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Abstract An overview o the thermodynamic and critical properties of
the Ising antiferromagnet (AF) Fe,Zny-,Fy is presented for a large range
o x. For x > 0.4 and under a not very intense field this compound is
recognized as a physical realization of the random field Ising model (RFIM)
problem. In this regime, a long-range ordered (LRO) AF ground state
is established below a critical temperature T.(H). Both T.(H) and the
equilibrium temperature T, (H) scale with the universal d = 3 REIM-RFIM
crossover exponent ¢ = 1.42. As x decreases, the LRO AF state becomes
unstablefor strong magnitudes o therandom fields, giving placeto a”glassy
phase" in the upper part of the (H,T) phase diagram. A striking reversal
of the curvature of T,.,(H) versus T is observed, now scaling with H as
the de Almeida-Thouless replica symmetry breaking line in spin glasses, i.e.
TN —Ty(H) = H?%/¢ with ¢ = 3.4. The process evolves to a true Ising spin
glass phase dominating the whole (H,T) diagram, for valuesof x very close
an also below the percolation concentration z, = 0.24.

1. Introduction

Essentially all of the experimental work on the random field Ising model'

(RFIM) problem has been carried out with frustration-free (anisotropic) diluted

antiferromagnets in a uniform field H (DAFF). For small H/J and weak dilution,

these systems are equivalent to aferromagnet with asite-random field?. In general,

the studies on the RFIM problem are focused on the understanding of the nature

of the RFIM ground state and the modifications introduced in theoriginal random

exchange Ising model (REIM) critical properties when a uniform field is applied

collinearly to the easy axis of the DAFFs. Although strong controversies have been

generated regarding the deterrnination of the lower critical dimension, d,, of RFIM
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systems, it is now widely accepted that there exists a long-range ordered (LRO)
state in presence d weak random fieldsat d = 3. Thisis consistent with earlier
Imry-Ma® energetic arguments about domain formation in RFIM systems, which
originally supported d;, = 2. On the other hand, if the random field is stronger
than the field produced by the neighboring spins, then, the spin will follow the
random field and no LRO is possible at any temperature. For large H/J ratio, de
Almeida and Bruinsma®, under certain mean-field approximations, have predicted
the existence of a glassy phase in strongly diluted AFs o large dimensionality.
On the experimental side, however, the magnetic properties o diluted AFs in th
strong random field regime have remained virtually unexplored.

In this paper, we present basic thermodynamic and critical properties o the
DAFF compound Fe,Zn;_,F,. For z > 0.4 and under a not very intense field,
this compound is recognized as a physical realization of the (weak) RFIM system.
In this regime, a low T AF ordered ground state occurs below a critical bound-
ary governed by the REIM-RFIM crossover exponent ¢ = 1.4. As z decreases,
we show that the LRO AF state becomes unstable for strong magnitudes o the
random fields, giving place to a "glassy phase”" in the upper part o the (H,T)
diagram. Thissituation is acompanied by a profound modification of the critical
and nonequilibrium behavior o the system. The process evolves to a true Ising
spin glass phase dominating the whole {H,T) diagram, for values o z very close

and also below the percolation concentration (z, = 0.24).

2. Weak random-field regime

The thermodynamic and critical behavior of RFIM systems have been largely
studied by several experimental techniques!. A crossover has been predicted from

REIM to a new RFIM critical behavior, occurring within a crossover region?
it < A, (1)

where
t=(T~Tn+bH)/TN (2)
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is the reduced temperature measured with respect to the mean-field (non-random
dilution) phase boundary, TM¥ = Ty —bH?, hpp isther.m.s. value of the random
field and ¢ is the REIM-RFIM crossover exponent.

The reduced mean square value o the random field, for the site-diluted AF,

is proportional to the uniform field H according to Cardy’s® relation

v _ (e = DITYF (/T (unSH/kpT)? -
F = 1+ OMF () /T]?

Ineg. (3), TMF (1) is the mean-field Néel temperature in the pure system, and
©MF(z) is the (mean-field) Curie-Weiss parameter. From eqg. (3), we verify that
the magnitude o the random field, for T close to the critical AF-paramagnetic
surface [i.e., T &~ xTn{1)], becomes larger as H increases and increases as X de-
creases. In this section, we will discuss the RFIM properties of FezZn,-.Fy, for
values o H and x corresponding to weak magnitudes of hgr.

Neutron scattering experiments! in several equivalent DAFF compounds have
confirmed the existence of alow-T long-range ordered ground state for the (weak)
RFIM problem (x > 0.4). With magnetization measurements, we can also iden-
tify the equilibrium ground state of a DAFF compound. We have used the so
called zero-field cooling (ZFC) and field cooling (FC) procedures to perform field-
hysteresisloops, asillustrated in Fig. 1, for asampled Fe;Zn;-;F; with x = 0.48.
The measurements were made with a vibrating sample magnetometer in magnetic
fieldsup to 6T. The temperatiire was measured with a carbon glass thermometer
and controlled to within 1mK in the range 4.2 < T < 60K. The field scan rate
was 0.37 /min and mean cooling rate 5 — 10K /min. The field loops made after
the sample was cooled in zero field (ZFC) present no detectable hysteresis or time
dependence within the stability limits o the AF ground state. These limits are
estalished by the (H,, Teq) points where the field increasing magnetizations differ
from the field decreasing ones (see arrow in Fig. 1{c}). The irreversibility line for
this sample, shown in Fig. 2, follows the same crossover scaling! as the critical
temperature T.(H), i.e., Tiy — Teg(H) = cH*#, with 4 =~ 1.4. The irreversibilities
which take place when the sample is cooled in a field arise from RF effects, con-
sistent with previous results obtained in this system by other techniques'. The
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dashed lines in Fig. 1(a)-(c) show the M(H} cycles at several temperatures ob-
tained after cooling the sample in afiddd H = 6T. In this case, it is known that a
large excess magnetization M = Mpe — Mzpe develops due to the nucleation o
metastable domains structures®”. These studies are consistent with earlier studies
in the RFIM systems Fep7Mgo3Cl,% and Fep 472n0.53F,°.
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Fig. 1 - M vs H curves following complete field cyclings (as indicated by arrows in (a)) in
Feg 432 n0.52F, obtained with ZFC and FC procedures at temperatures 4.5K (a), 20K (b), and
35K (c). The black circles indicate the starting point after cooling the sample. (d) shows TRM vs
H and IRM vs H for T = 4.5K. Thefull line in TRM is best fitted with a power law, TRMaH",
with v = 3.05 £ 0.05.

The novel feature of our data for the z = 0.48 sample is the asymmetric open
cycle, characterizing the FC magnetization curves obtained by reversing the field

after it is scanned from Hy, = 6.0T down to zero. It is interesting to note that
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at low temperatures M does not vanish when the field is reversed, even with a
value as large ass H = —Hy = —6.0T. Note also that at 4.5K only a small fraction
of the remanent magnetization is lost after such a field reversal. This indicates
that the domain structure remains frozen in, possibly because of the narrow wall
random bond pinning?~®. With increasing T, however, the domain walls broaden
and the random bond pinning is less effective in keeping the domain structure
unhanged, resulting in domain relaxation (see Fig. 1(b)}. On further increasing
the temperature, the domain structure relaxes completely so that Mpe = Mzrc,
except in the vicinity of the equilibrium phase boundary (Fig. 2) asillustrated in
Fig. 1(c).

The H dependences of the isothermal- and thermo-remanent magnetizations
(IRM and TRM) are shown in fig. 1(d)}, for T==4.5K. The IRM is measured by
first cooling the sample in ZFC to a given temperature T, then, increasing the
field to a value H and, finally, turning it off to measure M. The TRM is measured
after turning the field off in a FC cycle. For the z = 0.48 sample, IRM=0, in
the field range of the experiments (0 < H < 65k0e), at all temperatures. The
behavior of IRM and the ZFC magnetization entail that the systern develops AF
order only if thefield is applied after cooling in H—O. On the other hand, when the
system iscooled in afield, the irreversible bchavior seen in curves 2(a,b) and the H
dependence of TRM (seefig. 2(d)), indicates that thesystem liesin a domain state.
The behavior of the remanent magnetizationsin the RFIM regime {(z = 0.48) can
be contrasted to the spin glass case (x = 0.25) shown in fig. (6.d). One question
of current debate is whether the random field TRM is associated with the volume®
or the surface’ of the frozen in domains. The solid line in fig. 2(d) is a fit to
AM a HyH¥ with vy = 3.05 indicating that in the field range 2.0-6.0T the excess
magnetization arises from volume contributions (vx = 3.0) ®. It is not unlikely,
however, that at lower fields the surface contribution becomes more important
because of the larger domain size, as it has been verified in Feq 7Mgg 3CL,°.
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3. Crossover from RFIM to spin glass-like behavior

The evolution of the d = 3 weak RFIM behavior to a glassy phase in its strong
limit was experimentaly detected and reported for thefirst time by magnetization
measurements'®!! on the Ising antiferromagnet Feg. 31 Zno 60 F2. Later on, Faraday
rotation!? (FR) and neutron scattering!® techniques have explored details about
the modifications introduced in the critical behavior o this sample. In Fig. 3 we
show the measured FR angle O, which is proportional'*!® to the uniform magne-
tization as a function of temperature T for three fields, H = 0.5, 1.0, and 1.5T,
following both ZFC and FC procedures. The data reproduce the same qualitative
features of the earlier magnetization'® but are more precise and give much better
resolution o the irreversibility temperature. A dramatic hysteresis is seen in the
FC and ZFC results below a temperature e, (H), defined, as discussed in section 2,
as the temperature above which all measurements give results independent of the
field cycling procedure. In the critical region, the temperature derivative d©/dT
v T has been demonstrated to be proportional to the magnetic specific heat G
in dilute antiferromagnets'®. d©/dT vs T is shown in Fig. 4 for H = 0.05, 0.5
and 1.07. Similarly to samples with higher concentrations! z > 0.4, G exhibits
asymmetric peak rounded by the extreme critical slowing down that occurs near
the phase transition T, (H). Theobservation of asymmetric, dynamically rounded

divergence, particularly in the ZFC measurements, isindicatived the existence of
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d = 3 RFIM critical behavior in the Fe,Zn)_, Fp system'. T.(H) and Teg(H) can
be accurately determined from the d®/dT versus T data since neither the peak
position nor the point at which hyteresis is observed is strongly dependent upon
the measurement time as long as H < 1.57. That antiferromagnetic long range
ordering is associated with the ZFC peak has been verified in neutron scattering
experiments!3 on the same crystal.
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Fig. 3-OvsT for H= 0.5, 1.0,and 1.57 for z = 0.31. The filled symbols
represent FR data taken upon ZFC and the open symbols are for FC. T.(H) is
at the inflection point in ® versus T o the ZFC data. T.,{H) is the point at
which the ZFC and FC data no longer coincide.
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Quite different behavior is observed at larger fields. Although © vs T piots
for H > 1.5 appear'? qualitatively similar to the low field scans shown in Fig.
3, there is, in fact, a crucial difference. While there is an inflection point in ©
versus T for ZFC data, the position and shape o the curve is strongly dependent
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Fig. 4 - d8/dT vs T for H = 0.05, 0.5, and 1.0T for z = 0.31. The filled symbols represent data
taken upon ZFC and the open symbols 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 AF ground
state is not achieved via this procedure.

on the scanning rate. Hence, this feature cannot readily be associated with a
phase boundary (i.e. T.(H}), as is the case for small fields. ;{ndeed, the neutron
scattering measurements'® do show that the low T region is not. associated with
AF LRO. Thevalue of T, (H) obtained, on theother hand, is not significantly rate
dependent for the range of rates used in these measurements and could, therefore,
be consistently determined.

All the datafor T.{H) and T.q(H) for 0 < H <7T areshown in Fig. 5. The
lower field portion of the diagram corresponds to the RFIM behavior observed
previously for x > 0.4, where the crossover exponent ¢ = 1.4 is the same as
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Fig. 5- TheT vs H phase diagram of the Fey 3; Zry 69> RFIM system. Error
bars are given for T, (H) measurements. The horizontal bars through the ZFC
T(H) datarepresent the dynamical rounding of the transition as indicated by

the inflection pointsin d®/dT versus T. The solid and dashed curves represent

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.
that seen for z > 0.46. However, the large H behavior is a novel feature. A fit
to the scaling behavior Ty — Teq(H) = HY# with the fixed value ¢ = 3.4, is
indicated by the dashed curve. T.{H) cannot be consistently determined, because
of the lack of long-range AF ordering, as detected by neutron experiments®. The
thermodynamic and scaling behavior at large H values issimilar to that observed
in conventional spin glass systems. The particular choice of ¢ = 3.4 for the large
H scaling of Fig. 5 is motivated by the observation of a similar scaling to the
equilibrium boundary'®17 in Fep s Zno.75F, which presents all features'®~18 of a
canonical Ising spin glass, in the whole (H,T) diagram. The SG characteristics d

the x = 0.25 sample will be discussed in the next section.
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A monotonic increase with time has been detected in the uniform magnetiza-
tion at low T, when the field was increased rapidly to large values (H > 1.5T).
This corresponds to the observation in the neutron scattering experiments*3 that,
under similar conditions, the staggered magnetization decreases with time as H
increases. Thisfinding confirmsthe instability of the LRO AF state for H > 1.5T'.

4, Spin-glassregime

FezZn1_. F; closeand below the percolation concentration z, = 0.24, presents
thestandard features of acanonical Ising spin glass!®~!8, Thecontrast between the
typical SG history dependence for a sample with z = 0.25, and the corresponding
behavior for x = 0.48 (see Fig. 1) is evident in the ZFC field hysteresis cycles
shown in Fig.6. Feq25ZnossF: has a freezing temperature!” Ty = 10K. For
T < T, M iscompletely reversible only at fields above the de Almeida-Thouless
(AT) irreversibility line!” (H > 5.6T at T = 4.5K as indicated by the arrow in the
H axis of Fig. 6{a)). Note that although the hysteresis loop shrinks as T — Ty
(Fig 6(b)), M remains highly nonlinear above Ty (Fig. 6(c)), before reaching the
standard pararnagnetic behavior at about 60K. The AT line shown in Fig. 7
was determined by measuring the irreversibility temperature, T;{H}, at which the
FC and ZFC data depart from each other. Bdow T;(H) the ZFC magnetization
measured on heating is irreversible and relaxes in time towards the FC values.
The FC data,on the other hand, are reversible and show no time-dependence (in
atime scale o an hour). Also typical of a SG are the data for the H dependences
of the isothermal and thermo-remanent magnetizations (IRM and TRM) shown
in Fig. 6(d) for T = 4.5K. This behavior of IRM and TRM s to be contrasted
with that shown in Fig. 2(d), for the z = 048 sample.

The SG nature of the Feg 95 Zno.75F2 sample was confirmed by other meaure-
ments. The ac susceptibility!® x'(w, T) has a pesk in temperature which reduces
in amplitude and shifts to a higher T as the frequency increases. This peak smears
down, but does not shift in T as the applied fidd increases. A Méssbauer study!®
in this sample shows a competitive coexistence f SG and AF order below 21K.
Theformer dominates at 7' =~ 10K, leading to practically the entire crystal in the
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Fig. 6 = M vs H curves for Feg 25Zn0.75F2 at several temperatures obtained
after cooling in H = 0. The field cycling that yields the hysteresis loops is
indicated by arrows in (a) and (b). (d) shows the H dependence of | RM and
TRMfor T = 4.5K.

SG phase. Moreover, static and dynamic scaling analyses o the nonlinear and
ac susceptibility*® data, respectively, yield a consistent set o critical exponents in
excellent agreement with those found in metallic Ising spin glases. This last find-

ing provides an evidence for uriiversality o lsing spin glasses, a matter of present

controversy.

5. Conclusions
From the observations in Fe,Zn;..F2 at concentrations z > 0.4, x = 0.31
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and x = 0.25, a schematic evolution o the T,,(H)} boundary as z approaches z,
is proposed in Fig. 8. The large = regime is entirsly described by scaling with
¢ = 1.42. Somewhere above z = 0.31, in addition with the low field behavior
with 4 = 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
z approaches z, and the large H scaling becomes the sole feature of T,,(H). A
theoretical understanding of this navel feature of the phase diagram vs x is still a
challenging problem.

We have presented an overview of the basic thermodynamic and critical prop-
erties o the compound Fe,Zny_.Fs in thewholeranged z. In the weak random
field regime, the LRO AF ground state is reached by ZFC procedure bdow a
boundary which scales in a universal way in the form Ty — T.(H) = H%/% with
¢ = 1.42. T.,(H) lies just above T,(H) and scales as Ty — T.(H) ~ H**, with
the same crossover exponent ¢ = 1.42. In an intermediate z region (z = 0.31), the
above scaling behavior for T.(H) and T.,(H) is found only for low values of H .
In the large H region, the behavior issimilar to that seen at all H for z = 0.25.
T.q(H) scales as Ty — Teg(H) ~ H*¢ with ¢ = 3.4 as a typical de Almeida-
Thouless replica symmetry-breaking line in spin glasses and departs widely from
the extrapolation o T.{H); the large region between them exhibits very slow (SG-
like) dynamics and no AF LRO. For z values very close and below the percolation
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Fig. 8 - The schematic evolution of the H versus T phase diagram for
Fe,Zn,_.F; system with z. Asz decreases, the novel high field behavior occurs
in T,,(H) probably first above z =~ 0.37. As z approaches z, = 0.24, the spin
glass portion of the phase diagram increases and the antiferromagnetic portion
shrinks. At z = 0.24, the antiferromagnetic part has vanished and the only
feature remaining is T.,(H), with a de Almeida-Thouless-like curvature, and
there isno AF LRO. The small dashed curve represents the = dependence of the
crossover from the low to the high H regions.

threshold, the system behaves like a canonical Ising spin glass, in the whole range

o H.
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Resumo

Uma abordagem geral das propriedades termodinamicas e criticas do antifer-
romagneto (AF) Ising diluido Fe,Zn;_.F; apresentada para uma larga faixa de
valores de z. Para z > 0.4 e sob a acdo de campos ndo muito intensos, este
composto é reconhecido como uma realizagdo fisica do modelo Ising com campo
aleatério (RFIM). Nesse regime, um estado fundamental com ordenamento de
longo acance (LRO) antiferromagnético é estabelecido abaixo de uma temper-
atura critica T.(H).T.(H) e a temperatura de equilibrio Te,(H) escalam com o
expoente universal de cruzamento REIM-RFIM ¢ = 1.42. Quando = decresce, 0
estado com ordenamento antiferromagnético de longo alcance se torna instavel
para campos aleatérios fortes, dando lugar a uma "fase vitrea" na parte superior
do diagrama de fase (H,T). Uma surpreendente reversio de curvatura em T.q(H)
versus T é observada, agora escalando com H como a linha de quebra de simetria
de réplicas, de Almeida-Thouless, em vidros de spin, i.e. Ty — Teq(H) = HY/$,
com 4 = 3.4. O processo evolui para uma fase vidro de spin Ising dominando
completamente o diagrama (H,T), para valores de z muito proximos e também
abaixo da concentragdo de percolagdo z, = 0.24.



