
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To fit the HTSE calculations ofxHTSE
spin (T) to experimental

data, we assume that the experimentally determined intri
susceptibilityx(T) is the sum of aT-independent termx0

andxHTSE
spin (T),

x~T!5x01xHTSE
spin ~T!, ~19!

with xHTSE
spin (T) given by Eq.~16! and thebn coefficients for

S51/2 in Eq. ~18!. The three parameters to be determin
are x0 , g, and J/kB . The fitting parameters for sample
1–7, 4A, and 4B usingnmax56, and for sample 1 also usin
nmax52 and 3, are given in Table IV for the 50–400 an
100–400 K fitting ranges. The fits for these two fitting rang
for sample 1 andnmax56 are shown in Fig. 11. Bothg and
J/kB tend to decrease as the lower limit of the fitting ran
increases. The HTSE fits for all the samples yielded
rangesC5NAg2mB

2/(4kB)50.3620.48 cm3 K/~mol V! and
u5220 to 242 K, in agreement with those reported prev
ously ~see Table I!. x0 was found to be sensitive to th
choice of fitting temperature range. For the 50–400 K ran
x0 was negative for some samples. Recalling the small ne
tive value of the core diamagnetic contribution in Eq.~11!
and the larger positive value of the Van Vleck susceptibi
in Eqs.~12! and~15!, it is unlikely thatx0 @defined below in
Eq. ~20!# would be negative. Negative values ofx0 occur
when the low-T limit of the fitting range is below 100 K, and

FIG. 11. Intrinsic susceptibilityx vs temperatureT for LiV 2O4

sample 1~solid circles! and fits ~curves! by the high-T series ex-
pansion~HTSE! prediction to sixth order in 1/T for the 50–400 and
100–400 K temperature ranges.
ic

d

s

e
e

e,
a-

may therefore be an artifact of the crossover between
local moment behavior at highT and the HF behavior at low
T.

To eliminate x0 as a fitting parameter, we also fitte
dx/dT by the HTSE prediction for that quantity. The expe
mentaldx/dT was determined from a Pade´ approximant fit
to x(T) and is plotted in Fig. 12 for sample 1. These da
were fitted bydxHTSE

spin /dT obtained from the HTSE predic
tion, Eq.~16!, with nmax56, where the fitting parameters ar
now g andJ/kB . The fits were carried out over the same tw
T ranges as in Fig. 11; Table V displays the fitting para
eters and the fits are plotted in Fig. 12. Bothg andJ/kB were
found to be larger than the corresponding values in Table
Of the two fitting ranges, the 100–400 K fit is the best
inside the respective range, though it shows a large devia
from the data below this range. Using the fitting paramete
the HTSExspin(T) is obtained from Eq.~16!. According to
Eq. ~19!, the difference between the experimentalx(T) and
xHTSE

spin (T),dx(T)5x(T)2xHTSE
spin (T), should represent the

T-independent contributionx0 .dx(T) is plotted for sample 1
versusT in Fig. 13 for the 50–400 K and 100–400 K fi
ranges. Again, the superiority of the 100–400 K fitting ran
to the other is evident; i.e.,x0 is more nearly constant fo
this fitting range.x0 for the 50–400 K fit range is negativ
within the range. This sign is opposite to that obtained in

FIG. 12. Temperature derivative of the experimental intrin
susceptibility,dx/dT, for LiV 2O4 sample 1~heavy solid curve!.
Fits by theT derivative of the HTSE predictiondxHTSE

spin /dT in Eq.
~16! are also shown forT ranges of 50–400 K~dashed curve! and
100–400 K~light solid curve!.
l
y

in
TABLE V. Parametersg and J/kB obtained by fitting the temperatureT derivative of the experimenta
intrinsic susceptibility data for LiV2O4 samples 1 and 6 by theT derivative of the HTSE spin susceptibilit
@Eq. ~16!# with nmax56 for two different temperature ranges of the fit. TheT-independent susceptibilityx0

was determined by averagingdx(T); see Fig. 13. The error in the last digit of a quantity is given
parentheses.

50–400 K 100–400 K
x0 x0

Sample No. S1024
cm3

molD g
(J/kB)

~K! S1024
cm3

molD g
(J/kB)

~K!

1 21.5~1! 2.275~3! 29.61~7! 2.00~4! 2.103~2! 22.27~8!

6 22.73~5! 2.402~4! 31.61~9! 2.11~1! 2.174~3! 22.1~1!
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first HTSE fitting results in Table IV. This inconsistenc
found in the fit using a low-T limit below 100 K may again
be due to changing physics in the crossover regime, wh
would invalidate the parameters. By averaging thex0 values
for samples 1 and 6 in the given ranges, we obtained
T-independent contributionx0 , as listed in Table V.

In the itinerant plus localized moment model implicit
assumed in this section,x0 can be decomposed as

x05xcore1xVV1xPauli, ~20!

wherexPauli is the temperature-independent Pauli spin s
ceptibility of the conduction electrons. Using the results
xcore @Eq. ~11!#, xVV @Eq. ~15!#, andx0 ~100–400 K range,
Table V!, we find

xPauli50.41~10!31024 cm3/mol ~sample 1!,
~21a!

xPauli50.52~7!31024 cm3/mol ~sample 6!. ~21b!

ThesexPauli values are approximately 4 times smaller th
that obtained for LiV2O4 by Mahajanet al.35 They used
xobs(T) in the T range 100–800 K, combining ourxobs(T)
data to 400 K with those of Hayakawaet al.14 to 800 K. By
fitting these combined data by the expressionxobs(T)5x0
12C/(T2u), they obtainedx055.4531024 cm3/mol. As
shown above and also discussed in Ref. 35, the value ofx0 is
sensitive to the fitting temperature range. F
LiTi 2O4 , xPauli;231024 cm3/mol ~Refs. 23,58! between
20 and 300 K, which is a few times larger than we find f
LiV 2O4 from the 100–400 K range fits~Table V!.

C. Crystal field model

The ground state of a free ion with one 3d electron is
2D3/2 and has fivefold orbital degeneracy. The point symm
try of a V atom in LiV2O4 is trigonal. If we consider the
crystalline electric field~CEF! seen by a V atom arising from
only the six nearest-neighbor oxygen ions, the CEF due
perfect oxygen octahedron is cubic (Oh symmetry!, assum-

FIG. 13. The differences between the experimental intrinsic s
ceptibility x(T) of LiV 2O4 sample 1 and the HTSE predictionxspin

obtained from theT derivative analysis,dx(T)[x(T)2xspin, vs
temperatureT for the fitting T ranges of 50–400 K~open squares!
and 100–400 K~solid circles!. For a valid fit, these difference
should be theT-independent susceptibilityx0 .
h

e

-
f

r

r

-

a

ing here point charges for the oxygen ions. In this CEF
degeneracy of the fived orbitals of the vanadium atom i
lifted and the orbitals are split by an energy ‘‘10Dq’’ into a
lower orbitalt2g triplet and a higher orbitaleg doublet. How-
ever, in LiV2O4 each V-centered oxygen octahedron
slightly distorted along one of thê111& directions@see Fig.
1~b!#, as discussed in Sec. III A. This distortion lowers t
local symmetry of the V atom toD3d ~trigonal! and causes a
splitting of thet2g triplet into anA1g singlet and anEg dou-
blet. It is not clear to us which of theEg or A1g levels
become the ground state, and how large the splitting betw
the two levels is. These questions cannot be answered re
without a knowledge of the magnitudes of certain rad
integrals,59 and are not further discussed here.60 However,
this trigonal splitting is typically about an order of magnitud
smaller than 10Dq.61 In the following, we will examine the
predictions forx(T) of a d1 or d2 ion in a cubic CEF and
compare with our experimental data for LiV2O4.

Kotani62 calculated the effective magnetic momentmeff
[peffmB per d atom for a cubic CEF using the Van Vlec
formula.63 The spin-orbit interaction is included, where th
coupling constant isl. For an isolated atommeff(T) is de-
fined by x(T)[Nmeff

2 (T)/(3kBT), wheremeff is in general
temperature dependent andN is the number of magnetic at
oms. With spin included, one uses the double group
proper representations of the atomic wave functions. The
this cubic double group with oned electron the sixfold~with
spin! degeneratet2g level splits into a quartetG8(t2g) and a

doubletG7(t2g).62,64,65The fourfold degenerateeg level does
not split and its representation isG8(eg). For a positivel, as
is appropriate for a 3d atom with a less than half-filledd
shell,G8(t2g) is the ground state, and the first-order Zeem
effect does not split it; this ground state is nonmagne
Kotani does not include in his calculations ofmeff the pos-
sible coupling ofG8(t2g) andG8(eg), which have the same
symmetry, and assumes that the cubic CEF splitting 10Dq is
large enough to prevent significant mixing. On the oth
hand, the cubic double group with twod electrons gives an
orbitally nondegenerate, fivefold spin-degenerate, gro
state with angular momentum quantum numberJ52 which
splits into five nondegenerate levels under a magnetic fi
The spin-orbit coupling constant isl51250 cm21 for
d1(V14) and1105 cm21 for d2(V13).66 The effective mo-
ment is defined from the observed molar susceptibility
LiV 2O4 as xobs(T)5x012NA@peff

obs(T)#2mB
2/(3kBT), where

we takex052.0031024 cm3/mol given in Table V. Kot-
ani’s results from the Van Vleck equations are62

peff
~1!5F81~3x28!e23x/2

x~21e23x/2!
G 1/2

~22!

for the d1 ion and

peff
~2!5F3@5x/21151~x/219!e2x224e23x/2#

x~513e2x1e23x/2!
G 1/2

~23!

for the d2 ion, where x[l/kBT. Figure 14 shows
peff

obs, peff
(1) , and peff

(2) as a function ofT. For comparison is
also shownpeff

(112) obtained by assuming thatpeff
obs(T) arises

s-
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from an equal mixture of V31 and V41 localized moments.
None of the three calculated curves agree with the exp
mental data over the full temperature range. However, in
three calculationspeff increases withT, in qualitative agree-
ment with the data, perhaps implying the importance of
bital degeneracy in LiV2O4 and/or antiferromagnetic cou
pling between vanadium spins. The nearlyT-independent
peff

obs'1.8 for T*100 K is close to the spin-only valuepeff

5gAS(S11) with S51/2 andg'2, as expected in theab-
senceof orbital degeneracy; however, this result also ari
in the theory for thed1 ion whenkBT;l, as seen by com
parison of the solid curve with the data in Fig. 14 at;300 K.

D. Spin-1/2 Kondo model and Coqblin-Schrieffer model

xobs(T) data forf-electron HF compounds are often foun
to be similar to the predictions of the single-ion Kond
model31,67–70for spinS51/2 or its extention toS.1/2 in the
Coqblin-Shrieffer model.71,72The zero-field impurity suscep
tibility xCS(T) of the Coqblin-Shrieffer model was calcu
lated exactly as a function of temperature by Rajan.72 His
numerical resultsxCS(T) for impurity angular momentum
quantum numberJ51/2, . . . ,7/2show a Curie-Weiss-like
1/T dependence~with logarithmic corrections! for T@TK ,
whereTK is the Kondo temperature. AsT decreases,xCS(T)
starts to deviate from the 1/T dependence, shows a peak~at
T'0.2TK) only for J>3/2, and levels off forT&0.2TK for
all J.

In the zero-temperature limit the molar susceptibility f
J5S51/2 ~which corresponds to theS51/2 Kondo model!
is72

xCS~T50!5
0.102 678NAg2mB

2

kBTK
. ~24!

Setting g52, and using the intrinsic x(T→0)
50.0049 cm3/(mol) for LiV2O4 sample 1 from Eq.~2!, Eq.
~24! yields the Kondo temperature

FIG. 14. Observed effective magnetic moment inmB ,peff
obs, vs

temperatureT of LiV 2O4 sample 1~solid diamonds!. Also shown as
the curves are the predictionspeff

(1) for d1 ions andpeff
(2) for d2 ions

by Kotani ~Ref. 62! and peff
(112) for an equal mixture ofd1 andd2

ions, in a cubic crystalline electric field, including spin-orbit co
pling.
ri-
ll

-

s

TK532.1 K. ~25!

On the other hand, if theg value of 2.10 from Table V
~100–400 K range! is employed instead, the Kondo temper
ture is

TK535.5 K. ~26!

The temperature dependence of the impurity susceptib
of theS51/2 Kondo model was obtained using accurate B
the ansatz calculations by Jerez and Andrei.73 Their T→0
value for the coefficient on the right-hand side of Eq.~24! is
0.102 816 4, about 0.1% too high compared with the pref
tor in Eq. ~24!. We fitted their calculated values fort
50.001 04–102.53 by

4xCSkBT

Ng2mB
2

5
11n1 /t1n2 /t21n3 /t314~0.102 816 4!n5 /t5

11d1 /t1d2 /t21d3 /t31d4 /t41n5 /t6
,

~27a!

n15530.417, n254697.91, n351404.18,

n552418.781, d15695.557, d258605.97,

d3511 373.7, d452937.88, ~27b!

where t[T/TK . Equation ~27a! has the correct form
xCS(0)1bt2 at low T and approaches a Curie law in th
high-T limit, as required by the Kondo model. The largeni
and di coefficients arise becausexCS(T) converges very
slowly to the Curie law at high temperatures. The rms dev
tion of the fit values from the Bethe ansatz calculation valu
is 0.038%, and the maximum deviation is 0.19% att
566.9. Using the above-statedg values andTK from Eqs.
~25! and ~26!, the S51/2 xCS(T) calculations are compare
with our x(T) data in Fig. 15. Note that in Fig. 15, both th
T-independentx0 ~Table V! and impurity susceptibilities are
already subtracted fromxobs. Although theTK values in Eqs.
~25! and~26! are comparable to those obtained from spec
heat analyses,6,74 the S51/2 Kondo model predictions fo

FIG. 15. TemperatureT-dependent part of the magnetic susce
tibility, x2x0 , vs T for LiV 2O4 sample 1~solid circles!. Also
shown as solid and dashed curves are the predictions of the
S51/2 Kondo model for (g,TK)5(2,32.1 K! and ~2.103,35.5 K!,
respectively, whereg is theg factor andTK is the Kondo tempera-
ture.
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x(T) with theseTK values do not agree with our observe
temperature dependence. This failure is partly due to the
that ourx(T) data exhibit a weak maximum whereas theS
51/2 Kondo model calculation does not.

As noted above, the Coqblin-Schrieffer model forJ
>3/2 does give a peak inxCS(T).72 Defining the ratio

r ~%!5100
xCS

peak2xCS~0!

xCS~0!
, ~28!

where xCS
peak is the value of xCS(T) at the peak, the

calculations72 give r 52%, 7%, 11%, 17%, and 22% forJ
53/2, 2, 5/2, 3, and 7/2, respectively. The observed valu
r 58.2% in sample 1, which is between the theoretical val
for J52 and 5/2. Fits ofxCS(T) to ourx(T) data of sample
1 for T52 –400 K are shown in Fig. 16 and the paramet
are

x052.3~3!31024 cm3/mol,

g50.790~3!, TK597.8~6! K ~J52!; ~29a!

x056.9~9!31024 cm3/mol,

g50.591~7!, TK5103~2! K ~J55/2!. ~29b!

TheJ52 curve fits ourx(T) data fairly well. However, the
1.5d electrons per V ion could not give rise to aJ value this
large; the very small value ofg is also considered highly
unlikely.

On the basis of the above analysis we conclude that
Coqblin-Schrieffer model forS.1/2 and theS51/2 Kondo
model cannot explain the intrinsic susceptibility of LiV2O4
over any appreciable temperature range.

V. SUMMARY AND DISCUSSION

In this paper we have described the synthesis and cha
terization of nine LiV2O4 samples. Our magnetically pure
samples 1 and 6 clearly showed a broad shallow maxim
in the observed magnetic susceptibilityxobs(T) at T'16 K,
with small Curie-like upturns below;5 K. Field-cooled and
zero-field-cooled magnetization measurements withH510
2100 G did not reveal any evidence for static spin-gla

FIG. 16. Intrinsic magnetic susceptibilityx of sample 1 vs tem-
peratureT and fits by the Coqblin-Schrieffer model prediction f
spinsJ52 and 5/2. The inset shows an expanded plot of the d
and fits below 40 K.
ct
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e
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ordering from 1.8–2 to 50 K in any of the seven samp
measured. AtT*50 K, xobs(T) showed local magnetic mo
ment behavior for all samples.

In sample 2 which showed a larger Curie-like upturn
xobs(T) at low T than in samples 1 and 6, we found th
liquid-nitrogen quenching reduced the Curie-like upturn to
large extent, revealing the broad peak inxobs(T). However,
ice-water quenching and slow oven cooling enhanced
upturn, and the above successful reduction of the upturn
liquid-nitrogen quenching could not be reproduced. We a
lyzed low-T isothermal magnetization versus applied ma
netic field Mobs(H) data, and determined the parameters
the paramagnetic impurities giving rise to the Curie-like u
turn in xobs(T), assuming that a single type of impurity
present. Using these parameters, the intrinsic susceptib
x(T) was obtained and found to be essentially the same
all samples but one~4A!. Surprisingly, the spinSimp of the
paramagnetic impurities was found to be large,Simp

53/2–4, depending on the sample, suggesting the pres
of variable amounts of ferromagnetically coupled vanadi
spin defect clusters of variable size in the samples.

We tested the localized magnetic moment picture
x(T) at T*50 K using the HTSE prediction for the spi
susceptibility of theS51/2 vanadium sublattice of the spine
structure, which yieldedC andu values similar to those re
ported in the past for LiV2O4. Using the values of the Van
Vleck susceptibility obtained fromK-x analyses, the Paul
susceptibility contribution to the temperature-independ
susceptibilityx0 was derived and found to be small, comp
rable to that of LiTi2O4 . The Van Vleck formulas for the
paramagnetic susceptibility of isolated V31 or V41 ions or
an equal mixture, assuming that each V ion is in a cu
CEF, failed to describe theT dependence of the observe
effective magnetic moment. In the high-T ‘‘localized mo-
ment’’ region, the observed effective moment is in agre
ment with the spin-only value expected forg.2.

Our attempts to describe the low-T susceptibility data in
terms of the single-ion Kondo (S51/2) and Coqblin-
Schrieffer (J or S.1/2) models for isolated magnetic impu
rities in metals were unsuccessful. These models predict
the electronic specific heat coefficientg(T) and the suscep
tibility x(T) both show maxima forJ>3/2.72 LiV 2O4
clearly shows a peak inx(T) at T'16 K, but there is no
peak ing(T) down to 1.2 K.6,74 Thus, these theories canno
self-consistently explain the results of both measureme
suggesting that there is some other mechanism respon
for the heavy-fermion behavior and/or that the single-i
picture is inappropriate. It is, however, intriguing that th
experimental Wilson ratioRW'1.7 at 1 K~Ref. 6! is close to
that (RW52) predicted for theS51/2 Kondo model.

In conventionalf-electron heavy-fermion compounds, lo
cal f-electron orbitals and conduction electron states in n
f bands hybridize only weakly, resulting in a many-bo
scattering resonance of the quasiparticles near the Ferm
ergy EF , a large density of quasiparticle statesD(EF), and
hence a large quasiparticle effective mass, electronic spe
heat coefficient, and magnetic spin susceptibility at lowT.
Screening ofS51/2 local moments by conduction-electro
spins leads to a nonmagnetic ground state and a satur
spin susceptibility asT→0. In Sec. IV, we tested severa

ta
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models forx(T) which assume the presence of local ma
netic moments in LiV2O4 which interact weakly with the
conduction electrons. However, in these models as applie
LiV 2O4, the itinerant and ‘‘localized’’ electrons must bot
occupy t2g orbitals ~or bands derived from these orbitals!,
rather than orbitals of more distinct character. One can im
ine a scenario in which the HF behaviors of LiV2O4 at low T
arise in a way similar to that of thef-electron HF com-
pounds, if the following conditions are fulfilled:~i! the trigo-
nal component of the CEF causes theA1g orbital singlet to
lie below the Eg orbital doublet, ~ii ! one of the 1.5d
electrons/V is localized in the groundA1g orbital due to
electron-electron correlations,75 ~iii ! the remaining 0.5d
electron/V occupies theEg doublet and is responsible for th
metallic character, and~iv! the band~s! formed from theEg
orbitals hybridize only weakly with theA1g orbital on each
V ion. This scenario involves a kind of orbital ordering;
more general discussion of orbital ordering effects is giv
below.

The geometric frustration for antiferromagnetic orderi
inherent in the V sublattice of LiV2O4 may be important to
the mechanism for the observed HF behaviors of this co
pound at lowT. Such frustration inhibits long-range mag
netic ordering and enhances quantum spin fluctuations
~short-range! dynamical spin ordering.16,17,76 These effects
have been verified to occur in the C15 fcc Laves phase
termetallic compound (Y0.97Sc0.03)Mn2 , in which the Y and
Sc atoms are nonmagnetic and the Mn atom substructu
identical with that of V in LiV2O4. In (Y0.97Sc0.03)Mn2 ,
Shigaet al. discovered quantum magnetic moment fluctu
tions with a large amplitude (m rms51.3mB /Mn at 8 K! in

their polarized neutron scattering study.77 They also ob-
served a thermally induced contribution, withm rms
51.6mB /Mn at 330 K. Further, Ballouet al.29 inferred from
their inelastic neutron scattering experiments the presenc
‘‘short-lived four-site collective spin singlets,’’ thereby sug
gesting the possibility of a quantum spin-liquid ground sta
A recent theoretical study by Canals and Lacroix76 by per-
turbative expansions and exact diagonalization of small c
ters of a S51/2 ~frustrated! pyrochlore antiferromagnet78

found a spin-liquid ground state and an AF spin correlat
length of less than one interatomic distance atT50. Hence,
it is of great interest to carry out neutron scattering meas
ments on LiV2O4 to test for similarities and differences i
the spin excitation properties to those of (Y0.97Sc0.03)Mn2 .

(Y0.97Sc0.03)Mn2 has some similarities in properties
those of LiV2O4. No magnetic long-range ordering was o
served above 1.4 K~Refs. 29 and 77! and 0.02 K,6 respec-
tively. Similar to LiV2O4,(Y0.97Sc0.03)Mn2 shows a large
electronic specific heat coefficient g(0)'160
2200 mJ/mol K2.29,79 However, theT dependences of th
susceptibility80 andg ~Ref. 79! are very different from those
seen in LiV2O4 and in the heaviestf-electron heavy-fermion
compounds.xobs(T) does not show a Curie-Weiss-like b
havior at highT, but rather increases with increasingT.80

g(T) is nearly independent ofT up to at least 6.5 K.79 Re-
placing a small amount of Mn with Al, Shigaet al. found
spin-glass ordering in (Y0.95Sc0.05)(Mn12xAl x)2 with x
>0.05.81 The susceptibility forx50.15 shows a Curie-
Weiss-like behavior above;50 K. The partial removal of
-
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the geometric frustration upon substitution of Al for M
might be anologous to that in our sample 3 in which stru
tural defects evidently ameliorate the frustrated V-V intera
tions, leading to spin-glass ordering below;0.8 K.6

The magnetic properties of materials can be greatly in
enced when the ground state has orbital degeneracy
high-symmetry structure. Such degenerate ground state o
als can become energetically unstable upon cooling.
crystal structure is then deformed to a lower symmetry
achieve a lower-energy, non-orbitally degenerate grou
state~Jahn-Teller theorem!.82 This kind of static orbital or-
dering accompanied by a structural distortion is called
cooperative Jahn-Teller effect.82 The driving force for this
effect is the competition between the CEF and the latt
energies. Orbital ordering may also be caused by spin
change interactions in a magnetic system with an orbita
degenerate ground state.82,83The orbital~and charge! degrees
of freedom may couple with those of the spins in such a w
that certain occupied orbitals become energetically fav
able, and consequently the degeneracy is lifted. As a re
the exchange interaction becomes spatially anisotropic.
example, Penet al.83 showed that the degenerate grou
states in the geometrically frustrated V triangular latti
Heisenberg antiferromagnet LiVO2 can be lifted by a certain
static orbital ordering. X-ray and neutron diffraction me
surements detected no structural distortions or phase tra
tions in LiV2O4.6,39 However, the presence of orbital dege
eracy or near-degeneracy suggests that dynamical orb
charge-spin correlations may be important to the phys
properties of LiV2O4. It is not yet known theoretically
whether such dynamical correlations can lead to a HF gro
state and this scenario deserves further study.

Thus far we and collaborators have experimentally de
onstrated heavy-fermion behaviors of LiV2O4 characteristic
of the heaviest-mass f-electron HF systems from
magnetization,6 specific heat,6,74 nuclear magnetic
resonance,6,35 thermal expansion,39,74 and muon spin
relaxation6 measurements. Our magnetization study repor
in this paper was done with high-purity polycrystallin
samples from which we have determined the lo
temperature intrinsic susceptibility. Nevertheless, hig
quality single crystals are desirable to further clarify t
physical properties. In particular, it is crucial to measure
low-T resistivity, the carrier concentration, and the Fer
surface. In addition, when large crystals become availa
inelastic neutron scattering experiments on them will be v
for a deeper understanding of thisd-electron heavy-fermion
compound.

On the theoretical side, new physics may be necessar
explain the heavy fermion behaviors we observe in LiV2O4.
We speculate that the geometric frustration for antiferrom
netic ordering and/or coupled dynamical orbital-charge-s
correlations may contribute to a new mechanism, leading
a heavy-fermion ground state. A successful theoret
framework must in any case self-consistently explain
radically different properties of LiV2O4 and the isostructura
superconductor LiTi2O4 .
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