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We report a comprehensive neutron scattering study of random-field effects in the three-
dimensional Ising antiferromagnet Fe06Zn04F2. The sample is the same one used in high-precision
birefringence studies. The scattering is dependent on the prior history of the sample at all tempera-
tures below a well-defined temperature which agrees with the phase boundary reported in the
birefringence studies to within 0.2 K. When the sample is cooled in a field (FC), long-range order is

not established and the scattering has a Lorentzian-squared profile with a width K =H, as found in

the three-dimensional samples studied earlier with neutron scattering techniques. On the other
hand, when the sample is cooled in zero field into the Neel state, the field raised and the tempera-
ture then increased (ZFC), the scattering close to the phase boundary consists of an antiferromagnet-
ic Bragg component superimposed on scattering which is characteristic of the FC procedure. The
Bragg component is absent when the crystal is heated above the phase boundary. In addition, if
after field cooling the system is heated, the width of the scattering is unchanged until the phase
boundary is reached. .None of the existing di ——2 low-temperature theories explains such behavior in

the vicinity of the phase boundary. Above the phase boundary ZFC and FC results agree, indicating
that the system is always in equilibrium. We have studied the critical behavior in this region and

the scattering is very different from that with H=O. Specifically, the scattering profiles show a
large Lorentzian-squared component and over a limited temperature range the inverse correlation

length varies linearly with temperature.

I. INTRODUCTION

Since the pioneering theoretical work of Imry and Ma, '

it has been recognized that random fields should have
quite drastic effects both on the critical behavior and on
the low-temperature states of systems undergoing phase
transitions. Although random fields are ubiquitous in na-
ture, until recently it seemed quite difficult to carry out
systematic experiments on the random-field problem.
However, Fishman and Aharony pointed out that if a
uniform magnetic field is applied to a random Ising anti-
ferromagnet, then random staggered magnetic fields
would be generated. They further suggested that this sys-
tem would be isomorphous to the idealized problem of an
Ising ferromagnet in a random field.

The Fishman-Aharony suggestion has stimulated a
large number of experiments. It has resulted that the
most accurate experiments could be performed on diluted
transition-metal fluorides. For these systems high-
quality single-crystal alloys may be grown in which the
transition-metal ions are distributed at random with con-
centration gradients as small as 0.07%/mm. Further, the
magnetic ions in transition-metal fluorides such as FeFe2
are typically described by simple spin Hamiltonians with
predominantly nearest-neighbor interactions. Particularly
detailed information has been given by neutron scattering
and birefringence techniques. We review very briefly the
salient features of these experiments.

The neutron scattering experiments on the d =2 sys-

tern, Rb2Co Mgl F4, and on the d =3 systems,
Mn, Znl E2, Co Zn& „F2 and Fe Zn& F2, have shown
that when the crystal is cooled in a field long-range mag-
netic order is not achieved, and that at low temperatures
the scattering profile as a function of wave vector has a
Lorentzian-squared form. The width of the Lorentzian-
squared form varies roughly as the square of the applied
field. In all of the neutron measurements it was further
found that at low temperatures the results were dependent
on the prior history of the sample, and that these history-
dependent effects persisted up to temperatures close to
T&. History-dependent effects have also been observed
using thermal expansion measurements for Mn„Zn& Fe2
(Ref. 4) and neutron scattering from Fe„Mg~ „C12.'

Birefringence measurements on the d =2 system,
Rb2Col Mgl F4, showed that the sharp phase transi-
tion in zero field was rounded when cooled in an applied
field. In the d =3 systems, Mn Znl F2 and
Fe„Zn& „E2, however, the peak in the temperature depen-
dence of the birefringence, which is proportional to specif-
ic heat, was sharper in a field than with II =0, and con-
sistent with a=0 and concomitantly, an amplitude ratio
3/2'=1. 0. The shift in the transition temperature with
field Ttt(H) was well described by the Fishman-Aharony
scaling relations with /=1.40+0.05 in agreement with
the random-exchange susceptibility exponent" y, as
predicted by theory. These results led to the first sugges-
tion that d =3 systems in a random field exhibited d =2
critical phenomena, correspondingly it was concluded that
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the lower critical dimension di was given by 2 (d~ ~ 3.
In order to understand the relationship between the

seemingly conflicting neutron scattering results and
birefringence results, we have undertaken a study of the
neutron scattering from the Feo 6Zno gFp sample previous-
ly studied with birefringence techniques. We have made a
particularly careful study of the history dependence of the
scattering in the history dependence of the scattering in
the neighborhood of T&(H) as we believe it is especially
important to understand this aspect of the problem in
more detail. We also report measurements of the critical
scattering above T&(H). Some of the results have also
been reported and analyzed in detail by Belanger et al. '

The format of this paper is as follows. Experimental
procedures are described in Sec. II. The low-temperature
results in the field-cooled configuration are given in Sec.
III. In Sec. IV we describe experiments on the location of
the phase boundary and hysteretic effects in the vicinity
of T~(H). The behavior above T~(H) is presented in
Sec. V. Discussion of the results, and conclusions in the
contrast of recent theories' ' are given in Sec. VI.

II. EXPERIMENTAL DETAILS

The sample, Feo 6Zno 4Fz, has the approximate dimen-
sions 4)&4)&6 mm, with the larger dimension corre-
sponding to the unique crystalline axis (c axis), the growth
axis, and the concentration gradient. As discussed above,
this single crystal is the same sample used in the recent
birefringence measurements. Not only does this facilitate
comparison between the two experiments, but this particu-
lar sample is of excellent quality, with a concentration
gradient of only 0.07%/mm. Two separate experimental
arrangements were used to collect data. In the first set of
experiments, the sample was mounted on an aluminum
holder with nearly the whole sample exposed. The plati-
num thermometer and control heater were situated about
25 cm from the sample, outside the magnet coils to reduce
the field effect on the temperature reading. In the second
set of experiments which were performed by Belanger and
Yoshizawa, the effect of the concentration gradient was
minimized by masking with cadmium so that only about
1.5 mm along the c axis was exposed. A carbon-glass
thermometer, which has only a slight field dependence,
was placed in a copper block on which the sample was
mounted and a separate control heater was wound around
the block. %'ith this improved configuration the tempera-
ture stability was better than 30 mK over the course of a
scan. The neutron scattering was performed with a two-
axis spectrometer at the Brookhaven National Laboratory
high-flux beam reactor. The sample was oriented with the
[001] direction (c axis) vertical. Fields up to 6.5 T were
applied in this direction. The room-temperature lattice
parameters for Feo 6Zno 4F2 are 3.24 A in the [001] direc-
tion and 4.71 A in the [100] and [010] directions. The in-
cident wave vector was k;=2.67 A ' and all horizontal
collimations were 10', giving a wave-vector resolution
half-width at half maximum (HWHM) of 0.0009, 0.0028,
and 0.026 reduced lattice units (r.l.u. ) in the transverse,
longitudinal, and vertical directions, respectively. Nearly
all data were taken by scanning the wave vector Q trans-
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FIG. 1. Phase boundary in Feo 6Zn04F2 with several paths in
H and T in the hysteresis study.

versely to Qo the (100) magnetic lattice point since the
resolution is highest in such scans.

III. FIELD-COOLED BEHAVIOR
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scans for the FC (cooling in a field H}, FH (reheated after FC),
and ZFC (cooling with 0=0, then applying H and heating)
procedures with H=5.5 T. The dashed line is the ZFC HWHM
when the Bragg and broader components are not separated.

Initially experiments were performed with H =0, and a
well-defined transition to long-range antiferromagnetic or-
der was observed at 47.1 K. The Bragg scattering from
the long-range order had an approximately Gaussian pro-
file with only very weak tails. The critical behavior at
H =0 is consistent with that studied in detail" in
Feo 5Zno 5F2, and is discussed further in Sec. V.

Experiments were then performed to study the field
cooled, (FC) behavior in which the sample is warmed
above Tz(0), the field fixed and the sample cooled slowly
through T~(H). Figure 1 illustrates this procedure and
the phase-boundary line determined by birefringence mea-
surements. Figure 2 shows the temperature dependence
of the HWHM obtained from FC scans at 5.5 T; the other
scans will be discussed later. The peak width decreases
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smoothly with decreasing temperature and is temperature
independent below -40 K with a limiting value of
0.0017+0.0001 reciprocal-lattice units (r.l.u. ), significant-
ly broader than the transverse resolution of 0.0009 r.l.u.
The low-temper'ature limiting width decreases with de-
creasing applied field for each FC scan as expected. How-
ever, for fields less than about 3.0 T the limiting width is
the resolution width, implying that the correlation length
exceeds 300 lattice constants.

In Fig. 3 we show the peak intensity for
Q —'Qp =q = (0,0,0) as a function of applied field. The
peak' intensity initially increases with increasing field,
reaches a plateau at about 4.0 T and then decreases for
fields above 5.5 T. This behavior was seen previously in
both the Cop 35Znp 65F2 and the Fe Zn& F2 samples and
has been discussed in detail in Ref. 7. It arises because
these crystals are crystallographically very perfect and so
the intense magnetic Bragg reflection is strongly limited
by extinction. When the magnetic order breaks up into
domains, this extinction is reduced and the total scattered
intensity increases. For fields above 4 T this increase in
intensity with increasing field is compensated by the in-
creasing width taking the scattered intensity out of the
resolution function. Figure 3, therefore, provides evidence
that fields as low as 1 T destroy the long-range order even
though the length scale is much greater than the resolu-
tion function.

Experiments on Fe„Zn& „Fz with z =0.35 and 0.5
have shown that the low-temperature FC profiles are ac-
curately represented by

S(Q)=
(K+q )

with q=Q —Qp and q in reciprocal-lattice units. The
low-temperature FC results of the x =0.6 sample with
H =5.5 T were fitted to Eq. (1) and yield
K =0.0012+0.0003 r.l.u. corresponding to a correlation
length of about 130 lattice constants.

The weak tails of the FC distributions are unaffected by
the extinction. As is evident from Eq. (1), if C is a con-
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IV. HISTORY-DEPENDENT BEHAVIOR

stant, and as demonstrated in previous experiments on
d =3 systems ' for

~ q ~
&&K, the intensity at fixed q

scales linearly with IC. The intensity for q=(0, +0.01,0)
as a function of H is shown in Fig. 4, and shows that
this intensity, and hence E, varies roughly linearly with
H . In Fep 35Znp 65F2 and Fep 5pZNp 5pF2 it was found
that K=H —+ '. Thus the behavior in all three samples
of Fe„Zn& „F2 is identical to within the errors. Using
this H scaling we may estimate that the domain sizes in
Fep 6Znp 4Fq at 1.41 T and 2.0 T are -2000 and —1000
lattice constants, respectively. It is clear therefore that
the heat capacity at these fields could indeed exhibit quite
sharp peaks since the domains contain, respectively,
—1.6)&10' and 2)&10 spins.

In summary, the FC behavior in the Fep6pZnp4pF2
crystal is closely similar to that observed previously in the
more dilute samples.
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FIG. 3. Peak intensity as a function of magnetic field at
T=10 K after field cooling.

In order to compare with the birefringence results we
first located the phase boundary using neutron techniques.
In conventional neutron phase-transition studies, T& may
be accurately located by measuring the intensity as a func-
tion of temperature for a wave vector just off the Hragg
peak; the intensity typically exhibits a sharp peak at T&.
FC scans do indeed exhibit peaks at about the expected
temperatures; the peaks, however, become both more in-

., tense and very rounded with increasing applied field. A
much sharper feature can be obtained using a different
procedure. This involves cooling the sample with zero ap-
plied field into the Neel state, applying a field H and then
heating the sample through T&(H). We refer to this as
the zero-field-cooling (ZFC) procedure. Typical data ob-
tained using the ZFC procedure are shown in Fig. 5. The
peak intensity grows strongly with increasing field due to
an increasing Lorentzian-squared contribution at the
threshold temperature. We find that the ZFC wing peak
temperature corresponds closely to that determined from
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FIG. 5. Intensity for Q =(1,+,0.01,0) vs T from ZFC scans
at several fields. The arrows show the peak temperature of the
heat capacity.

the peak in the heat capacity at all fields. The phase
boundaries determined by birefringence and this neutron
scattering technique are the same to within =0.2 K.

We now discuss the detailed history-dependent
behavior. Data were taken using the ZFC procedure, the
FC procedure and then reheating in the same field (FH).

The temperature dependences of the HWHM and the
peak intensity are shown in Figs. 2 and 6, respectively, for
each of these procedures in a field of 5.5 T. When the ap-
parent HWHM and peak intensity of the ZFC line shapes

Feo6 Z~O4 F2

1 I 1

are plotted versus T, the width is resolution limited at low
temperatures and smoothly increases above 42.75 K,
whereas the peak intensity remains almost unchanged un-
til 43.3 K, as is shown by dotted curves in Figs. 2 and 6.
As seen in Fig. 7, however, the ZFC line shapes at tem-
peratures just below the phase boundary are clearly separ-
able into two components: a resolution-limited magnetic
Bragg component and a much broader second component.
The approximation HWHM and peak intensity of the
separate Bragg and broader component are shown in the
figures by crosses and solid circles, respectively. Far
below the phase boundary, the ZFC system is in the ex-
tinction limited H =0 antiferromagnetic Neel state, as is
indicated by the predominant resolution-limited Bragg
peak. The secondary component is negligible. Upon rais-
ing the temperature, the intensity of the Bragg component
decreases and vanishes near X=43.5 K, whereas the peak
intensity of the broad component rapidly increases as this
temperature is approached from below. The HWHM of
the diffuse component decreases and shows a minimum
near T =43.25 K. Since the concentration gradients give
a smearing of T~-0.4 K the width of this minimum
may result entirely from concentration gradients. As the
temperature increases further, the HWHM increases while
the peak intensity decreases.

Above the boundary, the data taken upon cooling the
sample in a field (FC) are identical to the ZFC data.
However, as we discussed in the preceding section, as the
sample is cooled below the boundary in a field H =5.5 T,
the HWHM remains larger than instrumental resolution
and only gradually decreases, as shown in Fig. 2. Below
T=40 K the HWHM is constant at 0.0017 r.l.u. as the
temperature is further reduced. The resolution-limited
Bragg peak observed in the ZFC data does not occur. The
peak intensity rises as the temperature decreases in a field
of 5.5 T, and shows no sharp features near the phase
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boundary. The intensity is larger than in the zero-field
measurements as a result of the extinction effect discussed
in Sec. II.

After preparing the sample in the FC state at T=40 K,
the temperature was increased (FH). The HWHM
remained constant at the lowest value attained, 0.0017
r.l.u. , until the phase boundary was approached, where it
then merged with the curve of the apparent HWHM of
the ZFC procedure. Relative to the FC case, the FH peak
intensity was larger at all temperatures up to 43.4 K. We
attribute this to the more ordered state relative to the FC
case. Apparently, the increased size of the domain struc-
ture is not sufficient to increase significantly the extinc-
tion 'effect. For comparison, the line shapes of the scatter-
ing data observed at T=43.0 K and H=5.5 T are shown
in Fig. 8 for the ZFC, FC, and FH states.

In order to characterize further these effects, we also
studied the scattering as a function of the applied field
along the paths indicated in Fig. 1. The sample was
cooled in a field of 6.5 T to a temperature near the phase
boundary. The field was then decreased to zero. Thus, in
this configuration, the state is approached from the -direc-
tion of more disorder as in the FC case. At 43 K, the
boundary is crossed near 6 T and the HWHM is about
twice the resolution, Fig. 9. As the field then decreases to
H =0, the HWHM decreases to the resolution limit. For
T=39 K, or 43 K, as the field is decreased, the HWHM
at a given field agrees to within the errors with that ob-
tained when the sample is field cooled to the same tern-
perature in the same field H. These results show that at
temperatures which are high enough that the system is
able to relax, the identical state is achieved provided that
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the state is approached from a more disordered direction,
whether by field or temperature scans. At T=35 K, the
HWHM does not decrease to the resolution limit as the
field is reduced to zero, indicating the freezing to be ex-
pected in good Ising systems. At very low temperatures
( T & 10 K) the HWHM is independent of changes in the
field, indicating that the system is frozen and that the
time required for relaxation to the long-range antifer-
romagnetic state as H~O is extremely long.

In Fig. 10 the peak intensities are plotted versus the ap-
plied field when the field is reduced at 35, 39, and 43 K.
For all temperatures the peak intensity initially increases,
as expected, since the system is becoming more ordered.
However, at smaller fields the extinction effect begins to
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FIG. 9. HWHM as the field is reduced from 6.5 T along the
three paths indicated in Fig. 1.
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FIG. 10. Peak intensity vs 8 for the FC sample along the
three paths indicated in Fig. 1 and for the ZFC procedure.
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dominate, causing the intensity to decrease as the field is
further reduced. The zero-field intensity is, however, still
much larger than the peak intensity observed when the
sample is cooled to these temperatures in zero field (ZFC).
This larger intensity is attributable to a smaller extinction
effect and therefore suggests that the system is in a less
ordered state.

We studied the time dependence of the FC state at
T=25 K in zero field, on rapidly reducing the field from
6.5 to 0 T. The line shape was measured every 10 min for
several hours. Figure 11 shows the line shapes observed
initially, 20 min later, and 8 h later. A small but measur-
able relaxation towards the more ordered state as judged
by the intensity in the wings is evident. Thus the system
at T=25 K in the absence of the random field continues
to relax even 8 h later. We also studied the time depen-
dence of the FC line shape 100 mK below the phase
boundary with the magnetic field held constant at 3.0 T.
In this case, the line shape measured after 6.5 h agreed
well with the initial scan, except for a few points with

~ g ~
&0.001, whose intensities increases by up to 4% in

the first 1.5 h. Thus the disordered state obtained in the
FC procedure is stable for all reasonable time scales even
very close to the phase boundary.

Finally, we also carried out scans with the FC and ZFC
procedures at a number of smaller fields. The behavior is
similar to that discussed above for 5.5 T, the FC and ZFC
procedures yield identical results above the phase
boundary but the results are history dependent below the
boundary. Thus the history-dependent effects are con-
fined to the temperature region at and below the heat-
capacity peak temperature for any given field, while for
temperatures less than about 0.8 T~(0) the system is com-
pletely frozen. Above this latter temperature, for all fields
at which the H%'HM is measurably above the resolution
width identical results are obtained if the state is ap-
proached from the more disordered direction, but dif-

ferent results are found when approached from the more
ordered directions. This implies that in the state below
T~(H), the domains are able to dilate to a reproducible
diameter but cannot then contract.

V. CRITICAL BEHAVIOR

In the preceding section we have shown that the results
obtained above the phase boundary are independent of the
past history of the sample. It is, therefore, possible to
study the behavior of the spin-spin correlation function
above the phase boundary and in the same temperature re-
gions probed by the birefringence study.

Critical scattering measurements were, therefore, per-
formed with applied fields of 0, 1.4, 2.0, 3.0, 5.5, and 6.5
T; part of the 1.4- and 2.0-T data were taken by Belanger
and Yoshizawa using the masked configuration
described in Sec. III and are also reported by Belanger
et al. ' Typical data are shown in Fig. 12 and the
HWHM are shown in Fig. 13. It is evident that the tem-
perature dependence of the HWHM and hence of the crit-
ical scattering is significantly different in an applied field
from that in zero field.

In particular the temper'ature dependence of the
HWHM for H =0 is clearly curved corresponding to an
exponent v & 1, whereas in an applied field, the tempera-
ture dependence of the HWHM corresponds over a sig-
nificant temperature region to a behavior which is closely
linear with T —To. At the higher applied fields especial-
ly, the HWHM tends to curve above the linear lines when
the HWHM is small.

The behavior of the width for T =Tz (H =0) as a
function of applied field is shown in Fig. 14. A prelimi-
nary analysis of the observed behavior gives the width
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FIG. 11. The time dependence of the scattering when the
field is rapidly reduced from 6.5 T to 0 T at 25 K.

FIG. 12. Transverse scan with 0=2.0 T. As the figure illus-
trates, Lorentzian line shape is inadequate to describe the data,
whereas the Lorentzian plus a squared-Lorentzian form, Eq. (2),
fits very well.
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gives a good amount of the scattering at all temperatures
in d =3 Ising systems. This form has also been obtained
theoretically in the mean-field approximation by, for ex-
ample, Mukamel and Pytte. ' In Eq. (2) the Lorentzian
term arises from the susceptibility so that

proportional to H with v=0. 88+0.08. This may be
compared with the theoretical prediction by Aharony and
Pytte, ' v=(1 —g/2) '=1.02, and with the result ob-
tained in Feo 35Zno 65F2, namely, v=0. 86+0.04. Clearly
there is excellent agreement with the earlier experimental
results. The difference between the experimental results
and the theoretical prediction may arise because of
nonasymptotic terms in the experimental measurements.

Further analysis can only be performed once the form
of S(Q) is known. We have already shown '" that

2.0 4.0
FIELD H (T) kg TX,(q) =

K +q
(3)

FIG. 14. The HWHM as a function of field for T =T~. One
solid line is a straight line corresponding to v=1.0 and the other
to v=O. 88+0.08.

while the Lorentzian-squared terms arises from the mo-
ments induced by the random fields.

The results were fitted to Eq. (2) convoluted with the
experimental resolution function. In the case of H =0,
only the Lorentzian term is applicable and the results are
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consistent with the more comprehensive study" made of
Feo &Zno ~Fz, that is IC=r"=(T/Tz —1)' with v=0. 73
and A/E =r r with y=1.44. Typical fits of Eq. (2) to
the data at H =2.0 T, and T =46.4 K are shown in Fig.
12. The Lorentzian fit with 8 =0 is clearly unsatisfacto-
ry but when both terms are included the fit is excellent,
and the Lorentzian term contributes 5%%uo of the peak in-
tensity. All of the data could be well described by Eq. (2)
which, while it does not prove the uniqueness of the
Lorentzian and I.orentzian-squared profile, does demon-
strate that the form gives a good description of the re-
sults. The temperature dependence of the parameters K,
A, and 8 from this preliminary analysis have been dis-
cussed in detail for H=1.4, 2.0 T by Belanger et al. '

Here we note only that A and 8 are both largely indepen-
dent of temperature to within the errors while K varies
linearly with T —To with To within 0.2 K of the ZFC
critical scattering peak temperature determined as in
Fig. S.

VI. DISCUSSION AND CONCLUSIONS

The results of these experiments will be briefly summa-
rized. Firstly, when the sample is cooled in a field (FC)
long-range order is not established and the results are very
similar to those obtained on the d =3 systems;
Co„ZnI „F2, Mn„Znl „F2, and Fe Znl „F2 with x
ranging from 0.26 to 0.75. The scattering profiles below
the phase boundary are Lorentzian squared in form and
K=H .

Secondly, the history dependences of the low-
temperature state has been studied in detail. Below a
well-defined temperature, which coincides within the er-
rors with the heat-capacity peak value, the properties of
the system depend on its prior history, whereas above this
temperature they do not. Just below this temperature it is
possible for the domains to relax in the direction of more
order towards the FC state by further lowering the tern-
perature or reducing the field, but not towards a more
disordered state. At low temperature T &0.8T~, the sys-
tem is frozen and no relaxation occurs. Immediately
below T~ the disordered FC state is unchanged for times
between miriutes and six hours.

Thirdly, the critical phenomena above the history-
dependent boundary has been measured; the results of K
are consistent over a limited temperature interval with a
linear variation of K vs T —To, although To is not
known precisely enough to determine an effective ex-
ponent accurately.

Many recent theories' suggest that in equilibrium the
lower critical dimension of the random-field problem, d~,
is 2. This result, however, is not obviously consistent with
the FC neutron scattering results which do not achieve
long-range order at low temperatures. These theories do
not address the history dependence of the low-temperature
state, discussed in Sec. III. This behavior may be under-
stood qualitatively with the aid of the mean-field comput-
er simulations of Yoshizawa and Belanger. ' When the
system is cooled near the Neel temperature the clusters or-
der in a direction determined by the local imbalance of the
spins on the two sublattices. On further cooling these

clusters grow until local free-energy barriers produced by
the random field effectively pin the domain walls so that
the large domains can no longer reverse their orientation.
The system cannot then establish long-range order even if
this is the ground state.

Below the history-dependent boundary the barriers are
too large to allow domain-wall motion, but if the applied
field is reduced, these barriers are also reduced and the
system is able to relax to a state of more order. When the
field is increased, however, the local free-energy barriers
prevent the nucleation of new domain walls and so new
domains are not formed until the history dependent boun-
dary is reached. As the boundary is approached the bar-
rier pinning energy and thermal fluctuations become of
comparable energy and allow domain-wall nucleation so
that the system transforms to the high-temperature equili-
brium state.

This picture is necessarily tentative being based on a
mean-field-theory simulation, and so cannot give informa-
tion about the crucial aspects of domain-wall dynamics
and pinning. Fortunately, this aspect has been studied
theoretically very recently. Villian' and Grinstein and
Fernandez' have discussed the behavior of systems in a
field quenched from the paramagnetic state to low tem-
peratures. In both cases they find, for d &4, that there
will be large energy barriers to the motion of domain
walls; they predict that after a time the domains will have
expanded to a size

(4)

where ~ is a microscopic time and HRF is the strength of
the random field. Equation (4) predicts K=H, which is
in accord with our observations; substitution of the mag-
nitude for J, HRF, and r=h/J into Eq. (4) gives, for
H=5.5 T and t=100 sec, R, =400 lattice constants, in
reasonable accord with our observation of =130 lattice
constants. The theory also naturally accounts for the fact
that domains can expand to a metastable reproducible ra-
dius but not contract as discussed in Sec. III. We consider
the above an important success for the dynamical theories
and, to the extent that they are based on dI ——2, this agree-
ment maybe viewed as indirect support for 2 as the lower
marginal dimensionality of the random-field Ising model.

It should be emphasized, however, that the dynamical
theories, at present, study the motion of quenched domain
walls in the lower temperature phase well below the phase
boundary. Therefore these theories do not account for the
abrupt transition between history-dependent behavior and
history-independent behavior in the vicinity of the phase
boundary; these models also fail to account for the ex-
treme stability of the history-dependent states just below
the phase boundary, as discussed in Sec. III.

The results obtained above the phase boundary may be
viewed as consistent over a limited temperature range
with two-dimensional Ising behavior as suggested first
from birefringence measurements. Belanger et a/. ,

' in-
terpret this result as evidence for the d~

——2 theories and a
dimensionality shift of 1 for the d =3 Ising model in a
random field. However, because of the complicated
behavior in the vicinity of the phase boundary, the con-



4556 YOSHIZAWA, COWLEY, SHIRANE, AND BIRGENEAU 31

comitant uncertainty in To and the strong correlations in
the fits between the Lorentzian and Lorentzian-squared
amplitudes, we are reluctant to draw any conclusions at
all about the exponents in the paramagnetic phase.

It is clear that further theoretical and experimental
work is needed to clarify the high-temperature behavior
near the phase boundary. On the experimental side more
experiments are needed to clarify the properties close to
the phase boundary with still more uniform crystals to
reduce the rounding from a lack of uniformity in concen-
tration. On the theoretical side, a recent theory by Im-
brie ' rigorously proves that the ground state at T =0 of
the random-field Ising model in d =3 is the ferromagnet-
ic state. However, these experiments as well as previous
work by ourselves and others demonstrate that history-
dependent effects dominate the physics of the three-
dimensional random-field Ising model. Theory for the

time-dependent behavior in the immediate vicinity of the
phase boundary is urgently required.
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