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Magnetic order in the random-field Ising film Fey5.Zng 4d>
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The extinction-free neutron scattering for a 3@m epitaxial film of the dilute antiferromagnet
Feg 502ng 4d> has been studied near thE00) antiferromagnetic Bragg point. For thé&=0 Bragg scattering
we observe the random-exchange Ising model behavigt|?# with 8=0.35. For 6<H=4.5 T the random-
field Ising peak intensity vsI' has the opposite curvature from tHe=0 case neaf(H). We argue that this
has to do with the formation of two weakly interacting, interpenetrating, antiferromagnetically ordered domains
with interfaces primarily falling on vacancy sitd$S0163-18206)02329-¢

Dilute Ising antiferromagnets have proven ideal for theantiferromagnetic lattice essentially breaks into two nearly
study of the random-field Ising modéRFIM). Extensive static long-range antiferromagnetic “domains” of equal vol-
experimental studies have been made of the3 RFIM  ume which, because of the large number of vacancies, are
transition over the past decatié Scattering results near the extremely interpenetrating but have little interaction with
transition temperature in a magnetic field,(H), have each othef:® Percolating fractal-like fluctuating domains
proven difficult to interpret, however, since extinction effectshave also been obsen/8d/ery close to the transition tem-
cause the Bragg scattering intensity to saturate in bulk crysperature in the ferromagnet with random fields as well as in
tals. To eliminate extinction effects, we fabricated a 3.4pure magnets. However, in the case of the dilute antiferro-
um film of FeysZng 4> epitaxially grown onto a ZngF  magnet we find the net magnetization of the sample becomes
substrate. This has allowed a comprehensive characterizati@gro very rapidly ad'.(H) is approached after first cooling
of the smallg scattering behavior in dilute antiferromagnets in zero field to establish long-range ordeero-field cooling
in applied fields. (ZFO)] and the domain structure is almost completely irre-

The Imry-Ma domain-wall scaling argumenispplied to  versible. We will argue that the domain structure is in fact
a ferromagnet with a random field yield the correct conclu-characteristic of the behavior nedi(H) regardless of
sion that thed=3 RFIM has a phase transition to long-range Whether the sample is FC or ZFC. The ZFC behavior, which
order, as was subsequently proven rigorodsiyt has been  shows long-range order at loW, evolves so rapidly toward
argued that the dilute antiferromagnet in a uniform field isthis nearly static domain structure dsincreases toward
equivalent to the uniform ferromagnet with an applied ran-T;(H) that the Bragg scattering decrease is dominated by the
dom field® at least regarding its equilibrium static critical formation of the two interpenetrating domains rather than the
behavior. The Imry-Ma-type pictures may break down atloss of long-range order due to critical fluctuations as would
large dilution in antiferromagnets. The presence of a largée the case for transitions in pure magnets.
number of vacancies greatly reduces the domain-wall energy The Fe s2Zng 4d> film was grown on &001) ZnF, sub-
cost, since domain walls form predominantly at the vacancytrate along th€001) direction by molecular-beam epitaxy.
sites. Hence, the analogy between the ferromagnetic and aimhe details of the growth process have been described
tiferromagnetic RFIM may not be valid for large antiferro- previously* X-ray rocking curve line widths, approximately
magnetic dilution. Mean-field simulatiohsf dilute antifer-  0.1° for Cu target radiation, show the film to be of extremely
romagnets indicate that the free energy is lower forhigh quality, limited only by the substrate quality and a small
antiferromagnetic long-range order at loW, but near distribution in the relative Fe/Zn concentration of less than
T.(H) the free energy is lower for a domainlike state. Cool-0.5%. The concentration was estimated from the x-ray Bragg
ing a dilute antiferromagnet in a fieldield cooling (FC)]  scattering angle to br=0.46 by linearly interpolating be-
leads to fractal-like domain structure at low temperatures, atveen the Fel and ZnF, Bragg angles. The concentration
shown by Nowak and Usaddh computer simulations. The was determined to be=0.52 from theH=0 transition tem-
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peratureTy, which is known to vary linearly withx for

x>0.4. The excellent film growth quality is due in part to the L 75‘2 6F

nearly identicala-axis lattice parameters of Fexngad - EF

and ZnF, (da/a<0.002) and partly due to careful substrate - E -

surface preparation. The etch polishing also avoids spurious 450~ Soaf

scattering effects that have been obset%éd in i S

Mn 75ZNg 24> When the surface defects are numerous. The r = F

3.4 um film thickness constitutes more than 10 000 lattice I ;3’1,8:_

spacings. Hence, we expeatt 3 critical behavior. The be- I S fe

havior of a pure Fek epitaxial film of thickness 0.gm has N, IS IR B

-20 -15 -1.0

been shown in a previous study to approximately follow the log.. (1t
10

d=3 Ising modet* with no extinction effects. As discussed
below, high-resolution measurements establish the3
Ising critical behavior with no appreciable rounding for 150 - Fe. 7n
[t|>10"2, wheret=(T—Ty)/Ty. Hence, the dilute film L 062
should accurately exhibit the correct critical behavior of the L H=0 Bragg
d=3 RFIM in a dilute antiferromagnet. -
The neutron-scattering experiments were performed at the -
Oak Ridge National Laboratory using the HB2 spectrometer 0 3'0 — 3'5 —— 20 5
in a two-axis configuration at the High Flux Isotope Reactor. (K)
We used thé111) reflection of silicon to monochromate the
beam at 14.8 meV. Two colilmatlori COHfIgU!’aIIOHS Were £, 1. The Bragg scattering amplitude Vsat the antiferro-
used to coIIect_ data. F_or the_ first, Whlch we will refer to asmagnetic Bragg point fa =0 in the high-resolution configuration.
the low-resolution configuration, the collimation was 50 min 5" reim order-parameter power law is represented by the solid
of arc before the monochromator, 40 between the monOCth:'urve. The inset shows the logarithm of the Bragg scattering ampli-
mator.and sample, a_nd 40 after the Saml?'e- .The.transverggdel less the background, vs the logarithntdf The solid curve
half width at half maximun{HWHM) resolution in this case represents3=0.350. The lack of rounding fojt|>10"2 demon-
is 0.0034 r.l.u. A higher resolution configuration differed in strates the very high quality of the epitaxial film.
that the collimation before and after the sample was 20 min-
utes of arc. The resulting HWHM transverse resolution isg=3 random-exchange Ising mod&EIM) behavior in the
0.0020 r.l.u. A pyroIItIC graphite filter reduced hlgher energy Bragg intensity with no appreciabie rounding_ Figur(@)l
neutron contamination. All of the fits used in the analysis offrom the preliminary repotf shows the transvers&00)
the scattering intensities \§ were done by folding in the Bragg scattering line shapes lat=0 for various tempera-
measured resolution scatisThe results shown in the figures tures using the lower resolution configuration. The widths of
were obtained using transverse scans over a very narroge peaks are instrumental resolution limited. Scattering from
range ofqg about the Bragg scattering point. Longitudinal thermal fluctuations, represented by the usual Lorentzian line
scans were also made but do not alter our conclusions and spape'® is too weak to be separated from background inten-
are not discussed. sity. Hence, the data were fit to a Gaussian line shape, which
In a preliminary repoff we discussed the low-resolution represents long-range antiferromagnetic order, plus a
behavior of the Bragg intensity and the ZFC behavior afg-independent background term. Figurg)lof the prelimi-
H=2.0 T. The zero-field data for the Bragg intensity’ Vs nary report shows the Bragg scattering amplitudeTveb-
showed apparent rounding of the expected critical behaviofained from transverse scans. The Bragg intensities show
of the staggered magnetization. At that time, the source ofpunding neaff,(H). In the present study, in order to deter-
the rounding was not clear. This limited the impact of themine the source of the rounding, we reexamined the line
preliminary report since it was unclear to what extent theshapes with the higher resolution configuration described
rounding could be indicative of poor sample quality. In thisghove. The line shapes are again Gaussian, with little evi-
report, with higher resolution data, we are able to show thajjence for a Lorentzian component. The fitted intensities vs
the rounding was almost entirely an effect of the resolutiont from the high-resolution scans are shown in Fig. 1 of this

we see no Signiﬁcant rounding in the h|gher resolution datEFeport with the curve being the sum of a random_exchange
for |t|>10"2. Hence, the order-parameter critical behavior IS|sing model(REIM) power law,

comparable in quality to that observed in many high-quality
bulk crystals. Hence, there is every indication that sample | g~m2=m,|t|? (1
quality is not a factor influencing the conclusions we draw
from the experimental results. In this study, we also comparevith 3=0.35 (Ref. 19 and a smallT-independent back-
the line shapes fad >0 upon FC and FHheating after FC  ground term. The rounding is much smaller for higher reso-
and compare the profiles to those reported earlier for ZFClution since higher resolution enhances the Bragg scattering
Finally, in this report we demonstrate the irreversibility of intensity relative to that from thermal fluctuations, repre-
the ZFC line shape and show that significant hysteresis ocsented by a Lorentzian component. The rounding occurs at
curs only for very smalby. reduced temperatures on the order|p& 10~ 2. The small

We first discuss the higher resolution results in zero apremaining rounding may well be from the small thermal fluc-
plied field and establish that we can observe extinction-freéuation contributions still persisting with higher resolution.

I {(counts/minute)
8
o
I

g= 0.35 (REIM)
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The lack of rounding is shown most clearly in the Fig. 1 inset LN B L UL B B
where the logarithm of the Bragg intensity data is plotted
versus the logarithm dft|. The small, constant background
has been subtracted from both the data and fit in the inset.
The lack of rounding from concentration gradients, and the
ability to show the correct critical behavifEg. (1)] demon-
strates clearly that the epitaxial film is of very high quality
both crystallographically and in the smallness of any concen-
tration gradient. The preseHt=0 experiments show that the
film is clearly suitable for detailed Bragg intensity critical
behavior studies withH>0. The rounding of the scattering
intensities vsT observed forH>0, discussed below, must
therefore be intrinsic to thé= 3 Ising random-field behavior

of dilute antiferromagnets films and is not an artifact of poor
sample quality.

We studied the RFIM behavior fdd=1.5,2.0,3.0 and
4.5 T. Results for ZFC ati=2.0 T in the lower resolution
configuration were discussed previouslyHere we add a
discussion of FC and FH results fAr=2.0 T at that resolu-
tion and results foH=4.5 T obtained at this and the higher
resolution configurations. Only the behaviortat=2.0 and
4.5 T will be discussed in detail. The datatht=1.5 and 3.0
T show similar behaviors and need not be discussed. : _

The hysteresis exhibited by dilute antiferromagnets in ap- I I S A
plied fields is well knowrt® FC never achieves long-range —-0.02-0.01 0 0.0l 0.02
order since the system never fully equilibrates while passing alr-Lu)

through a spin-glass-like phégebetweenTeq(H), above ) . . .

. . ) FIG. 2. The scattering behavior near the antiferromagnetic
Wh(;Ch no hylfte.re|5|s IS Observed,da'ﬁth).t:]'heFéFC pro dt Bragg point(100 for H=2.0 T in the low-resolution configuration:
Ce.t.ur?geﬁu S m. Onhger-rangf]te OéFeé an the d 'ct)f?(la:énw Qg The logarithm of the ZFC scattering intensity gsfor several
critical behavior IS sharper after compared wi ’ etemperatures. The solid curves represent fits to the sum of a squared

observe the hysteresis in the scattgring intensityqym Lorentzian, a resolution limited Gaussian and a background term;
transverse scansl=2.0 T scans obtained upon ZFC in the () The |ogarithm of the FC scattering intensity gsfor several

low-resolution configuration are shown at various temperatemperatures. The solid curves are fits as described above.
tures in Fig. Za). For comparison, similar scans obtained
upon FC are shown in Fig.(B). For both ZFC and FC there cant problems with this form, as we shall note, and it should
are large, clearly non-Gaussian tails not presentHerO.  only be considered to be a way of parameterizing the behav-
Mean-field theory suggeststhat for the RFIM, neglecting ior. This is the same situation found for scattering in a bulk
the weak Lorentzian thermal fluctuation contribution, crystal at a similar concentraticn.
We analyzed the data using EE), wherex is arbitrarily
5 fixed to the value obtained at the lowest temperature at
S(g)~ (QZ'JF—,(Z)ZJr Msa(q) (2> which measurements were made. This was necessary since
the widths obtained in fits are close to the transverse resolu-
wherex is the inverse correlation length. The observed scattion. Fixing the width made the results for the fitted param-
tering intensity line shape would then be proportional to thiseters more consistent, but did not change their qualitative
function with experimentally determined resolution behaviors. The near-resolution widths point to the difficulty
correctionst® With instrumental resolution corrections, the in determining the correct line shape from the data scans and
& function Bragg scattering component, which represent$o the inadequacy of Eq2), where should vary withT.
long-range antiferromagnetic order, becomes a Gaussidhat we can determine directly is that the line shapes are
peak with a width determined by the transverse resolution. Zxtremely narrow; all of the scans show significant scattering
squared-Lorentzian component represents in the mean-fielghly for g<0.03 r.L.u. and all the peaks appear nearly reso-
theory a nonuniformity in the staggered magnetizaffs?>  lution limited. The fits to the scattering data also include a
The non-Gaussian part of the line shape is more troubleson@onstant background term that is fixed to the value deter-
to analyze since the resolution corrections involve all com-mined at the lowest temperature.
ponents of the resolution ellipsoid. The vertical and trans- The ZFC and FC Bragg amplitudes fét=2.0 T are
verse resolutions are much larger and more significant thashown vsT in Fig. 3@). T.(H) in this and subsequent figures
the transverse one. Because the large resolution correctioistaken to be appropriately shifted downward from the zero-
depend on the line shape itself, it proves very difficult tofield Ty using the temperature shift determif®&érom bulk
determine the proper line shape for the non-Bragg scatteringrystal measuremeriton FeZn,_, F,. It is evident that
directly from the scattering data. In the absence of a propenearT.(H) structure at the longest length scalssall q)
line shape from theory, we are forced to use the mean-fieléxhibits strong hysteresis; the FC Bragg intensity is clearly
representation o8(q) in Eg. (2). However, we find signifi- much smaller at low temperatures compared to the ZFC. The
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FIG. 4. The scattering behavior near the antiferromagnetic
Bragg point(100 for H=4.5 T in the low-resolution configuration:
(a) The logarithm of the ZFC scattering intensity gsfor several
temperatures. The solid curves are fits as described for Hiy. 2
The logarithm of the FC scattering intensity gsfor several tem-
most striking aspect of the Bragg intensity temperature deperatures. The solid curves are fits as described above.
pendence is seen in the ZFC fitting results. The curvature of
the intensity versud is oppositeto that observed in zero T.(H) the ZFC, FC, and FH amplitudes are indistinguish-
field. If interpreted in terms of Eq1), 8 would have to be able, suggesting that the structure causing the tails is not
much larger than 1/2, the mean-field value, a rather peculidnistory dependent nedr,(H) for length scales shorter than
result. It should be emphasized that the reversed curvatuie resolution limit.
observed in the Bragg scattering amplitude is clearly appar- Very similar behavior is observed fét=4.5 T. Fig. 4a)
ent in the raw(100) intensity data. No matter how it is ana- and 4b) show the ZFC and FC line shapes, respectively, for
lyzed, the dramatic decrease in the intensitgat0 is quite  the low-resolution configuration for comparison to the
unusual. As we discuss below, it is not clear that the obH=2.0 T data. The scales are directly comparable to those of
served Bragg intensity is a good measure of the orderthe H=2.0 T figures since the experimental configurations
parameter critical behavior. In addition to the ZFC and FCand counting times are the same. Relative tokhe2.0 T
procedure, we show in Fig. 3 the behavior for a third procecase, it appears that less of the line shape in the ZFC case
dure, FH, which is simply heating after FC. The FH behaviorcomes from the longest length scales. Again, upon FC the
for the Bragg intensity is intermediate between the FC andcattering intensity at the longest length scales seen in the
ZFC behaviors and most likely represents the movemenZFC scan is not recovered. In Figgaband 5b) we show
from the metastable FC domains, which lack order on théhe Bragg and squared-Lorentzian amplitudes obtained at
longest length scales, towards the ZFC structure upon heatt =4.5 T using the high-resolution configuration. As can be
ing. None of these procedures yield a perceptible differencseen, the squared-Lorentzian amplitude obtained from Eg.
close toT.(H) since all the Bragg intensities are close to (2) is nearly identical folT>28 K, i.e., throughout the criti-
zero. cal range. The Bragg component, on the other hand, shows

Figure 3b) shows theH=2.0 T ZFC, FC, and FH extreme hysteresis; the FC Bragg intensity hardly grows at
squared-Lorentzian amplitudes, obtained from the fits of thall asT decreases.
data to Eq.(2). The ZFC amplitude has a maximum near The shapes of the Bragg intensity versugurves belie
T=30 K and decreases smoothly throu§(H) as T is the sharpness of the transitions fdr>0. The behavior is
increased. The1=2.0 T FC squared-Lorentzian amplitude consistent with that observ&tin bulk samples, where the
increases monotonically a6 is lowered. The FH behavior ZFC Bragg intensities are unusually small n&afH). They
closely follows the FC behavior, indicating that FH only dif- are so small, in fact, that the sharp peaks in the fluctuation
fers from the FC behavior at the largest length scales. Neascattering atT.(H) are quite clearly observed in the bulk

FIG. 3. The fitted amplitudes foH=2.0 T for the low-
resolution configuration: )JaThe Bragg amplitude vd; b) The
squared-Lorentzian amplitude s
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vs T after ZFC toT=21.6 K and raising the field tbl=2.0 T are
FIG. 5. The fitted amplitudes foH=4.5 T for the high- Shownin(a) and(b), respectively. The temperature was incremen-

resolution configuration(a) The Bragg amplitude vq; (b) the  tally increased to the temperatures shown and the intensities ob-
squared Lorentzian amplitude s tained from a fit to the scan are plotted verJusAfter reaching a

maximum temperature, the sample temperature was lowered to

3 . _ T=21.6 K. The temperature was then increased incrementally to a
Crystalsz. Normally, the Bragg scattering completely ob new higher temperature, with the intensities shown for each tem-

scures the fluctuation peaks. It is clear as well from other :

o ._perature, and again the sample temperature was lowered to
bulk crystal measure.ments that .V.ery sharp critical be-h.a.V|o =21.6 K. The process was repeated until the Bragg scattering
occurs, for example in the specific _h_eat _and su_scept|6|llty.ampIituole was negligible, still well belo,(H)~39 K. Each tem-
Since we have shown thé=0 transition in the film to be  jeratire cycle is represented by a different symbol. The Bragg am-
extremely sharp, thei>0 transitions should be comparably pjitude never increases significantly upon cooling. The envelope of
sharp. the Bragg amplitudes at the higheBtfor each cycle follows the

The irreversibility in the ZFC Bragg and squared- zFC behavior in Fig. 3 quite well. The corresponding squared-
Lorentzian intensities is demonstrated in Fig&) @nd &b),  Lorentzian amplitudes increase for each temperature cycling. The
respectively. The Bragg intensity versdsis shown for  squared-Lorentzian amplitudes do increase whenever the tempera-
H=2.0 T, beginning aff=21.6 K after establishing long- ture is decreased, indicating that they probably represent some of
range antiferromagnetic order via ZFC. The temperature ithe magnetic ordering.
incrementally increased to each point for which the Bragg
and squared-Lorentzian intensities are shown until a maxiperature is surpassed. Interestingly, the relative Bragg inten-
mum temperature after which the sample is cooled to theity after cooling from the highest temperature, which is still
T=21.6 K. The process is repeated several times, each timeelow T.(H), is lower than the FC intensity. These observa-
increasing the temperature to a higher temperature befoitgns indicate that whatever configuration is achieved by
decreasing it. All of the data shown in Fig. 6 are belowheating cannot evolve towards the original long-range order
T.(H)=~39 K. Data were also taken in a procedure in whichinduced by ZFC. No significant time dependence is observed
the sample was incrementally cooled in several steps rathéer any of these intensities. This is not surprising considering
than cooling in one temperature change, but the data loothat the domain structure does not evolve appreciably even
essentially identical. The squared-Lorentzian intensity isvhen the field is decreased to z&bThe ZFC squared-
shown in Fig. 6b) for precisely the same scans as in Fig.Lorentzian amplitudes increase wheneVeis lowered and
6(a). Several important points can be seen from the hysterare higher for alll each time a new maximum temperature is
etic behavior. The envelope of the Bragg intensities at theéeached. Hence, &sis decreased, the system cannot achieve
temperatures achieved just before cooling follows quite welbkignificantly more order agj=0 but can increase the order
the behavior of the sample when it is simply heated afteccontributing to scattering aj>0.

ZFC. Upon cooling, very little of the low-temperatuge= 0 We suggest that all of the observed behavior is consistent
intensity is recovered. Furthermore, the intensity does nowith the system forming interpenetrating, weakly interacting
significantly decrease again until the previous highest temedomains which form a3 (H) is approached from below.
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There are so many vacancies that this process costs little ifi.(H) with the applied field should therefore be the same.
terms of domain-wall energy. The domain formation would Field-insensitive carbon-glass thermometry removes any
decrease the Bragg scattering very quickly at temperaturdarge uncertainties from field-dependent thermom#&rif.
well below the transition to paramagnetism within the do-one believes the accuracy of the phase diagram measured by
mains. The unusual line shapes, which do not seem to coShapiraet al. and transfers the field-induced shift Th(H)
respond to the predicted mean-field behavior, could also bt the Bragg scattering curves, it is clear that the susceptibil-
explained by the interpenetrating domain structure. Since wity peaks, and consequently all other critical behavior peaks,
know that domain structure is quite irreversible, this wouldoccur at the point where the Bragg scattering approaches
also explain the strong irreversibility after ZFC. zero, not at the point of steepest slope, as suggesi#s is

The irreversible behavior observed after ZFC is quite inalso confirmed by an experimental sté®pf the concentra-
accord with the hysteresis observed between FC and ZFC &bn dependence of the shift off(H) from Ty in
TeH). It is well-known that the FC configurations do not Mn,Zn,_,F,. Interpolating to the concentratior=0.75, we
lead to sharp critical behavior and have finite Bragg scatterean find the expecte®,(H) appropriate to the x-ray study.
ing widths at low temperatures, while ZFC yields much Using either of these two techniques, one finds, for example,
sharper critical behavior and resolution limited Bragg peakshat T(6.0 T)=43.0=0.1 K, in disagreement with the as-
below T,(H). Since we have now shown that long-rangesignment of T,(6.0 T) to be where the most precipitous
antiferromagnetic order is not recovered upon cooling at anBragg intensity drop takes place Bt=42.4 K. With T,(6.0
temperature, it is clear that the FC procedure suffers only im)=43.0 K, it is clear that the transition occurs when the
that the hysteresis sets in aboVg(H) where short-range Bragg intensity is zero, just as in the present study. Unfortu-
antiferromagnetic fluctuations are frozen in and, hence, longnately, this does not fit the previously proposed physical pic-
range order does not develop beldwH). The ZFC proce- ture developed to explain the scattering behavior in the
dure, though resulting in the interpenetrating structure asin,Zn,_,F, x-ray scattering studie$;'® which should be
T.(H) is approached, always has structures on a muchevised appropriately.
longer length scale than in the FC procedure. It is not clear Piezomagnetic stress fields are another source of
from the present study whether the long-range antiferromagmagnetic-field-induced domains in =y F,
netic order is the equilibrium state everywhere belowsystems’~° A related effect, magnetostriction linear kh
T.(H), or whether the interpenetrating domain state achieve@inverse piezomagnetic efféctvas used to measugin the
a true equilibrium state with lower free energy n&a(H). random-field system E&n;_,F,. This “anomalous” mag-
The lack of observable time dependence in the Bragg scafetostriction(which otherwise would be quadratic in the ap-
tering leaves this question open. The critical-like antiferro-plied field) is driven by a magnetoelasti¢IE) energy term
magnetic fluctuations observédn bulk samples very close of the form Ex\(oy,(r))H M,V WhereX is a coupling
to T¢(H) must be occurring on the interpenetrating domainconstant,gxy(r) is a stress fieldH, is the applied field,
structure and occur when the Bragg intensity is essentially . is the staggered magnetization, ands a volume over
zero. The same is true of all other critical behavior observawhich o,(r) is averaged® If o, is not caused by an ex-
tions, including the specific het. ternal uniform stress, but by internal stresses, then antiferro-

The decrease in the antiferromagnetic order with increasmagnetic(AF) domains may form to accommodate the stress
ing T cannot be a simple matter of nonequilibrium behaviorfield spatial variation. These AF domains will be created if
or slow relaxation, as has been argued previddsfpr  the associated wall energy is smaller than the ME volume
Mn,Zn, ,F,, a system which otherwise exhibits random- contribution. If large stresses are present, such as near rough
field behavior similar to FgZn,_,F,. If this were so, one surfaces? the ME term may stabilize antiferromagnetic do-
would expect the ZFC long-range order to persist to highemains of a size determined by the competition between the
temperatures thaif;(H). In our case, however, the long- ME term, the wall energy and the random-field interaction.
range antiferromagnetic order is essentially zero by the tim&@hese ME domains interfere with the development of
T.(H) is reached after ZFC. It was stated that forrandom-field-induced domains. Not surprisingly this artifact
Mn,Zn, _F, the peak in critical behavior studies appears atdisappears if the same sample is more carefully polidhed.
the point of the most precipitous drop in the Bragg intensitiesEpitaxial films of Fek grown by similar methods as our
versusT. Such an interpretation would be in stark contrastsample, show that the effect of stresses in the rounding of the
to the present experimental results in,Ee, _,F, which  transition is diminished when compared with typical polish-
show thatT,(H), as determined for examptefrom speci-  ing procedures! However, we cannot discard the formation
fic heat, susceptibility measurements, or neutron-scattef AF domains driven by the ME interaction in our sample.
ing critical fluctuation intensities, occurs far above the pointThis is so, not only because we do not know the actual state
where the intensity is dropping most rapidly. We believeof stress of the sample, but also because in,FdE terms
the apparent disparity in the conclusions drawn from theare expected to be larger than in MaFThis could lead to
Mn,zZn, _,F, and FeZn,_,F, studies to be a consequence small domain sizes, probably down to approximately 1000
of a misidentification ofT(H) in the former study. When A. The resolution of the neutron-scattering scans is about
this is realized, the physical behavior of the two systems ar870 A (Ref. 32 and we see a resolution-limited line shape at
completely consistent. The M@n, _,F, sample used was all fields after ZFC. Unless there is a wide range of domain
taken from the same boule as the one used by Shapira, Gdtructures, as there would be for the interpenetrating domains
iveira, and Fonef® who used it in a careful, comprehensive described by Nowak and Usadel, it is hard to account for the
study of the phase diagram. The zero-field transition of theesolution-limited line shapes invoking only the piezomag-
two samples appears to be nearly identical, and the shifts inetic stress domains unless they are typically much larger
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than 370 A. The extremely small Bragg intensity nearfield. It is not clear that the fractal nature of the domains, as
T.(H) for the epitaxial film is similar to the behavior ob- demonstrated in simulations at low temperatdres neces-
served in bulk crystals. Hence, we believe at this point thasarily a feature of the interpenetrating domains nggH).

the domains responsible for the unusual Bragg intensity verFurther simulation studies and the analysis of much higher
sus T behavior are primarily the intrinsic random-field- resolution neutron or x-ray scattering line shapes could char-
induced domains as seen in simulations and not piezoma terize the structure distri_bution. There must be, however, a
netic domains. We cannot rule out completely the inﬂuencf";crge range of structure sizes to account for both the large

of piezomagnetic domains, however. Further study of epitaxia”s of the resolution-limited squared-Lorentzian-like scat-
ial films may help to elucidate this point. tering component and for the lack of a significant Bragg

Monte Carlo simulations of a uniform Ising ferromagnet contribution. The interpenetrating domain structure, whether
with a random field3 do not seem to show the unusual fractal-like or not, does explain the extraordinary decrease in

behavior seen in these experiments. This may be a result I?e ZFC Bragg scattering. BeloW(H) it is clear that the

the absence of vacancies which are numerous in dilute antl- < shapes are extre_mely harrow and ShO.UId be relateg?éo the

ferromagnets. It should be possible to study the dilute antipat_ure of the domain structure. Magnetlc x-ray studres,
hich have the advantage of much higher instrumengtal

ferromagnet scattering behavior near the phase transition urgésolution indicate that the line shapes mayv be much sharoer
ing Monte Carlo simulations. Such studies may further g P y b

elucidate the unusual behavior we have observed and gi\}gan can be possibly indicated by present neutron-scattering

some indication of a more appropriate scattering line shapgﬁgﬁg:?;?;s'nlgazegrr(;j:rr pitarﬁ]rnstteéés :gltlr:mgly tsanlizlr; tr?etfr
to use in neutron-scattering data analysis. Y ’ y

In conclusion, we have argued that the interpenetratin C(H).’ which is odd in light of_t_he critical beh_avi_or in other
domain structure observed in simulations of FC dilute anti-~PE/Ments such as the specific heat which indicate changes

ferromagnets at low temperature is also relevant to the ZF entropy comp:.arabl.e fo the zero—fie!q transitions. Finally,
scattering profiles nedr,(H). The structure probably occurs one ShOU|d. keep in m_md that the transitions for-0 are no_t_
since the large number of vacancies allows the formation o?bse.rveg in equilibrium because of the exireme cr|.t|_cal
the domains with little cost in domain-wall energy. The dras_s_lowmgf down nearT,. The consequences the f?oneq“"'b'
tic drop in the Bragg scattering s(H) is approached from rium nature of the RFIM transitions in d||_ute antiferromag-
below is due to the formation of this structure after startingnetS heeds to be further explored theoretically.

with the ZFC long-range order. All critical behavior takes  Fruitful discussions with W. Kleemann are gratefully ac-
place on this domain structure. It is important for future knowledged. This research was supported in part by Depart-
progress in understanding the critical behavior of the RFIMment of Energy Grant No. DE-FG03-87ER45324 and by the
in dilute antiferromagnets to take this domain structure intaDivision of Materials Sciences, U.S. Department of Energy,
account, perhaps even to the extent of rethinking what thender Contract No. DE-AC05-840R21400 with Martin
precise order parameter is for dilute antiferromagnets in &arietta Energy Systems, Inc.
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