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The evolution of the d =3 random-field Ising model (RFIM) in the strong-dilution limit has been stud-
ied using Faraday-rotation techniques on the Ising antiferromagnet Fe, 3;Zn, «F,. Particular attention
has been given to the external field (H) dependence of the phase transition T,(H) and the equilibrium
boundary T,(H) in the range 0SH =7 T. For H<1 T, both Ty —T.(H) and Ty — T (H) scale as
H?%, with ¢=1.42, the universal d =3 random-exchange-to—RFIM crossover exponent. However, as
the field is increased above H=1.5 T, a striking reversal of the curvature of T (H) versus T is observed,
now scaling with H as does the de Almeida-Thouless replica symmetry-breaking line in a conventional,
exchange-frustrated spin glass, Ty — Teq(H)~H?*/ ¢, with ¢=3.4. Other spin-glass-like behavior is seen
at higher fields such as the time dependence of the hysteretic properties of the remanent magnetization.
These observations suggest it is the large random field that induces spin-glass-like behavior in this dilut-
ed antiferromagnet, without significant (if any) exchange frustration being present.

INTRODUCTION

The randomly (site) diluted uniaxial antiferromagnet
(AF) has been the proverbial testing ground for specific
models of Ising random magnetism. Of all those studied,
Fe,Zn,_,F, has become the prototypical system for de-
lineating the static and dynamic critical behavior of the
random-exchange (REIM) and random-field Ising model
(RFIM) universality classes, in external fields H =0 and
H >0, respectively.!’2

It has been tacitly assumed in the earlier experimental
and theoretical studies of the RFIM problem that the
identification of the diluted AF, in a uniform H, with the
ferromagnet in a site-random field was only to be made
for small H /J and weak dilution.> The latter condition
presumes one stays well away from the site percolation
concentration* x, which, for the Fe,Zn,_,F, system, is
x,=0.24 for the dominant exchange interaction. (In
FeF, the overwhelmingly dominant exchange interaction
J, is the AF one between any given spin and its eight
nearest neighbors on the opposite sublattice.’) This can
be seen most clearly insofar as the usual Imry-Ma statisti-
cal arguments,® which lead to a lower critical dimension
d;=2, become inapplicable as x approaches x,. All of
the definitive studies of the critical behavior of the REIM
and RFIM universality classes and the hysteretic phe-
nomena associated with the extreme critical slowing
down in the d=3 RFIM system have, in fact, been made
for x >0.46.1:2

Nevertheless, there has been theoretical interest in the
nature of the phase diagram of the diluted AF for all
ranges of H /J and strong randomness, i.e., x <<1. It has
been argued by Fihnle’ that the long-range order will be-
come unstable for small H as x approaches x, from

4

above. Bray® has suggested that relaxation times will be-
come extremely long for T~ Ty(1)/z, where Ty(1) is the
transition temperature at x=1 and z is the number of
exchange-coupled neighbors (T, =78.4 K and z=38 for
FeF,). Under certain mean-field approximations and
with no exchange frustration included, a glassy phase has
been predicted by de Almeida and Bruinsma® for small x
and large H/J. Replica symmetry breaking is obtained
along a de Almeida—Thouless line, as would be the case
in a canonical, exchange-frustrated spin glass. Moreover,
recent experiments'®~!3 on Fe, Zn,_,F, at, or just slight-
ly above x, do exhibit many of the properties of more
conventional (exchange-frustrated) spin-glass systems.
Indeed, if this is the case, one is led to ask just how the
system evolves from REIM-RFIM behavior at large x to
spin-glass-like behavior at smaller x, as a function of x
and H.

In this work, we investigate the critical behavior and
nonequilibrium properties of the Fe, 3,Zn, ¢F, system in
a uniform field, H||c axis, using the Faraday-rotation
technique. The Fe concentration x=0.31 is large enough
so that one would still expect to find a long-range-ordered
AF state at H=0. A comparison neutron-scattering
study'* of the same crystal provides additional insight
into the nature of the ordering in the H-T plane. Previ-
ous vibrating sample magnetometer measurements'>!3 on
the x=0.31 system established an unusual shape to the
equilibrium boundary, T.,(H). In particular, a reversal
in the curvature of T.,(H) versus H was observed at
H=2 T, which had not been found at either smaller
(x=0.24) or larger (x=0.46) concentrations. The present
study further elucidates the nature of Teq( H), and estab-
lishes the behavior of the phase transition T,.(H) in this
system.
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EXPERIMENTAL METHOD

Faraday-rotation (FR) studies were performed on a
single-crystal of Fey 3,Zng ¢oF,. The polished crystal has
dimensions 6.7 X 6.7 X 3.3 mm?® with the ¢ axis perpendic-
ular to one set of 6.7X 3.3 mm? faces. The concentration
was determined using calibrated density measurements
and its concentration gradient was determined by using
the scanning optical birefringence technique.!> Along the
growth axis, which is perpendicular to the direction of
the c axis in this crystal, the measured total variation in x
is 6x=0.0045. The concentration gradients perpendicu-
lar to the growth axis are much smaller. Since the laser
beam is directed along the ¢ axis, it is perpendicular to
the gradient direction. Hence, the effect of the gradient
along the growth axis is minimized. Although the
neutron-scattering measurements on the same crystal,
which sampled the full gradient, showed an apparent
rounding'*!® of the transition of about 0.7 K, we believe
the transition rounding in the FR experiments to be at
least an order of magnitude smaller and hence inconse-
quential to the following analysis and discussion.

Measurements were made using two different systems.
The initial low-field measurements (H < 1.5 T) utilized an
iron core magnet, while the high-field measurements
(H =<7 T) were made using a split coil superconducting
magnet. The low-field technique utilized no mirrors,
since the magnet has optical access through the pole
faces. The split coil arrangement of the superconducting
magnet, on the other hand, required the use of one front
surface mirror to direct the laser beam along the crystal ¢
axis.

The arrangement of optical components in the small H
apparatus is straightforward and is similar to that previ-
ously described.!” The laser beam, polarized by the first
polarizer, goes in turn through the sample, photoelastic
modulator, and second polarizer before reaching the
detector. The last polarizer is fixed at an angle 7/4 rela-
tive to the axes of the modulator for maximum sensitivi-
ty. The first polarizer is rotated to follow the Faraday ro-
tation. One can also obtain equivalent results with an ar-
rangement of the optical components in which the posi-
tions of the laser and detector are switched.

The large-H arrangement is different since the
reflection at the front surface mirror has to be taken into
consideration. A schematic representation of the optical
configuration is shown in Fig. 1. A He-Ne laser beam
(A=632.8 nm) is polarized perpendicular (or parallel) to
the plane of incidence of the mirror via the first polarizer.
Only in this way will the mirror reflection not introduce
an unwanted elliptical component into the beam. The
beam is directed by the mirror through the sample in a
direction parallel to both the ¢ axis and the applied field.
The optical axes of the photoelastic modulator (M),
which operates at a frequency o =50 kHz, are fixed at an
angle 7/4 relative to the axes of the analyzing polarizer
(A). M and A rotate together as a unit. We use phase-
sensitive detection with a computer control feedback sys-
tem to determine the 2w null point in the optical signal.!”
The resolution of the rotation is better than 0.005° with a
typical noise level.
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The crystal was mounted on a copper sample holder at-
tached to a cold finger. The temperature was measured
and stabilized using a carbon thermometer. Typically,
the temperature stability was better than 1 mK over the
range 5 <T <40 K and the absolute accuracy was about
0.1 K.

Significant hysteresis is observed at low temperatures.
Hence, we employed two procedures for measurements.
In the first zero-field cooling (ZFC), we cool the crystal in
zero field to a given temperature, then raise the field, and
finally raise the temperature. We obtain data upon in-
creasing T, stabilizing the temperature before each read-
ing. In the second procedure field-cooling (FC) data are
obtained upon cooling in the field, with the temperature
stabilized before each reading.

EXPERIMENTAL RESULTS

We first consider the results obtained at relatively low
fields; H = 1.5 T. In Fig. 2 we show the measured FR an-
gle ®, which is proportional'’ to the uniform magnetiza-
tion as a function of temperature 7T for three fields,
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FIG. 1. Schematic representation of the optical arrangement
used in the high-field measurements. A light beam from a He-
Ne laser (L) is polarized with a calcite polarizer (P). A front
surface mirror (R) is necessary to direct the beam along the field
direction and the electric field (E) is perpendicular to the plane
of incidence. E is rotated by an angle ® as it passes through the
crystal which is oriented with its ¢ axis along H. The double-
walled box indicates the cryostat which has a split coil super-
conducting magnet for measurements with H <7 T. The pho-
toelastic modulator (M) and analyzing polarizer (A) are rotated
together with their optical axes fixed at an angle of 45° with
respect to each other until the proper null signal reaches the
detector (D).
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FIG. 2. ® vs T for H=0.5, 1.0, and 1.5 T. The solid symbols
represent data taken upon ZFC and the open symbols are for
FC. T.(H) is at the inflection point in ® versus T of the ZFC
data. T (H) is the point at which the ZFC and FC data no
longer coincide.

H=0.5, 1.0, and 1.5 T, following both zero-field-cooling
(ZFC) and field-cooling (FC) procedures. A dramatic
hysteresis is seen in the FC and ZFC results below a tem-
perature T, (H), defined as the temperature above which
all measurements give results independent of the field-
cycling procedure. Note that the difference between the
ZFC and FC results becomes more pronounced as the
field increases. In the critical region, the temperature
derivative d® /dT vs T has been demonstrated to be pro-
portional to the magnetic specific heat C,, in dilute anti-
ferromagnets.!” "' d®/dT vs T is shown in Fig. 3 for
H=0.05, 0.5, and 1.0 T. Just as with higher concentra-
tions»2 x >0.46, C,, exhibits a symmetric peak rounded
by the extreme critical slowing down that occurs near the
phase transition T,.(H). The observation of a symmetric,
dynamically rounded divergence, particularly in the ZFC
measurements, is indicative of the existence of d=3
RFIM critical behavior in the Fe,Zn,_.F, systems!?
T.(H) and T ,(H) can be accurately determined from the
d®/dT versus T data since neither the peak position nor
the point at which hysteresis is observed is strongly
dependent upon the measurement time as long as H = 1.5
T. That antiferromagnetic long-range ordering (AF
LRO) is associated with the ZFC peak has been verified
in neutron-scattering experiments'# on the same crystal.
Quite different behavior is observed at larger fields.
Figure 4 shows ® vs T for H=3 T for both the ZFC and
FC procedures. Although appearing qualitatively similar
to the low-field scans shown in Fig. 2, there is, in fact, a
crucial difference. While there is an inflection point in ®
versus 7 for the ZFC data, the position and shape of the
curve are strongly dependent on the scanning rate.

FIG. 3. d®/dT vs T for H=0.05 T, 0.5 T, and 1.0 T. The
solid symbols represent data taken upon ZFC and the open sym-
bols are for FC. The ZFC peaks are proportional to the specific
heat and are dynamically rounded. The FC peaks are
suppressed since the long-range-order AF ground state is not
achieved via this procedure.
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FIG. 4. ® vs T for Fe; 3,Zng ¢F, for H=3 T. Although qual-
itatively resembling the low-H data, the inflection point in the ®
vs T ZFC data with H=3 T now exhibits a very strong depen-
dence on the time taken to measure each data point, unlike the
data below H=1.5 T. This shows that, unlike measurements at
low H, the point of inflection is a consequence of a dynamical
effect and does not necessarily imply a phase transition exists.
The insert shows the difference, 8®, between the FC and ZFC
angle vs T. T, (H) is the point above which §®=0.
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Hence, this feature cannot readily be identified with a
phase boundary [i.e., T,(H)], as is the case for small
fields. Indeed, the neutron-scattering measurements'* do
show that the low-T region for H >2 T is not associated
with AF LRO. The value of T (H) obtained, on the
other hand, is not significantly rate dependent for the
range of rates used in these measurements and could
therefore be consistently determined.

All of the data for T (H) and T, (H) for O<H <7 T
are shown in Fig. 5. We demonstrate below that the
lower-field portion of the diagram corresponds to the
RFIM behavior observed previously for x =0.46. How-
ever, the large-H behavior has not been observed at any
field for x = 0.46.

The time dependence of the magnetization was investi-
gated for the H-T region above the extrapolation of
T.(H) and below Teq(H ). First, the crystal was ZFC to
T=6.5 K. Then the field was increased rapidly to H=4
T and the Faraday rotation was recorded as a function of
time. A monotonic increase in the uniform magnetiza-
tion with time indicates that more spins are becoming
aligned with the applied field as time increases. This cor-
responds to the observation in the neutron-scattering ex-
periments'* that, under similar conditions, the staggered
magnetization decreases as H increases.
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FIG. 5. The T vs H phase diagram of the Fe;3,Zng ¢F,
RFIM system. Error bars are given for the T, (H) measure-
ments. The horizontal bars through the ZFC T,(H) data
represent the dynamical rounding of the transition as indicated
by the inflection points in d®/dT vs T. The solid and dashed
curves represent the scaling behavior for low and high field with
¢=1.42 and 3.4, respectively. For large H, following ZFC,
inflection points in ® versus T could be observed, but were very
time dependent in shape and location. Hence, they are not
identified with T.(H), as was the case for low H.
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INTERPRETATION

The field dependence of T.(H) and T (H) in the low-
field region is shown in Fig. 6. The data precisely follow
the REIM to RFIM crossover scaling behavior as
indicated by the solid curves, representing
Ty—T.(H)~H*® and Ty —T.,(H)=~H?'%, respectively,
with ¢=1.42. (The mean-field correction, —bH?, is en-
tirely negligible compared to the RF shift at small x.!'2)
This value for the crossover exponent ¢ has been deter-
mined from previous experiments at several larger mag-
netic concentrations.”> For comparison purposes, we
show in Fig. 7 results that were earlier obtained for
x=0.46. Hence, we see at low H there is a universal
REIM to the RFIM crossover scaling behavior in T,(H)
and T.(H). This is in keeping with the neutron-
scattering measurements which show AF LRO below
H=1Tand T <T.(H) and the critical behavior at small
H to be consistent with what is observed at higher con-
centrations.? Thus, in all respects, the small-H behavior
in Fej 3,Zn, ¢ F, is analogous to that seen for x = 0.46.

Only when H > 1.5 T is there any feature found which
distinguishes the behavior in Fe; ;,Zn, ¢ F, from that ob-
served at any measured field for x >0.46. Beginning at
about H=1.5 T a reversal in the curvature of T,,(H)
versus H occurs, consistent with previous observa-
tions.!>!3 Figure 5 shows the large-field behavior and a
fit to the scaling behavior Ty — T (H)~H?"?, with the
fixed value ¢ =3.4, indicated by the dashed curve. This is
to be contrasted with the small-H scaling where ¢ =1.42,
as indicated by the solid curves in Fig. 5. The particular
choice of $=3.4 for the large-H scaling in Fig. 5 is
motivated by the observation of a similar scaling to the
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FIG. 6. T.(H) and T.,(H) vs T, with the appropriate mean-
field correction, for the Fej 3,Zng (F, system at low H. The
straight lines represent fits to H2/¢ with ¢=1.42, the REIM to
RFIM crossover exponent.
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FIG. 7. T.(H) and T (H) vs T, with the appropriate mean-
field correction, for the Fey 46Zng s4F, system. The straight lines
represent fits to H>/¢ with ¢ =1.44, the REIM to RFIM cross-
over exponent. Note that, as a consequence of the smaller
random-field strength in this system relative to the x=0.31 one,
the shifts in T.(H) and T.,(H) are much smaller than those
shown in Fig. 6. Data taken from Ref. 24.

equilibrium boundary!®~13 in Fe, ,sZn, ;sF, (see Fig. 8

taken from Ref. 10), whose Fe concentration is essentially
at the percolation threshold, xp=0.24. In the x=0.25
case, the Teq(H ) boundary, with ¢=3.4, extends from
H =0 to the largest H measured, H=7 T. Neutron-
scattering results show no AF LRO exists at x =~x,,, even
for H=0.2" Likewise, neutron-scattering measure-
ments'# in Fe, 3,Zn, oF, have shown the upper part of
the T (H) boundary is not associated with the onset of
AF LRO, as it is in the small-H region. This suggests
that no AF LRO exists below T'.,(H) when the field scal-
ing exponent ¢ = 3.4 at any x in the range 0.24 <x =0.31.

The scaling behavior Ty — T, (H)~H?*/%, with =34,
is similar to that observed in conventional spin-glass sys-
tems. The boundary 1is associated with the de
Almeida—Thouless (AT) replica symmetry-breaking
line.?! The AT-like boundary in Fe, 3,Zn, «F, at large
fields and the fact that the boundary is not associated
with the onset of AF LRO would appear to suggest a
spin-glass state occurs at large H for T <T.(H). How-
ever, the conventional models of spin glasses have as
necessary ingredients two features; randomness in the ex-
change and frustration. Hence, the conventional spin-
glass model does not correspond to the Fe, 3;Zng ¢ F, sys-
tem since there is little, if any, exchange frustration.’
This is evident in the AF LRO ground state at H =0. In-
stead, the spin-glass-like behavior must be a manifesta-

tization measurements. The solid curve is a fit to T,(H)~H?>/*
with ¢=3.4, and the dotted curve is a fit with the de
Almeida—-Thouless exponent $=3. Data taken from Ref. [10].
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FIG. 9. The schematic evolution of the H vs T phase diagram
for the Fe,Zn,_,F, system with x. As x decreases, the high-
field behavior occurs in T, (H) probably first above x =~0.37.
As x approaches x,=0.24, the spin-glass-like portion of the
phase diagram increases and the antiferromagnetic portion
shrinks. At x=0.24, the antiferromagnetic part has vanished
and the only feature remaining is T (H), with a de
Almeida—Thouless-like curvature, and there is no AF LRO.
The small dashed curve represents the x dependence of the
crossover from the low- to high-H regions.
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tion of the breakdown of the small-H limit of the RFIM
in dilute antiferromagnets. The field at which this occurs
must approach zero as x approaches x,, since it occurs
for all H in Feg ,5Zn, ;5F,. Hence, the spin-glass-like be-
havior observed at H =0 in the latter system is most like-
ly a result of an instability to vanishingly small random
fields.

From the observations in Fe,Zn,_,F, at concentra-
tions x =20.46, x=0.31, and x=0.25, a schematic evolu-
tion of the T, (H) boundary as x approaches x, has been
proposed?? and is depicted in Fig. 9. The large-x regime
is entirely described by scaling with ¢ =1.42. Somewhere
above x =0.37, in addition to the low-field behavior with
¢=1.42, the high-field behavior, with ¢ =3.4, would first
appear. The low-field region, corresponding closely to
the onset of AF LRO, shrinks rapidly as x approaches x,
and the large-H scaling becomes the sole feature of
Ty(H). There is as yet no firm theoretical understanding
of this novel feature associated with the evolution of the
phase diagram versus x.

To summarize, we have extensively characterized the
phase diagram of a RFIM system just above the magnetic
percolation threshold. The nature of a previously ob-
served!>!® novel feature of the phase diagram of the
RFIM at large fields has been further elucidated. T.,(H)
has reversed curvature relative to the small-H behavior,
the latter being the universal REIM to RFIM crossover
behavior observed previously for x = 0.46. In the small-H
region, T,(H) scales in the wuniversal way,
Ty—T.(H)~H** with $=1.42 at low H and 7, and
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forms the boundary of the AF LRO region. T, (H) lies
just above T,(H) for H<1.5 T. In the large-H region,
H >1.5T, the behavior is similar to that seen at all H for
Feg 55Zng 75F;. Te (H) scales as Ty — T, (H)~H?*'® with
¢=3.4 as does the de Almeida—Thouless replica
symmetry-breaking line in spin glasses, and departs wide-
ly from the extrapolation of T,(H); the large region be-
tween them exhibits very slow dynamics and no AF
LRO. Therefore, at larger fields T,4(H) is not associated
with the immediate onset of AF LRO. We have suggest-
ed the likely evolution of the T,,(H) boundary as x ap-
proaches the percolation threshold. Further investiga-
tions, with 0.2 <x <0.4, are needed to determine how the
large-H behavior first manifests itself as x is decreased
and how it finally becomes the sole feature of the phase
diagram as the AF region disappears. Although instabili-
ties have been suggested in theories of the dilute antifer-
romagnet in an applied field as x approaches x,,, a clearer
understanding? needs to be developed in light of the new
results.
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