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The mixed crystals Li_,Zn,V,0, and Li(V,_,Ti,),0, were investigated usindLi NMR. The temperature
dependencies of the linewidth, the Knight shiftK, the spin-spin relaxation rateTL/, and the spin-lattice
relaxation rate 17, were investigated for concentrations<@=<0.3 and G<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 eypodenit
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.

[. INTRODUCTION are characterized by a noninteger effective valence of the
transition metal. Titanium in LiLiO, has an effective va-
Stimulated by the observation of high-temperature supertence of 0.5 while vanadium in Li¥O, shows ad’® configu-
conductivity and colossal magnetoresistance effects there gtion. On the contrary, Zn\0, exhibits ad? configuration,
currently great interest in the behavior of transition-metalreveals a slight distorsion of the tetrahedra at the cubic to
oxides. In most of these systems correlation and chargeetragonal phase transition close to 100 K and orders mag-
transfer effects have to be considered in degenerate orbitalgetically below 50 K& The effective valence of V is (3
Iglttev}/ grgund:ta;cje prolperties I<'?1riseddueb|t0 thegnterplaytof 0% x)/2 for the Li,_,Zn,V,0, alloys and on the average is
ital order, Hund'’s rule coupling, double-exchange interac- o : :
tions, and coupling of the oFbitagI degrees of freegom to the1'57_y per transition metal atom for LI(MVTIV)ZO“'-
Li NMR measurements were the key experiments to

lattice. . P . .
At present most work is performed in perovskite-type sys-Identlfy LiV;0, as a heavy-fermion compouricstarting at

tems, but there exists a number of old but unresolved queg?—Igh temperatures, the spm-lat'gce relaxation raf I{on-
tinuously increased on decreasing temperatures. This behav-

tions in compounds with spinel structure. In these com- 4 .
pounds the transition metals occupy the sites of a reguldPr IS commonly observed in compounds that are dominated

tetrahedron and hence they are geometrically frustrateBY SPIn fluctuations. In LiYO, the longitudinal relaxation
against the evolution of simple antiferromagnetic structuresf€aches a broad maximum close to 50 K and decreases lin-
And indeed most of the spinels are insulating ferrimagnetsearly below 10 K indicating a Korringa type of behavior with
However, there exist three metallic spinel-type transition-2 highly-enhanced slope as compared to normal metals. This
metal oxidesTMO). Magnetite (FgO,) may be character- anomalous Korringa behavior was observed fiderived

ized by the formula F¥' (FE€*Fe**)Q,, is magnetically or- heavy-fermion systems and hallmarks a highly enhanced
dered below 850 K, and shows a Verwey transitian118  electronic density-of-states at the Fermi enetdihe high

K, which is even up to now not really understood and haglensity-of-states results from a strong hybridization of the
been assumed to be a good candidate for Wigner crystallizdocal moments with the conduction electrons. At low tem-
tion. The disappearance of a sharp Verwey transition on dogreratures the local moments are completely compensated by
ing Fe;O, with fluorine was discussed by Mott in terms of a the conduction electrons. This Kondo compensation yields
Wigner glas$. The other two metallic spinel-like TMO are high-effective masses of the charge carriers resulting in a
LiTi,0, (Ref. 3 and LiV,0,.4 The former is a high linear term of the specific heat, in a large and
superconductdwith a transition temperature as high as 12.5temperature-independent Pauli spin susceptibility and in a
K, the latter has been reported to be the first heavy-fermiofighly-enhanced Korringa slop@in LiV ,0,, the electronic
transition-metal oxid&:7 It is interesting to note that both term in the heat capacity was fouhtb be of the order of
compounds that reveal the cubic spinel structure are nord20 mJ/mol K. In 4f heavy-fermion systems the electronic
magnetic down to the lowest temperatures, which possiblynass enhancement is attributed to hybridization effects be-
results from the geometrical frustration and, as outlinedween the localized #states and itinerarg p,d electrons. In
above, is an inherent property of the spinel structure wheréiV,0, hybridization must occur within the,; bands.

the transition-metal ions form corner sharing tetrahedra. It i€and-structure calculatiohs'* have been performed at-
also interesting to note that both compounds, like magnetitdempting to explain this behavior. Anisimat al*? showed
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that one & electron is localized in thé, 4 orbital while the F " T y T " 3

remaining 0.5 electronic states per V ion form a conduction ° tng: ook R gooosaa0008
band mainly ofe; symmetry. In this model the on-site A L Zn, V,0,(17.0K) £ f

Hund’s rule ferromagnetic coupling competes with an inter- - - A .
site antiferromagnetic exchange and this situation theoreti- = £ o xo
cally can be mapped onto a Kondo lattice modeArgu- 93_,00 f 10‘ X=0~12 |

ments why the Kondo effect is larger than double exchange
have been given by Varma.

At the same time NMR experiments were published by
Fujiwaraet al® and were interpreted in terms of a spin fluc-
tuations close to a ferromagnetic instabifify Later on,
NMR experiments extending to higher temperatdfes re-
porting some®V results® and investigating in detail line-
width and Knight shift effects have been published. NMR
experiments in Li_,Zn,V,0, were performed by Amako
et al,?° by Fujiwaraet al® and by Onodat al?* But these

. t inly f d the high-t t FIG. 1. Li field-sweep spectra of LiYO, (open circles: 5 K,
experiments mainly focused on the hign-temperature prOper6pen triangles: 17 Kand Li, oZn, 1V,0, (closed triangles: 17 K

ties and did not report on the low-temperature electronic NThe spectrometer frequency was 17.3 MHz. The inset shows the

stab_ilities, _report_ed in this paper. _ temperature dependence of the product of spin-echo intersity
LiV,0, is an ideal candidate to study the evolution of temperature.

heavy fermion ground state biLi NMR measurements, be-

cause the lithium atoms are located at a cubic lattice site. ..
ratio y=16.546 MHz/T) we perform measurements of the

Hence only one single line will be observed in the NMR . . . . . . .
spectra and no quadrupolar effects have to be taken into a newidth A, the K_n|ght_sh|ftK, the_ Spin-spin relaxation rate
[T,, and the spin-lattice relaxation rateT1/ The spectra

count. In this manuscript we describe systematic NMR lected usi tional2— 7 . h

investigations of Li\O,4, which were slightly doped with Zn were co ec'l?h u?mg adtclinven 'Od d sz ™ Sﬁ'k?'e?_ ﬁj

and Ti, where Zn occupies the Li site and Ti substitutes foregquence. 1he linewl was deduced from the held-
weep spectra taking the full width at half-maximum. Fer

V. While there exists some data of Zn-doped compounds, t§ g : . S
our knowledge, no NMR measurements were performed Omeasurements, determining the spin-spin relaxation time, the

Ti-doped samples. In addition, the NMR measurements offPIn"6cho pulse sequence was applied with variable pulse

the Zn-doped compounds paid special attention to the metagpacmg D fT% was det_ermllned dby fitting r:he e_xp:JngnUal
insulator transition, between the metallic ¥, and insu- ecrease o the intensity pot_te vsp2 The spin-lattice
lating ZnV,0,. In the present paper, we focus on the low relaxation rate I/, was determined from the recovery of the

temperatures and low Zn concentrations where heavy§_pin'_eChO intensity after an_invers_ion pulse waiting about
fermion formation competes with the evolution of magnetic'Ve imes T, between each inversion pulse sequence. De-

order. The appearance of a spin-glass state has been repor ding °”.d°Pi“9 .concentratic.ms pulse Ier_lgths have _peen
by Uedaet al® for Zn concentrations 02x<0.8. In addi- chosen, which irradiate the entire spectral line, a condition

tion we carefully analyzed the recovery of the nuclear magj[hat only has been violated in some exceptional cases, close

netization and found significant deviations from a pure ex-© anomalies inA(T).

ponential behavior indicating the onset of magnetic
correlations. IIl. RESULTS

Spin-echo intensity (arb. units)

H (kOe)

A. Line shape and Knight shift
Il. EXPERIMENTAL DETAILS ) )
Some representative results of the spectra are shown

A. Sample preparation in Fig. 1. The Li nucleus is characterized by a spi3/2

Polycrystalline  samples of Li,ZnV,0, and and as aconsequence of the cubic lattice site, only one single
Li(V,-,Ti,),0, were prepared by sintering a mixture of line is observed. Thg spectra are almost_ symmetric a_nd can
powders of Li\,O5;, ZnV,0Os, LiTi,Os, and VO with a reasonably be described using a Lorentzian line skisqied
slight excess of LiyO; in order to compensate for Li evapo- lines in Fig. 1. No electric-field gradient splits or broadens
ration. Platinum crucibles were used for the reaction of théhe line in the powdered samples. In the pure compound the
powders at 750°C for 10 days. In x-ray diffraction experi- intensity increases with decreasing temperature and the line-
ments we found the nominally pure fcc spinel structure. Awidth slightly broadens. The inset in Fig. 1 shows the prod-
detailed study of lattice constants and magnetization meaiCt of intensity and temperatur¢T) and reveals that in the

surements, which are the key experiments to look for samplgure compound the intensity follows a Curie-like behavior
quality2? will be published elsewhere. down to the lowest temperatures. In the Zn-doped compound

the line is already broad at elevated temperatures. This ob-
servation signals that the linewidth reflects the strength of
spin fluctuations and most probably the closeness to a tran-
The experiments were carried out using a phase-coheresttion into a magnetically or electronically ordered state for
pulse spectrometer with field sweeps at a constant frequency>0.05. This conclusion is corroborated by the fact that
of 17.3 MHz. For ‘Li (nuclear spinl =3/2, gyromagnetic lifetime broadening of the nuclear-nuclear interaction does

B. NMR Measurements
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§ T ——— {200 5 K (x=0.1), 8 K (x=0.15), 12 K «=0.2), and~25 K
& | (x=0.3). For the Ti-doped samples one observes a strong
increase towards lower temperatures for 08%5<0.1. For
y=0.2 this continuous increase levels off towards a constant
value at about 8 K. Contrary to the Zn-doped compounds no
LV,0, maxima were observed for the Ti concentrations under in-
LioesZNoosV:0, | & vestigation. We recall, that for>0.05, concomitantly with
HowZle1o)20c the decrease of the linewidth, the signal intensity strongly
"y decreases$see the inset of Fig.)1 This behavior signals the

085’
Lis0ZNo20Y20, 50

Ly 76Z0,50Y,0, freezing of local spins. The nuclei that are lost reside in
regions with frozen spin configurations and strong local
: 0 fields that in turn produce a large and inhomogeneous line-

! 10 100 width due to a distribution of internal fields. The remaining

signal comes from spins that are not embedded in clusters

and still can relax freely. This behavior is expected close to a

spin-glass or magnetic transition and has been described in

prototypical spin glasses like Cu:M#.

4150 The spin-spin relaxation rateT./ decreases continuously
towards low temperatures and no anomalies corresponding to

> the onset of magnetic order could be observed for all

o Liv,0, 110 = samples withk<0.1 andy<0.2[see insets of Figs.(d) and

v LilVog7sTlo 2520, | 8 2(b)]. Forx=0.1[inset in Fig. 2a)] and fory=0.2[inset in

R LitVoes Togs)2O Fig. 2(b)] an increase of T, was detected with an onset

HVooTla )20, 50 temperature corresponding to th lieA{iT). Thi
o Li(V,.Ti,.0, p ponding to the anomaliea\{T). This

also clearly shows that the broadening of the linewidtls
ik o A not affected by a reduction of the spin-spin relaxation rate,
1 10 100 which decreases for increasing doping concentration for all
T (K) temperatures.

The Knight shift measures the local static susceptibility
and local electronic density-of-states. The temperature de-
=0.1: open triangles up=0.15: open squares=0.2: closed dia- pendence _of the Knight shift for all Com_pounds_ in_vestigated
monds,x=0.3: open triangles dowrand Li(V,_,Ti,),0, (b) (y IS shown in Figs. @) and 3b). The Knight shift in pure
=0: open circlesy=0.025: closed triangles dowy=0.05: closed LIV 204 reveals a broad cusp close to 40 K and a smooth
squaresy=0.1: open triangles upy,=0.2: open diamondsn field ~ decrease down to lowest temperatures, similar to the pub-
(left scale$ and frequency unitgright scaley respectively. The lished results by Kondet al.® Mahajanet al,* and Fuji-
insets show the temperature dependence of the spin-spin relaxatiovara et al® On increasing Zn concentration, the maximum
rate 1T,. The solid lines are drawn to guide the eye. shifts to lower temperatures, and the Knight shift reveals an
abrupt decrease at the transition temperatures, as indicated

ot effect the linewidth as is indicated by the monotonous PY A(T). On increasing Ti concentration, again the maxi-
decrease of the spin-spin relaxation rat@,lfowards low ~Mum shifts to lower temperatures on increasing Ti doping. A

temperaturegsee the insets of Figs(@ and 2b)]. A steep ~Sharp anomaly appears fgr=0.2 atT~11 K. This is ex-
decrease in the intensitjnset of Fig. 1 indicates a transi- actly the temperature whetelevels off[Fig. 2(b)] and 1T,
tion into a low-temperature state with an ordered or frozerf€veals a slight increag@nset of Fig. 2b)].
spin configuration. At the lowest temperatures only a small
fraction (<5%) of nuclear spins contribute to the total NMR
intensity. The spin-lattice relaxation rate was measured using an
The temperature dependence of the linewidtifor all inversion recovery pulse sequence. The magnetization recov-
compounds investigated is shown in Figs.(@2 ery was almost exponentially at elevated temperatures, how-
(Lig—xZn,V,0,) and 2b) [Li(V,_,Tiy),04]. Focusing on ever, deviated significantly at low temperatures and for
the pure compound, the linewidth continuously increases ohigher-doping levels. We tried to fit the magnetization recov-
decreasing temperatures reaching values close to 25 Oe ca@ry using a stretched exponential behavior
responding to 41 kHz at 1.5 K. This linewidth is slightly
Iargper corgpared to the linewidths obtained from F%urier M(t)=Aexd — (t/Ty)”] @
transform of the time domain by Mahajat all® in their  with a stretching exponeng that depends on temperature
best LiV,0, samples(20 kHz—-30 kHz and documents a and doping concentration. Such a relaxation is expected for a
comparable sample quality. At higher temperatures the linesystem with nonrandom fluctuations, whegedescribes the
width approaches the same value for all samplégs. 2a) degree of correlation. In the present case a transition into a
and 2b)] indicating that there is no broadening of the line spin-glass state with a distribution of spin-lattice relaxation
due to nonmagnetic inhomogeneities and sample qualittimes due to different local relaxation channels with different
With increasing Zn doping the increase towards low tem-T,, is the most plausible explanation. In the latter case the
peratures strongly increases and reveals a maximum close parameter is a measure of the width of the distribution,

A (Oe)

100 | L)

A (Oe)
P
PO €4
L «

FIG. 2. Temperature dependence of thd linewidth A in
Li,_,ZnV,0, (a) (x=0: open circlesx=0.05: closed squares,

B. Spin-lattice relaxation
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05 N . — — FIG. 4. Magnetization recovery vs pulse separation timBest
o LV.O 04 y | fits in LiV,0O, (open circles: 2 K, open triangles up: 17 End in
. Li(\fogz_-noos)204 m LigeZng1V,0, at 5 K (open squargswith a stretched exponential
04 | N = H functionM (7) xexd — (#T,)#] with 0< 8<1, are indicated as solid
AAQAAM © || lines. Fits with a purely exponential functioB& 1) are drawn as
sl A MiAA 00 o dashed lines. The data were normalized to unity at the shortest time.
Q 28 ey VTR
< AA ’o’tv.' 33§f° B are displayed in Fig. 5 for the Z@) and Ti(b) samples.
Xo2p ¥ 3 A M Mar'yf ] Above 30 K all magnetization recovery clearly is very close
"g ?” vy to a purely exponential behavior and no differences between
bk ¥ Li(V 75T 050204 a0 ] the different samples could be observed. However, signifi-
& Li(V,Tiy ),0, a8 cant deviations appear at low temperatures that become in-
*  Li(Vy,Tiy»),0, (o) creasingly strong at higher-doping concentrations, whre
00 = —t s — can be interpreted as a precursor of a spin-gl_ass transition. At
T (K) 1.5 K, the stretching exponent becomes 0.7 in the pure com-

pound, but reaches values of almost 0.2 close to the freezing
transition in the compounds witk=0.1, x=0.15, andx
=0.2. Well below the freezing temperatures, the stretching
exponent in the doped compounds levels off at a constant
value close toB=0.5. For the Ti-doped samples no sharp
anomaly could be observed and there is only a smooth de-
crease tg3=0.5. A nonexponential recovery is expected if
the nuclei relax in disordered systems. A stretching exponent
of B=0.5 typically is observed in dilute nuclear systems
with a vanishingly small spin-diffusion coefficiefit. Also
which could be explained with a spin-glass like state due tampurities are able to produce a stretched exponential
a frustrated antiferromagnetic order. These two different bebehavior?® but in this case no strong temperature depen-
haviors cannot be distinguistfédexperimentally. Results of dence should be observed and the dependence on impurity
the fitting procedure over almost four decades in the pulseoncentration should be more important as is the case in our
separation time are given in Fig. 4 and corresponding valuesamples. We recall that in the doped samples under investi-
are displayed in Table I. A stretched exponential behaviogation and at the lowest temperatures, only a small fraction
allows to fit the whole magnetization curigee solid lines in  of spins contribute to this signal. These spins relax indepen-
Fig. 4) instead of fitting only a small region where exponen-dently in random fields caused by the surrounding frozen-in
tial behavior holds, but a lot of information is logtee dotted  spin configuration. A similar behavior was found in CgAl

lines in Fig. 4. From the values of the spin-lattice relaxation where the magnetization recovery could well be fitted by a
rate 1T, as given in Table I, it is clear that there is reason-

able agreement for the two different fitting procedures, when tagLE 1. Comparison of the different fitting functions as ex-
the g parameter is close to unity, but the deviations increas@jained in the text. T, is the rate from the stretched exponential
dramatically with decreasing, in which case a pure expo- fit, and 1m"js the rate deduced from a simple monoexponential
nential behavior is unable to describe the magnetization recg=1) fit, respectively.

covery. We conclude that a careful analysisTqfis impor-

FIG. 3. Temperature dependence of thd Knight shift in
Li, ,Zn,V,0, (@) (x=0.1: open triangles upx=0.15: open
squaresx=0.2: closed diamondg= 0.3: open triangles dowrand
Li(V1-yTiy)204 (b) (y=0.025: closed triangles dowry=0.1:
open triangles upy=0.2: closed diamondst higher doping levels.
The solid lines are drawn to guide the eye. The insets SK(W)
for pure LiV,0O, (open circley and for samples withx=0.05
(closed squargsandy=0.05 (closed squargsrespectively.

tant to check whether relaxation rates obtained from B T,y e
stretched exponential fits will yield a Korringa behavior atLiv,0, 2 K 0.73 18.4 19.5
low temperatures. To decide this open question the measureiv ,0, 17 K 0.91 41.2 41.4
ments should be extended towards lower temperatures. i, zn,,V,0, 5 K 0.38 3930 614

The temperature dependencies of the stretching exponest
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FIG. 6. (a) Spin-lattice relaxation rate (I{) vs temperaturd
in Li;_,ZnV,0, (& (x=0: open circlesx=0.05: closed squares,
x=0.1: open triangles ups=0.15: open squarex=0.2: closed
diamonds,x=0.3: open triangles dowrand Li(V;_,Tiy),0, (0)
(y=0: open circles,y=0.025: closed triangles dowry,=0.05:
closed squarey,=0.1: open triangles up,=0.2: open diamonds
The strong anomalieksee(a)] at temperature§=4 K (x=0.1)
and T=12 K (x=0.2) coincide with anomalies in linewidti,
Knight shift K, and stretching exponet at identical temperatures.
The solid lines are drawn to guide the eye.

FIG. 5. Temperature dependence of the stretching expghant
Li,_,ZnV,0, (a) (x=0: open circlesx=0.05: closed squares,
=0.1: open triangles up,=0.15: open squareg=0.2: closed dia-
monds,x=0.3: open triangles dowrand Li(V,_,Ti,),0, (b) (y
=0: open circlesy=0.025: closed triangles dowg=0.05: closed
squaresy=0.1: open triangles up;=0.2: closed diamondsThe
inset in(a) shows the stretching exponeftvs the linewidthA as
observed in pure LiYO,.

sum of an exponentional and a nonexponential behavior wit§0 K, and decreases towards the lowest temperatures. No
an exponenB=0.5. This behavior was interpreted in terms indications of a structural or magnetic phase transition were

of a magnetically inhomogeneous ground state, where 8PServed. The maximum value of approximatelyT,1/

4 —1 i ;
paramagnetic fraction of the sample relaxes monoexponerlll_-t:'r(;tSresylagvglg?_'esw;‘(glr méh dgc“raeavsagutiivarr%[;ﬂg\?vdtelrrr]] ter;g_
tially, while the spins in the remaining part relax with a ure- y P

stretching exponenB=0.5. It was assumed that this Secondtures is definitely much5 weaker tha_n linear as it has been
"~ ) X ; bserved by Kondet al”> where the linear temperature de-
pha_lse dqes not or<_jer magnetlcal[y, but _rather IS domlr‘ateaendence was one of the key properties to classify,O)as
by_lntersne correlations of fluctuating cerium moments. They heavy-fermion system. In the slightly doped compound,
existence of a second phase was corroborated by a broggn x=0.05, the first plateau af~30 K, which corre-
underlying pattern evolving for temperatures below 3'Kn sponds to the maximum in pure L@, is followed by a
sharp contrast we cannot detect a fingerprint of a secongecond increase towards low temperatures. ¥60.1, x
phase in the spectra of our samples. Additionally, fitting our— 15 andx=0.2 a sharp anomaly in T{(T) corresponds
relaxation data with a sum of monoexponential and stretchegh the anomalies in\ (T) most probably indicating a transi-
exponential contributions yields rather poor results only. It istion into a frozen-spin configuration. Similar observations
shown in the inset of Fig.(&) that 3 andA are intimately  are made fory>0, but no sharp anomalies could be ob-
connected via a linear dependence, indicating a common orgerved in these compounds. A second broad maximum
gin of the temperature dependence of these two parametersvolves fory=0.2 followed by an almost linediKorringa-
Figures 6a) and 6b) show the temperature dependence oflike) decrease towards the lowest temperatures. The tempera-
the spin-lattice relaxation rates for the pure and the dopeture dependence of the spin-lattice relaxation rate yfor
compounds. On decreasing temperatures, in pure@iy  >0.2 are similar to the findings in the magnetically ordered
1/T, slightly increases, passes through a maximum close theavy-fermion system CeAF® But the anomaly in
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Li(V ¢gTig),0, is definitely broader and appears to be Li,Zn,V,0, Li(V,,Ti,).0,
smeared out indicative for a spin-glass transition. ol 301 1o
% . . } /_\
IV. DISCUSSIONS AND CONCLUSIONS L * o204 ¢ *

In starting this section we briefly want to summarize the « * =1 o
most important results of thigLi NMR investigation of 05t 105
Li;—xZnV,0, and Li(V;-yTiy),04: The linewidth in all 101
compounds increases on decreasing temperatures, an effe o
that significantly becomes enhanced in Zn-, as well as in
Ti-doped compounds. The linewidth broadening certainly re- O-QE——Q"//E
sults from magnetic fluctuations, due to the fact that at the | . . . . o
same time the spin-spin relaxation rate decreases in all sys o3 0z o 00 0.1 02 '
tems. Well-defined and rather sharp anomalies show up foi y

the compounds withx=0.1 (T=5 K), 0.15 (T=8 K), FIG. 7. Magnetic ordering temperatur&g, (middle scalg and
0.2 (T=10 K), and 0.3 T=30 K). Below these character- «critical exponents” & (left and right scalevs x andy. Ty, and &

istic temperatures the linewidth steeply decreases. In cledfave been determined as described in the text. The solid lines are
contrast, for the compound wi=0.2, A(T) levels offata  drawn to guide the eye.

constant value below 5 K. For all alloys with lower doping
levels the linewidth smoothly increases down to the lowest
temperatures of this investigatiqd.5 K). At the highest-
doping levels the anomalies ib(T) are accompanied by a
steplike increase of the spin-spin relaxation rafg, linsets A is a constant, Ty, the critical temperature, and is
of Figs. 2a) and 2b)]. It is straightforward to assign these treated like a critical exponent. From a theoretical point of
anomalies to the occurrence of magnetic instabilities mostiew a similar fit to 1T,(T) seems to be more meaningful.
probably a spin-glass state. The Knight sH{T), in all However these fits can be performed on some samples only,
compounds is positive, has a cusplike shape, and reachesile fits toA(T) can be performed throughout the complete
values up to 0.4% in the broad maximum. The maxima ofseries of Ti and Zn concentrations.
K(T) decrease on increasing concentration, however, a sharp The results of these fits for all concentrationandy are
drop in the temperature dependence appears at the onsetgifen in Fig. 7. With increasing Zn concentration the transi-
magnetic order for the Zn-doped compounds, while the cusption temperatures increase continuously. Below 5% Zn or Ti,
like shape remains smooth for all Ti-substituted vanadatesT), is slightly negative but close to 0 K. The exponent
The recovery of the spin-echo intensity becomes signifiteveals values between 0.6 and 0.8. The size of the critical
cantly nonexponential at low temperatures and can well bexponent is not known for the temperature dependence of the
fitted assuming a stretched exponential function. The intenlinewidth. However, if we assume thak is related to the
sity of the signal drops strongly below the transition tem-critical exponentr, which characterizes the growth of the
peraturesT,,, and already at /2 only less than 10% of the correlation length forT>T,,, we note that for three-
nuclear spins contribute to the sigriake, e.g., inset of Fig. dimensional Ising model=0.64 and for thed=3 Heisen-
1). These spins relax independently in random fields as dociberg model a critical exponemt=0.7 is expected® Figure 7
mented by a stretching exponegd=0.5. The majority of the provides experimental evidence that spin fluctuations
nuclear spins is embedded in regions with static spin ordestrongly increase on increasing but remain weak for in-
and do not contribute to the spin-echo intensity. This behavereasingy. Again we have to caution that an analysis of
ior prototypically is observed in magnetic systems revealingA(T) in terms of critical exponents is a mere parametrization
long- or short-range magnetic order. In almost all dopedf experimental results.
samples the stretching exponent tails off at a valueBof It is clear from low-temperature spin-lattice relaxation
=0.5, which is the limiting value of systems without spin that we do not observe a Korringa law belé K as haseen
diffusion. Finally, the spin-lattice relaxation ratesT(T) found by Kondoet al.® despite the fact that from the NMR
for all alloys are shown in Figs.(8) and &b). In good agree- linewidth, magnetic susceptibility, and heat capaCityea-
ment with the findings imM\(T) andK(T), sharp and peak- surements, the sample quality is similar to those samples
like anomalies were detected for=0.1, 0.15, 0.2, and 0.3, investigated in the work of Kondet al,> Johnstor?, and
while only a smooth, smeared-out cusp appears/fef.2.  Fujiwaraet al'® The slight curvature of T7,(T) at the low-
In the pure compound LiY¥O,, the spin-lattice relaxation est temperatures may signal the occurrence of a magnetic
rate increases on decreasing temperatures, passes througtspin or electronic(charge or orbital degrees of freedpm
broad maximum close to 30 K, and decreases for furthephase transition below 1 K. Most probably spin freezing oc-
decreasing temperatures, but never reaches pure Korringa bairs at the lowest temperatures. Evidence for a dynamical
havior in the samples under investigation. slowing down has also been observed by Koetlal® in the
Before discussing the experimental evidence of this invespurest samples. However, they still obeyed strictly a
tigation for heavy-fermion formation we would like to quan- Korringa—like behavior of /,(T) for T>1.5 K. The sen-
tify the strength of magnetic correlations. We tried to fit thesitivity of the ground-state properties on the fine tuning of
temperature dependent linewidthusing the structural properties was also observed in the prototypi-

A=A/(T-Ty)?. 2
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cal heavy-fermion CeG@i, and this will be discussed in the ior has been established in;Li,Zn,V,0, by Uedaet al®
following. The glass transition temperatures in our samples seem to be

In this section we would like to compare the observationsslightly enhanced as compared to the magnetization results
in LiV,0, with experimental findings in prototypical from Uedaet al.? where the difference between field-cooled
f-derived heavy-fermion systems. It is well known that theand zero-field-cooled magnetization was used to determine
spin-lattice relaxation in heavy-fermion compounds reveals dhe freezing temperaturébere the value foil; depends on
Curie-Weiss-like increase at higher temperatures, passdéBe exact measurement procedurgnd to identify the
through a maximum, and decreases linearly at the lowestamples as spin glasses. However, our experiments have
temperatures with a highly enhanced Korringa rate due to thbeen directed in external magnetic fields of approximately 1
high-density of electronic states at the Fermi level. The temT, which may explain these discrepancies. But we would like
perature of the cusp maximum roughly gives an estimate ofo point out that both the very sharp anomalies in the tem-
the characteristic temperatufé, the so-called Kondo lattice perature dependencies of the linewidth, Knight shift, and
temperaturé! The prototypical heavy-fermion compound spin-lattice relaxation rate as observed for the Zn-doped
CeCuySi, with a characteristic temperature 8f~15 Kis compounds, are rather unusual when compared to conven-
very close to a magnetic instability and depending on thdional spin-glass systems. Also the drop in the quanitys
exact stoichiometry and the growth procedures, a supercomhastically stronger as observed in spin glasses. It is also
ducting (S phase:T,=0.6 K) or a magneticA phase:T, ~ much larger as observed i phase crystals of CeG8i,.3*
=1 K) ground state is establishéd®® The nature of the The experimental results in the Ti samples to a large extent
magnetic ground state still has to be resolved. Iskidal®>*  are fingerprints of a spin-glass transition. However, there the
performed a detailed Cu nuclear quadrupole resonance studpservation of a broad cusp fgr=0.2 in 1/T(T) with a
of CeCySi, in its SandA phase. FoiT >T, the supercon- subsequent strongly enhanced Korringa Igig. 6(b)] is
ducting samples revealed the temperature dependence of thether unusual and calls for further investigations.
spin-lattice relaxation rate characteristic for heavy-fermion Of course at first sight the occurrence of a spin-glass tran-
systems. However, in thA phase crystals, a true Korringa sition in pure LiV,O, seems most plausible. However a spin-
regime never was reached and at low temperatufBgllis  glass configuration is rather astonishing due to the fact that
not constant but slightly enhanced. Anphase crystals also the characteristic temperatufé of LiV ,0, is close to 30 K
the intensity ratio] T, continuously decreases at the lowest(obtained from the cusp in the temperature dependence of the
temperatures, as observed in the doped samples of our invasnight shift and of the the spin-lattice relaxation natét
tigation. No detailed reports on Knight shift and linewidth this characteristic temperature, moment compensation occurs
are available for the heavy-fermion compounds and cleaand probably would be fully completed beldW/10 as is the
maxima in the Knight shift were only observed in materialscase in traditional heavy-fermion systems. It is also unclear
with rather high-characteristic temperatufBs namely, in  how spin-glass behavior can occur in a completely stoichio-
CeSn with a characteristic temperature 8f=150 K (Ref.  metric compound, but at this point the geometrical frustra-
35) and in URySi, with T*=70 K.*® In both compounds tion may come into play. In addition, the observation of a
the maxima irK (T) roughly correspond to the Kondo-lattice pure and stoichiometric heavy-fermion spin-glass has been
temperatured*. In URW,Si,, which exhibits a spin-density reported recently’ Another possibility could be an itinerant
wave transition alTy=17 K, the Knight shift levels off at a picture that all spin degrees of freedom have been transferred
constant value below . This is not what we observe for into the band states and at low temperatures a heavy-fermion
the pure and Zn-doped compounds. In these sanp{@  band magnetism becomes establisffett.
strongly decreases below tlimagneti¢ ordering tempera- Despite these nonresolved problems and open questions
ture[Fig. 3(@)]. Guided by 1T,(T) andK(T) it seems quite the appearance of a probably unusual spin-glass state in
natural to characterize Li¥D, as a heavy-fermion com- Lii—xZn\V,0, and Li(V,_,Tiy),0, seems most plausible.
pound very close to magnetic order and with a characteristiBut we would like to recall that systems with a broken num-
temperature off*=30 K. Like in CeCySi,, the ground- ber of electrons per transition metal site5 electrons per V
state properties depend on the fine tuning of the samplesite in the pure compoundre unstable against charge order
preparation procedure. It seems that the pure sample of thigansitions, as is well known from the spinel-type compound
investigation orders magneticaliglectronically well below  magnetite and from the doped perovskite manganates. From
1 K, which quite naturally explains the deviations from athe band-structure calculations'®Liv ,0, also reveals or-
Korringa relaxation for temperatur@s<10 K. On the other bital degeneracy and certainly also the orbital degrees of
hand it seems that the sample investigated by Koeidal®  freedom may play an important role for the ground-state
remains in a pure and coherent nonmagnetic heavy-fermioﬁmperties-
state. However, as can be seen from the temperature depen-
dence of the linewidtHMahajanet al® spin fluctuations
also play an important role in their sample.

The doped compounds most probably undergo spin-glass This work was supported by the BMBF under Contract
transitions forx=0.2 at low temperatures. Spin-glass behav-No. EKM:13N6917.
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