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Specific heat„1.2–108 K… and thermal expansion„4.4–297 K… measurements
of the 3d heavy-fermion compound LiV2O4

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

~Received 27 May 1998!

Specific heatCp(T) measurements of the heavy-fermion normal-spinel structure compound LiV2O4 were
carried out using a heat-pulse calorimeter over the temperatureT range from 1.2 to 108 K. The electronic
specific heatCe(T) of LiV 2O4 is extracted from theCp(T) data using the lattice contribution obtained for
LiTi 2O4 , a superconductor withTc511.8 K. The electronic specific heat coefficientg(T)[Ce(T)/T of
LiV 2O4 is found to be 0.42 and 0.43 J/mol K2 at T51 K for two different high-magnetic-purity samples,
respectively.g(T) decreases rapidly with increasing temperature from 4 to 30 K and then decreases much
more slowly from 0.13 J/mol K2 at 30 K to 0.08 J/mol K2 at 108 K. TheCe(T) of the first of the above two
LiV 2O4 samples is compared with theoretical predictions for the spinS51/2 Kondo model, a generic Fermi
liquid model, and an antiferromagnetically coupled quantum-disordered metal. Each of these theories can
adequately describe theT dependence ofCe in the Fermi liquid regime at low~;1–10 K! temperatures,
consistently yielding a large extrapolatedg(0)5428(3) mJ/mol K2. However, none of these theories de-
scribesCe(T) from ;10 K to 108 K. OurCe(T) data are also in severe disagreement with the magnetic
specific heat of the spinS51/2 Heisenberg model, calculated above;40 K for the V sublattice of the spinel
structure. Thermal expansion measurements of LiV2O4 were carried out from 4.4 to 297 K using a differential
capacitance dilatometer. Strong increases in the thermal expansion coefficient and Gru¨neisen parameterG are
found below;20 K, confirming the results of Chmaissemet al. @Phys. Rev. Lett.79, 4866~1997!# obtained
using neutron diffraction. We estimateG(0)'11.4, which is intermediate between those of conventional
metals andf-electron heavy-fermion compounds.@S0163-1829~99!04404-5#
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I. INTRODUCTION

Heavy-fermion ~HF! and related intermediate-valenc
~IV ! behaviors are ubiquitous in metallicf-electron systems
containing lanthanide or actinide ([M ) atoms with unstable
valence.1 The HF materials are typically intermetallic com
pounds containing Ce, Yb, or U ions and are characterize
the lowest temperaturesT by a large and nearly
T-independent spin susceptibility x(T→0)
;1022 cm3/(mol M ) and an extraordinarly large near
T-independent electronic specific heat coefficientg(T→0)
;1 J/(mol M ) K2, where g(T)[Ce(T)/T and Ce(T) is
the electronic contribution to the measured specific hea
constant pressureCp(T). Large quasiparticle effective
massesm* of ;100–1000 electron massesme have been
inferred fromg(0) for the HF compounds and smaller va
ues for the IV materials. The normalized ratio ofx(0) to
g(0), theSommerfeld-Wilson ratio2 RW , is on the order of
unity in HF and IV materials as in conventional metals, a
is given by RW5p2kB

2x(0)/3meff
2 g(0), where kB is Boltz-

mann’s constant andmeff is the effective magnetic momen
of the Fermi liquid quasiparticles. For quasiparticles w
~effective! spin S51/2, one obtains

RW5
4p2kB

2x~0!

3g2mB
2g~0!

, ~1!

whereg is the g factor of the quasiparticles andmB is the
Bohr magneton. SinceRW;1 in many of the HF and IV
compounds,x andCe at low temperatures are both probin
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the same low-energy heavy-quasiparticle spin excitatio
With increasing T in the heaviest-mass systems,x(T)
crosses over to local-moment behavior andg decreases rap
idly, on a temperature scale of;0.3–30 K.

Heavy-fermion behaviors are not expected ford-electron
compounds because of the much larger spatial extentd
orbitals than off orbitals and the resulting stronger hybrid
ization with conduction-electron states. Recently, howev
in collaboration with other researchers, we have documen
HF behaviors, characteristic of those of the heaviest m
f-electron HF systems, in the metallic3 transition-metal oxide
compound LiV2O4 using Cp(T),4 x(T),4,5 7Li and 51V
NMR,4,6 muon spin relaxation (mSR),4,7 and 4–295 K
crystallography4,5,8 measurements. Independent crystallog
phy and x(T) measurements9,10 and NMR
measurements10–12 were reported nearly simultaneously b
other groups, with similar results. LiV2O4 has the face-
centered-cubic normal-spinel structure~space group
Fd3̄m),13 and is formally ad1.5 system. The Li atoms oc
cupy tetrahedral holes and the V atoms octahedral holes
nearly cubic-close-packed oxygen sublattice, designated
Li @V2#O4. The Ce(T) is extraordinarily large for a
transition-metal compound,g(1 K)'0.42 J/mol K2, de-
creasing rapidly withT to ;0.1 J/mol K2 at 30 K.4 As dis-
cussed extensively in Refs. 4 and 5, from;50–100 K to 400
K, x(T) shows a Curie-Weiss-like@x5C/(T2u)# behavior
corresponding to antiferromagnetically coupled (u5230 to
260 K! vanadium local magnetic moments withS51/2 and
g'2, but static magnetic ordering does not occur above 0
K in magnetically pure LiV2O4, and superconductivity is no
observed above 0.01 K.
2627 ©1999 The American Physical Society
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TABLE I. Lattice parametera0 and structural@ f imp ~str!# and magnetic@ f imp ~mag!# impurity concentra-
tions for the LiV2O4 samples studied in this work~Ref. 5!.

Sample No. 2 3 4A 5 6

Lattice parameter~Å! 8.23997~4! 8.24100~15! 8.24705~29! 8.24347~25! 8.23854~11!

Impurity phase V2O3 pure V2O3 V2O3 V3O5

f imp ~str! ~mol %! 1.83 ,1 1.71 ,1 2.20
f imp ~mag! ~mol %! 0.22~1! 0.118~2! 0.77~2! 0.472~8! 0.0113~6!
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To our knowledge, in addition to LiV2O4 the only other
stoichiometric transition-metal spinel-structure oxide wh
is metallic to low temperatures is the normal-spinel co
pound LiTi2O4 .14–17 In contrast to LiV2O4, this compound
becomes superconducting atTc<13.7 K ~Refs. 14 and 18!
and has a comparativelyT-independent and smallx(T) from
Tc up to 300 K.14,19–21The resistivity of thin films at 15 K is
(4.3–8.8)31024 V cm.22 The spinel system Li11xTi22xO4
with cation occupancy Li@Li xTi22x#O4 exists fromx50 to
x51/3;14,15,17 for x51/3,23 the oxidation state of the Ti is
14 and the compound is a nonmagnetic insulator. A ze
temperature superconductor-insulator transition occursx
;0.1–0.2.14,19,20

In this paper, we report the details of ourCp(T) measure-
ments on LiV2O4 and of the data analysis and theoretic
modeling. We have now obtained data to 108 K, which s
nificantly extends our previous high-temperature limit of
K.4 We also present complementary linear thermal expan
a(T) measurements on this compound from 4.4 to 297
We will assume thatCp(T) can be separated into the sum
electronic and lattice contributions,

Cp~T!5Ce~T!1Clat~T!, ~2a!

Ce~T![g~T!T. ~2b!

In Ref. 4, we reportedCp(T) measurements up to 108 K o
Li4/3Ti5/3O4 which were used to estimateClat(T) in LiV 2O4
so thatCe(T) could be extracted according to Eq.~2a!. In the
present work, we reportCp(T) up to 108 K for LiTi2O4 ,
compare these data with those for Li4/3Ti5/3O4 , and obtain
therefrom what we believe to be a more reliable estimate
Clat(T) for LiV 2O4. The experimental details are given
Sec. II. An overview of our Cp(T) data for
LiV 2O4, LiTi 2O4 , and Li4/3Ti5/3O4 is given in Sec. III A.
Detailed analyses of the data for the Li11xTi22xO4 com-
pounds and comparisons with literature data are given
Sec. III B, in which we also estimateClat(T) for LiV 2O4.
The Ce(T) and electronic entropySe(T) for LiV 2O4 are de-
rived in Sec. III C. Thea(T) measurements are presented
Sec. IV and compared with theCp(T) results and lattice
parameter data versus temperature obtained from neu
diffraction measurements by Chmaissemet al.8 From the
combined a(T) and Cp(T) measurements on the sam
sample, we derive the Gru¨neisen parameter from 4.4 to 10
K and estimate the value atT50. Theoretical modeling of
the Ce(T) data for LiV2O4 is given in Sec. V. Since the
electrical resistivity data for single crystals of LiV2O4 indi-
cate metallic behavior from 4 K to 450 K,3 we first discuss
the Fermi liquid description of this compound and derive
effective mass and other parameters for the current carrie
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low temperatures in Sec. V A. This is followed by a mo
general discussion of the FL theory and its application
LiV 2O4 at low T. In Sec. V B we compare the predictions
Zülicke and Millis24 for a quantum-disordered antiferroma
netically coupled metal with ourCe(T) results for LiV2O4.
The isolatedS51/2 impurity Kondo model predicts FL be
havior at low temperatures and impurity local moment b
havior at high temperatures. Precise predictions for thex(T)
andCe(T) have been made for this model, and we comp
our Ce(T) data with those predictions in Sec. V C. In Se
V D we consider a local moment model in which the ma
netic specific heat of theB sublattice of theA@B2#O4 spinel
structure for spinsS51/2 andS51 perB ion is given by a
high-temperature series expansion and the predictions c
pared with theCe(T) data for LiV2O4. A summary and con-
cluding remarks are given in Sec. VI. Unless otherw
noted, a ‘‘mol’’ refers to a mole of formula units.

II. EXPERIMENTAL DETAILS

Polycrystalline LiV2O4 samples were prepared using co
ventional ceramic techniques described in detail elsewh
where detailed sample characterizations and magnetic
ceptibility results and analyses are also given.5 A few of
these results relevant to the present measurements, ana
and modeling are given in Table I.

Polycrystalline LiTi2O4 and Li4/3Ti5/3O4 samples were
synthesized using solid-state reaction techniques.14 TiO2
~Johnson Matthey, 99.99%! was dried under a pure oxyge
stream at 900 °C before use. This was mixed with Li2CO3
~Alfa, 99.999%! in an appropriate ratio to produce eith
Li4/3Ti5/3O4 or a precursor ‘‘LiTiO2.5’’ for LiTi 2O4 . The
mixtures were then pressed into pellets and heated at 67
in an oxygen atmosphere for'1 day. The weight loss due to
release of CO2 was within 0.04 wt % of the theoretical valu
for LiTiO2.5. However, for Li4/3Ti5/3O4 additional firings at
higher temperatures~up to 800 °C), after being reground an
repelletized, were necessary. LiTi2O4 was prepared by heat
ing pressed pellets of a ground mixture of the LiTiO2.5 pre-
cursor and Ti2O3 in an evacuated and sealed quartz tube
700 °C for 1 week and then air cooling. The Ti2O3 was pre-
pared by heating a mixture of TiO2 and titanium metal pow-
der~Johnson Matthey! at 1000 °C for 1 week in an evacuate
and sealed quartz tube.

Powder x-ray diffraction data were obtained using
Rigaku diffractometer~Cu Ka radiation! with a curved
graphite crystal monochromator. Rietveld refinements of
data were carried out using the program ‘‘Rietan 97~‘beta’
version!.’’ 25 The x-ray data for our sample of Li4/3Ti5/3O4
showed a nearly pure spinel phase with a trace of T2
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TABLE II. Characteristics of LiTi2O4 and Li4/3Ti5/3O4 samples. Abbreviations:a0 is the lattice parameter
u the oxygen parameter,g the electronic specific heat coefficient,u0 the zero-temperature Debye temper
ture,Tc andDTc the superconducting transition temperature and transition width, andDCp the specific heat
jump atTc .

a0 u g u0 Tc DTc DCp /gTc Ref.
~Å! (mJ/mol K2) ~K! ~K! ~K! (mJ/mol K2)

LiTi 2O4

8.4033~4! 0.2628~8! 17.9~2! 700~20! 11.8 &0.2 1.75~3! This work
8.4033~1! 0.26275~5! 16
8.41134~1! 0.26260~4! 17
8.407 21.4 685 11.7 1.2 1.59 28

22.0 535 12.4 0.32 1.57 20
0.26290~6! ~300 K! 21
0.26261~5! ~6 K! 21

Li4/3Ti5/3O4

8.3589~3! 0.2625~3! 0. 725~20! This work
8.35685~2! 0.26263~3! 17
8.359 0. 610 28
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~rutile! impurity phase. The two-phase refinement, assum
the cation distribution Li@Li1/3Ti5/3#O4, yielded the latticea0
and oxygenu parameters of the spinel phase 8.3589~3! Å and
0.2625~3!, respectively; the concentration of TiO2 impurity
phase was determined to be 1.3 mol %. The LiTi2O4 sample
was nearly a single-phase spinel structure but with a trac
Ti2O3 impurity. A two-phase Rietveld refinement assumi
the normal-spinel cation distribution yielded the spinel ph
parametersa058.4033(4) Å andu50.2628(8), and the
Ti2O3 impurity phase concentration,1 mol %. Our crystal
data are compared with those of Cavaet al.16 and Daltonet
al.17 in Table II.

The Cp(T) measurements were done on samples fr
four different batches of LiV2O4 using a conventional heat
pulse calorimeter, with Apeizon-N grease providing cont
between the sample and the copper tray.26 Additional Cp(T)
data were obtained up to 108 K on 0.88 g of the isostructu
nonmagnetic insulator spinel compound Li4/3Ti5/3O4 , con-
taining only maximally oxidized Ti14, and 3.09 g of the iso-
structural superconductor LiTi2O4 to obtain an estimate o
the background lattice contribution. A basic limitation on t
accuracy of theseCp data, except for LiV2O4 below 15 K,
was the relatively small~and sample-dependent! ratios of the
heat capacities of the samples to those associated with
tray ~the ‘‘addenda’’!. For LiV2O4 sample 6, this ratio de
creased from 40 near 1 K to 1.0 at 15 K to arelatively
constant 0.2 above 40 K. For the superconducting LiTi2O4
sample, this ratio was 0.45 just aboveTc (511.8 K!, and
increased to 0.65 at 108 K. For the nonmagnetic insula
Li4/3Ti5/3O4 sample, this ratio varied from 0.03 to 0.12 to 0
at 8, 20, and 108 K, respectively. These factors are impor
since small (60.5%) systematic uncertainties in the adden
heat capacity can have differing effects on theCp(T) mea-
sured for the different samples, even though the precisio
the raw heat capacity measurements~as determined from fits
to the data! is better than 0.25%.

The linear thermal expansion coefficient of LiV2O4
g
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sample 6 was measured using a differential capacita
dilatometer.26,27All data were taken isothermally (T constant
to 0.001 K!. The absolute accuracy of the measurement
estimated to be better than 1%.

III. SPECIFIC HEAT MEASUREMENTS

A. Overview

An overview of our Cp(T) measurements on LiV2O4
sample 2, run 2~1.26–78 K!, sample 6~1.16–108 K!, and
LiTi 2O4 and Li4/3Ti5/3O4 up to 108 K, is shown in plots of
Cp(T) andCp(T)/T in Figs. 1~a! and 1~b!, respectively. Our
data for LiTi2O4 and Li4/3Ti5/3O4 are generally in agreemen
with those of McCallumet al.28 which cover the range up to
;25 K. For LiTi2O4 aboveTc511.8 K ~see below! and for
Li4/3Ti5/3O4 , one sees from Fig. 1~a! a smooth monotonic
increase inCp up to 108 K. From Fig. 1~b!, the Cp of the
nonmagnetic insulator Li4/3Ti5/3O4 is smaller than that of me
tallic LiTi 2O4 up to;25 K, is larger up to;45 K, and then
becomes smaller again at higher temperatures. SinceCe50
in Li4/3Ti5/3O4 andCe(T) in LiTi 2O4 cannot be negative, i
follows from Eq.~2a! that Clat(T) and hence the lattice dy
namics are significantly different in LiTi2O4 compared with
Li4/3Ti5/3O4 . The data for LiV2O4 in Fig. 1~b! are shifted
upwards from the data for the Ti spinels, with a strong u
turn in Cp(T)/T below ;25 K. These data indicate a ver
large g(T→0). Comparison ofCp(T)/T for LiV 2O4 and
LiTi 2O4 at the higher temperatures.30 K indicates that a
largeg(T) persists in LiV2O4 up to our maximum measure
ment temperature of 108 K. In the following, we begin o
analyses with the data for the Li11xTi22xO4 compounds be-
cause we extract a lattice specific heat from these mate
as a reference for LiV2O4.

B. Li 11xTi22xO4

In the present paper, ourCp(T) data for LiTi2O4 and
Li4/3Ti5/3O4 are most important for determining the lattic
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contributionClat(T) to Cp(T) of LiV 2O4. At low tempera-
tures, theCp(T) of a conventional nonmagnetic, nonsupe
conducting material is29

Cp~T!5A1T1A3T31A5T51A7T71•••, ~3!

whereg[A1 andb[A3 . From Eqs.~2!, the first term in Eq.
~3! is Ce(T), the second corresponds to the ideal Debye
tice contributionClat(T→0), and the following terms repre
sent dispersion in the lattice properties.30 The zero-
temperature Debye temperatureu0 is given by29 u0
5(1.9443106r /b)1/3, where r is the number of atoms pe
formula unit (r 57 here! and b is in units of mJ/mol K4.
Equation~3! suggests the commonly used plot ofCp /T ver-
susT2 to obtain the parametersg andb. Unfortunately, the
very small heat capacity of the small Li4/3Ti5/3O4 sample and
the occurrence of the superconducting transition in LiTi2O4
at 11.8 K complicate the use of this relation to determ
Clat(T) for these presumably similar materials below'12 K.

FIG. 1. Overview of the molar specific heatCp ~a! andCp /T ~b!
vs temperatureT for LiV 2O4 samples 2 (d) and 6 (s) and the
reference compounds LiTi2O4(d), a metallic superconductor, an
Li4/3Ti5/3O4(s), a nonmagnetic insulator. The solid curves a
polynomial fits to the data for LiV2O4 sample 6 and LiTi2O4 . The
dashed curve in~b! is the inferred normal stateCp /T below Tc for
LiTi 2O4 .
-

t-

e

The Cp(T)/T of LiTi 2O4 below 20 K is plotted versusT
and T2 in Figs. 2~a! and 2~b!, respectively. The supercon
ducting transition atTc511.8 K is seen to be pronounce
and very sharp (DTc&0.2 K!. The dotted line extrapolation
of the normal state (T.11.8 K! data toT50 shown in Figs.
1~b! and 2 uses Eq.~3!, equality of the superconducting an
normal state entropy atTc , S(11.8 K)5241(1) mJ/mol K,
and continuity considerations withCp(T)/T aboveTc , from
which we also obtain estimates ofg and b. Although we
cannot rule out aT dependence ofg, we assume here thatg
is independent ofT. While g @517.9(2) mJ/mol K2# ap-
pears to be quite insensitive to addenda uncertaintiesu0

@5700(20) K# is less well defined. Our value forg is
slightly smaller than the values of 20–22 mJ/mol K2 re-
ported earlier for LiTi2O4 ,20,28 as shown in Table II. From
the measured superconducting state Cp(Tc)
5684(2) mJ/mol K and normal state Cp(Tc)
5315(1) mJ/mol K, the discontinuity inCp at Tc is given
by DCp /Tc531.3(3) mJ/mol K2, yielding DCp /gTc
51.75(3) which is slightly larger than previous estimates
Table II. According to Eqs.~2!, the lattice specific heat o
LiTi 2O4 aboveTc is given byClat(T)5Cp(T)2gT.

TheClat(T) derived for LiTi2O4 below 12 K is consistent
within experimental uncertainties with the measuredClat(T)
of Li 4/3Ti5/3O4 in the same temperature range after accou
ing for the formula weight difference. The low-T Cp(T)/T
5Clat(T)/T for Li 4/3Ti5/3O4 is plotted in Fig. 2. Theu0
5725(20) K found for Li4/3Ti5/3O4 is slightly larger than
that for LiTi2O4 , as expected. A polynomial fit to theCp(T)

FIG. 2. Expanded plots below 20 K of the molar specific he
divided by temperatureCp /T vs temperatureT of LiTi 2O4 and
Li4/3Ti5/3O4 from Fig. 1. The solid curves are polynomical fits to th
data for LiTi2O4 , whereas the dotted curve is the inferred norm
state behavior belowTc511.8 K. The dashed curve is a polynomi
fit to the data for Li4/3Ti5/3O4 above 12 K.
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of Li4/3Ti5/3O4 above 12 K is shown by the dashed curves
Fig. 2. The uncertainties in the data and analyses for th
spinels have little effect on the analyses ofCp(T) for LiV 2O4
in the following Sec. III C, since as Fig. 1 suggests,Clat(T)
for LiV 2O4 is small compared toCe(T) of this compound at
low temperatures.

To quantify the difference above;12 K between the
Clat(T) of LiTi 2O4 and Li4/3Ti5/3O4 noted above in Sec
III A, in Fig. 3 is plotted the differenceDClat(T) between the
measuredCp(T) of Li4/3Ti5/3O4 andClat(T) of LiTi 2O4 . The
shape ofDClat(T) in Fig. 3 below;30 K is similar to that
of an Einstein specific heat, but such a specific heat satur
to the Dulong-Petit limit at highT and does not decreas
with T as the data do above 40 K. These observations s
gest that intermediate-energy phonon modes in LiTi2O4 at
some energykBTE2 split in Li4/3Ti5/3O4 into higher (kBTE3)
and lower (kBTE1) energy modes, resulting from the Li-T
atomic disorder on the octahedral sites in Li4/3Ti5/3O4 and/or
from the difference in the metallic character of the two co
pounds. Following this interpretation, we model the data
Fig. 3 as the differenceDCEinstein

lat between the Einstein hea
capacities of two Einstein modes with Einstein temperatu
of TE1 andTE2 ~neglecting the modes at high energykBTE3),
given by29

DCEinstein
lat 53rRF x1~TE1/2T!2

sinh2~TE1/2T!
2

x2~TE2/2T!2

sinh2~TE2/2T!
G , ~4!

whereR is the molar gas constant,r 57 atoms/formula unit,
andx1 andx2 are the fractions of the total number of phon
modes shifted toTE1 and away fromTE2, respectively. A
reasonable fit of the data by Eq.~4! was obtained with the
parametersx150.012, TE15110 K, x250.018, and TE2
5240 K; the fit is shown as the solid curve in Fig. 3. T
model then predicts that a fraction (x22x1)/x2;0.3 of the
modes removed at energykBTE2 are moved to an energ
kBTE3@kBTE2.

FIG. 3. The differenceDClat between the lattice specific heats
Li4/3Ti5/3O4 and LiTi2O4 vs temperatureT. The solid curve is a fit to
the data by the difference between two Einstein specific heats in
~4!, whereas the dashed curve is the Schottky specific heat
two-level system in Eq.~5!. The error bars represent61% of the
measuredCp(T) for Li4/3Ti5/3O4 .
Ti

tes

g-

-
n

s

An alternative parametrization of the experimen
DClat(T) data can be given in terms of the specific heat o
two-level system, described by the Schottky function29

DCSchottky
lat 5xrRS g0

g1
D S d

TD 2 ed/T

@11~g0 /g1!ed/T#2
, ~5!

wherex is the atomic fraction of two-level sites,g0 andg1
are, respectively, the degeneracies of the ground and ex
levels, andd is the energy level splitting in temperatur
units. Fitting Eq.~5! to the data in Fig. 3, we findg1 /g0
54, x50.012 andd5117 K. The fit is shown as the dashe
curve in Fig. 3. The accuracy of ourDClat(T) data is not
sufficient to discriminate between the applicability of th
Einstein and Schottky descriptions.

C. LiV 2O4

Specific heatCp(T) data were obtained for samples fro
four batches of LiV2O4. Our first experiment was carried ou
on sample 2~run 1! with mass 5 g. TheCp(T) was found to
be so large at lowT ~the first indication of heavy-fermion
behavior in this compound from these measurements! that
the large thermal diffusivity limited our measurements to t
2.23–7.94 K temperature range. A smaller piece of samp
~0.48 g! was then measured~run 2! from 1.16 to 78.1 K.
Data for samples from two additional batches~sample 3 of
mass 0.63 g, 1.17–29.3 K, and sample 4A of mass 0.4
1.16–39.5 K! were also obtained. Subsequent to the theo
ical modeling of the data for sample 3 described below
Sec. V, we obtained a complete data set from 1.14 to 10
for sample 6 with mass 1.1 g from a fourth batch. A pow
series fit to theCp(T) data for sample 6 is shown as sol
curves in Fig. 1.

We have seen above thatClat(T) of LiTi 2O4 is signifi-
cantly different from that of Li4/3Ti5/3O4 . Since LiV2O4 is a
metallic normal-spinel compound with cation occupanc
Li @V2#O4 as in Li@Ti2#O4, and since the formula weight o
metallic LiTi2O4 is much closer to that of LiV2O4 than is
that of the insulator Li4/3Ti5/3O4 , we expect that the lattice
dynamics andClat(T) of LiV 2O4 are much better approxi
mated by those of LiTi2O4 than of Li4/3Ti5/3O4 . Addition-
ally, more precise and accurateCp(T) data were obtained fo
LiTi 2O4 as compared to Li4/3Ti5/3O4 because of the factor o
3 larger mass of the former compound measured than of
latter. Therefore, we will assume in the following that th
Clat(T) of LiV 2O4 for 0–108 K is identical with that given
above for LiTi2O4 . We do not attempt to correct for th
influence of the small formula weight difference of 3.5
between these two compounds onClat(T); this difference
would only be expected to shift the Debye temperature
&1.8%, which is on the order of the accuracy of the hi
temperatureCp(T) data. TheCe(T) of LiV 2O4 is then ob-
tained using Eq.~2a!.

The Ce(T) data for samples 2~run 2! and 6 of LiV2O4,
obtained using Eqs.~2!, are shown up to 108 K in plots o
Ce(T) andCe(T)/T vs T in Figs. 4~a! and 4~b!, respectively.
An expanded plot ofCe(T) below 9 K for LiV 2O4 is shown
in Fig. 5~a!, where data for sample 2~run 1! and sample 3 are
also included. The data for samples 2 and 3 are seen to b
agreement to within about 1%. However, there is a sm

q.
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positive curvature in the data for sample 2 below;3 K,
contrary to the small negative curvature for sample 3. T
difference is interpreted to reflect the influence of the lar
magnetic defect concentration present in sample 2 as c
pared with that in sample 3; see Table I.5 Therefore, we
believe that theCe(T) data for sample 3 more closely refle

FIG. 4. Electronic specific heatCe ~a! and Ce/T ~b! vs. tem-
peratureT for LiV 2O4 samples 2~run 2! and 6. The error bars in~a!
represent61% of the measuredCp(T) for LiV 2O4 .

FIG. 5. Expanded plot below 9 K of the Ce/T vs T data for
LiV 2O4 samples 2, 3, and 6. The solid and dashed curves are p
nomial fits to the 1.1–10 K data for samples 3 and 6, respectiv
is
r

m-

the intrinsic behavior of defect-free LiV2O4 compared to the
data for sample 2 and all fits toCe(T) of LiV 2O4 below 30 K
by theoretical models to be presented in Sec. V below
therefore done using the data for sample 3. As seen in
5~a!, the Ce(T) data for sample 6 lie somewhat higher th
the data for the other samples below about 4 K but are com-
parable with those for the other samples at higher temp
tures. This difference is also reflected in the magnetic s
ceptibilitiesx(T),5 wherex(T) for sample 6 is found to be
slightly larger than those of other samples.

To obtain extrapolations of the electronic specific heat
T50, theCe(T)/T data in Fig. 5 from 1 to 10 K for sample
3 and 6 were fitted by the polynomial

Ce~T!

T
5g~0!1 (

n51

5

C2nT2n, ~6!

yielding

g~0!5426.7~6! mJ/mol K2 ~sample 3!, ~7a!

g~0!5438.3~5! mJ/mol K2 ~sample 6!. ~7b!

The fits for samples 3 and 6 are, respectively, shown by s
and dashed curves in Fig. 5. Theg(0) values are an order o
magnitude or more larger than typically obtained f

ly-
y.

FIG. 6. Electronic entropySe of LiV 2O4 sample 6 vs tempera
ture T (d), obtained by integrating theCe/T data for sample 6 in
Fig. 4~b! with T.

FIG. 7. Measured specific heat divided by temperatureCp /T vs.
temperatureT for LiV 2O4 sample 4A; corresponding data fo
sample 2 from Fig. 1 are shown for comparison. The lines
guides to the eye.
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transition-metal compounds, and are about 23 times la
than found above for LiTi2O4 .

TheT-dependent electronic entropySe(T) of LiV 2O4 was
obtained by integrating theCe(T)/T data for sample 6 in Fig
4~b! with T; the extrapolation of theCe(T)/T vs T fit for
sample 6 in Fig. 5 fromT51.16 K to T50 yields an addi-
tional entropy ofSe(1.16 K!50.505 J/mol K. The totalSe(T)
is shown up to 108 K in Fig. 6; these data are nearly ident
with those of sample 2~run 2! up to the maximum measure
ment temperature of 78 K for that sample~not shown!. The
electronic entropy at the higher temperatures is large.
example, if LiV2O4 were to be considered to be a strict
localized moment system with one spinS51/2 per V atom,
then the maximum electronic~spin! entropy would be
2R ln(2), which is already reached at about 65 K as sho
by comparison of the data with the horizontal dashed line
Fig. 6.

Our Cp(T) data for one sample~sample 4A! of LiV 2O4
were anomalous. These are shown in Fig. 7 along with th
of sample 2~run 2! for comparison. Contrary to theCp(T)/T
data for sample 2, the data for sample 4A show a str
upturn below;5 K and a peak at about 29 K. We hav
previously associated the first type of effect with significa
(;1 mol %) concentrations of paramagnetic defects.4 In-
deed, Table I shows that this sample has by far the hig
magnetic impurity concentration of all the samples we st
ied in detail. The anomalous peak at 29 K might be infer
to be due to small amounts of impurity phases~see Table I!.
However, the excess entropyDS under the peak is rathe
large, DS;0.9 J/mol K'0.16R ln(2). We also note that the

FIG. 8. Linear thermal expansion coefficienta ~left-hand
scales! and a/T ~right-hand scales! versus temperatureT for
LiV 2O4 sample 6 from 4.4 to 297 K~a! and 4.4 to 50 K~b!. The
solid curves are the fit to thea(T) data by a polynomial.
er
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height of the anomaly above ‘‘background’’ is at least
order of magnitude larger than would be anticipated due
few percent of V4O7 or V5O9 impurity phases which orde
antiferromagnetically with Ne´el temperatures of 33.3 an
28.8 K, respectively.31 It is possible that the 29 K anomaly i
intrinsic to the spinel phase in this particular sample; in su
a case Li-V antisite disorder and/or other types of crystall
defects would evidently be involved. As seen in Table I, t
sample has by far the largest room temperature lattice par
eter of all the samples listed, which may be a reflection o
slightly different stoichiometry and/or defect distribution
concentration from the other samples. The intrinsicx(T) de-
rived for the spinel phase in this sample is also anomalo5

Although theseCp(T) data for sample 4A will not be dis
cussed further in this paper, the origin of the anomaly at
K deserves further investigation.

IV. THERMAL EXPANSION MEASUREMENTS

The linear thermal expansion coefficienta(T) of LiV 2O4
sample 6 was measured between 4.4 and 297 K. Figure~a!
showsa(T) and a(T)/T over this T range, and Fig. 8~b!
shows expanded plots below 50 K. At 297 K,a512.4
31026 K21, which may be compared with the valuea
'15.631026 K21 obtained for LiTi2O4 between 293 and
1073 K from x-ray diffraction measurements.32 Upon cool-
ing from 297 K to about 25 K,a of LiV 2O4 decreases as i
typical of conventional metals.30 However,a(T) nearly be-
comes negative with decreasingT at about 23 K. This trend
is preempted upon further cooling below;20 K, where both

FIG. 9. Lattice parametera0 vs temperatureT from 4 to 297 K
~a! and an expanded plot from 4 to 100 K~b! for LiV 2O4 . The solid
circles are the neutron diffraction measurements of sample 5
Chmaissem and co-workers~Refs. 4 and 8!. The solid curve is the
linear thermal dilation obtained from our capacitance dilatome
measurements of sample 6, assumingao(0)58.22670 Å.
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a(T) and a(T)/T exhibit strong increases. The strong i
crease ina(T) below 20 K was first observed by Chmaisse
et al.8 from high-resolution neutron diffraction data, whic
motivated the presenta(T) measurements. We fitted ou
a(T) data by a polynomial inT over three contiguous tem
perature ranges and obtained the fit shown as the solid cu
in Figs. 8. From the fit, we obtain lim

T→0
a(T)/T52.00

31027 K22.
Shown as the solid curve in Fig. 9~a! is the linear thermal

dilation expressed in terms of the lattice parametera0(T)
5a0(0)@11*0

Ta(T) dT#, where we have used our polyno
mial fit to the a(T) data to computea0(T) and have set
a0(0)58.22670 Å. Thea0(T) determined from the neutro
diffraction measurements by Chmaissemet al.8 for a differ-
ent sample~sample 5! are plotted as the solid circles in Fig
9. The two data sets are in overall agreement, and both i
cate a strong decrease ina0(T) with decreasingT below 20
K. There are differences in detail between the two meas
ments at the lower temperatures as illustrated below 100
Fig. 9~b!, suggesting a possible sample dependence.

Our measurement ofa(T)/T for sample 6 is compared
with the measuredCp(T)/T for the same sample in Fig
10~a!, where the temperature dependences of these two q
tities are seen to be similar. We infer that the strong incre
in a(T)/T with decreasingT below ;20 K is an electronic
effect associated with the crossover to heavy-fermion beh
ior. For most materials, the volume thermal expansivityb
53a and Cp are related through the dimensionless Gru¨n-
eisen parameterG, with30

b5
GCp

BsVM
, ~8!

FIG. 10. ~a! Comparison of the linear thermal expansion co
ficient divided by temperaturea(T)/T ~left-hand scale! with the
measured specific heatCp(T)/T ~right-hand scale! for LiV 2O4

sample 6.~b! Grüneisen parameterG vs T, computed using Eq.~8!
and the assumed value of the bulk modulusB given in the figure.
es

i-

e-
in

n-
se

v-

whereBs is the adiabatic bulk modulus andVM is the molar
volume. In this model,G52d lnF/d ln V whereF(V) is a
characteristic energy of the system. If independent contri
tions toCp can be identified, as assumed in Eq.~2a!, a rela-
tion similar to Eq.~2a! exists for the thermal expansivity
with an independentG for each contribution:

b5be1b lat5
GeCe1G latCp

lat

BsVM
, ~9!

whereCe is understood to refer to measurements under c
stant pressure. For a metal,Ge5d lnD* (EF)/d ln V
5d ln g(0)/d ln V, and G lat52d lnu0 /d ln V. Here
D* (EF) is the mass-enhanced quasiparticle density of st
at the Fermi energy and the volume dependence of
electron-phonon interaction is neglected. ThusGe is a direct
measure of the volume dependence ofD* (EF). For a free
electron gas,Ge52/3. For most real metalsGe563(2), e.g.,
Ge50.92 ~Cu!, 1.6 ~Au!, 1.6 ~V!, 24.4 ~Sr!, 20.2 ~Ba!, and
2.22 ~Pd!.30

We have computedG(T) for LiV 2O4 from Eq. ~8! using
the polynomial fit to ourCp data for sample 6 and using th
experimentala(T) data in Fig. 8 for this sample. The mola
volume of LiV2O4 at low temperatures is given in Table II
The bulk modulus is assumed to beB5200(40) GPa, which
is the range found33 for the similar compounds Fe2O3,
Fe3O4, FeTiO3 , MgO, TiO2 ~rutile!, the spinel prototype
MgAl2O4 ,34 and MgTi2O5 .35 TheG obtained by substituting
these values into Eq.~8! is plotted versus temperature as t
solid circles in Fig. 10~b!. Interpolation and extrapolation o
G(T) is obtained from the polynomial fit to thea(T) data,
shown by the solid curve in Fig. 10~b!. From Fig. 10~b!, G
'1.7 at 108 K and decreases slowly with decreasingT,
reaching a minimum of about 0.1 at 23 K. With a furth
decrease inT, G shows a dramatic increase and we obtain
extrapolatedG(0)'11.4. A plot of G vs T2 obtained from
our experimental data points is linear forT2,30 K2, and

-

TABLE III. Parameters for LiV2O4 . Abbreviations: formula
weight FW, lattice parametera0 ,4,8 ~formula units/unit cell! Z, the-
oretical mass densityrcalc, molar volumeVM , itinerant electron
concentrationNe/V, Fermi wave vectorkF5(3p2Ne/V)1/3, effec-
tive mass m* ~free electron massme), Fermi velocity vF

5\kF /m* , Fermi energyEF5\2kF
2/2m* ; Fermi temperatureTF

5EF /kB , and mass-enhanced density of states atEF for both spin
directions,D* (EF)53Ne/(2EF)5m* kFV/(p2\2).

Property Value

FW 172.82 g/mol
a0~12 K! 8.2269 Å
Z 8
rcalc(12 K) 4.123g/cm3

VM 41.92 cm3/mol
Ne/V 4.31031022 cm23

kF 1.0847 Å21

m* /me 180.5
vF 6.963105 cm/s
EF 24.83 meV
TF 288.1 K
D* (EF) 90.6 states/eV~V atom!
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extrapolates to 11.50 atT50, to be compared with 11.45 a
calculated from the smooth fitted relations fora(T) and
Cp(T); this justifies the~long! extrapolation ofa(T) to T
50. An accurate determination of the magnitude ofG must
await the results of bulk modulus measurements on LiV2O4.
Our estimatedG(0)[Ge(0) is intermediate between those
conventional nonmagnetic metals and those off-electron
heavy-fermion compounds such as UPt3 (Ge571), UBe13
~34!, and CeCu6 ~57! with g(0)50.43, 0.78, and
1.67 J/mol K2, respectively.36

From the expression29 relating Cp to the specific heat a
constant volumeCv , and using oura(T) data and the esti
mate forB above,Cv(T) of LiV 2O4 can be considered iden
tical with our measuredCp(T) to within both the precision
and accuracy of our measurements up to 108 K.

V. THEORETICAL MODELING: ELECTRONIC SPECIFIC
HEAT OF LiV 2O4

A. Single-band spinS51/2 Fermi liquid

As mentioned in Sec. I, the high-temperaturex(T) of
LiV 2O4 indicated a vanadium local moment with spinS
51/2 andg;2. In the low-temperature Fermi liquid regim
for a Fermi liquid consisting of a single parabolic band
quasiparticles withS51/2 andNe conduction electrons pe
unit volume V,37–40 the Fermi wave vectorkF of LiV 2O4
assumingNe51.5 conduction electrons/V atom is given
Table III. In terms of the mass-enhanced density of state
the Fermi energyEF for both spin directionsD* (EF), the
g(0) ~neglecting electron-phonon interactions! andx(0) are
given by

g~0!5
p2kB

2

3
D* ~EF!, ~10a!

x~0!5
g2mB

2

4

D* ~EF!

11F0
a

, ~10b!

where F0
a is a Landau Fermi liquid parameter and 1/

1F0
a)512A0

a is the Stoner enhancement factor. The Fer
liquid scattering amplitudesAl

a,s are related to the Landa
parametersFl

a,s by Al
a,s5Fl

a,s/@11Fl
a,s/(2l 11)#. The super-

scripts ‘‘a’’ and ‘‘s’’ refer to spin-asymmetric and spin
symmetric interactions, respectively. Using Eq.~10a! and the
kF value in Table III, the experimental value ofg(0) for
LiV 2O4 in Eq. ~7a! yields the effective massm* , Fermi ve-
locity vF , EF , Fermi temperatureTF , and D* (EF) for
LiV 2O4 given in Table III. From Eqs.~1! and~10!, the Wil-
son ratio2 RW is expressed as

RW5
1

11F0
a

512A0
a . ~11!

Substituting the experimentalx(0.4–2 K! 50.0100(2)
cm3/mol ~Ref. 4! andg(0) in Eq. ~7a! for LiV 2O4 into Eq.
~1! assumingg52 yields

RW51.71~4!. ~12!
f

at

i

This RW value is in the range of those found for many co
ventional as well asf-electron HF and IV compounds.1 The
RW value in Eq.~12! yields from Eq.~11!

F0
a520.42, A0

a520.71 . ~13!

In Fermi liquid theory, a temperature dependence is of
computed forCe at low temperatures having the form38–40

Ce~T!5g~0!T1dT3 lnS T

T0
D1O~T3!, ~14!

where g(0) is given by Eq.~10a! and T0 is a scaling or
cutoff temperature. Engelbrecht and Bedell41 considered a
model of a single-band Fermi liquid with the microscop
constraint of a local~momentum-independent! self-energy,
where the interactions are mediated by the quasiparti
themselves~in the small-momentum-transfer limit!. They
find that onlys-wave (l 50) Fermi liquid parameters can b
nonzero and that thed coefficient in Eq.~14! is

dEB5
3p2

5

g~0!

TF
2 ~A0

a!2S 12
p2

24
A0

aD , ~15!

whereuA0
a,su<1 and2 1

2 <F0
a,s,`. Within their model, nei-

ther ferromagnetism nor phase separation can occur.
F0

a,0, the only potential instability is towards antiferroma
netism and/or a metal-insulator transition; in this case th
find 1<RW<2. For F0

a.0, a BCS superconducting state
possible andRW,1. The value ofF0

a for LiV 2O4 in Eq. ~13!
is within the former range of this theory.

Auerbach and Levin42 and Millis and Lee43,44 formulated
a Fermi liquid theory of heavy-electron compounds at lo
temperatures on the basis of a microscopic Kondo lat
model. The large enhancement ofm* arises from the spin
entropy of the electrons on the magnetic-ion sites~i.e., spin
fluctuations!.43 The Wilson ratio isRW;1.5 and aT3 ln T
contribution toCe(T) is found. The origin of this latter term
is not ferromagnetic spin fluctuations~‘‘paramagnons’’!,42

but is rather electron density fluctuations and the scree
long-range Coulomb interaction.43 The coefficientdM of the
T3 ln T term found by Millis43 is dM5p2kB

4V(1
2p2/12)/5(\vF)

3, which may be rewritten as

dM5
3p2g~0!

20TF
2 S 12

p2

12D . ~16!

Using the valuesg(0)5427 mJ/mol K2 @Eq. ~7a!#, TF

5288 K ~Table III! andA0
a in Eq. ~13!, Eqs.~15! and~16!,

respectively, predict

dEB50.0199
mJ

mol K4
, dM50.00135

mJ

mol K4
. ~17!

We have fitted our low-temperatureCe(T)/T data for
LiV 2O4 sample 3 by the expression

g~T![
Ce~T!

T
5g~0!1d T2 lnS T

T0
D1«T3, ~18!
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initially with «50. The fit parametersg(0), d, andT0 were
found to depend on the fitting temperature range above
chosen, and are sensitive to the precision of the data.
parameters obtained for 1–3 K and 1–5 K fits were nea
the same, but changed when the upper limit to the fitt
range was increased to 10 and 15 K. The fits for the 1–5
1–10 K, and 1–15 K fitting ranges are shown in Fig. 1
along with theCe(T)/T data for sample 2~run 2!. As a check
on the fitting parameters, we have also fitted theCe(T)/T
data for sample 3 by Eq.~18! with « as an additional fitting
parameter. The fit for the 1–30 K range is plotted as the s
curve in Fig. 11. The fits for the smallerT ranges with«
50 and for the larger ranges with«Þ0 should give the mos
reliable parameters. We infer from the fit parameters for
ranges that the most likely values of the parameters and
error bars are

g~0!5428~2!
mJ

mol K2
, d51.9~3!

mJ

mol K4
. ~19!

The parameters in Eq.~19! are very similar to those obtaine
using the same type of fit toCp(T)/T data for the heavy-
fermion superconductor UPt3 with Tc50.54 K,45 for which
g(0)5429–450 mJ/mol K2 and d51.99 mJ/mol K4.45,46

Our TF andm* /me values for LiV2O4 ~288 K and 181, Table
III ! are also, respectively, very similar to those of UPt3 ~289
K and 178!.39

The experimentald value in Eq.~19! is a factor of;102

larger thandEB and ;103 larger thandM predicted in Eq.
~17!. A similar large@O(102–103)# discrepancy was found
by Millis for the d coefficient for UPt3 .43 As explained by
Millis, 43 the large discrepancy between his theory and
periment may arise because the calculations are for a si
parabolic band, an assumption which may not be applica
to the real materials. However, he viewed the most lik
reason to be that his calculations omit some effect impor
to the thermodynamics such as antiferromagnetic s

FIG. 11. Electronic specific heatCe divided by temperatureT
for LiV 2O4 samples 2~run 2! and 3 vsT. The dashed curves are fit
to the 1–5 K, 1–10 K, and 1–15 K data for sample 3 by t
spin-fluctuation Fermi liquid model, Eq.~18! with «50, whereas
the solid curve is a 1–30 K fit assuming«Þ0.
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fluctuations.43 In this context, it is possible that the magn
tude ofd predicted by one of the above two theories is c
rect, but that terms higher order inT not calculated by the
theory are present which mask theT3 ln T contribution over
the temperature ranges of the fits;47 in this case the large
experimentald value would be an artifact of force fitting th
data by Eq.~18!. Indeed, we found that the fits were un
stable, i.e., depended on the temperature range fitted~cf. Fig.
11!. In addition, the applicability of the theory of Millis43 to
LiV 2O4 is cast into doubt by the prediction that the Knig
shift at a nucleus of an atom within the conduction electr
sea~not a ‘‘magnetic’’ atom! ‘‘would be of the same order o
magnitude as in a normal metal, and would not show
mass enhancement found inx. ’’ 44 In fact, the Knight shift of
the 7Li nucleus in LiV2O4 for T;1.5–10 K is about
0.14%,4,6,10,11which is about 600 times larger than the ma
nitude ~0.00024%! found48 at room temperature for the7Li
Knight shift in LiTi2O4 . Similarly, the 7Li 1/T1T from 1.5
to 4 K in the highest-purity LiV2O4 samples is abou
2.25 s21K21,4,6 which is about 6000 times larger than th
value of 3.731024 s21K21 found48 at 160 K in LiTi2O4 ,
whereT1 is the 7Li nuclear spin-lattice relaxation time.

B. Quantum-disordered antiferromagnetically coupled metal

The antiferromagnetic~AF! Weiss temperature of LiV2O4
from x(T) measurements isuuu530–60 K, yet the pure sys
tem exhibits neither static AF nor spin-glass order abo
0.02 K.4,5 A possible explanation is that the ground state
disordered due to quantum fluctuations. We consider here
predictions forCe(T) of one such theory. A universal con
tribution to the temperature dependence ofCe of a three-
dimensional~3D! metal with a control parameterr near that
required for a zero-temperature AF to quantum-disorde
phase transition, corresponding to dynamical exponenz
52, was calculated by Zu¨licke and Millis,24 which modifies
the Fermi liquid prediction in Eq.~14!. Upon increasingT
from T50 in the quantum-disordered region, the syste
crosses over from the quantum disordered to a classica
gime. The same scaling theory predicts that the low-T spin
susceptibility is given byx(T)5x(0)1AT3/2, where the
constantA is not determined by the theory.49

Zülicke and Millis found the electronic specific heat to b
given by24

Ce

T
5g02

aRN0Ar

6T*
FS T

rT*
D , ~20a!

F~x!5
3A2

p2
E

0

`

dy
y2

sinh2 y
A11A114x2y2. ~20b!

Here,g0 is the ~nonuniversal! electronic specific heat coef
ficent atT50 in the usual Fermi liquid theory@g(0) above#,
T* is a characteristic temperature, andN0 is the number of
components of the bosonic order parameter which repres
the ordering field:N053, 2, 1 for Heisenberg,XY, and Ising
symmetries, respectively. The numbera is not determined
by the scaling theory but is expected to be on the order of
number of conduction electrons per formula unit; thus
LiV 2O4, we expecta;3. We have definedF(x) such that
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F(0)51. The variabler is expected to be temperature d
pendent, but this temperature dependence cannot be e
ated without ascertaining the value of an additional para
eteru in the theory from, e.g., measurements of the press
dependence ofCe(T); here, we will assumer to be a
constant.50 From Eq.~20a!, the T50 value ofg in the ab-
sence of quantum fluctuations is reduced by these fluc
tions, and the measuredg(0) is

g~0!5g02
aRN0Ar

6T*
. ~21!

We fitted ourCe/T vs T data for LiV2O4 sample 3 by
Eqs. ~20!, assumingN05 3. The fitting parameters wer
g0 , a, r , andT* ; theg(0) value is then obtained from Eq
~21!. The 1–20 K and larger ranges did not give accepta
fits. The fits for the 1–5, 1–10, and 1–15 K fitting ranges
shown in Fig. 12. From these fits, we infer the paramet
and errors

g05800~50!
mJ

mol K2
, a52.65~9!, r 50.40~6!,

T* 518.9~4! K, g~0!5430~1! mJ/mol K2. ~22!

Within the context of this theory, quantum fluctuations r
duce the observedg(0) by about a factor of 2 compared t
the valueg0 in the absence of these fluctuations. The va
of a is close to the nominally expected value;3 mentioned
above. The relatively large value ofr indicates that LiV2O4
is not very close to the quantum-critical point, and theref
predicts that long-range AF order will not be induced
small changes in external conditions~pressure! or composi-
tion. The former prediction cannot be checked yet beca
the required experiments under pressure have not yet
done. The latter expectation is consistent with the data av
able so far. Magnetic defect concentrations on the orde

FIG. 12. Electronic specific heat divided by temperatureCe/T
vs T for LiV 2O4 samples 2~run 2! and 3. Fits to the data for sampl
3 by the theory of Zu¨licke and Millis ~Ref. 24!, Eqs. ~20!, are
shown for the fitting ranges 1–5 K~long-dashed curve!, 1–10 K
~solid curve!, and 1–15 K~short-dashed curve!.
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1% do induce static magnetic ordering below;0.8 K, but
this ordering is evidently of the short-range spin-glass typ4

Substitution of Zn for Li in Li12xZnxV2O4 induces spin-
glass ordering for 0.2&x&0.9 but long-range AF ordering
does not occur until 0.9&x<1.0.9 Finally, two caveats re-
garding the fits and discussion in this section are in ord
The first is that~unknown! corrections of order (T/T* )2 and
r 1 to the theory of Zu¨licke and Millis24 exist but have not
been included in the prediction in Eqs.~20!; incorporating
these corrections may alter the parameters obtained from
to experimental data.51 The second caveat is that the theo
may need modification for compounds such as LiV2O4 in
which geometric frustration for AF ordering exists in th
structure.51

C. Spin-1/2 Kondo model

Calculations of the impurity spin susceptibilityx(T)
and/or impurity electronic contributionCe(T) to the specific
heat for the S51/2 Kondo model were carried out b
Wilson2 and others52–59 using different techniques. Both
x(T) and Ce(T) depend only on the scaling paramet
T/TK , where TK is the Kondo temperature~here, we use
Wilson’s definition2!. The impurityx(T) is predicted to be
Curie-Weiss-like at temperatures high compared withTK ,
and to level out at a constant high value forT&0.1TK due to
the formation of a singlet ground state.

In the limit of zero temperature, one has56

g~T50!5
pWNkB

6TK
, ~23!

where N is the number of impurity spins. The Wilso
number2 W is given by60,61

W5ge1/4p21/2'1.290 268 998, ~24!

where lng'0.577 215 664 902 is Euler’s constant. Setti
N5NA , Avogadro’s number, one obtains from Eqs.~23! and
~24! the electronic specific heat coefficient per mole of im
purities:

g~0!5
pWR

6TK
5

5.617 14 J/mol K

TK
. ~25!

To characterize theT dependence ofCe, we utilized ac-
curate numerical calculations using the Bethe ansatz by J
and Andrei.59 The calculatedCe(T) shows a maximum,
max@Ce(T)/NkB#50.177 275, which occurs atTmax/TK
50.6928. The calculations were fitted by the expressions

Ce~T!

NkB
5 f ~ t !, ~26a!

Ce~T!

NkBT/TK
5g~ t ![

f ~ t !

t
, ~26b!

f ~ t !5S pW

6 D t~11a1t1a2t21a3t31a4t4!

11a5t1a6t21a7t31a8t41a9t5
, ~26c!

where t[T/TK and the coefficientsan for the two types of
fits are given in Table IV for the fitting range 0.001<t
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<100. Equations~26! incorporate the zero-temperature lim
in Eqs. ~23!–~25!. The maximum~rms! deviations of the
Ce(T) fit from the calculated numerical data are 0.011
~0.0035%! for 0.001<t<3 and 0.031%~0.021%! for 3<t
<10 but then progressively deteriorate to 0.48%~0.14%! in
the region 10<t<92. The corresponding deviations for th
Ce(T)/T fit are 0.0044%~0.000 91%!, 0.031% ~0.017%!,
and 5.1%~1.6%!.

The experimentalCe(T)/T data for LiV2O4 sample 3
were least-squares fitted from 1.2 to 5 K by Eqs. ~26b! and
~26c!,62 yielding TK , and theng(0) from Eq.~25!:

FIG. 13. ~a! Electronic specific heat divided by temperatu
Ce(T)/T data for LiV2O4 samples 2~run 2! and 3 below 30 K~open
symbols! and a fit~solid curve! of the data for sample 3 by theS
51/2 Kondo model, Eqs.~26b! and~26c!, for a Kondo temperature
TK526.4 K. Shown for comparison are the predictions forTK

525.0 K ~long-dashed curve! and 28.0 K~short-dashed curve!. ~b!
The same data and the fit withTK526.4 K in a plot ofCe vs T up
to 80 K.

TABLE IV. Coefficientsan in Eq. ~26c! in the fits to the theo-
retical prediction for the specific heat vs temperature of theS
51/2 Kondo model by Jerez and Andrei~Ref. 59!.

an C(T) fit C(T)/T fit

a1 9.1103933 6.8135534
a2 30.541094 21.718636
a3 2.1041608 2.3491812
a4 0.0090613513 0.017533911
a5 9.1164094 6.8158433
a6 36.143206 27.663307
a7 67.91795 48.229552
a8 53.509135 40.216156
a9 1.7964377 2.4863342
TK526.4~1! K, g~0!5 426~2! mJ/mol K2. ~27!

The fit is shown in Fig. 13 as the solid curves. For compa
son, also shown in Fig. 13~a! are the predictions forTK
525 K and 28 K. Unfortunately, despite the good agreem
of the theory forTK526.4 K with our measuredCe(T) at
low T, theS51/2 Kondo model prediction forx(T) qualita-
tively disagrees with the observed temperature dependen
low T.5 This difficulty of self-consistently fitting theCe(T)
andx(T) data is a problem we have encountered in all o
attempts so far to fit our data for both measurements o
any extended temperature range by existing theory~see also
the next section!.

D. Local moment high-temperature description

As discussed above, thex(T) data for LiV2O4 suggest
that at high temperatures a local moment description
which the moments are antiferromagnetically coupled w
Weiss temperatureu;230 to 260 K may be applicable.4,5

Accordingly, we have calculated the magnetic specific h
Cm(T) for localized moments on the octahedral~B! sublat-
tice of the A@B2#O4 spinel structure assuming neares
neighbor AF Heisenberg interactions using the general h
temperature series expansion~HTSE! results of Rushbrooke
and Wood.63 The Hamiltonian isH5J(^ i j &Si•Sj , where the
sum is over all exchange bonds and the exchange con
J.0 corresponds to AF interactions. In terms of this Ham
tonian, u52zJS(S11)/3, wherez56 is the coordination
number for theB sublattice of the spinel structure. The abo
range ofu then givesJ/kB520–40 K assumingS51/2. The
general HTSE prediction is63

Cm~T!

NkB
5

z@S~S11!#2

6t2 F11 (
n51

nmax

cn~S!

tn G , ~28!

wheret[kBT/J and the coefficientscn depend in general on
the spin-lattice structure in addition toS. The coefficientscn
for the B sublattice of the spinel structure withS51/2 and
S51 up to the maximum availablenmax55 are given in
Table V. The predictions forCm versus scaled temperatur
kBT/@JS(S11)# with nmax55 are very similar forS51/2
and S51. A comparison of theCm(T) predictions fornmax

50 to 5 indicates that the calculations fornmax55 are accu-
rate forkBT/@JS(S11)#*2.5, aT range with a lower limit
slightly above the temperatures at which broad maxima
cur.

In Fig. 14 the HTSE prediction ofCm(T) for the B sub-
lattice of the spinel structure withnmax55, S51/2, and

TABLE V. Coefficientscn in Eq. ~28! for the high-temperature
series expansion for the magnetic specific heat of theB sublattice of
the spinel structure, for the indicated values of spinS.

n S51/2 S51

1 21/2 213/6
2 223/16 23
3 65/48 715/36
4 1183/768 24421/324
5 218971/7680 2670741/6480
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J/kB520 K in Eq. ~28! is compared with the experimenta
Ce(T) data for LiV2O4 samples 2 and 6 from Fig. 4~a!. The
HTSECm(T) has a much lower magnitude than the data a
a qualitatively different temperature dependence. From
~28!, changingJ just scales the curve withT. Thus the local
moment picture is in severe disagreement with ourCe(T)
measurements, despite the excellent agreement betwee
corresponding HTSEx(T) prediction and thex(T) data
from 50–100 K to 400 K.4,5

VI. SUMMARY AND CONCLUDING REMARKS

We have presentedCp(T) data for LiV2O4 sample 6
which extend our previous measurements4 up to 108 K. We
have also presentedCp(T) data for the isostructural supe
conducting compound LiTi2O4 (Tc511.8 K! up to 108 K
which complement our earlier data4 on the isostructural non
magnetic insulator Li4/3Ti5/3O4 . We concluded here that th
lattice contributionClat(T) to Cp(T) for LiTi 2O4 provides
the more reliable estimate of theClat(T) for LiV 2O4, and we
then extracted the electronic contributionCe(T) to Cp(T) of
LiV 2O4 from 1.2 to 108 K. Inelastic neutron scattering me
surements of the lattice dynamics and spin excitations wo
be very useful in interpreting the measurements prese
here. It will be important to determine whether or not the
exist significant differences in the lattice dynamics
LiV 2O4 and LiTi2O4 ; in our data analyses and modeling, w
have assumed that these compounds are similar in this
spect.

For two high-magnetic-purity LiV2O4 samples 3 and 6
the electronic specific heat coefficientsg(T)[Ce(T)/T were
found to beg(1 K)50.42 and 0.43 J/mol K2, respectively.
To our knowledge, these values are significantly larger t
previously reported for any metallic transition-met
compound.64 For LiTi2O4 , we found g50.018 J/mol K2.
g(T) of LiV 2O4 decreases rapidly with increasing tempe
ture from 4 to 30 K and then decreases much more slo

FIG. 14. Comparison of the high-temperature series expan
prediction for the magnetic specific heatCm(T) of the B sublattice
of theA@B2#O4 spinel structure assumingS51/2, J/kB520 K, and
nmax55, given by Eq.~28! with cn coefficients in Table V, with the
experimentalCe(T) data for LiV2O4 sample 2~run 2! and sample 6
from Fig. 4~a!.
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from a value of 0.13 J/mol K2 at 30 K to 0.08 J/mol K2 at 108
K. Even these latter twog values are exceptionally large fo
a metallic d-electron compound. The temperature depe
dences ofg, x, the low-T resistivity, and the7Li NMR prop-
erties are remarkably similar to those of the heaviest-m
f-electron heavy-fermion compounds.1 In a plot ofx(0) ver-
sus g(0), the data point for LiV2O4 sits amid the cluster
formed by thef-electron heavy-fermion and intermediat
valence compounds as shown in Fig. 15,65 where several
data for elemental metals, the A-15 superconduc
V3Si (Tc517 K),66,67 and superconducting and/or metall
d-metal oxides LiTi2O4 (Tc<13.7 K),14 Sr2RuO4 (Tc
51 K),68 and (V0.95Ti0.05)2O3 ,69 are also included for com
parison.

From our theoretical modeling in Sec. V, Fermi liqu
models and theS51/2 Kondo model~with a Fermi liquid
ground state! are capable of describing ourCe(T) data for
LiV 2O4 from 1 K up to;10 K, although the magnitudes o
the derived parameters remain to be understood theoretic
The localized moment model in Sec. V D failed both qua
tatively and quantitatively to describe the data. None of
models we used can account for the additional contribut
to Ce(T) at higher temperatures, from;10 K up to our high-
temperature limit of 108 K, which appears to be distinct fro
the contribution beginning at much lowerT and could arise
from orbital,70,71 charge, and/or spin72,73 excitations. The
crystalline electric field and/or the spin-orbit interaction m

n

FIG. 15. Log-log plot of the magnetic susceptibilityx(0) vs
electronic specific heat coefficientg(0) at zero temperature for a
variety of f-electron heavy-fermion and intermediate-valence co
pounds compiled from the literature~after Ref. 64!. The plot also
includes data for several elemental and/ord-electron metals and ou
data point for LiV2O4 . Here, a ‘‘mol’’ in the axis labels refers to a
mole of transition-metal atoms for thed-metal compounds and to
mole of f-electron atoms for compounds containing lanthanide
actinide atoms. The straight line corresponds to a Wilson ratioRW

51 for quasiparticles with spinS51/2 andg factorg52, which is
also the Wilson ratio for a free electron Fermi gas.
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produce some energy level structure which is thermally
cessible within our temperature range.74 Conventional band
structure effects cannot give rise to our results.75

As is well known for conventional metals, the electro
phonon interaction increasesg by the factor (11l), where
l is the electron-phonon coupling constant, but does not
fect x; i.e.,D* (EF)→D* (EF)(11l) in Eq. ~10a!. One can
correct the observed Wilson ratio for electron-phonon int
actions by multiplying the observed value by (11l).76 The
electron-phonon interaction is not taken into account in a
of the analyses or modeling we have done. This correc
would have had a significant quantitative impact on o
analyses if we used, e.g.,l'0.7 as in LiTi2O4 ~Refs. 20 and
28!; most previous analyses of the specific heats of ot
( f -electron! HF compounds also did not take the electro
phonon interaction into account.1

From our combined specific heat and thermal expans
measurements on the same sample 6 of LiV2O4 from 4.4 to
108 K, we derived the Gru¨neisen parameterG(T) which
shows a dramatic enhancement below;25 K as the com-
pound crosses over from the quasilocal moment behavio
high temperatures to the low-temperature Fermi liquid
gime, confirming the discovery of Chmaissemet al. from
neutron diffraction measurements.8 Our estimated extrapo
lated value of the electronic Gru¨neisen parameterGe(0) is
about 11.4, which is intermediate between values for c
ventional metals and forf-electron heavy-fermion com
pounds. This large value indicates a much stronger dep
dence of the mass-enhanced density of states on the vo
of the system than simply due to the decrease in the Fe
energy with increasing volume as in the quasifree elect
picture. In thef-electron HF systems, the largeGe(0) values
are thought to arise from a strongly volume-dependent
bridization of thef-electron orbitals with those of the con
duction electrons.36,77 In the present case of LiV2O4, the
origin of the largeGe(0) is unclear.
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It is conceivable that the same mechanism is respons
for the heavy-fermion behavior in LiV2O4 as in the
f-electron heavy-fermion systems if one of the 1.5d
electrons/V atom is localized on each V atom due to elect
correlation effects and crystalline electric field orbital ener
level structure,78 and if the orbital occupied by the localize
electron is hybridized only weakly with the conductio
electron states. That such localization can occur in sim
systems is supported by calculations for thed1 compound
NaTiO2 .79 Additional scenarios for the heavy-fermion b
havior mechanism~s! are given by Kondo and co-workers4,5

involving the geometric frustration for AF ordering withi
the V sublattice and/or low-lying coupled dynamical orbita
charge-spin excitations. Further experimental and theore
investigations of the physical properties of LiV2O4 may thus
reveal interesting new physics which may also allow
deeper understanding of thef-electron heavy-fermion clas
of materials.
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