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Synthesis, characterization, and magnetic susceptibility of the heavy-fermion
transition-metal oxide LiV ,0,
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The preparative method, characterization, and magnetic susceptibitiFasurements versus temperaflire
of the heavy-fermion transition-metal oxide Li®, are reported in detail. The intrinsjg(T) shows a nearly
T-independent behavior below 30 K with a shallow broad maximum at16 K, whereas Curie-Weiss-like
behavior is observed above50—100 K. Field-cooled and zero-field-cooled magnetizaith® measurements
in applied magnetic field$1=10—100 G from 1.8 to 50 K showed no evidence for spin-glass ordering.
Crystalline electric field theory for an assumed cubic V point group symmetry is found insufficient to describe
the observed temperature variation of the effective magnetic moment. The Kondo and Coqgblin-Schrieffer
models do not describe the magnitude dnhdependence of with realistic parameters. In the highrange,
fits of x(T) by the predictions of high-temperature series expansion calculations provide estimates of the V-V
antiferromagnetic exchange coupling constiiki~ 20 K, g factorg~ 2, and theT-independent susceptibility.
Other possible models to describe th€rl) are discussed. The paramagnetic impurities in the samples were
characterized using isothermil®*{H) measurements with-OH<5.5 T at 2—-6 K. These impurities are
inferred to have spiSm,~ 3/2—4,9imp~ 2, and molar concentrations of 0.01-0.8 %, depending on the sample.
[S0163-18299)04304-0

[. INTRODUCTION state, the compound is expected to be metallic, which was
confirmed by single-crystal resistivitg(T) measurements
Especially since the discoveries of heavy-fermliéHF) by Rogerset al® The V atoms constitute a three-dimensional
and high-temperature superconducting compodraisngly  network of corner-shared tetrahedra. The Lisublattice is
correlated electron systems have drawn much attention boidentical to the cubic Laves pha§gl5) structure, and the V
theoretically and experimentally. Extensive investigationssublattice is identical to the transition-mefRlsublattice of
have been done on many cerium- and uranium-based Hffe fccR,T,0; pyrochlore structure.
compounds. The term “heavy fermion” refers to the large Despite its metallic character, Lp®, exhibits a strongly
quasiparticle effective mass*/me~100-1000 of these temperature-dependent magnetic susceptibility, indicating
compounds inferred from the electronic specific heat coeffistrong electron correlations. In the work reported before
cient y(T)=C4(T)/T at low temperaturd, wherem, is the 1997, the observed magnetic susceptibiliy®{T) was
free electron mass an@, is the electronic specific heat. found to increase monotonically with decreasihglown to
Fermi liquid (FL) theory explains well the lowl- properties  ~4 K and to approximately follow the Curie-Weiss I&#71°
of many HF compounds. Non-FL compoufidse currently  Kessler and SienKk8 interpreted theiry®T) data as the
under intensive study in relation to quantum critical sum of a Curie-Weiss term@(T—#) and a temperature-
phenomend.The transition-metal oxide compound Li®, independent termy,=0.4x10 % cm¥mol. Their Curie
was recently reportédto be the firstd-electron metal to constantC was 0.468 cri K/(mol V), corresponding to a
show heavy FL behaviors characteristic of those of they** g factor of 2.23 with spinS=1/2. The negative Weiss
heaviest-mas&electron systems. temperatured= — 63 K suggests antiferromagnetidF) in-
LiV,0, has the face-centered-culiicc), normal-spinel  teractions between the V spins. However, no magnetic order-
structure with space groubd3m [Fig. 1(a)], first synthe- ing was found above 4.2 K. This may be understood in terms
sized by Reuter and Jaskowsky in 196Dhe V ions have a of the possible suppression of long-range magnetic ordering
formal oxidation state of-3.5, assuming that those of Li and due to the geometric frustration among the AF-coupled V
O are+1 and- 2, respectively, corresponding to d®lec-  spins in the tetrahedra netwotk!’ Similar values ofC and
trons per V ion. In the normal oxide spinel Lj®,, the 6 have also been obtained by subsequent workers,as
oxygen ions constitute a nearly cubic-close-packed arrayshown in Table I, in which reported crystallographic
Lithium occupies the & sites® corresponding to one-eighth datd®??are also shown. This local magnetic moment behav-
of the 64 tetrahedral holes formed by the close-packed oxyior of LiV,0, is in marked contrast to the magnetic proper-
gen sublattice in a Bravais unit cell that contains eightties of isostructural LiTiO, which manifests a compara-
Li[V,]O, formula units. Vanadium occupies thedl8ites tively temperature-independent Pauli paramagnetism and
(enclosed in square brackets in the formutorresponding  superconductivity T.<13.7 K).%
to one-half of the 32 octahedral holes in the oxygen sublat- Strong electron correlations in LpD, were inferred by
tice per unit cell. All of the V ions are crystallographically Fujimori and co-workeré-2°from their ultraviolet and x-ray
equivalent. Due to this fact and the nonintegral V oxidationphotoemission spectroscogyPS and XPHmeasurements.
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FIG. 1. (Color) (a) Normal spinel structure of Li¥O, with a fcc Bravais unit cell(b) A part of the structure depicting the trigonally
distorted oxygen octahedra. The distortion shown is exaggerated for clarity and corresponds to an oxygen paradr@ferSmall,
medium, and large spheres represent lithium, vanadium, and oxygen, respectively; their sizes have no intended physical significance.
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TABLE I. Lattice parameten,, oxygen parametar (see text, and magnetic parametexg, C, andé
reported in the literature for Li¥O,. Theu values shown are for the second setting of the space ¢gfdGm
from thelnternational Tables for Crystallography/ol. A. (Ref. 8. The “T range” is the temperature range
over which the fits to the susceptibility data were doggis the temperature-independent contributiGris
the Curie constant, and is the Weiss temperature. The error in the last digit of a quantity is given in
parentheses. Unless otherwise noted, all measurements were done on polycrystalline samples.

Xo C
ag T range (10—5L) (cm3 K P
R) u (K) mol LiV ,0, mol V (K) Ref.
8.22 7
8.240312) 0.26Q1) 18
8.2402) 19
8.22 4.2-308 37 0.468 -63 10
8.2402) 0.2531) 20
8.252 21
8.2556) 0.260 50-386 37 0.460 —-34 12
50-380% 37 0.471 —42 12°
80-300 43 0.44% —-3128 13
8.2413) 2 80-300 43 0.434 —392 14
0.473 11
8.235 10-300 0 0.535 —-35.4 15
8.24089) 100-300 230 0.35 -33 22

&This value was digitized from the published figure.
bSingle-crystal susceptibility data, corrected for the contribution of 108,V

An anomalously small density of states at the Fermi levelSec. Il our synthesis method and other experimental tech-
was observed at room temperature which they attributed taiques are described. Experimental results and analyses are
the effect of long-range Coulomb interactions. They inter-given in Sec. lIl. In Sec. lll A, after a brief overview of the
preted the observed spectra assuming charge fluctuations bspinel structure, we present structural characterizations of
tweend*(V**) andd*(v®*) conf|gurat|ons on a time scale nine LiV,0, samples that were prepared in slightly different
longer than that of photoemission-0” *°se9. Moreover, \ways, based upon our results of thermogravimetric analysis
the intra-atomic Coulomb repulsion enerfywas found to  (TGA), x-ray diffraction measurements and their Rietveld
be ~2 eV. This value is close to the widiW~2 eV of the  gnalyses. In Sec. Il B, results and analyses of magnetization
t,q conduction band calculated for Lifd,.?** From these measurements are given. In Sec. Il B 1 an overview of the
observations, one might infer thet~W for LiV,0,, sug-  y°T)=M°T)/H data of all nine samples studied is pre-
gesting proximity to a metal-insulator transition. sented. Then, in Sec. Ill B 2, we determine the magnetic im-
We and collaborators recently reported that 3O  purity concentrations from analysis of tHd°°{H) data.
samples with high magnetic purity display a crossover from_ow-field (H=10-100 G x°°{T) susceptibility data, mea-
the aforementioned localized moment behavior abed®0  syred after zero-field coolinZFC) and field cooling(FC),
Kto a nearly temperature-independent susceptibility belovgre presented in Secl B 3 a,from which we infer that spin-
~30 K° This new finding was also reported independentlyglass ordering does not occur above 2 K. The above deter-
and nearly simultaneously by two other grodpé® Specific  minations of magnetic impurity contributions ¥ °°{H,T)
heat measurements revealed a rapidly increas{ig with allow us to extract the intrinsic susceptibility(T) from
decreasing temperature belewd0 K with an exceptionally  x°°{T), as explained in Sec.IB 3 b. The paramagnetic
large valuey(1 K)~0.42 J/molK.® To our knowledge, orbital Van Vleck susceptibilityyVV contribution is deter-
this (1 K) is the largest value reported for any metallic mined in Sec. IV A from a so-callel{-y analysis using®V
d-electron compound, €.g.,0%:5¢ 0dMn,(<0.2 J/mol &) NMR measurement&3 We attempt to interpret thg(T)
(Ref 29 and V,_,03(=0.07 J/mol K).3° The Wilson data using three theories. First, the predictions of high-
ratio®! at low T was found to beR,,~ 1.7, consistent with a temperature series expansiéHTSE) calculations for the
heavy FL interpretation. FromLi NMR measurements, the spin S=1/2 Heisenberg model are compared to guil)
T variation of the Knight shifk was found to approximately data in Sec. IV B. Second, a crystalline electric field theory
follow that of the susceptibilitf:?®32=35The ’Li nuclear prediction with the assumption of cubic point symmetry of
spin-lattice relaxation rate T{ in LiV,0, was found to be the vanadium ion is tested in Sec. IV C. Third, we test the
proportional toT below ~4 K, with a Korringa ratio on the applicability of the Kondo and Cogblin-Schrieffer models to
order of unity, again indicating FL behavibr®-3° our x(T) data in Sec. IV D. A summary and discussion are
In this paper we present a detailed study of the synthesigjiven in Sec. V. Throughout this paper, a “mol” means a
characterization, and magnetic susceptibility of J@4. In  mole of LiV,0, formula units, unless otherwise noted.
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Il. SYNTHESIS AND EXPERIMENTAL DETAILS 6 T — T T T ——

Polycrystalline samples of Li¥O, were prepared using @ i 3 L'V204 (@) i

conventional solid-state reaction techniques with two slightly & I Sample 7

different paths to the products. The five samples used in our 205 4l |

previous workR (samples 1-bwere prepared by the method o ]

in Ref. 23. Two additional sampldsamples 6 and)Awvere ) 3l ]

synthesized by the method of Uedaal 22 Different precur- z I

sors are used in the two methods: 5MO55" (see below 2 ol g8 i

and LikVO,, respectively. Both methods successfully 8 I = = - 2

yielded high-quality Li\,O, samples which showed the 9 1L T § g%;

broad peak iny°®{T) at~16 K. In this report, only the first < I £ Baleg]

synthesis method is explained in detail, and the reader is 0 [

referred to Ref. 22 for details of the second method. o e
The starting materials were 4C0O; (99.999%, Johnson 20 40 60 80 100

Matthey), V,0;, and V,Os (99.995%, Johnson Matthey 26 (degrees)

Oxygen vacancies tend to be present in commercially ob- 120 :

tained \,O5 .2® Therefore, the YOs was heated in an oxygen ~__ .

stream at 500—550 °C in order to fully oxidize and also dry & 60 o &

it. V,0O; was made by reduction of either,®; or NH,VO, % o o w .

(99.995%, Johnson Matthgyn a tube furnace under 5% 8 .

H,/95% He gas flow. The heating was done in two steps: at ‘; 0 '.

635°C for~1 day and then at 900-1000 °C for up to 3 £ 200 _#2_

days. The oxygen content of the nominaj yO; obtained (é) S

was then determined by TGAsee below. The precursor 2 100 1 L . b

“Li ,VO35" (found to be a mixture of LVO, and LiVO; £ . .

from an x-ray diffraction measureméntvas prepared by 0 [ A

heating a mixture of LICO; and W05 in a tube furnace 50 | #7 8

under an oxygen stream at525°C until the expected o5 .

weight decrease due to the loss of carbon dioxide was ob- i » w

tained. Ideally the molar ratio of LCO; to V,0Og for the 0OlL.... R A

nominal composition LIVO35is 2 to 1. A slight adjustment 20 30 40

was, however, made to this ratio according to the actual mea-
sured oxygen content of the,V,O; (y=0.005-0.017) so
that the final product is stoichiometric Ly®,. This precur- FIG. 2. () X-ray diffraction pattern of LiMO, sample 7. The
sor and \,_, 05 were ground thoroughly inside a helium- spinel-phase peaks are indexed as shdtnExpanded plots of the
filled glovebox. The mixture was then pelletized, wrapped inx-ray patterns of samples (top), 2 (middle), and 7 (bottom). In-
a piece of gold foil, sealed into a quartz tube under vacuumgexed peaks are those of the spinel phase. Sample 1 @s V
and heated between 570 °C and 700 °C#f weeks. The impurity (solid circleg, whereas sample 2 has®; impurity (solid
as-prepared samples were all removed from the oven at tiesjuares Sample 7 has no impurity peaks except possibly the very
final furnace temperature and air cooled to room temperaweak unidentified one marked with a star.
ture. For samples 2 and 3 additional heating at a higher
=750°C was given, with a repeated sequence of grindingference device(SQUID) magnetometer over th& range
repelletizing, and reheating for sample 2. Freq25 °C dif- from 1.8—2 K to 400 K withH up to 5.5 T. Zero-field-cooled
ferent methods of cooling, liquid-nitrogen or ice-water (usually obtained by quenching the superconducting sole-
quenching, or slow-oven cooling were applied to pieces fronf0id) M®{H=1 T,T) scans were carried out and isother-
sample 2, yielding samples 4, 4A, and 4B, respectively. ~mal M°P{H) data at various temperatures were obtained.
Using a Rigaku Geigerflex diffractometer with a curved Low-field (10-100 G ZFC and FCM(T) scans were done
graphite crystal monochrometer, x-ray diffraction patternsfrom 1.8—2 K to 50 K in order to check for the presence or
were obtained at room temperature with & radiation. —absence of spin-glass ordering.
Rietveld analyses of the diffraction patterns were carried out
using the angle-dispersive x-ray diffraction version of the
RIETAN-973 program’’:38
TGA measurements were done using a Perkin-Elmer
TGA 7 thermogravimetric analyzer. Oxygen contents of the X-ray diffraction patterns of our nine LidO, samples
samples were calculated from weight gains after heating imevealed that the samples were single phase or very nearly
an oxygen flow to 540°C for LiYO, and 620°C for so. Figure 2a) shows the diffraction pattern of sample 7
V,_,05, assuming that the oxidized products contained vawhich has no detectable impurities. The nine samples de-
nadium as V. scribed in detail in this paper are categorized into three
MagnetizationM °® measurements were performed usinggroups in terms of purity: essentially impurity frésamples
a Quantum Design MPMS5 superconducting quantum inter3 and 7, V305 impurity (samples 1, 4, and)6and \,O4

20 (degrees)

Ill. RESULTS AND ANALYSES

A. Structure
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TABLE II. Results of Rietveld refinements of x-ray diffraction measurements and magnetix&ti§i)
isotherm analyses. The oxygen paramétpris for the second setting of the space grdugi3m from the
International Tables for Crystallographyvol. A. (Ref. 8. fg iy is the impurity concentration. The error in
the last digit of a quantity is given in parentheses. The detection liniig,gf,, is assumed to be 1¥Ref. 38.

For samples 3 and 7 in which no discernable impurities were seen, this detection limit is listed; the Rietveld
refinement for sample 5 directly yielddgy jm;<1%.

Sample Alt. sample a, fstrimp
No. No. Cooling Impurity A) u (mol %)
1 4-0-1 air 505 8.2406211) 0.2611%17) 2.01
2 3-3 air V,O4 8.239974) 0.261220) 1.83
3 4-E-2 air pure 8.241aa5) 0.2603299) <1
4 3-3-gq1 LN, V305 8.2462223) 0.2617936) 3.83
4A 3-3-g2 ice HO V,03 8.2470%29) 0.2619839) 1.71
4B 3-3-a2 slow cool VYO, 8.2473420) 0.2610632) 1.46
5 6-1 air \,O4 8.2434725) 0.2614939) <1
6 12-1 air 505 8.2385411) 0.2608723) 2.20
7 13-1 air pure 8.24119) 0.2618219) <1

impurity (samples 2, 4A, 4B, and)5The presence of these was a concern. In a detailed neutron diffraction study, Dalton
impurity phases is detected in magnified views of the diffrac-et al** determined the lithium contents in their samples of
tion patterns as shown in Fig(l8. Results from Rietveld L, ,Ti, ,O, (0=x=<0.33), and found lithium deficiency
analyses of the diffraction patterns for these samples arg the 8a site of the spinel phase of all four samples studied.
given in Table II. The refinements of the spinel phésgace  |f the spinel phase in the Li-V-O system is similarly Li de-
group Fd3m, No. 227 were based on the assumption of ficient, then samples of exact stoichiometry L, would
exact LiV,O, stoichiometry and the normal-spinel structure contain V-O impurity phags), which might then explain the
cation distribution. The values of the isotropic thermal-presence of small amounts 0@, or V305 impurity phases
displacement parameteBsof lithium and oxygen were taken jn most of our samples.

from the Rietve]d analysis of neutron d.iffraction measure- Sample 3 was intentionally made slightly off-
ments on our LiYO, sample 5 by Chmaisseet al,* and  goichiometric, with the nominal composition Li¥,Os go.
fixed throughout toB;=1.1 A andBo=0.48 A, respec- A TGA measurement in oxygen showed a weight gain of
tively. These two atoms do not scatter x rays strongly enough» 0494 to the maximally oxidized state. If one assumes an
to allow accurate determmanons_ of tiﬁ_bvalues from Ri-  ,.tual initial composition LiV /05 g 5, this weight gain
etveld refinements of our x-ray diffraction data. corresponds t@=0.08 and an actual initial composition of

The positions of the oxygen atoms within the unit cell of Liv which can be rewritten as L.V assum-
the spinel structure are described by a variable oxygen P3; 150397 LbV1.60

iated with th J. . Nng no oxygen vacancies on the oxygen sublattice. On the
rameteru associated with the &2positions in space group  oiher hand, if one assumes an actual initial composition of

Fd3m. The value ofu [in the space group setting with the |j, Vv, 4005 4, then the weight gain yields=0.19, and an
origin at center (8)] for each of our samples was found to initial composition Lj gV1 950359 Which can be similarly
be larger than the ideal close-packed-oxygen value of 1/4ewritten as LjgV19/0,. Our Rietveld refinements could
Compared to the “ideal” structure with=1/4, the volumes not distinguish these possibilities from the stoichiometric
of an oxygen tetrahedron and an octahedron become largeomposition LjV,]O, for the spinel phase.
and smaller, respectively. The increase of the tetrahedron Sample 4, which was given a liquid-nitrogen quench from
volume takes place in such a way that each of the four Li-Qhe final heating temperature ef725 °C(labeled “LN,” in
bonds are lengthened along one of fid1) directions, so Table 1I), is one of the structurally least pure samplese
that the tetrahedron remains undistorted. As a result of thiable Il). Our Rietveld refinement of the x-ray diffraction
elongation, the tetrahedral and octahedral holes become, rpattern for this sample did not reveal any discernable devia-
spectively, larger and small&t Each of the oxygen atoms in tion of the cation occupancy from that of ideal[ Vi,]O,.
a tetrahedron is also bonded to three V atoms. Since th&here is a strong similarity among samples 4, dde-water
fractional coordinates of both Li and V are fixed in terms of quencheyl and 4B(oven slow cooley despite their different
the unit cell edge, an oxygen octahedron centered by a Weat treatments. These samples all have much larger lattice
atom is accordingly trigonally distorted. This distortion is parameters §,=8.246 A than the other samples. The as-
illustrated in Fig. 1b). prepared sample 2, from which all three samples 4, 4A, and
The nine LiV,O, samples were given three different heat4B were obtained by the above quenching heat treatments,
treatments after heating to 700—750 °C: air coolisgmples has a much smaller lattice parameter. On the other hand, the
1, 2, 3, 5, 6, and )7 liquid-nitrogen quenchingsample 4, oxygen parametera of these four samples are similar to
ice-water quenchingsample 4A, or oven slow cooling at each other and to those of the other samples in Table II.
~20°C/h(sample 4B. Possible loss of Li at the high syn- The weight gains on oxidizing our samples in oxygen in
thesis temperature, perhaps in the form of a lithium oxidethe TGA can be converted to values of the average oxidation
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state per vanadium atom, assuming the ideal stoichiometry 12 . . e . ]
LiV,0, for the initial composition. The values, to an accu- '-in04 (a) |
racy of =0.01, are 3.57, 3.55, 3.60, 3.56, 3.56, 3.57, 3.57, § 10 .
3.55 for samples 1-7 and 4B, respectively. This measure- & i Sample 1
ment was not done for sample 4A. These values are system“c g [ Sample 6
atically higher than the expected value of 3.50, possibly be- _° 1
cause the samples were not completely oxidized. Indeed, the o g [
oxidized products were gray-black, and upon crushing were & [
brown, rather than a light color. On the other hand, x-ray 8 a4l
diffraction patterns of the “LiMOss’ oxidation products ]
showed only a mixture of LiVQ and Li,V;,0,7 phases as S T ,
expected from the known LD-V,05 phase diagrarf? Our 0 50 100 150 200 250 300 350 40
upper temperature limit (540°C) during oxidation of the T (K)
LivV,0, samples was chosen to be low enough so that the 30 . . . T
oxidized product at that temperature contained no liquid Liv,0, (b)
phase; this temperature may have been too low for complete 5 25 . Sample 2 E
oxidation to occur. In contrast, our,V, O3 starting materials E otk > Sample 4 ]
turned orange on oxidation, which is the same color as the “g - Sample 4A
V,05 from which they were made by hydrogen reduction. ‘?O 15 + Sample4B
o
Z 10 . 3
o 2 s
B. Magnetization measurements °< 5 5y, C ]
1. Overview of observed magnetic susceptibility 0 ' ' . . ) : * : . : L
An overview of the observed ZFC magnetic susceptibili- 0 50 100 150 200 250 300 350 400
ties x°°Y{T)=M°YT)/H atH=1.0 T from 1.8-2 K to 400 T (K)
K of the nine LiV,0O, samples is shown in Figs(&, 3(b), ' T
and 3c). The x°°{T) data for the various samples show very Liv,0, ()
similar Curie-Weiss-like behavior foF =50 K. Differences 5 o Sample 3
in x°°YT) between the samples mainly appear at loWer £ . P
. o ) Sample 5
where variable Curie-like€,,,/T upturns occur. g - Sample 7
Samples 1 and 6 clearly exhibit shallow broad peaks in «
x**° at T=16 K. The x®°{T) of sample 6 is systematically ~ ©
slightly larger than that of sample 1; the reason for this shift — .
is not known. Samples 3 and 4 also show a broad peak with %X ! S, T ]
a relatively small Curie-like upturn. Samples 2 and 7 show I R ETTEYRY
some evidence of a broad peak but the peak is partially ol ]
0 50 100 150 200 250 300 350 40

masked by the upturn. For samples 4A, 4B, and 5, the broad
peak is evidently masked by larger Curie impurity contribu-
tions. From Fig. 3 and Table II, samples 1, 4, and 6 with the
smallest Curie-like magnetic impurity contributions contain _ FIG. 3. Observed magnetic susceptibilj¢f*(T) (=M°*YH)
V305 impurities, whereas the other samples, with larger©f @ll nine samples studied, measured with=1 T after being
magnetic impurity contributions, contain,@, impurities. ~ 2ero-field cooled to the lowedt (a) Samples 1 and &) samples
The reason for this correlation is not clear. The presence of % 44 and 4B, andc) samples 3, 5, and 7.

the vanadium oxide impurities by itself should not be a direct

cause of the Curie-like upturns. The susceptibility of puredium oxides forT<10 K are, upon decreasiriy decreasing

V05 follows the Curie-Weiss law in the metalliE region (v, ,0;) or nearly T independent (YOs and V,0;), in
above~170 K, but forT<170 K it becomes an antiferro-

T (K)

magnetic insulator, showing a decrease (T).*3
V,_,05; (y=0.03), on the other hand, sustains, its high-
metallic state down to low temperatures, and at itelNem-
peratureTy~ 10 K it undergoes a transition to an antiferro-
magnetic phase with a cusp in(T).*® V305 also orders
antiferromagnetically affy=75.5 K, but y(T) shows a
broad maximum at a higheF=125 K* Though not de-
tected in our x-ray diffraction measurements,O4, which
has the same V oxidation state as in L{¥, also displays a
cusp iny°°{T) at Ty~33 K andx°°{T) follows the Curie-
Weiss law forT=50 K.** The susceptibilities of these V-O
phases are all on the order of 70-10"2 cm®/mol at low
T.4344 Moreover, theT variations of y°°{T) in these vana-

contrast to the increasing behavior of our Curie-like impurity
susceptibilities. From the above discussion and the very
small amounts of V-O impurity phases found from the Ri-
etveld refinements of our x-ray diffraction measurements, we
conclude that the V-O impurity phases cannot give rise to the
observed Curie-like upturns in oy°"{T) data at lowT.
These Curie-like terms therefore most likely arise from para-
magnetic defects in the spinel phase and/or from a very small
concentration of an unobserved impurity phase.

Figure 3b) shows how the additional heat treatments of
the as-prepared sample 2 yield different behaviorg®{T)
at low T in samples 4, 4A, and 4B. Only liquid-nitrogen
quenching(sample 4 caused a decrease in the Curie-like
upturn of sample 2. On the contrary, ice-water gquenching
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—
01 Liv,o, - 700
_ 600 | T 29K . o 600 [ L|V204 Sample 1 )
= I [ ] ° 1 F . a
£ 500 - ° & = 500 - 2K T
o> s " - = = 10K .
£ 400 - - : - = i : 1
G I . g ] “c 400 - 300K o .
S 300 - o - © ‘ : '
2 s . B = Sample 5 - O 300 . .
s 200 - . > Sample 7 7 2 500l . ]
L ° a i =} - .
100 « * Sample 3 | = i . .
L3 ° Sample 1 | 100 ’ Lo T
0 | . 1 R 1 R 1 . ) . . | . . . .
0 1 2 3 4 5 0 R S A T S B S
H (T) 0 1 2 3 4 5
' H (T)
FIG. 4. Comparison of the negative curvatures of observed mag-
netization isothermM s at T= 2 K vs applied magnetic field for FIG. 5. Observed magnetizatidn®®svs applied magnetic field
samples 1, 3, 5, and 7. H isotherms at temperatureb=2, 10, and 300 K for LiO,

sample 1. Negative curvature °®{H) is not present fo >10 K

(sample 4A and oven slow cooling'sample 4B caused for this sample.
b .

x%°{T) to have an even larger upturn. However, the size of. L I . .
the Curie-like upturn iny®{T) of sample 4 was found to be tion, y the |ntr|nS|c' suscept|b|'llty. of the LiYO, spinel
irreproducible when the same liquid-nitrogen quenching proPhase, and the applied magnetic field. The argument of the
cedure was applied to another piece from sample 2: in thi§rllouin function is X=ginpueSimpH/[Ke(T — Oimp) | Here
case the Curie-like upturn was larger, not smaller, than irfimp represents the Weiss temperature of the Curie-Weiss
sample 2. The observed susceptibilityot shown of this aw when thg su.sceptlb'mt'y Is obtained by expanding the
latter liquid-nitrogen-quenched sample is very similar tanIIoum function in the limit of smallH/(T—= Gimp). Incor-

b porating the parametet,,,# 0 takes account of possible in-
Zhé) Srgs(:afmsglrzptlhessiﬁ:;grtig.pTrzt\%iZ(J’s?%ngsamples 4A and teractions between magnetic impurities in a mean-field man-

ner. To improve the precision of the obtained fitting
parameters, we fitted°°{H) isotherm data measured at
more than one low temperature simultaneously by @&g.
Larger Curie-like upturns were found in samples with Since the negative curvature of the isotherivel®{H,T)
larger curvatures in the isothermd°®®{H) data at lowT. A data diminishes rapidly with increasifig only low-T (1.8—6
few representativé®®{H,2 K) data for samples showing K) data were used. Furthermore, a lindadependence of
various extents of curvatures M°*{H) are shown in Fig. 4, X(T) in thisT range was assumg¢dee Fig. &)] in order to
which may be compared with the correspondi®§{T) data  reduce the number of free parameters. Howeve(T
at low T in Fig. 3. This correlation suggests that the Curie-=2 K) and the linear slopelx/dT still have to be deter-
like upturns in y°’{T) arise from paramagneticfield- m!ned. Hence up Fo six free parameters were to be deter-
saturablg impurities and/or defects in the samples. On themined by  fiting ~ Eq. (1) to the data:
other hand, there is no obvious correlation between the madimp: Gimp: Simp» 0imp, X(T=2 K), anddy/dT. .
netic impurity concentration and the,®; or V505 phase With all six parameters varied as_free parameters, _flts of
impurity concentration, as noted above. M°*YH,T) by Eq.(1) produced unsatisfactory results, yield-
The isothermalM®H) data for H<5.5 T displayed INng parameters with very large estimated standard deviations.
negative curvature fof =10-20 K and linear behavior for Therefore, we fixedy, to various half-integer values start-
higher T, as illustrated for sample 1 in Fig. 5. The concen-ing from 1/2, thereby reducing the number of free parameters
trations and other parameters of the magnetic impurities if €ach fit to 5. With regard to thgj, values,g factors of
the various samples were obtained from analysdd§f(H)  Slightly less than 2 are observed in"¥ compounds: V@
isotherms as follows. From high-field measurements, the int1.964 (Ref. 46, (NH,),V,0s (1.962 (Ref. 47, and
trinsic magnetizationM (H,0.5 K) of LiV,0, is propor-  LixV,0s (1.96.° Using gimp~2 as a guide, we selected a
tional toH up to H~16 T*® Therefore, the observed molar few values of Sy, which resulted ing~2 in the five-
magnetizationM°P{H,T) isotherm data for each sample Parameter fit. Then using the obtained parameter values we

2. Isothermal magnetization versus magnetic field

were fitted by the equation calculated and plotted the impurity magnetizatioy,,
(=M= xH) versusH/(T— 6;y,) for all the low-T data
MO H, T)=M,(H,T)+M(H,T) utilized in the fit by Eq.(1). If a fit is valid, then all the

L] |mp L] L]

Mimp H/(T— 6imp)] data points obtained at the various
:fimpNAgimpMBSmpBSImp(X)+X(T)H= (1) isothermal temperatures for each sample should col-
lapse onto a universal curve described by,
where f,, is the magnetic impurity concentratioly = fimpNaGimpsteSimpBs, (). The fixed value o, which
Avogadro’s numberg;,, the impurityg factor, ug the Bohr  gave the best universal behavior for a given sample was cho-
magneton S, the impurity spin,BSIrnp the Brillouin func-  sen. Then, using thi§;,,,, we fixed the value 0§y, to 2 to
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TABLE lIl. Results of magnetizatioM°®{H,T) isotherm analyses, where tfievalues used are listed in
the second columnt. .4 imp is the molar magnetic impurity concentration. The error in the last digit of a
quantity is given in parentheses. All numbers without an error listed were fixed in the fit. The Curie constant
of the impurities was calculated fro@ime= fmag imNAmpt&Simp( SimpT 1)/(3Ke).

Cimp x(2 K) dx/dT

Sample T .Smp gimp ‘9imp fmag imp _3cm3 K _2CT'I"I3 5 cm3

No. (K)  (fixed) (K) (mol %) (10 ol ) (10 m_ol) (10 mol K)

1 2345 32 2 0 0.049) 0.74 1.0261) 7.31)

2 2,46 3 2.06) —0.62) 0.221) 13 1.0345) 6.7(4)

3 2,5 52 2.1®) -0.515 0.1182) 4.9 0.99796) 7.46(7)

4 2345 5/2 2 —-0.21) 0.0642) 25 0.99099) 6.7(2)

4A 2,5 3 2 —-0.51) 0.772 46 1.14%9) 6.509)

4B 2345 712 2 —-1.2(1) 0.742) 52 1.131) 4.47)

5 2,5 5/2 2.313) —0.594) 0.4728) 24 1.0912) 5(3)

6 25 4 2  —-0914 0.01136) 1.1 1.067 5.0)

7 2,5 3 2 —-0.22) 0.1947) 12 1.0944) 5.4(4)
see if the resultar® [ H/(T — ;) ] data yielded a similar 25 ' e oo 30
universal behavior. For the purpose of reducing the number o+ 2K Sample 4 L'V204 (@) ]
of free parameters as much as possible, if this figdd-did =~ 20p ° 3K i 25
yield a comparable result, the parameters obtained were g 15 L 20
taken as the final fitting parameters and are reported in this“E

15

paper. For sample 1 only, the fit parameters obtained by © 10 |-
further fixing 6,,=0 are reported here. To estimate the e

goodness of a fit, the® per degree of freedoniDOF) £ 5 e sanle ?—»’_ 10
was obtained, which is defined asN{— P)*EiN:pl(Mi = 0 B 5
—M®#92/52, whereN, is the number of data point®, is . . . . 1
the number of free parameters, amdis the standard devia- S os T 15 2 25 13 0
tion of the observed valud; . A fit is regarded as satisfac- H/ (T - 6) (T/K)

tory if ¥?/DOF=<1, and this criterion was achieved for each 80 T : . .

of the nine samples. 70 LHV,0,

The magnetic parameters for each sample, obtained as —~ 6o | (b) —
described above, are listed in Table Ill. Plotshf,, versus g T ]
H/(T = i) for the nine samples are given in Figga6 °c S0 Sample 7 Sample 2 -
6(b), and &c), where an excellent universal behavior for © 40|

each sample at different temperatures is seen. The two mag- € gq [

a

A
netically purest samples 1 and 6 have the largest relative g Sample 3

deviations of the data from the respective fit curves, espe- = 201 . oK + 4K * 6K
cially at the larger values dfl/(T— 6;y,). Since these two 107 . 5K ]
samples contain extremely small amounts of paramagnetic 0¢ . 1 ! S
saturable impurities, the magnetic parameters of the impuri- 0.5 1 1.5 2 25 s
ties could not be determined to high precision. The impurity 300 . l.-”(T '_'9) (T/K? .
SpinsS;y,,, obtained for the nine samples vary from 3/2 to 4. i ‘

In general, the magnetic impurity Weiss temperatitg,| __ 250

increased with magnetic impurity concentratifp,. From ] i
the chemical analyses of the starting materials & 200
(V,05,NH,VO3, and LLCO3) supplied by the manufac- g 150'
turer, magnetic impurity concentrations of 0.0024 mol% Cr &

and 0.0033 mol % Fe are inferred with respect to a mole of 2 100 " 2K ]
. . ) £ Sample 5 = 3K
LiV,0,, which are too small to account for the paramagnetic = g s 4K
impurity concentrations we derived for our samples. 50 7 o BK ]
0 ¥ Il | | | P
3. Low-field magnetization versus temperature measurements 0 0.5 1 1.5 2 25 3

The ZFC x°°YT) data atH=1 T in Fig. 3a) for our H/(T-8) (T
highest-magnetic-purity samples 1 and 6 show a broad maxi- FIG. 6. Calculated impurity magnetizations;,=M°’>— yH
mum atTP®3< 16 K. One interpretation might be that static vs H/(T— 6imp) for the nine Liv,O, samples. For each sample, the
short-rangespin-glas$ ordering sets in below this tempera- solid curve is the best-fit Brillouin function in Eq1).
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FIG. 7. Observed magnetic susceptibiligg°{T)=M°YT)/H 3 110
vs temperaturel in a low magnetic fieldH=50 G of LiV,0, Cog I
sample 4 cooled in zero fielFC) and in the low field(FC). g 10.5 | o
o 10.0
ture. To check for spin-glass ordering, we carried out low- '53
field (10—-100 G ZFC and FC magnetization measurements = 9.5
from 1.8—-2 K to 50 K on all samples except samples 2 and 90|
4B. For each sample, there was no hysteresis between the I

ZFC and FC measurements, as illustrated for sample 4 in 8.5
Fig. 7, and thus no evidence for spin-glass ordering above
1.8-2 K#

Uedaet al? reported that spin-glass ordering occurs in G ob . L
the zinc-doped lithium vanadium oxide spinel FIG. 8. Observed susceptibilitig€® and derived intrinsic sus-
Li, ,Zn\V,0, for 0.1<x=0.9. However, spin-glass order- ceptibilities y vs temperaturel of (a) samples 1 and 6 antb)
in(jZL{V)\(/annCZ)'[ geen iﬁ the pur.e.compounc’i 404, consistent samples 2, 3, 4, 5, 7, 4A, and 4B. The solid lines are guides to the
with our results. Further, positive muon spin relaxation ™’

(MSR) Ejnegsur;jements fz%r S?mple 1dd nhot d;;em stalic MaGarre of the magnetic impurities in sample 4A is evidently
hetic or '€ring down to20m owever,'t GuSR MEASUre-  jigtarent from that in the other samples. Except for the
ments did indicate the presence of static spin-glass Orde”ngnomalous sample 4A, the(T=0) values were estimated
in the off-stoichiometric sample 3 below 0.8°KAs men- from Figs. &) and 8&b), neglecting the small residual in-

tion(_ad in Sec. Ill A‘. the stoiqhiometyy of sample 3 was in_- creases at the loweStfor samples 2, 6, 7, and 4B, to be
tentionally made slightly cation deficient, and may contain

cation vacancies. Such a defective structure could facilitate
the occurrence of the spin-glass behavior by relieving the
geometric frustration among the V spins. Whether the nature
of the spin-glass ordering in sample 3 is similar to or differ-
ent from that in Lj_,Zn,V,0, noted above is at present
unclear.

x(0)=9.8, 10.8, 9.6, 9.7, 10.0, 10.2, 10.2,

9.8x10 % cm’mol (samples 17, 4B). 2

IV. MODELING OF THE INTRINSIC MAGNETIC
SUSCEPTIBILITY

4. Intrinsic susceptibility A. Van Vleck susceptibility

The intrinsic susceptibilityy(T) was derived from the
observed M°’T) data at fixedH= 1 T using x(T)
=[MYT) =Mmp(H, T)I/H, whereM,,(H,T) is given by
Eqg. (1) with H=1 T and by the parameters for each sampl
given in Table Ill, andT is the only variable. The/(T) for
each of the nine samples is shown in Fig&) 8&nd 8b),
along with x°°{T) for samples 1 and 6. A shallow broad
peak iny(T) is seen at a temperatulige.~ 18, 16, 18, 18,
15, 17, 17, 5, and 14 K for samples 1-7, 4A, and 4B, re
spectively. The peak profiles seenx{T) for the two mag-
netically purest samples 1 and 6 are regarded as most closely
reflecting the intrinsic susceptibility of LidO,. This peak
shape is obtained in the derivedT) of all the samples atermK®'does not appear on the right-hand side of &).
except for sample 4A, as seen in FighB The physical because the absolute shift dued™is expected to be about

The Van Vleck paramagnetic orbital susceptibiligy"
may be obtained in favorable cases from the so-céfled
analysis, i.e., if the transition-metal NMR frequency skift

edepends linearly ory, with T an implicit parameter. One
decomposeg(T) per mole of transition-metal atoms accord-
ing to x(T) = x°"*+ ¥V + x5P(T). We neglect the diamag-
netic orbital Landau susceptibility, which should be small for
d-electron band2® The NMR shift is written in an analogous
Tashion as

K(T)=KW+KSPY(T); 3
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2 ASP= — 95 412) kG. (9b)
; I LiV20 » Data by Amako et al.
A — Fitto Amako ot al. ] The orbital Van Vleck hyperfine coupling constants for
0 = Data by Mahajan et al. | V3" and V** are similar. For atomic ¥, one hasA"Y
~ o Fit to Mahajan etal. 1 =403 kG>! We will assume thaA"" in LiV ,0, is given by
® T o ] tha? for atomic V**,
< 2L 2 Sample 2 |
| e _ AW =455 kG, (10
3L T -
. R ] The core susceptibility is estimated here from Selwood'’s
4 gy 1 table®® using the contributions [in units  of
5L IV(NIMI N —10"® cm¥/(molion)] 1 for Li*t, 7 for V¥4 and 12 for
0 1 2 3 4 02, to be
X (10_3 cm®/mol V) -
core_ __ —6____
FIG. 9. 5V NMR Knight shift K vs observed magnetic suscep- X 63x10 mol’ (1)
tibility x°Psfor LiV ,0, by Amakoet al. (Refs. 13 and 3Rand by ) ) )
Mahajanet al. (Ref. 35 for LiV ,0, sample 2. The lines are linear Inserting Eqs(9)—(11) into Eq. (7) yields
fits to the data according to E¢f). e
c
wW_ —4
the same as in the Knight shift reference compound and X' =2.489)x10 mol” (12)
hence does not appear in the shift measured with respect to
the reference compound. Each componenita$ written as Mahajanet al*® have measured th&V K(T) for our
a product of the corresponding componentyoind of the  jv,0, sample 2 from 78 to 575 K. Their data are plotted
hyperfine coupling constart as versus our measurement f°YT) for sample 2 from 74 to
AW 400 }étin Fig. 9. Applying the sam&-y analysis as above,
KWV = VV’ (4a) we optain
NA,U«BX
) K,=0.01013), (13
spin
spin_ spin .
K = Naa X (4b) A= —76.98) kG, (14)
Combining Egs(3) and (4) yields ot
AW Aspin XVV =2.226) X 1074@ ) (15
K W Xspin_ (5)

= X
Naue Nawe where the linear fit oK vs. x°°Sis shown by the dashed line

If K(T) varies linearly with x(T), then the slope is in Fig. 9.

ASPTYN ug sincexVV (andx® is normally independent of ~ We may compare our similar values pf"¥ for LiV ,0, in

T. We write the observed linear relation as Egs.(12) and(15) with those obtained frorK-y analyses of
other oxides containing ¥ and \V**. For stoichiometric
V,05; above its metal-insulator transition temperature of
~160 K, Jone¥ and Takigawaet al.®* respectively, ob-
tainedyVV=2.10 and 2.0 10 * cm’/(mol V). Kikuchi et
al.>® obtainedy"V=0.92<10"* cm’/(mol V) for LaVvOs;,
and for VO,, Pouget etal® obtained x'V=0.65
x10~% cm®/(mol V).

spin

K=K+ —x.
° NA,U«BX

(6)

Setting the right-hand sides of EdS) and(6) equal to each
other gives

VV: NAIU'BK0+ ASpr‘IXCOI'e

()

AVV_Aspin . . . .
B. High-temperature series expansion analysis
From 5%V NMR and x(T) measurements, thi vs of the SUSCE-pthIhty . N
relationship for Li\,0, was determined by Amaket al32 ~ Above ~50 K the monotonically decreasing susceptibil-
and was found to be linear from 100—300 K, as shown in'Y of LiV ,0, with increasingT has been interpreted by pre-
Fig. 9. Our fit to their data gave vious workers in terms of the Curie-Weiss law for a system

of spinsS=1/2 andg~2.1%"'°To extend this line of analy-

mol V cn? sis, we have fitted¢(T) by the high-temperature series ex-
K=0.01174)— 17.05{21)—m3 X(m), (8)  pansion(HTSE) predictiort®>” up to sixth order in If. The
¢ assumed nearest-neighlidtN) Heisenberg Hamiltonian be-

shown as the straight line in Fig. 9. Comparison of Hgs. tween localized moments readt=JZ; ;)S-Sj, where the
and (8) yields sum is over all NN pairs,]J is the NN exchange coupling

constant, and>0 denotes AF interactions. A HTSE of the
K,=0.01174), (98 spin susceptibility x;iire«(T), arising from this Hamiltonian
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0.04-,\‘.l‘.HI\...I...,I.‘..I....I‘.-:I.\..A
0.0 05 1. 15 20 25 30 35 40

kg T/

bs= 90z— 122+ 2450, — 60z p, — 45p?

Z
~ 15360
—90p,+25p3),

z

bs=1g432

{1342° - 782+ 713+ 90& py — 2697,

— 106z P2+ 128407 — 234z p, + 849, — 291p3+ 75p,
—2880,p,—51q—8r). 17

Here z is the nearest-neighbor coordination number, and
Pn, Q, andr are so-called lattice parameters which depend
upon the geometry of the magnetic lattice. The Curie law
corresponds to maximum ordef®=0 and the Curie-Weiss
law to maximum ordem™®=1. For theB sublattice of a
normal-spinel structure compour] B,]O,, which is geo-

FIG. 10. High-temperature series expansion predictions of thenetrically frustrated for AF interactions, the parameters are

normalized spin susceptibility$P2 J/N,g2u2 with N™>=1-6 vs
reduced temperatuie;T/J [Eq. (16)] for the antiferromagnetically
coupled spinsS=1/2 in the B sublattice of a normal-spinel com-
poundA[B,]O,.

up to the @™)th order of J/kgT for general lattices and
spin S was determined by Rushbrooke and Wdbdjiven
per mole of spins by

Nagug _3keT 0 (L ’ (16)
| kT,

WRAT) S5+ DI

whereby=1. Theb,, coefficients forS=1/2 up to sixth order
(nNM*=6) are

z z z 5p;
b]_:Z, b2:§1 b3:ﬂ 1_? y
z
by=75g(13—52—15p,+5p,),

z=6, p;=2, p,=2, p3=0, p,=2, q=0, andr=2. ForS
=1/2, Eq.(17) then yields

3 3 1
blzz, b2=Z, bsz_Ev
37 43 1361

by=— (18)

128 PT6a0 o e1aq
Figure 10 illustrates the HTSE predictions of Ef6) for S
=1/2 using thes®,, coefficients fom™*=1-6. The theoret-
ical xia(T) predictions withn™*=2, 3, and 6 exhibit
broad maxima as seen in our experimentél') data. The
prediction withn™®=6 is evidently accurate at least for
kgT/J=1.6; at lowerT, the theoretical curves witm™®
=5 and 6 diverge noticably from each other on the scale of
Fig. 10. Our fits given below of the experimental data by the
theoretical y{ya(T) prediction were therefore carried out
over temperature ranges for whi¢aT/J=1.6. The Weiss
temperature) in the Curie-Weiss law is given for coordina-
tion numberz=6 andS=1/2 by §=—-2J3S+1)/(3kg) =
—3J/(2Kg).

TABLE IV. Results of high-temperature series expansion calculation fits to the intrinsic magnetic sus-
ceptibility data for Li\,O, over the temperature ranges 50—400 K and 100—400 K. The error in the last digit

of a quantity is given in parentheses.

50-400 K 100-400 K

Sample Xo J/kg Xo J/kg
No. nm  (10~* cm?/mol) g K) (1074 cm®/mol) g (K)
1 2 0.84) 2.171) 25.85) 2.73) 2.072) 20(1)
1 3 0.14) 2.182) 26.26) 2.63) 2.072) 20(1)
1 6 0.54) 2.192) 26.97) 2.63) 2.072) 20(1)
2 6 —-0.2(5) 2.262) 26.78) 2.63) 2.112) 191)
3 6 —1.35) 2232) 2797 1.43) 2.082) 20.58)
4 6 1.16) 2.163)  26.49) 4.1(5) 1.993)  17(2)
4A 6 —0.608) 2.203) 26(1) 2.32) 2.051) 18.1(6)
4B 6 —0.75) 2122)  26.29) 1.85) 19713 1802
5 6 1.27) 2.1773) 25(1) 4.97) 1.954) 13(2)
6 6 0.81) 2.2516) 26.52) 3.377) 2.1084) 18.42)
7 6 0.53) 2.201) 25.895) 3.01) 2.0518) 17.54)
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© — 50-400K fit © -6 7
° 6f . 5 | :
S S~ 100-400K fit T 3 —dy/dT data |
S 4 [ |_ I .
2 I s Y 50-400K fit
2+ & -10 A
o — 100-400K fit |
O [l | L | L N 1 L 1 L 1 _12 | Il L | L | " 1 ) 1 N 1

0 50 100 150 200 250 300 350 400
T(K)

0 50 100 150 200 250 300 350 400
T(K)

FIG. 11. Intrinsic susceptibility vs temperaturd for LiV ,0,
sample 1(solid circleg and fits(curvesg by the highT series ex-
pansion(HTSE) prediction to sixth order in I/ for the 50—-400 and
100-400 K temperature ranges.

FIG. 12. Temperature derivative of the experimental intrinsic
susceptibility,dx/dT, for LiV,0, sample 1(heavy solid curve
Fits by theT derivative of the HTSE predictiodxisgdT in Eq.
(16) are also shown foll ranges of 50—400 Kdashed curyeand
100-400 K(light solid curve.

To fit the HTSE calculations ofi(T) to experimental

data, we assume that the experimentally determined intrinsig,ay therefore be an artifact of the crossover between the
susceptibility x(T) is the sum of al-independent terxo  |ocal moment behavior at highand the HF behavior at low
and x{2(T), T
To eliminate yo, as a fitting parameter, we also fitted
dx/dT by the HTSE prediction for that quantity. The experi-

. mentaldy/d T was determined from a Padgproximant fit
with xphse(T) given by Eq.(16) and theb, coefficients for  to x(T) and is plotted in Fig. 12 for sample 1. These data
S=1/2 in Eq.(18). The three parameters to be determinedwere fitted bydyihsgdT obtained from the HTSE predic-
are xg, 9, andJ/kg. The fitting parameters for samples tion, Eq.(16), with n"™®=6, where the fitting parameters are
1-7, 4A, and 4B using™®=6, and for sample 1 also using now g andJ/kg. The fits were carried out over the same two
n™=2 and 3, are given in Table IV for the 50-400 and T ranges as in Fig. 11; Table V displays the fitting param-
100-400 K fitting ranges. The fits for these two fitting rangeseters and the fits are plotted in Fig. 12. BgtandJ/kg were
for sample 1 anch™®=6 are shown in Fig. 11. Botg and  found to be larger than the corresponding values in Table IV.
J/kg tend to decrease as the lower limit of the fitting rangeOf the two fitting ranges, the 100—-400 K fit is the best fit
increases. The HTSE fits for all the samples yielded thénside the respective range, though it shows a large deviation
rangesC=N,g?u3/(4kg)=0.36-0.48 cn? K/(molV) and  from the data below this range. Using the fitting parameters,
6= —20 to — 42 K, in agreement with those reported previ- the HTSEx*""(T) is obtained from Eq(16). According to
ously (see Table )l o was found to be sensitive to the Eq.(19), the difference between the experimentdll) and
choice of fitting temperature range. For the 50—-400 K rangeyiirs(T), Sx(T) = x(T) — xiha«T), should represent the
Xo Was negative for some samples. Recalling the small nega~independent contributiogg . dx(T) is plotted for sample 1
tive value of the core diamagnetic contribution in E§jl)  versusT in Fig. 13 for the 50-400 K and 100-400 K fit
and the larger positive value of the Van Vleck susceptibilityranges. Again, the superiority of the 100—400 K fitting range
in Egs.(12) and(15), it is unlikely thaty, [defined below in  to the other is evident; i.ex, is more nearly constant for
Eqg. (20)] would be negative. Negative values gf occur this fitting range.y, for the 50—400 K fit range is negative
when the lowT limit of the fitting range is below 100 K, and within the range. This sign is opposite to that obtained in the

X(T)=xo+ xTHedT), (19

TABLE V. Parameterg andJ/kg obtained by fitting the temperatufiederivative of the experimental
intrinsic susceptibility data for LiYO, samples 1 and 6 by thE derivative of the HTSE spin susceptibility
[Eg. (16)] with n™*=6 for two different temperature ranges of the fit. TRindependent susceptibility,
was determined by averagin@y(T); see Fig. 13. The error in the last digit of a quantity is given in

parentheses.
50-400 K 100-400 K
Xo Xo
o’ (3/ke) ( _ Cm"‘) (3/ke)
Sample No. (10 4@) g (K)B 10 4m g (K)B
1 —-1.51) 2.2783) 29.617) 2.004) 2.1032) 22.218)
6 —2.735) 2.4024) 31.619) 2.11(1) 2.1743) 22.1(2)
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ing here point charges for the oxygen ions. In this CEF the
degeneracy of the five orbitals of the vanadium atom is
lifted and the orbitals are split by an energy ‘09" into a
lower orbitalt,q triplet and a higher orbitad, doublet. How-
ever, in LiV,O, each V-centered oxygen octahedron is
slightly distorted along one of thgl11) directions[see Fig.
1(b)], as discussed in Sec. lll A. This distortion lowers the
local symmetry of the V atom tB 44 (trigona) and causes a
splitting of thet,q triplet into anA, 4 singlet and ark, dou-

blet. It is not clear to us which of th&gy or A4 levels
become the ground state, and how large the splitting between
the two levels is. These questions cannot be answered readily
without a knowledge of the magnitudes of certain radial
integrals3® and are not further discussed hé&tedowever,

this trigonal splitting is typically about an order of magnitude

FIG. 13. The differences between the experimental intrinsic sussmaller than 1Dq.% In the following, we will examine the

ceptibility x(T) of LiV ,0, sample 1 and the HTSE predictigii""
obtained from theT derivative analysisgy(T)=x(T)—x*"", vs
temperatureT for the fitting T ranges of 50—400 Kopen squargs
and 100-400 K(solid circles. For a valid fit, these differences
should be théT-independent susceptibility, .

first HTSE fitting results in Table IV. This inconsistency
found in the fit using a lowF limit below 100 K may again

be due to changing physics in the crossover regime, whicia

would invalidate the parameters. By averaging fhevalues

for samples 1 and 6 in the given ranges, we obtained th

T-independent contributioly,, as listed in Table V.
In the itinerant plus localized moment model implicitly
assumed in this sectioly, can be decomposed as

Xo= Xcore+ XVV+ XPauIi, (20)

where XPauIi

predictions fory(T) of ad* or d2 ion in a cubic CEF and
compare with our experimental data for Li¥,.

Kotani? calculated the effective magnetic momemgy
=pesipp perd atom for a cubic CEF using the Van Vieck
formula®® The spin-orbit interaction is included, where the
coupling constant ia.. For an isolated atonu.x(T) is de-
fined be(T)EN,ugﬁ(T)/(SkBT), where e iS in general
temperature dependent ahdis the number of magnetic at-
ms. With spin included, one uses the double group for
roper representations of the atomic wave functions. Then in
is cubic double group with ongelectron the sixfoldwith
spin degenerate,q level splits into a quartelfg(t,g) and a

doubletl";(t,4) .*#%*®*The fourfold degenerate, level does
not split and its representationlig(ey). For a positive\, as

is appropriate for a @ atom with a less than half-filled
shell,I'g(t5y) is the ground state, and the first-order Zeeman

is the temperature-independent Pauli spin suSgffect does not split it; this ground state is nonmagnetic.

ceptibility of the conduction electrons. Using the results ofyqiani does not include in his calculations ot the pos-

x*°"®[Eq. (1], x*V [Eq. (15)], and x, (100-400 K range,
Table V), we find

x"=0.41100x 10"* cm¥mol  (sample 1,
(213

xF=0.527)x10"* cm®/mol (sample 6. (21b)

sible coupling ofl'g(t,,) andI'g(ey), which have the same
symmetry, and assumes that the cubic CEF splittinrgd.ts
large enough to prevent significant mixing. On the other
hand, the cubic double group with twbelectrons gives an
orbitally nondegenerate, fivefold spin-degenerate, ground
state with angular momentum quantum numper2 which
splits into five nondegenerate levels under a magnetic field.

Thesex"® " values are approximately 4 times smaller thanThe spin-orbit coupling constant ix=+250 cnmi ! for

that obtained for LiVO, by Mahajanet al*>® They used
x°°(T) in the T range 100—800 K, combining ow®’{T)
data to 400 K with those of Hayakave al* to 800 K. By
fitting these combined data by the expressidfi{T) = xo
+2C/(T—#6), they obtainedyo=5.45<10"* cm*/mol. As
shown above and also discussed in Ref. 35, the valyg of
sensitive to the fitting temperature range.

LiTi,O,, x"2~2x10"* cm’/mol (Refs. 23,58 between

20 and 300 K, which is a few times larger than we find for

LiV,0, from the 100—400 K range fitSrable V).

C. Crystal field model
The ground state of a free ion with onal &lectron is

D4, and has fivefold orbital degeneracy. The point symme-

try of a V atom in LiV,O, is trigonal. If we consider the
crystalline electric fieldCEF) seen ly a V atom arising from

only the six nearest-neighbor oxygen ions, the CEF due to 8¢ »

perfect oxygen octahedron is cubi®f symmetry, assum-

For

d}(V*™*) and+105 cm ! for d?(V"3).%6 The effective mo-
ment is defined from the observed molar susceptibility of
LiV ;04 as x*(T) = xo+ 2NA[peFIT) 143/ (3keT), where
we take yo=2.00x10"* cm®/mol given in Table V. Kot-
ani's results from the Van Vleck equations %re

_ —3x/271/2
() 8+(3x—8)e -
X(2+e*3xl2)
for the d! ion and
2 _ 3[5x/2+ 15+ (x/2+ 9)e~*— 24e~ 2] |
Peft X(5+3e *+e 372
(23
for the d? ion, where x=\/kgT. Figure 14 shows

obs, p%), andp{?) as a function ofT. For comparison is

also shownp{L"? obtained by assuming thafsT) arises
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FIG. 15. Temperaturg@-dependent part of the magnetic suscep-
tibility, x—xo, vs T for LiV,0, sample 1(solid circles. Also
shown as solid and dashed curves are the predictions of the spin

FIG. 14. Observed effective magnetic momentug,p2ss, vs
temperaturd of LiV ,0, sample 1(solid diamonds Also shown as

itioméd) 15 0] 2
the curves are the predictiops} for d* ions andp'Z for d? ions S=1/2 Kondo model for §,T¢) =(2,32.1 K and (2.103,35.5 K,

i (1+2) H 1 2
_by Ko_tanl (Ref_. 62 and Pert for_an_eque_ll m|xt_ure Oﬂ_ and_d respectively, wherg is theg factor andTy is the Kondo tempera-
ions, in a cubic crystalline electric field, including spin-orbit cou- .o

pling.
from an equal mixture of ¥ and V** localized moments. Tk=d32.1 K. 29
None of the three calculated curves agree with the experiOn the other hand, if thg value of 2.10 from Table V
mental data over the full temperature range. However, in al{100—-400 K rangeis employed instead, the Kondo tempera-
three calculation®.¢ increases witlT, in qualitative agree- ture I1s

ment with the data, perhaps implying the importance of or-

bital degeneracy in LiYO, and/or antiferromagnetic cou-
pling between vanadium spins. The neaflyindependent
pdhs~1.8 for T=100 K is close to the spin-only valyg.

T«=35.5 K. (26)

The temperature dependence of the impurity susceptibility
of the S=1/2 Kondo model was obtained using accurate Be-

the ansatz calculations by Jerez and Andtérheir T—0
Yalue for the coefficient on the right-hand side of E2q) is
0.102 816 4, about 0.1% too high compared with the prefac-
tor in Eq. (24). We fitted their calculated values far
=0.001 04-102.53 by

in the theory for thed! ion whenkgT~\, as seen by com-
parison of the solid curve with the data in Fig. 14-a800 K.

D. Spin-1/2 Kondo model and Cogblin-Schrieffer model
2 3 5
x°P(T) data forf-electron HF compounds are often found 4XcsKeT _ 1+ N1 /t+n,/t"+ng/t”+4(0.102 816 4ns/t

to be similar to the predictions of the single-ion Kondo Ngz,ué 1+dy/t+d,/t2+da/t3+d, /t*+ng /tC
modef%”~"%or spin S=1/2 or its extention t&>1/2 in the (279
Coqblin-Shrieffer modef*"2The zero-field impurity suscep-

tibility xco(T) of the Coqgblin-Shrieffer model was calcu- n,;=530.417, n,=4697.91, n;=1404.18,

lated exactly as a function of temperature by Rdfahlis

numerical resultsycg(T) for impurity angular momentum ns=—418.781, d,=695.557, d,=8605.97,
guantum numbe/=1/2, . ..,7/2show a Curie-Weiss-like

1/T dependencéwith logarithmic correctionsfor T>Ty, d3=11373.7, d4=2937.88, (27b

whereTy is the Kondo temperature. ABdecreasesycyT)
starts to deviate from the T/dependence, shows a pe@k
T~0.2Ty) only for 7=3/2, and levels off folT<0.2T for
all 7.

where t=T/T¢. Equation (278 has the correct form
xcs(0)+bt? at low T and approaches a Curie law in the
high-T limit, as required by the Kondo model. The large

. i and d; coefficients arise becau T) converges ver
In the zero-temperature limit the molar susceptibility for ! Secs(T) g y

e . - slowly to the Curie law at high temperatures. The rms devia-
i‘g 72 S=1/2 (which corresponds to thB=1/2 Kondo modél  jo of the fit values from the Bethe ansatz calculation values

is 0.038%, and the maximum deviation is 0.19% tat
=66.9. Using the above-statedvalues andT¢ from Egs.
0.102 67850715 oq (25 and(26), the S=1/2 xc{T) calculations are compared
kgTk ' (24 with our x(T) data in Fig. 15. Note that in Fig. 15, both the
T-independeny, (Table V) and impurity susceptibilities are
Setting g=2, and using the intrinsic x(T—0) already subtracted frorg®S. Although theT values in Egs.
=0.0049 crd/(mol) for LiV,0, sample 1 from Eq(2), Eq.  (25) and(26) are comparable to those obtained from specific
(24) yields the Kondo temperature heat analyse$/* the S=1/2 Kondo model predictions for

XcT=0)=
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ordering from 1.8-2 to 50 K in any of the seven samples

12 measured. AT=50 K, x°®{T) showed local magnetic mo-
ment behavior for all samples.

= 10 i In sample 2 which showed a larger Curie-like upturn in
g I . x°°YT) at low T than in samples 1 and 6, we found that

vE 8 NEE liquid-nitrogen quenching reduced the Curie-like upturn to a
o N large extent, revealing the broad peakyi®P{T). However,

"I’O 6 , , 4 ice-water quenching and slow oven cooling enhanced the
A 20 30 40] upturn, and the above successful reduction of the upturn by
S R R ¢ ] Liv,O, Sample 1 | liguid-nitrogen guenching could not be reproduced. We ana-

_—J = 2 fit . lyzed low-T isothermal magnetization versus applied mag-

o ","',J = 5,/2 ,m, e netic field M°°Y{H) data, and determined the parameters of
0 50 100 150 200 250 300 350 400 the paramagnetic impurities giving rise to the Curie-like up-
T (K) turn in x°°YT), assuming that a single type of impurity is

present. Using these parameters, the intrinsic susceptibility
FIG. 16. 'Et;i_mig m:;]\gnce:tic ;‘_JSCSePk:i?i?fbVOf sa:jmlple 1d\_/3 _temf— x(T) was obtained and found to be essentially the same in
peratureT and fits by the Cogblin-Schrieffer model prediction for - Le
spins 7=2 and 5/2. The inset shows an expanded plot of the dat%gr:’;ln”;gr?:ﬂgmir?]gﬁﬁi)elssu\;};g&?glljyr;dt hTOSpk;reS'mra?;athe
and fits below 40 K. . ; mp
=3/2-4, depending on the sample, suggesting the presence
of variable amounts of ferromagnetically coupled vanadium
in defect clusters of variable size in the samples.
We tested the localized magnetic moment picture for
x(T) at T=50 K using the HTSE prediction for the spin
susceptibility of theS=1/2 vanadium sublattice of the spinel
structure, which yielde® and 6 values similar to those re-
ported in the past for LiYO,. Using the values of the Van

x(T) with theseTy values do not agree with our observed S
temperature dependence. This failure is partly due to the factp
that ourx(T) data exhibit a weak maximum whereas e
=1/2 Kondo model calculation does not.

As noted above, the Cogblin-Schrieffer model fgr
=23/2 does give a peak igcyT).”? Defining the ratio

peak Yes(0) Vleck susceptibility obtained fronK-y analyses, the Pauli
r(%)=10(%, (28 susceptibility contribution to the temperature-independent
xcs(0) susceptibilityy, was derived and found to be small, compa-

where xP% is the value of ycq(T) at the peak, the rable to that of LiT;O,. The Van Vieck formulas for the

calculation& give r =2%, 7%, 11%, 17%, and 22% fof ~ Paramagnetic susceptibility of isolatedV or V4" ions or
=3/2, 2, 5/2, 3, and 7/2, respectively. The observed value i§n equal mixture, assuming that each V ion is in a cubic
r=8.2% in sample 1, which is between the theoretical value$EF, failed to describe th& dependence of the observed
for 7=2 and 5/2. Fits ofycs(T) to our x(T) data of sample effective magnetic moment. In the high-‘localized mo-

1 for T=2-400 K are shown in Fig. 16 and the parametergnent” region, the observed effective moment is in agree-
are ment with the spin-only value expected fpe=2.

_ —4 Our attempts to describe the loWsusceptibility data in
Xo=2.¥3)x 107 cm¥/mol, terms of the single-ion Kondo S=1/2) and Coqgblin-
g=0.7903), Tx=97.86) K (J=2); (298  Schrieffer (7 or S>1/2) models for isolated magnetic impu-
Yo=6.99)x10"* cm¥/mol, rities in metals were unsuccessful. These models predict that
the electronic specific heat coefficiep(T) and the suscep-
9=05917), T¢=1032) K (J=5/2. (299  ipility »(T) both show maxima for7=3/272 LiV,0,
The J=2 curve fits oury(T) data fairly well. However, the ~clearly shows a peak in(T) at T~16 K, but there is no

1.5d electrons per V ion could not give rise tavalue this ~ Peak iny(T) down to 1.2 K*™ Thus, these theories cannot
large; the very small value of is also considered highly self-consistently explain the results of both measurements,

unlikely. suggesting that there is some other mechanism responsible

On the basis of the above analysis we conclude that thér the heavy-fermion behavior and/or that the single-ion
Cogblin-Schrieffer model fo6>1/2 and theS=1/2 Kondo  Picture is inappropriate. It is, however, intriguing that the
model cannot explain the intrinsic susceptibility of L®,  experimental Wilson rati®y~1.7 at 1 K(Ref. 6 is close to

over any appreciable temperature range. that (Rw=2) predicted for the&s=1/2 Kondo model.
In conventionalf-electron heavy-fermion compounds, lo-

cal f-electron orbitals and conduction electron states in non-
f bands hybridize only weakly, resulting in a many-body
In this paper we have described the synthesis and charaseattering resonance of the quasiparticles near the Fermi en-
terization of nine LiV,O, samples. Our magnetically purest ergy Eg, a large density of quasiparticle statb$Eg), and
samples 1 and 6 clearly showed a broad shallow maximurhence a large quasiparticle effective mass, electronic specific
in the observed magnetic susceptibilg§°{T) at T~16 K,  heat coefficient, and magnetic spin susceptibility at w
with small Curie-like upturns below5 K. Field-cooled and Screening ofS=1/2 local moments by conduction-electron
zero-field-cooled magnetization measurements Witk 10  spins leads to a nhonmagnetic ground state and a saturating
—100 G did not reveal any evidence for static spin-glassspin susceptibility asT—0. In Sec. IV, we tested several

V. SUMMARY AND DISCUSSION
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models foryx(T) which assume the presence of local mag-the geometric frustration upon substitution of Al for Mn

netic moments in LiyO, which interact weakly with the might be anologous to that in our sample 3 in which struc-

conduction electrons. However, in these models as applied igiral defects evidently ameliorate the frustrated V-V interac-
. . " : ; ; ; 6

LiV ,0,, the itinerant and “localized” electrons must both tions, leading to spin-glass ordering below0.8 K. .

occupy tyg orbitals (or bands derived from these orbitals The magnetic properties of materials can be greatly influ-

rather than orbitals of more distinct character. One can imagE"ced when the ground state has orbital degeneracy in a
ine a scenario in which the HF behaviors of LIV, at low T igh-symmetry structure. Such degenerate ground state orbit-

arise in a way similar to that of théelectron HF com- als can become energetically unstable upon cooling. The
. . o S . crystal structure is then deformed to a lower symmetry to

pounds, if the following conditions are fulfilled:) the trigo- . : o

| t of the CEF N bital singlet t achieve a lower-energy, non-orbitally degenerate ground
Pa golmponhen 0 E. | d czzulses“ fg OF '? Emge do state(Jahn-Teller theorenf? This kind of static orbital or-
'? elow the Ifg OIF |tg . 01:1 et, (||)n§ne Ob.t Ie 15 dering accompanied by a structural distortion is called the
electrons/V is localize In the ground,, orbital due to cooperative Jahn-Teller effett.The driving force for this
electron-electron correlatiors, (iii) the remaining 0.5d

. ; , effect is the competition between the CEF and the lattice
electron/V occupies thE, doublet and is responsible for the energies. Orbital ordering may also be caused by spin ex-

metallic character, andv) the bands) formed from theE;  ;nange interactions in a magnetic system with an orbitally
orbitals hybridize only weakly with thé4 orbital on each  jegenerate ground stdf3 The orbital(and chargedegrees
V ion. This scenario |_nvolves a kind of _orbltal orde_rlng_; a of freedom may couple with those of the spins in such a way
more general discussion of orbital ordering effects is givenypa¢ certain occupied orbitals become energetically favor-
below. ) i i ) __able, and consequently the degeneracy is lifted. As a result,
~The geometric frustration for antiferromagnetic orderingine exchange interaction becomes spatially anisotropic. For
inherent in the V sublattice of Li¥O, may be_ |mportar_1t to example, Peret al® showed that the degenerate ground
the mechanism for the observed HF behaviors of this coMgiaies in the geometrically frustrated V triangular lattice
pound at lowT. Such frustration inhibits long-range mag- peisenberg antiferromagnet LiVi@an be lifted by a certain
netic ordering and enhances quantum spin fluctuations andtic orbital ordering. X-ray and neutron diffraction mea-
(short-rangg dynamical spin 'orderlnﬂf’ " These effects g rements detected no structural distortions or phase transi-
have bee_zn verified to occur in the C1_5 fcc_ Laves phase infons in LiV,0,.5% However, the presence of orbital degen-
termetallic compound (¥e75G.0dMn, in which the Y and  gr5cy or near-degeneracy suggests that dynamical orbital-
Sc atoms are nonmagnetic and the Mn atom substructure §arge-spin correlations may be important to the physical
identical with that of V in LiV,O,. In (Y095G.0dMN2.  properties of LiO,. It is not yet known theoretically
Shigaet al. discovered quantum magnetic moment fluctuayhether such dynamical correlations can lead to a HF ground
tions with a large amplitudesms=1.3ug/Mn at 8 K) in gate and this scenario deserves further study.
their polarized neutron scattering studyThey also ob- Thus far we and collaborators have experimentally dem-
served a thermally induced contribution, withi,,s  onstrated heavy-fermion behaviors of Li®, characteristic
=1.6ug/Mn at 330 K. Further, Balloet al?® inferred from  of the heaviest-massf-electron HF systems from
their inelastic neutron scattering experiments the presence aofiagnetizatiolf, specific heaf;’* nuclear magnetic
“short-lived four-site collective spin singlets,” thereby sug- resonancé?®® thermal expansiof?’* and muon spin
gesting the possibility of a quantum spin-liquid ground staterelaxatio? measurements. Our magnetization study reported
A recent theoretical study by Canals and Lacfbisy per- in this paper was done with high-purity polycrystalline
turbative expansions and exact diagonalization of small clussamples from which we have determined the low-
ters of aS=1/2 (frustrated pyrochlore antiferromagn® temperature intrinsic susceptibility. Nevertheless, high-
found a spin-liquid ground state and an AF spin correlatiomquality single crystals are desirable to further clarify the
length of less than one interatomic distanc& at0. Hence, physical properties. In particular, it is crucial to measure the
it is of great interest to carry out neutron scattering measurdew-T resistivity, the carrier concentration, and the Fermi
ments on LiMO, to test for similarities and differences in surface. In addition, when large crystals become available,
the spin excitation properties to those of(¥S¢ o9 Mn,. inelastic neutron scattering experiments on them will be vital
(Y0.95%.09Mn, has some similarities in properties to for a deeper understanding of thdselectron heavy-fermion
those of LiV,O,. No magnetic long-range ordering was ob- compound.
served above 1.4 KRefs. 29 and 77and 0.02 K respec- On the theoretical side, new physics may be necessary to
tively. Similar to LiV,0,,(Y(9:5G09Mn, shows a large explain the heavy fermion behaviors we observe inJGy.
electronic  specific  heat  coefficient y(0)~160 We speculate that the geometric frustration for antiferromag-
—200 mJ/mol B.2°7° However, theT dependences of the netic ordering and/or coupled dynamical orbital-charge-spin
susceptibilitf® and y (Ref. 79 are very different from those correlations may contribute to a new mechanism, leading to
seen in Li,O, and in the heaviedtelectron heavy-fermion a heavy-fermion ground state. A successful theoretical
compounds x°{T) does not show a Curie-Weiss-like be- framework must in any case self-consistently explain the
havior at highT, but rather increases with increasifig®  radically different properties of LiYO, and the isostructural

¥(T) is nearly independent of up to at least 6.5 K? Re-  Superconductor LitiO;.
placing a small amount of Mn with Al, Shiget al. found
spin-glass ordering in (¥955G 05 (Mn_,Al,), with x
=0.05% The susceptibility forx=0.15 shows a Curie- We are grateful to F. Izumi for his help with our Rietveld
Weiss-like behavior above-50 K. The partial removal of analyses using higlETAN-B program®’ and to Y. Ueda, N.
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