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Critical behavior of the three-dimensional site-random Ising magnet: Mn„znl „Fq
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Neutron scattering has been used to study the critical behavior of the site-random Ising system,
Mn Znl „Fz, for x =0.75 and 0.50. VA'th the x =0.75 sample, which is of particularly high quali-

ty, measurements were possible over nearly three decades, 4x 10 &
~
t

~
&2X10 ' both above aud

below T~, the resulting exponents are v= v'=0. 715+0.035 and y =y'= 1.364+0.076, and the corre-

sponding amplitude ratios are 0.69+0.02 and 2.45%0. 15, respectively. These agree well with values

obtained in Fe„Znl „Fz for x =0.46 and 0.50 and with theoretical predictions for the random ex-

change Ising model. VA'th the x =0.5 sample, high-energy resolution scans were carried out in the
critical region below Tz,' these experiments indicate that the predicted elastic Lorentzian-squared
scattering is too small in magnitude to be measured aud specifically that it does not affect the ampli-

tude ratios given above.

I. INTRODUCTION

The properties of the phase transitions of disordered
systems have been the subject of a great deal of recent
work. In systems with random exchange constants,
Harris' predicted that the critical behavior of the random
system would be similar to that of the pure system if the
specific-heat exponent a were less than zero. If a is
greater than zero, new behavior is to be expected. Among
the n-vector models in d =3 dimensions, only the Ising
model has a&0, and the corresponding new critical
behavior has been obtained as an unusual fixed point
dependent upon ~e where @=4—d. 6 Experimentally
these predictions are difficult to test because critical
behavior can be determined only close to T„and macro-
scopic fluctuations in the concentration of the random
system necessarily lead to a smearing of T, . Suitable
samples must have the different components randomly
distributed but nevertheless statistically uniform on a
macroscopic scale. Because of this difficulty, the inter-
pretation of the first experiments ' to test this behavior
was ambiguous.

In the past few years there has, however, been a great
improvement in the quality of the single crystals of the
transition-metal fluorides of the rutile structure, and this
has enabled a detailed study to be made of the random Is-
ing behavior in Fe„Znl „F2. The results showed that the
random system did indeed have different critical ex-
ponents from those of pure FeF2, and inore strikingly,
that the amplitude ratios were very different from those
of the pure Ising fixed point.

In this paper we report on similar neutron scattering
measurements for another 1=3 Ising system,
Mn„Zn~, F2. There are four reasons why we have
chosen to study this system. First, the critical phenomena
in MnFi have been studied in detail, ' "and the magnetic
interactions are very well understood. The interactions
are largely between the nearest antiferromagnetic neigh-
bors and those of Heisenberg character, but the weaker di-
polar interactions break the rotational symmetry. It is
therefore an example of a system with weak Ising aniso-

tropy, in contrast to FeF2, which has a very large Ising
anisotropy of crystal-field origin. ' Second, since the
crossover from pure Ising behavior to random Ising
behavior is determined2' by (M/J)'~', where a is small,
it was anticipated that the random behavior would only be
observable very close to Ttt. Surprisingly, the random Is-
ing behavior was observed over a wide temperature inter-
val extending out to a reduced temperature of —10 ' in
the FeosZnosF2 experiment. Thus experiments on dif-
ferent systems and with varying concentrations are re-
quired. Third, following the work of Grinstein et al. ,

'

Pelcovits and Aharony' have shown, for T &Tz, that
the scattering cross section contains, in addition to the
usual susceptibility and Bragg terms, a contribution to the
diffuse scattering from the random static ordered mo-
ments; this term must be included in line-shape analysis
and in comparison of the measured amplitude ratios with
theory. Fourth, the crystals used in this study have also
been used for a study of the effect of random fields. 's'
It is therefore essential to ensure that the zero-field prop-
erties are well characterized in any detailed study of the
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random-field effects.
In the next section the experimental techniques are

described; the data analysis is given in Sec. III. The con-
clusions are given in the final se:tion.

11. BXPBRIMENTAL TECHNIQUES

Two single crystals of Mn Zni „Fz were grown at the
Massachusetts Institute of Technology by D. Gabbe and
A. Linz using the Czochralski method with x nominally
0.75 and 0.5. The growth direction was the a axis for the
x =0.75 sample and the c axis for the x =0.5 sample. In
both cases the virgin boules were approximately cylindri-
cal, 2 cm in height and 2 cm in diameter. For the
random-field and critical-scattering measurements, small
samples were cut out of the center portion of the boules.
Typical dimensions of the illuminated volume were
4X6X6 mm . The crystals were of excellent crystallo-
graphic quality and had a mosaic spread of less than
0.02'. No evidence was found for any chemical ordering
of the Mn and Zn ions and so the samples are excellent
examples of a site-random system. The measurements are
limited by macroscopic, nonstatistical concentration fluc-
tuations; these are best characterized by the sharpness of
the phase transition itself. In neutron experiments, con-
centration fluctuations manifest themselves both through
persistence of the Bragg scattering into the paramagnetic
phase and by the minimum, nonzero width of the critical
scattering at T~. The x =0.75 sample turned ogt to be
excellent, the overall spread in concentration being less
than 0.1%, we have therefore performed measurements
down to -4)&10 in reduced temperature', the x =0.5
sample is of lower quality with a concentration spread of
at least 0.5%. The x =0.75 crystal was mounted with the
(010) crystallographic axis vertical in a variable-
temperature cryostat at the Brookhaven High-Flux Beam
Reactor. The crystal could be maintained at a tempera-
ture with a stability of 0.005 K and a comparable relative
accuracy and with an absolute accuracy of better than
0.05 K.

In Mn„Znt „F2 there is significant neutron scattering
from both the transverse and longitudinal spin fluctua-
tions. Consequently, in a detailed study of the phase tran-
sition it is necessary to separate these two contributions.
This is accomplished ' by performing measurements of
the scattering around the (001) reciprocal-lattice point; the
(001) response is determined almost solely by the trans-
verse fluctuations. The scattering around the (100)
reciprocal-lattice point is given by the sum of the longitu-
dinal and transverse contributions, so that the former can
be obtained by subtracting the latter, which are known
from the measurements around (001).

Most of the measurements were performed with a two-
axis spectrometer so as to perform the energy integration
over the frequency-dependent scattering cross section ex-
perimentally. It is then essential to use an incident neu-
tron energy which is much higher than the energy of the
fluctuations if the energy or frequency dependence of the
cross section is not to cause errors. ' Most of the experi-
ments on the x =0.75 sample were performed with a
two-axis spectrometer with an incident neutron energy of

30.5 meV which was obtained by reflection from a pyro-
lytic graphite monochromator. The horizontal collima-
tions from reactor to counter were 20', 20', and 20' giving
a measured resolution [half width at half maximum
(HWHM)] at the (100) lattice point of 0.0015 reciprocal-
lattice units (rlu) along (001), 0.011 rlu along (100), and
0.049 rlu along (010). A pyrolytic graphite filter was used
to reduce the higher-order contaminant neutrons. By us-
ing this arrangement, TN was determined from the peak
in the critical scattering as 46.2+0.1 K, and measure-
ments made of the diffuse scattering near (100) and (001)
reciprocal-lattice points at 36 temperatures between 55
and 37 K.

Some scans were performed with higher resolution with
an incident neutron energy of 14 meV and collimation of
20', 10', and 5' from reactor to counter. The measured
reaointion (HWHM) at the (t00) lattice point waa then
0.00061 rlu along (001), 0.0089 rlu along (100), and 0.042
rlu along (010), and 18 different temperatures were stud-
ied above and below T~.

A number of independent experiments were performed
on the x =0.5 material. First, a series of experiments
utilizing a triple-axis spectrometer set to zero energy
transfer with very good energy resolution were carried out
on the full 8-cm boule before cutting. As we shall discuss
below, the square of the Lorentzian scattering below T~
should be purely elastic since it originates from the static
random ordered moments. Measurements were carried
out with an incident neutron energy of 3.5 meV and col-
limation such that the energy resolution (HWHM) was
0.040 meV, as well as with an incident energy of 13.7
meV when the energy resolution was 0.15 meV.

The critical scattering measurements, all of which uti-
lized a two-axis spectrometer, were carried out on a piece
of the x =0.5 crystal of dimensions 1X0.5X0.5 cm
with the c axis along the 1-cm direction. In the first set
of measurements on this sample, the crystal was mounted
with an a axis vertical in a temperature-controlled cryo-
stat. Survey measurements were carried out at with an in-
cident neutron energy of 13.7 meV, and all collimation
10', to assess the transverse susceptibility, XT(q). As part
of a study of random-field effects the sample was then
mounted with the c axis vertical in a superconducting
magnet; the bottom 6 mm were masked with cadmium in
order to reduce the overall concentration spread. In this
configuration, measurements were made of the combina-
tion Xq+XT, by using a two-axis spectrometer with an in-
cident energy of 13.7 meV, and all 10' collimators. The
wave-vector resolution elements in the order given above
were 0.0013, 0.007, and 0.07 rlu.

III. RESULTS AND ANALYSIS

We discuss first the quasielastic scattering below Tz
from the x =0.5 sample. As noted by Grinstein et al. '

and as developed by Pelcovits and Aharony, ' below T&
in a random magnet one expects, in addition to the nor-
mal Bragg scattering and Lorentzian diffuse scattering, a
higher-order term in the longitudinal cross section:

C"(q)=XL(q)D(q),
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where Xi.(q) is the longitudinal wave-vector-dependent
susceptibility and D(q) is a wave-vector-dependent ampli-
tude factor. In mean-field theory D(0)-M, where M, is
the sublattice magnetization. From a scaling analysis, ' it
is found that in the random exchange critical regime
C"(0)-

~

t
~

". The relative amplitudes of the Lorentzi-
an and Lorentzian-squared fluctuation terms are not
currently known and hence must be determined by experi-
ment.

This Lorentzian-squared scattering is analogous to the
Lorentzian-squared tenn which occurs in the random-
field problem. 's' Specifically, it can be viewed as ori-
ginating from the field generated by the random com-
ponent of the ordered moments. An essential feature
which should distinguish the Lorentzian and Lorentzian-
squared contributions is that the former is dynamic while
the latter is static. ' The same situation occurs in the
random-field problem and indeed it has been shown from
the random-field experiments in Mn Zni „F2 with
x =0.50 and 0.75, that an energy resolution of -0.1 meU
is sufficient to isolate the Lorentzian-squared component
down to the 1% level in intensity. "' Accordingly, the
high-energy resolution experiments described in the previ-
ous section were performed.

We show in Fig. 1 scans with a triple-axis spectrometer
set for E =0 through the (100) position at 19.0, 20.25, and
20.75 K, all below Tz ——21.0 K for the large x =0.50
boule. The 19.0-K data were taken with the 0.040-meV
resolution configuration, while the data at 20.25 and 20.75
K were taken with 0.15-meV resolution. From separate
inelastic studies' it is known that at these temperatures
the transverse component is eliminated by the high-energy
resolution so that the measured response is purely longitu-
dinal. The solid lines in Fig. 1 are the best fits to a pure
Lorentzian while the dashed lines are the best fits to a
Lorentzian squared. It is evident that, in contrast to the
random-field problem there is no measurable Lorentzian-
squared component. The correlation lengths obtained
from the Lorentzian fits agree well with the more detailed
two-axis results presented below.

AT
XT(q) = KT+(q')'

where

(3)

2' 2' 2'
a a Cy~ 9'z

KT and AT were then determined as functions of tem-
perature by fitting Eq. (3) convoluted with the experimen-
tal resolution function plus a background to the observ-
able data. At each temperature a good fit (X & 1.5) was
obtained. The results for KT are illustrated in Fig. 2 and
show that on decreasing the temperature, KT decreases as

M"0.75 Z"0.25 F2
I t t !

5 0

KL

The energy integrated intensity for a wave-vector
transfer Q for magnetic scattering by Mn„Zni „F2 thus
may be taken as

I(Q) =C
~
f(Q) ~

T[(sin 8)XL(q)+(1+cos 8)XT(q)]

+D
~
f(Q)

~

z(sin 8)M, 5(q), (2)

where f(Q) is the form factor of the Mn + ion, XL(q) and
XT(q) are the longitudinal and transverse wave-vector-
dependent susceptibilities, respectively, and Q =q+ G
where G is an antiferromagnetic reciprocal-lattice vector.
T is the absolute temperature, C and D are constants, M,
is the ordered staggered moment occurring below Tjv, and
8 is the angle between Q and the crystallographic c axis.

We present now the double-axis results in the x =0.75
sample. As discussed in the preceding section, data were
taken around both the (001) and (100) reciprocal-lattice
positions. Initially, the data taken near the (001)
reciprocal-lattice point were analyzed using Eq. (2) and
assuming that 8=0 so that there was no contribution
from XL and M, . The transverse susceptibility was then
assumed to be of Lorentzian form and isotropic in re-
ciprocal space with
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FIG. 2. Transverse and longitudinal inverse correlation
lengths in Mn075Zn02&F2. The solid points are above TN while
the open points are below T~. Open and solid triangles
represent points taken with E; = 14 meV.

FIG. 1. High-energy resolution transverse scans through
(1,0,0}Bragg reAection in Mno 5Zno ~F~. The resolution function
and fits are discussed in the text.



34

IOOO— 0

Tz is approached but is finite at Tz, and then is almost
independent of temperature below Tz. For the sample
with x =0.75, ET decreases as Tz is approached to a
value of 0.043+0.001 rlu at T~ and then is almost in-
dependent of temperature below Tz. The amplitude AT
(not shown} decreases both above and below TN. Above
TN, TAT is constant to within the experixnental error
while below TN, TAT decreases by —1S% between TN
and 37.0 K.

Once the behavior of the transverse fluctuations had
been determined, the longitudinal fluctuations could be
obtained from the measurements taken near the (100}
reciprocal-lattice point. Representative (1,0,$) scans are
shown in Fig. 3. In principle it should be possible to sub-
tract the transverse intensity at (100) by dividing the
intensity observed at (001) by' one-half (8 factor) and
multiplying by the ratio of the form factors

~
f(G=(1,0,0))

~
/~ f(G=(0,0, 1))

~

. Although this
gives approximately the correct scale factor, the crystals
are not of a symmetric shape, and the scattering angles
and hence absorption corrections differ so that the real
scale factor may be different from the calculated value.
We determine the scale factor from measurements at high
temperatures where we assume that longitudinal and
transverse susceptibilities are equal and at low tempera-
tures where the longitudinal susceptibility is zero. These
experiments gave a scale factor by which the data taken

near the (001) point should be scaled to obtain the trans-
verse scattering near the (100) point; this scale factor was
within 10% of the theoretical value. This ratio was then
used in the data analysis.

The data analysis was then performed by assuming that

Ag
XL(q) =

KL+(q')

and fitting AL, E„, and M, to the experimental data
while holding AT and KT fixed. A good fit was obtained
both above and below TN with typically X & 2.0 (see Fig.
3) except for data taken at high temperatures y SO K and
low temperature ~40 K, for which X increased. These
increased errors are caused at least in part by the very
small contribution of the longitudinal scattering at low
teinperatures and at high temperatures by the effects of
higher-order contamination in the incident neutron beam.

The results for KL are shown in Fig. 2, whereas those
for At are shown in the form of the susceptibility
Xt. At./EL——in Fig. 4. It should be noted from Figs. 2
and 4 that it was possible to obtain reliable data for tem-
peratures as close as 0.02 K to the critical point
(~ i

~

=
~

T/T~ 1~ =4X—10 ) and for inverse correla-
tion lengths as small as -0.001S rlu although these are at
the limits of our present sample. This demonstrates that
this Mnn75ZnQ25Fq sample is remarkably homogeneous
with the Mn and Zn atoms distributed statistically on
both microscopic and macroscopic length scales. This
also suggests that the transition widths in the random-
field experiments' are intrinsic.

These results were fitted to obtain the exponents and
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FIG. 3. Representative transverse scans through the (100)
Bragg reflection at the temperatures indicated. The solid lines
represent fits to Eq. (3}with the parameters given in the figure.

FIG. 4. The susceptibility J(0) in Mno»Zn025F2, the solid
lines are the results of fits to single power laws with exponent
—1.364 above and below T&.
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amplitude ratios:

+L(T TN) ~ T&TN
EL(T)= ~

Ki (T~ —T)", T&TN,
and

(5)

Initially fits were performed by varying the amplitudes,
exponents, and Ttt and a variety of fits were performed
with different sets of data and different fitting parame-
ters. The results were all consistent with v and y deter-
mined from data above and below TN being the same; the
resulting best values of the parameters are shown in Table
I. The statistical error limits are quite small; the errors
given in Table I represent our best estimate of the overall
uncertainties including systematic effects.

The fits also provided values of the ordered moment
M, below Ttt but the crystals are crystallographically
very perfect and so extinction occurs even close to Ttt,
thus the data do not give satisfactory values of the order-
parameter exponent P. P has been determined by Dunlap
and Gottlieb in Mno s6Zno i4Fi to be 0.349+0.008, in
agreement with the random Ising value.

As a cross check on our inelastic results in the x =0.5
sample we also performed fits of the x =0.75 data for
T &Ttt to a Lorentzian plus Lorentzian-squared form.
For all but one temperature point, X was reduced by 0.02
or less by including the Lorentzian-squared term and fur-
ther, the amplitude of the Lorentzian squared was within
error zero for each of these temperatures. Only for one
temperature, 46.15 K, was X decreased significantly.
However, we suspect that this result arises from the diffi-
culty of separating Bragg, Lorentzian, and Lorentzian-
squared components very close to Ttt, where Ei, is small.

The critical scattering experiments in the small x =0.5
sample were rather less satisfactory. These were per-

formed as an ancillary part of a study of random-field ef-
fects in this material and were carried out primarily to
characterize the zero-field behavior. Because of the larger
concentration spread, measurements were only possible
0.1 K and further away from Ttt 20——.72 K correspond-
ing to reduced temperatures of 5&(10 and greater. As
discussed in Sec. II, initial measurements were carried out
using a two-axis spectrometer illuminating the whole sam-
ple in a conventional cryostat and with an a axis vertical
so that (001) and (100) reflections could be accessed.
These measurements gave ET ——0.062+0.08 rlu for

i
T —Ttt i

&2 K and Ay=0. 7Ai,' it was also found that
A I was a minimum at T~ implying g & 0 as expected.

More detailed measurements were carried out on the
masked crystal mounted with the c axis vertical in a su-
perconducting magnet, again utilizing a two-axis spec-
trometer as discussed in the preceding section. In this
case XT could not be measured directly, but only the com-
bination Xi.+XT. In order to analyze the data we as-
sumed the above value ECT ——0.062 rlu and the ratio
AT/Ai ——0.7. The data were then fitted to Eq. (2) ex-
cluding the center portion of the scans. The results so ob-
tained for Ei and XL above and below Ttt are shown in
Figs. 5 and 6, respectively. Reasonable power laws are ob-
tained over about one decade; further, the data give v=v'
and y=y' within the errors. The best-fit exponents are
listed in Table I. They are rather larger than those in
Mno 75Zno zsF2 although the results agree within the com-
bined uncertainties. Here the primary uncertainty arises
from the subtraction of XT, which is not measured direct-
ly; the fact that this latter experiment gives y & 2v
whereas the preliminary results had y&2v shows that
there must be some small systematic errors. This small
error leads to a remarkably large increase in the effective
y. The ratios EL /EL and XL/Xi may, however, be
measured much more accurately since near Ttt they are
insensitive to an error in the XT subtraction. We list in
Table I these ratios extracted from the data for less than

TABLE I. Exponents and amplitude ratios in diluted Ising antiferromagnets.

y y' Range

Mu07szuo isFi' 0.715+0035 0.715+0035b 0.712002 1.364+0076 1.364+0076 2.56+0.15 4X10 &
I
t

I
&2X10

Mno 5Zno 5F2' 0.75%0.05 0.76+0.08 0.6S+0.05 1.57+0.16 1.56+0.16 2.2+0.2 5X10 & it
i

&10

Feo 5Zno 5F2 0.74+0.03 0.72+0.03 0.73+0.02 1.4S+0.06 1.43+0.06

Feo ~no ~Fi 0.692001 0.69+0.01 0.6920 02 1.312003 1.31+0 03b 2. 820.4 1.5X10 & i
t

i
&10

2.2+0.11 2&&10 & i
t

i
&10

Averaged
values 0.71+0.02 0.70+0.02 1.37+0.04 2.4+0.02

Theory f 0.70
0.69

0.83 1.39
1.34

2.2

'Values obtained in this work.
The exponents v, v', and y, y' have been kept equal during the final fitting procedure.

'Values obtained in this work.
~Reference 19.
'Reference 9.
Reference 5, A. Newlove, J. Phys. C 16, L423 (1983}.
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IV. CONCLUSIONS

As discussed above, we have obtained accurate values
for the exponents and amplitude ratios over nearly three
decades above and below TN in the site-random Ising an-
tiferromagnet Mno 7&Zno z5F2. We have also obtained reli-
able values for the amplitude ratios in Mno&Zno&F2.
These are tabulated in Table I together with correspond-
ing results in Fe Znt, F2, x =0.50 and 0.46, and the
current theoretical predictions. For purposes of compar-
ison we have compiled in Table II corresponding results in
the pure systems MnFz and FeF2. In Table I we give
averaged values for all current measurements: v
=v'=0.71+0.02, K /E =0.70+0.02, y=y'=1. 37
+0.04, and g+/g =2.4+0.2. In computing these aver-
ages we have excluded the Mno &Zno &F2 exponents. As
may be seen from Table I the agreement with current
theoretical values is excellent. From the spread in the
measured values in Tables I and II it is evident that sys-

FIG. 6. The susceptibility g(0) in Mno szno sF2.

tematic errors are dominant. The systematic errors ori-
ginate primarily in the resolution corrections, the quasie-
lastic approximation, concentration fluctuations, and the
background correction. Finally, no correction-to-scaling
terms have been used in the Mn„Zn& „F2 power-law anal-
yses so that the results correspond to effective exponents;
since the correction terms have nonuniversal amplitudes
this may also produce a systematic error.

Comparison with Table II shows that the critical
behavior in Mn, Zn, ,Fz and Fe,Zn& „Fq is now at least
as well characterized with neutrons as in the pure materi-
als Mud and FeF2 especially below TN. In both MnF2
and FeF2, the experiments which extend closest to T~
give good agreement with pure Ising model predictions
with respect to both exponents and amplitude ratios. The
spread in experimental values, however, again illustrates

TABLE II. Exponents and amphtude ratios in pure Ising antiferromagnets.

FeFq'

FeF2'

MnFq

MnF2'

Theory ~

0.67+0.04

O. 64+0.01'

0.63+0.04

0.68+0.06

0.63

0.7+0.2

O. 64~0.01'

0.56+0.1

E/E'

0.5+0.1

0.53+0.01

0.59+0.09

0.51

1.38+0.08

1.25+0.02'

1.27+0.04

1.35+0.02

1.24

1.6+0.2

1.25~0.02b

1.32+0.12

1.24

6.1+1.0

4.6+0.2

4.8~1.0

5. 1

Range

10 & i
t

i
&10

10 & It I & 10

10 &it i
&10

4X10 '&
i
t

[
&10-'

'Reference 12.
'The exponents v, v', and y, y', have been kept equal during the final fitting procedure.
'Reference 22.
Reference 10 (Schulhof et al.).

'Reference 10 (Dietrich); here the errors are purely statistical.
References 23 and 24.
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the importance of systematic versus statistical errors. It is
noteworthy that the amplitude ratios change much more
than the exponents themselves as one goes from pure to
random Ising behavior.

The most surprising features of our results is that
MAO 75Zno 25' appears to exhibit random Ising behavior
over the complete reduced temperature range
4X10 g

~
t

~

&2X10 '. In this system (dd'/J)'~
-(—,)' =10 so that according to current theoretical
ideas' the random exchange critical region should have
been experimentally inaccessible. Clearly this is not the
case. Finally, we also did not observe the anticipated
Lorentzian-squared diffuse scattering below Tz. The ex-
ponents obtained here are important in evaluating results
in the random-field Ising model; this will be discussed in a
separate paper.
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