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The magnetic and electrical properties of the spinel-like solid solutions xCuCr,Se,- 
(1 - x)Cu,,, Me,, Cr2Se4 (Me = In, Ga) have been studied experimentally. The compounds with 
0<x<0.1 are semiconductors with magnetic properties characteristic of spin glasses, namely a 
maximum in the initial magnetic susceptibility at T = Tf and a dependence of magnetic proper- 
ties on the thermomagnetic history of the specimen. The freezing temperature Tf depends on the 
frequency of the alternating magnetic field according to the Arrhenius law, the height of the 
potential barrier being of the same order as the activation energy determined from the tempera- 
ture dependence of the electrical resistivity. The thermoremanence in these compounds appears 
not only below Tf but appreciably above Tf, up to T z  3 Tf, unlike other materials with a spin glass 
(SG) state. Compounds with x>0.6 (Me = In,Ga) are metallic amorphous ferromagnets, while 
those with 0.1 <x<0.2 are degenerate semiconductors with a mixed SG + ferromagnetic state 
which goes over to the SG state at low temperatures. In this system, indirect exchange via current 
carriers thus suppresses the SG state. The nature of the SG state in this system is discussed. 

PACS numbers: 75.50.Cc, 75.50.Kj, 72.15.He, 72.20.N~ 

INTRODUCTION 

The spin glass (SG) state was first found in very dilute 
metallic alloys and its cause was considered to be the long- 
range oscillating interaction of the RKKY type. However, 
the SG state has recently been found in magnetically concen- 
trated insulators, for example in Eu,Sr, - , S,' Ga, ,, Cr2S4,2 
and Cu,, I n , ,  Cr2S4,3 and this has necessitated a reappraisal 
of the nature of spin glasses. In addition, experimental re- 
sults were obtained4 which were paradoxical from the point 
of view of existing ideas about the nature of spin glasses: 
indirect exchange via current carriers not only does not pro- 
mote the formation of a spin glass but, on the contrary, de- 
stroys it in the system of solid solutions xCuCr2S4- 
(1 - x)Ga,,,, Cr2S4. In this system, compounds with x < 0.5 
are insulators and spin glasses, but near the composition 
x = 0.5 a concentration insulator-metal transition takes 
place and a spontaneous moment arises in the solutions si- 
multaneously, the magnitude of which corresponds to ferro- 
magnetic ordering of the magnetic moments of the Cr3' 
ions. 

In the present work new semiconductor spin glasses in 
the chalcospinel system xCuCr2Se4- 
(1 - x)Cu,, Me,, Cr2Se4 (Me = In,Ga) are described and it 
is shown that when Me is replaced by copper for x > 0.1, a 
transition from a SG to a ferromagnet (FM) takes place with 
a simultaneous change from a semiconductor to a metallic 
type of conduction. In the present system this transition 
takes place over a finite concentration range 0.1 <x<0.2 in 
which an SG + FM mixed state is found, and the material is 
a degenerate semiconductor, unlike the abrupt nature of the 
SG-FM transition which takes place simultaneously with 
the insulator-metal transition in the system xCuCr,S,- 
(1 - x)Ga,,, Cr2S4. 

The physical properties of the extreme compositions of 
this system are completely different. It is known that 
CuCr,Se, is a ferromagnet with p-type metallic conductiv- 
 it^,^ while the compound Cu,, Me,,, Cr,Se, (Me = In,Ga) 
is a semicond~ctor.~ The latter compounds have been classi- 
fied as antiferromagnets7 This conclusion was drawn by the 
authors only on the basis of the broad maxima observed in 
the magnetic susceptibility x measured in a steady magnetic 
field. These maxima occurred at temperatures T=; 14 
K (Me = In) and T z 7  K (Me = Ga). However, no long 
range order was later found at T = 4.2 K in neutron diffrac- 
tion studies of Cu,, I n , ,  Cr2S4.8s9 

SPECIMENS AND EXPERIMENTAL METHOD 

Polycrystalline specimens of the system of solid solu- 
tions xCuCr2Se4-(1 - x)Cu,, Me,,, Cr2Se4 (Me = In,Ga) 
were obtained by solid-phase synthesis from the starting ma- 
terials which were CuCr2S4 and 
Cu,, Me,,, Cr2Se4 (Me = In,Ga). The starting materials 
were synthesized from high-purity elements as described 
elsewhere. 'O*' ' The appropriate mixture of starting materials 
underwent a series of annealings (before each anneal it was 
ground, homogenized and pressed into pellets) in quartz 
tubes which were pumped out to 10W7 bar and then sealed. 

X-ray investigations showed that the single phase re- 
gion with spinel structure is observed for 0<x<0.2 and 
0 . 6 g x ~  1 for the system containing Ga, and for OgxG0.2 for 
the system with In. 

A digital F5063 ferrometer was used to measure mag- 
netic susceptibility in weak alternating magnetic fields. The 
specimens were - 1 mm diameter cylinders, 25 mm long. 
The demagnetizing effect was taken into account in calculat- 
ing the susceptibility. The magnetization in static magnetic 
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fields was measured either ballistically in a superconducting 
solenoid, or by a vibration magnetometer in an electromag- 
net. 

EXPERIMENTAL RESULTS AND DISCUSSION 

a) Magnetic susceptibility in a weak alternating field for 
compositions with SG state (O<x<O.l) 

It has been shown in the present work that all the prop- 
erties characteristic of SG are present for systems of the solid 
solutions xCuCr,Se4- 
(1 - x)Cu,, Me,, Cr,Se4(Me = In,Ga) with O<x<O. 1. A 
peak in the temperature dependence of the magnetic suscep- 
tibility measured in a weak alternating field is found at the 
freezing temperature Tf. The peak is rounded and lowered 
under the action of a static magnetic field. This can be clearly 
seen in Fig. 1, which shows thex (T )  dependence for a speci- 
men withx = 0.05 (Me = Ga) and the effect of a weak static 
field on it. The temperature Tf depends appreciably on the 
copper admixture to Cu,, Me,, Cr,S4 (Table I) and increases 
with increasing x, although more slowly than linearly. 

Both the magnitude o f x  and the position bf the maxi- 
mum in the x ( T )  curve depend on the frequency v of the 
alternating field in which the susceptibility is measured. The 
temperature dependence ofx for the specimen withx = 0.05 
(Me = Ga) obtained for various frequencies of the alternat- 
ing field is shown in Fig. 2. It  can be seen that as v is in- 
creased, ,y is reduced both above and below Tf, while the 
freezing temperature Tf itself increases. 

We analyzed the frequency dependence of Tf using a 
simple superparamagnetic cluster model5 to understand its 
nature. It was assumed that the magnetic moments of inde- 
pendent clusters can relax between differeat orientations 
separated by an energy barrier ITa, under the action of ther- 

X, cgs units . 1 

FIG. 1 .  0.05CuCr,Se4-0.95Cuos G+,, Cr,Se4. Temperature dependence 
of the magnetic susceptibility x in an alternating magnetic field of fre- 
quency 8 kHz (H- = 0.06 Oe) and the influence on it of a steady magnetic 
field. The inset shows the temperature dependence of the reduced sponta- 
neous magnetization of gallium compounds withx = 0.6 (curve 1); 0.7 (2); 
0.8 (3); 0.9 (4). For comparison the Brillouin function for J = 3/2 is shown 
(5). 

TABLE I. Magnetic and electrical properties of the chalcogenide system 
xCuCr,Se4-( 1 - x)Cu, , Me,, Cr,Se4. 

ma1 excitations. The relaxation time is expressed by the Arr- 
henius law: 

T=TO exp (E,IkT), (1) 

Effectlve 
magnetlc 
moment 
calculated 
from C, 
pB mole-' 

5-25 
468 
4.68 
4.59 - - 
5.12 - 
- - - 

5.46 
5 . 4  
5.4 
5.37 
5.30 - 

where r0 is a time constant characteristic of the material. It is 
assumed that at T = l/v the magnetic moments of the clus- 
ters are blocked or frozen-in. It is thus assumed in the super- 
paramagnetism model that there is the following depen- 
dence of freezing temperature Tf on measuring frequency: 

Cune- 
Welss 
con- 
stant, C 

3.45 
2.74 
2.74 
2.63 - - 
3.28 - 
- 
- - 

3.73 
3.70 
3.65 
3.61 
3.51 
- 

v=vo exp (-E,IkT,) , (2) 

Asymptotic 
Cur~e 
temperature 
0 . K  

102 
145 
151 
179 - - 
220 - 
- - 
- 
97 

106 
117 
132 
244 - 

where the frequency factor yo- lo9 s-', or 

Freez- 
m g  tern- 
perature 

T 1 , K  

8.0 
8.6 

11.7 
19.5 
10.5 
9.3 
8.2 - - - - 

10.5 
11.5 
12.4 
13.2 
18.7 
20.6 

In v-ln v,=-E.IkTf. (3) 

Curle 
temper- 
ature 
T , ,  H 

- 
- - 
34 
56 
76.5 

365 
374 
427 
425 

- - - - - 
- 

Compound 

Me=& 

Me=h 

We plotted the dependence of l/Tf on In v for all the studied 
specimens with x(0.1. It turned out that the experimental 

X ,  cgs units - 6' 
0.5 r 

x 

0 
0.03 
0.05 
0.10 
0.125 
0.15 
0.20 
0.60 
0.70 
0.80 
0.9 

0 
0.01 

0.03 
0.05 
0.10 
0.20 

FIG. 2. Same specimen as Fig. 1 .  Temperature dependence of the magnet- 
ic susceptibility X, obtained for different frequencies of the alternating 
field ~ [ H z ]  = 200 (curve l) ,  800 (2), 2000 (3), 5000 (4), 8000 (5). The ampli- 
tude of the alternating field H -  = 1 Oe. The freezing temperatures are 
shown by arrows. 

Magnet~c 
moment 
at 4 2 K-, 
 mole 

- 
1.77 
2.09 
2.85 - 
- 

3.70 
5.14 
5.21 
5.28 
5.6 

2.68 
2.93 
3.10 
3.72 
4.83 - 
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TABLE 11. Main characteristic of the system xCuCr,Se,- 
(1 - x)Cuo,, Me,, Cr2Se4, determined from the dependence of freezing 
temperature on measuring frequency and from the temperature depen- 
dence of the electrical resistivity. 

points lie well on a straight line at measurement frequencies 
from 0.02 to 8 kHz. We assumed a measurement frequency 
v = 0.02 Hz for studies of x in static magnetic fields. We 
note that Tf determined from the maximum initial suscepti- 
bility in a static field also lies on this straight line, unlike in 
the spin glass insulators Eu,Sr, - ,S, for which this was not 
found. l 3  

The values of v0 and A Tf /Tf A log v derived from plots 
of T j '(In v) are given in Table 11. It can be seen that the 
energy barrier E, changes from 166 to 547 K, which is of the 
same order as the value of 25 kTf of the model (Tf is here the 
temperature of the maximum in x ( T )  in a static magnetic 
field). The frequency factor vo for x < 0.1 lies mainly within 
the limits 1.3 X lo9 to 4.1 X lOI4 Hz, which does not differ as 
much as other spin glasses from the value lo9 Hz which 
follows from the superparamagnetism model. Compounds 
with x = 0.03 and 0.05 are exceptions, v, being respectively 
9 x lo2' and 9 x HZ for them. We should note that vo is 
completely unphysical for other spin glasses: for example it 
was - lo9' Hz for PdMn alloysI4 and - 10200 HZ in CuMn.15 
The relative change in Tf with changing frequency (the value 
ofATf/TfA log v) is about the same as in Eu,Sr, -,S,I3 but 
less than for La, -, Gd,A12. The values of ATf /TfA log v 
shown in Table I1 are about an order of magnitude greater 
than for CuMn15 and several times larger than for AuF~ ' ' . ' ~  
and PdMn alloys. l 4  A strong frequency dependence of Tf is 
thus found in the compounds xCuCr2Se4- 
(1 - x)Cuo , Me,, Cr2Se4 (O<x<O. 1). This, according to the 
superparamagnetism model is evidence of FM interaction 
between the nearest neighbors in the  cluster^.'^.'^ 

We also measured the temperature dependence of the 
resistivity p of the above compounds. For ~ ~ 0 . 1  the p ( T )  
dependence was of semiconductor form (Fig. 3). The activa- 
tion energy derived from the logp(l/T) curves (Fig. 3) is 
given in Table 11. It is interesting that the magnitudes of the 
potential barriers E, and the conduction activation energies 
are of the same order; we can suppose as a result of this that 
electronic processes have a basic role in the formation of FM 
clusters. This could occur, for example, if the clusters are of 
the ferronic type:20 an electron is localized near an impurity 
or lattice defect, forming a ferromagnetic cluster around the 

FIG. 3. Temperature dependence of the electrical resistivity of com- 
pounds with composition xCuCr2Se,-(1 - x)Cuo,, Me,, Cr2Se4:Me = In, 
with x = 0 (curve I ) ,  0.01 (Z), 0.03 (3), 0.05 (4), 0.10 (5),0.20 (4; Me = Ga 
withx = 0 (7), 0.03 (8),0.05 191.0.10 (10); 0.15 (11); 0.20 (12). 

Me=Ga 

Me=In 

impurity when its energy is lowered because of the gain in 
energy of s-d exchange. The conductivity of all the speci- 
mens was determined asp-type from the sign of the thermo- 
power at 77 and 300 K. 

Frequency 
factor 
",, HZ 

4.1.10'' 
1.3.109 

3.9.101° 
5.5.10' 
9,1020 
9.1OZ2 

1.5.10'2 

b) The dependence of magnetic properties on the 
thermomagnetic history of the specimens. Specimens with 

0.05 
0.10 

0 
0.01 
0.03 
0.05 
0.10 

O<x<O.l 

The low-temperature magnetic properties of com- 
pounds with 0(x<0.1 are considerably dependent on the 
thermomagnetic history of the specimen. For example, the 
magnetization measured in a weak steady magnetic field de- 
pends appreciably on whether the specimen was cooled in 
the field or without it. Two curves of the magnetization a of a 
specimen with x = 0.01 (Me = In) are shown in Fig. 4a as an 
example, obtained under different cooling conditions: 
curvel-the specimen was cooled to T = 4.2 K with no ex- 
ternal field, the field was then switched on and the magneti- 
zation measured, after which the temperature was raised 
with the field on and the process was repeated; curve 2-the 
specimen was slowly cooled from T = 273 K to 4.2 K while 
all the time in a field H = 50 Oe, and its magnetization was 
measured during this. The appreciable difference between 
curves I and 2 can be seen: curve I passes through a maxi- 
mum at Tf = 6 K while there is no such maximum for curve 
2. There is a horizontal section below Tf on curve2. Curve2 
goes significantly above curve 1 for T >  Tf, indicating the 
existence of thermoremanence considerably above the freez- 
ing temperature. Thermoremanence above the freezing tem- 
perature was also observed in other spin glasses, for example 
in dilute AuFe  alloy^.^' 

for en. 
ergy barrier 
ZSkTf,  eV 

0.024 
0.038 

0.018 
0.019 
0.021 
0.024 
0.023 

Relative 
change in 
Tfwith 
measuring 
frequency 
A T f ,  
T- 

0.08 
0.16 

0.05 
0.06 
0.05 
0.05 
0.16 
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Experimental 
value of the 
'?pergy bar- 

lrom the 
Arrhenius 
law, E,, eV 

0.013 
0.014 

0.014 
0.014 
0.039 
0,047 
0.014 

Activation ener- 
gy E,  eV, deter- 
mined from the 
temperature 
dependence of 
resistivity 

0.028 
0.005 

0.017 
0.031 
0.040 
0.023 
0.005 



We measured the remanent magnetization of specimens 
cooled in a weak steady magnetic field from T >  Tf (ther- 
moremanent magnetization, TRM) and without a field 
(isothermal remanent magnetization, IRM). The depen- 
dence of IRM and TRM at T = 4.2 K on the magnitude of 
the magnetic field for the end points of the hysteresis loop for 
the specimen withx = 0.01 (Me = In) is shown in Fig. 5, and 
this is typical of other specimens with a SG state. It can be 
seen that the IRM curve goes considerably lower than the 
TRM curve: however, in a field H z  1500 Oe both curves 
saturate at the same value. The TRM curve passes through a 
maximum in the region ofH = 400 Oe. We also obtained the 
magnetization a,,, and are, under the same cooling condi- 
tions as those under which TRM and IRM were determined 
in a field H, on turining on of which TRM and IRM were 
measured; these curves are also shown in Fig. 5. For each 
value of field it was found that a,,,, - a,, = TRM - IRM 
within an accuracy of up to 16%. The temperature depen- 
dence of TRM and IRM for H = 200 Oe for the specimen 
withx = 0.05 is shown in Fig. 4b; it can be seen that TRM is 
observed over a temperature range nearly three times 
broader than Tf (Tf is shown by an arrow in the figure). 

TRM was also observed earlier at temperatures appre- 
ciably above the freezing temperature in the spin-glass alloys 
YPbZ2 and the insulator Eu,, Sr, ,S,23 but over a consider- 
ably narrower temperature range. The maximum tempera- 
ture where TRM was still non-zero for Eu,,Sr,,S was 
z 1.55 Tf;  it was about 3Tf for the compounds studied here. 
The existence of TRM above Tf favors the applicability of 
the superparamagnetism model for studying spin glasses 
rather than the existence of a phase transition at Tf .  We note 
that for AuFe alloys2' the temperature range above Tf where 
TRM is observed is almost an order of magnitude less than 
for the spin glass semiconductors considered here. 

Cooling of the specimen in a magnetic field also has a 
considerable effect on the hysteresis loop. Hysteresis loops 
for the specimen with x = 0.03 (Me = Ga) cooled in a field 

FIG. 4.a) 0.01CuCr2Se4-0.99 Cu,, In,, Cr2Se4 specimen. 
Temperature dependence of magnetization a in a field of 
50 Oe, obtained for various cooling conditions; b) 
0.05CuCr2Se4-0.95C~,, In,, Cr2Se, specimen. Tempera- 
ture dependence of TRM and IRM measured after 
switching on a field H = 200 Oe, c)  0.03CuCr2Se4- 
0.97Cu0, Ga,, Cr2Se4 specimen. Hysteresis loops ob- 
tained on cooling the specimen in a field of 138 Oe from 
T> Tf to T< Tf (0) and without a field (0). 

H = 138 Oe and without a field are shown in Fig. 4c. It can 
be seen that the hysteresis loop in the second case is very 
narrow and symmetrical. When the specimen is cooled in a 
field the loop shifts in the direction of the applied field, and 
also along the a axis, then broadens slightly, but remains 
fairly narrow. Such a hysteresis behavior is very similar to 
that observed in the spin glass metallic alloys CuMn, AgMn 
and NiMnZ4 and is well explained on the model proposed by 
Beck.25 On his assumption, magnetic clusters are frozen-in 
at random. 

c) Magnetization in a strong steady field for the compounds 
with 0<x<0.1 

Magnetization isotherms of compounds with x(0.1 
measured in fields up to 50 Oe both above and below T, are 

IRM, TRM, 

Gr . cm3. i' 
I 

/fl G rev I 

FIG. 5.0.01 CuCr,Se4-0.99Cu,, In,, Cr,Se, specimen. Field dependence 
of the magnetization a and the residual magnetization of a specimen 
cooled in the field from T> Tf to T <  Tf (curves u,,,,, and TRM) and 
cooled without a field (curves a,, and IRM). 
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H/G, cm3 g-' 

FIG. 6. 0.03CuCr,Se4-0.97Cuo, Ga, , CrzSe, specimen. Belov-Arrot 
curves of C? (HILT) in the range of fields 1 KOe<H<50 kOe. 

nonlinear. We show in Fig. 6 curves of d ( H  /a) in both the 
weak field (H( 500 Oe) and strong field (H<  50 kOe) regions 
for x = 0.03 (Me = Ga). Extrapolation of the curves to the 
ordinate axis for weak and strong fields does not give posi- 
tive intercepts on this axis, indicating the lack of long-range 
magnetic order in this material. A similar picture is also ob- 
served for other compounds with x(0. 1. 

As we showed b e f ~ r e , ~  the experimental curves of u(H / 
T )  at T >  Tf forx = O(Me = In) lie satisfactorily on the Lan- 
gevin curve with J = with an effective moment of a 
magnetic cluster m = 0.35X lo-'' erg.Oe-' and specific 

saturation magnetization a, = 28 G-cm3.g-'. This shows 
the applicability of the cluster model for this compound at 
T >  Tf. We also carried out a similar treatment of the experi- 
mental magnetization curves for compounds with x(0.1. 
Only for x = 0 do we observe such good agreement between 
the u (H/T)  curves for T >  Tf and the Langevin function; at 
x #O corrections have to be applied to the intramolecular 
field, and the temperature dependence of the magnetic mo- 
ments of the clusters has to be taken into account. It turned 
out that the magnetic moment of the clusters decreases with 
increasing temperature while their concentration is raised. 
For example, for x = 0.05 the cluster moment falls from 60 
to 22 p, on raising the temperature from 14 to 75 K and 
their concentration grows from 5X lo9 to 20X 10". 

d) The FM + SG mixed state In compounds with 0.1 <x<0.2 

Magnetic properties in the concentration range 
0.1 <x<0.2 differ considerably from those described above. 
The x ( T )  dependence for compounds with 0.1 <x(0.2 
(Me = Ga) measured in a weak alternating field is shown in 
Fig. 7, and the same dependence for x = 0.2 and the action of 
a steady magnetic field on it is shown in Fig. 8. It can be seen 
that the maximum value o fx  is much higher for compounds 
in the SG state. In addition, the x maximum in Fig. 8 is 
several times broader and is more rounded compared with 
the maximum in Fig. 1, while a weak steady field suppresses 
it appreciably more. This maximum is observed to be split in 
a weak field (Fig. 8), indicating that there are two transitions: 
at the Curie temperature T, and at the freezing temperature 
Tf. We can propose by analogy with metallic alloys, for ex- 
ample AuFe, where a similar behavior ofx is observed," that 
a mixed SG + FM phase is being observed in compounds 
with O.l(x(0.2, which goes over into SG at a temperature 
T = Tf lying below the temperature of the maximum in x 
(Fig. 7). We then determined Tf as the temperature at which 
the sharpest fall inx  starts (Tf for the compounds studied are 
indicated by arrows in Fig. 7). 

X ,  cgs units - i' 

FIG. 7. Temperature dependence of the magnetic suscepti- 
bility in an alternating field (v = 8 kHz, H- = 10e) of speci- 
mens of the system xCuCr,Se4-(1 - x)Cu,, ,G%, Cr,Se, 
(0.03<x<0.2). Thearrows denote the transit~on temperature 
from the mixed state to the SG state. 

1101 Sov. Phys. JETP 57 (5), May 1983 L. I .  Koroleva and A. I .  Kuz'minykh 1101 



X ,cgs units g-' 

2.0 - 

- 

1.5 - 

- 

Eu, Sr, - , S it was found from neutron diffraction resultsz9 
that long-range magnetic order disappears below Tf. 

It can be seen from Fig. 3, where the temperature de- 
pendence of the electrical resistivity of the specimens investi- 
gated is shown, that compounds with 0.1 <x(0.2 are degen- 
erate semiconductors. 

The following behavior is thus observed in the system. 
Compounds with O(x(0.1 are semiconducting spin glasses, 
while compounds with 0.1 < x(0.2 are degenerate semicon- 
ductors in which the mixed SG + FM state is observed, 
which goes over to SG at low temperatures. The appearance 
of an infinite cluster is consequently accompanied by degen- 
eracy of the semiconductor, i.e., practically by a transition to 
metallic conductivity. 

e) Amorphous ferromagnetism in compounds with 0 . 6 ~ ~ ~ 0 . 9  
(Me = Ga) 

We unfortunately did not have specimens with compo- 
sitions 0.2 < x  < 0.6 (Me = Ga) and x > 0.2 (Me = In) be- 
cause of the break in the single-phase region here. Com- 
pounds with 0.6(x(0.9 (Me = Ga) have metallic type 
conductivity: as can be seen from Table I, their magnetic 
moments at 4.2 K are close to the value 6p, /mole for ferro- 
magnetic ordering of the moments of the two Cr3+ ions in 
their chemical formula. The magnetization of these com- 
pounds is already saturated in fields -3 kOe. The Curie 
temperatures T, determined for them by the thermodynam- 
ic-coefficients method are given in Table I. Their values are 
close to T, of the metallic ferromagnet CuCr2Se4, where in- 
direct exchange via the current carriers (holes) between the 

FIG. 8. O.2CuCr2Se44.8Cu,, Ga,,,Cr,Se, specimen. Temperature de- 
pendence of the magnetic susceptibility in a weak alternating field v = 8 localized moments of the Cr3+ ions takes place.5 At the same 
kHz, H- = 0.06 Oe) and the effect on it of a steady magnetic field (in Oe). time, compounds with 0.6GxG0.9 (Me = Ga) are evidently - - . . 

ferromagnets, as a result of which their magnetization is 
lower than calculated by the Brillouin function. This can be 

Values of the magnetic moment per molecule, mea- 
sured in a field of 48 Oe are given in Table I for all the com- 
pounds. It can be seen that for 0.1 <x<0.2 these moments 
are considerably less than the valuep, /mole, which would 
occur for ferromagnetic ordering of the moments of the 
Cr3+ ions, and is close to the values obtained for compounds 
with ~ (0 .1 ,  where the SG state is observed. This suggests 
that at 4.2 K there is also an SG state for 0.1 <x(0.2. Ac- 
cording to our measurements, the TRM and IRM curves for 
these compounds are then similar to those illustrated in Figs. 

, 4b and 5 for compounds in the SG state. The difference 
between TRM and IRM disappears above Tf. 

It can be seen from Table I that Tf falls asx increases for 
concentrations 0.1 <x(0.2. At the same time it is close to, 
but somewhat less than, the values of Tf for the SG state 
(O(x(O.1). A similar picture was observed earlier in AuFe 
alloys in the region of the percolation limit2' and in the insu- 
lators Eu, Sr, -, S at X-0.5.29 In these systems the reduc- 
tion in Tf with increasing concentration of the magnetically 
active atoms was explained by a reduction in cluster dimen- 
sions, similar to that observed in the material for lower con- 
centrations of magnetically active atoms, due to the growth 
of the infinite cluster. It was assumed that an infinite cluster 
also exists below Tf in dilute AuFe  alloy^,^' while in 

seen clearly in the inset of Fig. 1, which shows the tempera- 
ture dependence of the reduced spontaneous magnetization 
us (T)/u, (0) for compounds with 0.6(x<0.9 (Me = Ga) and 
the Brillouin function for J = 3/2. 

Whereas it was previously assumed that indirect ex- 
change was the main cause of SG formation, our results thus 
give evidence of the possibility of its role being exactly the 
opposite. 

THE NATURE OF THE SPIN GLASS STATE. THE MECHANISM 
OF ITS DESTRUCTION BY INDIRECT EXCHANGE VIA 
CURRENT CARRIERS 

The SG state cannot be connected with indirect ex- 
change via conduction electrons because their concentration 
is too small for this. In fact, semiconductor type of conduc- 
tion is a characteristic of compounds which are SG. We as- 
sume that SG formation in the unalloyed compound 
Cu,, Me,, Cr,Se, (Me = In, Ga) is brought about by lat- 
tice frustration. We shall explain this in more detail. It is 
known7.' that 1:l long-range crystallographic order is ob- 
served between Cul+ and Me3+ ions in tetrahedral sites in 
the compounds Cu,, Me,, CrzS4 and Cu,, Me,, Cr,Se4. 
Their nuclear space group is T: and not 0 : as in the typical 
spinel MgAl,04, as a result of which we call these com- 
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pounds spineloids. The ordering in the tetrahedral A sublat- 
tice leads to the point group symmetry of the octahedral or B 
sites occupied by Cr3+ being 3m and not - f i  as in a spinel, 
since the given site with neighbors at equal distance r, with 
0 symmetry is divided into two sites with distances respec- 
tively r,(l + A,). 

The magnetic structure of the compound 
Cu, , In,, Cr2S4 had been s t ~ d i e d ~ , ~ ~ - ~ '  and it was shown 
that the spins of the Cr3+ ions are directed parallel to the 
four cube diagonals formed by neighboring Cr3+ ions, and 
that the magnetic moments of all the Cr3+ ions interact anti- 
ferromagnetically with the resulting moments at a distance 
r,(l - A,) and ferromagnetically with moments of ions at a 
distance r,(l +A, ) .  The magnetic interactions with more 
distant neighbors comprise no more than a few percent of the 
interactions with nearest neighbors.33 If we consider each of 
the resulting four magnetic moments of nearest Cr3+ ions 
that interact ferromagnetically and form a tetrahedron as a 
simple spin localized at its center, then these "broadened" 
spins are connected in a simple face centered Bravais lattice 
with first-order antiferromagnetic (AFM) ordering (see Fig. 
1 of Ref. 32). It is known that a certain type of frustration of 
the lattice bonds can lead to SG formation. The face-cen- 
tered lattice with AFM interactions between nearest neigh- 
bors is one such lattice. A Monte Carlo analysis showed the 
possibility of spin glasses existing in such a lattice with high 
order d e g e n e r a ~ y ~ ~ . ~ ~  and finite entropy at T = 0.36 It was 
deduced32 from a study of the magnetic properties and neu- 
tron diffraction in the compound Cu,, In,, Cr2S4 that this is 
antiferromagnetic below 35 K and a spin glass above 35 K. It 
was shown that a strong magnetic field at T <  35 K trans- 
forms the AFM order into a SG. 

Since the degree of covalency in chalcogenide com- 
pounds increases on going from S to Se, it is higher than in 
Cu, , Me,, Cr2Se4 than in Cu, , In,, Cr2S4. From the semi- 
empirical Goodenough-Kanamori rule it is known that 90- 
degree FM superexchange between nearest neighbors is little 
sensitive to the distance between the ions and increases with 
an increase in the degree of covalency. The AFM exchange 
between next-nearest neighbors falls quickly with increasing 
distance between them. Since the lattice constant in 
Cu, , Me,, Cr2Se4 is greater than in Cu, , Me,, Cr2S,, we ex- 
pect a weakening in the AFM interaction between next-near- 
est neighbors in the former compared with the latter. At the 
same time the 90-degree FM interaction between nearest 
neighbors should be stronger in the first compound than in 
the second because of the larger degree of covalency. It fol- 
lows from this that the same exchange interaction scheme as 
in Cu, , In,, Cr2S4 is maintained in Cu, , Me,, Cr2Se4, with 
the only difference that FM exchange within the tetrahe- 
dra3' is greater while the AFM exchange between them is 
lower than in Cu, , In,, Cr,S4. As a result of this, there is 
already frustration of the bonds in Cu, , Me,, Cr2Se4 at 
T <  4.3 K. Due to the lack of experimental results in this 
temperature range, it is not yet clear whether long range 
magnetic order exists in this compound at T <  4.2 K. 

Since the sign and magnitude of the superexchange inte- 
gral depends on the type of nonmagnetic ion in the tetrahe- 

dral site, via which this superexchange takes place, replace- 
ment of part of the In(Ga) ions by Cu, or fluctuations in the 
distribution of In(Ga) and Cu ions in an unalloyed com- 
pound, should influence the magnetic properties of the sys- 
tem. As can be seen from Table I, the freezing temperature of 
the SG actually does increase with increasing x. The asymp- 
totic Curie point, determined from the Curie-Weiss law for 
the high-temperature susceptibility also increases with in- 
creasing x, which reflects the growth in the ferromagnetic 
character of the exchange on increasing the copper content. 
The magnetic moment of the glass at 4.2 K in a field of 48 
kOe also grows correspondingly. 

The following orderings of the spins are thus achieved 
in the system of solid solutions xCuCr2Se4- 
(1 - x)Cu, , MG, Cr2Se4 (Me = In,Ga) as a function of x. 
In the unalloyed compound ( x = 0) at 4.2 K<T<Tf there is 
a SG state which can be realized by lattice frustration. On 
alloying it with copper, ferromagnetic clusters are formed in 
the spin-glass matrix, of which the following experimental 
facts described above are evidence: 1) strong frequency de- 
pendence of Tf obeying the Arrhenius law; 2) dependence of 
magnetic properties below Tf on the thermomagnetic his- 
tory of the specimen; 3) the existence of thermoremanence 
appreciably above Tf; 4) coincidence of the experimental 
magnetization curves above Tf with the Langevin function 
for J = a,, so that the magnetic moment of the clusters could 
be calculated; 5) the growth in the asymptotic Curie point 
with increasing alloying level, reflecting an increase in the 
FM character of the exchange. As was indicated above, these 
FM clusters are evidently of the ferronic type,20 since the 
magnitude of the potential barrier, determined from the Arr- 
henius law, and the activation energy for conduction are of 
the same order of magnitude. The temperature dependence 
of the size and concentration of the clusters also supports 
this assumption, since it has such a character for ferrom20 
The current carriers (holes) are then trapped in the ferrons 
while the spin glass-forming matrix is, on the contrary, de- 
pleted of them. There are, evidently, also ferromagnetic clus- 
ters in the unalloyed compound Cu, , Me,, Cr2Se4, since the 
experimental facts enumerated above, which confirm the ex- 
istence of FM clusters, also apply to it. It is possible that 
their existence is produced by fluctuations in the positions of 
Xn(Ga) and Cu ions due to incomplete 1: 1 crystallographic 
order in the A sublattice. For Cu, , In,, Cr2Se4 the degree of 
this order is about 87%.3 

On going over to the mixed SG + FM state in com- 
pounds with x > 0.1, the ferrons coalesce into one infinite 
cluster and metallic conductivity appears in the crystal. The 
SG region is now inside the FM matrix. 

The appearance of an infinite cluster in compounds 
with x > 0.1 at T >  Tf and x>0.6 is accompanied by the ap- 
pearance of metallic conduction in them. As was said above, 
the limiting composition of this system, CuCr2Se4 is a metal- 
lic ferromagnet with Curie point around 420 K, in which 
there is indirect exchange via the carriers (holes) between 
Cr3+ ions. The sharp strengthening of the ferromagnetic in- 
teraction, produced by the appearance of an infinite cluster 
in these compounds, is thus a consequence of the transition 
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from a semiconductor to a metallic state, leading to the ap- 
pearance of indirect exchange. The large value of the indirect 
exchange integral compared with the superexchange inte- 
gral ensures a positive total exchange integral equal to the 
sum of the indirect exchange and superexchange integrals, 
regardless of the sign of the latter. Fluctuations in the sign of 
the superexchange integral, leading to SG in the insulating 
state, thus cease to manifest themselves in the sign of the 
total exchange integral after the indirect exchange begins, 
although they produce fluctuations in its magnitude. The 
latter leads to the crystal becoming an amorphous FM. In 
fact, as mentioned above and as follows from Fig. 1 (inset), 
the compounds with 0 . 6 ~ ~ ~ 0 . 9  (Me = Ga) are amorphous 
FM. 

In conclusion we express our thanks to K. P. Belov and 
E. L. Nagaev for discussing the results and for their interest 
in the work, I. V. Gordeev, Ya. A. Kesler and A. V. Rozant- 
sev for preparing and analyzing the specimens. 
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