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It has long been believed that equilibrium random-field 1sing model (RFIM) critical scattering studies
are not feasible in dilute antiferromagnets close to and bélgif) because of severe nonequilibrium
effects. The high magnetic concentration Ising antiferromagngs; Eey o;F>, however, does provide
equilibrium behavior. We have employed scaling techniques to extract the universal equilibrium
scattering line shape, critical exponents= 0.87 = 0.07 and n = 0.20 = 0.05, and amplitude ratios
of this RFIM system. [S0031-9007(98)08150-2]

PACS numbers: 75.40.Cx, 61.12.—q, 75.10.Nr

Models for the statistical physics of phase transitionsyears along with Monte Carlo (MC) simulations [10,11] it
can be experimentally tested by measuring the univerbecame clear that the severe nonequilibrium effects were
sal critical parameters and comparing them with theoretiprimarily due to the large number of vacancies that are well
cal predictions. This is crucial for the understanding ofconnected and thus allow the formation of domain walls
difficult problems such as the random-field Ising modelwith insignificant energy cost.

(RFIM). Although it is well known that a phase transi- Recently, we demonstrated [12] that the metastability
tion occurs [1] for thed = 3 RFIM, the characterization problem can, in fact, be overcome by employing a mag-
of the equilibrium critical behavior in its experimental real- netically concentrated crystal, §82Zny o;F2, in which the
ization, anisotropic randomly dilute antiferromagnets sucldomain walls must break many magnetic bonds to form
as FeZn,_,F, in applied uniform fields [2], has not been since the vacancies are well separated [13]. As a con-
possible near to and below the transiti@h(H), despite  sequence, domains do not form under either FC or ZFC
years of intense experimental investigation. This is pri-and the line shapes from both processes are found to
marily a result of the severe hysteresis in the scatteringe identical for allT and, hence, represent equilibrium
line shapes near to and bel@w(H). Although long-range behavior. Of course, the small dilution necessitates the
order is observed after cooling in zero field (ZFC) anduse of large fields to probe the RFIM critical regime, so
heating through the transition, upon cooling through thewve used the highest field available with the present ap-
transition in the field (FC) long-range antiferromagneticparatus,H = 7 T. Attempts to analyze the equilibrium
order is never achieved, even at low temperatures. In egritical scattering in a preliminary study [12] failed be-
ther case, the line shapes are difficult to interpret. It wagause the sample had a concentration gradient [14] that
widely thought for many years that these nonequilibriumlimited analysis to|t| > 1073. Hence, we were able
effects were unavoidable. only to attempt an analysis using mean-field (MF) line

Since random-field effects increase with the dilution, asshapes that yield values for the inverse correlatiorand
well as the strength of the applied magnetic field [3], mosistaggered susceptibility,, that do not, however, follow
early studies focused on magnetic concentratiors 0.8  power-law behavior irfz| below T.(H). We have over-
in order to achieve, for reasonal#fe a suitable range of re- come these difficulties by using a thin crystal of thick-
duced temperature,= [T — T.(H)]/T.(H), over which ness 0.44 mm, less thdn/10 the original thickness, cut
asymptotic critical behavior might be observed. Howeverwith its plane perpendicular to the concentration gradient.
nonequilibrium effects exist below the equilibrium tem- This has made it possible to extend the scattering mea-
perature [4]Tq(H) which lies just abovel.(H). Much  surements td:| > 1074, greatly increasing the accuracy
effort was directed to understanding the behavior of thef the critical behavior analysis and, by making a few
domains, both near to and beldw(H). Neutron scatter- simple assumptions about the scaling properties of the
ing studies of the Bragg intensity in the bulk crystal [5] scattering line shape as described below, we have been
Fey46Znos4F, and the epitaxial film [6] of ResxZnyasFs able to go beyond the inaccurate MF line shapes tradi-
showed anomalous behavior even under ZFC caused lipnally used in this type of analysis. With the use of
domain formation. It was shown that, at IdWy RFIM dy-  the scaling techniques and the additional data from the
namics are dominated by domains [7,8]. The dominancéhin crystal, we have finally achieved a consistent analy-
of domain effects neaf.(H) was evident in ac suscepti- sis of the critical behavior abovand belowT.(H) for
bility measurements [9]. From these studies over severdhe RFIM.
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Neutron scattering measurements were made at the OakIn a previous scattering work [12], we found two
Ridge National Laboratory High Flux Isotope Reactorimportant results using Eq. (1) to fit the data for
using a two-axis spectrometer configuration. We used thEeyo3Zngo7F> for H = 7 T. First, the results fokx and
(0 0 2) reflection of pyrolytic graphite (PG) at an energy x, are independent of whether the FC or ZFC procedures
of 14.7 meV to monochromate the beam. We mainlywere used; i.e., the line shapes are equilibrium ones at
employed two different collimation configurations. Theall T. Second, the values fat and y, obtained from
lower resolution, primarily used for the large sample, isthe line shape analysis could be fit to a power lawzin
with 70 arc min before the monochromator, 20 before thdor T > T.(H), but notT < T.(H). For T > T.(H),
sample and 20 after the sample. Primarily for the thinv = 0.90 = 0.01, y = 1.72 £ 0.02, andy = 3.0 = 0.1
sample, we made scans with 10 arc min before and aftaxere obtained. The lack of power-law behavior fer
the sample. PG filters were used to eliminate higher-ordeand y, below T.(H) indicates that the MF line shapes
scattering. The carbon thermometry scale was calibratedre inadequate, particularly faf < T.(H). This is not
to agree with recent specific heat results [15] forEhe=  surprising, since the predicted = 3 RFIM exponent
0 transition. The field dependence of the thermometryn = 0.5 is quite large [1], and a large deviation from MF
was also calibrated. All scans used in this report ardehavior is therefore to be expected, particularly below
transverse about the (1 0 0) antiferromagnetic Bragg pointl.(H), at|¢| much larger than in the pure FeEase.

The observed line shape is given BYg) convoluted Since we lack a theoretically predicted line shape for
with the instrumental resolution. In MF [1] data analysis, we instead invoke the scaling form [1]
A B 2 S(q) = ATk 2f(g/x) + BZAT k" *g(q/K),  (4)
= + + ’
S(q) PERRC R pE S M:8(q), (1)

for |g| > 0, wherey = v(2 — ) andy = v(4 — 7).
wherex = «, [t|”, + and— are forr > 0 andr < 0,re-  This expression is still too complicated to use for scaling
spectively, andV, is the staggered magnetization. Theof the data, particularly since the scaling in this unusual
first term representg;(¢) and the second two the discon- case involves two perhaps independent functions. To
nected susceptibilityy{*(¢). In principle, the amplitudes proceed, we make two assumptions strongly motivated by
A and B are constant iff" and the same above and be- results of Monte Carlo simulations [21,22], high tempera-

low T.(H), although in practice this is not true since realture expansions [23], and previous experiments [24] at
systems do not follow MF behavior. For translationally x = 0.6, namely,7 = 2% andg(g/«) = f(¢/«). With
invariant systemsi = 0. For real systems MF is inade- these assumptions, we have
guate since we must have the scaling behawidiy) o
k"2 f(g/x) with the limits y,(¢q) = k7 2/(1 + ¢>/k?) S(q) = A"k"*f(q/k)[1 + B*A k" f(q/K)], (5)
for |¢| < k andy,(g) = g7 2 for |q| > k. Forthed =
3 pure transitiony = 0.03. Hence, the MF Lorentzian
line shape is adequate except very clos& i), as ex- ...° : x ' @
plicitly shown [16] for FeF where the corrections to MF [Itting variables. The line shape analysis includes a small
are important folz| < 103, particularly forT < T.(H). fixed constant term and one that is lineargino account
For smaller|t|, ther < 0 Tarko-Fisher [17] (TF), for background counts. _
For H = 0, the random-exchange Ising model case, we
(1 + ¢'2g%/k?)*n/2 ) set B = 0. Folding the resolution corrections into the
1+ ¢'q2/k2) (1 + ¢p"2¢g2 /2’ (2) scaling line shape, we fit all of the data simultaneously
. over the range.14 X 107* < |¢t| < 1072 for the small
and ther > 0 Fisher-Burford [18] (FB), sample and.15 X 1073 < |¢] < 1072 for the large one.
(1 + ¢p2g2/kH)n/? We obtain the critical parameters = 0.70 * 0.02 and
L+ gt (3)  y =134 +0.06, which are in good agreement with
previous results using the MF equation cited above.
approximants, wheré, ¢/, ¢, ando are fixed, andy = The same procedure is followed fad = 7 T, the
1+ 1/2n¢%andy’ =1 + 1/2n¢'* + o(¢p’> — ¢"?), RFIM case, where we now leB vary. The fitted pa-
were found to be excellent for the analysis and yieldedameters are given in Table | fgr|] < 1072 and |7| <
exponents in superb agreement with theory [1]. 3 X 1073. The lower limits for |¢| are the same as
The dilute case witlif = 0 corresponds to the random- for H = 0. In Fig. 1 we plot, versus;/«, the inten-
exchange Ising model for which the value of is sity data after subtracting the background, deconvolut-
similarly small and the MF line shape proved adequaténg with the instrumental resolution, and dividing by
for [t| > 1073, Forx = 0.46, the scattering results [19] A* k>~ "[1 + B*A“«k* "f(q/k)]. The collapse of the
v = 0.69 * 0.03 andy = 1.33 = 0.02 agree remarkably data ontof(q/k) is excellent. We find no evidence of
well with recent MC results [20} = 0.684 *= 0.005 and  systematic deviations of the data from the scaling func-
v = 134 £ 0.01. tion in any of the scans used in the analysis. The collapse

for |¢g| > 0. Finally, we employ the TF and FB approxi-
mants forf(q/«) except that we leth, ¢', ¢", ando be

flg/K) =

flg/x) =
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TABLE I. Values found from fits a#/ = 7 T. Data for the the critical parameters and a good representation of the
large sample were fit fo| > 115 x 107 and for the small  actual scattering line shape. Note that these values, ob-
Isamp'e were T't fotr| > 1.14 X 107%. « is given in reciprocal  (ained for data above arftklowT.(H), agree rather well
attice units (rlu). with the exponents obtained with the MF expression for

Parameter [t] < 1072 [t] <3 x 1073 this system abové&.(H). The curves in Fig. 1, given by

T, (fixed) 20.61K 20.61K the TF and FB parameters in Table |, represent the experi-
n 0.20 + 0.05 0.16 + 0.06 mental RFIM scaling functions that can be used to test fu-
v 0.88 = 0.05 0.87 + 0.07 ture theoretical and simulation results.
At 10.0 = 0.2 9.21 = 0.3 Numerous simulation and series expansion studies yield
A~ 6.15 = 0.14 445 + 0.15 critical exponents for the RFIM. The recent Monte Carlo
Ko 1.13 + 0.04 rlu 0.95 = 0.17 rlu results of Rieger [21] are = 1.1 = 0.2,y = 1.7 + 0.2,
Ko 3:24 = 0.11 rlu 278 x 0.5 lu 5 =05%005%=233%067=103 %0058 =
b Ei'g - 8;; . 1875 (3(808 - ?'(1))3);1(1)95 0.0 = 0.005, ande = —0.5 = 0.2. Similarly, Hartmann
o T 067 = 0.5 7 0.86 = 0.6 and Nowak [22], using exact ground state simulation
b 0.16 + 0.04 0.08 + 001 techniques, find = 1.14 = 0.10, 8 = 0.02 = 0.01, and
&' 039 + 025 036 + 03 ¥ = 3.4 = 0.4. Note that the values for and y agree
@ 031 + 0.25 026 + 0.2 fairly well with the results of the neutron scattering ex-
X2 3.07 2.3 periments [usingy = v(2 — n)]. However, 7 is larger

No. pts. 2444 1000 than the value from the neutron study. The valuegof

has not been accurately determined experimentally. The
largest discrepancy [25] is witkk which appears to be

of the data onto a single scaling function can occur only¢l0Se to zero since the experiments at all concentrations

if the critical exponents are chosen appropriately. By th@?{hlblt symmetric, ne_arly logarithmic peaks in the spe-

quality of the scaling, we have demonstrated that by mov¢ific heat [1]. This disagreement has not yet been fully

ing beyond the simple MF line shape, it is possible to fitexpPlained [22]. , _

the RFIM data for high magnetic concentration to obtain 1he equilibrium exponents obtained in the present
experiments can be compared with previous results at

lower concentrations. Belanger, King, and Jaccarino
[24] obtainedv = 1.0 £ 0.15, y = 1.75 £ 0.20, y =
3.5 + 0.3, andn = 1/4 using a sample of kgZny4F3
and the MF equation. Only data above the equilibrium
boundary [4],T.q(H), were used. These results are in
good agreement with those obtained using the MF line
shapes in Rgs3Znyo;F,. This agreement indicates that
the corrections to MF are not very significant ab@y€H )
but are very large fol’ < T.(H).

In contrast, Fengt al. [26] obtainy = 1.5 £ 0.3,y =
2.6 0.5, and y = 5.7 = 1.0 for FegsZnysF;. This
discrepancy, however, may be the result of the analysis
of data which may lie belowl.q(H), where hysteresis
prevents a study of the equilibrium critical behavior.
This seems apparent [27] when comparing these authors’
results with previous studies [32] of F&n,_,F,. The
present study at high magnetic concentration does away
with metastability effects entirely for the critical scattering
line shape analyses. This has the particular advantage of
allowing fits to the data on both sides of the transition and
much closer to the transition, greatly narrowing possible
interpretations of the data and yielding much more reliable
critical behavior parameters.

In summary, we have characterized the critical scatter-

. ) ing belowT.(H) in the high magnetic concentration crys-

FIG. 1. Scaled neutron scattering data taken at dlfferenfa| Fe.03ZNo.07ZM>. This has not been possible until now
temperatures ati = 7 T collapsed onto the universal function : : . . . .
f(g/k). The scatter in the small sample data is larger due to g)ecause of the domain formation present in the more di-

smaller number of counts obtained in the thin sample. The fiftuted systems previously studied. We have shown that
was made fotz| < 0.01. the line shapes are adequately described by using simple

log,y (feearea(a/x))

log,, (fecaca(a/x))
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scaling hypotheses. The possibility still exists that thg17] H.B. Tarko and M.E. Fisher, Phys. Rev. Bl, 1217
exponents obtained in f&Znyo;F, are effective ones (1975).

that may change somewhat with fields much larger thabl8] M.E. Fisher and R.J. Burford, Phys. Re®56 583

H =7T. Future efforts will be directed to scattering (1967). _ _
measurements to determiney, and8 and birefringence [19] D.P. Belanger, A.R. King, and V. Jaccarino, Phys. Rev.
and Faraday rotation measurements to determine the sp[%] 53(’;" 4§§||Ssi§r60)é L.A. Ferandez, V. Martin-Mayor
S c_rltlcal beha\_/lor fO.H > 7 T at high magnetic A.M. Sudupe, G.’ Parisi, and J.J. ’Ruiz-Lorenzo, Phy’s.
concentration. To avoid extinction effects, the Bragg scat-

. $ SF ; _ Rev. B58, 2740 (1998).
termg exponent determination requires future expenment@l] H. Rieger, Phys. Rev. B2, 6659 (1995)_

either using neutron scattering on a film [6] or using mag{22] A.K. Hartmann and U. Nowak (to be published).
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