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Specific heat(1.2-108 K) and thermal expansion(4.4-297 K) measurements
of the 3d heavy-fermion compound LiV,0,
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Ames Laboratory and Department of Physics and Astronomy, lowa State University, Ames, lowa 50011
(Received 27 May 1998

Specific heatC,(T) measurements of the heavy-fermion normal-spinel structure compounD} iWere
carried out using a heat-pulse calorimeter over the temperatuemge from 1.2 to 108 K. The electronic
specific heatC«(T) of LiV,0, is extracted from theC(T) data using the lattice contribution obtained for
LiTi,O,, a superconductor witlT;=11.8 K. The electronic specific heat coefficiepT)=Cq(T)/T of
LiV,0, is found to be 0.42 and 0.43 J/molKat T=1 K for two different high-magnetic-purity samples,
respectively.y(T) decreases rapidly with increasing temperature from 4 to 30 K and then decreases much
more slowly from 0.13 J/mol Kat 30 K to 0.08 J/mol K at 108 K. TheC(T) of the first of the above two
Liv,0, samples is compared with theoretical predictions for the §iri/2 Kondo model, a generic Fermi
liquid model, and an antiferromagnetically coupled quantum-disordered metal. Each of these theories can
adequately describe thHE dependence o€, in the Fermi liquid regime at low(~1-10 K) temperatures,
consistently yielding a large extrapolateq0)=428(3) mJ/mol K. However, none of these theories de-
scribesCy(T) from ~10 K to 108 K. OurCy(T) data are also in severe disagreement with the magnetic
specific heat of the spiS=1/2 Heisenberg model, calculated abovd0 K for the V sublattice of the spinel
structure. Thermal expansion measurements of,OiMwere carried out from 4.4 to 297 K using a differential
capacitance dilatometer. Strong increases in the thermal expansion coefficient aets&riparametd? are
found below~ 20 K, confirming the results of Chmaissezhal. [Phys. Rev. Lett79, 4866(1997)] obtained
using neutron diffraction. We estimalé(0)~11.4, which is intermediate between those of conventional
metals and-electron heavy-fermion compound$0163-182€09)04404-5

[. INTRODUCTION the same low-energy heavy-quasiparticle spin excitations.
With increasing T in the heaviest-mass systemg(T)
Heavy-fermion (HF) and related intermediate-valence crosses over to local-moment behavior andecreases rap-
(IV) behaviors are ubiquitous in metallieelectron systems idly, on a temperature scale 6f0.3-30 K.
containing lanthanide or actinides(M) atoms with unstable Heavy-fermion behaviors are not expected deelectron
valence! The HF materials are typically intermetallic com- compounds because of the much larger spatial extent of

pounds containing Ce, Yb, or U ions and are characterized &Pitals than off orbitals and the resulting stronger hybrid-
the lowest temperaturesT by a large and nearly ization with conduction-electron states. Recently, however,

T-ind dent ; tibilit T—0 in collaboration with other researchers, we have documented
Nllno_ezpecr:nsel:?mm M)S p;?ﬂ'd an Selj(stfaegrcljir'];ﬁ Izi(r( e_r>1e11rl HF behaviors, characteristic of those of the heaviest mass

) . o y arg Y t-electron HF systems, in the metaflizansition-metal oxide
T-independent electronic specific heat coefficiefT —0) compound LiO, using C,(T),* x(T),*® 7Li and 5V
~1J/(mol M) K2, where y(T)=C(T)/T and C(T) is 4 pL Jo XL

4,6 i i 47 —
the electronic contribution to the measured specific heat a'}IMR' muon spin relaxation £SR),*" and 4-295 K

58 -
constant pressureC,(T). Large quasiparticle effective crystallograph§®>® measurements. Independent crystallogra

massesm™ of ~~100-1000 electron masses, have been pmheyasur:rr:lcl:njc%a(lgevere Teea()srl':erzn;eerjﬁ sirr?t?l?aneol:ljglmb
inferred from y(0) for the HF compounds and smaller val- . e rep Y y by

. . . other groups, with similar results. LpO, has the face-
ues for the IV materials. The normalized ratio pf0) to d-cubi Lspinel
¥(0), the Sommerfeld-Wilson ratRyy, is on the order of cenﬁerem—)cu 'c horma -splrles structure{spa_ce group
unity in HF and IV materials as in conventional metals, andFd3”P ‘ r‘?”g ISI rf]orlma"yda?h' \s}ys;[em. Th? t|1_l :toln;s IOC-'
is given by Ry=m2k2x(0)/3uZ,y(0), wherekg is Boltz-  CUPY tetrahedral holes and the V atoms octahedral holes in a
mann’s constant anieﬁ is theEf(faffective magnetic moment nearly cubic-close-packed oxygen sublattice, designated as

T o PR~ s Li[V2]O,4. The CT) is extraordinarily large for a
of the Fermi liquid quasiparticles. For quasiparticles with 21>4 € _
(effective spin S=1/2, one obtains transition-metal compoundy(1 K)~0.42J/mol K, de-

creasing rapidly withTl to ~0.1J/mol K at 30 K* As dis-
o2 cussed extensively in Refs. 4 and 5, fren®0—100 K to 400
_Am Kgx(0) (1) K x(T) shows a Curie-Weiss-likgy=C/(T - 6)] behavior
392ufy(0)’ corresponding to antiferromagnetically coupleti=(— 30 to
— 60 K) vanadium local magnetic moments wisl+ 1/2 and
whereg is the g factor of the quasiparticles andg is the  g~2, but static magnetic ordering does not occur above 0.02
Bohr magneton. Sinc&y~1 in many of the HF and IV K in magnetically pure Li¥O,, and superconductivity is not
compoundsy andC, at low temperatures are both probing observed above 0.01 K.
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TABLE I. Lattice parameter, and structural fiy,, (stn] and magneti¢ f;,, (mag] impurity concentra-
tions for the Li\,O, samples studied in this worlRef. 5.

Sample No. 2 3 4A 5 6
Lattice paramete(A) 8.239974) 8.24100Q15) 8.2470%29) 8.2434725) 8.2385411)
Impurity phase VO, pure V5,03 V5,03 V305
fimp (Str) (Mol %) 1.83 <1 1.71 <1 2.20
fimp (Mag (mol %) 0.221) 0.1182) 0.772) 0.47238) 0.01136)

To our knowledge, in addition to LiMO, the only other

low temperatures in Sec. V A. This is followed by a more

stoichiometric transition-metal spinel-structure oxide whichgeneral discussion of the FL theory and its application to
is metallic to low temperatures is the normal-spinel com-LiV ,0, at low T. In Sec. V B we compare the predictions of

pound LiTLO,.**1"In contrast to LiO,, this compound
becomes superconducting Bt<13.7 K (Refs. 14 and 18
and has a comparativelyindependent and smagl(T) from
T up to 300 K*1°921The resistivity of thin films at 15 K is
(4.3-8.8)x10°* O cm.?2 The spinel system ki, Ti,_,O,
with cation occupancy [Li,Ti,_,]O, exists fromx=0 to
x=1/3;*11for x=1/323 the oxidation state of the Ti is

Zulicke and Millis?* for a quantum-disordered antiferromag-
netically coupled metal with oUE(T) results for LiV,O,.

The isolatedS=1/2 impurity Kondo model predicts FL be-
havior at low temperatures and impurity local moment be-
havior at high temperatures. Precise predictions fontfie)
andC4(T) have been made for this model, and we compare
our C4(T) data with those predictions in Sec. V C. In Sec.

+4 and the compound is a nonmagnetic insulator. A zero¥ D we consider a local moment model in which the mag-
temperature superconductor-insulator transition occurs at Netic specific heat of thB sublattice of theA[ B;]O, spinel

~0.1-0.2:41%20
In this paper, we report the details of 0cQg(T) measure-

ments on LiVO, and of the data analysis and theoretica
modeling. We have now obtained data to 108 K, which sig
nificantly extends our previous high-temperature limit of 78

structure for spin§=1/2 andS=1 perB ion is given by a
high-temperature series expansion and the predictions com-

|pared with theC(T) data for LiV,0,. A summary and con-

cluding remarks are given in Sec. VI. Unless otherwise
noted, a “mol” refers to a mole of formula units.

K.* We also present complementary linear thermal expansion
a(T) measurements on this compound from 4.4 to 297 K.

We will assume tha€(T) can be separated into the sum of

electronic and lattice contributions,

Co(T)=Ce(T)+C™(T), (2a)

C(M=¥MT. (2b)

In Ref. 4, we reporte€(T) measurements up to 108 K on
Li4sTis,20, which were used to estima@?(T) in LiV ,0,
so thatC(T) could be extracted according to Ega). In the
present work, we repoi€,(T) up to 108 K for LiTpOy,
compare these data with those for,kTigs0,, and obtain

II. EXPERIMENTAL DETAILS

Polycrystalline Li\,O, samples were prepared using con-
ventional ceramic techniques described in detail elsewhere,
where detailed sample characterizations and magnetic sus-
ceptibility results and analyses are also giveA.few of
these results relevant to the present measurements, analyses,
and modeling are given in Table I.

Polycrystalline LiTyO, and LiysTiss0, Samples were
synthesized using solid-state reaction technidiesiO,
(Johnson Matthey, 99.99P4vas dried under a pure oxygen
stream at 900 °C before use. This was mixed withQ0,

therefrom what we believe to be a more reliable estimate ofAlfa, 99.999% in an appropriate ratio to produce either
C"¥(T) for LiV,0,. The experimental details are given in LiysTissO4 or a precursor “LiTiGQs’ for LiTi ,0,. The

Sec. Il. An overview of our C,(T) data for
LiV,0,4, LiTi,O,4, and LiysTis30, is given in Sec. Il A.
Detailed analyses of the data for the; LjTi, ,O, com-

mixtures were then pressed into pellets and heated at 670°C
in an oxygen atmosphere ferl day. The weight loss due to
release of CQwas within 0.04 wt % of the theoretical value

pounds and comparisons with literature data are given iifior LiTiO,5. However, for LjsTiss04 additional firings at

Sec. Il B, in which we also estimat€®(T) for LiV,0,.
The C(T) and electronic entrop$,(T) for LiV,0, are de-

higher temperature@ip to 800 °C), after being reground and
repelletized, were necessary. LiO, was prepared by heat-

rived in Sec. lll C. Thex(T) measurements are presented ining pressed pellets of a ground mixture of the LiJiJpre-

Sec. IV and compared with th€,(T) results and lattice

cursor and TiO; in an evacuated and sealed quartz tube at

parameter data versus temperature obtained from neutrafD0 °C for 1 week and then air cooling. The,@; was pre-

diffraction measurements by Chmaissenal® From the

pared by heating a mixture of TiGand titanium metal pow-

combined a(T) and C,(T) measurements on the same der(Johnson Mattheyat 1000 °C for 1 week in an evacuated
sample, we derive the Gmneisen parameter from 4.4 to 108 and sealed quartz tube.

K and estimate the value &=0. Theoretical modeling of
the C4(T) data for LiV,O, is given in Sec. V. Since the
electrical resistivity data for single crystals of Li®, indi-

cate metallic behavior fra 4 K to 450 K3 we first discuss

Powder x-ray diffraction data were obtained using a
Rigaku diffractometer(Cu Ka radiation with a curved
graphite crystal monochromator. Rietveld refinements of the
data were carried out using the program “Rietan(%éta’

the Fermi liquid description of this compound and derive theversion.” 2 The x-ray data for our sample of J4Tisz0,
effective mass and other parameters for the current carriers ahowed a nearly pure spinel phase with a trace of,TiO
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TABLE Il. Characteristics of LiTjO, and Liy3Tis30, Samples. Abbreviationsy, is the lattice parameter,
u the oxygen parametet the electronic specific heat coefficiem the zero-temperature Debye tempera-
ture, T, and AT, the superconducting transition temperature and transition widthAdhathe specific heat

jump atT,.
ao u Y 00 TC ATC ACp/yTC Ref
A) (mJ/mol K?) (K) K)  (K) (mJimol K
LiTi,O,
8.40334) 0.26288) 17.92) 70020 11.8 =0.2 1.7%83) This work
8.40331) 0.2627%5) 16
8.411341) 0.2626Q4) 17
8.407 214 685 11.7 1.2 1.59 28
22.0 535 12.4 0.32 1.57 20
0.2629@6) (300 K) 21
0.262615) (6 K) 21
Li4/3Ti5304
8.35893) 0.262583) 0. 72520) This work
8.35685%2) 0.262633) 17
8.359 0. 610 28
0.05 518 20

(rutile) impurity phase. The two-phase refinement, assumingample 6 was measured using a differential capacitance
the cation distribution L[iLi,5Tis;s]O,, vielded the latticea,  dilatometer?®?’ All data were taken isothermallyT(constant
and oxygeru parameters of the spinel phase 8.383® and  to 0.001 K. The absolute accuracy of the measurements is
0.262%3), respectively; the concentration of TiGmpurity  estimated to be better than 1%.
phase was determined to be 1.3 mol %. The J@ji sample
was nearly a single-phase spinel structure but with a trace of IIl. SPECIFIC HEAT MEASUREMENTS
Ti, O3 impurity. A two-phase Rietveld refinement assuming A. Overview
the normal-spinel cation distribution yielded the spinel phase _ )
parametersa,=8.4033(4) A andu=0.262¢8), and the An overview of our Cy(T) measurements on LD,
Ti,O5 impurity phase concentrationl mol %. Our crystal sgmple 2, run_2{1:26—78 K, sample 5(1'16_108 K, and
data are compared with those of Caateal 2° and Daltonet ~ LiT1204 @nd LiysTiss0, up to 108 K, is shown in plots of
al.Yin Table 1. Cp(T) andC,(T)/T in Figs. Xa) and Xb), respectively. Our
The C,(T) measurements were done on samples fronflata for LiT,O, and LLl/3Ti5/32%4 are generally in agreement
four different batches of LiyO, using a conventional heat- With those of McCallumet al™ which cover the range up to
pulse calorimeter, with Apeizon-N grease providing contact™ 22 K- For LiTi,O, aboveT.=11.8 K (see belowand for
between the sample and the copper fagdditional C(T) Li4sTisd0,, one sees from Fig.(&) a smooth monotonic
data were obtained up to 108 K on 0.88 g of the isostructurdf’créase inCp up to 108 K. From Fig. (), the C,, of the
nonmagnetic insulator spinel compound,4Tis<O,, con- norjmquetlc insulator %T|5,3O4 is smaller than that of me-
taining only maximally oxidized Ti“, and 3.09 g of the iso- tallic LiTi;O4 up to~25 K, is larger up to~45 K, and then
structural superconductor LifD, to obtain an estimate of Pecomes smaller again at higher temperatures. See0
the background lattice contribution. A basic limitation on then LiasTisgOs and C¢(T) in LiTi 0, cannot be negative, it
accuracy of thes€, data, except for LiyO, below 15 K, follows from Eq. (28 that C*(T) and hence the lattice dy-
was the relatively smalland sample-dependenmatios of the ~namics are significantly different in LiJO, compared with
heat capacities of the samples to those associated with tté4sTis3Os. The data for LiO, in Fig. 1(b) are shifted
tray (the “addenda)). For LiV,0, sample 6, this ratio de- upwe'lrds from the data for the Ti spinels, V\.Ilth. a strong up-
creased from 40 neal K to 1.0 at 15 K to arelatively turn in Cy(T)/T below ~_25 K. These data mc_ilcate a very
constant 0.2 above 40 K. For the superconducting JOTi  large ¥(T—0). Comparison ofC,(T)/T for LiV,0, and
sample, this ratio was 0.45 just aboVe (=11.8 K), and LiTi,O, at the _h|gh_er t_emperatur%SO K |r_1d|cates that a
increased to 0.65 at 108 K. For the nonmagnetic insulatoldrge ¥(T) persists in LI,O, up to our maximum measure-
Li 4/sTis<04 sample, this ratio varied from 0.03 to 0.12 to 0.2 Ment temperature of 108 K. In the following, we begin our
at 8, 20, and 108 K, respectively. These factors are importarfinalyses with the data for theLi,Ti,_,O, compounds be-
since small ¢0.5%) systematic uncertainties in the addendefause we extract a !attlce specific heat from these materials
heat capacity can have differing effects on Bg{T) mea- aSa reference for LiYO,.
sured for the different samples, even though the precision of . i
the raw heat capacity measureme(as determined from fits B. Li14xT12-x04
to the datais better than 0.25%. In the present paper, ou€,(T) data for LiTLbO, and
The linear thermal expansion coefficient of LiV, Li45Tis0, are most important for determining the lattice
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ta [ FIG. 2. Expanded plots below 20 K of the molar specific heat
S) [ ] divided by temperatureC,/T vs temperaturel of LiTi,O, and
100 7 Li45Tis50, from Fig. 1. The solid curves are polynomical fits to the
: (b) data for LiTLO,, whereas the dotted curve is the inferred normal
. . . ] . state behavior beloW .= 11.8 K. The dashed curve is a polynomial
00 20 a0 80 80 100 fit to the data for Li/;Tis+0, above 12 K.
T (K) The C,(T)/T of LiTi, O, below 20 K is plotted versu$

and T? in Figs. 4a) and 2b), respectively. The supercon-

ducting transition aff,.=11.8 K is seen to be pronounced
d and very sharpAT.=<0.2 K). The dotted line extrapolation
of the normal stateT>11.8 K) data toT=0 shown in Figs.
1(b) and 2 uses Ed3), equality of the superconducting and
normal state entropy at., S(11.8 K)=241(1) mJ/mol K,
and continuity considerations with,(T)/T aboveT, from
which we also obtain estimates ¢f and 8. Although we
cannot rule out & dependence of, we assume here that
is independent ofl. While y [=17.9(2) mJ/mol K] ap-
pears to be quite insensitive to addenda uncertaintigs,
[=700(20) K] is less well defined. Our value foy is
slightly smaller than the values of 20-22mJ/mof ke-
ported earlier for LiTjO,,%%? as shown in Table Il. From
the measured superconducting state Cy(T,)
wherey=A; andB=A;. From Eqs(2), the firstterm in Eq. =684(2) mJ/mol K  and normal  state Cy(T,)
(3) is C¢(T), the second corresponds to the ideal Debye lat=315(1) mJ/mol K, the discontinuity i€, at T is given
tice contributionC'®(T—0), and the following terms repre- by AC,/T.=31.3(3) mJ/mol R, vyielding AC,/yT.
sent dispersion in the lattice propertis.The zero- =1.75(3) which is slightly larger than previous estimates in
temperature Debye temperaturé, is given by’ 6,  Table Il. According to Egs(2), the lattice specific heat of
=(1.944<10°r/B)*3, wherer is the number of atoms per LiTi,O, aboveT, is given byC3(T)=C,(T)—yT.
formula unit ¢ =7 herd and 3 is in units of mJ/mol K. The C'®(T) derived for LiTLO, below 12 K is consistent
Equation(3) suggests the commonly used plot@f/T ver-  within experimental uncertainties with the measu@(T)
susT? to obtain the parameterg and 8. Unfortunately, the  of Li,;Tis;sO, in the same temperature range after account-
very small heat capacity of the smallysTissO, sample and  ing for the formula weight difference. The loW-Cy(T)/T
the occurrence of the superconducting transition in @i  =C®™{(T)/T for Li,;Tis0, is plotted in Fig. 2. Thed,
at 11.8 K complicate the use of this relation to determine=725(20) K found for Lj;Tis30, is slightly larger than
C'¥(T) for these presumably similar materials belevi2 K. that for LiTi,O,4, as expected. A polynomial fit to th&,(T)

FIG. 1. Overview of the molar specific he@t () andC,/T (b)
vs temperaturd for LiV,0, samples 2 @) and 6 ©) and the
reference compounds LiJ0,(®), a metallic superconductor, an
Li45Tis304(O), a nonmagnetic insulator. The solid curves are
polynomial fits to the data for Li¥O, sample 6 and LiTiO,. The
dashed curve irtb) is the inferred normal stat€,/T below T, for
LiTi ,0,.

contributionC'3(T) to Cp(T) of LiV,0,. At low tempera-
tures, theC(T) of a conventional nonmagnetic, nonsuper-
conducting material 7§

CoM=ATHATR AT +A T+, )
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2000 . . . . — An alternative parametrization of the experimental
[ L. Ti O, (x=0, 1/3) ] AC™{(T) data can be given in terms of the specific heat of a
14 2-x "4V T 1 H
1500} . two-level system, described by the Schottky functfon

[ Einstein AC™ Fit

2 ST

e
[1+(go/g1)e"T1?

wherex is the atomic fraction of two-level sitegy, and g,

are, respectively, the degeneracies of the ground and excited
levels, andé is the energy level splitting in temperature
units. Fitting Eq.(5) to the data in Fig. 3, we find;/gq
=4,x=0.012 andé=117 K. The fit is shown as the dashed

1000 do\[ O

AC® =xrR<—) (—
Schottky o1 T

®

500

AC™ (mJ/mol K)

-500 [

-1000 . . ‘ Y curve in Fig. 3. The accuracy of orC"?¥{(T) data is not
0 20 40 60 80 100 sufficient to discriminate between the applicability of the
T (K) Einstein and Schottky descriptions.

FIG. 3. The difference\ C'* between the lattice specific heats of )
Li45Tiss0,4 and LiTi,O4 Vs temperaturd@. The solid curve is a fit to C. LiV,0,
the data by the difference between two Einstein specific heats in Eq. Specific heaC(T) data were obtained for samples from
(4), whereas the dashed curve is the Schottky specific heat of g patches of LiMO,. Our first experiment was carried out
two-level system in Eq(S_). The error bars represent1% of the sample 2run 1) with mass 5 g. Thé?p(T) was found to
measuredy(T) for LiysTis:0s- be so large at lowT (the first indication of heavy-fermion

behavior in this compound from these measuren)eizst

of Li3Tis30, above 12 K is shown by the dashed curves inthe large thermal diffusivity limited our measurements to the
Fig. 2. The uncertainties in the data and analyses for the T2.23-7.94 K temperature range. A smaller piece of sample 2
spinels have little effect on the analyses®{T) for LiV ,0, (0.48 9 was then measure@un 2 from 1.16 to 78.1 K.
in the following Sec. lll C, since as Fig. 1 sugge<&{(T) Data for samples from two additional batch@ample 3 of
for LiV ,0, is small compared t€(T) of this compound at mass 0.63 g, 1.17-29.3 K, and sample 4A of mass 0.49 g,
low temperatures. 1.16-39.5 K were also obtained. Subsequent to the theoret-

To quantify the difference above-12 K between the ical modeling of the data for sample 3 described below in
C"®(T) of LiTi,O, and Liy;Tigs0, noted above in Sec. Sec. V, we obtained a complete data set from 1.14 to 108 K
lIl A, in Fig. 3 is plotted the difference C'2{(T) between the for sample 6 with mass 1.1 g from a fourth batch. A power
measured (T) of Li;Tisz04 andC'®(T) of LiTi,O,. The  series fit to theC,(T) data for sample 6 is shown as solid
shape ofAC"(T) in Fig. 3 below~30 K is similar to that  curves in Fig. 1.
of an Einstein specific heat, but such a specific heat saturates We have seen above th@?(T) of LiTi,0, is signifi-
to the Dulong-Petit limit at highl and does not decrease cantly different from that of Lij3Tis;s0,. Since LiV,O, is a
with T as the data do above 40 K. These observations sugnetallic normal-spinel compound with cation occupancies
gest that intermediate-energy phonon modes inJddfiat  Li[V,]O, as in L{Ti,]O,, and since the formula weight of
some energKg T, split in LiysTis0, into higher KgTes) metallic LiTi,O, is much closer to that of Li¥O, than is
and lower KgTg;) energy modes, resulting from the Li-Ti that of the insulator LjsTis;s0,, We expect that the lattice
atomic disorder on the octahedral sites i Jiis;s0, and/or  dynamics andC'®(T) of LiV,0, are much better approxi-
from the difference in the metallic character of the two com-mated by those of Li%iO, than of LiysTissO,. Addition-
pounds. Following this interpretation, we model the data inally, more precise and accurag(T) data were obtained for

Fig. 3 as the differenczAC',g‘itnstein between the Einstein heat LiTi,O, as compared to Lj;Tis<0, because of the factor of

capacities of two Einstein modes with Einstein temperature8 larger mass of the former compound measured than of the
of Tg; and T, (neglecting the modes at high enedgyT ), latter. Therefore, we will assume in the following that the
given by?® C'¥(T) of LiV,0, for 0-108 K is identical with that given

above for LiTLO,. We do not attempt to correct for the
2 2 influence of the small formula weight difference of 3.5%

Xa(Ted2T)” _ Xa(Ted2T) ., (4 between these two compounds @fY(T); this difference
sintP(Tey/2T)  sintP(TgA2T) would only be expected to shift the Debye temperature by

=<1.8%, which is on the order of the accuracy of the high
whereR is the molar gas constant=7 atoms/formula unit, temperatureC,(T) data. TheC(T) of LiV,0, is then ob-
andx; andx, are the fractions of the total number of phonon tained using Eq(2a).
modes shifted tdlg; and away fromTg,, respectively. A The C(T) data for samples 2Zrun 2) and 6 of LiV,0y,,
reasonable fit of the data by E@) was obtained with the obtained using Eq92), are shown up to 108 K in plots of
parametersx;=0.012, Tg;=110 K, x,=0.018, andTg, C4T) andC(T)/T vsT in Figs. 4a) and 4b), respectively.
=240 K; the fit is shown as the solid curve in Fig. 3. The An expanded plot o€(T) belov 9 K for LiV,0, is shown
model then predicts that a fractiom,(—x;)/X,~0.3 of the in Fig. 5a), where data for sample(@un 1) and sample 3 are
modes removed at enerdigTe, are moved to an energy also included. The data for samples 2 and 3 are seen to be in
KgTes>kgTes. agreement to within about 1%. However, there is a small

A ClEaitnstein: 3rR
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5 git w al Sample #6 |
o’ 4r L Sample #2 (Run #2) 2r ]
- Sample #6 ] % 20 40 60 80 100
1 T(K)
(a)
L L I FIG. 6. Electronic entropy, of LiV,0, sample 6 vs tempera-
40 60 80 100 ture T (@), obtained by integrating th€./T data for sample 6 in
T (K) Fig. 4(b) with T.
ot ' ' ' the intrinsic behavior of defect-free Lp®, compared to the
400 ¢ (b) 1 data for sample 2 and all fits ©(T) of LiV ,0, below 30 K
. ! ] by theoretical models to be presented in Sec. V below are
Y Y ] therefore done using the data for sample 3. As seen in Fig.
= 300 ] 5(a), the C((T) data for sample 6 lie somewhat higher than
£ ' ] the data for the other samples below abé but are com-
S LN ] parable with those for the other samples at higher tempera-
E 200 ", ] tures. This difference is also reflected in the magnetic sus-
.y i '-._. ceptibilities x(T),> where x(T) for sample 6 is found to be
O"’ - tiysszess,, e 1 slightly larger than those of other samples.
100 e L] To obtain extrapolations of the electronic specific heat to
[ T=0, theC(T)/T data in Fig. 5 from 1 to 10 K for samples
ol N S ) ) 3 and 6 were fitted by the polynomial
0 20 40 60 80 100 5
Ce(T)
T (K) T =10+ X CopT™, ®)
FIG. 4. Electronic specific hea, (a) and C./T (b) vs. tem- o
peratureT for LiV ,0, samples Zrun 2) and 6. The error bars if@) yielding
represent- 1% of the measure@,(T) for LiV,0,.
y(0)=426.716) mJ/mol K  (sample 3, (7a)
positive curvature in the data for sample 2 belev8 K, )
contrary to the small negative curvature for sample 3. This ¥(0)=438.35) mJ/molK*  (sample 6. (7b)

difference is interpreted to reflect the influence of the large
magnetic defect concentration present in sample 2 as co
pared with that in sample 3; see Tablé Therefore, we

believe that theC(T) data for sample 3 more closely reflect

"he fits for samples 3 and 6 are, respectively, shown by solid
and dashed curves in Fig. 5. TH€0) values are an order of
magnitude or more larger than typically obtained for

600 T T T T T T T
440 RO T T T T
420 ] 500 LIVZO s ]
~ 400 ] ¥ FNG
X LivV,0 5 400 Sample #4A
S 380 274 ] g
£ ‘E? 300
E 360+ E
= 200
340+ o Sample #2 (Run #1) ™ o
g, o Sample #2 (Run #2) © Sample #2
O 320F ¢ Sample #3 100} b
= Sample #6
300 - #6 Fit 1-11 K b
280 —‘#3‘Flt1'11K‘ . . 0 5 10 15 20 25 30 35 40
0 2 4 6 8 T (K)
T (K)

FIG. 7. Measured specific heat divided by tempera@yer vs.
FIG. 5. Expanded plot belo 9 K of the C,/T vs T data for  temperatureT for LiV,0, sample 4A; corresponding data for
LivV,0, samples 2, 3, and 6. The solid and dashed curves are polysample 2 from Fig. 1 are shown for comparison. The lines are
nomial fits to the 1.1-10 K data for samples 3 and 6, respectivelyguides to the eye.
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20 _ !
3 I~ 5 < goorof -
© 16 —~ o
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A & i
= 1 5 8.22681 k 1
8 = (b)
8.2266 ————t st : '
4 0 20 40 60 80 100

. - =g T (K)
0 10 20 30 40 50

T (K) FIG. 9. Lattice parametea, vs temperaturd from 4 to 297 K
(a) and an expanded plot from 4 to 100(K) for LiV ,0,. The solid
FIG. 8. Linear thermal expansion coefficient (left-hand  ¢jrcles are the neutron diffraction measurements of sample 5 by
scale$ and a/T (right-hand scalgsversus temperaturd for  chmaissem and co-worke(Refs. 4 and 8 The solid curve is the
LiV,0, sample 6 from 4.4 to 297 Ka) and 4.4 to 50 K(b). The  |inear thermal dilation obtained from our capacitance dilatometer
solid curves are the fit to the(T) data by a polynomial. measurements of sample 6, assumeg()=_8.22670 A.

transition-metal compounds, and are about 23 times largefeight of the anomaly above “background” is at least an
than found above for LiBiOy,. order of magnitude larger than would be anticipated due to a
The T-dependent electronic entro@y(T) of LiV,0, was  few percent of O, or V5O impurity phases which order
obtained by integrating th€(T)/T data for sample 6 in Fig. antiferromagnetically with Nel temperatures of 33.3 and
4(b) with T; the extrapolation of th&€C(T)/T vs T fit for ~ 28.8 K, respectively" It is possible that the 29 K anomaly is
sample 6 in Fig. 5 fronT=1.16 K toT=0 yields an addi- intrinsic to the spinel phase in this particular sample; in such
tional entropy 0fS¢(1.16 K)=0.505 J/mol K. The totab,(T)  a case Li-V antisite disorder and/or other types of crystalline
is shown up to 108 K in Fig. 6; these data are nearly identicatiefects would evidently be involved. As seen in Table I, this
with those of sample 2run 2) up to the maximum measure- sample has by far the largest room temperature lattice param-
ment temperature of 78 K for that samgteot shown. The  eter of all the samples listed, which may be a reflection of a
electronic entropy at the higher temperatures is large. Foslightly different stoichiometry and/or defect distribution or
example, if LiV,O, were to be considered to be a strictly concentration from the other samples. The intringi@) de-
localized moment system with one sgs 1/2 per V atom, rived for the spinel phase in this sample is also anomalous.
then the maximum electroni¢spin) entropy would be  Although theseC(T) data for sample 4A will not be dis-
2RIn(2), which is already reached at about 65 K as showrtussed further in this paper, the origin of the anomaly at 29
by comparison of the data with the horizontal dashed line irk deserves further investigation.
Fig. 6.

Our C,(T) data for one samplésample 4A of LiV 0, IV. THERMAL EXPANSION MEASUREMENTS
were anomalous. These are shown in Fig. 7 along with those
of sample Arun 2 for comparison. Contrary to th@,(T)/T The linear thermal expansion coefficiem{T) of LiV ,0,

data for sample 2, the data for sample 4A show a strongample 6 was measured between 4.4 and 297 K. Figaje 8
upturn below~5 K and a peak at about 29 K. We have showsa(T) and «(T)/T over thisT range, and Fig. @)
previously associated the first type of effect with significantshows expanded plots below 50 K. At 297 kK=12.4
(~1 mol%) concentrations of paramagnetic defécts- x10°® K1, which may be compared with the value
deed, Table | shows that this sample has by far the highest15.6<x10 6 K~ obtained for LiTO, between 293 and
magnetic impurity concentration of all the samples we stud1073 K from x-ray diffraction measuremeritsUpon cool-
ied in detail. The anomalous peak at 29 K might be inferredng from 297 K to about 25 K¢ of LiV ,0, decreases as is
to be due to small amounts of impurity phagsese Table)l  typical of conventional metaf¥. However,«(T) nearly be-
However, the excess entropyS under the peak is rather comes negative with decreasiigat about 23 K. This trend
large, AS~0.9 J/mol k=0.16RIn(2). We also note that the is preempted upon further cooling belew20 K, where both
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25 . T T T —1500 TABLE lll. Parameters for LiMO,. Abbreviations: formula
, weight FW, lattice parametet,*® (formula units/unit ce)l Z, the-
20 Liv,0, < 1400 ~ oretical mass densitp®®°, molar volumeV,,, itinerant electron
¢ [|\ Sample#s 5 concentratiorN,/V, Fermi wave vectokg= (372N./V)Y3, effec-
s 15¢ 1800 3 tive mass m* (free electron massmg), Fermi velocity v
= ‘5\7 =hke/m*, Fermi energyEr=7%2k2/2m*; Fermi temperaturel
% 10F 1300 3 =Egr/kg, and mass-enhanced density of stateEm@afor both spin
A directions,D* (Eg) = 3N,/ (2Eg) = m* kpV/ (mw?h2).
5 J100 ~
M Property Value
% 20 40 60 80 100 °
T (K) FW 172.82 g/mol
12 R - . ag(12 K) 8.2269 A
; 10 (b) ] anl 8
2 p%¥q12 K) 4.123g/cn?
E 8 1 Vu 41.92 cni/mol
E ] Ne/V 4.310x 10P2¢m 2
5 B = 2x10'' N/m? ke 1.0847 A?
g m* /m, 180.5
S ot Ve 6.96Xx 10° cm/s
© , Er 24.83 meV
% ""20 40 60 8 100 T 288.1 K
T (K) D* (Ep) 90.6 states/ef¥ atom)

FIG. 10. (a) Comparison of the linear thermal expansion coef-

ficient divided b_y_ temperaturez(T)_/T (left-hand scal}awi_th the whereB is the adiabatic bulk modulus and, is the molar
measured specific healy(T)/T (right-hand scalefor LIV.0s  yolume. In this modell' = —d In®/d InV where®(V) is a
Sar;?f']e 6(b) Gr“ge's‘le” pe;r?k:negdflk"s T,dfgjmputeq “tsr:”gf,Ec[B) characteristic energy of the system. If independent contribu-
and fhe assumed value of the bulk moduugiven in te TIgUre- ions toC, can be identified, as assumed in E2p), a rela-

«(T) and a(T)/T exhibit strong increases. The strong in- tion similar to Eq.(28) exists for the thermal expansivity,
crease inx(T) below 20 K was first observed by Chmaissem With an independenk for each contribution:

et al® from high-resolution neutron diffraction data, which I.C.+ Tlaiclat

motivated the presen#(T) measurements. We fitted our B= B+ B= e-e p 9)
«a(T) data by a polynomial ifT over three contiguous tem- ¢ BsVm '

_pera_ture ranges and ob_tained the ﬁ_t shown as the solid Curv@\ﬁwerece is understood to refer to measurements under con-
in Figs. 8. From the fit, we obtain I|pL0 a(T)/T=2.00 stant pressure. For a metall';=dInD*(Ep)/dInV
X107 K2, =dIny(0)/dInV, and T™=-dIngy/dInV. Here
Shown as the solid curve in Fig(# is the linear thermal D*(Ep) is the mass-enhanced quasiparticle density of states
dilation expressed in terms of the lattice parametg(T) at the Fermi energy and the volume dependence of the
=ao(0)[1+ f{a(T) dT], where we have used our polyno- electron-phonon interaction is neglected. Thyss a direct
mial fit to the «(T) data to computeays(T) and have set measure of the volume dependenceI®f(Er). For a free
a(0)=8.22670 A. Theay(T) determined from the neutron electron gasl.=2/3. For most real metalS,= =3(2), e.g.,
diffraction measurements by Chmaisseial® for a differ-  I'e=0.92(Cu), 1.6 (Au), 1.6(V), —4.4(Sr), —0.2(Ba), and
ent samplegsample 5 are plotted as the solid circles in Fig. 2.22(Pd).*
9. The two data sets are in overall agreement, and both indi- We have computed'(T) for LiV,0, from Eq. (8) using
cate a strong decreaseag(T) with decreasingl below 20  the polynomial fit to ouiC,, data for sample 6 and using the
K. There are differences in detail between the two measureexperimentak(T) data in Fig. 8 for this sample. The molar
ments at the lower temperatures as illustrated below 100 K irolume of LiV,0, at low temperatures is given in Table IlI.
Fig. 9b), suggesting a possible sample dependence. The bulk modulus is assumed to Be=200(40) GPa, which
Our measurement of(T)/T for sample 6 is compared is the range fountf for the similar compounds E€;,
with the measuredC,(T)/T for the same sample in Fig. Fe;O,, FeTiO;, MgO, TiO, (rutile), the spinel prototype
10(a), where the temperature dependences of these two quaNtgAl,0,,3* and MgTiL,Os.® TheT obtained by substituting
tities are seen to be similar. We infer that the strong increasthese values into Eq8) is plotted versus temperature as the
in a(T)/T with decreasingl below ~20 K is an electronic  solid circles in Fig. 1(b). Interpolation and extrapolation of
effect associated with the crossover to heavy-fermion behaw (T) is obtained from the polynomial fit to the(T) data,
ior. For most materials, the volume thermal expansiy&ty shown by the solid curve in Fig. ). From Fig. 1@b), I'
=3a and C, are related through the dimensionless Bru ~1.7 at 108 K and decreases slowly with decreasihg

eisen parametdr, with®° reaching a minimum of about 0.1 at 23 K. With a further
decrease iff, I' shows a dramatic increase and we obtain an
B= I'Cy @) extrapolated(0)~11.4. A plot of " vs T? obtained from

our experimental data points is linear f6f<30 K2, and
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extrapolates to 11.50 &=0, to be compared with 11.45 as This Ry value is in the range of those found for many con-

calculated from the smooth fitted relations faT) and
Cp(T); this justifies the(long) extrapolation ofa(T) to T
=0. An accurate determination of the magnitudd omust
await the results of bulk modulus measurements on,O).

Our estimated’(0)=T"¢(0) is intermediate between those of

conventional nonmagnetic metals and thosef-efectron
heavy-fermion compounds such as YRr'.=71), UBes
(34, and CeCy (57) with +(0)=0.43, 0.78, and
1.67 J/mol K, respectively’®

From the expressidi relating C,, to the specific heat at

constant volumeC,,, and using ourx(T) data and the esti-

mate forB above,C,(T) of LiV,0, can be considered iden-

tical with our measure€(T) to within both the precision
and accuracy of our measurements up to 108 K.

V. THEORETICAL MODELING: ELECTRONIC SPECIFIC
HEAT OF LiV ,0,

A. Single-band spinS=1/2 Fermi liquid
As mentioned in Sec. |, the high-temperatyy€T) of

ventional as well ag-electron HF and IV compoundsThe
Ry value in Eq.(12) yields from Eq.(11)
Fé=-0.42, A5=-0.71. (13

In Fermi liquid theory, a temperature dependence is often
computed forC, at low temperatures having the fottn*

+0O(T?), (14)

-
CoT)=v(0)T+ 6T In(—
To

where y(0) is given by Eq.(109 and T, is a scaling or
cutoff temperature. Engelbrecht and Betfettonsidered a
model of a single-band Fermi liquid with the microscopic
constraint of a localmomentum-independenself-energy,
where the interactions are mediated by the quasiparticles
themselves(in the small-momentum-transfer limit They
find that onlys-wave (=0) Fermi liquid parameters can be
nonzero and that thé coefficient in Eq.(14) is

37 ¥(0)

2
LiV,0, indicated a vanadium local moment with sp# W_Ag>,
=1/2 andg~2. In the low-temperature Fermi liquid regime, 24
for a Fermi liquid consisting of a single parabolic band of a 1 cas " . )
quasiparticles witts=1/2 andN, conduction electrons per Where|Agi=<1 and—3<Fg<c. Within their model, nei-
unit volume V,¥-%° the Fermi wave vectok of LiV,0, ther ferromagnetism nor phas_g s_eparatlon can occur. For
assumingN.= 1.5 conduction electrons/V atom is given in F&<0, the only potential instability is towards antiferromag-
Table II1. In terms of the mass-enhanced density of states dtetism and/or a metal-insulator transition; in this case they

EB= 5 (A8)2< 1- (15

2
E

the Fermi energyEr for both spin directionsD* (Eg), the
v(0) (neglecting electron-phonon interactipresd x(0) are
given by

k3

Y(0)= D" (Ep), (108
2 2 *

x(0)=2 fB D" (Er) (106

1+F3 "’

where F§ is a Landau Fermi liquid parameter and 1/(1
+F§)=1-Aj is the Stoner enhancement factor. The Fermi
liquid scattering amplitude#\*® are related to the Landau

parameters=>° by AM=F*J[1+F*¥(21+1)]. The super-
scripts “a” and “s”
symmetric interactions, respectively. Using Et0a and the
ke value in Table lll, the experimental value of(0) for
LiV,0, in Eq. (79 yields the effective mass*, Fermi ve-
locity vg, Eg, Fermi temperatureTe, and D*(Ep) for
LiV,0, given in Table IlIl. From Eqs(1) and(10), the Wil-

son ratid Ry, is expressed as

1

Ruw= —1-A2, (11)
Y 14re 0

Substituting the experimentak(0.4-2 K =0.0100(2)
cn/mol (Ref. 4 and y(0) in Eq.(7a) for LiV,0, into Eq.
(1) assumingy=2 yields

Rw=1.71(4). (12)

refer to spin-asymmetric and spin-

find 1<Ry=<2. ForF§>0, a BCS superconducting state is
possible anRy < 1. The value of§ for LiV ,0, in Eq. (13)
is within the former range of this theory.

Auerbach and Levitf and Millis and Leé** formulated
a Fermi liquid theory of heavy-electron compounds at low
temperatures on the basis of a microscopic Kondo lattice
model. The large enhancement mf arises from the spin
entropy of the electrons on the magnetic-ion siiess, spin
fluctuation3.*® The Wilson ratio isRy~1.5 and aT®InT
contribution toC4(T) is found. The origin of this latter term
is not ferromagnetic spin fluctuatioriéparamagnons’,*?
but is rather electron density fluctuations and the screened
long-range Coulomb interactidi.The coefficients,, of the
T3InT term found by Millig® is 6y=mkiV(1
—w2/12)/5(hv )3, which may be rewritten as

3m2y(0) 2

Using the valuesy(0)=427 mJ/mol K [Eq. (7a)], T

=288 K (Table Ill) andA in Eq. (13), Egs.(15) and(16),
respectively, predict

mJ mJ
0gg=0.0199———, §46,,=0.00135—. (17)
mol K* mol K*
We have fitted our low-temperatur@,(T)/T data for

LiV,0, sample 3 by the expression

Cd(T)

¥ T)= T +eT3,

(18

-
=y(0)+ T2 In(—
To
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500 o R fluctuations®® In this context, it is possible that the magni-
LV O ! P tude of 6 predicted by one of the above two theories is cor-
Vol / A rect, but that terms higher order hnot calculated by the
400 // § theory are present which mask tféIn T contribution over
/ the temperature ranges of the fifsin this case the large
€ i R experimentals value would be an artifact of force fitting the
S 300} 1 data by Eq.(18). Indeed, we found that the fits were un-
% stable, i.e., depended on the temperature range fitfe&ig.
£ e 11). In addition, the applicability of the theory of Milfd to
= 200 el LiV,0, is cast into doubt by the prediction that the Knight
o’ o Sample #2 (Run #2) shift at a nucleus of an atom within the conduction electron
o Sample #3 sea(not a “magnetic” atom “would be of the same order of
100 f_::}foKKng,TFg" ] magnitude as in a normal metal, and would not show the
--------- 1-15 K Ce/T Fit mass enhancement foundyn” ** In fact, the Knight shift of
—1-30 K Ce/T Fit2 the ‘Li nucleus in LiV,0, for T~1.5-10 K is about
% 5 10 15 20 25 30 0_.14%?"6'10'11which is abé)ut 600 times larger than the mag-
T (K) nitude (0.00024% found*® at room temperature for théLi

Knight shift in LiTi,O,. Similarly, the ‘Li 1/T,T from 1.5
FIG. 11. Electronic specific he&, divided by temperatur§  to 4 K in the highest-purity Li\,O, samples is about

for LiV ,0, samples Zrun 2 and 3 vsT. The dashed curves are fits 2.25 s *K~*4® which is about 6000 times larger than the
to the 1-5 K, 1-10 K, and 1-15 K data for sample 3 by thevalue of 3.7 10 *s 1K ~! found® at 160 K in LiTi,O,,
spin-fluctuation Fermi liquid model, Eq18) with ¢=0, whereas whereT, is the ’Li nuclear spin-lattice relaxation time.
the solid curve is a 1-30 K fit assumirg 0.
. . . B. Quantum-disordered antiferromagnetically coupled metal
initially with e=0. The fit parameterg(0), &, andT, were . ) . .
found to depend on the fitting temperature range above 1 K The antiferromagnetitAF) Weiss temperature of Li¥O,
chosen, and are sensitive to the precision of the data. THEOM x(T) measurements {g| =30-60 K, yet the pure sys-
parameters obtained for 1-3 K and 1-5 K fits were nearlyem exhibits neither static AF nor spin-glass order above
the same, but changed when the upper limit to the fittingd-02 K> A possible explanation is that the ground state is
range was increased to 10 and 15 K. The fits for the 1-5 kdisordered due to quantum fluctuations. We consider here the
1-10 K, and 1-15 K fitting ranges are shown in Fig. 11,predictions forC¢(T) of one such theory. A universal con-
along with theC(T)/T data for sample 2run 2). As a check tribution to the temperature dependence@f of a three-
on the fitting parameters, we have also fitted @g&T)/T dimensional(3D) metal with a control parameternear that
data for sample 3 by Eq18) with & as an additional fitting réquired for a zero-temperature AF to quantum-disordered
parameter. The fit for the 1—30 K range is plotted as the solidhase transition, corresponding to dynamical exporent
curve in Fig. 11. The fits for the smalldF ranges withs =2, Was calculated by Zicke and Millis?* which modifies
=0 and for the larger ranges with# 0 should give the most the Fermi liquid prediction in Eq(14). Upon increasingr
reliable parameters. We infer from the fit parameters for alfrom T=0 in the quantum-disordered region, the system
ranges that the most likely values of the parameters and theffosses over from the quantum disordered to a classical re-

error bars are gime. The same scaling theory predicts that the Towspin

susceptibility is given byy(T)=x(0)+AT%? where the
mJ constantA is not determined by the theofy.
y(0)=4282) 5 0=1.93) 2 (19 Zulicke and Millis found the electronic specific heat to be
mol K mol K given by?*

The parameters in Eq19) are very similar to those obtained

using the same type of fit t€,(T)/T data for the heavy- Ce_ aR NO\/FF T (20

fermion superconductor UPwith T,=0.54 K,* for which T YT et T

¥(0)=429-450mJ/mol R and &=1.99 mJ/mol K. 454¢
Our Tg andm*/m, values for LiV,O, (288 K and 181, Table 32 o v
) are alsoa,9 respectively, very similar to those of Y89 F(x)= f dy Vi+ \/m (20b)
K and 178. 72 Jo sy

The experimentab value in Eq.(19) is a factor of~10?
larger thandgg and ~10° larger thand,, predicted in Eq. Here, y, is the (nonuniversal electronic specific heat coef-
(17). A similar large[ O(10°—10°)] discrepancy was found ficent atT=0 in the usual Fermi liquid theoryy(0) abové,
by Millis for the & coefficient for UP5.*® As explained by T* is a characteristic temperature, aNg is the number of
Millis, *® the large discrepancy between his theory and excomponents of the bosonic order parameter which represents
periment may arise because the calculations are for a singtbe ordering fieldNy= 3, 2, 1 for HeisenbergXy, and Ising
parabolic band, an assumption which may not be applicablesymmetries, respectively. The numberis not determined
to the real materials. However, he viewed the most likelyby the scaling theory but is expected to be on the order of the
reason to be that his calculations omit some effect importamiumber of conduction electrons per formula unit; thus for
to the thermodynamics such as antiferromagnetic spihiVv,0,, we expecta~3. We have defined (x) such that
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450 - - T - 1% do induce static magnetic ordering belevw0.8 K, but
LiV O ] this ordering is evidently of the short-range spin-glass fype.
400F 274 . Substitution of zn for Li in Li_,Zn,V,0, induces spin-
[ o Sample #3 ] glass ordering for 02x=<0.9 but long-range AF ordering
. 350} o Sample #2 (Run #2) 4 does not occur until 0:9x=<1.0° Finally, two caveats re-
¥ i - —-1-5K Ce/T Fit ] garding the fits and discussion in this section are in order.
B 300k _“Hgﬁgzﬁ i:} ] The first is thaunknown corrections of orderT/T*)? and
£ [ ] r! to the theory of Zlicke and Millis** exist but have not
3 o50l ] been included in the prediction in EgRO0); incorporating
e these corrections may alter the parameters obtained from fits
o to experimental dat¥: The second caveat is that the theory
2001 5 P .
may need modification for compounds such as J0V in
8 which geometric frustration for AF ordering exists in the
150¢ ® o ol structure>!
100'....|.. I N .
0 5 10 15 20 25 30 C. Spin-1/2 Kondo model
Temperature (K) Calculations of the impurity spin susceptibility(T)

and/or impurity electronic contributioB¢(T) to the specific
heat for the S=1/2 Kondo model were carried out by
Wilsor? and other&>° using different techniques. Both
x(T) and C4(T) depend only on the scaling parameter
T/ITx, whereTyk is the Kondo temperaturéhere, we use
Wilson’s definitiorf). The impurity y(T) is predicted to be
Curie-Weiss-like at temperatures high compared wWih,
nd to level out at a constant high value 1o£0.1Ty due to

e formation of a singlet ground state.

In the limit of zero temperature, one fifs

FIG. 12. Electronic specific heat divided by temperatG T
vs T for LiV ,0, samples Zrun 2 and 3. Fits to the data for sample
3 by the theory of Zlicke and Millis (Ref. 24, Egs. (20), are
shown for the fitting ranges 1-5 Kong-dashed curye 1-10 K
(solid curve, and 1-15 K(short-dashed curye

F(0)=1. The variabler is expected to be temperature de-
pendent, but this temperature dependence cannot be eva
ated without ascertaining the value of an additional param-
eteru in the theory from, e.g., measurements of the pressure

dependence ofC4(T); here, we will assumea to be a TWNkg
constanf® From Eq.(20a, the T=0 value ofy in the ab- Y T=0)= , (23)
sence of quantum fluctuations is reduced by these fluctua- 6Tk
tions, and the measureg0) is where N is the number of impurity spins. The Wilson
numbef W is given by®®?
aRNy\r
¥(0)=yo— = (21 W= yel47~12~1.290 268 998, (24)

] ] where Iny~0.577 215664902 is Euler's constant. Setting
We fitted ourCe/T vs T data for LiV;0,4 sample 3 by  N—=N, | Avogadro’s number, one obtains from E¢&3) and

Egs. (20), assumingNo= 3. The fitting parameters were (24) the electronic specific heat coefficient per mole of im-
Yo, @, r,andT*; they(0) value is then obtained from Eq. purities:

(21). The 1-20 K and larger ranges did not give acceptable

fits. The fits for the 1-5, 1-10, and 1-15 K fitting ranges are 7WR 5.617 14 J/mol K
shown in Fig. 12. From these fits, we infer the parameters y(0)= 6T, Te : (25
and errors

To characterize th@ dependence of,, we utilized ac-
curate numerical calculations using the Bethe ansatz by Jerez

o= 800(50) a=2.659), r=0.406),

mol K2’ and AndreP® The calculatedC,(T) shows a maximum,
maq Cy(T)/Nkg]=0.177 275, which occurs aff™Ty
T*=18.94)K, (0)=4301)mJ/molk2. (220 =0.6928. The calculations were fitted by the expressions
Within the context of this theory, quantum fluctuations re- CdT)
duce the observeg(0) by about a factor of 2 compared to Nke f(t), (269
the valuey, in the absence of these fluctuations. The value B
of « is close to the nominally expected valt€8 mentioned cJ(T) F(t)
above. The relatively large value ofindicates that LiMO, — _—g(t)=—, (26b)
is not very close to the quantum-critical point, and therefore NkgT/Tk t

predicts that long-range AF order will not be induced by

small changes in external conditioffgessurg or composi- W
tion. The former prediction cannot be checked yet because f(t):(T
the required experiments under pressure have not yet been

done. The latter expectation is consistent with the data availwheret=T/Tx and the coefficients,, for the two types of
able so far. Magnetic defect concentrations on the order dits are given in Table IV for the fitting range 0.061

t(1+at+ayt?+agt3+ath)
1+ast+agt?+a,t3+agt?+agt®’

(260
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TABLE IV. Coefficientsa, in Eg. (260 in the fits to the theo-
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TABLE V. Coefficientsc,, in Eq. (28) for the high-temperature

retical prediction for the specific heat vs temperature of $he series expansion for the magnetic specific heat oBteablattice of
=1/2 Kondo model by Jerez and Andr@ef. 59.

the spinel structure, for the indicated values of s@in

a, C(T) fit C(T)/T fit n S=1/2 S=1
a, 9.1103933 6.8135534 1 -1/2 —13/6

a, 30.541094 21.718636 2 —23/16 -3

as 2.1041608 2.3491812 3 65/48 715/36

a, 0.0090613513 0.017533911 4 1183/768 —4421/324

as 9.1164094 6.8158433 5 —18971/7680 —670741/6480

ag 36.143206 27.663307

a; 67.91795 48.229552

ag 53.509135 40.216156 Tk=26.41)K, (0)= 4262)mJ/molK. (27

a 1.7964377 24863342 The fit is shown in Fig. 13 as the solid curves. For compari-

son, also shown in Fig. 18 are the predictions fofl ¢
=25 K and 28 K. Unfortunately, despite the good agreement

<100. Equation$26) incorporate the zero-temperature limit }
in Egs. (23—(25). The maximum(rms deviations of the ©Of the theory forTy=26.4 K with our measure@(T) at
Co(T) fit from the calculated numerical data are 0.011%/0W T, the S=1/2 Kondo model prediction fog(T) qualita-

(0.0035% for 0.001=<t<3 and 0.031%0.021% for 3<t tively disagrees with the observed temperature dependence at

<10 but then progressively deteriorate to 0.48%4.4% in low T.> This difficulty of self-consistently fitting th€(T)
the region 16:t<92. The corresponding deviations for the @1d x(T) data is a problem we have encountered in all our

C(T)/T fit are 0.0044%(0.00091%, 0.031% (0.017% attempts so far to fit our data for both measurements over
ar?d 5.19%(1.6%). ’ ’ any extended temperature range by existing théseg also

The experimentalC(T)/T data for LiV,O, sample 3 the next section
were least-squares fitted from 1@ 5% K by Egs. (26b and

(260),%2 yielding Ty, and theny(0) from Eq.(25):

Fits: S = 1/2 Kondo Model

D. Local moment high-temperature description

As discussed above, thg(T) data for LiV,0O, suggest
that at high temperatures a local moment description in

450 I T T T T
N LiV204 which the moments are antiferromagnetically coupled with
oo o Samele 13 Weiss temperaturé~ — 30 to —60 K may be applicabl&®
¥ 350F o_Sample #2 (Run #2) Accordingly, we have calculated the magnetic specific heat
° . Re o5, ] C(T) for localized moments on the octahed(B) sublat-
£ 300 : . . .
S oy, e tice of the A[B,]O, spinel structure assuming nearest-
£ 250f ] neighbor AF Heisenberg interactions using the general high-
S.» 200k ] temperature series expansi@tiTSE) results of Rushbrooke
] ] and Wood® The Hamiltonian is{=J%;,S-S;, where the
150; (a) & sum is over all exchange bonds and the exchange constant
10055 {5~""75 " "20"""25 30 J>0 corresponds to AF interactions. In terms of this Hamil-
T (K) tonian, 6=—zJYS+1)/3, wherez=6 is the coordination
8 I A e e number for theB sublattice of the spinel structure. The above
7L ®) _a7oe, ° ] range ofé then givesl/kg=20-40 K assuming=1/2. The
ol e ] general HTSE prediction §3
< st oo ] ColT)  ASSHDT . T col(S)
E 4 T 1+ > ——|, (28)
3 Nkg 6t2 { n=1 t"
o”
2 wheret=kgT/J and the coefficients,, depend in general on
1l the spin-lattice structure in addition ® The coefficients,
for the B sublattice of the spinel structure wit=1/2 and

0

0 1IO 20 30 40 50 60 70 80

T(K)

S=1 up to the maximum available™=5 are given in
Table V. The predictions fo€,, versus scaled temperature
kgT/[JS(S+1)] with n™=5 are very similar forS=1/2

FIG. 13. (a) Electronic specific heat divided by temperature
C«T)/T data for LiV, 0, samples Zrun 2) and 3 below 30 Kopen
symbolg and a fit(solid curve of the data for sample 3 by the
=1/2 Kondo model, Eq926b) and(26¢), for a Kondo temperature
Tk=26.4 K. Shown for comparison are the predictions T
=25.0 K (long-dashed curyeand 28.0 K(short-dashed curye(b)
The same data and the fit witfx =26.4 K in a plot ofC, vs T up
to 80 K.

and S=1. A comparison of theC(T) predictions forn™®
=0 to 5 indicates that the calculations fof*=5 are accu-
rate forkgT/[JS(S+1)]=2.5, aT range with a lower limit
slightly above the temperatures at which broad maxima oc-
cur.

In Fig. 14 the HTSE prediction o, (T) for the B sub-
lattice of the spinel structure witm™®=5, S=1/2, and
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; L YbCuSip °  UBe,
— 2| 4
X 6 @%’% Sample #6 - 10 E VaZna® U?00e0uzs Iy ]
g 3t = UAI0
5 g4 e Liv,0,
T o 1 (= CeBe,,0
Oa) 4 .m -~ 13
" 1 % 10° | (VoosTlo0s)2O5 -
High-T Series o E Pdo vy si Sr.RUO 3
2 /S=1/2,J/kB=20K I —~ rpRuS,
=)
=
0 1 1 1 1 1 . .
20 40 60 80 100 104 | * LiTi,O, 3
T (K) i ]
Free Electrons
FIG. 14. Comparison of the high-temperature series expansion
prediction for the magnetic specific he@y,(T) of the B sublattice 10% . . .
of the A[ B, ]O, spinel structure assumir®= 1/2, J/kz=20 K, and s
[ 2] 4 SP @: B 10_3 10.2 10.1 100 101

n™=5 given by Eq(28) with c, coefficients in Table V, with the
experimentalC(T) data for LiV,O, sample ZArun 2) and sample 6

2
from Fig. 4a). ¥(0) (J/mol K%)

FIG. 15. Log-log plot of the magnetic susceptibilig(0) vs
J/kg=20 K in Eg. (28) is compared with the experimental electronic specific heat coefficient(0) at zero temperature for a
C(T) data for LiV,0, samples 2 and 6 from Fig(d. The variety off-electron heavy-fermion and intermediate-valence com-
HTSEC,(T) has a much lower magnitude than the data andpounds compiled from the literatufafter Ref. 64. The plot also
a qualitatively different temperature dependence. From Eq’ncludes data for several elemental andi@lectron metals and our
(28), changingd just scales the curve with. Thus the local data point for LiV,O,. Here, a “mol” in the axis labels refers to a
moment picture is in severe disagreement with G(T) mole of transition-metal atoms for tliemetal compounds and to a
measurements, despite the excellent agreement between {Hgle of f-electron atoms for compounds containing lanthanide or

. o actinide atoms. The straight line corresponds to a Wilson Rjo
corresponding HTSEy(T) prediction and they(T) data - i .y _ oo
from 50—100 K to 400 K5 =1 for quasiparticles with spi&=1/2 andg factorg=2, which is

also the Wilson ratio for a free electron Fermi gas.

from a value of 0.13 J/mol Kat 30 K to 0.08 J/mol R at 108
K. Even these latter twe values are exceptionally large for
We have presente€(T) data for LiV,O, sample 6 a metallic d-electron compound. The temperature depen-
which extend our previous measureménitp to 108 K. We  dences ofy, x, the low-T resistivity, and the/Li NMR prop-
have also presente@,(T) data for the isostructural super- erties are remarkably similar to those of the heaviest-mass
conducting compound Li}0, (T,=11.8 K) up to 108 K  f-electron heavy-fermion compountifn a plot of y(0) ver-
which complement our earlier ddtan the isostructural non- sus y(0), the data point for Li\,O, sits amid the cluster
magnetic insulator LjsTis30,. We concluded here that the formed by thef-electron heavy-fermion and intermediate-
lattice contributionC'®(T) to Cy(T) for LiTi,O, provides valence compounds as shown in Fig. %8 8yhere several
the more reliable estimate of ti@Y(T) for LiV,0,, andwe data for elemental metals, the A-15 superconductor
then extracted the electronic contributi@g(T) to Cy(T) of  V;Si (T,=17K),%*®" and superconducting and/or metallic
LiV ,0, from 1.2 to 108 K. Inelastic neutron scattering mea-d-metal oxides LiTjO, (T.<13.7K)** SrRuO, (T,
surements of the lattice dynamics and spin excitations would= 1 K),%8 and (\; o<Ti 08 ,03,%° are also included for com-
be very useful in interpreting the measurements presentgshrison.
here. It will be important to determine whether or not there  From our theoretical modeling in Sec. V, Fermi liquid
exist significant differences in the lattice dynamics of models and thes=1/2 Kondo model(with a Fermi liquid
LivV,0, and LiTi,O,4; in our data analyses and modeling, we ground statgare capable of describing o@(T) data for
have assumed that these compounds are similar in this reiv,0, from 1 K up to~10 K, although the magnitudes of
spect. the derived parameters remain to be understood theoretically.
For two high-magnetic-purity LiYO, samples 3 and 6, The localized moment model in Sec. V D failed both quali-
the electronic specific heat coefficientfT)=C(T)/T were tatively and quantitatively to describe the data. None of the
found to bey(1 K)=0.42 and 0.43 J/mol¥ respectively. models we used can account for the additional contribution
To our knowledge, these values are significantly larger thamo C(T) at higher temperatures, from10 K up to our high-
previously reported for any metallic transition-metal temperature limit of 108 K, which appears to be distinct from
compound®* For LiTi,O,, we found y=0.018 J/mol K. the contribution beginning at much low&rand could arise
¥(T) of LiV,0, decreases rapidly with increasing tempera-from orbital/®’* charge, and/or spiR’® excitations. The
ture from 4 to 30 K and then decreases much more slowlgrystalline electric field and/or the spin-orbit interaction may

VI. SUMMARY AND CONCLUDING REMARKS
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produce some energy level structure which is thermally ac- It is conceivable that the same mechanism is responsible
cessible within our temperature rangdeConventional band for the heavy-fermion behavior in LD, as in the
structure effects cannot give rise to our res(its. f-electron heavy-fermion systems if one of the 1db

As is well known for conventional metals, the electron- electrons/V atom is localized on each V atom due to electron
phonon interaction increasegsby the factor (1 \), where  correlation effects and crystalline electric field orbital energy
A is the electron-phonon coupling constant, but does not affevel structure’® and if the orbital occupied by the localized
fectx; i.e., D*(Ef) = D* (Ef)(1+\) in Eq.(108. One can  glectron is hybridized only weakly with the conduction-
correct the observed Wilson ratio for electron-phonon interjectron states. That such localization can occur in similar
actions by multiplying the observed value by1).” The systems is supported by calculations for tite compound
electron-phonon interaction is not taken into account in any\aTio,.” Additional scenarios for the heavy-fermion be-
of the analyses or que_li_ng we havg dc_)ne._This correctiomavior mechanisis) are given by Kondo and co-workérs
would have had a significant quantitative impact on OUfinyolying the geometric frustration for AF ordering within
analyses if we used, e.9.~0.7 as in LiTbO, (Refs. 20 and  the v/ sublattice and/or low-lying coupled dynamical orbital-
28); most previous analyses of the specific heats of othegnarge-spin excitations. Further experimental and theoretical
(f-electron HF compounds also did not take the electron-jnyestigations of the physical properties of Li¥, may thus
phonon interaction into accouht. reveal interesting new physics which may also allow a

From our combined specific heat and thermal expansiogieeper understanding of theelectron heavy-fermion class
measurements on the same sample 6 of,O)from 4.4t0 5 materials.

108 K, we derived the Gneisen parametel (T) which
shows a dramatic enhancement belev25 K as the com-
pound crosses over from the quasilocal moment behavior at
high temperatures to the low-temperature Fermi liquid re-
gime, confirming the discovery of Chmaisseshal. from We are indebted to F. Izumi for helpful communications
neutron diffraction measuremerftur estimated extrapo- regarding the Rietveld analyses and to A. Jerez and N. An-
lated value of the electronic Gmeisen parametdf(0) is  drei for providing high-accuracy numerical valdesf the
about 11.4, which is intermediate between values for conmagnetic susceptibility and specific heat of tise=1/2
ventional metals and foif-electron heavy-fermion com- Kondo model. We thank V. Antropov, F. Borsa, O. Chmais-
pounds. This large value indicates a much stronger depersem, J. B. Goodenough, R. J. Gooding, B. N. Harmon, J. D.
dence of the mass-enhanced density of states on the volundergensen, M. B. Maple, and A. J. Millis for helpful discus-
of the system than simply due to the decrease in the Fernsions and correspondence, and V. Antropov and B. N. Har-
energy with increasing volume as in the quasifree electromon for communicating to us the results of their unpublished
picture. In thef-electron HF systems, the largg(0) values band structure calculations for Lj®,. Ames Laboratory is
are thought to arise from a strongly volume-dependent hyeperated for the U.S. Department of Energy by lowa State
bridization of thef-electron orbitals with those of the con- University under Contract No. W-7405-Eng-82. This work
duction electron$®’’ In the present case of LiD,, the  was supported by the Director for Energy Research, Office of
origin of the largel’((0) is unclear. Basic Energy Sciences.

ACKNOWLEDGMENTS

IFor reviews, see G. R. Stewart, Rev. Mod. PI86.755(1984;  °M. Onoda, H. Imai, Y. Amako, and H. Nagasawa, Phys. Rev. B

A. C. Hewson,The Kondo Problem to Heavy FermiofiSam- 56, 3760(1997.
bridge University Press, Cambridge, England 1993 1IN, Fujiwara, Y. Ueda, and H. Yasuoka, Physica2B7-238 59
2K. G. Wilson, Rev. Mod. PhysA7, 773 (1975. (1997.
°D. B. Rogers, J. L. Gillson, and T. E. Gier, Solid State Commun.12y Fyjiwara, H. Yasuoka, and Y. Ueda, Phys. Rev5B 3539
5, 263 (1967). (1998.

4
S. Kondo, D. C Johnston, C. A. Swenson, F. Borsa, A. V. Ma-laB_ Reuter and J. Jaskowsky, Angew. Chét®, 209 (1960 Ber.
hajan, L. L. Miller, T. Gu, A. I. Goldman, M. B. Maple, D. A. Bunsenges. Phys. CheiT0, 189 (1966

Gajewski, E. J. Freeman, N. R. Dilley, R. P. Dickey, J. Merrin, 145 ¢ Johnston. J. Low Temp. Phy5, 145 (1976

K. Kojima, G. M. Luke, Y. J. Uemura, O. Chmaissem, and J. D'15A. Deschanvres, B. Raveau, and Z. Sekkal, Mater. Res. Bull.
Jorgensen, Phys. Rev. Lef8, 3729(1997. 64 (1971

5 . .

S. Kondo, D. C. Johnston, and L. L. Miller, preceding paper, 4

R. J. Cava, D. W. Murphy, S. Zahurak, A. Santoro, and R. S.

Phys. Rev. B59, 2604 (1999. -
6A. V. Mahajan, R. Sala, E. Lee, F. Borsa, S. Kondo, and D. C.17 Roth, J. Solid State Cherb3, 64 (1984.

Johnston, Phys. Rev. 87, 8890(1998. M. Da]ton, I. Gameson, A. R. Armstrong, and P. P. Edwards,
’J. Merrin, Y. Fudamoto, K. M. Kojima, M. Lardin, G. M. Luke, Physica C221, 149 (1994. _

B. Nachumi, Y. J. Uemura, S. Kondo, and D. C. Johnstam D. C. Johnston, H. Prakash, W. H. Zachariasen, and R.

published. Viswanathan, Mater. Res. BuB, 777 (1973.
80. Chmaissem, J. D. Jorgensen, S. Kondo, and D. C. Johnstoh'M. R. Harrison, P. P. Edwards, and J. B. Goodenough, Philos.
Phys. Rev. Lett79, 4866(1997. Mag. B 52, 679 (1985.

%Y. Ueda, N. Fujiwara, and H. Yasuoka, J. Phys. Soc. 8pn778 203. M. Heintz, M. Drillon, R. Kuentzler, Y. Dossmann, J. P. Kap-
(1997. pler, O. Durmeyer, and F. Gautier, Z. Phys7B 303(1989.



PRB 59 SPECIFIC HEAT(1.2-108

2D, P. Tunstall, J. R. M. Todd, S. Arumugam, G. Dai, M. Dalton,
and P. P. Edwards, Phys. Rev.5B, 16 541(1994).

22T, Inukai, T. Murakami, and T. Inamura, Thin Solid Filrad, 47
(1982.

23F, Bertaut and A. Durif, C.R. Acad. SdiPari§ 236, 212 (1953.

241, Zilicke and A. J. Millis, Phys. Rev. B1, 8996(1995.

25F, Izumi, in The Rietveld Methqdedited by R. A. YoundOxford
University Press, Oxford, 1993Chap. 13.

26C. A. Swenson, Phys. Rev. B3, 3669(1996.

27C. A. Swenson, inThermal Expansion of Solidedited by C. Y.
Ho, CINDAS Data Series on Material Properti@snerican So-
ciety of Metals, Metals Park, OH, 1988Chap. 8.

28R. W. McCallum, D. C. Johnston, C. A. Luengo, and M. B.
Maple, J. Low Temp. Phy5, 177 (1976.

2E. S. R. GopalSpecific Heats at Low Temperaturélenum,
New York, 1966.

30For a review, see T. H. K. Barron, J. G. Collins, and G. K. White,
Adv. Phys.29, 609(1980.

31G. D. Khattak, P. H. Keesom, and S. P. Faile, Phys. Re#8B
6181(1978.

K AND THERMAL . .. 2641

53H. R. Krishna-murthy, J. W. Wilkins, and K. G. Wilson, Phys.
Rev. B21, 1044(1980.

54L. N. Oliveira and J. W. Wilkins, Phys. Rev. Lett7, 1553
(1981).

SV, T. Rajan, J. H. Lowenstein, and N. Andrei, Phys. Rev. Lett.
49, 497 (1982.

56y. T. Rajan, Phys. Rev. Lets1, 308 (1983.

5’H.-U. Desgranges and K. D. Schotte, Phys. L&LA, 240
(1992.

58A. M. Tsvelick and P. B. Wiegmann, Adv. Phy@2, 453(1983.

9. Jerez and N. Andrefunpublished

50N. Andrei and J. H. Lowenstein, Phys. Rev. Léi6, 356 (1981).

613. W. Rasul and A. C. Hewson, J. Phys1G 3337(1984.

52The prediction of Rajaret al. (Refs. 54 and 55for C(T) of
the S=1/2 Kondo model was used to fit our loW-C(T) data
in our initial publication(Ref. 4, where we used a fit to digi-
tized data from the theoretical plots. The digitized data were
parametrized byC4(T)=[(0.8278 J/mol K)Lg+3.959)|/[(Lg
+0.25107+ 1.39822%, whereLg=log;o(T/Ty).

83G. S. Rushbrooke and P. J. Wood, Mol. Phys.257 (1958.

82y, Roy, K. Petrov, I. Tsolovski, and P. Peshev, Phys. Status So- Note that the definition of in this paper is a factor of 2 smaller

lidi A 44, K25 (1977).

33F, Birch, in Handbook of Physical Constantsdited by S. P.
Clark, Jr.(Geological Society of America, New York, 1966
Sec. 7, pp. 129-136.

34M. B. Kruger, J. H. Nguyen, W. Caldwell, and R. Jeanloz, Phys.

Rev. B56, 1 (1997.
35R. M. Hazen and H. Yang, Scien@¥7, 1965(1997.

than ours. We determined the parameters in this paper corre-
sponding to theB sublattice of theA[B,]0O, spinel structure to
be z=6, p;=2, p,=2, p3=0, ps=2, ps=12, q=0, r=2,
andt=0.

84R. Ballou, E. Leliere-Berna, and B. Ha Phys. Rev. Lett76,
2125(1996.

65B. A. Joneset al, Fig. 1 in P. A. Lee, T. M. Rice, J. W. Serene,

38For a review, see A. de Visser, J. J. M. Franse, and J. Flouquet, L. J. Sham, and J. W. Wilkins, Comments Condens. Matter

Physica B161 324 (1989.

37C. Kittel, Introduction to Solid State Physicéth ed.(Wiley, New
York, 1973, Chap. 7.

38C. J. Pethick and G. M. Carneiro, Phys. Rev7A304 (1973.

Phys.12, 99 (1986.

8A. Junod, J.-L. Staudenmann, J. Muller, and P. Spitzli, J. Low
Temp. Phys5, 25 (1971.

673. P. Maita and E. Bucher, Phys. Rev. L&, 931 (1972.

39C. J. Pethick, D. Pines, K. F. Quader, K. S. Bedell, and G. ES8Y. Maeno, K. Yoshida, H. Hashimoto, S. Nishizaki, S. Ikeda, M.

Brown, Phys. Rev. Lett57, 1955(1986.

40G. Baym and C. Pethick.andau Fermi Liquid TheoryJohn
Wiley & Sons, New York, 1991L

413. R. Engelbrecht and K. S. Bedell, Phys. Rev. L&4, 4265
(1995.

42, Auerbach and K. Levin, Phys. Rev. Lefi7, 877(1986; Phys.
Rev. B34, 3524(1986.

43A. J. Millis, Phys. Rev. B36, 5420(1987).

44A. J. Millis and P. A. Lee, Phys. Rev. B5, 3394(1987).

45G. R. Stewart, Z. Fisk, J. O. Willis, and J. L. Smith, Phys. Rev.

Lett. 52, 679(1984).

48\W. Trinkl, U. Weilnhammer, S. Corgéus, T. Schreiner, E.-W.
Scheidt, and G. R. Stewart, Phys. Rev68 1163(1996.

4TA. Ishigaki and T. Moriya, J. Phys. Soc. Ji5, 376 (1996.

“8M. Dalton, D. P. Tunstall, J. Todd, S. Arumugam, and P. P.

Edwards, J. Phys.: Condens. Mat6r8859(1994).

49, B. loffe and A. J. Millis, Phys. Rev. B51, 16 151(1995.

%0In the fit to the specific heat data by this theory in Ref.r4,
=const ande=1 were assumed.

5IA. J. Millis (private communication

52H. R. Krishna-murthy, J. W. Wilkins, and K. G. Wilson, Phys.
Rev. B21, 1003(1980.

Nohara, T. Fujita, A. P. Mackenzie, N. E. Hussey, J. G. Bed-
norz, and F. Lichtenberg, J. Phys. Soc. J§®).1405(1997.

%9p. B. McWhan, J. P. Remeika, T. M. Rice, W. F. Brinkman, J. P.
Maita, and A. Menth, Phys. Rev. Le®7, 941 (1972).

OM. Takigawa, E. T. Ahrens, and Y. Ueda, Phys. Rev. L&6.
283(1996.

W, Bao, C. Broholm, G. Aeppli, P. Dai, J. M. Honig, and P.
Metcalf, Phys. Rev. Lett78, 507 (1997).

723, B. Silva, W. L. C. Lima, W. C. Oliveira, J. L. N. Mello, L. N.
Oliveira, and J. W. Wilkins, Phys. Rev. Left6, 275 (1996.

73N. Andrei and A. Jerez, Phys. Rev. Let, 4507(1995.

74R. J. Radwaski (unpublishedl

SV, Antropov and B. N. Harmorunpublishedl

6p. Fulde, J. Keller, and G. Zwicknagl, iSolid State Physics
edited by H. Ehrenreich and D. TurnbiAcademic Press, San
Diego, 1988, Vol. 41, pp. 1-150.

""A. S. Edelstein and N. C. Koon, Solid State Comm48, 269
(1983; for a review, see P. Thalmeier, J. Magn. Magn. Mater.
76&77, 299(1988.

783, B. Goodenougliprivate communication

3. Yu. Ezhov, V. I. Anisimov, H. F. Pen, D. I. Khomskii, and G.
A. Sawatzky, Europhys. Letti4, 491 (1998.



