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Spin fluctuation and the transport mechanism in the spinel systeigyLi,V,0, and LiZn, _,V,0O, with
0=x=<1 have been studied through measurements of x-ray diffraction, electrical resistivity, thermoelectric
power, magnetization, and nuclear magnetic resonance. These compounds range from being antiferromagnetic
and insulating for MgyO, (Mott type) accompanied with a structural transition to the metallic state opQjV
with no magnetic order. The metal-insulator transition may be of Anderson type and occurs in the vicinity of
X.=0.4. The coherence length of the wave function of hole carriers in the variable-range-hopping regime has
a critical exponent-1.3 againsix—x.|. The metallic phase abowe may have two kinds of carriers from
dynamic mixed valence state of¥ and V**. Based on the magnetic susceptibility and relaxation analyses,
metallic compounds may be considered to be highly correlated electron systems with a low degeneracy
temperature or large mass enhancement. On the other hand, insulators have short-range ordered spin correla-
tion and/or superparamagnetic effects. At low temperatures, an antiferromagnetic phase is realized for
=<0.05 and a spin-glass phase originating from the frustration inherent in the §lattice appears in the
region of 0.0&x=<0.7. The latter phase is enhanced for concentrations slightly less xhan
[S0163-18297)02931-1

[. INTRODUCTION Here, we should note that the characteristic spinel structure
with cubic symmetry leads to a high degree of topological
Many vanadium oxides and bronzes have been studied ifiustration for antiferromagnetically correlated spins. A sub-
order to investigate peculiar behaviors in correlated-electrostitution of V2" by nonmagnetic A" introduces a spin-glass
or electron-phonon-coupling systems. Especially, a mechgshase®® which may be due to a partial lift of the degenerated
nism for the metal-insulator transition, hereafter referred taground state as postulated theoretictly.
as MIT, induced by changing the temperature or the electron The electronic states of LZVO witk=0.4 is essentially
density has been explored for a long tifrfelt is not easy to  metallic and the MIT is based on a variable-range-hopping
clarify the driving force for this transition, because the MIT (VRH) or percolation model.In the vicinity of the MIT
has often been accompanied by a change in the crystal symeint, no crystal symmetry varies. In the temperature region
metry. The so-called Mott transition is essentially a band-above 500 K, there is no essential difference between the
crossing transition and may be discontinuoudlitw/, U and  magnetic properties of metals and insulators, and Hund’s
W being the effective electron-electron correlation energyrule holds with a common antiferromagnetic superexchange
and the bandwidth, respectively. coupling constant? However, both the Curie constant and
Vanadium oxides with a chemical formul&V,0,, Weiss temperature below 500 K have different values from
where M is Li, Mg, or Zn, etc., have a normal spinel those above 500 K probably due to the conduction electrons.
structure>* The unit cell is usually taken to be cubic with  The present authors’ group has examined the percolation
eight molecules oMV,0, and the space group Bd3m.  model of LZVO from a microscopic point of view under
The M and V ions are located at the oxygen tetrahedrakeveral assumptiort$. Two kinds of nuclear magnetic reso-
A(8a) and octahedraB(16d) sites, respectively. The V{0 nance(NMR) lines for the V ion have been observed around
octahedra share edges and three arrays of the V ions crossxat 0.4, these being roughly similar to the lines of metallic
each site. Each V ion has six neighboring ones. LiV ,0, and insulating ZnYO,. In addition, two kinds of Li
In the Li,Zn;_,V,0, system, hereafter referred to as NMR lines have been observed in the region belown0.1.
LZVO, the Li,Zn,_, ion is considered to be located at the Thus, we have postulated that two kinds of electronic path-
site and an average valence of V ions is expressed as WBays coexist and the valence of V ions depends on the
+x/2. Metallic properties of LiVO, down to low tempera- nearest-neighbor configuration of Lor Zré".
tures have been revealed by the electrical resistivity for the In this paper, we shall discuss spin fluctuation and trans-
single crystal specimenisalthough the density of states at port mechanism in the LMg;_,V,0, system with G<x
the Fermi level appears to be considerably fon the other <1, hereafter referred to as LMVO, through measurements
hand, Zn\O, or MgV,0, with V3" is a Mott insulator or of x-ray diffraction, electrical resistivity, thermoelectric
semiconductof=® The antiferromagnetic transitions appear power, magnetization, and NMR. The NMR relaxation re-
at about 75 K for Mg¥O, and at 60 K for Zn¥O, accom-  sults for LZVO are also presented. Since the LMVO and
panied with a cubic-tetragonal transition and specific-heatZVO are isomorphous, the electronic states are expected to
anomaly?® The ordered phase has also been analy2ed.be similar. Previous transport and magnetization measure-
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ments of the LZVO have been done above 100 K aiter- T T T
vals of 0.17% This work provides detailed results that in-
clude data at lower temperatures as well as for the 8.40} LiMg,.V,0, |
compounds with 8x<<0.1 near the Mott insulator. The ex-

perimental methods are given in Sec. Il. Section Il describes

the experimental results and summarizes basic items with

respect to the structure and electronic states of vanadium

spinels, referring properly to previous analysis procedures. In 8.35
Sec. IV, the structural, transport, and magnetic properties
clarified by this work are discussed and the phase diagram at 3
low temperatures presented. Finally, Sec. V is devotedto a =
conclusion for spin fluctuation and transport mechanism in

LMVO and LZVO. 8.30F

Il. EXPERIMENTS

Sintered specimens of the ,Mg; ,V,0, system were 8.25
prepared by the solid state reaction method. Firs§yOi,
was prepared by heating a mixture of 3LO; (99.99% pu- e e s )
rity) and V,O5 (99.99% purity in air at 953 K for 48 h and 00 02 04 06 08 1.0
V,053 was reduced by heating,@s in an N,/H, atmosphere X
at 973 K for 12 h. Appropriate mixtures of these compounds FIG. 1. x dependence of the lattice constamt of

0, I 1 -
and Mgo(99_99/.o purity V\{ere gro.und and. pressed into pel .Li,Mg;_,V,0, where the solid line indicates the least-squares fit,
lets. They were inserted in alumina crucibles and sealed in

quartz tubes, which were heated at 953—993 K for 48—72 h§_8'4151_0'179)?'
An oxygen deficient specimen Lp®D; o, was also prepared.
The specimens of LZn, _,V,0, were prepared according to
the same procedure as described in Ref. 7.

An x-ray powder diffraction with a Ci « radiation was
measured on a Rigaku RAD-IIC two-circle diffractometer at Ill. EXPERIMENTAL RESULTS
about 300 K. Electrical resistivity was taken by a dc four-
probe method in the region between 4.2 and 300 K. The
electrodes were made by using a silver paint. Thermoelectric X-ray powder diffraction patterns reveal a normal spinel-
power was taken by a dc method in the region between 4.%ype single phase for ak. The cubic lattice constar# is
and 350 K. Gold wire of 0.02 mg was used as potential shown in Fig. 1 in relation t and the intensity ratios for
leads and contacted to the specimens with a gold paint. Tenseveral reflections are in Fig. 2. The lattice constant is nearly
perature gradients less thd K were applied. proportional tox. Therefore, the random occupation in a

Magnetization was measured by the Faraday method imacroscopic scale at t#esite by the Li and Mg ions may be
the region between 4.2 and 900 K, where fields of up toexpected from a Vegard's law as in the case of LZVThis
about 10 kG were applied. The susceptibility was estimatednay be possible, because the effective ionic radii of, Li
from the linear coefficient of magnetization versus fieldMg?", and Zrf" with an oxygen tetrahedral coordination are
(M-H) curve in the decreasing process of the field. The0.59, 0.57, and 0.60 A, respectivefy.
magnetization was also measured under field-co@edkG)
and zero-field-cooled conditions, hereafter referred as to FC
and ZFC, respectively.

A continuous-wave NMR measurement for tF®/ and At the bottom of Fig. 3, the electrical resistivityis plot-

“Li nuclei in LiV,0, was carried out in the region between ted based on a single activation energy modegl,

10 and 570 K on a Varian spectrometer. Frequencies from 3 Po€XPEq/KT), wherep, is assumed to be a constahy, is

to 32 MHz and those from 6 to 22 MHz were used to meathe half gap between the valence- and conduction-band
sure the field dependence of the Li and V NMR signals,dges, and is Boltzmann's constant. The top indicates the
respectively. The external field was calibrated by measuringp versusT~* plot that is a VRH model in three dimen-
the Na and V resonance signals in aqueous Nas@ution ~ Sions, p=poexp(To/T)4*>** All the compounds of LMVO
and the Li one in aqueous LiCl solution, where the V and Liexhibit a semiconductorlike conduction. For only Mg,
signals were used as the reference positions of zero resthe temperature dependencepds approximately expressed
nance shift. by the single activation energy model. From the solid line at

An NMR relaxation measurement was done in the regiorthe bottom of Fig. 3 we obtaipy=0.11Q cm andE4/k
between 77 and 430 K with the use of a Bruker SXP spec=1.6x 10° K. The data between<9x<0.5 are fitted in the
trometer. Signals of both V and Li were taken for Li¥, wide temperature region in terms of the VRH model. The
while for other compounds of the LZVO, only the Li signal solid lines in the top of Fig. 3 lead to the following results
was measured. The frequencies of 13.5, 13.8, and 19.8 MHor p} and Ty; 8.6x10 1 Q cm and 1.1 K for x

were used. The spin-lattice relaxation times were determined
by the saturation comb-pulse method.

A. X-ray diffraction

B. Transport phenomena
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FIG. 2. x dependence of the intensity ratio for several reflections T! (10—3K*1)

of Li,Mg,_,V,0, where the dotted, solid, and dashed lines indi-

cate the calculated results far=0.3855, 0.3865, and 0.3875, re- FIG. 3. Temperature dependence of the electrical resisimitly
spectively. Li,Mg; _,V,0,; the bottom is Ip vs T~ and the top is Ip vs
T~ based on a variable-range-hopping model, where the solid
lines indicate the calculated results with parameters provided in the

=0.2, 9.1x10°°Q cm and 5.%10° K for x=0.3, 9.9 et

x10019 0 cm and 4.X10° K for x=0.4, and 3.5

X107% Q cm and 1.% 10.7 K for x=0.5. W'.th INCréasing  \yith x as shown at the top of Fig(). This is attributed to

X, To decreases, suggesting the wave function of the carnelg,e densely distributed energy levels around the Fermi level
extends ax increases. Ik=0.6 and 0.7, the VRH model due to the random distribution of Mg, _, at theA site as
appears to hold only z;\bove 160 K. Thg an7dT0 values are  g,ggested by Kawakami, Sakai, and Ts(d4is appears to
estimated as 271077 Q cm and 1.X10° K for x=0.6  pe similar to the idea that electrostatic forces trap holes at the
and 1.2<10"°  cm and 1.K 10° K for x=0.7. Neither of v/ gjte nearest to a I'i ion and the excited carrier from the

the previous two models can express the temperature depe@ap will be responsible for the thermoelectric pow&t?
dence ofp for 0.8<x=<1. The fact that the absolute values of Judging from the behavior o6, we may regard the MIT

p at room temperature are of the order of ¥ cmin spite  gint of LMVO asx.=0.4. This corresponds to an average
of the loosely bound specimens may suggest that the comyrier concentration of 0.2, which is about one-half of the
pounds in this region are essentially metallic. These resultscyitical probability of theB sublattice in spinels for the con-
are incompatible with the previous report for LZVO that hectivity of the atomic octahedral sites, in other words, the
states that no VRH model expresses the temperature dep&fsrcolation thresholgb,=0.4012° The difference between
dence of the resistivity for>0. _ , X./2 andp, may mean that the wave function of hole carriers

The temperature dependence of thermoelectric p@¥8r  oyiends over neighboring V-V distance.

shown in Fig. 48). Only S of MgV,0, can be expressed by oy the metallic compounds witk=0.4, S data may be
a wide band semiconductor motfelvith hole carriers as jassified as 04x<0.7 and 0.8&x<1. In the former
shown by the solid line at the top of Fig(&}, where the gap grqp, S becomes negative at low temperatures, while in the

between the valence-band edge and the Fermi energy is S¢er 5 pelow 300 K is positive and remains with a small
K and the relaxation time of the electron momentum has alajue. A characteristic peak at about 60 K exists in

energy dependence oE( E,)%% E, being the energy at LiV ,0,
the valence-band edge. If Mg®, is both an atomically and
electronically homogeneous system, the energy difference
betweenE, and E; may not be intrinsic and,/k is prob-

ably more reliable. The small substitution of Mg by Lileads The magnetic susceptibilitieg above and below 200 K,

to a drastic change i. In 0<x=<0.3, S depends little on defined as a linear coefficient to the field, are shown in Figs.
temperature and its positive magnitude decreases rapid§(a and 3b) as a function of temperature, respectively. A

C. Magnetization
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FIG. 4. (a) Temperature dependence of the thermoelectric powek=0.5 under the field-cooled condition is expressed by the solid
S of Liy,Mg; _«V,0,, where the solid line for MgyO, indicates the line.
calculated result based on a wide band semiconductor model with
parameters given in the texb) x dependence of the thermoelectric Curie-Weiss-like temperature dependence is observed for all
powerS at 290 K (top) and that of the inverse of coherence length the compounds above 75 K. In Mg¥,, there is the sharp
&7 for the carriers in the variable-range-hopping regifbettom edge atTy=75K and an additional broad peak appears at
of Li,Mg;_V,0, where the solid line provides the relation of T,=50 K, which agrees with previous results for the speci-
E 1o |x—0.412. mens prepared in a gas flow of, Mnd H.%° Similar behav-
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iors are seen fox=0.03 and 0.05, although bothy and

Ty are reduced largely. For 0.6%<0.7, only the broad
peak is observed. IR=0.8 and 0.9, there is no peak, while
LiV,0, has a tendency to saturate below 30 K. This satura-
tion behavior disappears by a small oxygen deficiency,
LiV 20302

For the FC measurements in the range>G<0.7, there
exists the remanent magnetizatioen defined asM = y,H
+ o, x, being the reversible susceptibility. The typical tem-
perature dependence pf of x=0.5 is shown in Fig. &) by
the solid line. There is a clear difference betweerand
X, - Figure Ga) indicates the temperature dependencerof
The arrow in this figure denote§y. The temperature at
which o appears is found to be the sameTgs The magni-
tude a 6 K is in therange from 0.3 to 13 emu/mol V as
shown in Fig. @b). The largest value is seen aroumd
=0.3. However, there is no difference between the magne-
tization curves under FC and ZFC conditions in9x8<1.

The magnetic susceptibility is generally given k=
Xdt XowT Xdia» Whered, orb, and dia refer to the contri-
butions from spin, Van Vleck orbital paramagnetism, and
closed-shell ion diamagnetism, respectively,, being(—35
+1.3x)x10~® emu/mol V from Ref. 21. As pointed out
previously?® the high-temperature data above 500 K indi-
cate thatyy follows the Curie-Weiss law expressed as
xq=C/(T+Ty), whereT, is the Weiss temperature and
C is the Curie constant given b@=Ng?u3S(S+1)/(3k),

N, g, ug, andS being the number of V ions, thg factor,

the Bohr magneton, and the spin number, respectively.
The orbital susceptibility is estimated to be @D
X104 emu/mol V for 0.4<x<1 and 1.82)x10 * emu/
mol V for 0=<x=0.3. This difference has been also con-
firmed by NMR stud$? and should be attributed to that of
electronic structures. Figure 7 illustrates KDle versusT

plot, whereS(S+1)=2-5x/8 andg=1.98. All the results
have a straight line with an almost common slope above 500
K. The superexchange coupling constars approximately

x independent, 54 K from the relatioh,=4JSS+1)/k.

Below 500 K, ngl has a different slope from that at
high temperatures. Except for the behavior below 100 K,
Xgl for 0=x=0.3 has an antiferromagnetic coupling con-
stant, while that for 0.4 x=<1 has zero or a small ferromag-
netic constant. This result for LD, is not consistent with
those reported by other group?*1t is likely caused by the

difference between estimations of constant paramagnetism

and/or the quality of specimens. As described above, we
have determineg,,, based on the precise analysis of mag-
netic susceptibility at high temperatures as well as the Knight
shift of 5V nuclei.

D. NMR
1. Vion
One central resonance line of tR&/ nuclei with spin$
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FIG. 6(@). Temperature dependence of the remanent magnetiza-
is observed in LiVO, as described in Ref. 13. In the fre- tion o under the field-cooled condition of Mg, _,V,0,, where
guency range from 6 to 22 MHz, no characteristic powdetthe arrow for eachx indicates the temperature at which the mag-
structures are observed. Figure 8 shows the temperature deetic susceptibility takes a broad pedk) x dependence of the
pendence of the resonance line shifts at 6 and 15 MHz. Theemanent magnetizatioor at 6 K of Li,Mg;_,V,0, where the
resonance line shifts are frequency independent and thus camelid line is a guide to the eye.
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FIG. 9. Temperature dependence of tAigT) ~* of 5V nuclei
respond to the Knight shift&. It increases in the negative in LiV2,0,at13.5and 19.8 MHz, wher®, is the spin-lattice relax-
direction with decreasing temperature and reaches a mination time.
mum at about 20 K.

- . ation time at 13.5 and 19.8 MHz, as a function of tempera-
_The magnetlza'uoni?y the saturation comb pulse shows gre is shown in Fig. 9. It is nearly frequency independent
single recovery. T, T) ™ -, whereT; is the spin-lattice relax-

and increases with decreasing temperature in the measured
temperature region.
I .

2. Liion
0 L SIV ln LiV204 _

One central resonance line is observed for thienuclei
with spin 3 in LiV ,0,. The resonance line shape is approxi-
mately Gaussian in the frequency range from 3 to 32 MHz.
Here, modulation width less than 0.1 G is used and its effect
on the linewidths is negligible. The resonance line shifts and
the full widths at half maximum\H g, at 6.25, 15.0, and
30.3 MHz as a function of temperature are shown in Figs. 10
7] and 11, respectively. The line shift is frequency independent,

so that it is thought to be the Knight shift. It increases with
- decreasing temperature and then reaches a maximum at
about 20 K. On the other hand, the width depends largely on
the frequency. Th&AH gy at 6.25 MHz is nearly tempera-
ture independent except for the results above 500 K, but at
the higher frequencies, it increases with decreasing tempera-
ture or increasing frequency.

The single recovery of magnetization by the saturation
(emumoly) comb pulse in LZVO is obtained. The temperature depen-
o 6.0MHz A WY emuine

dence of T;T) ! at 19.8 MHz is shown in Fig. 12. Except
» 15.0MHz N for LiV ,Q,, it increases with decreasing temperature and has

a maximum arounc=0.6. In LiV,0,, small anomalies are
. ' . . noted at approximately 140 and 270 K.
0 200 400 600 pproximately
T (K)

FIG. 8. Temperature dependence of the Knight skifof 5V A. Structural properties
nuclei in LiV,0, at 6.0 and 15.0 MHz, where the inset shows the

From the intensity ratios shown in Fig. 2, theparameter
Knight shift vs susceptibility diagram. of the oxygen atoms located at thee38ite is estimated.

g
—-6F g
8
o
o

IV. DISCUSSION
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in Li,Zn, _,V,0, at 19.8 MHz, whereT, is the spin-lattice relax-
ation time.

Here, the Lorentz-polarization correction has been applied to
the intensities and the scattering factors of neutral atoms in-
ferred from Ref. 25. All Debye-Waller factors are taken as
zero and an occupancy probability corresponding to the
chemical formula is assumed. The top of Fig. 13 indicates
thex dependence ai. The dotted, solid, and dashed lines in
Fig. 2 are the calculated results for=0.3855, 0.3865, and
0.3875, respectively. Thus, of the LMVO is found in the
range ofu=0.3865(10). It is comparable to those of other
normal vanadium spinels and the superconducting titanium
compound; for Mg\V0O,, u=0.38484),%° for a ZnV,0,
single crystal,u=0.385%1),%” and for a LiTpLO, single
crystal, u=0.38724).28 Thus, it is concluded that neither
the crystal symmetry nor the oxygen configuration varies in
relation tox and the change in the lattice constantois
expected to be directly attributed to that in the V-O bond
length.

Since the V-V distances are larger than 2.91 A, we may
neglect the direct overlap of the vanadiurd Svave func-
tions for simplicity. In this case, the electronic state of
LMVO or LZVO may be discussed based on the critical
overlap integral between the vanadium and oxygen atoms.
Using the above lattice constants amgarameters, the av-
erage valence of the V ion is estimated to be as shown at
the bottom of Fig. 13 in terms of the bond lendii(s)
versus bond strength relation?® D(s)=1.790-0.319 Irs,
with D(s)=(5/8—u)a. In this figure,v expected from the
chemical formula, that isy=3+x/2, is also plotted by the

where the dotted, dashed, and solid lines indicate the calculatedotted line. The real V-O bond length explains well an aver-
results with parameters provided in the Appendix.

age valence of the V ion.
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T T T T 1 simply because of the loosely bound specimens. Thus, it is
0-392:' Li.Mg,_.V,0, ) confirmed that the Ml transition in Mg, _,V,0, is Ander-
0.3901 ] son type. . . _
) | | For x=0.4, the metallic conduction area may increase
0.388+ | with x. Here, the fact that the electrical resistivity far
- L % % } % | =0.6 and 0.7 appears to be fitted by the VRH model above
0.386} % % . 160 K would imply that the random potential effect is still
- % 1 active. In 0.4x=<0.6, the thermoelectric power is gradually
0.3841 = transferred from its positive sign to negative with decreasing
i ] temperature. Th& data forx=0.7 are in the range between
0.382F T T T T —2 and 2uV/K. In 0.8<x=<1, S is negative and positive
— above and below 300 K, respectively. Thus, this suggests
3.50 P two kinds of carriers in the metallic phase. This could be
A P attributed to (2-x)V3" andxV*" ions with a dynamic fluc-
3.40r e - tuation, which behave like electrons and holes, respectively.
r e 1 Therefore,S is expressed a$=(0eSc+ oS/ (0t 0y),
3.30f . . whereg is the conductivity and the subscriptsand h refer
> r el 1 to the electron and hole, respectively. This idea should be
3.20- el 7] tested by another experiment. The peak at about 60 K in
3 10'_ P ] LiV,0, with no random potential denotes the transport
UL e ] anomaly of hole carriers of 4 ions.
3.00¢ | L L 1 L L
00 02 04 06 08 10 C. Magnetic properties
X As shown in Fig. 7,)((]1 in the region below 500 K de-

viates from the Curie-Weiss law with parameters obtained
from the analysis at high temperatures.

The previous work based on a high-temperature-series ex-
pansion analysis has already shown that the deviation at low
temperatures in insulating Mg@, is due to the exchange

At first sight, the above conclusion seems to be inconsisfield between spins larger than temperature or short-range
tent with previous NMR results for the LZVO around ordered spin correlatioh’ Here, the Curie constant should
x=0.4* Here, two kinds of electronic pathways, metallic be given by the Hund’s rule in all temperature regions. Such
and insulating domains, have been suggested to coexist. Th@ effect has been confirmed in the semiconducting perov-
correlation time of carriers that hop between these pathwayskite LavVQ; as well*? It has also been pointed out that in
is likely slower than the inverse of the NMR frequency, or Mg(V,_,Al,),0, with 0.1<x=<0.25, short-range ordered
the coherence length of the insulating domain is not so longelusters with a superparamagnetic effect ekist.

In order to clarify these points, x-ray or neutron diffuse scat- Keeping the above factors in mind, the susceptibility re-
tering experiments for single-crystal specimens are necesults below 500 K can be classified 6% 0<x=<0.05, (i)
sary. In the LMVO, we have observed only one NMR line of 0.07<x=<0.3, and (iii) 0.4<x<1. The susceptibilities in
the V ion for the entirex region whose linewidtidepends cases (i) and (i) have tendencies similar to those of
largely on x.?? MgV,0, and Mg(V;_,Al,),0, respectively. On the other
hand, the compounds with G%k=<1 are essentially metals.

In 0=x=<0.05[case(i)], the antiferromagnetic transition
appears, wher&y may correspond nearly to that at which

In Sec. lll B, the MIT point of LMVO was found to be the susceptibility has a sharp edge. Actually, the NMR line
Xx.=0.4. Forx<0.4, the transport mechanism of hole carri- of V ions in MgV,O, disappears belowly and a large
ers is the VRH type. Here, the site randomness for thepecific-heat anomaly appe&rsMoreover, from x-ray pow-
Li,Mg;_, ion is considered to cause major effects. The long-der diffraction of Mg\,O, at low temperatures, it has been
range Coulomb interaction between carriers seems to be nefpund that atTy the cubic-tetragonal structural transition
ligible from consideration of the temperature dependence obccurs’ Therefore, the transition for€€x<0.05 may be at-
electrical resistivity*° tributed to the removal of degenerated antiferromagnetic spin

Let us estimate a critical exponentfor the coherence configuration. Ty decreases rapidly with increasing as
length & in the wave function of carrier¥. The thermoelec- shown by open circles in Fig. 14. On one hand, the reduction
tric power on the VRH is expected to be proportional toof Ty may be expected from the fact that the Weiss tempera-
£%218Then,£ 1 as a function ok is plotted at the bottom ture at high temperatures decreases with increasingl-
of Fig. 4(b) using the data at 290 K. From the relatign®  though itsx dependence is considerably larger than that ex-
x|x—xX.|?, where x;=0.4 and G<x<0.4, we obtainy  pected from the Weiss temperature. Another origin is that the
= 1.3 with the solid line. Thisy value corresponds with the coherence length of the antiferromagnetic state may be re-
theory®! The resistivity analysis has also indicated the de-duced by carrier doping, because the present results of ther-
crease of¢ ! with x, but itsx dependence is not discussed moelectric power in 82x<0.4 have indicated that the coher-

FIG. 13. x dependence of the parameter and the vanadium
valencev of Li,Mg,_,V,0, where the dotted line indicates the
valence expected from the chemical formula.

B. Transport properties
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. — In 0.4<x=<1 [case(iii )], Xgl below 500 K is smaller than
L Mott . ] the extrapolated value from the Curie-Weiss law at high tem-
ol type Li,Mg, ,V,0, peratures. Between 100 and 400y, appears to have zero
T or a small ferromagnetic exchange constant. It strongly sug-
N gests that 500 K for the metallic compounds may correspond
VRH type Highly correlated 7 to adegene_racy—nondegenerakr:ansi';ion temperature that is
. 1 roughly estimated to b&* =E/«, with Ex anda being the
ol |a insulator metal i Fermi energy and the mass enhancement factor, respectively.
For the temperature dependenceygfbelow 400 K, Stoner
or a self-consistent renormalizatié8CR modef® would be
candidates. Although the behavior gf * is similar to that
expected from the model, they cannot explain the low degen-
L eracy temperature. An alternative model may be the
Brinkman-Rice type that leads to the reductionEf or the
enhancement of effective ma&sHowever, it cannot intro-
FIG. 14. Phase diagram of Mg, _,V,0,. AF is the antiferro- ~duce nearly zero exchange constant. Perhaps, the Stomer
magnetic phase beloiy (open circles and SG is the spin-glass SCR model for the electron system with enhanced mass is
phase belowl, (solid circles. The solid triangles indicate apparent necessary.
T, for the compounds whose susceptibility takes the sharp edge as In the region neafT, for the compounds with 0s4x
well as the broad peak. The classical percolation thresppldnd  <(.6, Xgl decreases rapidly with decreasing temperature.
the concentration at which the coherence lerigith wave function  This is related to the occurrence of the remanent magnetiza-
of _carriers diverges are also indicated. The solid lines are drawn fofion under the EC condition, that is, the spin freezing. Above
guides to the eye. x=0.8, no such tendency is observed, which may be consis-
tent with the fact that these compounds are metallic.
ence length in the wave function of carriers increases with For S|mp||c|ty, let us consider the carrier-rich and carrier-
In 0<x=<0.05, it is natural to think that the carrier-rich and poor clusters in the atomic scale, to exp|ain qua|itative|y the
carrier-poor clusters originate from the V sites located neak dependence of remanent magnetization in Fidp).6The
Li* and Mg, respectively. carrier-poor cluster cannot form the long-range ordered anti-
As denoted by solid triangles in Fig. 1%, , at which the  ferromagnetic state abowe=0.07, but it may have localized
broad peak of susceptibility appears, with the remanent magand paramagnetic spins near the boundary between the clus-
netization only in the FC condition decreases withwhich  ters. The freezing of these clusters contributes to the rema-
appears to correlate witliy. The behavior aff; may re-  nent magnetization under the FC condition. As the carrier
mind us of the spin-glass phaSeHere, it has been known concentration increases, both the surface of the carrier-poor
that the ground states of three-dimensional frustrated spiblusters and the localized spins will increase. With increasing
systems are likely “cooperative paramagnét,”quantum  the carrier concentration further, the expansion of these clus-
spin liquid,”** or “spin-glass.’® However, in Mg\0,, the  ters appears to take a maximum at a certain concentration,
structural transition occurs aty and the antiferromagnetic probably less tharx,=0.4. When the carrier-rich clusters
lattice exists at 4.2 K. In addition, the magnitude of remanenbverlap significantly, or the crystals are covered with the
magnetization at 4.2 K is considerably small and the broagarriers completely to form metals, the carrier-poor cluster
peak is not suppressed even by a magnetic field of 88 kGcannot be formed and thus the remanent magnetization dis-
Thus, we may have to consider complex spin states or suGppears.
cessive transitions through an exchange distortion possibly
due to the Jahn-Teller effect. Of course, it is also necessary D. Microscopic properties
to explore possible inhomogeneity of atoms microscopically.
In 0.07<x<0.3 [case(ii)], Ty disappears and only the
broad peak of susceptibility appearsTgf. Below T, sig-

nificant remanent magnetization has been found only in th . indi d by th vsi |
FC condition. This suggests the appearance of a spin-glaé‘%nS exists, as indicated by the structure analysis, a long-

phase. As shown in Fig. 7, the susceptibility has a Curie—likerrﬁgﬁg 2;%?£ed state is absent, and the crystal symmetry re-
temperature dependence betweepand 50 K. Here, the S . -

Curie constant in this temperatuEegion is smaller than that The Knight Sh'ft.Of "V nuclei is expressed aK:.Kd.

at higher temperatures. This behavior may be attributed tg Korb. wherg the first anq second terms_are contrlbgtlons
the formation of short-range ordered clusters with the superO™ thed spin and the orbital paramagnetism, respectively.
paramagnetic effect. In effect, the spin correlation developghesei terms are related to the res_pectl_ve isusceptlblll_tles as
and the uncompensated clusters grow gradually as the terffi =Hhixi/(Nxg) through the hyperfine fielti ;. The solid
perature is lowered. The spin-glass phase is considered € in tge K-x diagram shown in the inset of Fig. 8 pro-
appear after the freezing of the clusters. The fact Tyglor ~ Vides Hy=—74 kG/ug. Taking the yon, value obtained
the compounds with significant remanent magnetization doeom the analysis of the high-temperature susceptibility
not depend o as shown by solid circles in Fig. 14 suggestsin Sec. Il C, we getH (=350 kG/ug and K op,=0.55%.

that the effective coupling constant relevant to the spin-glashe following Hg; values have been found for conducting V
phase is originated from the superexchange. oxides and bronzes; for 4 ions, Hﬂf= —85kG/ug in

3

T(K)

20

0.0

The result that only one V NMR spectrum of Li@,
exists down to 10 K with no significant line broadening in-
gdicates that a dynamic mixed valence state of ¥nd V"
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VO, (Ref. 37 and 8-NaV,05 (Ref. 38 and for V' ions,  using the above parameter3, ) ~* of Li ion is found to be

Hd=—120 kGlug in V,0; (Ref. 37 or —60 kG/ug in comparable to that of the V ion. However, this idea cannot

LiVO,.%° Thus, the covalent admixture with the oxygep 2 explain the anomalies at 140 and 270 K, because no corre-
. 1 . . 71

orbital for V ions in LiV,0, is expected to be larger than ?glg?gcljntgoagOsrpg::tezg?g%r?ceegfsiegggosv Foltr %Otlrjlledr bceom

those in VQ or V,0;. Similar behavior has been seen in the _ ! iciency ' ' , com-

intermetallic compound y8i having a high conductivity. In Pounds in the LZVO, T, T) "~ has roughly the Curie-Weiss-

; d oo type temperature dependence as ihl'l();l of LiV,0,.
TI§5 Egjz H4%f of the 'V nuclei is reduced to about Aroundx=0.4 of the LZVO, two kinds of V NMR lines and
B.

B . . . only one Li line have been observttiTherefore, the NMR
oli?)i;_ll tlgn;ﬁZt sSSslfct:eOftilE)li\I/itzo?r:strf]?aunmdetac;l?rigiz::]y g:g;urrelaxation of the Li ion may be due to the fluctuation of an
Eegion as found in the irrjlset gf Fig. 10. The field of Lipions iS%verage local field from the metallic and insulating clusters.
. o The f h T th imil
considered to be caused by a transferred fig¢fffrom the e fact that T, T) as a similar temperature dependence

d el FV h h iaht shift | _ irrespective of whether the compound is metallic or insulat-
3d electron of V ions. Thus, the Knight shift is written as i, o,ggests that the magnetic excitations for two clusters are

— t . e
K=Ko+ Hr:fX/(NHB)v where Ko is the susceptibility-  gimilar and/or the V ions near Li form the metallic pathway
independent Knight shift. From thi€-y diagram,K, and iy the VRH regime.

HE are estimated to bex10 3% and 1.6 kGLg, respec-
tively. ThisK, is an order of magnitude smaller than that of V. CONCLUSION
Li metal** which indicates that the Li atoms in LD, are
completely ionized and the outes 2lectrons are transferred
to the V orbitals. The origin of the NMR linewidth for Li
ions is discussed in the Appendix.

The spin-lattice relaxation rate ofV nuclei in LiV,0,
is considered to be mainly due to the fluctuation of
hyperfine coupling field. Based upon a fluctuation-
dissipation theorem, T T) ! is written as {;T)?!
= YN 23 |Ay2Im{x" " (q,w0)}/wo, where y, is the gyro-
magnetic ratio of thé*V nuclei, A, is the hyperfine coupling
constant with respect to the wave numbeq,
Im{x~"(q.wp)} is the perpendicular component to the direc-
tion of local field in the imaginary part for the dynamical
susceptibility, andw, is the resonance frequentyIn the
measured temperature regioff;;T) "1 appears to have the
Curie-Weiss-type temperature dependenc®&, T toc(T
—26)"1, as shown by the dotted line in Fig. 9. It reminds us
of a model for nearly ferromagnetic metals based on SC

35
theory: Bet\_/veen_ 100 and A.'OO K appears to hav_ela weak the thermoelectric power for the insulating compounds may
ferromagnetic spin correlation, but obviously;;{T) ~* ver-

the stati ibility olot sh i the inset of Fi 9be consistent with the MIT in this system being an Anderson
sus the static susceplibriity plot snown In the InSet ot F9. 9y 5 gjtion. The metallic phase likely has two kinds of carriers
does not provide a reasonable intercept. It is necessary

= . ' Tfom a dynamic mixed valence state of Vand V**, which
construct a modified SCR theory, at least from the viewpoing, o ve gs electrons and holes, respectively
described in the previous section. ' y

. . In the region above 500 K, the magnetic properties of
On the other hand, at high temperatures where the Curlei_-MVO have been explained by a magnetically localized

Weiss law and Hund's rule hold, the magnetic excitation isg|qqron model with =54 K irrespective of whether the sys-
expected to be similar to that of insulators. In this case

: . . : m is metallic or insulating. This strong| hat th
T, ! is temperature independent and approximately writte tem Is metallic or insulating S strongly suggests that the

Nharacteristic temperature of 500 K corresponds to th
“1_ [5—~2.214d2 : p ponds to the
asTy "=v2mg%y,Hpi S(S+1)/(3we), wherewe is the ex- yageneracy-nondegeneracy transition temperature for the

change frequency expressed@§=832(S+1)/(34%), i metallic compounds. The Fermi energy of the metallic com-
andz being Planck’s constant and the number of nearest V-\,ounds is largely reduced possibly due to the large enhance-
pairs, respectivel§ Taking the values at high temperatures ment of effective mass. Thus, the metallic properties of
forg, J, andS(S+1), we gefl;*=3.7x10" s™%, whichis | MvO and LZVO have been discussed from the viewpoint
close to the extrapolated value. of a highly correlated electron system, where spin fluctua-
SinceT, of ’Li nuclei is independent of the Larmor fre- tions determine the total density of states. In order to under-
quency, Li ionic motion is probably absent in the measuredstand the temperature dependence of spin susceptibility and
temperature region, which is consistent with an observatiogpin-jattice relaxation time for the metallic compounds, we
of an almost Gaussian line shape. It has already been ShOWﬁay have to construct the modified Storier SCR model
that the Knight shift of the Li ion of the LZVO and LMVO  for the correlated electron system with large mass enhance-
is t_:auslgczzizby the transferred field from thet @ectrons of the  ment. From the viewpoint of a localized electron model, on
V ion.**?? Neglecting theq dependence om,, (T:T)™'  the other hand, an interaction similar to a double exchange
may be written as TyT) '=(Hi/HR)*(T.T), ", where effect**>would be a candidate, where the ferromagnetic ex-
(T.T), ! is for the V ion. Actually, in the case of Li¥D,, change coupling is expected to be effectively induced in the

We have explored spin fluctuation and transport mecha-
nism in LiMg;_,V,0,4 and LizZn,_,V,0, through mea-
surements of x-ray diffraction, electrical resistivity, thermo-
electric power, magnetization, and NMR.

In Sec. lll, we have summarized the results referring to
previous analysis procedures. In Sec. IV, new items revealed
in this work have been described and the phase diagram of
the LMVO at low temperatures presented.

Within an experimental error, the trigonal distortion for
the VGO, octahedra is unchanged for the entireegion at
room temperature. Thus, one may consider a mechanism of
the metal-insulator transition as a function of hole concentra-
tion and random potential. Only Mg®@, is a broadband
semiconductor and Mott-type insulator. An introduction of
hole carriers leads to the VRH-type phase in the region O
<x<0.4. The MIT point of LMVO isx.=0.4, which is

bout one-half of the classical site percolation threshold
- Thex dependence of coherence lengtastimated from
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antiferromagnetically correlated lattice. Two kinds of carri- above and below.. Precise experiments on the electronic
ers in the metallic phase as suggested above originate frostructures are desired.
highly correlated electronic states. The anomalies of thermo-
electric power and spin susceptibility at low temperatures in ACKNOWLEDGMENTS
LiV,0, with no site randomness may be caused by the . .
pseudogaplike state for the carrier density and by spin fluc- W.e thank Professor N. Tsuda for supplying us W'th the
tuations, respectively. specimens of_LXan,'XVZOA, and Professor D. S. Hirashima
Analysis of our data for LMVO leads to the phase dia- for valuable discussions.
gram at low temperatures of Fig. 14 with several critical
parameters and properties described above. Other parameters
are summarized as follow&) In the Mott insulator and the We shall consider the origin of the NMR linewidth of
VRH type insulator compounds, short-range ordered spirfLi nuclei in LiV,0,. The NMR linewidth in paramagnetic
correlation and/or superparamagnetic effects appBaris  materials is generally caused by several interactions between
the Neel temperature below which long-range antiferromag-the investigated nucleus and its surroundings. The second
netic (AF) order occurs forx<0.05 accompanied with the moments from the internuclear interaction and from the mag-
cubic-tetragonal structural transition originally driven by the netic field of the neighboring powder grains have been found
Jahn-Teller effect. This is based on the results of magnetito give appreciable effects for the linewidth. According to
susceptibility, low-temperature x-ray diffractidnspecific  the Van Vleck formuld® the contributions from the Li-Li
heat} and NMR? (b) T is the temperature below which the and Li-V interactions are 0.67 and 2.02%,Gespectively,
spin-glass SG phase appears in the region of 90%0.7  with a=8.2341 A. Another contribution from the magnetic
with a significant remanent magnetization only in the FCfield of the neighboring powder grains is estimated to be
condition due to the frustration inherent in the spiBelat-  2.30x 10 3(yH,)?, H, being the resonance field, from the
tice. This phase is enhanced in the vicinity o 0.3, be- model proposed by Draitf, with the assumption of cubic
cause a surface of the carrier-poor cluster may reach a maxtlose packing of spherical particles. The calculated results at
mum in the concentration slightly less thap. 6.25, 15.0, and 30.3 MHz are shown in Fig. 11 by the dotted,
We have pointed out the magnetic anomalies with verydashed, and solid lines, respectively. An agreement between
small remanent magnetizations fo=<&=<0.05, whose tem- the experimental and calculated results is satisfactory, except
perature is shown by solid triangles in Fig. 14. Analysis offor the region above 500 K. A deviation from the calculated
magnetic properties at high temperatures has also indicatedirve in the high-temperature region is possibly due to the
the difference between Van Vleck orbital susceptibilitiesonset of Li ionic motion.

APPENDIX

*Present address: Faculty of Science, Shinshu University, Matsu’ For example, A. H. WilsonThe Theory of Metal22nd ed.(Cam-

moto 390, Japan. bridge University Press, London, 195&hap. 8.

IN. F. Mott, Metal-Insulator Transitions2nd ed.(Taylor & Fran- 183, Jaskowsky, Ber. Bunsenges. Phys. Chein199 (1966.

, cis, London, 1990 193, B. Goodenough, Mater. Res. Bufl. 621 (1970.

A. Georges, G. Kotliar, W. Krauth, and M. J. Rozenberg, Rev.20p Figrani, L. Gastaldi, A. Lapiccirella, and S. Viticoli, Solid
Mod. Phys.68, 13 (1996. State Commun32, 831 (1979.

3For example, F. S. GalassBtructure and Properties of Inorganic 21
Solids(Pergamon Press, Oxford, 197Chap. 8.

“For example, S. Krupla and P. Novi, Ferromagnetic Materi-
als, Vol. 3 (North-Holland, Amsterdam, 1982Chap. 4.

D B. Rogers, J. L. Gillson, and T. E. Gier, Solid State Commun.

For example, E. Koig, and G. Kmig, in Magnetic Properties of
Coordination and Organometallic Transition Metal Compounds
edited by K.-H. Hellwege and A. M. Hellwege, Landolt-
Bornstein, New Series, Group I, Vol. i&pringer-Verlag, Ber-
lin, 1984), Chap. 1.

5, 263(1967). - . .
5A. Fujimori, K. Kawakami, and N. Tsuda, Phys. Rev3g, 7889 M- Onoda and K. Shigekawainpublishett

(1988. H. Kessler and M. J. Sienko, J. Chem. PhgS, 5414(1971).
7K. Kawakami, Y. Sakai, and N. Tsuda, J. Phys. Soc. J. 248, L. Chamberland and T. A. Hewston, Solid State Comnfifh.

3174(1986. 693 (1986.

8H. Mamiya and M. Onoda, Solid State Comm®@5, 217 (1995. Z|nternational Tables for Crystallography Vol. J\édited by J. A.
®H. Mamiya, M. Onoda, T. Furubayashi, J. Tang, and I. Nakatani, Ibers and W. C. Hamiltor(Kynoch Press, Birmingham, En-

J. Appl. Phys81, 5289(1997). gland, 1974.
Oyy. A. Izyumov, V. E. Naish, and S. B. Petrov, J. Magn. Magn. 2°R. Plumier and A. Tardieu, C. R. Acad. S&57, 3858(1963.
Mater. 13, 267 (1979. 27M. Onoda, unpublished results based on x-ray four-circle analy-
113 Villain, Z. Phys. B33, 31(1979. sis.
12 Muhtar, F. Takagi, K. Kawakami, and N. Tsuda, J. Phys. Soc?8J. Akimoto, Y. Gotoh, K. Kawaguchi, and Y. Oosawa, J. Solid
Jpn.57, 3119(1988. State Chem96, 446 (1992.
13y, Amako, T. Naka, M. Onoda, H. Nagasawa, and T. Erata, J?°W. H. Zachariasen, J. Less-Common M&2, 1 (1978.
Phys. Soc. Jprb9, 2241(1990. 30A. L. Efros and B. I. Shklovskii, J. Phys. & L49 (1975.
R. D. Shannon, Acta Crystallogr. Sec.3®, 751(1976. 31For a review, B. Kramer and A. MacKinnon, Rep. Prog. Pi5gs.
15N. F. Mott, Philos. Mag19, 835(1969. 1469 (1993.

8w, Brenig, G. H. Daler, and P. Wiile, Z. Phys.258 381  *?M. Onoda and H. Nagasawa, Solid State Comm98, 487
(1973. (1996.



56 SPIN FLUCTUATION AND THE TRANSPOR . .. 3771
33M. Mekata, T. Asano, T. Sugino, H. Nakamura, N. Asai, M. (1987, and references therein.
Shiga, A. Keren, K. Kojima, G. M. Luke, W. D. Wu, Y. J. *°M. Onoda and T. Inabe, J. Phys. Soc. Jp@.2216(1993, and
Uemura, S. Dunsinger, and M. Gingras, J. Magn. Magn. Mater. references therein.

140-144 1767(1995. 40A. M. Clogston, A. C. Gossard, V. Jaccarino, and Y. Yafet, Phys.
%M. J. P. Gingras, C. V. Stager, B. D. Gaulin, N. P. Raju, and J. E. Rev. Lett.9, 262 (1962.

Greedan, J. Appl. Phyg9, 6170(1996. 4w, D. Knight, Solid State Phy2, 122 (19586.
35T, Moriya, Spin Fluctuations in Itinerant Electron Magnetism “2T. Moriya, J. Phys. Soc. Jpd3, 516 (1963.

(Springer-Verlag, Berlin, 1985 43T, Moriya, Prog. Theor. Phyd6, 641 (1956.
36W. F. Brinkman and T. M. Rice, Phys. Rev.B 4302(1970. 4p _G. de Gennes, Phys. R&l8 141 (1960.

37For example, A. C. Gossard, J. P. Remeika, T. M. Rice, H. Ya-**P. W. Anderson and H. Hasegawa, Phys. RS0, 675 (1955.
suoka, K. Kosuge, and S. Kachi, Phys. Rev. B 1230 4BEor example, A. AbraganThe Principles of Nuclear Magnetism
(1974. (Oxford University Press, Oxford, 1951Chap. 4.

38M. Onoda and H. Nagasawa, Phys. Status Solidl/, 507  #’L. E. Drain, Proc. Phys. Soc. Lond@®, 1380(1962.



