
PHYSICAL REVIEW B 15 JULY 2000-IVOLUME 62, NUMBER 3
7Li NMR studies of Li 1ÀxZnxV2O4 and Li „V1ÀyTi y…2O4
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The mixed crystals Li12xZnxV2O4 and Li(V12yTiy)2O4 were investigated using7Li NMR. The temperature
dependencies of the linewidthD, the Knight shiftK, the spin-spin relaxation rate 1/T2, and the spin-lattice
relaxation rate 1/T1 were investigated for concentrations 0<x<0.3 and 0<y<0.2 in the temperature range
from 1.5 K to 280 K. In all samples the magnetization recovery exhibits nonexponential behavior at low
temperatures and can be fitted using a stretched exponential function with a stretching exponentb,1. At
higher doping concentrations all compounds reveal transitions into magnetically ordered phases, most probably
into spin-glass states. We discuss the nature of these transitions and the differences between the Zn- and the
Ti-doped samples. Even in the pure compound we find deviations from a Korringa behavior due to spin
fluctuations. The results are discussed in comparison to prototypical heavy-fermion systems.
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I. INTRODUCTION

Stimulated by the observation of high-temperature sup
conductivity and colossal magnetoresistance effects the
currently great interest in the behavior of transition-me
oxides. In most of these systems correlation and cha
transfer effects have to be considered in degenerate orb
New ground-state properties arise due to the interplay of
bital order, Hund’s rule coupling, double-exchange inter
tions, and coupling of the orbital degrees of freedom to
lattice.

At present most work is performed in perovskite-type s
tems, but there exists a number of old but unresolved qu
tions in compounds with spinel structure. In these co
pounds the transition metals occupy the sites of a reg
tetrahedron and hence they are geometrically frustra
against the evolution of simple antiferromagnetic structur
And indeed most of the spinels are insulating ferrimagn
However, there exist three metallic spinel-type transitio
metal oxides~TMO!. Magnetite (Fe3O4) may be character
ized by the formula Fe31(Fe21Fe31)O4, is magnetically or-
dered below 850 K, and shows a Verwey transition1 at 118
K, which is even up to now not really understood and h
been assumed to be a good candidate for Wigner crystal
tion. The disappearance of a sharp Verwey transition on d
ing Fe3O4 with fluorine was discussed by Mott in terms of
Wigner glass.2 The other two metallic spinel-like TMO ar
LiTi 2O4 ~Ref. 3! and LiV2O4.4 The former is a
superconductor3 with a transition temperature as high as 12
K, the latter has been reported to be the first heavy-ferm
transition-metal oxide.5–7 It is interesting to note that both
compounds that reveal the cubic spinel structure are n
magnetic down to the lowest temperatures, which poss
results from the geometrical frustration and, as outlin
above, is an inherent property of the spinel structure wh
the transition-metal ions form corner sharing tetrahedra.
also interesting to note that both compounds, like magne
PRB 620163-1829/2000/62~3!/1793~8!/$15.00
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are characterized by a noninteger effective valence of
transition metal. Titanium in LiTi2O4 has an effective va-
lence of 0.5 while vanadium in LiV2O4 shows ad1.5 configu-
ration. On the contrary, ZnV2O4 exhibits ad2 configuration,
reveals a slight distorsion of the tetrahedra at the cubic
tetragonal phase transition close to 100 K and orders m
netically below 50 K.8 The effective valence of V is (3
1x)/2 for the Li12xZnxV2O4 alloys and on the average i
1.52y per transition metal atom for Li(V12yTiy)2O4.

7Li NMR measurements were the key experiments
identify LiV2O4 as a heavy-fermion compound.5 Starting at
high temperatures, the spin-lattice relaxation rate 1/T1 con-
tinuously increased on decreasing temperatures. This be
ior is commonly observed in compounds that are domina
by spin fluctuations. In LiV2O4 the longitudinal relaxation
reaches a broad maximum close to 50 K and decreases
early below 10 K indicating a Korringa type of behavior wi
a highly-enhanced slope as compared to normal metals.
anomalous Korringa behavior was observed inf-derived
heavy-fermion systems and hallmarks a highly enhan
electronic density-of-states at the Fermi energy.9 The high
density-of-states results from a strong hybridization of
local moments with the conduction electrons. At low tem
peratures the local moments are completely compensate
the conduction electrons. This Kondo compensation yie
high-effective masses of the charge carriers resulting i
high linear term of the specific heat, in a large a
temperature-independent Pauli spin susceptibility and i
highly-enhanced Korringa slope.10 In LiV 2O4, the electronic
term in the heat capacity was found5 to be of the order of
420 mJ/mol K2. In 4f heavy-fermion systems the electron
mass enhancement is attributed to hybridization effects
tween the localized 4f states and itinerants,p,d electrons. In
LiV 2O4 hybridization must occur within thet2g bands.
Band-structure calculations11–14 have been performed at
tempting to explain this behavior. Anisimovet al.12 showed
1793 ©2000 The American Physical Society
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that one 3d electron is localized in theA1g orbital while the
remaining 0.5 electronic states per V ion form a conduct
band mainly of eg symmetry. In this model the on-sit
Hund’s rule ferromagnetic coupling competes with an int
site antiferromagnetic exchange and this situation theo
cally can be mapped onto a Kondo lattice model.12 Argu-
ments why the Kondo effect is larger than double excha
have been given by Varma.15

At the same time NMR experiments were published
Fujiwaraet al.16 and were interpreted in terms of a spin flu
tuations close to a ferromagnetic instability.17 Later on,
NMR experiments extending to higher temperatures,18,19 re-
porting some51V results19 and investigating in detail line
width and Knight shift effects have been published. NM
experiments in Li12xZnxV2O4 were performed by Amako
et al.,20 by Fujiwaraet al.18 and by Onodaet al.21 But these
experiments mainly focused on the high-temperature pro
ties and did not report on the low-temperature electronic
stabilities, reported in this paper.

LiV 2O4 is an ideal candidate to study the evolution of
heavy fermion ground state by7Li NMR measurements, be
cause the lithium atoms are located at a cubic lattice s
Hence only one single line will be observed in the NM
spectra and no quadrupolar effects have to be taken into
count. In this manuscript we describe systematic7Li NMR
investigations of LiV2O4, which were slightly doped with Zn
and Ti, where Zn occupies the Li site and Ti substitutes
V. While there exists some data of Zn-doped compounds
our knowledge, no NMR measurements were performed
Ti-doped samples. In addition, the NMR measurements
the Zn-doped compounds paid special attention to the me
insulator transition, between the metallic LiV2O4 and insu-
lating ZnV2O4. In the present paper, we focus on the lo
temperatures and low Zn concentrations where hea
fermion formation competes with the evolution of magne
order. The appearance of a spin-glass state has been rep
by Uedaet al.8 for Zn concentrations 0.2,x,0.8. In addi-
tion we carefully analyzed the recovery of the nuclear m
netization and found significant deviations from a pure
ponential behavior indicating the onset of magne
correlations.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Polycrystalline samples of Li12xZnxV2O4 and
Li(V 12yTiy)2O4 were prepared by sintering a mixture
powders of LiV2O3, ZnV2O3, LiTi 2O3, and VO with a
slight excess of LiV2O3 in order to compensate for Li evapo
ration. Platinum crucibles were used for the reaction of
powders at 750°C for 10 days. In x-ray diffraction expe
ments we found the nominally pure fcc spinel structure.
detailed study of lattice constants and magnetization m
surements, which are the key experiments to look for sam
quality,22 will be published elsewhere.

B. NMR Measurements

The experiments were carried out using a phase-cohe
pulse spectrometer with field sweeps at a constant freque
of 17.3 MHz. For 7Li ~nuclear spinI 53/2, gyromagnetic
n
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ratio g516.546 MHz/T) we perform measurements of t
linewidth D, the Knight shiftK, the spin-spin relaxation rate
1/T2, and the spin-lattice relaxation rate 1/T1. The spectra
were collected using a conventionalp/22tD2p spin-echo
sequence. The linewidthD was deduced from the field
sweep spectra taking the full width at half-maximum. ForT2
measurements, determining the spin-spin relaxation time,
spin-echo pulse sequence was applied with variable p
spacingtD . T2 was determined by fitting the exponenti
decrease of the intensity plotted vs 2tD . The spin-lattice
relaxation rate 1/T1 was determined from the recovery of th
spin-echo intensity after an inversion pulse waiting ab
five times T1 between each inversion pulse sequence. D
pending on doping concentrations pulse lengths have b
chosen, which irradiate the entire spectral line, a condit
that only has been violated in some exceptional cases, c
to anomalies inD(T).

III. RESULTS

A. Line shape and Knight shift

Some representative results of the7Li spectra are shown
in Fig. 1. The Li nucleus is characterized by a spinI 53/2
and as a consequence of the cubic lattice site, only one si
line is observed. The spectra are almost symmetric and
reasonably be described using a Lorentzian line shape~solid
lines in Fig. 1!. No electric-field gradient splits or broaden
the line in the powdered samples. In the pure compound
intensity increases with decreasing temperature and the
width slightly broadens. The inset in Fig. 1 shows the pro
uct of intensity and temperature (IT) and reveals that in the
pure compound the intensity follows a Curie-like behav
down to the lowest temperatures. In the Zn-doped compo
the line is already broad at elevated temperatures. This
servation signals that the linewidthD reflects the strength o
spin fluctuations and most probably the closeness to a t
sition into a magnetically or electronically ordered state
x.0.05. This conclusion is corroborated by the fact th
lifetime broadening of the nuclear-nuclear interaction do

FIG. 1. 7Li field-sweep spectra of LiV2O4 ~open circles: 5 K,
open triangles: 17 K! and Li0.9Zn0.1V2O4 ~closed triangles: 17 K!.
The spectrometer frequency was 17.3 MHz. The inset shows
temperature dependence of the product of spin-echo intensi!
temperature.
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ot effect the linewidth as is indicated by the monotonou
decrease of the spin-spin relaxation rate 1/T2 towards low
temperatures@see the insets of Figs. 2~a! and 2~b!#. A steep
decrease in the intensity~inset of Fig. 1! indicates a transi-
tion into a low-temperature state with an ordered or froz
spin configuration. At the lowest temperatures only a sm
fraction (,5%) of nuclear spins contribute to the total NM
intensity.

The temperature dependence of the linewidthD for all
compounds investigated is shown in Figs. 2~a!
(Li 12xZnxV2O4) and 2~b! @Li(V 12yTiy)2O4#. Focusing on
the pure compound, the linewidth continuously increases
decreasing temperatures reaching values close to 25 Oe
responding to 41 kHz at 1.5 K. This linewidth is slight
larger compared to the linewidths obtained from Four
transform of the time domain by Mahajanet al.19 in their
best LiV2O4 samples~20 kHz–30 kHz! and documents a
comparable sample quality. At higher temperatures the l
width approaches the same value for all samples@Figs. 2~a!
and 2~b!# indicating that there is no broadening of the lin
due to nonmagnetic inhomogeneities and sample qua
With increasing Zn doping the increase towards low te
peratures strongly increases and reveals a maximum clo

FIG. 2. Temperature dependence of the7Li linewidth D in
Li 12xZnxV2O4 ~a! (x50: open circles,x50.05: closed squares,x
50.1: open triangles up,x50.15: open squares,x50.2: closed dia-
monds,x50.3: open triangles down! and Li(V12yTiy)2O4 ~b! (y
50: open circles,y50.025: closed triangles down,y50.05: closed
squares,y50.1: open triangles up,y50.2: open diamonds! in field
~left scales! and frequency units~right scales!, respectively. The
insets show the temperature dependence of the spin-spin relax
rate 1/T2. The solid lines are drawn to guide the eye.
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5 K (x50.1), 8 K (x50.15), 12 K (x50.2), and;25 K
(x50.3). For the Ti-doped samples one observes a str
increase towards lower temperatures for 0.025<y<0.1. For
y50.2 this continuous increase levels off towards a cons
value at about 8 K. Contrary to the Zn-doped compounds
maxima were observed for the Ti concentrations under
vestigation. We recall, that forx.0.05, concomitantly with
the decrease of the linewidth, the signal intensity stron
decreases~see the inset of Fig. 1!. This behavior signals the
freezing of local spins. The nuclei that are lost reside
regions with frozen spin configurations and strong lo
fields that in turn produce a large and inhomogeneous l
width due to a distribution of internal fields. The remainin
signal comes from spins that are not embedded in clus
and still can relax freely. This behavior is expected close t
spin-glass or magnetic transition and has been describe
prototypical spin glasses like Cu:Mn.23

The spin-spin relaxation rate 1/T2 decreases continuousl
towards low temperatures and no anomalies correspondin
the onset of magnetic order could be observed for
samples withx,0.1 andy,0.2 @see insets of Figs. 2~a! and
2~b!#. For x>0.1 @inset in Fig. 2~a!# and fory50.2 @inset in
Fig. 2~b!# an increase of 1/T2 was detected with an onse
temperature corresponding to the anomalies inD(T). This
also clearly shows that the broadening of the linewidthD is
not affected by a reduction of the spin-spin relaxation ra
which decreases for increasing doping concentration for
temperatures.

The Knight shift measures the local static susceptibi
and local electronic density-of-states. The temperature
pendence of the Knight shift for all compounds investiga
is shown in Figs. 3~a! and 3~b!. The Knight shift in pure
LiV 2O4 reveals a broad cusp close to 40 K and a smo
decrease down to lowest temperatures, similar to the p
lished results by Kondoet al.,5 Mahajanet al.,19 and Fuji-
waraet al.18 On increasing Zn concentration, the maximu
shifts to lower temperatures, and the Knight shift reveals
abrupt decrease at the transition temperatures, as indic
by D(T). On increasing Ti concentration, again the ma
mum shifts to lower temperatures on increasing Ti doping
sharp anomaly appears fory50.2 atT;11 K. This is ex-
actly the temperature whereD levels off @Fig. 2~b!# and 1/T2
reveals a slight increase@inset of Fig. 2~b!#.

B. Spin-lattice relaxation

The spin-lattice relaxation rate was measured using
inversion recovery pulse sequence. The magnetization re
ery was almost exponentially at elevated temperatures, h
ever, deviated significantly at low temperatures and
higher-doping levels. We tried to fit the magnetization reco
ery using a stretched exponential behavior

M ~ t !5A exp@2~ t/T1!b# ~1!

with a stretching exponentb that depends on temperatu
and doping concentration. Such a relaxation is expected f
system with nonrandom fluctuations, whereb describes the
degree of correlation. In the present case a transition in
spin-glass state with a distribution of spin-lattice relaxati
times due to different local relaxation channels with differe
T1, is the most plausible explanation. In the latter case
parameterb is a measure of the width of the distribution

ion
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1796 PRB 62TRINKL, BÜTTGEN, KAPS, LOIDL, KLEMM, AND HORN
which could be explained with a spin-glass like state due
a frustrated antiferromagnetic order. These two different
haviors cannot be distinguished24 experimentally. Results o
the fitting procedure over almost four decades in the pu
separation time are given in Fig. 4 and corresponding va
are displayed in Table I. A stretched exponential behav
allows to fit the whole magnetization curve~see solid lines in
Fig. 4! instead of fitting only a small region where expone
tial behavior holds, but a lot of information is lost~see dotted
lines in Fig. 4!. From the values of the spin-lattice relaxatio
rate 1/T1 as given in Table I, it is clear that there is reaso
able agreement for the two different fitting procedures, wh
theb parameter is close to unity, but the deviations incre
dramatically with decreasingb, in which case a pure expo
nential behavior is unable to describe the magnetization
covery. We conclude that a careful analysis ofT1 is impor-
tant to check whether relaxation rates obtained fr
stretched exponential fits will yield a Korringa behavior
low temperatures. To decide this open question the meas
ments should be extended towards lower temperatures.

The temperature dependencies of the stretching expo

FIG. 3. Temperature dependence of the7Li Knight shift in
Li12xZnxV2O4 ~a! (x50.1: open triangles up,x50.15: open
squares,x50.2: closed diamonds,x50.3: open triangles down! and
Li(V 12yTiy)2O4 ~b! (y50.025: closed triangles down,y50.1:
open triangles up,y50.2: closed diamonds! at higher doping levels.
The solid lines are drawn to guide the eye. The insets showK(T)
for pure LiV2O4 ~open circles!, and for samples withx50.05
~closed squares! andy50.05 ~closed squares!, respectively.
o
-

e
es
r

-

-
n
e

e-

t
re-

nt

b are displayed in Fig. 5 for the Zn~a! and Ti ~b! samples.
Above 30 K all magnetization recovery clearly is very clo
to a purely exponential behavior and no differences betw
the different samples could be observed. However, sign
cant deviations appear at low temperatures that become
creasingly strong at higher-doping concentrations, wherb
can be interpreted as a precursor of a spin-glass transition
1.5 K, the stretching exponent becomes 0.7 in the pure c
pound, but reaches values of almost 0.2 close to the free
transition in the compounds withx50.1, x50.15, andx
50.2. Well below the freezing temperatures, the stretch
exponent in the doped compounds levels off at a cons
value close tob50.5. For the Ti-doped samples no sha
anomaly could be observed and there is only a smooth
crease tob50.5. A nonexponential recovery is expected
the nuclei relax in disordered systems. A stretching expon
of b50.5 typically is observed in dilute nuclear system
with a vanishingly small spin-diffusion coefficient.25 Also
impurities are able to produce a stretched exponen
behavior,26 but in this case no strong temperature dep
dence should be observed and the dependence on imp
concentration should be more important as is the case in
samples. We recall that in the doped samples under inve
gation and at the lowest temperatures, only a small frac
of spins contribute to this signal. These spins relax indep
dently in random fields caused by the surrounding frozen
spin configuration. A similar behavior was found in CeAl3,27

where the magnetization recovery could well be fitted by

FIG. 4. Magnetization recovery vs pulse separation timet. Best
fits in LiV2O4 ~open circles: 2 K, open triangles up: 17 K! and in
Li0.9Zn0.1V2O4 at 5 K ~open squares! with a stretched exponentia
functionM (t)}exp@2(t/T1)

b# with 0,b,1, are indicated as solid
lines. Fits with a purely exponential function (b51) are drawn as
dashed lines. The data were normalized to unity at the shortest t

TABLE I. Comparison of the different fitting functions as ex
plained in the text. 1/T1 is the rate from the stretched exponent
fit, and 1/T1

mono is the rate deduced from a simple monoexponen
(b51) fit, respectively.

b 1/T1 1/T1
mono

LiV 2O4 2 K 0.73 18.4 19.5
LiV 2O4 17 K 0.91 41.2 41.4
Li0.9Zn0.1V2O4 5 K 0.38 3930 614



i
s

e
e
a

nd
t
h
ro

on
u

he
t i

o
te
o

pe

e

. No
ere

e
ra-
een
-

nd,

-
ns
b-
um

era-
r
ed

,

.

PRB 62 17977Li NMR STUDIES OF Li12xZnxV2O4 AND . . .
sum of an exponentional and a nonexponential behavior w
an exponentb50.5. This behavior was interpreted in term
of a magnetically inhomogeneous ground state, wher
paramagnetic fraction of the sample relaxes monoexpon
tially, while the spins in the remaining part relax with
stretching exponentb50.5. It was assumed that this seco
phase does not order magnetically, but rather is domina
by intersite correlations of fluctuating cerium moments. T
existence of a second phase was corroborated by a b
underlying pattern evolving for temperatures below 3 K.27 In
sharp contrast we cannot detect a fingerprint of a sec
phase in the spectra of our samples. Additionally, fitting o
relaxation data with a sum of monoexponential and stretc
exponential contributions yields rather poor results only. I
shown in the inset of Fig. 5~a! that b and D are intimately
connected via a linear dependence, indicating a common
gin of the temperature dependence of these two parame

Figures 6~a! and 6~b! show the temperature dependence
the spin-lattice relaxation rates for the pure and the do
compounds. On decreasing temperatures, in pure LiV2O4,
1/T1 slightly increases, passes through a maximum clos

FIG. 5. Temperature dependence of the stretching exponentb in
Li 12xZnxV2O4 ~a! (x50: open circles,x50.05: closed squares,x
50.1: open triangles up,x50.15: open squares,x50.2: closed dia-
monds,x50.3: open triangles down! and Li(V12yTiy)2O4 ~b! (y
50: open circles,y50.025: closed triangles down,y50.05: closed
squares,y50.1: open triangles up,y50.2: closed diamonds!. The
inset in ~a! shows the stretching exponentb vs the linewidthD as
observed in pure LiV2O4.
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30 K, and decreases towards the lowest temperatures
indications of a structural or magnetic phase transition w
observed. The maximum value of approximately 1/T1
540 s21 agrees well with the values reported in th
literature.5,18,19However, the decrease towards low tempe
tures is definitely much weaker than linear as it has b
observed by Kondoet al.5 where the linear temperature de
pendence was one of the key properties to classify LiV2O4 as
a heavy-fermion system. In the slightly doped compou
with x50.05, the first plateau atT;30 K, which corre-
sponds to the maximum in pure LiV2O4, is followed by a
second increase towards low temperatures. Forx50.1, x
50.15, andx50.2 a sharp anomaly in 1/T1(T) corresponds
to the anomalies inD(T) most probably indicating a transi
tion into a frozen-spin configuration. Similar observatio
are made fory.0, but no sharp anomalies could be o
served in these compounds. A second broad maxim
evolves fory50.2 followed by an almost linear~Korringa-
like! decrease towards the lowest temperatures. The temp
ture dependence of the spin-lattice relaxation rate foy
.0.2 are similar to the findings in the magnetically order
heavy-fermion system CeAl2.30 But the anomaly in

FIG. 6. ~a! Spin-lattice relaxation rate (1/T1) vs temperatureT
in Li12xZnxV2O4 ~a! (x50: open circles,x50.05: closed squares
x50.1: open triangles up,x50.15: open squares,x50.2: closed
diamonds,x50.3: open triangles down! and Li(V12yTiy)2O4 ~b!
(y50: open circles,y50.025: closed triangles down,y50.05:
closed squares,y50.1: open triangles up,y50.2: open diamonds!.
The strong anomalies@see~a!# at temperaturesT54 K (x50.1)
and T512 K (x50.2) coincide with anomalies in linewidthD,
Knight shift K, and stretching exponentb at identical temperatures
The solid lines are drawn to guide the eye.
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Li(V 0.8Ti0.2)2O4 is definitely broader and appears to
smeared out indicative for a spin-glass transition.

IV. DISCUSSIONS AND CONCLUSIONS

In starting this section we briefly want to summarize t
most important results of this7Li NMR investigation of
Li12xZnxV2O4 and Li(V12yTiy)2O4: The linewidth in all
compounds increases on decreasing temperatures, an
that significantly becomes enhanced in Zn-, as well as
Ti-doped compounds. The linewidth broadening certainly
sults from magnetic fluctuations, due to the fact that at
same time the spin-spin relaxation rate decreases in all
tems. Well-defined and rather sharp anomalies show up
the compounds withx50.1 (T55 K), 0.15 (T58 K),
0.2 (T510 K), and 0.3 (T530 K). Below these character
istic temperatures the linewidth steeply decreases. In c
contrast, for the compound withy50.2, D(T) levels off at a
constant value below 5 K. For all alloys with lower dopin
levels the linewidth smoothly increases down to the low
temperatures of this investigation~1.5 K!. At the highest-
doping levels the anomalies inD(T) are accompanied by
steplike increase of the spin-spin relaxation rate 1/T2 @insets
of Figs. 2~a! and 2~b!#. It is straightforward to assign thes
anomalies to the occurrence of magnetic instabilities m
probably a spin-glass state. The Knight shiftK(T), in all
compounds is positive, has a cusplike shape, and rea
values up to 0.4% in the broad maximum. The maxima
K(T) decrease on increasing concentration, however, a s
drop in the temperature dependence appears at the ons
magnetic order for the Zn-doped compounds, while the cu
like shape remains smooth for all Ti-substituted vanada
The recovery of the spin-echo intensity becomes sign
cantly nonexponential at low temperatures and can wel
fitted assuming a stretched exponential function. The int
sity of the signal drops strongly below the transition te
peraturesTM , and already atTM/2 only less than 10% of the
nuclear spins contribute to the signal~see, e.g., inset of Fig
1!. These spins relax independently in random fields as do
mented by a stretching exponentb50.5. The majority of the
nuclear spins is embedded in regions with static spin or
and do not contribute to the spin-echo intensity. This beh
ior prototypically is observed in magnetic systems reveal
long- or short-range magnetic order. In almost all dop
samples the stretching exponent tails off at a value ob
50.5, which is the limiting value of systems without sp
diffusion. Finally, the spin-lattice relaxation rates 1/T1(T)
for all alloys are shown in Figs. 6~a! and 6~b!. In good agree-
ment with the findings inD(T) andK(T), sharp and peak
like anomalies were detected forx50.1, 0.15, 0.2, and 0.3
while only a smooth, smeared-out cusp appears fory50.2.
In the pure compound LiV2O4, the spin-lattice relaxation
rate increases on decreasing temperatures, passes thro
broad maximum close to 30 K, and decreases for furt
decreasing temperatures, but never reaches pure Korring
havior in the samples under investigation.

Before discussing the experimental evidence of this inv
tigation for heavy-fermion formation we would like to qua
tify the strength of magnetic correlations. We tried to fit t
temperature dependent linewidthD using
fect
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A is a constant,TM the critical temperature, andd is
treated like a critical exponent. From a theoretical point
view a similar fit to 1/T1(T) seems to be more meaningfu
However these fits can be performed on some samples o
while fits toD(T) can be performed throughout the comple
series of Ti and Zn concentrations.

The results of these fits for all concentrationsx andy are
given in Fig. 7. With increasing Zn concentration the tran
tion temperatures increase continuously. Below 5% Zn or
TM is slightly negative but close to 0 K. The exponentd
reveals values between 0.6 and 0.8. The size of the crit
exponent is not known for the temperature dependence o
linewidth. However, if we assume thatd is related to the
critical exponentn, which characterizes the growth of th
correlation length forT.TM , we note that for three-
dimensional Ising modeln50.64 and for thed53 Heisen-
berg model a critical exponentn50.7 is expected.28 Figure 7
provides experimental evidence that spin fluctuatio
strongly increase on increasingx, but remain weak for in-
creasingy. Again we have to caution that an analysis
D(T) in terms of critical exponents is a mere parametrizat
of experimental results.

It is clear from low-temperature spin-lattice relaxatio
that we do not observe a Korringa law below 5 K as hasbeen
found by Kondoet al.,5 despite the fact that from the NMR
linewidth, magnetic susceptibility, and heat capacity29 mea-
surements, the sample quality is similar to those samp
investigated in the work of Kondoet al.,5 Johnston,3 and
Fujiwaraet al.18 The slight curvature of 1/T1(T) at the low-
est temperatures may signal the occurrence of a magn
~spin! or electronic~charge or orbital degrees of freedom!
phase transition below 1 K. Most probably spin freezing o
curs at the lowest temperatures. Evidence for a dynam
slowing down has also been observed by Kondoet al.5 in the
purest samples. However, they still obeyed strictly
Korringa–like behavior of 1/T1(T) for T.1.5 K. The sen-
sitivity of the ground-state properties on the fine tuning
the structural properties was also observed in the protot

FIG. 7. Magnetic ordering temperaturesTM ~middle scale! and
‘‘critical exponents’’ d ~left and right scale! vs x andy. TM andd
have been determined as described in the text. The solid lines
drawn to guide the eye.
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cal heavy-fermion CeCu2Si2 and this will be discussed in th
following.

In this section we would like to compare the observatio
in LiV 2O4 with experimental findings in prototypica
f-derived heavy-fermion systems. It is well known that t
spin-lattice relaxation in heavy-fermion compounds revea
Curie-Weiss-like increase at higher temperatures, pa
through a maximum, and decreases linearly at the low
temperatures with a highly enhanced Korringa rate due to
high-density of electronic states at the Fermi level. The te
perature of the cusp maximum roughly gives an estimate
the characteristic temperatureT!, the so-called Kondo lattice
temperature.31 The prototypical heavy-fermion compoun
CeCu2Si2 with a characteristic temperature ofT!'15 K is
very close to a magnetic instability and depending on
exact stoichiometry and the growth procedures, a super
ducting (S phase:Tc50.6 K) or a magnetic (A phase:TA
51 K) ground state is established.32,33 The nature of the
magnetic ground state still has to be resolved. Ishidaet al.34

performed a detailed Cu nuclear quadrupole resonance s
of CeCu2Si2 in its S andA phase. ForT.Tc the supercon-
ducting samples revealed the temperature dependence o
spin-lattice relaxation rate characteristic for heavy-ferm
systems. However, in theA phase crystals, a true Korring
regime never was reached and at low temperatures 1/T1T is
not constant but slightly enhanced. InA phase crystals also
the intensity ratio,IT, continuously decreases at the lowe
temperatures, as observed in the doped samples of our in
tigation. No detailed reports on Knight shift and linewid
are available for the heavy-fermion compounds and c
maxima in the Knight shift were only observed in materia
with rather high-characteristic temperaturesT!, namely, in
CeSn3 with a characteristic temperature ofT!5150 K ~Ref.
35! and in URu2Si2 with T!570 K.36 In both compounds
the maxima inK(T) roughly correspond to the Kondo-lattic
temperaturesT!. In URu2Si2, which exhibits a spin-density
wave transition atTN517 K, the Knight shift levels off at a
constant value belowTN . This is not what we observe fo
the pure and Zn-doped compounds. In these samplesK(T)
strongly decreases below the~magnetic! ordering tempera-
ture @Fig. 3~a!#. Guided by 1/T1(T) andK(T) it seems quite
natural to characterize LiV2O4 as a heavy-fermion com
pound very close to magnetic order and with a character
temperature ofT!530 K. Like in CeCu2Si2, the ground-
state properties depend on the fine tuning of the sam
preparation procedure. It seems that the pure sample of
investigation orders magnetically~electronically! well below
1 K, which quite naturally explains the deviations from
Korringa relaxation for temperaturesT,10 K. On the other
hand it seems that the sample investigated by Kondoet al.5

remains in a pure and coherent nonmagnetic heavy-ferm
state. However, as can be seen from the temperature de
dence of the linewidth~Mahajanet al.19! spin fluctuations
also play an important role in their sample.

The doped compounds most probably undergo spin-g
transitions forx>0.2 at low temperatures. Spin-glass beha
s
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ior has been established in Li12xZnxV2O4 by Uedaet al.8

The glass transition temperatures in our samples seem t
slightly enhanced as compared to the magnetization res
from Uedaet al.,8 where the difference between field-coole
and zero-field-cooled magnetization was used to determ
the freezing temperatures~here the value forTf depends on
the exact measurement procedure! and to identify the
samples as spin glasses. However, our experiments
been directed in external magnetic fields of approximatel
T, which may explain these discrepancies. But we would l
to point out that both the very sharp anomalies in the te
perature dependencies of the linewidth, Knight shift, a
spin-lattice relaxation rate as observed for the Zn-dop
compounds, are rather unusual when compared to con
tional spin-glass systems. Also the drop in the quantityIT is
drastically stronger as observed in spin glasses. It is a
much larger as observed inA phase crystals of CeCu2Si2.34

The experimental results in the Ti samples to a large ex
are fingerprints of a spin-glass transition. However, there
observation of a broad cusp fory50.2 in 1/T1(T) with a
subsequent strongly enhanced Korringa law@Fig. 6~b!# is
rather unusual and calls for further investigations.

Of course at first sight the occurrence of a spin-glass tr
sition in pure LiV2O4 seems most plausible. However a spi
glass configuration is rather astonishing due to the fact
the characteristic temperatureT! of LiV 2O4 is close to 30 K
~obtained from the cusp in the temperature dependence o
Knight shift and of the the spin-lattice relaxation rate!: At
this characteristic temperature, moment compensation oc
and probably would be fully completed belowT!/10 as is the
case in traditional heavy-fermion systems. It is also uncl
how spin-glass behavior can occur in a completely stoich
metric compound, but at this point the geometrical frust
tion may come into play. In addition, the observation of
pure and stoichiometric heavy-fermion spin-glass has b
reported recently.37 Another possibility could be an itineran
picture that all spin degrees of freedom have been transfe
into the band states and at low temperatures a heavy-ferm
band magnetism becomes established.38,31

Despite these nonresolved problems and open ques
the appearance of a probably unusual spin-glass stat
Li 12xZnxV2O4 and Li(V12yTiy)2O4 seems most plausible
But we would like to recall that systems with a broken nu
ber of electrons per transition metal site~1.5 electrons per V
site in the pure compound! are unstable against charge ord
transitions, as is well known from the spinel-type compou
magnetite and from the doped perovskite manganates. F
the band-structure calculations11–13 LiV 2O4 also reveals or-
bital degeneracy and certainly also the orbital degrees
freedom may play an important role for the ground-st
properties.
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11V. Eyert, K.-H. Höck, S. Horn, A. Loidl, and P.S. Riseboroug
Europhys. Lett.46, 762 ~1999!.

12V.I. Anisimov, M.A. Korotin, M. Zölfl, T. Pruschke, K. Le Hur,
and T.M. Rice, Phys. Rev. Lett.83, 364 ~1999!.

13J. Matsuno, A. Fujimori, and L.F. Mattheiss, Phys. Rev. B60,
1607 ~1999!.

14D.J. Singh, P. Blaha, K. Schwarz, and I.I. Mazin, Phys. Rev
60, 16 359~1999!.

15C.M. Varma, Phys. Rev. B60, R6973~1999!.
16N. Fujiwara, Y. Ueda, and H. Yasuoka, Physica B237–238, 59

~1997!.
17A. Ishigaki and T. Moriya, J. Phys. Soc. Jpn.65, 3402~1996!.
18N. Fujiwara, H. Yasuoka, and Y. Ueda, Phys. Rev. B57, 3539

~1998!; N. Fujiwara, H. Yasuoka, and Y. Ueda,ibid. 59, 6294
~1999!.

19A.V. Mahajan, R. Salo, E. Lee, F. Borsa, S. Kondo, and D
Johnston, Phys. Rev. B57, 8890~1998!.

20Y. Amako, T. Naka, M. Onoda, H. Nagasawa, and T. Erata
Phys. Soc. Jpn.59, 2241~1990!.
-

-

n,

.

.

21M. Onoda, H. Imai, Y. Amako, and H. Nagasawa, Phys. Rev
56, 3760~1997!.

22S. Kondo, D.C. Johnston, and L.L. Miller, Phys. Rev. B59, 2609
~1999!.

23D.E. MacLaughlin and H. Alloul, Phys. Rev. Lett.36, 1158
~1976!; D.A. Levitt and R.E. Walstedt,ibid. 38, 178 ~1977!;
D.E. MacLaughlin and H. Alloul,ibid. 38, 181 ~1977!.

24P.A. Beckmann, Phys. Rep.171, 85 ~1988!.
25I.P. Goudemond, J.M. Keartland, M.J.R. Hoch, and G.A. Sa

ders, Phys. Rev. B56, R8463~1997!.
26D. Tse and S.R. Hartmann, Phys. Rev. Lett.21, 511 ~1968!.
27J.L. Gavilano, J. Hunziker, and H.R. Ott, Phys. Rev. B52, R13

106 ~1995!.
28H. E. Stanley,Introduction to Phase Transitions and Critica

Phenomena~Oxford University Press, New York, 1971!, p. 47.
29M. Lohmann, J. Hemberger, M. Nicklas, H.A. Krug von Nidd

A. Loidl, M. Klemm, G. Obermeier, and S. Horn, Physica
259–261, 963 ~1999!.

30J.L. Gavilano, J. Hunziker, O. Hudak, T. Sleator, F. Hulliger, a
H.R. Ott, Phys. Rev. B47, R3438~1993!.
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