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Neutron scattering measurements in the dilute antiferromagnets Rb2Mn, Mg, ,F, with
c =0.54 and 0.57 are presented; for this system the percolation limit is cp

——0.59. Two-
dimensional critical scattering is observed with inverse width ( and amplitude yT which
diverge as a function of 1/T; the divergences cut off when ( exceeds the size of the larg-
er clusters. A simple self-avoiding walk model accounts well for the observed ( vs T
behavior.

Recently, considerable attention has been di-
rected towards the percolation transition as an

example of "geometrical" critical behavior. ' Ex-
tensive Monte Carlo computer experiments have
been performed'; in addition, by exploiting an
analogy with the Ashkin- Teller-Potts model,
some analytical results have been obtained in two
dimensions and in 6 —e dimensions using renor-
malization-group methods. ' As a model percola-
tive system, one may consider a simple square
magnet with only nearest-neighbor bonds. As the
concentration c of magnetically active atoms is
reduced below some critical concentration c = c~,
the system breaks up into finite clusters so that
there can be no long-range order. Theoretical
work to date has concentrated on the critical be-
havior of such a magnet at T = 0 around c = c~.
More generally, however, the point c=c~, T =0
might be considered a. multicritit. "al Point termi-
nating a line of second-order transitions. ' Such a
system then might be expected to exhibit geome-
trically driven critical behavior at T-0 as a func-
tion of c —c~ and thermally driven critical behav-
ior at c = t.-~ as a. function of T. Virtually no exper-
imental information is currently available on the

T-dependent fluctuation behavior around c = c~ in
any real system.

In this Letter we present the results of neutron
scattering experiments in the dilute two-dimen-
sional (2D) antiferromagnets Rb, Mn, Mg, ,F,. The
spin correlations in these crystals are found to
exhibit a number of interesting and novel features
as we shall discuss in detail below. In particular,
the data suggest that the propagation of correla-
tions over long distances is determined mainly
by the one-dimensional links in the clusters; we
show that the principal features of the correla-
tions can be quantitatively accounted for by a no-
adjustable-parameter, self- avoiding walk model.
In general, we hope that these new results will
provide the impetus for the development of theo-
ries of percolation in the concentration-tempera, —

ture plane, and of course, that they will act as a
testing ground for such theories.

Our experiments were performed on two high-
quality single crystals of Rb, Mn, Mg, ,F4. These
alloys have the Rb, MnF, structure but with the
Mn (S = —,) and Mg (nonmagnetic) atoms arranged
randomly on the Mn sites of the pure crystal. In
the pure crystal the magnetic interactions are
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overwhelmingly between nearest neighbors (nn)
only. Measurements of the Rb, MnF4 magnon
spectra' show that the spin system is accurately
described by an isotropic exchange Hamiltonian

(X;, =J;,S;~ S,) with J„„=0.652 meV, J„„„=0.012
meV, and an anisotropy field g p, ,H~ =0.031 meV;
the latter arises mainly from magnetic dipole in-
teractions. In the dilute systems we have carried
out a variety of crystallographic measurements;
in addition, a detailed study was made of the mag-
netic excitation spectra at the antiferromagnetic
zone boundary. These results will be reported
in detail later'; for our purposes here, it is suf-
ficient to note that these experiments indicate
that the Mn and Mg ions are indeed randomly dis-
tributed; they also enable us to estimate c = 0.54
+0.03 and c =0.57+0.03 for the two specimens.
From the inelastic spectra we conclude that for
the dilute samples J„„=0.71 meV. We cannot ex-
tract J„„„directly for the dilute samples. For the
square lattice with nn interactions alone, the site
percolation limit' is c~ = 0.59. Thus these sam-
ples both lie just below this limit. From theory'
we expect that inclusion of the much weaker nnn

coupling would lower c~ to 0.41. However, this
nnn coupling has no observable effects down to
1.3 K in these crystals and so we shall not con-
sider it further here.

The critical scattering measurements were
carried out on a two-axis spectrometer at the
Brookhaven high-flux beam reactor. The crystal
orientation, spectrometer configuration, and scat-
tering geometry were identical to those described
previously by Als-Nielsen et al.' In this geome-
try the measurements yield

I(q) = 0.958"(q)+ 1.058'(q), (1)

where 8""(q)=g-, e' "S,"(0)S-,"(0). Here I! and &

are with respect to the crystalline c axis. Typi-
cal scans on the c = 0.54 sample are shown in
Fig. 1. In none of our measurements is the scat-
tering found to have any 3D character; thus the
system can indeed be treated as ideally 2D.

We now consider the analysis of these data. Be-
cause of the near-Heisenberg symmetry of the
Hamiltonian, we assume as a first approximation
that 8 "(q) = 8 (q), and hence f(q) =A/(~'+ q') with
q'=q„'+q, '; that is, the scattering has the form
of a 2D Lorentzian. This expression for the in-
trinsic scattering cross section is then convolut-
ed with the instrumental resolution function and

fitted in a least-squares sense to the experimen-
tal data at each temperature. As shown in Fig. 1,
satisfactory fits with goodness-of-fit parameters
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FIG. 1. Critical scattering scans across the ridge at
(h, 0 0 4) ln Rb2Mnp 54Mgp 48F4 at several temperatures
(see Ref. 6 for the geometry). The horizontal instru-
mental resolution full width at half-maximum is 0.011'.
The solid lines are the fitted Lorentzians as discussed
in the text.

Q

X
0.6—

(3
Z
IJJ

O

0,4—
IJJ

K
O
O
IJJ
u) 0.2—
IJJ

0—
0 IO 20

T EMPERATURE (K)

30

FIG. 2. Inverse correlation length in reduced units
(K& = 1/n, where n is the number of lattice units) ver-
sus temperature for c =0.54 and 0.57. The dashed and

solid lines are the SAW results with and without anisot-
ropy, respectively, as discussed in the text.

X'- 1 to 1.5 are obtained at all temperatures.
This in turn demonstrates that the spin correla-
tions fall off as e '"/R"' in real space —an inter-
esting result in itself. We show in Fig. 2 the re-
sults so obtained for ~ in the two specimens. We
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shall discuss the significance of these results in
detail below.

%e consider first, however, the role of the
anisotropy. For the pure systems it is known

that the anisotropy plays a crucial role in the cx it-
ical region. ' However, in those measurements g
is typically an order of magnitude smaller than
the values of ~ where these data saturate. Ideal-
ly, 8 (q) and 8 (q) should be measured separately.
However, as discussed extensively in Ref. 6, be-
cause of restrictions on the quasielastic approxi-
mation, only the combination, Eq. (1), can be ob-
tained with confidence. However, by using energy
analysis and a small incident neutron energy of 5

meV, the zero-energy (or rather ~h~~&0. 08 meV)
part of the full momentum- and energy-dependent
van Hove scattering function can be obtained. The
results so obtained for 8 (q",E-0) and 8 (q*,E-0)
are shown in Fig. 3. Here q* is the superlattice
wave vector corresponding to the peak in Fig. 1,
and E-0 refers to an integral aboutE=O over the
spectrometer resolution function (the full width
at half-maximum is 0.16 meV). It is evident that
the very small anisotropy does indeed play an im-
portant role in the dynamics of the correlations.
In particular, 8'(q*,E-0) becomes Bragg-like at
low temperatures, whereas 8 (q~,E- 0) decreases
to near zero, and a pseudo spin-wave gap seems
to open up. ' The consequences for the instantane-
ous correlations are less obvious; it is clear,
however, that any detailed theory must include
the anisotropy explicitly.

%e now focus our attention on the inverse cor-
relation lengths shown in Fig. 2. These data. pos-
sess a variety of interesting qualitative features.
Firstly, we note that the effect of dilution below
the percolation limit is to suppress drastically
the development of the spin correlations. (The
mean-field ordering temperature for these sam-
ples is - 50 K.) Indeed, the results above 4 K are
are quite reminiscent of those in the classical lin-
ear chain material (CD,),NMnCI, (TMMC). ' At
high temperatures, the correlation length is dom-
inated by thermal Quctuations; as the tempera-
ture is lowered, the correlation length increases
until it exceeds the size of the larger clusters;
at that point, the correlation length by necessity
saturates. The size of the clusters in turn de-
pends critically on c near the percolation concen-
tr3tion c&. The limiting correlation lengths,
which measure directly the mean cluster diame-
ter, are 37 and 102 A (or 9 and 25 lattice con-
stants) for c: =0.54 and c = 0.5V, respectively.

It is of interest to see if one can understand the
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FIG. 3. Transverse and 1ongitudina1 dynamical struc-
ture factors (integrated over h~ & 0.08 me& versus
teMpelatule ln Rb)MQo r4Mgo )6F4. Sinlllar results are
obtained in the c =0.57 saDlple.

temperature dependence on a more quantitative
basis. In both two and three dimensions for nn
interactions, the average coordination number
around the percolation concentration is close to
2, that is, the coordin3tion of a linear chain. In
any given cluster the local geometry may, of
course, be quite complicated. However, over
large distances the correlations must propagate
through many one-dimensional links, and we ex-
pect these one-dimensional "weak links" to dom-
inate. Careful consideration of computer-gener-
ated clusters leads one to the heuristic conclusion
that the longest paths across the cluster simulate
self avoiding ua-lks' (SAW) on a, square lattice.
By exploiting the connection between the diameter
of SA%'s on a square lattice to the length, one is
immediately led to the relation

$ sAw/a 0.95($~/a)

where $, is the one-dimensional correlation length,
and a is the nn distance. For the 1D classical
Heisenberg model, '

$,/a = (-u)"'/(1+u),
where u = coth[- J„„S(S+I)/k&T j+kBT/Z„„S(S + 1).
The solid line in Fig. 2 is the classical Heisen-
berg result, Eqs. (2) and (3), for an infinite SAW.
It is clear that this simple model with no adjust-
able parameters accounts surprisingly well for
both the absolute magnitude and general tempera-
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ture dependence of the correlations in both sam-
ples. The nearly exact agreement with the c
= 0.54 data should be considered accidental since
the prefactor, 0.95, in Eq. (2) is very sensitive
to the detailed assumptions. The dashed line
gives the corresponding result for the longitudinal
correlation length $ when the anisotropy is in-
cluded explicitly. ' Finally, one must incorporate
the explicit concentration. It turns out that this
can be done most readily for a classical random
walk (RW) without the SAW restriction. The ran-
dom walk gives an exponent of & in Eq. (2) which
is clearly wrong; however, the qualitative fea-
tures should still carry over from the RW to the
SAW. We shall discuss this RW model in detail
in a separate publication. ' Here it is sufficient
to note that the RW calculations indicate that the
nearly uniform shift in z between c =0.54 and
0.57 arises from finite size effects. Further,
the approach to saturation at low temperatures is
quantitatively accounted for provided that one in-
cludes the anisotropy explicitly. From theoreti-
cal considerations we believe that $, should re-
present an appropriate temperature scaling field.
Least-squares fits to the c =0.57 da.ta for 6 K
~T~30 K give ~- ($,') ""'~O5 and S(q*)-($,")"'"~'.

In conclusion, we have measured the develop-
ment of the magnetic correlations close to the
percolation transition in a 2D antiferromagnet.
The results suggest that the temperature depen-
dence is determined mainly by the 1D weak links
in the clusters. Our experiments and calcula-
tions show that the falloff of the magnetic correla-
tions is well represented by a simple function of
the form exp[ —(zr + ~G)/Rj/R"', where xr and KG

are the inverse correlation lengths resulting from
thermal and geometrical disorder, respectively.
A simple SAW model is found to account for ~~
remarkably well. In general, our results are
consistent with a multicritical-point description
of percolation in magnets. The scaling theories
by Stanley et al. and by Lubensky, ' which were
developed concurrently with this work, differ
mainly in their fundamental assumptions about
the cluster geometry; the former uses the SAW
Ansatz, while the latter presents the consequenc-
es of a node-connectivity postulate following de
Gennes's work in polymers. For a Heisenberg
model in 2D these theories predict v~ = 0.75 and

v~ =1.2, respectively. Our experiments favor the
former model; however, it is premature to at-
tempt to choose definitively between these theo-
ries (and other possible related theories) until
the theoretical calculations incorporate explicitly
both finite-size and anisotropy effects. It is
hoped that these experiments will stimulate fur-
ther development of the theory of correlations in
dilute magnets near the percolation concentration.
Experiments on 3D systems are planned in the
near future.
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