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Ordering in the dilute weakly anisotropic antiferromagnet Mn 0.35Zn0.65F2
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The highly diluted antiferromagnet Mn0.35Zn0.65F2 has been investigated by neutron scattering in zero field.
The Bragg peaks observed below the Ne´el temperature (TN'10.9 K) indicate stable antiferromagnetic~AF!
long-range ordering at low temperature. The critical behavior is compatible with random-exchange Ising model
critical exponents (n'0.69 andg'1.31), as reported for MnxZn12xF2 with higherx and for the isostructural
compound FexZn12xF2. However, in addition to the Bragg peaks, unusual scattering behavior appears around
the ~1 0 0! AF Bragg peak below a glassy temperatureTg'7.0 K. The glassy regionT,Tg corresponds to
that of noticeable frequency dependence in earlier zero-field ac susceptibility measurements on this sample.
These results indicate that long-range order coexists with short-range nonequilibrium clusters in this highly
diluted magnet.
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Diluted uniaxial antiferromagnets have been extensiv
studied as physical realizations of theoretical models of r
dom magnetism,1 including those pertaining to percolatio
phenomena.2,3 For three dimensions (d53), two of the most
extensively studied examples are the rutile compou
MnxZn12xF2 and FexZn12xF2. These two systems differ ef
fectively only in the strength and nature of the anisotro
providing a unique opportunity to explore the role of anis
ropy in the ordering of dilute magnets at low temperature
MnxZn12xF2, the anisotropy is dipolar in origin.4 In
FexZn12xF2, the anisotropy is an order of magnitude grea
for x51 because of the additional crystal-field contributio5

In many experiments with the magnetic concentrationx well
above the percolation threshold concentrationxp50.245,2

the behaviors for H50 are qualitatively similar for
MnxZn12xF2 and FexZn12xF2. Antiferromagnetic~AF! long-
range order~LRO! at low temperatures and characteris
random-exchange Ising critical behavior have been obse
in the FexZn12xF2 compounds forx>0.31.6 Similar random-
exchange Ising-model~REIM! behavior is found in the
MnxZn12xF2 system forx.0.4.7

For small fields applied parallel to the uniaxial directio
and reasonably small magnetic dilution, the diluted antif
romagnet in a field~DAFF! is expected8,9 to show critical
behavior belonging to the same universality class as
random-field Ising model~RFIM! for the ferromagnet, the
latter being the model most used in simulations.10 Indeed, for
all measured samples of both systems for which the RE
character is found atH50, the application of a small field
parallel to the easy axis generates critical behavior com
ible with the predicted8 REIM to RFIM crossover scaling. In
spite of the evidence supporting the DAFF as a realization
the RFIM, some nonequilibrium features inherent to DA
compounds and also the newly explored field limits11–13 of
PRB 610163-1829/2000/61~21!/14681~5!/$15.00
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the weak RFIM problem ind53 make the nature of the
phase transition atTc(H) still a matter of considerable
controversy.14–16

Under strong random fields~corresponding to largeH)
and also close to the percolation threshold, the phase
grams of DAFF’s have proven to be much more complica
than originally anticipated. For largeH, AF LRO is predicted
to become unstable.17 The generation of strong random field
induces18,19 a glassy phase in the upper part of the (H,T)
phase diagram ofd53 Ising DAFF’s. The equilibrium
boundary,

Teq~H !5TN2bH22CeqH
2/f, ~1!

above which hysteresis is not observed, has a convex s
at highH(f.2), instead of the concave (f51.4) curvature
seen at low field~where REIM to RFIM crossover occurs!.
This change of curvature inTeq vs H was first observed20 by
magnetization measurements in Fe0.31Zn0.69F2. Faraday
rotation6 and neutron scattering21 experiments on a sampl
with the samex confirmed the REIM to RFIM crossove
scaling at lowH and the lack of stability of the AF LRO a
largeH, giving way to a random-field-induced glassy pha
in this highly diluted compound. Recent magnetization m
surements indicated that similar structure in the phase
gram exists at very high fields for samples with higher valu
of x.11,12 At a still higher concentration, the low-temperatu
hysteresis observed forx,0.8 is absent.22

The magnetic features observed at largeH in samples of
FexZn12xF2 in the concentration range 0.3,x,0.6 contrast
with the behavior in the weakly anisotropic syste
MnxZn12xF2 for intermediatex, where a strongH induces a
spin-flop phase.23 This distinct behavior may be solely a con
sequence of the stronger Ising character of the former
tem. In the strong dilution regime (x'xp), a number of mag-
14 681 ©2000 The American Physical Society
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netic features lead us to distinguish between these
systems, as well. Forx<0.27, no long-range order24 is ob-
served in FexZn12xF2. Typical spin-glass behavior wa
found25 in a sample withx50.25, although recent works26–28

suggest noncritical dynamics forx close toxp in this system.
Close to the percolation threshold, even a minute excha
frustration is a suitable mechanism29 for the spin-glass phas
in FexZn12xF2, as supported by local mean-fie
simulations.30 For Ising systems, it is also expected that t
dynamics even at zero field should be extremely slow.31 In
MnxZn12xF2, ac susceptibility measurements indicate a sp
glass clustering at low temperatures for samples with
concentrations 0.2,x,0.35.32,36 Earlier neutron-scattering
studies37 suggest, however, that atH50 the termination of
the line of the AF-paramagnetic~P! continuous phase trans
tion occurs atT50 at x5xp , in stark contrast to the behav
ior of Fe0.25Zn0.75F2. In light of this contrast, the influence o
the frozen spin-glass clusters on the stability of the AF LR
for x close toxp in MnxZn12xF2 is an important question tha
motivated the present work. The dipolar anisotropy of t
weakly anisotropic system is expected to become random
strength and direction asx decreases, in contrast to th
x-independent single-ion anisotropy of FexZn12xF2. In the
case of MnxZn12xF2 under strong dilution, the application o
the results from numerical simulations30 applied to Ising sys-
tems is, of course, not warranted. Any differences obser
in this system and the Fe0.31Zn0.69F2 must certainly reflect the
difference in anisotropy, and this may give a window to t
understanding of the general phase diagrams for dilute an
tropic antiferromagnets in applied fields.

In this study, we performed zero-field neutron-scatter
experiments in Mn0.35Zn0.65F2 to verify the existence of a
stable long-range-ordered antiferromagnetic phase belo
critical temperatureTN'10.9 K, where REIM critical expo-
nentsn'0.69 andg'1.31 are compatible with the behavio
and to investigate the dynamic features of the system at
temperature. BelowTg'7.0 K, an unusual scattering beha
ior appears for (1q 0) for uqu.0, where~1 0 0! is the anti-
ferromagnetic Bragg peak. This temperature regime co
sponds to the region where earlier ac susceptibility studi36

indicated a noticeable frequency dependence in the real
of the susceptibility, in the absence of external field. T
results indicate that long-range order coexists with none
librium clusters in this highly diluted system.

The neutron-scattering experiments were performed at
Oak Ridge National Laboratory using the HB2 spectrome
in a two-axis configuration at the High Flux Isotope React
We used the~002! reflection of pyrolytic graphite to mono
chromate the beam at 14.7 meV. This energy is sufficien
ensure that the static approximation is well satisfied for
range of correlation lengths probed.33 The collimation was
60 min of arc before the monochromator, 40 min betwe
the monochromator and sample, and 40 min after the sam
A pyrolitic graphite filter reduced higher-energy neutr
contamination. Thec axis of the crystal was vertical. A sma
mosaic was observed from the Bragg-peak scans at low
perature, with roughly a half-width of 0.2 degrees of arc
0.0035 reciprocal lattice units~rlu!. The mosaic was incor
porated into the resolution correction by numerically conv
luting the measured resolution functions, including the m
saic, with the line shapes used in the data fits.38 Most of the
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scans taken were (1q 0) transverse scans. For simplicity, th
line shapes used in the fits to the data are of the mean-
form

S~q!5
A

q21k2
1Ms

2d~q!, ~2!

where k51/j is the inverse fluctuation correlation leng
andMs is the Bragg scattering from the long-range stagge
magnetization. The critical power-law behaviors are e
pected to be k5k0

6utun, x5Ak225x0
6utu2g and Ms

5M0utub, whereM0 is nonzero only fort,0. The exponents
n,g, andb and amplitude ratiosk0

1/k0
2 andx0

1/x0
2 are uni-

versal parameters characterizing the random-exchange
model.

The sample was wrapped in aluminum foil and moun
on an aluminum cold finger. A calibrated carbon resistor w
used to measure the temperature.

Transverse scans, taken after quenching to low temp
tures (T55 K) and subsequently heating the sample,
shown in Fig. 1. For clarity, the data for the rangeuqu
,0.008 rlu, which spans the Bragg scattering compone
are not shown. For the most part, the scans are q
consistent35 with what is expected for a phase transition o
curring nearT511 K. However, a most unusual feature

FIG. 1. The logarithm of the neutron-scattering intensity vsq
just above and belowTN in zero field obtained after quenching th
sample toT55 K and heating.
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the line shapes is evident in the data at the lowest temp
ture,T55 K. The broad line shape indicates a great dea
short-range order present upon quenching. The short-ra
order is evident for the scans withT,7 K. The scan atT
56 K shows striking asymmetry, as shown in Fig. 2. Sin
the scans were taken with increasingq from 20.19 to 0.19
rlu and each measurement took about 35 sec, the asymm
is an indication that the short-range order is rapidly decre
ing with time, i.e., the system is equilibrating. The slow r
laxation forT,7 K corresponds very well to the large fre
quency dependence observed using ac susceptibility in
same sample36 for T,7 K.

A transition to antiferromagnetic long-range order is in
cated by the presence of a resolution-limited Bragg sca
ing peak that decreases sharply asT approachesTN'11 K.
As T→TN from above, the width of the non-Bragg scatteri
component decreases and theq50 intensity increases. Simi
larly, asT→TN from below, the width decreases and theq
50 intensity increases. Such behavior is typical of an a
ferromagnetic phase transition. To fit the data, we used
Lorentzian term in Eq.~1!, convoluted with the instrumenta
resolution. The data foruqu,0.008 rlu were eliminated from
the fits to the Lorentzian term to avoid Bragg scattering. T
results of the fits yieldk(T) and the staggered susceptibili
x(T)5A/k2. The results fork are shown in Fig. 3, along
with the expected random-exchange critical behavior39,40 as
indicated by the solid curves withn50.69 and k0

1/k0
2

50.69. The overall amplitude of the solid curves is adjus
to approximately follow the data. A clear minimumk
'0.017 rlu is observed in the fitted values nearTN , indicat-
ing significant rounding due to a concentration gradient
the crystal.41 The gradient rounding is most likely the cau
of the deviations of the data from the fit away from t
minimum as well. Nevertheless, the present data are pla
bly consistent with random-exchange critical behavior wh
the significant rounding due to the concentration gradien
taken into account.

FIG. 2. The logarithm of the neutron-scattering intensity vsq for
T56.00 K in zero field obtained after quenching the sample toT
55 K and heating. The data were taken in sequence in increa
q with approximately 35 sec per point. The asymmetry indica
that on this time scale the system is relaxing toward the beha
seen at higherT.
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Results for the logarithm ofx vs T are shown in Fig. 4.
The random-exchange behavior,39,40 with g51.31 and
x0

1/x0
252.8 and with the overall amplitude adjusted to a

proximately fit the data, is shown as solid curves. The ma
mum in the data and the systematic deviations from the
are indications of a significant gradient in the concentrati
as we discussed with respect to Fig. 3. Again, the data
fairly consistent with a concentration-rounded rando
exchange transition to antiferromagnetic long-range orde

The Bragg intensity, obtained by subtracting the fitt
Lorentzian scattering intensity from the totalq50 scattering
intensity, is shown vsT in Fig. 5. Once again, the data ar
fairly consistent with a random-exchange42 transition (b
50.35) nearT511 K represented by the solid curve. Th
nonzero Bragg component aboveT511 K is probably at-
tributable mainly to concentration gradient effects. The p
cise shape of the Bragg scattering intensity vsT in Fig. 5

ng
s
or

FIG. 3. k vs T nearTN . The solid curves represent the expect
random-exchange critical behavior.

FIG. 4. The logarithm ofx vs T near TN . The solid curves
represent the expected random-exchange critical behavior.
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must not be taken too seriously, particularly at lowT, since it
is known that severe extinction effects distort the behav
by saturating the measured value.1 In addition, forT,7 K,
the sample shows nonequilibrium effects since it w
quenched, as described above, and the magnitude of
Bragg scattering component might well be smaller than if
sample were in equilibrium. The large Bragg scattering co
ponent well belowTN , along with the minimum ink and
maximum inx nearTN , strongly indicate an antiferromag
netically ordered phase.

FIG. 5. The Bragg scattering intensity. The solid curves rep
sent the expected random-exchange critical behavior vsT.
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Previous magnetization studies23,36 indicate a de
Almeida–Thouless-like curve in theH-T phase diagram.
The H50 end point of this boundary coincides reasona
well with the antiferromagnetic phase transition observ
with neutron scattering.

In conclusion, we have shown neutron scattering evide
that this system, Mn0.35Zn0.65F2, orders nearT511 K in a
way consistent with the REIM model. In addition, significa
relaxation takes place forT,7 K. This is consistent with
previous magnetization measurements and demonstrates
only part of the system orders with long-range order wh
the system is quenched to low temperatures. This behavi
consistent with clusters coexisting with long-range order
low TN . A similar glassy low-temperature region has be
identified6,20,28in the anisotropic system Fe0.31Zn0.69F2 using
magnetization and dynamic susceptibility measureme
However, the broad line shapes that indicate the glassy
havior were not observed in Fe0.31Zn0.69F2 with neutron-
scattering techniques.21 It is of interest to note that neutron
scattering measurements37 at the percolation threshhold i
Mn0.25Zn0.75F2 did not indicate any glassy behavior in co
trast to Fe0.25Zn0.75F2. This discrepancy may be due to a
improper background subtraction35 in the case of
Mn0.25Zn0.75F2, and this should be investigated further.
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