
PHYSICAL REVIEW B 1 JANUARY 1997-IVOLUME 55, NUMBER 1
Phase-transition behavior in the random-field antiferromagnet Fe0.5Zn0.5F2
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We present a combined magnetic x-ray and neutron scattering study of the order parameter of the diluted
antiferromagnet Fe0.5Zn0.5F2 in an applied field. This system is believed to be modeled by the three-
dimensional random-field Ising model. A long range ordered~LRO! state is prepared through a zero-field-
cooled procedure~ZFC!. The evolution of this LRO state is studied on warming at fixed field. The x-ray order
parameter data are well described by a power-law-like transition at all fields with an exponentbZFC varying
from 0.21 to 0.12. The transition region is broadened and may be described by a Gaussian distribution of
transition temperatures, centered atTC(H), of width sZFC(H). It is found thatsZFC(H)5AH21B. This
rounding is attributed to anomalously slow dynamics, which prevents equilibrium being attained for experi-
mentally relevant time scales forT,TM(H) whereTM(H) is the temperature below which metastability
effects occur. The apparent critical behavior in fact represents a continuous evolution from metastable behavior
towards equilibrium behavior. Neutron scattering studies on the same sample allow identification ofTC(H)
with the temperature at which the correlation length of the zero-field-cooled fluctuations reaches a maximum
value, equal to the corresponding field-cooled value. A qualitative finite size scaling argument is presented to
explain theH2 width dependence. Data showing similar scaling of the width of the ZFC transition region
inferred from the temperature derivative of the uniform magnetization as measured by superconducting
quantum interference device magnetometry and from neutron scattering measurements of the pseudocritical
scattering are also presented. These results lead to an interpretation of indirect specific heat measurements
in which the ZFC peak structure, previously attributed to critical fluctuations, is seen instead to arise entirely
from a LRO contribution to the measured quantity.@S0163-1829~97!03501-7#
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I. INTRODUCTION

The problem of disorder and its role in critical phenome
has received considerable attention over the past two
cades. Motivation to study this problem has been twofo
First, quenched disorder in the form of frozen impurities
defects is almost unavoidable in any real system and m
therefore be understood in any complete theory of ph
transitions. Second, the problem has proven to be remark
complex, displaying a rich variety of new phenomena.

The random-field Ising model~RFIM! is believed to cap-
ture the essential physics for many systems with disc
symmetry. In this model, disorder is introduced through
site random variablehi , which couples linearly to the orde
parameter,

H5(̂
i j &

Ji j Si
zSj

z2(
i
hiSi

z , ~1!

and averages to zero, with finite variance,^hi&50, ^h i
2&Þ0.

It is generally believed that in equilibrium the long ran
ordered~LRO! ground state is not destroyed by the prese
of weak, frozen random fields (hi), provided that the spatia
550163-1829/97/55~1!/356~14!/$10.00
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dimension is greater than 2, that is, the lower critical dime
sion of the RFIM isdLCD52.1,2 The critical behavior of
the model is still not well understood. This is largely becau
metastability effects greatly hamper the experimental a
numerical investigation of the equilibrium properties.
this work, we address the origin and nature of the meta
bility.

The random-field Ising model is most simply realized
applying a uniform external magnetic field to a random
diluted antiferromagnet.3–5 Experiments on diluted antiferro
magnets have shown that, on cooling in a random field~FC!,
the system abruptly drops out of equilibrium at a well d
fined temperature and never achieves long range o
~LRO!. Rather it forms a short range ordered~SRO! domain
state.6 If the system is zero field cooled~ZFC! and a random
field subsequently turned on however, LRO is retain
Villain7 and Fisher8 ~VF! independently proposed that th
metastability in the RFIM originates in the complex structu
of the free energy. There are many minima in the free
ergy, which correspond to rearrangements of the dom
walls. At long length scales the static random-field fluctu
tions dominate over the usual dynamic thermal fluctuatio9
356 © 1997 The American Physical Society
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55 357PHASE-TRANSITION BEHAVIOR IN THE RANDOM- . . .
and in general, these minima are well separated. The Vill
Fisher picture is as follows. For a given correlated volum
there is only one thermally populated minimum. Therm
fluctuations in this minimum are small because of the st
curvature in the free energy.8 However, on rare occasions
with probability T/ju two minima occur within a correlated
volume which differ in energy only by orderT. In such
cases, the equilibrium fluctuations may be thermally a
vated over the free energy barrier. To achieve such a reve
of a block of spins of sizeR, a free energy barrier of heigh
v(R)'Ru must be overcome.Ru is the random-field energy
of a volumeRd ~the surface tension vanishes asT→TC! and
u is the exponent which modifies the hyperscaling relation
~d2u!n522a. Arrhenius’ law then implies that the chara
teristic relaxation time of the system close to the transiti
that is, the time to flip a correlated volume, is

t't0exp~Cju!, ~2!

where t0 andC depend on the random field strength. T
‘‘activated dynamics’’ of Eq.~2! result in extreme critical
slowing down and the system cannot equilibrate on exp
mentally accessible time scales, asj→`. The anomalously
slow dynamics at the transition complicate experimental
numerical investigations of the critical behavior. While it
clear that the dynamics at the transition are slow, it is di
cult to verify the ideas of VF in detail. In particular, da
over many decades of frequency are needed to disting
Eq. ~2! from conventional critical slowing down,t;t0j

z.10,11

An alternative test is to investigate the field dependence
the dynamic rounding produced by Eq.~2!. This is one of the
goals of the work reported in this paper. For RFIM syste
with a conserved order parameter, such as binary fluid m
tures in random media, Huse has shown12 that activated dy-
namics are also present at length scales smaller than a
namic crossover length. This crossover length diverges as
transition is approached.

In this paper, we report the results of a study of the d
ordering of the RFIM as realized in the site-diluted antife
romagnet Fe0.5Zn0.5F2. We have investigated the loss o
LRO on warming a ZFC LRO state through the metastabi
boundary. Although the ZFC state has LRO, it is not t
equilibrium ground state of the RFIM because an artificia
high degree of order has been frozen in by the ZFC pro
dure. Were it possible to remain in equilibrium on FC, t
resulting LRO state would have significantly more disord
than the ZFC state since some patches of spins would fo
their local random fields, despite the presence of a backb
of LRO. Nevertheless, by studying the transition out of t
metastable LRO state it is possible to gain insight into
disordering mechanism and in turn shed light on the prob
of hysteresis in this system.

By combining the complementary techniques of magne
x-ray scattering and neutron scattering, we have obtai
reliable measurements of the order parameter and of the
fuse scattering. The ZFC order parameter is seen to deca
zero with increasing temperature through a rounded pow
law-like transition. This is well described by a Gaussian d
tribution of transition temperatures with a width approx
mately proportional to the applied field squared. The cen
of the distribution coincides, within errors, to the tempe
ture at which the correlation length associated with the
-
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fuse scattering reaches its maximum. In addition, superc
ducting quantum interference device ~SQUID!
magnetometry measurements of the uniform magnetiza
were made which also show a;H2 broadening of the ZFC
transition in quantitative agreement with the x-ray and n
tron results. Our results qualitatively confirm the ideas
Villain and Fisher.7,8 However, as we shall discuss below
understanding theH2 broadening requires further theoretic
development.

The paper is organized as follows. Following a brief su
vey of previous experimental work in Sec. II, we discuss
sample preparation and the experimental procedures use
this experiment in Sec. III. In Sec. IV, we first present x-r
measurements of the ZFC order parameter and the obse
magnetic field dependence of the transition width. The
data, in conjunction with neutron scattering measurement
the diffuse scattering, provide a picture of the transition o
curring through the flipping of successively larger blocks
spins. The divergence of the size of the flipped regions s
rates at a finite value, equal to the corresponding field-coo
value, for experimentally relevant time scales, due to
extreme critical slowing down. This has the effect of roun
ing the transition in a manner analogous to finite size bro
ening. Measurements of the thermal derivative of the u
form magnetization also provide information on th
transition region. Again, anH2 dependence of the width o
the transition region is found. In Sec. V, we discuss the
sults and derive an empirical scaling law for the transiti
width based on finite size arguments. We then apply
ideas developed in this work to other techniques, specific
indirect specific heat measurements, which had previou
been interpreted as reflecting a critical contribution on ZF
in apparent contradiction with the scattering results presen
here. We show that in fact the ZFC-FC hysteresis of th
measurements may arise solely from a LRO contributi
and successfully model magnetization and birefringe
ZFC data with the x-ray intensity scaling function.

A preliminary report of some of the results and ideas p
sented here has recently been published.13

II. A BRIEF REVIEW
OF PREVIOUS EXPERIMENTAL WORK

The Hamiltonian of Eq.~1! has been applied to a numbe
of experimental systems, including adsorbed monolayers
a square substrate, two component fluids in random me
and certain Jahn-Teller systems. Systematic studies of
effects of random fields are impractical in these systems
cause the random-field strength cannot be easily var
However, random fields conjugate to the order parameter
generated in random antiferromagnets by applying a unifo
external field.3–5Hence a continuous variation of the rando
field is possible in these systems. Diluted Ising-like antif
romagnets including Mn12xZnxF2, Co12xZnxF2, and
Fe12xZnxF2 have therefore been the subject of much stu
over the past decade~for reviews see Refs. 14–17!. A variety
of experimental techniques have been used including neu
scattering,18,19,6,20–24 optical birefringence and Farada
rotation,21,25–29 dilatometry,30,31 ac susceptibility,10,11

SQUID magnetometry,32,33NMR techniques,34 and more re-
cently magnetic x-ray scattering.13,35–38
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358 55J. P. HILL et al.
Broadening of the ZFC transition with increasing appli
field was initially observed in the thermal expansion me
surements of Shapiraet al.,31 and subsequently with a rang
of techniques.25–28,39 Following the ideas of Villain7 and
Fisher8 this broadening has been interpreted as being sy
tomatic of the extremely slow dynamics at the transition.
susceptibility studies over seven decades of frequency10,11

provided direct evidence of slow dynamics consistent w
Eq. ~2!. In addition, Monte Carlo simulations have also o
served strongly divergent correlation times consistent w
activated dynamics~see, for example, Ref. 40!. The apparent
width of the transition,DT aroundTN(H), observed with
measurements at frequencyv, is expected to scale asDT
;u lnvu21/u n̄ , wheren̄ is the RFIM correlation length expo
nent. Ramoset al.26 argued that the crossover from theH50
T REIM fixed point causes the scaling behavior to be mo
fied toDT;hRF

2/f@ ln(vhRF
22nz/f)#21/u n̄ , wheren andz are the

REIM correlation length and dynamical critical exponen
respectively.

A few workers have attempted to quantify the field depe
dence of the broadening. In a neutron scattering study,
langer et al.22 found the broadening varied asH2/f with
f51.42 for H<3.0 T in Fe0.46Zn0.54F2. Similarly optical
Faraday rotation data of Pollacket al.on Fe0.47Zn0.53F2 ~Ref.
27! taken at four fields obeyed aH2/f power law with
f51.4960.1. Magnetic x-ray scattering data showed that
broadening of the transition in Mn0.75Zn0.25F2 followed an
H2 field dependence36 up toH57.0 T. In this latter work, it
was shown that the broadened transition was centered ar
a temperatureTC(H) whereTC(H).TN(H).

III. EXPERIMENTAL DETAILS

FeF2 has the rutile-type structure, with the spins orient
along thec axis. It orders antiferromagnetically below th
Néel temperatureTN577 K. A large single ion anisotropy
makes this an excellent example of a three-dimensional~3D!
Ising system.41

The samples of Fe0.5Zn0.5F2 used in this work were grown
at MIT using the Czochralski method, from a 50% FeF2,
50% ZnF2 initial mix. The growth direction was along thea
axis. The lattice constants area54.71 Å andc53.24 Å. A
disk shaped slice was cut from the boule, of diameter 20
and thickness 3 mm. A flat face, parallel to the~200! planes
and perpendicular to the growth direction was polished w
0.05mm grit for the x-ray work. It was discovered that on
quarter of the disk had a narrower mosaic and this piece
cut away and used for both the x-ray and neutron scatte
experiments. The mosaic width of the~200! reflection was
0.012°, full width at half maximum~FWHM! as measured
with x rays. A small concentration gradient was pres
across the boule, along the~200! growth direction. Across
the 3 mm slice this small gradient is manifest as a sli
rounding of theH50 T transition in the neutron scatterin
data. In Fig. 1~a!, we plot the neutron peak intensity at th
~100! magnetic Bragg peak position in zero field. Our resu
confirm that this rounding is less than 0.2 K and thus
significantly smaller than the broadening seen under an
plied field, which is the subject of this work. For the x-ra
experiments, the effect of any concentration gradient is
ther reduced due to the small penetration depth of the x r
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;3.7 mm. This is evidenced by the sharpness of the ze
field transition shown in Fig. 1~b!. The x-ray data exhibit a
rounding of less than 0.15 K~FWHM! which requires that
any variations in the concentration,Dx, be Dx<231023

over the illuminated volume. Concentration gradients w
also introduce an additional rounding at field, due to t
dependence of the random-field transition temperature s
on the dilution. However, this is small compared to the ze
field effects.36 Furthermore, our measurements of the broa
ening observed in the quantity (dM/dT) ~see Sec. IV B!
agree quantitatively with identical measurements perform
by Ledermanet al.,33 on a crystal of Fe0.46Zn0.54F2 with a
quoted concentration gradient of only 0.5%/cm. We co
clude that the results reported here are not significantly
fluenced by any concentration gradient effects.

The x-ray scattering experiments were performed at
MIT-IBM X20 beamlines at the National Synchrotron Ligh
Source. The zero-field experiments were carried out in
closed cycle helium cryostat mounted on a six circle diffra
tometer at X20C and the experiments in an applied fi
were performed at X20A. These beamlines have been
scribed in detail elsewhere36 and will not be discussed fur
ther. The experiments in an applied field utilized an x-r
compatible 10 T superconducting magnet. The sample
mounted with thec-axis vertical, parallel to the applied field
Temperature control was achieved via a carbon glass res

FIG. 1. X-ray and neutron peak intensity at the~100! magnetic
reciprocal lattice point in zero field.~a! The neutron peak intensity
The intensity at low temperatures is modified by extinction effe
and a reliable determination of the order parameter is not poss
~b! The x-ray peak intensity. The intensity is directly proportion
to the sublattice magnetization squared. The solid line is the re
of a least squares fit to a single power law withb50.3660.02. The
theoretically predicted value isb50.35 ~Ref. 42!.



l
gi

a
-

d
lu
rs

ng

e
67
-
th
m

qu
m
fo
he
e
ur

e
is

d

ra
hi
em
c
th

r
r
w
th

th
,
i
e

at

te
in
p

ltiple

hat

ent
e

in-
the
Fig.
w

nge

he
K,

all
g-
s
ture
n
p-
ures
es
l to

ata
.
s of

55 359PHASE-TRANSITION BEHAVIOR IN THE RANDOM- . . .
and was stable to,10 mK during the course of a typica
scan. The diffraction geometry was horizontal, with a lon
tudinal resolution of 431024 Å21 HWHM. The transverse
resolution was controlled by the sample mosaic and w
131024 Å21 HWHM. The vertical resolution was deter
mined by collimating slits and was 531023 Å21

HWHM. X rays of energyE56.9 keV were used.
The neutron scattering measurements were performe

spectrometers H7 and H8 at the Brookhaven High F
Beam Reactor. The data were taken with the spectromete
the double axis~energy integrating! mode with collimators
of 108-108-sample-108 unless otherwise stated. The resulti
resolutions were 0.0037, 0.0014, and 0.088 Å21 FWHM for
the longitudinal, transverse, and vertical directions, resp
tively. The incident neutron wave vector was fixed at 2.
Å21 with a PG~002! monochromator. Pyrolytic graphite fil
ters were used to remove higher harmonics. We note
throughout this paper the neutron data have been unifor
shifted in temperature byDT523.1 K. This shift is made
with the assumption that the observed difference in theH50
T transition temperatures, as measured by the two techni
on the same sample, is the result of the differing thermo
etry in the two cryostats and can be simply corrected
This assumption will be justified later in this paper when t
neutron and x-ray data are directly compared. The zero-fi
transition temperature as determined by the SQUID meas
ments is in agreement with the x-ray work.

Measurements of the uniform magnetization were p
formed in a commercial SQUID magnetometer at MIT. Th
SQUID is capable of measurement at fields up toH55.5 T
and at temperatures down to 2.2 K. The data presente
Sec. IV were taken on a small piece of Fe0.5Zn0.5F2 cut from
the same boule as the x-ray and neutron sample. Thec axis
was aligned with the vertical field to within65°. Misalign-
ments within this range have negligible effects on the ove
results. Sample temperatures were controlled to wit
60.01 K during the course of a measurement. At each t
perature the sample was scanned through the measuring
three times and the average moment calculated from
three runs.

IV. RESULTS

A. Scattering measurements of the staggered magnetization

Two strengths of magnetic x-ray scattering are~1! the
small cross section, which allows an extinction free measu
ment of the order parameter and~2! the inherent high angula
resolution of the synchrotron x-ray source. These t
strengths are well matched to the problem of measuring
ZFC staggered magnetization.

Figure 1~b! shows the temperature dependence of
x-ray peak intensity at the~100! magnetic Bragg reflection
for H50 T. The arrangement of the fluorine atoms results
chemical and magnetic unit cells of equal size. Howev
pure charge scattering is symmetry forbidden at the~100!
position.35 It is nonetheless possible for multiple charge sc
tering processes to produce scattering at the~100! position
~for exampleq0111q1 1̄ 1̄ is allowed! and this is the major
source of background in these experiments. Multiple scat
ing is minimized by rotating the sample about the scatter
vector and by varying the incident x-ray energy until an o
-
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timal configuration is found. For the data shown in Fig. 1~b!,
and all subsequent data, a temperature independent mu
scattering background of;10 counts s21 has been sub-
tracted. This is a significantly larger background than t
achieved in the Mn0.75Zn0.25F2 experiments.35–37 We at-
tribute this partly to the larger sample mosaic in the pres
case~0.012° cf. 0.004°! which has the effect of making th
Ewald sphere less well defined.

The observed x-ray line shape at the~100! position is
resolution limited at all temperatures and hence the peak
tensity is proportional to the integrated intensity and to
square of the staggered magnetization. The solid line in
1~b! is the result of a least squares fit to a power la
I;(12T/TN)

2b with TN536.760.08 K andb50.3660.02.
This value ofTN is 48% of the Ne´el temperature of FeF2,
TN(x50)577 K. The observed value ofb agrees to within
the errors with the theoretical value for the random excha
Ising model~REIM! bth50.35.42

We now consider the data taken in a nonzero field. T
ZFC state is first prepared by cooling in zero field to 10
then raising the field to the desired value. The resulting~100!
magnetic peak was found to be resolution limited for
fields studied, corresponding to LRO with an antiferroma
netic domain size in excess of 1mm. The temperature wa
then raised holding the field fixed. Scans at each tempera
took approximately 30 min in the transition region with a
additional 10 min thermal equilibration time. In Fig. 2, re
resentative longitudinal scans, at a few selected temperat
from theH56.1 T ZFC data set, are shown. The solid lin
are one-dimensional Lorentzians of constant width, equa

FIG. 2. Representative longitudinal x-ray scattering scans. D
were taken atH56.1 T on warming, following a ZFC procedure
The solid lines are the results of least squares fits to Lorentzian
constant width, equal to 431024 reciprocal lattice units.
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360 55J. P. HILL et al.
431024 reciprocal lattice units~here and throughout this pa
per, 1 reciprocal lattice unit52p/a51.334 Å!. The multiple
scattering background was measured at a number of temp
tures above the phase boundary. An average of these sp
was then subtracted from the raw data to obtain the d
shown in Fig. 2. The slight negative tendency in the cente
the highest temperature scan in Fig. 2 results from the
ference between this average and the multiple scatte
present in that particular scan. Figure 3~a! displays the~100!
peak intensity obtained from a series of such scans, for
fields andH50 T. In each case, the scattering remained re
lution limited at all temperatures and no critical scatteri
was observed. As was the case for Mn0.75Zn0.25F2,

37 all of
the HÞ0 data are well described by a power law with
Gaussian distribution of transition temperatures. We emp
size that this is a heuristic form which has not yet be
justified by any formal theory. The solid lines in Fig. 3~a! are
the result of least squares fits to the form

FIG. 3. ~a! The ZFC order parameter squared as measured a
~100! position with x rays for five fields andH50 T. ForHÞ0, the
data are well described by a power-law-like behavior with a bro
ened transition region. The broadening is modeled by a Gaus
distribution of transition temperatures of widthsZFC(H)}AH

2 ~see
text!. ~b! TheHÞ0 data of~a! replotted as a function of the tem
perature interval away fromTC(H) as measured in units ofH2.
This illustrates the rounding of the transition which is attributed
nonequilibrium effects arising from extreme critical slowing dow
and the universal scaling behavior of the ‘‘trompe l’oeil’’ critica
phenomena. The inset shows the phase boundary of Fe0.5Zn0.5F2 as
determined from the x-ray fits.
ra-
ctra
ta
f
f-
g

e
-

a-
n

I ~T,H !5
1

ApsZFC
2 ~H !

E S tc2T

tc
D 2b

3expF2S tc2Tc~H !

sZFC~H ! D 2Gdtc . ~3!

For Mn0.75Zn0.25F2, sZFC(H) was proportional toH
2 and this

was also found to be the case in the present study
Fe0.5Zn0.5F2. This field dependence of the width is shown
Fig. 4, wheresZFC(H) is plotted againstH2 ~solid line!. A
straight line adequately fits the data. The dashed line re
sents a fit toH2/f behavior, withf fixed to f51.41. The
goodness of fit parameter,x2, is about a factor of 2 worse fo
this fit. In the current work, we findbZFC has a slight field
dependence, namelybZFC~2.0 T!50.2160.03, bZFC~3.5 T!
50.1660.03, bZFC~5.0 T!50.1360.03, bZFC~6.1 T!50.12
60.03, andbZFC~7.0 T!50.1260.03. The width is found to
follow: sZFC(H)5AH21B with A50.01960.002 K/T2 and
B50.12 K. In Mn0.75Zn0.25F2, the equivalent results wer
b50.260.05 andA50.0034 K/T2. Holding the value ofbZFC
fixed at the average value50.15 does not change theH2

dependence of the transition width, but results in sligh
worse fits to the order parameter data. The scaling of the
may be graphically illustrated by replotting the data of F
3~a! and measuring the temperature difference from the c
ter of the distribution in units ofH2. Such a plot is con-
structed in Fig. 3~b!. The collapse of the data is excellen
illustrating that theH2 dependence of the broadening is va
over a wide range of applied fields. We note that observa
of this field dependence in Fe0.5Zn0.5F2 rules out the possi-
bility that the H2 scaling in Mn0.75Zn0.25F2 was a conse-
quence of the weak anisotropy or the close proximity o
bicritical point in the latter system.

We note that very recently Wong,43 utilizing an argument
based on Fisher renormalization effects, has suggested
the underlying transition is in fact first order. The simple
form of a first order transition, namelybZFC→0 in Eq. ~3!,

he

-
an

FIG. 4. The parametersZFC(H), which measures the observe
x-ray ZFC transition width, plotted as a function ofH2. sZFC(H)
is extracted from the order parameter fits shown as solid line
Fig. 3~a!.
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does not fit our data. However, Wong pointed out tha
mean-field transition,b51/2, interrupted by a first order, dis
continuous jump, and broadened by the same Gaussian
tribution as Eq.~3!, works well. In Fig. 5, we display the
results of such fits for both the Fe0.5Zn0.5F2 data of Fig. 3 and
the Mn0.75Zn0.25F2 data from our earlier work.36 In each case,
the solid line is the result of fit to the power law of Eq.~3!
and the dashed line a fit to the first order model. Specifica
in the first order model, the first term of the integrand of E
~3! is replaced with@12(T/t* (H))#, for T,tc , wheret* (H)
is the hypothetical temperature at which the mean field tr
sition would occur were it not preempted by the first ord
jump. While the goodness of fits for the first order form a
slightly larger than those of the power law, the data do
distinguish between the two models. Both models desc
the ZFC transition region well, and both rest on plausi
physical bases, although the Fisher renormalization argum
only applies to diluted antiferromagnets in a field and
trompe l’oeil model is more general. In addition, the val
for the parametert* obtained from the first order fits seem
surprisingly large. We find t*50.360.04 K/T2 for
Fe0.5Zn0.5F2 and t*50.1360.02 K/T2 for Mn0.75Zn0.25F2 in
the scaled units of Fig. 5. We conclude, however, that
cannot distinguish between these two approaches and

FIG. 5. Scaled magnetic Bragg intensity plotted as a function
[T2Tc(H)]/H

2 in Fe0.5Zn0.5F2 and Mn0.75Zn0.25F2. The solid and
dashed lines are, respectively, the result of least squares fits t
power law and the first order models of the transition discusse
the text.
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further experimental and theoretical work is necessary
gain a full microscopic understanding of the transition.

It is interesting to note that the transition is broaden
significantly more in Fe0.5Zn0.5F2 than was the case fo
Mn0.75Zn0.25F2, at the same applied field. This differenc
arises from the larger random fields generated in Fe0.5Zn0.5F2
by virtue of the greater dilution, and lower transition tem
peratures. In fact,hRF

2 is '4 times larger in thex50.5 ma-
terial at the same field. We will return to this point in Sec.

We next present neutron scattering results taken on
same sample of Fe0.5Zn0.5F2. The data were taken in th
double axis mode, thus the same-time correlation functio
measured. The large cross section and broad resolution m
that the diffuse component resulting from the reversal
blocks of spins is observable in the ZFC state, in addition
the LRO. This diffuse component is observed to sharpen
the temperature is raised, reaching a maximum correla
length atTC(H). The two-axis data were fitted to the cro
section,18

S~Q!5
B

~k21q* 2!
1

Ak

~k21q* 2!2
1Cd~q* !, ~4!

where q*5Q2q100 is the deviation from the Bragg pea
position,B is the amplitude of the longitudinal susceptibility
andA is the amplitude of the static longitudinal random-fie
fluctuations. The normalization of this term is chosen so t
as the random field goes to zero andk→0 asT→TC , the
Lorentzian squared term evolves into ad function and the

FIG. 6. A typical neutron scattering transverse scan through
~100! antiferromagnetic Bragg peak. The data shown were take
T523.1 K,H56.1 T, following a ZFC procedure. The solid line i
the result of a fit to the cross section discussed in the text, c
volved with the 3D resolution function. The dotted, dot-dashed, a
dashed lines illustrate the line shape components used in the fif
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362 55J. P. HILL et al.
usual Orstein-Zernicke cross section is recovered. The L
is fitted with the parameterC and the cross sectionS~Q! is
convolved with the full 3D resolution function. An examp
of the result of such a fit is shown as the solid line in Fig
on a semilog scale. These data were taken atT523.1 K and
H56.1 T following a ZFC procedure. The individual com
ponents of the line shape are also illustrated.

The temperature dependences of the parametersA, B, and
C of Eq. ~4! are shown in Fig. 7 under both field-cooled an
zero-field-cooled conditions forH56.1 T. Under FC there is
no LRO andC is constrained to be zero in these fits~closed
symbols!. The data are well fit by a Lorentzian squared~L2!
with a small Lorentzian (L) component. The intensity of the
L2 component rises smoothly as the sample is cooled thro
the metastability boundary. On warming from a ZFC sta
the data then requireCÞ0 in order to fit the LRO. The open
symbols in Fig. 7 show the parameters from these fits. Th
results agree well in their general phenomenology with p
vious neutron studies on diluted antiferromagnets in an
plied field.15,17,18,22The metastability boundary,TM(H), is
the point at which the amplitude of the LRO falls to zero. A
H56.1 T,TM~6.1 T!527.460.3 K. ForT.TM(H) there are
no history dependent effects and the system is in equi
rium. NoteTM(H).TC(H)525.6 K. The ZFC diffuse scat-
tering is largely Lorentzian squared in character, indicat
that it arises from random-field fluctuations. AtH56.1 T the
diffuse scattering peak amplitude reaches a maximum in
sity ;2 K below the metastability boundary.

Extinction effects prevent reliable fitting of the amplitud
of the neutron LRO to an order parameter function such
Eq. ~3!. However, in the transition region, these effects a
no longer expected to be significant and here one ought to
able to make a direct comparison of the x-ray and neut
data. Such a comparison is shown in Fig. 8, in which bo
magnetic x-ray and neutron scattering order parameter m

FIG. 7. The temperature dependence of the neutron scatte
line shape components as determined by fits to Eq.~4!. The long
range order~parameterC! is referenced to the left-hand vertica
axis. It is constrained to be zero in the FC measurements.
Lorentzian squared fluctuations~parameterA! and Lorentzian fluc-
tuations ~parameterB! are referenced to the right-hand vertic
scale. Open symbols correspond to ZFC data and closed circle
FC data. The measurements were performed with the spectrom
in the two-axis mode.
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surements atH56.1 T are plotted. These data were taken
the same Fe0.5Zn0.5F2 sample. As previously stated, the ne
tron data have been shifted by23.1 K in temperature so tha
x-ray and neutron scattering measuredTN agrees in zero
field, and in fact the data of Fig. 8 serve to illustrate t
validity of this procedure. No further adjustment has be
made in the temperature scale. The only adjustment the
the rescaling of the neutron intensity by a constant multip
cative factor. As is apparent in Fig. 8, the two sets of d
show excellent agreement within 2.5 K ofTC~6.1 T!. Thus in
the temperature region in which extinction effects do n
play a role, the neutron data also display the character
rounded power law behavior seen in the x-ray results. T
data of Fig. 8 thus confirm that the x-ray results are rep
sentative of bulk behavior, and not due to some near-sur
effect.

The phenomenology of the transition is clarified in Fig.
In the top panel of this figure, the x-ray intensity of th
H56.1 T ZFC state is plotted. The solid line is a fit to Eq.~3!
with b50.12 andsZFC~H56.1 T!50.85 K. The dashed ver
tical line marks the center of the Gaussian distributi
TC~H56.1 T!525.5760.02 K. In the center panel, the widt
k of the diffuse scattering, as determined by fits of the n
tron data to Eq.~4! at H56.1 T, is plotted for the ZFC and
FC data. The closed circles represent the inverse correla
length of the FC domain state which decreases smoo
through the transition, flattening out at low temperatu
aroundkFC~H56.1 T!50.0075 reciprocal lattice units. Thi
corresponds to a characteristic length of the FC domain s
of ;100 Å.

The width,k of the ZFC diffuse scattering decreases
TC(H) is approached, but does not go to zero as expecte
an equilibrium second order transition. Rather, the corre
tion length of the fluctuations saturates atTC(H), at a value
approximately equal to the FC length at that temperatu
This temperature, at which the largest blocks of spins
being flipped, coincides precisely with the center of the tra
sition region as observed with x rays. It is the point of ma
mum rate of change of the sublattice magnetization. As
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FIG. 8. Neutron and x-ray~100! peak intensities measured at 6
T after ZFC. The relative intensities have been adjusted so that
match in the temperature region aroundTC(H).
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temperature is increased further the inverse correla
length begins to increase, following closely the correspo
ing FC values and the rate of decay of the order param
falls off.

In the bottom panel of Fig. 9, we plot the amplitude of t
LRO ~open circles!, determined in the neutron scatterin
measurements, together with the measured neutron inte
at ~1,20.003,0!. This position, away from the Bragg pea
provides a measure of the ‘‘critical’’ scattering which is i
dependent of any functional form used in the fitting. Th
pseudocritical scattering also peaks atTC(H).

The picture of the transition out of the metastable LR
state that emerges then is as follows: At low temperatu
there is very little thermal energy to overcome the rand
field barriers and only very small blocks of spins flip,

FIG. 9. Top panel: The~100! x-ray magnetic ZFC peak inten
sity atH56.1 T. The solid line is the result of a fit to the rounde
power law, Eq.~3!, described in the text. The dashed line represe
the center of the distribution atTC~6.1 T!525.54 K. Center pan-
el: The inverse correlation length of the diffuse scattering as m
sured by neutron scattering, with the spectrometer in the dou
axis configuration. On field cooling~FC!, only a domain state is
observed and the data are fit to a Lorentzian plus a Lorent
squared form: A/(k21q2)1Bk/(k21q2)2 ~closed circles!. The
zero-field-cooled~ZFC! data are fit to the same function with th
addition of ad function Bragg peak~LRO! term. The inverse cor-
relation length,k, is seen to saturate precisely at the temperatur
maximal rate of change of the order parameter,TC~6.1 T! ~open
circles!. The value at which the correlation length of the ZFC flu
tuations saturates is also the FC domain size at that tempera
Bottom panel: The amplitude of the ZFC LRO as measured
neutron scattering~open circles!. The closed circles represent th
amplitude of the pseudocritical scattering as measured by the in
sity of the ~1,20.003,0! reciprocal lattice point. This scatterin
peaks aroundTC~6.1 T!.
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follow their local random fields. As the temperature is rais
the order parameter is reduced through such reversals o
static local magnetization and the transition is approach
As the correlation length grows, the energy barriers cor
sponding to flipping correlated regions grow at a faster r
and the time scale to relax such fluctuations grows. For
experiment performed in a finite time, the correlation leng
will appear to saturate at a maximum value. On warm
through the transition, the correlation length, and the ass
ated time scale, decrease and the system is once again a
relax on experimental time scales. The system does not a
equilibrium again until all the LRO is removed. This pictu
is symmetric on warming and cooling, which explains t
agreement of the ZFC and FC correlation lengths atTC(H)
and above.

The data presented here are thus in qualitative agreem
with the ideas of VF. However, the observedH2 scaling of
the x-ray transition region does not agree withH2/f scaling,
with f51.42, which others have argued for26 and
reported.22,27 Furthermore, in Mn0.75Zn0.25F2 it has been
shown that the broadening is centered about a tempera
TC(H) which is higher than the equilibrium Ne´el tempera-
tureTN(H). TheH

2 field dependence can also be seen in
neutron scattering data. Since the neutron order paramet
this temperature region agrees with those measured wi
rays, neutrons will also yield anH2 dependence. In addition
one can obtain a measure of the width of the transition fr
measurements of the critical scattering at~1,20.003,0! as
shown in Fig. 10. In Fig. 10~a!, the intensity at~1,20.003,0!
is plotted as a function of temperature for a number of fiel
The transition is seen to broaden markedly as the app
field is increased. The solid lines are the results of empir
fits to a Lorentzian squared function placed on a flat ba
ground which goes linearly to zero above the peak temp
ture. This form was used without theoretical motivation
parameterize the measured critical scattering and was fo
to fit the data well at all fields. Other functional forms we
also tried and while they did not model the data as well,
same scaling of the widths was seen, independent of
function used. The widths obtained from these fits are th
plotted against applied field squared in Fig. 10~b!. These data
are consistent with aH2 dependence. AH2/f dependence
provides a less good description of the data. Interpretatio
these widths is somewhat problematical because of the in
ent, finite width atH50 T. It has been assumed to add li
early in this analysis. We emphasize that these same cri
scattering results are consistent with the knownH2/f scaling
of the phase boundary. That is, a fit of the field depende
of the temperature peak in the critical scattering follo
TC(H)5TC(0)2AH22BH2/f with A held fixed at the cal-
culated mean field value,A50.0152 K T22, yieldsf51.41
60.06. This is in close agreement with the value obtain
using birefringence techniques,f51.4060.05.21

Finally, we note that these neutron results for the tran
tion region width do not agree with previous measureme
of a similar kind22 for which H2/1.42 scaling was reported
These latter results were for small fields,H,3 T and a zero
width was assumed atH50 T.

B. Magnetometry results

In order to make contact with previous measurements
the dynamic rounding by bulk thermodynamic probes,
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have carried out a series of experiments utilizing a SQU
magnetometer. In an Ising antiferromagnet with the fi
along the Ising axis, the uniform magnetization,M , provides
a measure of the domain wall density. We have performe
set of measurements of the uniform magnetization on a s
piece of Fe0.5Zn0.5F2 cut from the same boule as that used
the x-ray and neutron scattering work. Measurements of
FC and ZFC uniform magnetization were made at a num
of fields. As discussed by Ledermanet al.,32,33 for the FC
runs the domain state is evidenced by an excess FC ma
tization relative to the ZFC state andMFC2M ZFC.0. In the
present work, we focus on measurements of the ZFC
form magnetization. The FC state and its time depende
are discussed elsewhere.24

One can obtain information on the ZFC transition by me
suring the thermal derivative of the uniform magnetizatio
Previously, workers have interpreted such measuremen
terms of equilibrium phenomena. Specifically, taking t
scaling form of the equilibrium free energy asF
5utHu22aREIMf (AH2/utHuf), where tH5(T2TN2BH2)/TN
and assuming a sharp phase transition and rand
field behavior within a crossover region, thenf (x)
→(x2x0)

22aRFIM is expected.3 In this region it was argued
that the thermal derivative of the uniform magnetization
equilibrium would have a singularity of the form39

FIG. 10. ~a! The ZFC intensity at the~1,20.003,0! position seen
by neutron scattering. The intensity reaches a maximum
T5TC(H) and occurs at lower temperatures as the field is
creased. The peak broadens with increasing field. The solid l
represent empirical fits to a Lorentzian squared function as
scribed in the text.~b! The width of the ZFC transition region a
extracted from fits to the data of~a!. The temperature width in-
creases linearly withH2 ~solid line!. A fit to H2/f with f51.41 is
less satisfactory. The zero-field width is assumed to add linear
d
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H

;H ~2/f!~11aRFIM2aREIM2f/2!@T2TC~H !#/TNu2aRFIM.

~5!

If aRFIM.0, a divergence would be expected at the equil
rium transition. In fact, recent theory suggests th
aRFIM520.1,44 so there should actually be a cusp in equili
rium. We believe that, independent of the question of
applicability of such an equilibrium approach, this analysis
in fact incomplete. In particular, as we discuss in detail b
low, a LRO contribution should be included. For the m
ment, we put questions of the interpretation of these d
aside; for our current purposes it will be sufficient to obta
a measure of the broadening caused by activated dynam
in order to compare it with that observed by x-ray and ne
tron scattering techniques.

In Fig. 11~a!, the quantity (dM/dT)H after zero-field
cooling, is plotted for a number of fields. The derivative
calculated from the difference between successive d
points,DM divided by the temperature interval,DT. At low
fields a relatively sharp peak is observed. The peak broad
and moves to lower temperatures as the field is increa
The depression inTC(H) is again consistent with random
field scaling,H2/f with f51.42, although the fit is no
unique. In order to make some estimate of theH dependence
of the transition broadening, we have modeled these d
with a square root Lorentzian, placed on a stepped ba

at
-
es
e-

FIG. 11. ~a! The temperature derivative of the ZFCuniform
magnetization as measured by SQUID magnetometry. The tra
tion region is empirically fit by a square root Lorentzian functio
with a stepped background.~b! The width of the SQUID ZFC tran-
sition region extracted from the fits of~a! as a function ofH2. A
linear dependence onH2 ~solid line! passes through all the points
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55 365PHASE-TRANSITION BEHAVIOR IN THE RANDOM- . . .
ground with a linear slope connecting the two levels. A
though there is no theoretical justification for this form, t
resulting fit is adequate and forms a good basis for par
eterization of the empirical results. Fits to this form a
shown as solid lines in Fig. 11~a!. In Fig. 11~b!, the width of
the square root Lorentzian is plotted as a function of fie
The width of the transition region is again consistent withH2

scaling~solid line!. Finally, we note that since our data a
identical to those previously obtained by Lederm
et al.,32,33 we conclude that their sample also exhibits t
sameH2 scaling. An alternative method of analysis is simp
to subtract the FCdM/dT from the ZFCdM/dT. The result-
ant peak width again scales asH2. This approach has a soli
physical basis, as we discuss later.

As we shall see shortly, this agreement of the x-ray a
magnetization measurements of the field scaling of the t
sition widths is not coincidental and leads to ideas which
useful in interpreting the hysteresis of ZFC and FC protoc
observed in indirect heat capacity measurements, such a
thermal derivative of the magnetization. In this phenomen
ogy, the thermal derivative may be described as the sum
two terms, one due to the short range correlations and
other proportional to the derivative of the staggered mag
tization squared,dM s

2/dT. Although we believe that this
form provides the correct description of the data, it is imp
tant to have an independent test of theH2 scaling in the
logical development of ideas presented below, hence the
of such an empirical description of the data in the preced
analysis.

V. DISCUSSION

A. The scattering results

The broadening of the transition in Fe0.5Zn0.5F2 as ob-
served by x rays is in qualitative agreement with previo
x-ray work on Mn0.75Zn0.25F2.

37,36However, as noted earlier
the broadening in Fe0.5Zn0.5F2 is quantitatively much larger
For an applied field,H, the generated random field,hRF, is

4

^hRF
2 &av5

x~12x!@TN
MF~1!/T#2~gmBSH/KBT!2

@11QMF~x!/T#2
, ~6!

whereTN
MF ~1! is the mean field transition temperature of t

pure system andQ MF(x) is the mean field Curie-Weiss pa
rameter. For MnF2 and FeF2, Q/TN51.24 and 1.48,45 and
TN~H50 T!567 and 77 K, respectively. For Mn0.75Zn0.25F2,
TN~H50 T!546.1 K and for Fe0.5Zn0.5F2, TN~H50 T!536.7
K. AssumingQ MF(x) scales with the zero field transitio
temperatures we find the generated random field is'4 times
larger in Fe0.5Zn0.5F2 compared with that in Mn0.75Zn0.25F2 at
their respective transition temperatures,TC~H55.0 T!. The
observed broadening is;6 times larger in Fe0.5Zn0.5F2 com-
pared with that in Mn0.75Zn0.25F2 ~Ref. 36! atH55.0 T. The
effect of the larger random field can also be seen in
inverse correlation lengths of the FC domain state in the
materials. For example atH56.1 T, Fig. 9 showsk saturat-
ing aroundk50.0073 reciprocal lattice units in Fe0.5Zn0.5F2,
whereas atH56.5 T, k50.0013 reciprocal lattice units a
low temperatures in Mn0.75Zn0.25F2,

18 a factor of approxi-
mately 6 smaller.
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As discussed in a previous paper,36 it is possible to derive
empirically theH2 field dependence. Our present understa
ing of phase transitions requires that critical phenomena
qualitatively symmetric on both sides of the critical poin
One is led to expect that just as extreme critical slow
down prevents the attainment of equilibrium on field coolin
activated dynamics will also operate on warming the Z
state. Thus as the temperature is raised, the system will
out of equilibrium, at least on experimentally relevant tim
scales and the correlation length will saturate, as we obs
experimentally. The system will not be able to relax ful
until it has passed through the critical region to reach
high temperature equilibrium phase. In Ref. 36, we dev
oped a qualitative picture of the process in which the LRO
destroyed through ‘‘flipping’’ of domains with successive
larger sizes. The maximum rate of change occurs at the
ter of the Gaussian distribution which is when the size of
volume being flipped becomes approximately equal to
FC domain size at that temperature. This is demonstrate
Fig. 7. The rounding of the transition may then be und
stood as a finite size effect in which the growth of the c
relation length in the transition region is limited by the ra
dom fields to the FC domain size. One then expects
rounding to scale asDT;jmax

21/n . The inverse correlation
length scales with the applied field ask;HnH. HenceDT
;HnH /n. Using the experimentally obtained value
nH52.2360.1 ~Ref. 46! at T58.0 K andn51.060.15 ~Ref.
47! measured for the Fe12xZnxF2 system, we obtain
nH/n52.2360.7 in broad agreement with the observed fie
dependence. For Mn0.75Zn0.25F2 similar agreement was ob
served; nH53.360.8, n51.460.3, and nH/n52.461.1.36

Note that this argument does not require that the system b
equilibrium.

B. Application to indirect specific heat measurements

The detailed results presented above lead to a reinter
tation of indirect specific heat measurements, as discusse
a preliminary report of this work.13 Specifically, they dem-
onstrate that the transition from the ZFC LRO state is not
equilibrium transition characterized by critical exponen
but rather proceeds via a smooth, rounded power-law de
of the order parameter, and a finite maximum correlat
length. We have collectively labeled these phenome
‘‘ trompe l’oeil’’ critical behavior. This leads to an apparen
discrepancy between scattering experiments and bulk t
modynamic probes, such as birefringence and SQUID m
surements, since the sharp peak observed in ZFC mea
ments with these techniques has previously been interpr
as reflecting equilibrium critical behavior, described by
critical exponentaRFIM , together with some small dynami
rounding.

Motivated by the similarity between the thermal deriv
tive of the magnetization data and the derivative of the x-
data scaling function, together with the same field dep
dence of the transition widths, we argue that in fact t
strong hysteresis of the thermodynamic measurements a
from the presence of the nonequilibrium LRO in the ZF
state. Essentially, the hypothesis is as follows: For indir
specific heat measurements, which are based on meas
quantities proportional to the two spin correlation functio
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366 55J. P. HILL et al.
there are two contributions to the signal. The first term
proportional to the magnetic energy, arising from the ene
fluctuations. The second term is proportional to the stagge
magnetization squaredM s

2, the LRO. In a conventional sec
ond order transition,M s

2;t2b. For derivative measuremen
this LRO term is typically the stronger singularity forT,TN
and should be especially important in the current case
which the heat capacity fluctuations are not divergent du
the dynamics. Most importantly, the LRO term for RFI
systems will contribute to ZFC but not FC measuremen
We make the additional assumption that the fluctuation c
tribution to d(TM)/dT, which is determined by short rang
correlations, is not very different for FC and ZFC measu
ments. Therefore, as a first approximation the ZFCd(TM)/
dT should be equal to the FC result plus thedM s

2/dT con-
tribution.

In Fig. 12, we present the results of such analysis for d
taken atH55.0 T. In the top panel are the neutron data
the LRO and the~1, 20.003, 0! critical scattering ampli-
tudes. As discussed above, in the transition region the n
tron and x-ray order parameter measurements agree
cisely. The solid line is the Gaussian power-law decay. In
bottom panel, the magnetization data for ZFC and FC pro
cols are shown. The temperature scales are normalize
that they agree at zero field. The net accuracy of this norm
ization is60.3 K. In plotting the data of Fig. 12 we hav
shifted the neutron data by an additional 0.3 K, as indica

FIG. 12. Top panel: Neutron scattering intensity at~1,0,0! and
~1,20.003,0! atH55.0 T. The solid line is the result of a fit to th
rounded power-law dcay of Eq.~3!. The small arrow at the top
indicates the 0.3 K shift in the neutron data temperature scale.
tom panel: FC and ZFC data ford(TM)/dT at H55.0 T. The
dashed line is thedM s

2/dT contribution. Only the amplitude ha
been adjusted. The solid line is the sum of the FC data plus
dM s

2/dT term.
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by the small arrow at the top of the figure. This is motivat
by the argument thatd(TM)/dT should have its maximum
at the same temperature for which the correlation length
maximum.33 This shift has the additional property of bring
ing TM(H) into agreement for the two techniques, a not
cidental effect. In any case, we note that the tempera
scale shift is within the combined temperature uncertaint
Taking the neutron measurement ofM s

2 ~solid line, top
panel! and differentiating~dashed line, bottom panel!, we
add this to the SQUID FC data, resulting in the solid lin
bottom panel. Only the amplitude of thedM s

2/dT contribu-
tion has been adjusted. The agreement is compelling.

The utility of such an analysis is further demonstrated
Fig. 13, in which we use the scaling function obtained fro
the x-ray data to predict the ZFC magnetization data fo
series of fields, given the FC data at these fields. Data ta
at H52.5, 4.5, and 5.5 T are presented. Again, only t
amplitude of thedM s

2/dT contribution has been adjusted
The width is held fixed at the value obtained from theH2

scaling law of the x-ray data~Fig. 4!. The agreement is very
good, especially in light of the simplicity of the approxima
tions used. We emphasize that this procedure requires
the ZFC peak structure arisessolely from the LRO term and
not from critical fluctuations.

In order to test these ideas further, we have carried
direct heat capacity measurements both on samples
Fe0.5Zn0.5F2 taken from the same boule as the samples u
in the rest of the work, and on crystals of Mn0.75Zn0.25F2.
These will be reported in detail elsewhere.48 If our ideas are

t-

e

FIG. 13. The temperature derivative of the uniform ZFC and
susceptibilities, as measured by SQUID magnetometry. The da
line corresponds to the temperature derivative of the x-ray inten
scaling function, with the intensity scaled to match the difference
the ZFC and FC results. The solid line is the sum of the FCd(TM/
H)/dT andd(M s

2)/dT.
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correct, then direct heat capacity, which is sensitive to
local spin configuration and not to the LRO, should sh
little hysteresis. In the top panel of Fig. 14, we display dire
heat capacity data taken on Fe0.5Zn0.5F2 atH51.5 T, and 5.5
T. These data were taken using a semiadiabatic techn
described elsewhere.48 The time scale for each datum point
;20 s. There is no observable hysteresis in either data
This demonstrates that the FC and ZFC fluctuations
closely similar. It is clear that the ZFC peak of indirect he
capacity methods is not indicative of the true heat capac
The measurements on Mn0.75Zn0.25F2 ~Ref. 48! also showed
no hysteresis in agreement with previously published w
on Mn0.5Zn0.5F2.

49,50 However, hysteresis in the heat capa
ity of Fe0.46Zn0.54F2 in a field has been reported.

51We cannot
explain this latter result.

Given the success of this approach, it is natural to as
there is any theoretical justification for the inclusion of
LRO term for indirect heat capacity measurements. In fac
number of authors have discussed the presence of su
term, although no rigorous theory applicable to diluted an
ferromagnets in a field exists. Fisher and Langer first no
the presence of the LRO term forT,TC in resistive mea-
surements of the specific heat, viadr/dT.52 In the random
field context, Fishman and Aharony3 argued that there is a

FIG. 14. ~a! Heat capacity of Fe0.5Zn0.5F2. There is no evidence
of hysteresis on FC and ZFC, nor is there any sign of critical h
capacity in the ZFC data.~b! Optical birefringence data taken from
Ferreira, King, and Jaccarino~Ref. 28! for Fe0.46Zn0.54F2. The solid
line is the FC data plus the contribution from thed(M s

2)/dT term.
~c! Similar results and analysis for Fe0.6Zn0.4F2 ~Ref. 55!. In each
panel, the open symbols are ZFC data and the closed symbol
FC results.
e

t

ue

et.
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a
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term likeM s
2 in the uniform susceptibility atH50 T, which

sums to zero in the case of pure systems.~Note, this term,
which arises from the bond disorder has not been seen
perimentally. It is not the term we see, which goes to zero
H50 T, and arises from the random fields.! Also Wong53 has
speculated that indirect specific heat measurements con
an additional singularity in nonzero fields arising from t
disconnected part of the correlation function, present for
luted systems. Finally, for birefringence measurements
good Ising systems, Ferre and Gehring showed t
Dnzx;S rg(r )^S0

zSr
z&;AU1BM s

2, where U is the mag-
netic energy andB50 only under certain conditions.54 In
line with these arguments, we expect that on general grou
one can argue that all such indirect specific heat meas
ments may contain a LRO term unless it is symmetry forb
den; they are eachq50 measurements of bulk phenome
and are sensitive to the global spin configuration, not just
local one. It may be the case that the LRO term canc
under certain particular conditions, for instance in zero fie
but it is clear that this will not necessarily be true in gener

Following such logic, we have tested these ideas on p
lished birefringence data, as shown in the bottom two pan
of Fig. 14. In Fig. 14~b!, we show data of Ferreiraet al.28

taken on a sample of Fe0.46Zn0.54F2 of very high quality. In
this case, the solid line is the x-ray scaling function with t
width taken from theH2 scaling law which we have deter
mined here for our Fe0.5Zn0.5F2 sample and with theH50 T
width taken to be zero, to account for the higher qual
crystal. The FC data are used for the background aris
from the noncritical fluctuations.TC(H) was adjusted
slightly from the value determined in our experiments
Fe0.5Zn0.5F2. Again the agreement is good. Finally, in Fi
14~c! we show similar data55 and analysis for Fe0.6Zn0.4F2. In
this case, the coefficient of theH2 width is fitted atH54 T.
Once more the model describes the ZFC birefringence d
well.

VI. SUMMARY

We have studied the transition out of the LRO ZFC st
in the strongly anisotropic diluted antiferromagn
Fe0.5Zn0.5F2 in applied fields up toH57.0 T. Using the tech-
nique of magnetic x-ray scattering, the order parameter
observed to decay with a continuous power-law-like tran
tion with an average exponent,bZFC50.1560.05. The tran-
sition is rounded and this was modeled by a Gaussian di
bution of transition temperatures, centered atTC(H) with a
HWHM50.83sZFC(H). sZFC(H) was found to be propor-
tional toH2, contrary to the previously reported field depe
dence ofH2/f with f51.41.22 Using double axis neutron
scattering, the diffuse component of the scattering below
transition was observed. The width of the diffuse scatter
was found to reach a minimum atTC(H), but it does not go
to zero as would be expected at an equilibrium second o
transition. The rounding is believed to be caused by ano
lously slow dynamics resulting from the presence of the m
tiple minima in the free energy. Using finite size argume
and empirical scaling relations for the correlation length
obtainsZFC;H2.260.7 in approximate agreement with exper
ment. In addition, the width of the transition was measu
from the temperature width of the peak in the neutron criti

t
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scattering and from the thermal derivative of the unifor
magnetization. Both display an;H2 dependence.

The ZFC results presented here in Fe0.5Zn0.5F2 are essen-
tially identical to those observed previously in Mn0.75Zn0.25F2
~Refs. 36 and 37! except, as noted above, for the magnitu
of the rounding ofTC(H). Accordingly, our interpretation
coincides with that previously given for the Mn system. Sp
cifically, the observed pseudocritical behavior simulates
dinary critical phenomena at a second order transition, bu
fact explicitly represents escape from metastability. We p
viously labeled this ‘‘trompe l’oeil’’ critical behavior. Thus
TC(H).TN(H) where the latter is the true~hidden! equilib-
rium Néel transition temperature. The diminution of the o
der parameter and the associated fluctuations studied
occur entirely in the temperature region aboveTN(H). No
true phase transition after ZFC occurs atTN(H) because of
the pathologically slow dynamics. The progressively larg
rounding observed with increasing field can be described a
finite size effect due to the random fields limiting the large
domain that can be flipped. Using neutron diffraction w
have observed these nonequilibrium local fluctuations
rectly. We note that this interpretation differs from that give
in many previous studies of ZFC behavior in Fe12xZnxF2,
for example, Refs. 21, 22, and 25–29. In these papers,
ZFC behavior is interpreted as largely reflecting the tr
equilibrium critical behavior of the RFIM with the addition
of a relatively small amount of dynamic rounding. Our r
sults lead us to believe that there is no equilibrium pha
transition after zero-field cooling and that dynamic effec
dominate. We emphasize that the data presented here
those reported in Refs. 21, 22, and 25–29 are entirely c
sistent with each other; only the interpretations differ.

This apparent discrepancy of interpretations led us to
examine indirect specific heat measurements which displa
marked peak on warming from a ZFC state and, as m
-
r-
in
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ere

r
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t
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he
e

e
s
nd
n-

-
a
n-

tioned, had previously been interpreted in terms of critic
specific heat withaRFIM'0. We postulated that the hysteres
in fact arises from a LRO contribution to the signal, and th
this may be a general feature of these techniques. Taking
thermal fluctuations in the ZFC and FC state to be simil
we are then led to the prediction that the ZFC data are
sums of the FC fluctuations and a LRO piece which may
derived from our x-ray measurements. Good agreement w
both our own SQUID magnetization data and published
refringence data was found when the data were modele
this way. In this picture, the ZFC peak of indirect heat c
pacity measurements arises solely from the decay of
LRO and not from critical fluctuations. This is confirmed b
our direct heat capacity measurements which show neith
critical contribution nor measurable hysteresis. A rigoro
theoretical basis for this approach is now called for. In p
ticular, predictions for the field dependence of any LRO co
tribution and for an analytical form for the order paramet
decay are required and could be tested empirically.

Finally, we note that the experimental results o
Fe0.5Zn0.5F2 presented in this paper illustrate the power
combining magnetic x-ray and neutron scattering as well
bulk magnetization techniques to study this complex pro
lem.
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