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Ferromagnetism and the metal-insulator transition in the thiospinel Culr ;_,Cr,)»S,

Ryo Endoh, Junji Awaka, and Shoichi Nagata
Department of Materials Science and Engineering, Muroran Institute of Technology,
27-1 Mizumoto-cho, Muroran, Hokkaido, 050-8585 Japan
(Received 7 January 2003; revised manuscript received 30 April 2003; published 16 Septembper 2003

A thiospinel CulpS, exhibits a temperature-induced metal-insulattt-() transition at 230 K with a
simultaneous spin-dimerization and charge-ordering transition although a three-dimensional system. On the
other hand, CuG6, has the same spinel structure without any structural transformations,&u@mains
metallic and is ferromagnetic with the Curie temperaflige=377 K. In order to see the effect of substituting
Cr for Ir on theM-1 transition, we have carried out a systematic experimental study of electrical and magnetic
properties of Cu(lr_,Cr,),S, system. TheM-1 transition temperature decreases steeply with increasing Cr-
compositionx and this transition is not detected abowe 0.05. The value off ¢ decreases with decreasirg
from 1.0, thenT. disappears below=0.20. The ferromagnetic state suggests the non-collinear spin align-
ment. In the intermediate composition range oxer0.08 to 0.20, thd3-site undergoes a local crystal distor-
tion around 180 K, where the energy levg] splits into lower symmetry. Then the low-spin state within the
t,q subspace is realized for Trion with s=1/2. The magnetic state of €r ion indicates a crossover from
high temperaturs=23/2 to low temperature=1/2 state around 180 K.

DOI: 10.1103/PhysRevB.68.115106 PACS nuni®er71.30+h, 75.50-y, 75.30.Cr, 72.80.Ga

. INTRODUCTION other; as a result the formula unit of CySy has a net
magnetic moment of Bz . The metallic conduction and the
Investigations of the metal-insulatoM(-1) transition in  ferromagnetism have been attributed to double exchange be-

Culr,S, and related investigations have been extensivelyween CF™ and Cf* ions>6:°7647276Thjs interpretation has
made in the last decade® This compound CuyS, has a  been verified experimentally by recent precise magnetic cir-
spinel structure where Cu ions occupy the(tetrahedral — cular dichroism in the soft x-ray absorption specfra.
sites and Ir ions occupy thB (octahedral sites. CulsS,  Kimuraet al.”* pointed out that the spin magnetic moment of
exhibits a temperature-induced-1 transition aroundr,,,  Cu site in CuCyS, is as large as 0.078 per Cu atom.
—230 K with structural transformation, showing hysteresis ~On the other hand, Goodenogfi°has explained that the
on heating and cooling. The resistivity of Cif; varies 10NiC conflgusr+at|on of CuGSS, can be described schemati-
abruptly by nearly three orders of magnitudeTat, . The  cally C#*Cr, S;~, as two CF* ions where three electrons
behavior changes from metallic aboVg, | to semiconduc-  in the 3d shell with spin up, and a i ion which is aligned
tive below T, . The temperature dependence of magnetic@ntiparallel to that of Cr". Each Ci* ion has a moment of
susceptibility exhibits a steplike anomaly corresponding to3#e and each CH' ion has a moment of Ag in the oppo-
the M-I transition. In the insulating phase, monovalent"Cu Site direction. Consequently the formula unit of Cy&rhas

ion has been verified by Cu nuclear magnetic resonance arfiNet magnetic moment ofib . , ,
photoemission measuremefhts.A significant characteristic We have successfully synthesized the single phase

feature is the absence of localized magnetic moment beloﬁu(lrl—xﬂx)isé sp(feutmerss alnd Ica;r!edl OUtS systemtgtm ex-
Twm. - Detailed crystallographic structural analysis of the low PEMNMental study of structural, electrical, and magnetic prop-

temperature phase has been mAf&*243%Their results erties of Cu(lf_,Cr,),S,. The increase of Cr composition

indicate that CulS, is a rare and possibly unique example leads to a remarkable change in the magnetic and electrical
N P y uniq P'€ features. A phase diagram between temperaiuwersus Cr

of a three-dimensional compound displaying a spin- o : . :
R > . . ... compositionx has been obtained experimentally for this sys-
dimerization transition, which occurs simultaneously with .
tem in the present study.

charge ordering® The majority of electrical carriers in the
semiconductive(insulating phase is holes, which is con-
firmed by Hall effect measurements. Carrier concentrations
of 10°° cm™ 2 in the insulating phase and of ¥ocm™? in the The polycrystalline specimens were prepared by a solid-
metallic phase are observéd. state reaction. Mixtures of high-purity fine powders of Cu
CuCr,S, also has spinel structure and shows a metalliqpurity 99.99%, Ir (99.99%, Cr (99.99%, and S(99.999%

conductivity.  CuCsS, is _ferromagnetic ~with a with nominal stoichiometry were heated in sealed quartz
Curie temperaturél c=377 K>~ The formula unit has tubes to 1123 K and kept at this temperature for ten days.
a net magnetic_moment close touf. Lotgering and The resultant powder specimens were reground and pressed
co-workers®*"**"?proposed that the mixed valence modelto rectangular bars at a pressure of 0.2 GPa and then were
of Cr ion has been shown as €OFP*Cr**S;™; here the heated to 1123 K for two days. For a higher Cr composition
Cr** ion has Jug and the Ct* ion has 245, and a Cd ion  0.50<x=<1.00, the high-purity specimens were obtained by
has the closed shell, where all the Cr ions align parallel eactegrinding and repeating the process of the heat treatment.

II. EXPERIMENTAL METHODS
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RYO ENDOH, JUNJI AWAKA, AND SHOICHI NAGATA PHYSICAL REVIEW B#68, 115106 (2003

Cu(lry.xCry)2S4

= x=0.70
© b
c 18
oy 2 -
N ) -
o[ is 2 ilviam - 8
gJ 3y 0ol TN Y
| | s 8inc |
5 X=

~733

Intensity (arb.units)
Intensity (arb.units)

o - o
& - &
I
= J
=
2 x=0.50
@ 3
g 8% Z
- ¥ 2 0
b =
o 2y =
T o B8 K
SN le ol Iz iizl§y
N Y IBgiTFd
VLS S0

—111

10 20 30 40 50 60 70 80 90
20 (deg.)

10 20 30 40 50 60 70 80 90
FIG. 1. Powder x-ray diffraction patterns fae=0.10, 0.30, and 26 (deg.)

0.50 at room temperature. ] )
FIG. 2. Powder x ray diffraction patterns fgr=0.70, 0.80, and

1.00 at room temperature.

The study of a higher value of the Cr compositigrthan

0.70 has the disadvantage that the preparation of single phase

samples is more difficult. The identification of the crystalionic radius may decrease withobeying Vegard's law, and
structure and the determination of lattice constants were cathe difference in the cohesive energy in theand. The latter
ried out by the powder x-ray diffraction method using Ca K is related to the delocalized nature af electrons in
radiation from room temperature t680 K. A single crystal  Cu(lr;_,Cr,),S, which could result in the strong cohesive
of CuCrS, (x=1.00) has been successfully grown by aenergy difference due to the different occupation numbers of
chemical vapor transport method, and the magnetic prope# electrons for Cr and Ir in thd band. Here let us consider
ties have been measured using these single crystals. The t@e simplified energy band model of simple metallic ele-
sistivity p of sintered specimens with dimensions of aboutments instead of a complicated compound. This simple
2X2x10 mn? was measured over a temperature range bemodel predicts that the half-filled state gives the highest co-
tween 4.2 K and room temperature. The dc magnetic suscepesive energy in the band. Therefore, the atomic radius in
tibility and the magnetization curve were measured with &he metallic bond has a tendency toward the minimum for a

Quantum Design superconducting quantum interference déalf-filled d band. The magnitude of the shrinkage for the
vice (rf-SQUID) magnetometer. unit cell size, then, grows at the half-filled occupation num-

Ill. RESULTS AND DISCUSSION Cu(lrq_xCry)2S4

) 9.900
A. Structural transformation

A spinel-type structure was confirmed for all the samples

of Cu(lr,_,Cry)»S;, as can be seen in Figs. 1 and 2. The
value of unit cell parametes, obtained by the least square
method, varies as shown in Fig. 3 at room temperature,
where a does not obey Vegard's law. The unit cell siae
decreases with Cr substitution to a broad minimum around
x=0.50; then this valua increases fronx=0.50 to 1.00.
The ionic radius of Cr is smaller than that of Ir for the same
valence. A similar behavior, for the variation of the lattice
constant, has been observed in Cu(li,),S,, %t
Cu(lr;_,V,),S,,"" and Cu(Rh_,Cr,),S, (Ref. 70 systems.

a(A)

9.850
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Feo
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The two effects might be superimposed, that is, the averagat room temperature.
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FIG. 4. Temperature dependence of the powder x-ray diffraction 20 (deg.)

pattern forx=0.03 upon heating.

FIG. 6. X-ray diffraction pattern for 0.68x<0.15 at 83 K over
ber in thed band in order to gain a cohesive energy withthe angle range 2824<38°.
spreadingd-band-width. It is noted that the basic character-
istics could originate from the difference in cohesive energywhere two peaks from cubic symmetry and three from tetrag-
due to the diferent occupation numbers of thelectrons for  onal symmetry overlap in the diffraction angle region 29
Cr and Ir ions. Presumably, the marked anomalous behavios 2 <32°. One peak arises from the cubic and two from the
of a versusx can be observed manifestly only for the re- tetragonal overlap in the region 326<37°. The diffrac-
stricted situation where the numberdélectron is extremely tion peaks at 150 K are indexed with the tetragonal symme-

different such as Cu(jr yM)»S;; M=Ti, V, and Cr. try with the space group4,/amd The temperature of the
Figure 4 shows the powder x-ray diffraction patterns ofstructural transformation corresponds fairly well to the mid-
the sample wittk=0.03 at various temperatures négy_, . point of the abrupt increase in the resistivity, which also

The structural transformation is observed from cubic to tecoincides with that of the susceptibility. Figure 5 shows the
tragonal symmetry with decreasing temperature. At 210 Kpowder x-ray diffraction patterns of the sample=0.05 at

the diffraction peaks can be indexed with cubic symmetryvarious temperature.

with the space groupd3m. Between 180 and 200 K, the Figure 6 presents the composition dependence of diffrac-

coexistence of cubic and tetragonal symmetries can be seelign patterns over the range 0:8@<0.15 at a constant tem-
perature of 83 K. Specimens witt=0.00 and 0.03 have a

Cu(lr,_,Cr,),S, x =0.05 tetragonal structure at 83 K. For the specimen with
=0.05, there exist both tetragonal and cubic phases. The

103 CU('II"»] -Xch)IZS4

7RI Cwie  Ji | 102k
§

g (180 101+
m _—
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?% 160 C}
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£ |140 Q10-2
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26 (deg.) T(K)
FIG. 5. Temperature dependence of the powder x-ray diffraction FIG. 7. Temperature dependence of the electrical resistpvity
pattern forx=0.05 upon heating. for sintered Cu(ly_,Cry),»S, specimens for 0.08x<0.05.
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Cu(Ir4Cry)»S4
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FIG. 8. Temperature dependence of the electrical resistjvity

for sintered Cu(ly_,Cr,),S, specimens for 0.08x=<0.20.

specimens withk=0.08 and 0.15 have only cubic phases.
We presume that this coexistence of cubic and tetragon
symmetries exists on a rather microscopic scale and th
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FIG. 10. Magnetization curve up to 10.000 kOe fot 0.80 at
4.2 K.

<0.80. The resistivityp with x=0.60 indicates rather less
temperature dependence, gnavith x=0.80 is flattened out
between 4.2 K and room temperature; then the metallic state
is recovered forx=0.80. The metallic state of the pure
LUCnLS, compound®™is consistent with the result of our
Qresent study.

these two phases mix homogeneously, each providing a per-

colation system. The dissociation between two phases may
not be developed in the macroscopic region. This conjecture
is indirectly supported by the macroscopic results that the_
temperature dependence of the resistivity and magnetic sug
ceptibility vary not irregularly but fairly smoothly over a

wide composition region.

B. Variation of metal-insulator transition in Cu (Ir 1 ,Cr,),S,

The temperature dependences of electrical resistjvity
are shown in Figs. 7 and 8. The samplexef0.10 does not
show a sharp jump in the resistivity, as indicated in Fig.
Forx=0.15, the temperature dependence of the resistivity i
semiconductive in all measured temperature ranges. Sin
the resistive jump becomes ill defined, the precise value of
Twm. is not clear. Figure 9 presents the data for &30

4 CU(|I'1 -Xch)ZS4

10
X=
a:0.30d:0.60 4
b:0.40 e:0.70
102} iy ©:0.50 f:0.80
g 101}
9, 100 }
Q
101 F
102}
-3 s .
1075 100 200 300
T (K)

FIG. 9. Temperature dependence of the electrical resistjvity

for sintered Cu(lf_.Cr,),S, specimens for 0.38x=<0.80.

C. Variation of the ferromagnetism

As a representative result, the magnetization curvexfor
0.80 at 4.2 K is shown in Fig. 10. The demagnetizing field
orrections for thisM-H curve have not been made. This
sample shows a narrow hysteresis loop and an almost satu-
rated behavior at a higher magnetic field. Figure 11 shows
the magnetization curves at 4.2 K for specimens with various
compositionsx. The temperature dependences of the magne-
tizationM at a constant magnetic field bif=10.000 kOe are
indicated in Fig. 12. The magnitude of the magnetization at
g42kK increases with increasing Cr compositioriFigure 13
Shows the inverse susceptibiligy ! versusT for x=0.50 in
dhe paramagnetic temperature regioe-150 K. Here, the
usceptibility is defined ag=M/H. The inverse suscepti-
bility versusT curve is shifted upward from the line pre-
dicted by the Curie-Weiss law, which should reflect a ten-
dency toward short range order. The solid line obeys the
Curie-Weiss law well. The values of an asymptotic Curie
temperatured, for the ferromagnet is 138 K. The inset in
Fig. 13 shows a temperature derivativl/dT curve atH

Cu(lry_,Cr,)2S4

1.00
= a| T=42K 1< 080
5 <2070
g <7060

1 —0.50
S <g40
g0 | & 030
* > | 0.25
= -1F
€ af

-3

-10 5 0 5 10

H (kOe})

FIG. 11. Magnetization curve up to 10.000 kOe for G236
<1.00 at 4.2 K.
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Cu(lr_,Cr,)»S4 Cu(lr1_xCry)2S4
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FIG. 14. High temperature magnetic susceptibility vs tempera-
ture of Cu(lg_,Cr,),S, for 0.03<x=<0.20. The applied magnetic

0 100 200 300 field is 10.000 kOe.
T (K)

FIG. 12. Temperature dependences of magnetization fofhe specimen witkk=0.08. The susceptibility can be fitted to
(;l:)(lgrb,xCrx)ZS4 at a constant field of 10.000 kOe for 0% a modified Curie-Weiss lawy=C/(T—6) + xo, Wherex, is

o the temperature independent tei@the Curie constant, and

0 the Weiss temperature. Table | shows the summary of the

—10.000 kOe as a function of temperature for0.50. The Magnetic data. The value of effective magnetic moment
temperature at the negative peak of thd/dT curve is ap-  #eff/Cr-ion indicates that only Cr ions possess a localized
proximately 130 K. This inflection points correspond essenmagnetic moment, while Cu, Ir, and S ions have no magnetic
tially to the Curie point of the ferromagnetic state, which moments.
indicates the disappearance of the spontaneous magnetiza-The broad humps are found aroufit=180 K in Fig. 14.
tion. The value off, in Fig. 13 is somewhat larger than that These humps are basically the traces of ke transition
of the negative peak ofM/dT. observed in the lower composition The intermediate com-

D. Magnetic susceptibility Cu(Ir1 xcrx)284 x=0.08

The susceptibility shows a steplike anomalyTaj., for 25
Culr,S,. For lower composition specimens wix0.15, a
steplike anomaly is found in both and y. Forx=0.15, the 201 l
temperature hysteresis is not observedpinand y. The :O\ 15l |
Curie-Weiss behavior of the magnetic susceptibility below = )
and aboveT ), arises from the substitution of Cr for Ir. The ~ 1.0} |
gradual variation of the susceptibility withimplies that the '5
Crion introduces the localized magnetic moments. Figure 14 £ os5f 1
displays the magnetic susceptibility, emphasizing the high o
temperature data for an intermediate composition region. coo 05 50 700 150
Figure 15 presents the inverse magnetic susceptibility for T o5 . . . . . .
Cu(lry.xCry)2S4 x=0.50 —
= 150 (1lxx)24l N<;.2.0
S -0 H=10kOe N
S 50|
81001 1.0
L é’-mn
T 3 0.5
> 503
= 150560200 300
~ T(K) O 1 " 1 " 1 1
A . 0 100 200 300 400 500 600
~ O 100 200 300 T (K)

T(K
) FIG. 15. Temperature dependence of the inverse susceptibility
FIG. 13. Temperature dependence of the inverse susceptibilitfy — xo) ~1=(M/H) ! for x=0.08 between 4.2 and 130 (&bovs,
x t=(M/H) ! for x=0.50. Temperature derivativéM/dT as a  and also between 200 and 600(Below). Here, the value of, is
function of temperature fox=0.50 is indicated in the inset. different between two graphs.
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TABLE |. Summary of the magnetic properties of Cy(,Cr,),S, for 0.00<x=<0.20. These numerical
values are extracted from the magnetic susceptibility based on the modified Curie-Weiss law. The effective
magnetic moment«/Cr-ion indicates that only Cr ions possess a localized magnetic moment, while Cu, Ir
and S ions have no magnetic moment. The valu&*ofs approximately 180 K; see the text. The valuggf
includes appreciable experimental errors.

Curie - Weiss law T<T*)

X Xo (emumorr?) C(emu K/mol-fu) 6 (K)  uer=9vI(I+1)=2JS(S+1) Temperature

(ug / mol-f.u)  (ug !/ Cr-ion)

0.00

0.03 -0.823x10°° 0.05465 0.004 0.661 2.70 4£<165 K
0.05 0.54% 104 0.05337 0.653 0.653 2.07 4£7<140 K
0.08 0.77x10°4 0.05606 0.430 0.670 1.67 4£7<130 K
0.10 0.87& 104 0.08560 -0.204 0.832 1.86 4£7<120 K
0.15 0.556 104 0.1965 1.148 1.25 2.29 42<120 K
0.20 —0.105<10* 0.3817 5.607 1.75 2.76 42r<150 K

Curie - Weiss law T>T%*)

X Xo (emumolr?) C(emu K/mol-fu) 6 (K) jues=09yI(J+1)=2{S(S+1) Temperature

(ug !/ mol-f.u) (wg / Cr-ion)

0.00

0.03 0.91x10 4 0.07111 1.74 0.754 3.08 269'=<460 K
0.05 —0.144x103 0.2781 —141 1.49 4.72 208T=300 K
0.08 -0.129x10°3 0.3457 —116 1.66 4.16 218T=<340 K
0.10 —0.127x10* 0.3280 —52.9 1.62 3.62 258T=<650 K
0.15 -0.251x10°3 0.5856 —51.3 2.16 3.95 358T=650 K
0.20 -0.505x10°4 0.5864 —0.384 2.17 3.42 268T=<650 K

position region 0.08x=<0.20 exhibits these broad humps in  The specimens witk=0.25 exhibit ferromagnetism. The
x at the almost constant temperature 180 K, which corremagnetic properties of the ferromagnetic composition region
sponds to the change from the metallic to semiconductivare summarized in Tables Il and IIl. Here the value of the
behavior, as shown in Fig. 8. As can be seen in Table I, thersmagnetic momentg is defined to beg=gsin units of ug,

is a significant difference in the magnitude @f;; between  which is obtained from the value of magnetization at 4.2 K
above and below*. The ionic state of the &f ion under-

goes the spin crossover phenomenon arodiid which TABLE . Summary of the magnetic properties of
comes from a change in the quantum state of the electroeu(”l_XCrx)ZS4 for 0.25=x=<1.00. The valueng/Cr-ion, in the

spin for C'3+_- BelowT", the local crystal distortion at tH®  gonr magneton number, indicates that only Cr ions possess a local-
site may split thet,, level into lower symmetry and then the jzed magnetic moment.

low-spin state(not in 10 Dq but only in the,, subspackis
realized within thet,, subspace for the €t ion with s Magnetization T=4.2 K, H=10 kOg¢
=1/2, where thegy state is neglected because of the muchX

. oy, (emu / mo) ng / mol-f.u. ng / Cr-ion

higher energy level.
As can be seen in Table |, a crude evaluation can lead t0.25 2045.8 0.366 0.733

a conclusion that the spin values of the3Crion are (.30 2652.1 0.475 0.791
s=3/2 and 1/2 above and beloW, respectively, in the in- .40 6310.0 1.13 1.41
termediate composition region 08&=0.20. The Weiss 5o 9172.4 1.64 1.64
temperatured is very low for the regionT<T”*. It is inter- go 13062 2.34 1.95
esting, however, that the magnitude &fwith an antiferro- g 79 15352 2.75 1.96
magnetic coupling forT=T*, indicates a systematic de- g gg 18073 3.24 2.02
crease with increasing. The metallic state is essentially 1 g 29543 402 202

attained forT=T" in 0.08<x<0.20. When the value of
approaches the ferromagnetic state >0£0.25,6 drops  @n other results, 4.58 in Ref. 56, 3.9 in Ref. 64, 4.79 in Ref. 65, and
abruptly to zero. 4.85 in Ref. 67.
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TABLE Ill. Summary of the magnetic properties of Cu(lrCr,),S, for 0.25<x=<1.00. The notations
are the same as given in Table I.

Curie - Weiss law

X C (emu K/mol-f.u) 6p (K) Mo =0VI(I+1)=2\S(S+1) Temperature

(ug / mol-f.u) (ug ! Cr-ion)

0.25 0.7247 39 241 3.41 189=<350 K
0.30 0.7153 42 2.39 3.09 80r=300 K
0.40 1.014 106 2.85 3.18 140<340 K
0.50 1.299 138 3.22 3.22 189=<340 K
0.60 1.658 189 3.64 3.32 249<340 K
0.70 1.814 222 3.81 3.22 280340 K
0.80 3.421 253 5.23 4.14 280340 K

in 10 kOe. The magnitude of thes/Cr ion is only half the T,,.,. The sharpM-I transition is seen only for<0.05. The
value ofs=3/2 expected from the Curie-Weiss law=T, . resistive jump smears out, then the critical value of lvhd
The magnetization is not saturated at 10 kOe. A possibléransition becomes ill defined aroumxe=0.08. For 0.16x
mechanism such as weak ferromagnetism originating from a0.80, the resistivity indicates a semiconductive behavior
noncollinear spin alignment may be considered. The degregithout any anomaly. The resistivity recovers the metallic
of the noncolinear spin alignment increases with decreasmﬁémperature dependence for the specimens wit.80.
x from x=1.0, which is seen in Tables Il and Ill. The mag-  ggjig circles forx=0.20 show the asymptotic ferromag-
netic momentng/Cr-ion is found to be 2.02 for the single netic Curie temperaturé, . The value off,, increases almost
crystal of CuCgS, in our measurement. Therefore, the for- |inearly with increasing. The ferromagnetic state disappears
mula unit of CuCsS, has a net magnetic moment of 4 the critical composition,=0.20. The statistical theory on
4.04ug, which is less than 5/ . the basis of cluster variation method by Satal.”® predicts
X.=0.25; here a dilute ferromagnet of an Ising spin system
is assumed with the number of nearest neigliye6. The
E. Phase diagram of Cilr;_,Cry),S, composition dependence 6f and the value ok, are fairly
close to the result of this theory.
Figure 16 provides a phase diagram between temperature The intermediate composition region is found between
versus Cr compositior. For 0.03<x<0.08, the coexistence 0.08<x<0.20, where neither M-I nor ferromagnetic tran-
of cubic and tetragonal phases has been observed belosition takes place. The crystal symmetry remains cubic; nev-

Cu(Iry_,Cr,)»Sy

400 . ' . ——— 400
Metallic | Semiconductive | ]
(Cubic) : (Cubic) :
300 | i i 300
— 1 Para
Y | tei=3.8/ Cr Para ! )
= 200 L . | {200~
lf \ ) °I'°_Eac:'a i oS
| % ser=21/Cr Felrro
1008 1% reva : 1100
! Tetra. Semiconductive | Metallic
. j%”cJ'bic (Cubic) | (Cubic)
0 ! 1 1 1 1 1 | 1 0
0 0.1 0.2 0.4 0.6 0.8 1.0
Ir Cr

FIG. 16. A phase diagram of Culr,Cr,),S, for temperature versus composition The solid circles indicate th#-1 transition
temperaturd,,., for x<<0.08, which corresponds fairly well to the step-like anomaly in the susceptibility and the structural transformation.
The asymptotic ferromagnetic Curie temperatégedecreases linearly with decreasing
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ertheless, theB-site local distortion may occur arount* with a characteristic curvature infor a temperature not
=180 K, which is less sensitive to the composition. Themuch aboveT: is also not found. Our results for yls&how-
hump shaped anomaly is observed in the magnetic susceptempletely straight lines presented in Fig. 15, which are
bility around T*. Above and belowT*, the values of the characteristic of a ferromagnet. The curvature of the plot of
effective magnetic moment are largely different from eachl/y versusT in the ferrimagnet should exhibit a characteris-
other. The values arg¢/Cr atom=3.8 and 2.1, respec- tic asymptotic behavior if the Cu ion is in a divalent state,
tively. The spin state may be changed frem 3/2 at higher havings=1/2 antiparallel to the Cr spins. Consequently, the
temperature te=1/2 at lower temperature. The energy level global magnetic aspects of our experimental results strongly
tyy at theB site splits into lower symmetry. Then the low- support Lotgering’s picture of the spin configuration as
spin state within the,, subspacénot in 10 Dq is realized ~ Cu*Cr*Cr** s}~ ,%657647278yhich is completely different
for a CP" ion with s=1/2. The magnetic state of the Cr from Goodenough’s model of é‘ﬂ]c@"’s‘zl_ 61831t is our
ion indicates a crossover from a high temperatsre3/2  hope that fruitful discussion will be given on the basis of the
state to low temperature=1/2 state around ™. present study.
Finally, we should like to point out that the magnetic mo-
ments of Cu and Ir ions have been neglected in our analysis.
Nevertheless, it is natural to extract the conclusion that Cu
ions at tetrahedral sites are occupied by not divalent but
monovalent states. Otherwise, the value of effective mag- The present research was supported financially by a
netic moment per Cr ion, which is extracted from the Curie-Grant-in Aid for Scientific ResearctiN0.1204620%) from
Weiss law, should be extremely large because our analysibie Ministry of Education, Science, Sports, and Culture of
attributes the source of all the magnetic moments to Cr ionsJapan. Financial support by the CASIO Science Promotion
which has not been found in our measurements in TableBoundation’s Research Graffiokyo, No. H14-Ac-2) is also
(I-11I'). Furthermore, any sign of a ferrimagnetic behaviorgratefully acknowledged.
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