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Anomalous spin fluctuation in vanadium spinel LiV,0, studied by “Li-NMR
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Nuclear magnetic resonance flri nuclei was performed in vanadium spinel, Li®, from 4.2 K up to 760
K. An anomalous temperature dependence of the relaxationTtimeas observed. Namely, the relaxation rate
1/T, increases with increasing temperature and reaches a maximum around 50 K and then becomes nearly
constant. Such an anomalous behavior was investigated from the viewpoint of the ferromagnetic instability
predicted in the self-consistent-renormalization thep®0163-18208)05706-3

[. INTRODUCTION The temperature dependence of the Knight shift up to 700
K is shown in Fig. 1. The data below 300 K have been
Vanadium spinel LiyO, has been investigated as an endalready reported in Ref. 10. The value of the shift becomes
material which has a metal-insulator transition upon substithe maximum around 20 K and then decreases with increas-
tuting Zn for Li. Single crystal Li\O, had been synthesized iNg temperature. Such a maximum also appears in the static
by Rogeret al. in 1964 and they have reported metal-like Susceptibility around 20 K. The static susceptibility data up
conductivity* The powder samples are semiconductive and® 700 K are shown iin Fig. 2. The shift originates from

the order of the resistivity is I® Qm.? It has been reported transferred hyperfine interaction between nucleusdaalbc-

that the metal-insulator transition occurs by substituting zrirons, and is related to the temperature dependent part of the

3506 for Li from the Seebeck coefficiénd by substituting  SUSCEPDIlityxq asKeAyxqz,;, whereA, is the transferred
Zn 45% from the Seebeck coefficient and far infraredhyperflne coup.llng consFant argh(=12) is Fhe number of
absorptior? Another interesting phenomenon in relation to the nearest neighbor V ions. 'The'valueﬁqp‘ IS obtglned as
Zn substitution is the appearance of spin-glass phase at IO\(R/,18 KOEL 5 from theK7-)< plot in F'Q- 3..The effezctwe c<)2u-
temperatures below 10 KThe spin-glass phase appears in aphng constantAy per ‘Li nucleus is given as\y=2z,A;
wide region from Zn 20% to Zn 90%. It may safely be said T Adip: WhereAq;, represents dipolar coupling. The dipolar
that LiV,0, locates nearby the spin-glass phase in the phasePupling is calculated as 0.66 kQef by neglecting the cor-
diagram. As is reported by many pagefithe susceptibility relation between V ions. Then, the valueAy; is obtained as
shows Curie-Weiss behaviof= yo+ x4, Where yo is a  0.91 kOef.
constant andyq represents the Curie-Weiss low. The effec-
tive moment per V site is nearly= 3. The Weiss constant is
about—33 K andyy is 2.3x 10~ * emu/mol. Recently, quite Spin-lattice relaxation tim@,; was measured fofLi by
large specific-heat coefficieng~420 mJ/mol ¥ has been usual pulse saturation recovery method at the field 1.0 T. The
reported by Kondeet al.” whereas Fujimoret al. have ob-  recovery curve shows single exponential decay over two or-
served low density of state near the Fermi energy from phoeers of magnitude. The temperature dependence of the spin-
toemission experiments and suggested the coexistence fafttice relaxation rate T} up to 760 K is shown in Fig. 4.
d! and d? configurations in the experimental time scale There appears the maximum at about 50 K that is larger than
(~10"*®sec’?).® Liv,0, includes many anomalous fea- that of the susceptibility or the shift. The maximum does not
tures as a strongly correlated electron system. correspond to any magnetic transitions nor crystallographic
In the present work, we have performed nuclear magnetiphase transitions, as is mentioned above. The raig 1/
resonancéNMR) for ’Li in pure LiV,0, up to 760 K and seems to approach to a constant valud {4/17 sec?), al-
analyzed from the viewpoint of the self-consistent renormalthough a slight increase is seen above 600 K.
ization (SCR theory near ferromagnetic instabilityWwe

B. Relaxation rate 17T
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have also investigated the susceptibility and the specific-heat ~.,
coefficient in the frame of the SCR theory. —~ o1l ¢ "Li-NMR i
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NMR spectra for Li are free from electric quadrupole 0.001 ! ! LTt e e
interaction since Li locates on the center of tetrahedra of the 100 200 300 400 500 600

oxygen. A narrow NMR line below 30 G was observed in
the NMR spectra. This implies that there appear no phase
transitions and magnetic orders in the relevant temperature FIG. 1. Temperature dependence of the Knight shift“lorup
range. to 700 K.
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FIG. 2. Temperature dependence of the static susceptibility up FIG. 4. Temperature dependence of jLfor “Li up to 760 K.
to 700 K. Solid curves represent the calculation based on the SCR theory
nearby the ferromagnetic instability. The bold curve represents the
The behavior that T/, approaches a constant and that thecalculation fory,=0 in Egs.(3), (4), and(5), and the other curve
susceptibility obeys the Curie-Weiss low is seen in the fol-for y,=6x1075.
lowing three cases. The first is nearly or weakly ferromag-
netic metals such as ZrZiiRef. 11) where theq-dependent We examine, from now on, the origin of the anomaly
susceptibility x4 is enhanced only for sma] and the aver- from the viewpoint of the ferromagnetic instability which
age amplitude of the local spin fluctuatigs, %) is propor- has been theoretically investigated by Ishigaki and Mdriya
tional to temperature. The second is metallic localized moon the basis of the SCR theory. In the present compound, the
ment system such as Mn Heusler alloysMmGa (Ref. 12  origin that gives rise to the ferromagnetic instability would
wherey, is almostg-independent an¢S ?y=S(S+1). The be the critical location in the phase diagram of
third is temperature induced local moment system such ad-i;_4Zn,)V,0, Although the pure Li¥O, is paramag-
CoSe(Ref. 13 or CoTi(Ref. 14 where(S, ?) increases with  netic, it locates on the critical region nearby the phase
increasing temperature and approaches to a constant at highundary for the spin-glass phase.
temperatures. It may be pointed out that the present com-
pound would belong to the metallic localized moment sys- . ANALYSIS
tem since the Curie constant is quite large. In this ca$e 1/ ] ) o
becomes a constant at high temperatures and is given as 1N rate 1I; due to electronic Sp'”_fl!JFtlj"i‘rt'O” IS gener-
1T = \/E(A/h)zS(SJr 1)/3w,, where the hyperfine cou- ally given by using dynamical susceptibiliyy " (g,») as
pling A/% is 1.9x107 sec’?, and the exchange frequency 2 2 —+
we is 83224 S+1)/3, respectively. The values of the ex- UTy= A TINAZ | AglImx ™ (Q+ g on) o, (1)
change coupling and the number of the nearest neightiors whereyy, Aq, N5, andQ are gyromagnetic ratio, the Fou-
are 10 K and 6, respectively. Then,T1/is calculated as rier g component of the hyperfine coupling constant, number
49.6 sec?, which is almost three times larger than the ex-of the ions, and the magnetic ordering vector, respectively.
perimental results. Moreover, the relation,T ]+ constant In the present cas@=0. According to the SCR theory for
should be held in the wide temperature range since the valuerromagnetsy(q,w) is given as
of J is quite small (-10K). Therefore, the experimental
results are not accounted by the metallic localized moment (q,0)= To X )
system. The experimental results ofT1/including the X9, 2T ) ToX(Y+X%) —iw’

anomaly around 50 K should be explained throughout the _ 2 \1/3 _ .
whole temperature range. where x=q/(67°/vy)*"° and y=1/2T,x, respectively.T,

and T, characterize the energy width and the width of the

0.16 distribution of the static susceptibility in tleespace, respec-
) ' ' ' ' oot tively. Then, 1T, is obtained from Eq(1) and(2) as®
0.14 ¢ e o
2 2
0.12+ ~ i: 3h Aii 3
—_~ Tl 4 TA y,
® 010} -
& where
Z 008 -
= 3 1 1
& 0061 7] t=T/T,, y:y0+—y1f dx>3| In u— =——¢(u) |,
2 004 2o 2
-1 i (4)
002 .
000 u=x(y+x?)/t, and yo=1/2Tox(T=0), (5)
. o 5 . é . 10x|10'3 respectively. The function(u) appearing in Eq(4) is di-

gamma function. The physical meaningygfis a measure of
distance from the phase boundary and is inversely propor-
FIG. 3. K-y plot for “Li in LiV ,0,. tional to the exchange enhancement factor. The effegt of
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T ; T T A. Specific-heat coefficient

120+ -
Yo =-0.0003 SCR theory The largey about 420 mJ/mol K has been reported in
100 Yo=00 yi=0.1 ] this compound as is mentioned in the Sec. I. The heavy
> 80 Yo=0.00006 _ Fermi-liquid behavior has been pointed out from the tem-
Yo = 0.0001 perature dependence ofas well as the large value of.
60 - 0.0003 7 However, the origin which gives rise to the similarity with
40 Yo= 5 ] heavy fermion system is still open question. The specific
! ! L ) heat around the ferromagnetic instability has also been cal-
0.0 0.2 04 0.6 0.8 10 culated by Ishigaki and Moriy& The temperature depen-
t dence ofvy just aty,=0 is proportional to—InT. y(T) is
FIG. 5. The calculation of the temperature dependenctyof calculated for smally, at quite low temperaturest€yq
«(1/T4) on the basis of the SCR theory. <1) as,
3Nkg (1 X2
on the inverse susceptibility,<y) appears mainly at low YD~ —7 fo dx ()

temperatures and does not affect at high temperatures. The
temperature dependence of 1/qualitatively depends on the K 2
value of y,. Typical temperature dependence ofl [for = SN B ( +£)
0 n\ Yo y

several values of, is shown in Fig. 5. The ferromagnetic 4T, 16yo
order is seen in the regiony<<0. In this region 1T, diverges  yhereN represents the number of vanadium ions per mole.
with decreasing temperature towards the ferromagnetic OFrherefore,%(0) is given as
der. On the other hand, the regigg>0 corresponds to a
paramagnetic phase. The rat@ 1shows theT linear depen- 3NKkg
dence at low temperatures and then approaches to a constant Y(0)=——7-Iny,. 9
at high temperatures for fairly large value wf, whereas 0
1/T, shows theT linear dependence and takes the maximum  As is seen from Eq(9), ¥(0) is related with the inverse
at some temperatures, and then decreases towards a const@mceptibility, and the value becomes large in the ferromag-
with increasing temperature for quite smglj. At phase netically instable region. If,=6x10 ° andT,=800 K are
boundaryy,=0, 1/T; showsT ' dependencg. assumed for instancey(0) becomes 150 mJ/mol*¥ This

The parameters required for the SCR theoryyyey;,  value is about one third of the experimental result. The fact
Ty, andT,. In the present work, we can estimalig from  that the calculated value becomes the same order with the
the temperature dependence of ;1/ The value ofT is es-  experimental value suggests that the origin of the lan@
timated as about 800 K fromT{ for yo=0 in the tempera- is essentially magnetic one.
ture range between 50 and 760 K. The rate in E3).is

®

calculated by usingh\;=0.91 kOefup as, B. Susceptibility
The susceptibility is represented on the basis of the theory
1/T,=6.57x10%t/yT, (sec?). 6) as
The temperature dependence of [Lhuite weakly depends x=N(gug)*/2kgT Ay (10
on the values of/; betweeny;=1 and 0.01. The value of;
is assumed as 0.1 guessing from the value of ZrZhe =15,y (emu/mo). 11

parameterT, is determined from T7; at high-temperature Tphe temperature dependenceyds determined from Eq4).
limit if y, is fixec_i to a value. The value df, is obtaine_d as At high temperaturesy is proportional toT, then y shows
2000 K by usingy;=0.1 and 1T;=17sec" at high-  Cuyrie-like behavior. The value of , should be taken as
temperature limit. The decrease off{/observed in the ex- g 0x10* K to fit the experimental results and this value is
periment at low temperatures below 50 K would be attrib-ap0ut one order larger than that obtained from the analysis of
uted to the existence of smaj}, in the frame of the SCR 1/T,. The deviation may originate from tre (+0) depen-
theory. The smaly, is also necessary to suppress the diver-gence ofx(q), since the susceptibility is free from the
gence of the susceptibility. The value yf is roughly esti- dependence of(q). The contribution to 17, of spin fluc-
mated as & 10 ° from 1/, at low temperatures. The cal- ation other tharg=0 would exist in this material. As a
culated curves foyo=0 andy,=6x10"° are shown by the  reason of the deviation, there lies the background that the
solid curves in Fig. 4. The anomalous feature df;lih this  ground state of the ordered phase for Zn doped samples is
compound is essentially attributed to the critical phenomyet the ferromagnetic state but the spin glass.
enon near the phase boundary. However, the maximum of T around 50 K is consid-
ered characteristic of the ferromagnetic instability, although
the spin fluctuation frong # 0 is not neglected. T4 around
the antiferromagnetic instability has also been calculated by
Next, we discuss the specific-heat coefficient and the sudshigaki and Moriy&. The results of T, exhibit monoto-
ceptibility in the frame of the theory and discuss the possitnous temperature dependence and no anomaly corresponding
bility of other relaxation mechanisms in this section. to the maximum of I, .

IV. DISCUSSION



3542 N. FUJIWARA, H. YASUOKA, AND Y. UEDA 57

The ferromagnetic spin fluctuation would be the mainconduction electrons and the others the role of the localized
contribution to the Curie-Weiss behavior of the susceptibilityelectrons. It may be possible that mix valence staté*aind
as well as the anomalous behavior off I/ However, the  d? configuration is nearly realized by some orbital orders and
present compound is often treated as antiferromagnetic sy#hat the valence fluctuation between them in space or time
tem since the susceptibility shows the Curie-Weiss behaviowould occur. However, it seems impossible to consider dif-
and the Weiss constant is negative { 30 K) in the view-  ferent roles in the,, state. Thus, the process appearing in
point of the localized system. It is doubtful whether the sys-the heavy fermion system is not applicable in this system.
tem is antiferromagnetic as far as the results df,lare
concerned. The investigation of the dynamical properties
through T; measurement or inelastic neutron scattering is V. CONCLUSION
guite important to seek the nature of this system.
We have measured T for “Li in LiV ,0, up to 760 K
C. Comparison of 17T, with heavy fermion system and the anomalqus temperature depe_nd_ence was inve_stigated
from the viewpoint of the ferromagnetic instability predicted
It should be noted that the temperature dependence @fy the SCR theory. Although quantitatively perfect agree-
1/T, presented here looks like that of the heavy fermionment with the theory was not obtained, the primary features
system as well as the larggT). It is likely that the maxi-  of 1/T, were interpreted by the theory throughout the wide
mum of 17T, appears in this case as a crossover of tWoemperature range up to 760 K without introducing any other
relaxation mechanisms; one is due to conduction electrong|axation mechanisms. The anomaly of {LAt about 50 K
which give rise to the Korringa relation at low temperaturesyyoyid be essentially the critical phenomenon near the phase

and the other is due to localizédelectrons that fluctuate by poundary for the spin-glass phase appearing in the wide
the elastic scattering with the conduction electrons. Two rergnge of Li _,Zn,V,0, (0.2<x<0.9).

laxation mechanisms appear in the damping fattof 1/T,
(<Tx/T") asI'=T'y+I'1T (I'y,I'y=cons}. The second term
of I" represents the Korringa relation between tredectrons
and the conduction electrons.

Such a relaxation mechanism would be possible if some We would like to thank Professor T. Moriya and A. Ishi-
of thed electrons in the,, state would play the role of the gaki for fruitful discussions.
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