
Paramagnet-spin-glass phase transition in dilute ferrimagnetic oxides 
N. N. Efirnova, Yu. A. Popkov, and N. V. Tkachenko 

A. M. GorkiState University, Kharkov 
(Submitted 23 February 1989; resubmitted after revision 29 November 1989) 
Zh. Eksp. Teor. Fiz. 97,1208-1217 (April 1990) 

For the case of the system of dilute ferrimagnetic oxides Li,,, Fe, , -, Ga,04 ( x  = 1.5-2.0), for 
which, at low temperatures, a number of properties characteristic of the spin-glass state are 
observed, the question of the existence and features of a paramagnet-spin-glass phase transition in 
Heisenberg systems with short-range exchange interaction and random anisotropy is considered. 
The critical behavior in a magnetic field is investigated and the one-valley order parameter q is 
calculated. 

1. INTRODUCTION 

The spin-glass (SG) state has now been intensively 
studied for more than fifteen years. Despite this, such ques- 
tions as the existence and character of the phase transition at 
the freezing temperature TJ and the structure of the low- 
temperature phase at T <  TJ have not lost their urgency. '-' 
Less studied at this level have been Heisenberg systems with 
short-range interaction. The results presently available are 
very contradictory. On the one hand, computer modeling 
and theoretical calculations, using various approaches, give 
a value greater than three for the lower critical dimensionali- 
t ~ , ~ . '  whereas experimentally in systems of this kind typical 
spin-glass properties are observed in a nonzero temperature 
range from 0 K to TI, the temperature Tf being clearly dis- 
played in static and dynamic experiments and also in neu- 
tron-diffraction studies.14 This contradiction is usually ex- 
plained by the action of random anisotropy of the SG, as a 
result of which Heisenberg systems behave like Ising sys- 
t e m ~ ; ~ . "  this, strictly speaking, has been demonstrated in 
detail only for systems with an infinite interaction range. 

Although attempts have been made recently to con- 
struct a theory for SG systems with short-range interaction 
(e.g., the droplet model of Ref. 6) ,  the most developed theo- 
ry is the mean-field (MF)  theory with infinite-range interac- 
tion, in the framework of which many characteristic proper- 
ties and distinctive features of the SG state have been 
successfully de~cr ibed. '~~. '  According to the results of the 
M F  theory, the principal distinguishing feature of the SG 
state is its degeneracy and nonergodicity: The energy spec- 
trum of an SG is a set of valleys (sets of states) separated by 
infinite barriers. It is because of this that the typical SG 
properties (magnetic irreversibility and long-time viscosity) 
arise: For T S  Tf there exist equilibrium (x,, ) and nonequi- 
librium (x,,, ) susceptibilities (magnetizations), which are 
identified, respectively, with the experimentally observable 
quantities X, (preliminary cooling of the sample with 
H # O )  andx,, (cooling without the field); the nonequilib- 
rium magnetization a,, ( H , T  = const) depends on the ob- 
servation time either logarthmically or by a power law with a 
small power exponent, and the spectrum of relaxation times 
is very broad '.2*s 

In the mean-field model the transition to the SG state 
from the paramagnetic (PM)  phase is characterized by 
breaking of the replica symmetry at T = T,. (T-  TI+ ) and 
by the appearance of a nonzero order parameter q ( T )  
= ( (S, ) $), , where (...) denotes thermodynamic averag- 

ing and (...), denotes configurational averaging; for T >  Tf 

we haveq( T) = 0 (Refs. 1 ,2 ,7) .  The transition is preserved 
in the presence of a magnetic field H #O, with TJ (0 )  # TJ 
(H). For Ising spin glasses the critical line [the de Almeida- 
Thouless ( A T )  line] is described by the dependence 
T' cc H~",  where T' = 1 - TJ(H)/Tf(0) ,  while for Heisen- 
berg spin glasses the critical line [the Gabay-Toulouse ( G T )  
line] is described by T' a HZ (Refs. 9, 10). A substantial in- 
fluence on the form of the critical lines Tf(H)  in Heisenberg 
spin glasses is exerted by random anisotropy: In small fields, 
instead of the G T  line a relation corresponding to a line of 
the AT type is 

In contrast to Ising systems, in vector spin glasses the 
description of the phase transition requires the introductior 
of multi-component order parameters;I0 however, because 
of the action of random anisotropy the PM-SG phase transi- 
tion in Heisenberg spin glasses can acquire features that are 
characteristic of Ising systems and can be described by a 
single one-component order parameter q( T) (Ref. 13). 

Order parameters that take explicit account of the de- 
generacy and nonergodicity of a spin glass were proposed in 
the theory of Parisi14 and in the dynamical SG theory of 
Sompolinsky: ".I5 

In Parisi's theory the role of the order parameter is played by 
the function q (x ) ,  whose argument x (x  = 0-1) has the 
meaning of the probability of realizing states that arise from 
the overlap of valleys, while q ( x  = 1 ) is the one-valley order 
parameter. The Sompolinsky function A(x)  is a measure of 
the nonergodicity of the system: A(x = 1) = 0, and 
A(x = 0 )  =,ye, - ,yneq. The explicit form of the functions 
q ( x )  and A(x)  for T <  TI is undetermined, but near T,. 
(T-  T r  ), in the region of weak nonergodicity, q( T)  
z q ( x  = 1 ). We note that the one-valley order parameter 
q ( x  = 1 )  coincides with the Edwards-Anderson (EA)  pa- 
rameter 

~ Z A  (T) = lim ( ( S i  (0) Si ( t )  >,>,, 
1- - 

where S ,  ( 0 )  and S, ( t )  are the values of the spin at site i at 
times 0 and t, r e ~ ~ e c t i v e l ~ . ~ ~ " ~ ~ ~ . ' ~  

Thus, the existence of a PM-SG transition in the EA 
order parameter q, at the temperature TI, taken together 
with the existence at T <  TI of typical SG properties asso- 
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ciated with the nonergodicity and degeneracy of the SG, im- 
plies in practice the existence of a transition to the SG state in 
the dynamical sense (i.e., in the sense of Sompolinsky) or in 
the Parisi order parameter. The parameter q, can be calcu- 
lated in the entire range of temperatures T< T,., and near the 
instability line T,.(H) it can be represented in the form of a 
series in powers of the reduced temperature T = 1 - T/T,. 
(Refs. I ,  15): 

In addition, it is necessary to note that the existence of 
the PM-SG transition in the order parameter qt:, is also 
assumed in the droplet model of an SG, but, according to the 
results of Ref. 6, the AT or G T  instability lines are absent. 

2. THE OBJECTS OFTHE INVESTIGATION: FORMULATION 
OF THE PROBLEM 

In the present paper we present the results of an investi- 
gation of the PM-SG transition in the system of dilute ferri- 
magnetic oxides Li, , Fe,,, Ga, 0,, in which, according to 
the x-T diagram of Ref. 16, such a transition occurs for 
x > 1.5. The class of compounds under consideration is unu- 
sual in the physics of spin glasses, but is of undoubted inter- 
est from the standpoint of the questions discussed above, by 
virtue of specific features of the principal interactions. 

In ferrimagnetic oxides the dominant interaction giving 
rise to the spin ordering is the short-range indirect exchange 
interaction of magnetically active cations via an oxygen an- 
ion. A prerequisite for a transition to the disordered states of 
the SG type that are realized upon diamagnetic dilution is 
competition of the inter- and intra-sublattice antiferromag- 
netic interactions. '"I8 Thus, disordered ferrimagnetic ox- 
ides are Heisenberg systems with short-range interaction. 

Because of the short-range character of the exchange, 
an inherent property of dilute ferrimagnetic oxides is clus- 
terization-the formation, upon diamagnetic dilution, of re- 
gions of short-range order (ferrimagnetic or antiferromag- 
netic) that are stable in time.'6.17z19 Although the question of 
the presence of clusters in SG systems (including the classi- 
cal, strongly diluted RKKY alloys) has been discussed re- 
peatedly,'32092' the problem of the structure of the low-tem- 
perature SG phase remains, as before, unsolved. In the 
framework of classical ideas, i.e., in the MF model, as the 
structural unit of the SG state one always considers an indi- 
vidual spin, while in the droplet model one considers a spin 
cluster. The important point is that in such approaches, as 
already noted, different critical behaviors in a magnetic field 
are predicted. In addition, there are experimental data on 
the existence of disordered systems of the cluster type in 
which, despite the presence of certain similar SG properties, 
there is no phase transition to the SG state at TI.> 0 K. The 
freezing of the magnetic moments of the clusters occurs in 
the proper anisotropy field in a broad range of temperatures 
(down to 0 K).22 

Thus, an experimental study of the presence in dilute 
ferrimagnetic oxides (disordered cluster Heisenberg sys- 
tems) of the PM-SG phase transition at T,. > 0 K and of the 
critical behavior in an external magnetic field can certainly 
give information useful for the elucidation of a number of 
fundamental questions in the theory of spin glasses. 

3. EXPERIMENTAL TECHNIQUE AND SAMPLES 

In the present work, as in Ref. 16, single-phase poly- 
crystalline samples with a Gas-ion content x = 1.5-1.9 
were used. 

The measurements of the SG properties such as the 
equilibrium magnetization a,, (the sample was first cooled 
from high temperatures ( T >  TI) to T = 4.2 K with H # O )  
and the nonequilibrium magnetization a,,, and their tem- 
perature dependence a, ( T )  in small constant magnetic 
fields and their time dependence a , ,  ( t ) ,  were carried out 
using a ballistic magnetometer. The sensitivity of the appa- 
ratus was 10- lo  T.m'/kg and the relative error was _+ 2%. 
A magnetic field of intensity up to 7 kA/m was produced by 
a superconducting solenoid. The same apparatus was used to 
investigate the susceptibility in the paramagnetic region, i.e., 
in the range of temperatures from T,. to 220 K. Magnetic 
fields of up to 20 kA/m were produced by the superconduct- 
ing solenoid there also. 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 The magnetic viscosity; lines of critical behavior 

For a more accurate determination of T,. than that in 
Ref. 16 (which used the position of the maximum on the 
curves of the dependences a,, ( T) in small fields) in this 
work we studied the magnetic viscosity, i.e., the depen- 
dences of a,, and a, on time for constant values of H and 
T. Such investigations are appropriate because sharp criteria 
for the determination of T,. are absent from the behavior of 
the dependences a,, ( T) and a, ( T) in real spin glasses. 23 

In Ref. 24, for example, it was shown that the positions of the 
maxima of the dependences u,, ( T) may not correspond to 
T,.. The character of the irreversibility of real spin glasses, 
like that of the materials considered in the present paper, 
often differs from that predicted in MF theory. 

As shown in Ref. 25, the appearance of long-time loga- 
rithmic viscosity at T = T,. can serve as a weightier indicator 
of a transition to the spin-glass state than the phenomenon of 
irreversibility. The magnetic viscosity observed in static ex- 
periments in the temperature range from 0 K to T,. corre- 
sponds to the predicted (in the dynamical theory of spin 
glasses) critical slowing down of the relaxation of the mag- 
netic moments as T- T f , which exists in the entire low- 
temperature region T <  T,. (Ref. 8 ) .  Thus, the appearance of 
long-time relaxation processes (magnetic viscosity) at a cer- 
tain temperature T that depends on the concentration x of 
nonmagnetic ions and on the magnetic-field strength H is 
evidence of the presence of the PM-SG phase transition pre- 
dicted by the dynamical mean-field theory. 

To process the resulting experimental data we used the 
relation8 

where a,, ( t )  is the magnitude of the nonequilibrium mag- 
netization at any time t after the magnetic field is switched 
off, a, = a,, (to ), t, - 10 sec, t > t,, and S is the magnetic- 
viscosity (magnetic-aftereffect coefficient) : S = 0 for T> T,., 
and S> 0 for T <  T,.. The vanishing of the coefficient S as 
T- Tf was used as a criterion for the determination of Tf. 

A logarithmic magnetic viscosity, described by the law 
(4)  and appearing at a sharply defined temperature T,. that 
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FIG. 1 .  Time dependence of the magnetization (on a semilogarithmic 
scale) in a field H = 4 kA/m at temperature T = 0.4 T,(H) for samples 
o f L ~ , , , F e , ,  , G a , O , w i t h : l ) x = 1 . 5 , 2 ) x = 1 . 6 , 3 ) x = 1 . 7 .  

depends on x and H,  was observed for concentrations x of 
nonmagnetic Ga' + ions in the range 1.5-1.9. Figure 1 shows 
how a,, depends on In( t /t,,) for samples withx = 1.5-1.7. 

In the entire temperature range -4.2 K samples with 
x > 1.9 have superparamagnetic or paramagnetic properties; 
there is no magnetic viscosity in this case. Such concentra- 
tion behavior agrees fully with the results of percolation the- 
ory for a cubic two-sublatttice ferrimagnet with one kind of 
magnetically active ion, when diamagnetic dilution occurs 
in both sublattices." 

In the conditions realized in the experiments, for sam- 
ples with x = 1.5-1.9 no changes of the magnetization a ,  
with time were observed, i.e., for the time scale under consi- 
deration u,, may be assumed to be the equilibrium magneti- 
zation, although here, in contrast to the results of M F  theo- 
ry, a, for T <  TJ depends on the temperature.I6 

The regular features of the behavior of the viscosity co- 
efficient S with variation of the field and temperature, i.e., 
the functions S,, ( T) and S, ( H ) ,  are analogous to those for 

FIG. 2. Temperature dependence of the magnetic-viscosity coefficient 
S,, for a sample of Li,, , Fe ,,., Ga, ,,O, in fields H of: 1 ) 1.6 kA/m, 2) 4 
kA/m, 3) 8 kA/m. Insert: field dependence of the reduced temperature 
7' = 1 - T, ( H ) / T ,  ( 0 )  for a sample of Ll,,,Fe ,,,, Ga, ,O,. 

classical spin glassesZ6 and to those given in Ref. 27 for a 
sample with x = 1.5. For illustration, Fig. 2 shows S,, ( T) in 
fields H = 1.6,4, and 8 kA/m for a sample with x = 1.6. For 
all samples of the system investigated, and in the entire range 
of fields in which viscosity exists the maximum values of S,, 
are observed at temperatures T = 0.4TJ (H) In the table we 
give data obtained in a field H = 4 kA/m. I t  can be seen that 
with increasing x the values o f S  are lowered, but even in the 
SG region ( x  > 1.5) they are an order of magnitude greater 
than the corresponding values for classical spin glasses.26 
This fact can be regarded as support for existing ideas that in 
SG systems with short-range interaction the height of the 
energy barriers separating the valleys is finite. 

In the presence of a magnetic field the freezing tempera- 
tures T, of all the samples examined decrease with increase 
of the field. The upper critical lines TJ(H)  have three sharp- 
ly defined parts with the same field boundaries. In weak 
fields ( H S  24 kA/m) the transition to the spin-glass state 
occurs along a line of the A T  type (7' a HZ/'), while in 
strong fields ( H z  40 kA/m) it occurs along a line of the G T  
type (T' a H Z ) ;  the region of intermediate fields corresponds 
to crossover. Behavior of this type is predicted in M F  theory 
for Heisenberg spin glasses with random anisotropy. I '  The 
insert in Fig. 2 shows the low-field part of the critical line 
( ~ ' a  HZ/') for a sample with x = 1.6; the question of the 
critical behavior and of the sources ofthe random anisotropy 
in the materials under investigation was considered in Ref. 
28. The values T, (0 )  of the freezing temperatures in the 
absence of a field were determined from the low-field parts of 
the critical lines, of the type shown in the insert in Fig. 2. The 
results obtained, which are listed in the table, coincide to 
within + 1 K with the data in the x-T diagram in Ref. 16, in 
which the values of TJ were determined from the positions of 
the maxima of the dependences a,, ( T) . 

Thus, investigation of the magnetic viscosity has shown 
that the dilute ferrimagnetic oxides Li, , Fe, , Ga, 0, with 
x = 1.5-1.9 in the limit T- T,+ display critical behavior 
with the features predicted by M F  theory for Heisenberg 
spin glasses with random anisotropy: There exists a PM-SG 
phase transition (in the dynamical sense) that is preserved 
in the presence of a magnetic field. In accordance with the 
theoretical conclusions described above,'' this transition 
should be described by the one-component EA order param- 
eter q ,  . 

4.2. Determination of the EA order parameter 

To calculate the order parameter q ,  and its tempera- 
ture dependence we used the relationZ2 

The values of the Curie constant C and the paramagnetic 
Curie temperature 8 were determined by the standard meth- 
od from the temperature dependences of the paramagnetic 
susceptibility, which are presented in Fig. 3. The concentra- 
tion dependences of C and 8 are given in Fig. 4, and the 
values of the temperatures T * ( x )  above which the Curie- 
Weiss law is fulfilled are given in the table. 

The dependence of the order parameter q ,  on the re- 
duced temperature T/Tf is presented in Fig. 5. I t  can be seen 
that for all the investigated samples exhibiting SG behavior, 
except the samples with x = 1.5 (this composition corre- 
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C, K - zoo 

-60 - 
FIG. 4. Concentration dependences of the Curie constant C and para- 
magnetic Curie temperature 8 of samples of Li,, , Fe, , ,Ga,O, 

FIG. 3. Temperature dependence of the i n ~ c , > ~  paramagnetic suscepti- 
bilityofsamplesofLi,,,Fe,, ,Ga,O, with: I )  x = 1.6,2) x = 1.55, 3 )  
x = 1.5, 4 )  x = 1.9. 4.3Structure of the SG state in dilute ferrimagnetic oxides 

sponds to a multicritical point of the x-T phase diagram 16), 
the behavior q, (T)  agrees with the theoretical predictions: 
q, = 0 for T> Tf, and q, - 1 as T-0 K. 

The existence, for the materials under consideration, of 
an AT instability line (T' cc has made it possible, with 
the use of the relation (3) ,  to analyze the critical behavior of 
qEA (7). For all cases the dependence q, (T)  is linear up to 
T = 0.2, while for T > 0.2 the main contribution to ( 5  ) is 
given by the quadratic term. The critical behavior of q, (7) 
is illustrated by the insert in Fig. 5, in which the behavior of 
the dependence qEA (T )  is shown on a log-log scale for a 
sample with x = 1.7. Analogous results were obtained in 
Ref. 22 in an analysis of the dynamics of concentrated metal- 
lic spin glasses and for classical RKKY spin glasses in the 
static regime.29 

It is necessary to note that the EA order parameter qEA 
( T) for the materials under consideration depends on time 
through the measurable quantity x,,, as it should in accor- 
dance with the physical meaning of this quantity. The value 
of qEA (T) decreases slowly with time, and Tf is lowered 
correspondingly. This result agrees with the conclusions of 
Ref. 30, reached on the basis of computer modeling for Ising 
spin glasses with short-range interaction. 

Thus, the entire set of experimental results obtained is 
clear evidence of the existence in dilute ferrimagnetic oxides 
of a PM-SG phase transition in the EA order parameter. The 
question of the extent to which this is due to the presence of 
random anisotropy remains open. All that can be asserted is 
that, in the given case, we are certainly dealing with'aniso- 
tropic Heisenberg spin glasses with critical behavior (in an 
external magnetic field) similar to the behavior of Ising spin 
glasses. 

The existence, for finite observation times, of a PM-SG 
phase transition in the EA order parameter is assumed in all 
known SG models, which, at the same time, are based on 
different ideas about the structure of the SG state and pre- 
dict both the general and the distinguishing features of the 
behavior. 

The investigations performed have shown that dilute 
ferrimagnetic oxides are typical anisotropic Heisenberg SG 
systems with short-range interaction, which, together with 
general properties (magnetic viscosity and magnetic irre- 
versibility), display certain properties that are specific for 
different models. As already noted, the critical behavior in a 
magnetic field (AT lines in small fields and GT lines in large 
fields), and also the possibility of describing the PM-SG 
transition by means of the one-component EA order param- 
eter are completely consistent with the conclusions of MF 
theory for anisotropic vector spin glasses with an infinite- 
range interaction in which an individual spin is considered as 
the structural unit.13 At the same time, the presence of tem- 
perature dependence of the equilibrium magnetization u, 
and the character of the occurrence of the irreversible phe- 
nomena do not agree with the MF model. The latter, in par- 
ticular, may be due to the cluster structure of the SG in dilute 
ferrimagnetic oxides 16s'7,27 In addition, a number of other 
experimental data point unambiguously to the presence of 
clusters in the SG structure and to their real role in the for- 
mation of the properties of the spin-glass phase. 

From the concentration dependence of the Curie con- 
stant (Fig. 4 )  it can be seen that only for the sample with x 
= 1.9 does the value of C approach the theoretical value 
(equal to 4.38), while for x = 1.5-1.7 it is much greater. 
Thus, only for comparatively large diamagnetic dilution 
(80% or more of nonmagnetic ions) does the structure of 
the SG in the materials investigated approach a uniform 

TABLE I. Dependence of parameters of samples of the system Li,, , Fez,  ,Ga,O, on x .  

Note: The first row gives values of S,,,,, for T = 0.4T,(H) in a field H = 4 kA/m. 
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FIG. 5. Dependence of the order parameter q, on the reduced tempera- 
ture T/T ,  for samples of Li,,,Fe,, ,Ga,O, with: 1) x = 1.5, 2)  
x = 1.55, 3 )  x = 1.6, 4)  x = 1.7 and 1.9. Insert: dependence of q,, on 
r = l - T / T ,  (on a double logarithmic scale) for a sample of 
Li,, , Fe,, Ga, , 0, . 

structure in which the structural unit is an individual spin. 
On the basis of conclusions reached in the framework of 

the percolation model of Ref. 17, and of the results of neu- 
tron-diffraction investigations of compounds similar in na- 
ture to those under considerati~n,l~.*~ we can characterize 
the SG state realized in dilute ferrimagnetic oxides as a non- 
uniform (cluster) state. It can be represented in the form of 
an SG matrix of the classical type, containing clusters that 
are uncorrelated in the direction of the frozen magnetic mo- 
ments. The entire system (matrix and clusters) freezes at the 
same temperature Tf, whereas the ordering in the clusters is 
destroyed at much higher temperatures. The existence of 
exchange correlation between the clusters, as a result of 
which their magnetic moments freeze in arbitrary directions 
at T = Tf, is explicitly indicated by the high values of the 
paramagnetic Curie temperature 8 (Fig. 4) .  Taking into 
account that the values of 8 ,  like those of C ,  were obtained in 
the paramagnetic region comparatively close to Tf and in 
measurements in small fields, we arrive at the conclusion 
that they characterize a cluster subsystem. Since these "clus- 
ter characteristics" were also used in the calculation of qEA 
(T) ,  it should be recognized that here both the individual 
spins and spin clusters appear as the structural units. Such a 
structure of the SG state, which follows directly from the 
experimental results, is practically entirely analogous to that 
proposed in the droplet model of Ref. 6, in which it was 
found that a number of spin-glass properties are due to the 
excitation of large clusters with low energy. 

In conclusion, we shall discuss certain features of the 
concentration transition to the SG state that are directly in- 
trinsic to the class of compounds under consideration and 
that are manifested in the dependence 8 (x)  . Here it is neces- 
sary to take into account that in ferrimagnets, despite the 
antiferromagnetic character of the inter-sublattice ex- 
change, 8 is always positive; in Li-Ga spinels all the Fe"- 
0'--Fe3+ exchange interactions (both inter- and intra- 
sublattice are negative." As can be seen from Fig. 4, the 
destruction of the long-range ferromagnetic order and the 
transition to the SG state correspond to a sudden change of 
the sign of 8: For practically equal values of x, 8 > 0 for 
x = 1.5 (the multicritical point) and 8 < 0 for x = 1.6 (the 
spin glass). It is interesting to note that from a number of 

indicators," including the determination of the spontaneous 
magnetization by the kink-point method, it follows that for 
x k 1.5 we have a, = 0. Nevertheless, from the data obtained 
for 8 it can be seen that here, i.e., for x = 1.5 and 1.55, the 
distinctive "memory" of the long-range ferrimagnetic order 
is still preserved ( 8  > O), i.e., for concentrations very close 
to the multicritical point (on the SG side) a certain disor- 
dered state intermediate between a ferrimagnetic spin glass 
( X  < 1.5 ) and a cluster spin glass ( x  > 1.5) is realized. In this 
region we still have comparatively high positive values of 8 
for a, = 0. 

5. CONCLUSION 

Our investigations have shown that in the system of 
dilute ferrimagnetic oxides Li,, Fe,, _ , Ga,O, with short- 
range antiferromagnetic indirect exchange a PM-SG phase 
transition in the EA order parameter qEA exists for 
1.5 < x <  1.9 and is preserved in the presence of a magnetic 
field. Although the materials under consideration are Hei- 
senberg spin glasses, on account of the presence of random 
anisotropy they exhibit features of Ising spin glasses: The 
upper critical line in small fields has the form of an AT line 
(7' a while in large fields it has the form of a GT line 
(7' a HZ) ,  and the PM-SG transition is described by a one- 
component order parameter displaying critical behavior 
near the AT instability line: 

The transition to the SG state is manifested in the onset of 
long-time logarithmic viscosity at the freezing temperature 
Tf (T-  Tf+ ) and in sharply pronounced irreversible phe- 
nomena at T < Tf. Taken together, all these facts point to the 
existence of a PM-SG phase transition in the dynamical 
sense and agree with the ideas developed in MF theory con- 
cerning features of this transition as a transition to a degen- 
erate nonergodic state whose energy spectrum has the form 
of valleys separated by barriers. In view of this, it may be 
considered that the EA parameter q ,  determined experi- 
mentally in this work has the meaning of the one-valley or- 
der parameter. At the same time, inasmuch as the nonergo- 
dicity is small near Tf ( T +  T y  ), the presence of a PM-SG 
transition in the parameter qEA indicates, in essence, the pos- 
sibility of a PM-SG transition in the Parisi order parameter 
or Sompolinsky order parameter. 

Despite the fact that the results obtained agree quite 
fully with the conclusions of MF theory with an infinite- 
range interaction, in which the structural unit of the SG is 
taken to be an individual spin, a number of experimental 
data clearly demonstrate the role of short-range exchange 
interactiom in the formation of the SG state and point to the 
realization of an SG state of the cluster type predicted by the 
droplet model. Here, the role of the structural units is played 
by both individual spins and spin clusters, and the entire 
system, consisting of the matrix (the set of individual spins) 
and the clusters, freezes at the same temperature Tf. 

Thus, in the dilute ferrimagnetic oxides 
Li,,, Fe, , , Ga,O, ( x  = 1.5-1.9), i.e., disordered Heisen- 
berg systems with short-range exchange and random anisot- 
ropy, at low temperatures a cluster-SG state with an Ising 
type of critical behavior in a magnetic field is realized; the 
PM-SG transition is a transition to a degenerate nonergodic 
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state, and the one-valley order parameter q, depends on 
time and, at temperatures up to 0.27", displays critical be- 
havior. 
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