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We report high-resolution inelastic-neutron-scattering studies of the spin dynamics in the dilut-
ed near-Heisenberg antiferromagnet Mn,Zn,_,F, with x =0.75 and 0.50. The x =0.75 experi-
ments reproduce previous results by Coombs et al. [J. Phys. C 9, 2167 (1976)], albeit with much
higher resolution. In that case the excitations may be described as spin waves which broaden pro-
gressively as the wave vector approaches the zone-boundary value ¢z5. However, even at g;p the
excitation is underdamped. More interesting behavior is observed in the x =0.50 sample. At long
wavelengths, the response function S(q,®) is dominated by a sharp spin-wave peak; however, there
is a weak ™~ tail extending to high energies. With increasing wave vector the sharp peak dimin-
ishes in intensity while a broad overdamped component, which is well described by a damped-
harmonic-oscillator (DHO) function, grows in intensity. The crossover from a dominant spin
wave to a dominant DHO response occurs for ¢ ~0.3gzp. In energy space, this phenomenon man-
ifests itself as a crossover from propagating low-energy spin waves to localized high-energy excita-
tions. An independent measurement of elastic diffuse magnetic scattering from the x =0.50 sam-
ple yields the percolation correlation length &, associated with the dilution as §;'=0. 3g;p. This
demonstrates that the crossover in the dynamics occurs at the length scale characteristic of the
static geometrical disorder. The results are thence related to the magnon-fracton crossover pre-
dicted by recent theories for percolation networks.
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I. INTRODUCTION

There has been continued development in research on
disordered systems in recent years.! > Among the most
extensively investigated experimental systems are the
randomly diluted antiferromagnets Mn,Zn,_,F, and
Fe,Zn,_,F,; these materials are characterized by ran-
domness due purely to the geometry of the spin network;
they form a group of materials distinguished from other
magnetically disordered systems such as spin glasses
where the spin frustration makes the situation more
complicated and specifically where nonequilibrium
effects play an essential role. Experiments on randomly
diluted antiferromagnets have been extensively per-
formed with a variety of interests including the spin dy-
namics,*> critical behavior,®’ percolation,g'9 and
random-field effects.'®

On the theoretical side, an interesting new develop-
ment has been the introduction of the concept of “‘frac-
tals.”'! This has opened up a novel geometrical ap-
proach in the treatment of randomness in physical sys-
tems.'? Theoretical studies have then been extended to
characterize the dynamic excitations in such random
media.>!*~18 Specifically, it has been predicted that in a
percolation network, propagating phonons or magnons
at long wavelengths and low energies should cross over
to localized “fracton” excitations at higher energies and
shorter length scales where the network has a fractal
geometry.

Based on this picture, the density of states was derived
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for phonon (or magnon) and fracton excitations, and the
results have been employed to explain the temperature
dependence of the specific heat of epoxy resins!® and the
thermal conductivity of glassy systems.?’ The applica-
tion of fractal concepts to these dense systems is not
without controversy. Nevertheless, it is evident that a
wide range of physical phenomena in disordered systems
might be understood via the novel fracton conjecture.
There has been, however, no clear microscopic experi-
mental observation of the anticipated crossover phenom-
ena in random magnetic systems. It is therefore a chal-
lenge for scattering experiments to measure the propaga-
tion and damping of phonons or magnons in model ran-
dom systems exhibiting fractal geometry at short length
scales and to characterize the detailed aspects of the dy-
namic excitations.

In this paper, we give a full description of our
inelastic-neutron-scattering experiments on the site-
diluted random antiferromagnet Mn, Zn,_,F,. By dilut-
ing the ionic antiferromagnet MnF, one produces a ran-
domly diluted antiferromagnet Mn,Zn,_,F,. MnF, is a
representative three-dimensional Heisenberg antifer-
romagnet with the rutile structure as shown in Fig. 1,
and has been studied by many different experimental
methods.?! The dipolar interaction between the Mn mo-
ments accounts for a weak Ising anisotropy which aligns
the Mn spins along the ¢ axis below the Néel tempera-
ture Ty =67.4 XK. The antiferromagnetic exchange in-
teraction is much stronger than the anisotropy energy,
and thus the system is dominated by the Heisenberg in-
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FIG. 1. Crystal structure of MnF,. Mn moments in the
tetragonal rutile-type crystal order antiferromagnetically along
the c axis below the Néel temperature Ty =67.4 K.

teraction which supports spin-wave excitations below
Ty. The energy of magnons in pure MnF, is ~6.5 meV
at the zone boundary, while the Ising gap at the zone
center is 1.08 meV.?

The antiferromagnetic exchange interaction between
neighboring Mn moments on different sublattices, that
is, between the Mn moments placed at the body center
and the corner of the rutile crystal is much stronger
than the coupling between Mn spins on the same sublat-
tice. Thus the replacement of Mn atoms with nonmag-
netic Zn atoms simply changes the geometry of the mag-
netic spin network, but does not introduce any spin frus-
tration. This is in contrast to the case of Eu,Sr,_,S,
where the comparable strength but opposite signs of the
first- and second-neighbor exchange results in a serious
spin frustration which leads to the spin-glass proper-
ties.?> In Mn,Zn,_,F,, the Zn atoms are assumed to re-
place Mn randomly, as is supported by NMR (Ref. 24)
and diffuse-neutron-scattering measurements.?®> All these
characteristics make Mn,Zn,;_,F, an ideal system
which is directly comparable to the three-dimensional
body-centered-cubic percolation spin network.?® The
percolation threshold x, is at 25% Mn concentration
(x, =0.25).

The problem of antiferromagnetic spin waves maps
onto the problem of phonons, because both excitations
have dispersion linear in the wave vector at long wave-
lengths. Therefore, the study of the dynamic spin exci-
tations in Mn, Zn,_,F, should also elucidate the behav-
ior of the lattice vibrations in disordered solids. An im-
portant feature of the Mn,Zn,_,F, system is that the
quality of the crystals has been improved markedly in re-
cent years. High-quality single crystals can now be ob-
tained with a homogeneous Mn concentration within a
large volume. The availability of high-quality single
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crystals is especially important for scattering studies of
the dynamic excitations.

Neutron scattering measurements on the spin waves in
Mn,Zn,_,F, were previously reported by Coombs
et al.* and by Dietrich et al.’ Coombs et al.* performed
inelastic scattering studies on single crystals of
Mng 13Zng 5,F, and Mng 3,Zng sF, from the center to
the boundary of the antiferromagnetic Brillouin zone.
In the magnetically concentrated 78% sample, they ob-
served well-defined spin waves throughout the Brillouin
zone. The energy width of the spin-wave signal
broadened with increasing wave vector, but the full
width was still only one-half of the peak energy even at
the zone boundary. In contrast, for the Mng 3,Zng ¢F,
sample which was close in concentration to the percola-
tion threshold x,=0.25, a very broad response was ob-
served even near the zone center with no evidence for
propagating spin waves. The experiment by Dietrich
et al.’> on Mng ¢Zng 3,F, was performed only at the
zone boundary. Their motivation was to search for pos-
sible structure in the response function arising from the
local atomic environment. Some indication of such
structure was indeed found in the energy spectrum, al-
though it represented a quite subtle feature.

We have performed high-resolution inelastic scattering
measurements on Mn,Zn,_,F, by using neutrons from
the High Flux Beam Reactor of Brookhaven National
Laboratory. A high-quality single crystal of quite large
size (~10 cm?® was grown at Massachusetts Institute of
Technology (MIT) by D. Gabbe and A. Linz. The large
volume of this crystal enabled us to perform detailed
measurements with an instrumental energy resolution
much better than that used in the previous experiments
of Coombs et al.* As reported in the brief letter?’
which introduced part of the present study, we found
sharp spin waves near the zone center, rapid broadening
of the energy spectrum with increasing wave vector g,
and broad excitations at higher energies whose energies
and widths depended only weakly on q. These features
demonstrate a crossover from propagating spin waves to
localized excitations. We describe full details of this
experiment here together with some results on
Mny ;5Zng ,5F, which we obtained for the purpose of
comparison with the 50% specimen. We also describe
elastic magnetic diffuse scattering measurements in
Mn, sZng sF, which separates the region of Euclidean
and fractal geometry in the percolation network.

The paper is organized in the following way. We will
first present results from the inelastic-neutron-scattering
study in Sec. IT with the data essentially unprocessed so
that one may discuss the essential qualitative features of
the experiment. In Sec. III, we discuss the stiffness of
low-energy spin waves in terms of the percolation prob-
lem. We also provide a brief review of the fracton pic-
ture. The diffuse-neutron-scattering results are present-
ed in Sec. IV. In Sec. V we will present a detailed
analysis of the line shapes of the inelastic energy spectra.
The highly asymmetric line shapes are fitted to the sum
of a sharp Gaussian part which is almost resolution lim-
ited and a broad damped-harmonic-oscillator shape
which extends towards high energies. The final section,
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VI, will discuss the results in terms of current theoretical
view points and summarize conclusions obtained from
the present study.

II. INELASTIC SCATTERING MEASUREMENTS

A. Mng sZng sF,

A high-quality single crystal of Mng sZn sF, of about
10 cm® in volume was used in the measurement. The
Néel temperature Ty determined from the antiferromag-
netic (100) Bragg reflection of neutrons was 7y =21.0 K.
The values of Ty measured at several different spots of
the crystal fell within 1.0 K of the averaged value, im-
plying a homogeneous Mn concentration of < 1% de-
viation throughout the large crystal. A small piece of
the crystal cut from the large boule was used in other
experiments for critical phenomena and random-field-
effect studies reported separately.”'® The large crystal
was mounted in a He cryostat with its [010] axis vertical
to the neutron scattering plane. The inelastic scattering
measurements were performed primarily along the
[A 0 1] direction from the center (A =0) to the boundary
(h =0.5) of the magnetic Brillouin zone. Limited data
in the [001] direction yielded essentially identical results.
Most of the data were collected at T=5.0 K which is
well below the ordering temperature of the crystal.

For the high-resolution measurements at low-energy
transfers (E=0-1.7 meV) near the zone -center
(h=0.0-0.2), we used a standard triple-axis neutron
spectrometer at the H9 cold-neutron source of the high-
flux-beam reactor (HFBR) with the final neutron energy
fixed at E;=3.5 meV. Contamination of higher-order
high-energy neutrons was eliminated from the incident
beam by the use of a Be filter. Neutron energy and
momentum transfers were defined by a pyrolytic graph-
ite monochromator and analyzer with the collimations
of 30-40'-30’-40'-40’. The instrumental energy resolu-
tion for this configuration was about 0.08 meV full width
at half maximum (FWHM). This is much better energy
resolution than the value of 0.7 meV used in the earlier
experiment of Coombs et al.* This increased energy
resolution was made possible both by the increased flux
at the HFBR cold source and by the large size of our
single crystal.

The intensity of scattered neutrons, I(g,), is propor-
tional to the imaginary part of magnetic susceptibility,
X"(q,w), and to the Bose population factor {n +1) as

I(g,0)=(n+1)X"(q,0), (1)
(n+1)=1/[1—exp(—E /kT)] . )

The correction due to the magnetic form factor of the
Mn ion is negligible in our measurements. The phonon
intensity near (001) is negligible in the energy region of
our measurements, and the background due to higher-
order effects is also quite small. In order to present the
shape of X''(q,w), we divided the observed intensity
I(g,w) by {n+1). At T=5 K, for example, {n +1)
=1.46 at E=0.5 meV and 1.03 at E=1.5 meV. The
correction for the Bose factor is important only for low-
energy transfers, £ <0.8 meV.
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Figure 2 shows the energy spectra of the magnetic
response X''(q,w) thus measured by neutrons at T=5 K
for several wave vectors at # =0—0.2. The energy spec-
trum at the zone center, # =0.0, shows a sharp peak at
E =0.3 meV corresponding to the spin-wave energy gap
due to the dipolar anisotropy. The line shape is very
asymmetric, with a sharp leading edge and a long tail ex-
tending towards higher energies. This asymmetric shape
will be discussed in Sec. V. With increasing wave vec-
tor, the peak position shifts rather slowly towards higher
energies, while the width increases very rapidly. As
shown in Fig. 2, the line shape at #=0.2 is already very
broad. This rapid broadening is also reflected in the
sharp decrease of the peak intensity with increasing
wavevector. It should be noted that the constant back-
ground (dotted line in Fig. 2) is very low and the instru-
mental energy resolution is significantly sharper than the
observed broadening. The results in Fig. 2 are thus al-
most free from resolution correction and represent
directly the intrinsic shape of X''(q,w).

We plot the read-off values of the peak position (PP)
and the center of half maximum (CHM) of the energy
spectrum versus wave vector A in Fig. 3. Both PP and
CHM are measures of the mean energy of the spin waves
while CHM accounts in part for the asymmetric shape
of the response function X(q,w). These points in Fig. 3
correspond to the dispersion relation of antiferromagnet-
ic spin waves. For predominant nearest-neighbor in-
teractions, the dispersion relation for antiferromagnetic
magnons in a two sublattice antiferromagnet is given
simply by?®

E=C[(14+H 4)*— cos¥(mh)]'/?, 3)

=
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FIG. 2. Energy spectra of spin waves in Mng sZn, sF, mea-
sured at 7=5 K along the [k 0 1] direction by use of cold neu-
trons with E;=3.5 meV. The solid lines are guides to the eye;
the dotted line shows the background level.
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FIG. 3. Dispersion relation of spin waves in Mng sZng sF,
measured at T=5 K. Peak position (PP), center of half max-
imum (CHM), and the full width at half maximum (FWHM)
read off from the energy spectra are plotted vs wave vector h.
The solid line corresponds to the dispersion relation calculated
from Eq. (3) with C=1.7 meV, while the broken line is a guide
to the eye.

where C is the stiffness constant and H ;4 is the normal-
ized anisotropy field. For H 4 ~O0, this equation leads to
the well-known linear relation E=Cwh at small wave
vectors h ~0, and C is the energy at the zone boundary
h =0.5. The solid line in Fig. 3 represents Eq. (3) with
C=1.7 meV. We will discuss this value of the stiffness
of low-energy magnons in Sec. III.

In Fig. 3, we plot also the full width at half maximum
(FWHM) of the energy spectra. At small wave vectors
the peak energy is much larger than the full width, indi-
cating that sharp spin waves exist at long wavelengths in
this system. With increasing wavevector h, the width
becomes rapidly broader, and exceeds the peak energy at
around Ak ~0.15 reciprocal-lattice unit (r.l.u.). For
h >0.2, the FWHM is about 2 times larger than the
peak energy. Qualitatively, the excitation is overdamped
when the lifetime broadening 1/7~(FWHM)/2 becomes
comparable to the mean energy, that is, 1/7~E. In this
sense, Fig. 3 demonstrates that the propagating spin
waves at small wave vectors A crossover to overdamped
excitations at a wave vector of h ., =0.15 to 0.2.

In general, such broadening of the magnetic excita-
tions can arise either from the spatial geometric random-
ness of the medium or from thermal effects among the
excitations themselves or to both as

I’ =T'(geometrical) + I'(thermal) . (4)
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In pure antiferromagnets, the thermal part is known to
depend on temperature T and wave vector g as®’

['(thermal) ~¢q2T3 . (5)

By performing inelastic measurements at two different
temperatures below Ty, one can check the relative con-
tribution of the thermal effect. Therefore, we took addi-
tional data at T=15 K; we compare the results with
those at T=5 K in Fig. 4 for #=0.1 as an example.
The linewidths at the two different temperatures are al-
most equivalent. If there were any significant thermal
contribution, the width at T=15 K should have in-
creased considerably. Figure 4 then indicates that the
thermal effect is negligible, and that the observed width
is essentially due to the geometrical randomness of dilut-
ed spin network.

To explore the excitations at higher energies over the
entire Brillouin zone up to the zone boundary 4 =0.5,
we extended the inelastic scattering measurement on
Mn, sZny sF, at T =5 K by using thermal neutrons with
the fixed incident energy E;=13.7 meV. A standard
triple-axis spectrometer was used with a pyrolytic graph-
ite filter, monochromator, and analyzer; the collimations
were 20’ throughout. The energy resolution at E=0
was about 0.4 meV FWHM, and the resolution become
somewhat better at higher-energy transfers due to the
fixed incoming energy E; configuration. The effect of
the energy-dependent resolution volume was corrected
according to the results of Chesser and Axe,*® and a con-
stant background 1.8 counts/min was subtracted from
the data. In Fig. 5, we present the observed inelastic
response I(g,w)/{n 4+1) after these corrections. Even
near the zone center (A =0.01 to 0.1), we observe a sub-
stantial amount of excitation extending towards higher
energies (E=3-6 meV). With increasing wave vector
the energy spectra becomes broader, and we see a very
flat response at the zone boundary (A =0.5).

In antiferromagnets at the zone boundary, the neutron
scattering intensity is simply proportional to the energy
density of states available for the excitation. Therefore,

(counts/3min)

I{g,w) /<n+*I>

L
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FIG. 4. Energy spectra of spin waves in Mng sZng sF, ob-
served at (0.1,0,1) at two different temperatures 7=5 K and
T=15 K below the Néel temperature 75 =21 K. The solid
and broken lines are guides to the eye. Instrumental energy
resolution was much finer than the observed widths, as shown
in Fig. 2.
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FIG. 5. Energy spectra of magnetic excitations in

Mng sZng sF, measured along the [h 01] direction at T=5 K
by use of thermal neutrons with E;=13.7 meV. The zone
boundary is at #=0.5. The arrows show the probability distri-
bution of the net exchange interaction from neighboring anti-
ferromagnetic spins.

we compared the intensity at A =0.5 with the probabili-
ty distribution of the exchange interaction between a Mn
spin and neighboring Mn spins on the different sublat-
tice; these are represented by arrows in Fig. 5. This is
essentially an Ising cluster model for the zone-boundary
response including the finite-cluster contribution. The
vertical scale is adjusted arbitrarily so that the response
at the higher-energy side overlaps with the arrows.
Since the energy resolution (<0.4 meV FWHM) is
much finer than the peak interval (~0.75 meV), such
discrete Ising resonances could have been easily
resolved. Resolved peaks close to the energies at the ar-
rows have been predicted by Holcomb and Harris®!
based on a computer simulation using linearized spin-
wave theory; such peaks have actually been observed in
the case of the two-dimensional diluted antiferromagnets
Rb,(CoMg)F, and Rb,(MnMg)F,.*? In contrast, the ob-
served spectrum in Fig. 5 is rather continuous, although
there is a suggestion of some subtle structure similar to
that reported by Dietrich et al.> This demonstrates that
the simple Ising-like energy scheme is not adequate to
describe the response even at the zone boundary. More-
over, we notice that the observed spectral weight of the
low-energy excitations (E <2.5 meV) is significantly
larger than that expected from the probability distribu-
tion. These low-energy excitations will play an impor-
tant role in lowering the Néel temperature, as will be
discussed in Sec. III.

In Fig. §, it is also evident that the response at higher
energies £ >3 meV does not depend on wave vector for
h=0.2-0.5. To exhibit this more directly we plot in
Fig. 6 the intensity I(q,w)/{n+1) for several represen-
tative energies versus wave vector A. The data from the
measurements with cold and thermal neutrons are com-
bined here after normalization for the detection
efficiency. This plot corresponds to “‘constant-E” scans
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in the language of neutron scatterers. The low-energy
excitations at E <1 meV show a sharp peak and
significant g dependence. In contrast, the intensity at
higher energies E > 1.5 meV exhibits only broad maxima
and does not depend significantly on the wave vector. In
general, a sharp feature in reciprocal space corresponds
to an extended excitation in real space, while a response
with no g dependence can be described as “localized” in
real space. Here by the word ‘“localized,” we simply
mean that the excitation is broad both in the energy and
momentum; the experiment contains no information on
localization in the Anderson sense. (This point will be
discussed in Sec. V1I.) In this broad sense of localization,
the data in Fig. 6 demonstrate that the propagating spin
waves at low energies cross over to localized excitations
at higher energies £ > 1.5 meV. As a caution, however,
we remind the reader that even a paramagnetic spin fluc-
tuation can give rise to a peak at finite g in the
constant-E plot like Fig. 6.>> Therefore, a moderate
peak in reciprocal space does not necessarily imply a
“propagating” excitation in the strict sense. For the
identification of the propagating magnons, one should
refer to the relation between the peak energy and the en-
ergy width of the energy spectra observed in the con-
stant g scans (see Figs. 2 and 3). In this sense, E=1.5
meV given from the constant-E plot of Fig. 6 should be
regarded as a safe upper limit for the crossover energy
E_, above which the excitations are overdamped. Quali-
tatively, E_, can be read off from Fig. 3 as £, ~0.8-1.0
meV as the energy of the peak position (PP) at the cross-
over wave vector h . ,=0.15—0.2 r.l.u. A more precise
way of determining E _, will be introduced in Sec. V.
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FIG. 6. Magnetic response in Mng sZng sF; at T=5 K mea-
sured at several different energies plotted vs wave vector A.
The solid and broken lines are guides to the eye.
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B. Mny, 75Zny.55F;

We have also performed inelastic scattering measure-
ments on a single crystal of Mng 75Zng ,sF, at 7=5 K in
order to provide a foil for the results in Mng sZn, sF,.
The crystal was 4 cm?® in volume with Néel temperature
Tny=46.2 K. Some small pieces cutoff from this crystal
were used in other experiments reported separately.”!°
The instrumental conditions were kept similar to those
used in the measurements on the 50% specimen.
Specifically, we made cold-neutron measurements with a
fixed final energy E;=2.5 meV as well as E;=3.5 meV,
and thermal neutron measurements with E;=13.7 meV,
with collimations equivalent to those described earlier.
Sharp spin waves were observed at the zone center with
an energy gap of 0.7 meV. In Fig. 7, we plot the read-off
values of the peak position (PP) and the width (FWHM)
of the energy spectra versus wave vector. The energy
width becomes gradually broader with increasing wave
vector, but the full width is still much smaller than the
peak energy even at the zone boundary. The results in
Fig. 7 are generally consistent with those obtained previ-
ously by Coombs et al.* on Mng 73Zng ,,F,. The disper-
sion relation of the spin waves in the 75% specimen fits
well to Eq. (3) with the stiffness constant C=3.9 meV as
shown by the solid line.

Figure 7 should be compared with Fig. 3 obtained for
the 50% specimen. For Mng ;5Zng ,5F, spin waves are
still well defined at the zone boundary, and there is no
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FIG. 7. Dispersion relation of spin waves in Mng 75Zng »sF,
measured at T=5 K. Peak position and the full width at half
maximum (FWHM) of the energy spectra are plotted vs wave
vector A. The solid line represents Eq. (3) with C=3.9 meV,
while the broken line is guide to the eye.
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indication of any crossover phenomenon. This is in
clear contrast with the crossover seen in Fig. 3 for
Mng sZny sF,. We have also plotted the intensity I(q,)
from Mng ;5Zng ,5F, at several selected energies versus
wavevector in Fig. 8. This figure demonstrates that the
response at high energies (E=3-5 meV) still peaks
sharply in reciprocal space. This feature again is in
clear contrast with the case of Mng sZng sF, in Fig. 6.
These comparisons indicate that the crossover
phenomenon observed in Mng sZn, sF, is caused by the
increased dilution. Specifically, we shall show later that
for a dilution of 50% one has begun to enter the percola-
tion regime with a small but measurable percolation
correlation length. In the following we shall interpret
our data in a percolation picture. It is evident at the
outset that more data for samples closer to the percola-
tion threshold x, ~0.25 will be required to confirm this
approach. Nevertheless, the predictions of the percola-
tion model are sufficiently successful that we regard this
as quite encouraging.

III. PERCOLATION AND THE FRACTON PICTURE

In this section we discuss the experimental results in
terms of the percolation problem. For a general review
of percolation theory see Refs. 1 and 26. We also pro-
vide a brief review of the fracton picture.

A. Spin wave stiffness and the Néel temperature

It is evident that the spin wave stiffness constant C(x)
will be reduced from its mean field value C(x)=xC(1)
by the ramified geometry of the percolation network.
The theory for this is discussed by Harris and Kirkpa-
trick.** Using continuum spin-wave theory they show
that for a Heisenberg system

C(x)=[4(x) /X, (x)]'?, (6)

where A (x) is the exchange stiffness constant and X, is
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FIG. 8. Magnetic response from Mng 75Zng 55F, measured at
T=35 K at several selected energies plotted vs wave vector A.
The solid lines are guides to the eye.
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the transverse susceptibility. This result is also reason-
ably accurate for small anisotropy. The spin-wave
response is controlled by spins which belong to the

‘“backbone” of the percolation network. It has been
shown?®’ that
Ax)/A(1)=0(x)/0(1), (7)

where o(x) is the conductivity of the infinite network.

We show in Fig. 9, the population P(x) of the infinite
network, o(x) the conductivity, and C (x) the antiferro-
magnetic spin wave stiffness for the bcc lattice obtained
by Harris and Kirkpatrick.’* For x =0.5, ~98% of the
spins belong to the infinite network. It is evident, never-
theless, that the percolation geometry already plays an
important role since C(0.5) is reduced by nearly a factor
of 2 from its mean-field value of 0.5C(1). To determine
C(x) for our two samples we use the energies given by
the center at half maximum (CHM) of the energy spec-
tra for the rather broad response in Mng sZn, sF, and
the peak position (PP) for the sharp spectra in
Mny 75Zng 55F,. We then deduce the stiffness constants
C(0.5) and C(0.75) from the dispersion relation so ob-
tained; it is evident from Figs. 3 and 7 that Eq. (3) de-
scribes the measured dispersion quite well. The values
so obtained, normalized to that in pure MnF,, are shown
in Fig. 9; clearly the agreement between experiment and
the computer calculations of C(x)/C(1) is very good. It
should be noted, however, that the rich structure we see
in the measured response X(q,w) is beyond the scope of
this treatment; a more complete modeling of the line
shapes will be given in Sec. IV.

An additional feature of the data, which also reflects
the low-frequency dynamics, is the Néel temperature
Ty(x). In Fig. 9 we plot Ty(x)/Ty(1) for the near-
Heisenberg magnet Mn,Zn,;_,F, (Ref. 8) and the iso-
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FIG. 9. Concentration dependence of some basic quantities
of the percolation network plotted after normalization to the
values for the pure system (x =1). Population of the infinite
cluster (broken line), stiffness constant C of antiferromagnetic
spin waves (solid line), and conductivity o (dotted line)
represent the results of Harris and Kirkpatrick (Ref. 34) calcu-
lated for the bcc site percolation network. Also plotted are the
stiffness constants C obtained from the present experiment on
Mn,Zn,_,F,, as well as the Néel temperature Ty of the
Heisenberg system Mn,Zn;_,F, (from Ref. 8) and of the Ising
system Fe,Zn,_.F, (from Ref. 36).

Y.J. UEMURA AND R. J. BIRGENEAU 36

structural, highly anisotropic Ising magnet Fe,Zn,_,F,
(Ref. 36). In Fe,Zn,_,F,, the reduced Néel temperature
is close to P(x) except very near the percolation thresh-
old. In contrast, in Mn,Zn;_F,, Ty(x)/Tx(1) is great-
ly reduced. This undoubtedly reflects the enhanced den-
sity of low-energy excitations in the near-Heisenberg sys-
tem. As is evident from the data shown in Figs. 2 and 5,
and as we shall discuss in Sec. V, in addition to the low-
energy spin waves at long wavelengths there are also
low-energy excitations at short wavelengths due to the
disordered (fractal?) character of the network. These
both will contribute to the diminution of the Néel tem-
perature.

B. Percolation pair connectedness &,

An essential geometrical characteristic of the diluted
lattice is the percolation correlation length £,. For
X <x,, §,(x) is the average cluster size while for x > x,
it represents the average disconnected cluster size. The
spatial spin-correlation function {(S(r =0, =0)S(r,t
= o)) of the spins on the infinite cluster has two com-
ponents below Ty; a constant part surviving at r— oo
plus a part decreasing with increasing » with the decay
length scale of ~§,. The latter part corresponds to the
geometrical short-range spin correlation. As discussed
by Birgeneau et al.’’ &, is readily measured in magnetic
systems from the diffuse scattering around the magnetic
Bragg position at low temperatures. Experimentally it is
found that the geometrical scattering has an Ornstein-
Zernike form

Sg(q)= (8)

1+&q°
where qz:qxz—i—q}?%—qz2 with the g, in reciprocal-lattice
units. We will present measurements of S;(q) in
Mn0.52n0.5F2 in Sec. IV.

C. Fracton picture

As is by now well known, a percolation network pro-
vides a prototypical example of fractal geometrical be-
havior.'"123% Indeed, the nonintegral dimensional be-
havior of percolation networks was first noted by Stanley
et al.’® in 1976 and the essential static geometrical
features were discussed by them.

For x =x,, the mass M (r) of the infinite cluster
within a sphere of radius r exhibits the behavior

M(r)~r?, 9)

where the fractal dimension D <d the Euclidean dimen-
sion. Thus the infinite network has zero density at
x =x,. For x >x, the system is fractal for r <£, and
Euclidean for r > £,. In three dimensions D ~2.5. Heu-
ristically, one might then expect excitations on a diluted
spin network with x >x, to look like ordinary magnons
at long wavelengths and to have a fractal character at
short lengths.

The dynamics of fractal systems have recently been
discussed in detail by a number of authors.!>~!® As not-
ed above, at long wavelengths one expects well-defined
excitations with a density of states
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N()~o?! (r>§,). (10)
By contrast, in the fractal regime, one expects
N(w)~o®P/?+O=1 (r <€), (11)

where 6 is a new exponent which measures the range
dependence of the diffusion constant on a fractal. The
excitations for r < £, thus have an effective dimensionali-

ty
d;=2D /(2+6) . (12)

These excitations at short wavelengths are called frac-
tons and dj is the fracton dimension. Alexander and Or-
bach!® have noticed that d r is very close, if not exactly
equal to $. In theories of localization, all excitations are
localized in the Anderson sense for d <2.%° Thus the
fracton excitations are expected to be localized.!* Con-
comitantly, because they are localized the fractons
should be observable in a scattering experiment at all
wave vectors g.

At the time of writing of this paper, a full theory for
the dynamics of magnetic excitations in diluted antifer-
romagnets for x > x, is still under development. Howev-
er, the following general features seem likely to survive
further research. At long wavelengths, one expects
sharp propagating excitations whose intensity should di-
minish rapidly as ¢ —£,'. For ¢ >§&, ', and possibly for
all g, one expects broad, localized excitations which are
characteristic of the fractal network. Using scaling,
Aharony et al.!® derived the Ioffe-Regel criterion thence
predicting that for ¢ > £, ! the half-width of the excita-
tion I'(q) should scale linearly with the energy w(q) with
I'(qg) ~w(g). In neutron scattering parlance such excita-
tions are generally referred to as overdamped.

For ¢ ~§;1, Aharony et al. predict that the magnon
and fracton contributions to X(q,w) are additive so that
one might expect a two-peaked function. They also sug-
gest that the fracton response should be similar to
broadened damped-harmonic-oscillator (DHO) form. A
two-peaked response for g ~&, ! was already suggested
by 4tohe effective-medium calculations of Orbach and
Yu.

In addition to these excitations on the infinite network
there will also be local excitations from the finite clus-
ters. In Mng sZng sF, the finite clusters are small in size
and contain only a small fraction of the total number of
spins. Thus they can be effectively ignored.

IV. DIFFUSE SCATTERING MEASUREMENT

In order to compare properly our inelastic experi-
ments and the theories, it is crucial to determine the pair
correlation length £, for Mng sZn, sF,. As noted above,
the elastic scattering at low temperature is given by the
Bragg peak from the constant part of the spin-
correlation function together with diffuse scattering
which represent the geometrical short-range correlation;
the latter is described by Eq. (8). We therefore per-
formed an elastic diffuse scattering measurement on
Mng sZny sF, with very high-energy resolution. Speci-
fically, a cold-neutron measurement with incident and
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final energies of 3.5 meV and collimation 30'-40'-
30'-40'-40' was performed. This provides an energy win-
dow of AE ~0.08 meV FWHM. We observed the diffuse
scattering intensity at T=5 K (well below Ty =21 K)
along the [1,0,/]] and [1+A,0,0] directions around the
(100) antiferromagnetic Bragg peak with the [010] axis
of the crystal perpendicular to the scattering plane.

To estimate the intensity due to the nuclear in-
coherent scattering, we performed another measurement
at T=70 K, well above Ty; here the scattering showed
almost uniform intensity with little dependence on wave
vector. In Fig. 10, we plot the difference of the observed
intensities (T =5 K)—I(T=70 K) which represents the
magnetic diffuse scattering at T=5 K. In the transverse
scan along [1,0,/] direction shown in Fig. 10(a), we
indeed found the anticipated diffuse scattering centered
around the (100) Bragg peak. We fit the observed result
with Eq. (8) plus a constant. The Lorentzian part corre-
sponds to the exponential decay of the short-range spin
correlations in real space while the constant term is
presumably due to isolated spins. The observed result
fits well to this form with £, '=0.15£0.01 r.Lu. Thus
we have determined the pair connectedness &, of the
present system Mng sZn, sF,.

(MnQ5Zn051 F2
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FIG. 10. (a) Magnetic diffuse scattering observed in the
transverse scan [10/] direction and (b) the longitudinal scan
[1+4/ 00] direction. The elastic scattering intensity was select-
ed by the energy window AE=0.08 meV. Two sets of mea-
surements were performed at T=5 K and T=70 K, and the
difference in intensity I(5 K)—I(70 K) is plotted. The solid line
in (a) represents the fit to the line shape with Lorentzian [Eq.
(8)] plus a constant.



7032

In the longitudinal scan along the [1 + 4,0,0] direc-
tion, we found an asymmetric profile around (100) as
shown in Fig. 10(b). Such scattering is common in alloy
systems studied at high resolution. The asymmetry is a
manifestation of so-called “Huang scattering”*' due to
the lattice direction wave.*? In Mn,Zn,_,F, the lattice
constant of an adjacent Mn-Mn pair is slightly different
from that of a Zn-Zn pair. This causes a local lattice
distortion, and such a distortion propagates as a static
strain wave in the crystal. In the tetragonal lattice of
Mn, Zn,_,F, along the [0,1,0] or [0,0,1] directions, the
displacement of atoms is parallel to the direction of the
propagation, that is the distortion wave is longitudinal.
The displacement of Mn atoms gives rise to magnetic
diffuse scattering around the antiferromagnetic Bragg
point. As described by Krivoglaz,*® the neutron scatter-
ing intensity for this process is proportional to

I(g;0)~[n(q)-Q/q]*, (13)

where q is the reduced wave vector, Q is the scattering
vector, and n(q) is a unit vector in the propagation
direction q of the displacement wave. It is essential to
note that the amplitude of this term is odd in q. The ob-
served scattering in a longitudinal scan represents the
coherent sum of Eq. (8), Eq. (13), and the nuclear and
magnetic incoherent scattering. This will produce an
asymmetry such as that shown in Fig. 10(b). No such
asymmetry should occur in the corresponding transverse
scan where qlQ, in agreement with our experiment, Fig.
10(a). We have not, however, attempted to fit the longi-
tudinal data, Fig. 10(b), to an explicit model for the
strain.

In summary, the elastic transverse diffuse scattering
measures purely elastic processes which in turn reflect
the static geometrical properties of the spin network.
For Mng sZnysF, we thus find £,'=0.15 r.lu. This
agrees well with the crossover wave vector h.,~0.15
r.l.u. observed in our inelastic scattering study of the dy-
namics. This suggests strongly that the crossover phe-
nomena observed in the dynamic measurements are
indeed consistent with our expectations based on the
fracton picture for the dynamics of a percolation net-
work. To make this comparison more complete, we
need to analyze the line shapes themselves.

V. INELASTIC SPECTRAL LINE SHAPES

In this section, we discuss the details of the line shapes
of the intensity profile I(g,w) observed in the inelastic
scattering measurements on Mng sZng sF,. As shown in
Sec. II, the observed response at small g near the zone
center has a highly asymmetric shape with a sharp peak
at low energies and a ‘tail” extending towards higher
energies. As discussed in Sec. III Orbach and Yu*® and
Aharony et al.'® have suggested that the response
should have two components. Namely, the spectrum
may be described as the sum of a sharp component at
low energies plus a broad component extending to high
energies. It is clear phenomenologically that such a
“two-component” shape would in general be useful in
explaining the asymmetric line profiles. Therefore, we

Y.J. UEMURA AND R. J. BIRGENEAU 36

fitted the observed spectra from Mng sZn, sF, with a line
shape composed of the sum of the sharp Gaussian shape

(CL)—CUG )2

— . (14)
20%

I(;(q,(l))z AGexp

with A; and wg g dependent, plus a broad damped-
harmonic-oscillator (DHO) shape

AD(n-l»l)a)a)DI'%,

Ip(q,o)= . (15)
A (0*— 0} ) +0°T}

The sum, Eq. (14) + Eq. (15), was convoluted with
the instrumental resolution function R(w) to compare
with the experimental data at each different wave vector
h. A small Gaussian width AG ~0.06 meV was chosen
to fit the sharp magnon spectrum at 4 =0, and then kept
fixed in the fits for other wave vectors. We then varied
the amplitudes 45 and Ap,* peak positions wg and wp,
and the width of the damped harmonic oscillator T'p to
obtain the best fit. The DHO generally represents the
response of a system with its own characteristic energy
scale wp and damping I', when the system undergoes a
forced oscillation with the external frequency w. The
DHO form, Eq. (15), varies as w for o <cof) /Tp and 0?3
for w >>wp; these limiting behaviors have been calculat-
ed analytically by Aharony et al.'®

Figures 11 and 12 show the data together with the
fitted line shapes. The fits are very satisfactory with the
normalized X? ranging between 1 and 2. In Fig. 11, we
display the Gaussian and DHO parts independently to
illustrate the relative amplitude of the two. The sum of
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FIG. 11. Energy spectra of magnetic response from

Mng 50Zng sF, at T=5 K divided into a sharp Gaussian part
[broken line, Eq. (14)] and a broad damped-harmonic-oscillator
part [solid line, Eq. (15)]. The sum of the two parts agrees well
with the observed data with the normalized X? ranging between
1 and 2.
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FIG. 12. Energy spectra from Mng sZng sF, observed at
wave vector h=0.125 r.l.u. in the [h 01] direction at T=5 K.
The solid line represents the fit to the sum of Egs. (14) and (15);
the dotted line shows the background level. A double-peak
feature characteristic of the wave vector around h,~0.15
r.l.u. is demonstrated.

these two components overlaps well with the experimen-
tal points. We note that the amplitude of the Gaussian
component decreases rapidly with increasing wave vec-
tor h. The broad DHO part does not show much depen-
dence on wave vector near the zone center 2 <0.15 r.l.u.
Thus the amplitude ratio Ag:A4p plays the principal
role in changing the spectral shape with increasing 4.
At wave vectors around A, ~0.15 r.l.u., the amplitudes
of the Gaussian and DHO parts becomes comparable,
and thus we observe a double-peak feature as shown in
Fig. 12. At larger wave vectors A > h,,~0.15 r.l.u., the
observed spectra fit well to the DHO shape alone
without any sharp component as shown in Fig. 13.

In Fig. 14(a), we plot the peak positions wp and wg
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FIG. 13. Fit of the energy spectra from Mng sZngsF, at
T=5 K to the damped-harmonic-oscillator shape [Eq. (15)]
alone.
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and the DHO width I', versus wave vector. The Gauss-
ian peak energy wg increases very slowly with increasing
h. The DHO width is smaller than the peak energy wp
near the zone center. At large wave vectors A >0.15
r.l.u. the width I'p is about 50% larger than the peak
energy wp. The strict condition of the “overdamping”
of the DHO is ', >2wp. This, however, should not be
interpreted too literally since the functional shape is very
broad already for ' ~wp and since the definition for
the overdamping is somewhat semantic. We also present
the amplitudes A; and Ap in Fig. 14(b).

In the picture discussed in Sec. III, the sharp Gauss-
ian part of X(q,w) represents the propagating magnons
while the broad DHO part is due to the fracton excita-
tions of spins in the ramified region of the network.
Since the fracton excitations are essentially localized,
there is little ¢ dependence in the DHO part. These
features of the line shapes are qualitatively consistent
with the theoretical calculation of Orbach and Yu.®
These authors specifically predicted the double-peak
feature at h ~h_. The peak energy wp of the broad
part at h ~h_, would correspond to the crossover energy
E ., from low-energy magnons to high-energy fracton ex-
citations. For the present system we identify
E ~0.8-1.0 meV.

VI. DISCUSSION AND CONCLUSIONS

We have performed an inelastic neutron scattering
study of the magnetic excitations in Mn,Zn,_ F, with
x=0.5 and x=0.75. In the x=0.75 sample spin waves
exist throughout the Brillouin zone. More interesting
behavior is found in the x=0.5 sample. In that case we
find sharp spin waves near the zone center. With in-
creasing wave vector g, the energy width of the response
X''(q,w) becomes rapidly broader with a crossover
around A, ~0.15 r.L.u. For wave vectors h >0.2 r.lL.u.,,
the observed full width is about 1.5-2.0 times the aver-
age energy scale of the response. By plotting X(q,w)
versus g for several selected energies E, we find that the
excitations at higher energies E >1.5 meV are very
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FIG. 14. (a) The best fit values of the peak energy wp (wg),
the energy width I'p, and (b) the peak height Ap (Ag) for the
damped-harmonic-oscillator (Gaussian) part of the energy spec-
tra from Mng sZng sF, at T=5 K. The data at A 50.15 r.l.u.
are fitted to the sum of the two parts, while those at & >0.2
r.l.u. are fitted to the damped-harmonic-oscillator shape alone.
The dotted lines are guides to the eye.
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broad in reciprocal space implying localization in real
space.

We also observed elastic diffuse neutron scattering
from Mng sZng sF, to measure the characteristic length
scale of the spin network. The percolation correlation
length £, is determined as £, '~0.15 r.lu. from the
magnetic diffuse scattering observed around the antifer-
romagnetic Bragg reflection. Thus the crossover from
magnons to overdamped excitations occurs around the
wave vector hc0~§p_1 given as the inverse of the charac-
teristic length scale £, of the percolation spin network.
Recent experiments by Courtens et al.*> on phonons in
silica gels suggest similar behavior although their data
cover only the long-wavelength regime.

In the x=0.5 sample the energy spectra observed near
the zone center h <h . exhibit an asymmetric shape
with a sharp leading edge and a significant “tail”’ extend-
ing towards the high-energy region. The spectra have
been divided into two parts, a sharp Gaussian com-
ponent which is almost resolution limited plus a broad
damped harmonic oscillator shape which covers the
high-energy response. The amplitude of the sharp com-
ponent decreases rapidly with increasing wave vector,
while the broad component does not depend significantly
on the wave vector. The spectra at short wavelength
h >0.2 fit well the DHO shape alone without the sharp
component. The sharp Gaussian part is attributed to
propagating magnons, while the broad high-energy com-
ponent would represent the “fracton” response. Near
the crossover wave vector h ~h_,, the amplitudes of the
two components become comparable, and the charac-
teristic double-peak feature is observed. These features
of the inelastic line shapes are consistent with the
theoretical calculation of Orbach and Yu.** The energy
width (HWHM) in the short-wavelength region 4 > 0.2
r.l.u. is comparable to the averaged energy scale of the
excitation. This is consistent with the scaling theory of
Aharony et al.,'® who identify this region as satisfying
the Ioffe-Regel condition.

In this paper, we have used the word “localized” in its
broad sense to indicate excitations extended both in en-
ergy and momentum space. A more strict definition of
localization in the transport problem is given as the ex-
ponential decay of wave functions with increasing dis-
tance. In principle, neutron scattering measures two-
spin correlations, while transport properties are deter-
mined by four body (current-current) correlations.
Therefore, the localization of excitations observed in the
present experiment does not correspond directly to An-
derson localization in the transport problem. Indeed,
theoretical studies to clarify this point would be invalu-
able.

For the present system of Mng sZng sF,, the energy
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gap of the spin waves at ¢ =0 was about E=0.3 meV,
whereas the peak energy of the Gaussian part at ¢ $0.15
r.l.u. ranged between 0.3 meV Sfiwg S0.5 meV. The
system maintains the basic character of a Heisenberg
spin system because the exchange energy is much larger
than the anisotropy energy. In this sense, the sharp
Gaussian component at long wavelengths can be regard-
ed as arising from the spin-wave excitation. The anisot-
ropy energy, however, makes it difficult to observe
directly the linear dispersion behavior expected for the
long wavelength magnons in isotropic spin systems.
This feature also limit the effectiveness of the direct
analogy between antiferromagnetic magnons and pho-
nons. In order to study the detailed dispersion relation
of magnons at small ¢’s free from the effect of anisotropy
energy, we are planning to perform similar measure-
ments of the spin dynamics in an isotropic diluted
Heisenberg system KMn, Zn,_,F;.

Percolation networks are indisputably fractal in char-
acter. Thus these diluted magnet experiments provide
an unambiguous testing ground for fractal dynamics’
ideas. The principal limitation of the current experi-
ments is that the concentration x=0.5 is rather far from
the percolation threshold x,=0.25 so that £, '=0.15
r.l.u. is a significant fraction of the zone-boundary wave
vector h=0.50 r.l.u. Thus it is difficult to distinguish
the general local character of disordered systems from
the direct fractal aspects, especially for the data taken
near the zone boundary. We can only say that our re-
sults are consistent with expectations based on the
magnon-fracton crossover effect discussed by Aharony
et al.'® In order to observe the fractal aspect in a wider
region of reciprocal space, it is essential to repeat these
experiments on several samples with concentrations x
approaching to x,. Such experiments are currently un-
derway both in Mn,Zn,_F, and in the two-dimensional
square lattice antiferromagnet Rb,Mn,Mg,_ F,. Other
experiments such as NMR, muon spin relaxation,*® and
magnetic specific heat will also be important in probing
the fractal dynamics.
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