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Magnetic vacancy percolation in dilute antiferromagnets
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Neutron-scattering experiments at the magnetic vacancy percolation threshold concerjratising the
random-field Ising crystal kgegZng -4, show stability of the transition to long-range order up to figttls
=6.5 T. The observation of the stable long-range order corroborates the sharp boundary observed in computer
simulations atx, separating equilibrium critical scattering behavior at high magnetic concentration from low
concentration hysteretic behavior. Low-temperatdre0 scattering line shapes exhibit the dependence on the
scattering wave vector expected for percolation threshold fractal structures.
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The dilute, anisotropic antiferromagnet,Ze; ,F, is an  main structure, for which the characteristic length scale is
extensively studied prototype of the three-dimensiorthl ( small compared to the instrumental resolution, masks the
=3) random-field Ising modelRFIM).! As a result of the neutron-scattering critical behavior for two reasons. First, the
magnetic vacancies, the magnetic moment is not uniform anscattering contribution from microscopic domains is super-
this allows a strong coupling to an external magnetic fieldimposed on the scattering from thermal fluctuations, making
applied along the spin-ordering direction. This constitutes thét futile to separate the two. Second, there is a concomitant
mechanism for the generation of random fieldk. was decrease in the Bragg scattering, which consequently no
shown that such a system is in the same universality class dsnger represents the strength of the RFIM order parameter.
a pure Ising magnet with random fields imposeSettling  This has been particularly frustrating, since characterization
the question of universality of the phase transition does notf the RFIM transition is important in light of the present
however, address the effect of vacancies on microscopic dalisagreements between simulations and experinfents.
main formation, which can mask the phase transition in scat- The critical behavior of RgyZng o#> using neutron scat-
tering experiments. Such microdomain formation, which oc-tering techniques provided evident¢hat microscopic do-
curs since domain walls can take advantage energetically ahains could be avoided altogether by doing measurements at
the vacancies, needs to be well understood in order to progtigh magnetic concentrations, although very high quality
erly interpret the RFIM behavior of dilute magnets. crystals and high fields are required. Further experiments

For many years controversy surrounded the interpretatiohave been done using &gZng 14> and FggZng ;4.1
of neutron-scattering experimehtsn the RFIM critical be- These experiments are providing the avenue for a complete
havior of dilute anisotropic antiferromagnets in externalexperimental characterization of the RFIM universal critical
magnetic fieldsH, particularly, FeZn,_,F, and its less an- behavior. It has become quite clear that the behavior at large
isotropic isomorph MgZn,_,F,. All of these studies, re- xis quite distinct from that at low which exhibits micro-
gardless of whether traditional scaling or various phenomdomain structure. Computer simulatiGnsvere done to
enological models were used in the interpretations, werenodel the behavior of the formation of microdomains and
done at concentrations<0.75*° This was natural since the long-range order in K&n,_,F, in an attempt to understand
strength of the random field increases with dilution andhow the behavior crosses from one type of behavior to the
available field strengths required high vacancy concentraether. It is suggested by these simulations that low-
tions to readily create suitably strong random fields. It wasfemperature metastability and microscopic domain formation
of course, realized that no ordering would take place forvanish abruptly above=0.76, which closely coincides with
magnetic concentration below the magnetic percolatiorthe concentration of the magnetic vacancy percolation
threshold concentration,=0.246. The magnetiwacancy threshold concentration, =0.754. Apparently, the percolat-
percolation threshold concentration occurs »xgt=1-x, ing lattice of vacancies results in the instability of long-range
=0.754. Below this concentration, vacancies form a clusteprder below the transition. In previous experiments, little at-
that spans the crystal. The significant role of magnetic vatention has been paid to the percolation of magnetic vacan-
cancy percolation in the formation of microdomains was nofcies. In light of its importance to the understanding of the
fully appreciated until recentfyand, prior to that, it was RFIM we were motivated to investigate the scattering in
widely assumed that microdomain formation was an intrinsid=&, 7¢ZNg 247>, Which is very close to the critical concentra-
property of the RFIM as realized in dilute antiferromagnets.tion X, .

The microdomain structures for smailhave been studied Considerable focus has been given to the study of behav-
extensively.® It has recently been argued that these strucior near the complementary threshold concentration for mag-
tures play a crucial role in exchange-bias structures impornetic percolationx,=1—x,, using neutron scattering, spe-

tant to magnetic recording technolog}’ Microscopic do- cific heat, linear birefringence, magnetization, and ac
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susceptibility technique¥.™*® The valuex,=0.246 is based 6
on a calculation including only the dominahtinteraction®®
However, for concentrations close xg, the system is ex-
tremely sensitive to very weak interactions that are insignifi-
cant away fromx,. Spin-glass-like behavior ai=0 has
been well characterized. Even far aboxg, large fields
cause a crossover from the low-field microdomain-
dominated random-field behavior to the spin-glass-like
behavior??-2°

The neutron-scattering experiments were performed at the 4
Oak Ridge National Laboratory High Flux Isotope Reactor
using a double-axis spectrometer configuration. The beam
was horizontally collimated to 20 min of arc before and after
the sample and 48 min of arc before the monochromator. The
neutron energy was either 13.7 meV on the HB1 spectrom- FIG. 1. ZFC and FC neutron scatteringtt=3 and 5 T below
eter or 14.7 meV on the HB1A spectrometer. Neutrons withput close to the transition temperature. The contributions include a
higher order energies were eliminated using pyrolytic graphgonstant background, critical scattering which is seen to increase as
ite filters. Most of the data were taken with transverse scan{'® emperature approachigg(H), and a Bragg peak due to long-
about the (100) antiferromagnetic Bragg poinfi.e., Q range order.
=(1,q,0)]. The Fg 7Ny 4> crystal has an irregular shape in Fig. 1 is free from hysteresis indicating that there is no
approximately 45x10 mn?. It has a resolution limited microscopic domain structure frozen in upon FC.
Bragg peak, but very small secondary peaks appea for For experiments free of extinction effects, the magnetic
>0 in the low-temperature scans, indicating the existence opragg scattering intensity is expected to follow the power-
more than one crystal in the sample. Near the transition@W Pehavior
these tiny peaks are not evident. All the data used in the I =M2~]t|?8, (1
analysis of the line shapes at low temperatures are o the , o
<0 side of the Bragg peak, where no hints of any secondar%\zhereMs is the staggered magnetization gre 0.35 for the
peaks are observed. The thermometry was based on a coh'dom-exchange model ajgti-0.16 for the RFIM.” How-

mercially calibrated carbon thermometer. However, the therS Vel neutron scattering in high-quality bulk crystals can suf-

: . : fer from severe extinction; the beam is depleted of neutrons
mometry bridge itself was not well calibrated and the te.mothat satisfy the Bragg condition and the scattering intensity is
{herefore saturated and cannot exhibit the corfiecepen-

correspond; o that expected "’0*0-75- The cqncentratmn dence. The extinction effects usually preclude determination
was determined to bre=0.76+0.01 using density measure- ¢ 5 ygliaple value of3, the critical exponent for the stag-
ments and the concentration gradient of a few tenths of @greq magnetization, from an analysis of the neutron-
percent was determined using room temperature birefringcattering data in very high-quality bulk crystals. The Bragg
gence technique®. An independent determination of the scattering does show hysteresis, which indicates incomplete
concentration was made by measuring the absolute birefrineC ordering on very long length scales, relative to the instru-
gence of the sample and comparing it to the results of anental resolution. Such hysteresis occurs foxals a clear
previous study of the concentration dependence of the biréndication of nonequilibrium behavior, and may be a conse-
fringence in FgZn, ,F, at room temperatur®. We used a quence of the slow activated dynanfics®of the RFIM very
45 deg wedge to measure the critical angle for the two poelose toT.(H).
larizations, a slightly different technique than employed in  The FC Bragg intensity, corrected for the background de-
the previous work. The concentration determined using thisermined at highT, is shown in the main part of Fig. 2 V&
technique isx=0.76+=0.02, consistent with the density mea- for H=3 T. The lower inset shows the differing behaviors
surement. The interpretation of the results were not deperof ZFC and FC Bragg scattering intensities n&gfH). The
dent on this adjustment of the thermometry scale. Two pridifference persists to low temperatures where critical scatter-
mary thermal cycling procedures that are often employed téng is very small. Hence, the hysteresis is predominantly
investigate hysteresis in the RFIM include) Zero-field-  from Bragg scattering and not smaltritical scattering. The
cooling (ZFC), where the sample is cooled in the absence olupper inset of Fig. 2 shows the critical scattering at small
a field, the field is raised, and the sample is warmed throughut well outside the transverse instrumental resolution where
the transition, and)ield-cooling (FC), where the sample is the Bragg intensity is negligible. The scattering line shapes
cooled in the field across the transition. in this sample are complicated by admixture of critical scat-
Figure 1 shows scattering intensity gsin reciprocal lat-  tering and contributions from the vacancy lattice because of
tice units(rlu), atH=3 and 5 T close to the transition tem- the proximity of this sample tx,, as will be discussed.
peraturesT ;=59.3 and 58.6 K, respectively, where the tran-Hence, we could not confidently analyze in detail the critical
sition at H=0 is at approximately 59.8 K. Whereas the scattering line shape. Nevertheless, we obtained an approxi-
critical scattering from samples witk<<x, exhibits strong mate accounting of the critical scattering intensity by taking
hysteresis, it is clear that thg| >0 critical scattering shown a squared-Lorentzian line shape folded with the appropriate

log,,(counts/min)
w
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FIG. 2. The ZFC and FC antiferromagnetic Bragg peak intensi-

ties for H=3 T. In the main figure, the contribution to the FC .
. . _ " -~ . logarithm ofq for H=0 T and for ZFC aff=29 K and FC up to
intensity atg=0 due to critical fluctuations is subtracted from the H=7 T at T=20 K, well below T,(H). The background deter-

h I ive th i
g:;arreep;reesseenr:;edd : y ':hs cs)gl?(;] iym;Z t?—y?évﬁ ¢ grcﬁggftseﬁou;e?sr{uned at largeg has been subtracted. Only a few sets of data are
P y y ) PP own for clarity. All ZFC data lie on the same curve, but oHly

critical scattering off the Bragg peak along with the fit as describedi
in the text. The same fit was used to subtract the critical scattering 5and 7T data are shown.
contribution in the main figure. The lower inset shows the differ-

ence between the ZFC and FC intensities. The units for the lowegre shown; data were taken fét=0 and for 2 H

inset are the same as the main figure.

FIG. 3. The logarithm of the neutron-scattering intensity vs the

<7 T in steps of 0.5 T. Several interesting features are

evident.
resolution correction. Itis well documented that the squared-  ag shown explicitly for two fieldsH=5 and 7 T in Fig.

Lorentzian contribution to the line shape is the dominant on; he ZFEC line shapes, f@=29 K or less, are all identical
near the transitioh.An overall amplitude had to be chosen with the H=0 line shape and are the lowest in intensity. For

for the fit shown in the inset. This same amplitude was apgomparison, a line with a fractal exponent of 2.53 for three
plied to theq=0 case and the resulting curve is shown in thegimension, with the spectrometer resolution folded in, is

main part of Fig. 2 as the sqlld curves. Subtracting this fro”blotted in the graph with the amplitude adjusted to fit the
the raw date_(open symbol)sylel_ds the corrected Bragg scat- zpc intensity data. It is clear that the ZFC scattering line
tering data(filled symbolg. Taking into account the concen- shapes fox=0.76 follow Eq.(2) quite well. To contrast this
tration gradient rounding of a few tenths of a percent, it isbehavior, we show in Fig. 3 similar data for a sample with
quite apparent that the Bragg intensity data approa¢hl)  concentration ok~0.872 indicated by the solid triangles,
with a steep slope, in contrast with scattering experirﬁénts for T=55.1 K, only 3.4 K below the transition. The scatter-

with x<x, , where the slope is nearly zero. ing for this concentration, well above,, shows little evi-
Although we cannot analyze the data according to(Bl.  gence of scattering outside the Bragg region as expected

to obtain B because of extinction, we may still conclude gjnce the vacancies do not form large fractal structures at this
from the shape of the Bragg intensity Vsthat this sample  concentration. The behavior for ZFC shown in Fig. 3 sug-
does not form microscopic domain structure. This is Cons's'gests strongly that, for=0.76, the scattering is indeed from

tent with the lack of hysteresis in the critical scatteringihe yacancy percolation fractal structure under the ZFC
shown in Fig. 1. These results suggest that the at least mOBFocedure.

of the sample has a concentration above the point where the Fc data forx=0.76 increase in intensity with the

QOmains form at low temperature, a point that simulationsapp”ed field. We compare the data to E2). by adjusting the
indicate to bex,. _ _amplitude to fit the data at=10"7rlu. It is quite clear that
_At the percolation threshold concentrations, magnetiGy 14~ ¢ the line shapes deviate strongly from the behavior
sites or magnetic vacancy sites form fractal structures. In Eq. (2), more so as the field increases. The inset of Fig. 3
either case, scattgrin?% from the fractal structure will exhibit 8, 4\vs the deviations of the intensities from the curves rep-
power-law behavict” resenting Eq(2) atq= —0.007, —0.009, and—0.012 rlu as
a function of the applied field. The deviations ld<6.5T
l~q 2%, (20 increase smoothly with the field. Two possible sources exist
for the excess scattering. One is the relief of extinction. This
The only difference is that in the case of magnetic vacanciehas been observed for neutron Bragg scattering in the RFIM
there is also a Bragg scattering peak from the aveMge  experiments on bulk crystatshut not for scattering outside
With magnetic site percolation, the averdde is zero at the the Bragg region. The other possibility, perhaps more signifi-
threshold. Since we believe the=0.76 crystal is close to cant, is the scattering from domains, which coexist with an-
X, , we plotted the logarithm of the scattering intensity vs thetiferromagnetic long-range order, which increase in number
logarithm of —q for q<<0 in Fig. 3. Only some of the scans with increasing applied field. If the latter is the case, it can-
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Xp X, lower bound atx, . Whereas oux=0.76 crystal shows no
of T TTTTTTTTTRT T critical scattering hysteresis, it is quite evident for slightly
1 ] smaller magnetic concentrationOur results suggest that
/ ] the percolation of vacancy sites occurring ¥6rx, precipi-
| 1 tates the formation of domains beloly(H) in ZFC prepa-

! 1 ration as well as in FC, corroborating the conclusions drawn

Fe,Zn, F,
15

5010 spin—glass—like / ] from simulations A connection between the one dimen-
- / ] sional fractal geometry of vacancy sites at percolation and
] ] three dimensional domains has not been adequately ex-
50 aF St:?e—_ plained from a theoretical perspective.
- SRO £ dmicrp LRO ] It is now evident that there are three magnetic concentra-
I SR W S i il M tion regimes ind=3 dilute antiferromagnets separated by
o o0k 04 08 08 ! the percolation threshold concentrations and x,, . For x
X >X, , long-range antiferromagnetic order is stable up to very

FIG. 4. The concentration dependence of the phases observed iarge magnetic fields. For,<x<x, the system is unstable.
FeZn,_,F,. For x<x,, the magnetic percolation threshold con- At low fields, the formation of microdomain structure takes
centration, only antiferromagnetic short-range order is possible. Foplace upon FC for allT<T.(H) and upon ZFC close to
Xp<X<X, , microscopic domain formation occurs at low fields and T.(H). A spin-glass-like phase forms at high field. Below
spin-glass-like behavior occurs at high fields. korx, , antiferro-  x,, there can be no long-range magnetic order. It is the ge-
magnetic long-range order is stable, without microscopic domairometry of the lattice in question which defines the location of
formation, to very large applied fields. Critical behavior measure-these boundaries, and although we study one particular mag-
ments can only be reliably done for>x, . Data are taken from netic lattice type, the body-centered tetragonal structure of
various experiments cited in the text. Fe.Zn,_,F,, our results should apply more generally to di-

not be ruled out that the domains are in fact in a part of the!ljte magngts in-an applle;q field. Lo

sample that is below the critical concentration, although such Interes’qngly, the specific-heat behgwor IS r_10t depende_nt
a part would necessarily be very small since the effects of ith an obvious way on the concentration. Similar hysteresis
are not discernible neaf,(H). Since the total scattering in UPON FC and ZFC is observedery close taT(H) for con-

FC comes from sources in addition to that of vacancy sites, igentrations above and beloxy . No specific-heat hysteresis
is difficult to analyze in detail. is observed at lowl. The contrast between the relative in-

The difference between FC intensities and E2). at H sensitivity of the specific-heat techniques with the extreme
—7 T deviate strongly from the smooth curves d'escribingsensitivity of the scattering techniques is certainly due to the
the data foH<6.5 T, as shown in the inset of Fig. 3. This greater dependence of the scattering on long length correla-
qualitatively new behavior most likely represents a break ions that are greatly affected by domain formation. The hys-

down of the antiferromagnetic long-range structure for teresis in the case of specific heat is related to the activated
>6.5T. In such a case many more domains are introducegyn"’lmiCS very close t(H) that affects the behavior at all

into the system, resulting in much more scattering intensity: algd nottr:jomalnltfomf]itrl]pn,_ Wh'cth oply oceurs f;o1<|xa that
This field is consistent with the increasing field at which rom the results ot this investigation, we conciude tha

spin-glass-like behavior appears for samples withx, , as studies of the random-field phase transition should be con-
shown in Fig. 4. Apparently, even at low-temperatures, Iong-dUCteOl with magnetic concentrations greater than It is
range antiferromagnetic order fgr=0.76 is stable upon FC advantggeous to use concentrations not too. fuich greater
for H<7 T, in contrast to the behavior for<x,, where than this to maximize the random fields for available applied

metastable domains dominate the scattering under the FrEn',eIdf;[E;'((;Wr?,:ge;c'iéhitcocr;teenrt.:]at'?rgﬁ ttr?gr?]lssnee{mt'c Ogianc
procedure. Fox~0.87, only a few percent abowe , mag- us ! unts ng gnetic v y

netization experiment$ indicate that the transition to long- percolaﬂqn cluster. Repent experlmentgxao.87 mdlé:%te
range antiferromagnetic order breaks down only for fieldsthat' at this concentration, such scattering is negligibfé.
above H=18 T, nearly three times the field that causes We thank Stephanie Meyer and Leslie Shelton for assist-
a breakdown in the behavior of the sample witk0.76,  ing in the determination of the concentration of the sample.
demonstrating the stability of antiferromagnetic order forThis work was funded by U.S. Department of Energy Grant
X>X,, . No. DE-FG03-87ER45324 and by the Oak Ridge National
We have shown that the magnetic concentration range fdcaboratory, which is managed by UT-Battelle, LLC, for the

which equilibrium random-field critical scattering is ob- U.S. Department of Energy under Contract No. DE-ACO05-
served for dilute antiferromagnets in an external field has ®00R22725.
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