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Experimentally derived physical properties of 3d Ising spin glasses are discussed and compared to
what is anticipated from theory and simulations of model systems. It is found that the spin glass
experiences a zero-�eld phase transition to a low-temperature spin-glass phase, that there is no
phase transition in a magnetic �eld and that nonequilibrium and chaos e�ects often dominate the
dynamics of the low-temperature glassy phase. These results are in agreement with �ndings from
Monte Carlo simulations and with properties derived from the droplet model.

I Introduction

3d spin glasses are described by the Edwards-Anderson
(EA) model:
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i;j

JijSiSj (1)

where Jij are random interactions with zero mean that
can be chosen only as nearest neighbor interactions
and Si and Sj are spins on a regular three dimensional
lattice [1]. This model Hamiltonian is realized by the
Fe0:5Mn0:5T iO3 compound. The magnetic structure
of the two parent compounds of this spin glass system
is antiferromagnetic at low temperatures; the structure
may be described by a hexagonal lattice with the spins
directed along the c-axis of the crystals. In FeT iO3

the magnetic atoms are ferromagnetically coupled in
the hexagonal planes but adjacent layers are antiferro-
magnetically coupled. In MnTiO3, on the other hand,
neighboring Mn atoms are antiferromagnetically cou-
pled within the layers. Mixing iron and manganese
causes randomness and frustration, and at about equal
concentration of Fe and Mn atoms, this system almost
ideally reproduces a short range 3d EA spin glass[2].
Results from experiments on Fe0:5Mn0:5T iO3 will be
used to discuss static and dynamic scaling analyses
that suggest the existence of a �nite temperature phase
transition in zero �eld but no phase transition in a
magnetic �eld. Nonequilibrium dynamics and aging
phenomena [3] will be exempli�ed with representative
data from other 3d spin glass materials.

II Phase Transition

Is there a spin glass phase in real 3d Ising spin glasses?
This key question may sound trivial to resolve experi-
mentally, but has turned out to require extensive and
careful studies on good model systems to �nd a reli-
able answer. We here recall static and dynamic scaling
results on one and the same Fe0:5Mn0:5T iO3 single
crystalline spin glass material [4, 5]. Fig. 1 shows the
in and out of phase components of the susceptibility of
this material in a wide frequency range[5], and Fig. 2
shows results from ac susceptibility measurements in
superposed dc magnetic �elds [6]. Some essential fea-
tures of spin glass dynamics can be seen in these �gures,
two of which are: (i) there is wide region in which conse-
quences of a slowing down of the dynamics are evident
in the ac-susceptibility; (ii) there is a substantial sup-
pression of the susceptibility with �eld.
The observed frequency dependence of the susceptibil-
ity allows to safely distinguish a critical slowing-down
behavior:

�

�0
= t�z� (2)

where t is the reduced temperature ((T � Tg)=Tg), �
the relaxation time, �0 the microscopic spin 
ip time
and z� the dynamic critical exponent. More and less
sophisticated dynamic scaling analyses of the data of
Fig. 1 all �nally yield z�=10 � 0.5. [5]

Approaching the critical temperature the suscepti-
bility, as is implied from Fig. 2, becomes more and more
�eld dependent. This non-linear susceptibility can be
accurately measured from, e.g., the dependence of the
ac susceptibility on an increasing superposed dc �eld.
Employing such data in static scaling analyses yields
the following set of static critical exponents: 
 = 4�0:5,
� = 0:5� 0:1 and Æ = 8� 2. [4]
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Figure 1. Ac-susceptibility of Fe0:5Mn0:5T iO3 at di�erent
frequencies from ref.[5].

Figure 2. Ac susceptibility of Fe0:5Mn0:5T iO3 at 125 Hz
in di�erent superposed dc-�elds varying from top to bottom
as: 0, 0.1, 0.4, 0.6, 1, 2, and 3 T [6].

The conclusion from these dynamic and static scal-
ing results is that the 3d spin glass develops towards an
equilibrium low temperature phase as the temperature
is lowered towards Tg .

A more controversial problem is whether or not
there is a spin glass phase in an applied magnetic �eld.
Mean �eld solutions of the in�nite range spin glass
model say that there is a phase transition in a magnetic
�eld, whereas the droplet model for 3d Ising spin glasses
says no. Analytical work and some recent Monte Carlo
(MC) simulations on short range 3d Ising spin glasses
[7, 8] support the answer no, whereas other MC work is
interpreted to favor an in-�eld phase transition in such
systems [9].

What do experiments suggest? Fig. 3 shows con-
stant relaxation time contours for our model system
derived from ac susceptibility data in applied dc mag-
netic �elds [6]. To extract information on whether a
phase transition is anticipated or not on cooling in a
�eld, we have analyzed the slowing down of the dy-
namics along the two lines drawn in Fig. 3. The result
of various dynamic scaling analyses of the data is that
the slowing down is best described by the following two
scaling functions:

ln(
�

�0
) / �T�1f (3)

for H =constant and

ln(
�

�0
) / �T

�(1+�H	)
f (4)

for H=T =constant, where Tf is the freezing temper-
ature corresponding to each relaxation time and, in
terms of the droplet model, � is an energy barrier, �H
governs the �eld dependence of the correlation length
and 	 is the barrier exponent. The result implies that
there is no phase transition in a magnetic �eld for a
realistic 3d Ising spin glass. The exponent �H	=0.65,
yielding 	=0.8 using a derived value of the exponent
�H=0.8. Experiments on a 3d Ising model system thus
support the scenario that there is a phase transition in
zero �eld and no phase transition in a �nite �eld, in
accord with the droplet model prediction.

III Nonequilibrium dynamics

In this section the nonequilibrium nature of the spin
glass phase is discussed. Most experiments on this kind
of dynamics have been performed on 3d spin glass sys-
tems of less clear Ising nature than Fe0:5Mn0:5T iO3

and we have therefore chosen to exemplify nonequi-
librium dynamics by measurements on other, but still
characteristic, spin glass systems. The observed be-
havior is however also characteristic of 3d Ising model
systems as will be reported in future communications
[10].
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Figure 3. Constant relaxation time contours for
Fe0:5Mn0:5T iO3 in an H-T diagram. The frequences are
0.017, 0.17, 1.7, 17, 170 and 1700 Hz and the corresponding
relaxation times t = 1=! [6].

An aging phenomenon in a magnetic system is re-
vealed by a nonstationary response to the application
of an external magnetic �eld, i.e., the response func-
tion depends on the waiting time (tw) spent at con-
stant temperature before the magnetic �eld is applied.
Fig. 4 shows results from zero �eld cooled (ZFC) mag-
netization measurements on a 3d spin glass for di�erent
waiting times; (Fig. 4a) m(t) vs. log(t) and (Fig. 4b)

the corresponding relaxation rate (S(t) = 1=h @m(t)
@ln(t) ).

A striking change of the relaxation with tw is observed
and the occurence of a maximum in S(t) at an obser-
vation time of order the waiting time is characteristic
for spin glasses. In an ac-susceptibility experiment, the
observation time is constant t = 1=! and at low fre-
quencies aging can be observed as a spontaneous decay
of both the in-phase and the out-of-phase component
of the susceptibility with time at constant temperature.
This behavior has been amply demonstrated in both 2d
and 3d spin glasses and also occurs in other frustrated
magnetic systems [11].

The complexity of the nonequilibrium dynamics
of spin glasses is further illustrated in Fig. 5, where
the low frequency out-of-phase component of the ac-
susceptibility is plotted vs. temperature. The di�erent
curves have been recorded on continuous heating of the
sample after di�erent cooling procedures: continuous
cooling (reference), cooling with one long stop at 40
K (single) and cooling with long stops at two di�erent
temperatures, 40 and 50 K (double) [12]. The dips in
the curves occur at the temperatures where the sam-
ple has been kept at constant temperature during the
otherwise continuous cooling process. Two crucial spin
glass properties are illustrated by this �gure: (i) chaos
- equilibrating the sample at one speci�c temperature
yields a spin con�guration that appears random at a
di�erent temperature; the system is rejuvinated when
the temperature is changed and (ii) memory - the equi-
libration that has been imposed on the system at a
higher temperature is imprinted in the spin con�gura-

tion and is retrieved when that temperature is recovered
on heating. The combined memory and chaos behavior
has been found to distinguish a spin glass phase from,
e.g., a frustrated ferromagnetic phase [13] in which a
rejuvination occurs both on heating and cooling, i.e.,
there is no memory e�ect.

Figure 4. (a) Magnetisation vs. log(t) and (b) the corre-
sponding relaxation rate (b) measured after di�erent wait-
ing times, tw for an amorphous metallic 3d spin glass.

Figure 5. Low frequency �00(T ), measured on a Cu(Mn)
spin glass on continuous heating after continuous cooling
(ref), after one halt at 40 K (single) and after halting at
two di�erent temperatures, 40 and 50 K, (double).

The chaos and memory behavior can be e�ectively
demonstrated also in a simple dc magnetization vs.
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temperature experiment. Fig. 6 shows the ZFC, �eld
cooled (FC) and thermoremanent (TRM) magnetiza-
tion measured on a Ag(Mn) spin glass by cooling the
sample to a low temperature in constant �eld and then
applying/keeping/removing (ZFC/FC/TRM) a weak
magnetic �eld and recording the magnetization on con-
tinuous heating, (open symbols) [14]. The curves
marked by closed symbols have been recorded in the
same way, the only di�erence being that the sample
was kept at a constant temperature Th= 27 K for some
hours during cooling. There is a marked dip (bump) in
the ZFC (TRM) curve in the region around Th. This
behavior again illustrates chaos and memory in the spin
glass phase. (This simple experiment can be made on
any high resolution magnetometer system to distinguish
a spin glass phase from other disordered phases in less
well understood disordered systems).
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Figure 6. ZFC, FC and thermoremanent (TRM) measured
on heating after cooling the Ag(Mn) spin glass to 20 K and
then measuring on heating. The curves marked with full
symbols represent a sample subjected to a long stop at con-
stant temperature (27 K) and �eld during cooling [14].

IV Discussion and conclusions

In this paper we have recapitulated some key experi-
mental properties of 3d spin glasses. The observed be-
havior supports many features inherent to the droplet
model of short-range 3d spin glasses. The questions
regarding the phase transition are answered in accord
with this model: there exists a zero �eld phase tran-
sition, but there is no phase transition in a magnetic
�eld.

Nonequilibrium dynamics, which in the droplet
model is related to the growth of spin glass ordered
regions, and the observed chaotic behavior also accord

with the droplet picture. The memory phenomenon is
a feature that perhaps can be incorporated in a droplet
picture [15] or may require alternative approaches [12].
There are currently major e�orts to understand the
nonequilibrium and aging phenomena that disordered
and frustrated physical systems possess [16].
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