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tJltrasonnd Propagation in Sintered Metal Powder: Evidence for a Crossover
from Phonons to Fractons
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Ultrasonic experiments performed on a three-dimensional percolating system made from sintered
copper powder sho~ a rapid increase in the attenuation, corresponding to a sudden decrease in the
localization length for vibrations, at wavelengths approaching the percolation correlation length.
The data support recent theoretical predictions of a crossover from extended phonon excitations to
localized fracton excitations at a length scale belo~ which the structure has the self-similarity of a
fractal system.

PACS numbers: 63.50.+x, 62.65.+k

Recently there has been considerable interest in the
elastic and vibrational properties of percolating sys-
tems above the percolation threshold p, . Such per-
colating networks are known to have a homogeneous
(Euclidean) structure at long length scales, but have a
self-similar (fractal) geometry at short length scales. '

The transition between these two regions occurs at the
percolation correlation length (, which corresponds
above p, to the radius of the largest holes in the struc-
ture, and which diverges as p, is approached. Orbach
et al.2 5 have used scaling arguments and effective-
medium-approximation calculations to predict a cross-
over in the vibrational spectrum of percolating net-
works from extended (phonon) excitations for
wavelengths X & g to localized excitations, known as
fractons, for X & g. Furthermore they have postulat-
ed3 4 6 that the vibrational modes of amorphous ma-
terials such as epoxy resins and glasses may exhibit
analogous behavior, and that this is responsible for
their anomalous thermal properties at low tempera-
tures. To date, however, there have been few experi-
ments that can directly test the fundamental in-

gredients of these theories. In this Letter we address
this question by presenting the results of new ultrason-
ic attenuation experiments that give evidence for pho-
non localization, consistent with the phonon-fracton
model, in a three-dimensional percolating structure
comprised of sintered metal powder.

In previous experimental work, 7 8 Maliepaard et al.
used conventional ultrasonic techniques to study the
vibrational modes that are excited thermally at mil-
likelvin temperatures in the sintered metal powder
used as low-temperature heat exchangers. At long
wavelengths, they found that the ultrasonic attenua-
tion is low and that the vibrational modes are correctly
described by phonons with "soft" phonon velocities
compared with bulk metal. The softening of the longi-
tudinal and transverse sound velocities with occupied
volume fraction f is simply related to the behavior of
the static elasticity, and was found to be in good agree-

ment with a recent theoretical model for the elasticity
of a percolating system in which bond bending as well
as central forces between particles was included.
These data, in conjunction with the elasticity and con-
ductivity measurements of Deptuck, Harrison, and
Zawadski'0 close to the percolation threshold, have
established that sintered metal powder is well de-
scribed as a percolating structure above threshold and
therefore can be taken as a model system for the test-
ing of the theoretical ideas outlined above. Indeed,
Maliepaard et a!.7 reported a sudden decrease in the ul-
trasonic signal transmitted through the sinter speci-
mens as the wavelength was lowered, and interpreted
their results as evidence of a band edge between low-
frequency propagating phonons and high-frequency lo-
calized vibrational modes. However, they were unable
to make accurate measurements of the change in the
ultrasonic attenuation because of possible phase in-
terferences effects in the conventional piezoelectric
transducers used in their experiments. In the present
work, we have used a new phase-insensitive transducer
to make the first reliable measurements of the varia-
tion with frequency of the ultrasonic attenuation in
porous copper-powder sinters, thus enabling the re-
sults to be compared quantitatively with recent
theoretical predictions for the excitation spectrum of a
percolating system.

The ultrasonic attenuation experiments were per-
formed in the 1-20-MHz frequency range on sintered
copper-powder samples with powder diameters d = 0.5
and 10 p, m, and occupied-volume fractions from 0.3 to
0.6. Ultrasonic pulses, generated by a lead zirconium
titanate transducer, were transmitted through thin
disk-shaped samples and detected by use of a CdS
phase-insensitive transducer. " This transducer makes
use of the acoustoelectric effect to measure the ul-
trasonic energy flux, '2 and is therefore insensitive to
wave-front distortion which plagues measurements in
inhomogeneous materials made with conventional
piezoelectric transducers. The frequency dependence
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FIG. l. Attenuation of longitudinal ultrasonic waves in 10-p, m sinters. (a) Attenuation vs frequency. The localization
length (is indicated by the scale on the right. (b) Attenuation vs inverse wavelength, obtained from (a) by use of the mea-
sured sound velocities. The intersection with the dashed line o, =P ' determines the inverse of the critical localization length
('. (c) Attenuation vs inverse wavelength, scaled by ('. The dashed curve is the EMA prediction of Ref. 4.

of the ultrasoruc attenuation in the 10- and 0.5-pm
powder sinters is shown in Figs. 1(a) and 2(a). For
both sets of data, there is a dramatic increase in the ul-

trasonic attenuation with frequency, with the increase
occurring at lower frequencies in samples with lower
occupied-volume fractions. The maximum attenua-
tions observed are very much larger than the attenua-
tion in bulk copper, implying that the attenuation is
not caused by the usual sound-absorption mechanisms
in metals'3 but is presumably associated with scattering
from the geometric disorder in sinter. While the fre-
quency dependence of the attenuation approximately
follows a power law over the rather limited range of
the data, the measured exponents are in the range 1.6
to 2.4, thus ruling out ordinary Rayleigh scattering
which varies as the fourth power of the frequency.

Such a contribution would be expected only at lower
frequencies where the ultrasonic wavelengths are
much larger than the inhomogeneities in the structure.
Instead, we believe that the very large attenuations ob-
served in the present experiments are associated with a
transition to localized vibrational modes in sinter, as
predicted for a percolating structure at length scales
near the percolation correlation length. 2 5 For an ul-

trasonic wave propagating in, say, the x direction, the
intensity l(x) falls offt~ as loe t")", so that when
absorption of ultrasonic energy by the sinter medium
is negligible, the attenuation n(m) can be interpreted
as the inverse of a frequency-dependent localization
length for vibrations l(cu), i.e., l(x) = lee "('t"). At
low frequencies the localization length is large
(())A. ), implying extended vibrational states ap-
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FIG. 2. Attenuation of longitudinal ultrasonic ~aves in 0.5-p, m sinters. Parts as in Fig. 1.
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propriate to the phonon regime. At higher frequen-
cies, there is a rapid decrease in localization length
with frequency, with /(co) becoming smaller than the
ultrasonic wavelength at the maximum attenuations
observable in the present experiments. Such small
values of the localization length indicate that plane
waves do not propagate at high frequencies, implying a
crossover to localized vibrational modes. Note that
since the localization length /(co) can be identified
with the phonon elastic mean free path I„, this con-
clusion is consistent with the familiar Ioffe-Regel cri-
terion' for localization, l, i A. . It is interesting that
over the range of the data, the approach to the local-
ized regime appears to be continuous; we note, howev-
er, that the transition occurs over a very narrow range
of length scales as can by seen by a plot of attenuation
versus wavelength (cf. Fig. 12 of Ref. 7).

To investigate whether this evidence for phonon lo-
calization in sinter can be interpreted in terms of a
crossover from phonons to fractons, we consider the
scaling of the ultrasonic attenuation with the percola-
tion correlation length ((f) that is believed to mark
the boundary between the two regimes in a percolation
system. Single-parameter scaling at frequencies below
crossover45 predicts that the localization lengths in
sinters with different occupied-volume fractions fi and

f2 should scale in the following way: For ki/((fi)
=I gg(f, ),

li (0)i = 2mipi//i. i) /2(cu2 = 2n u2/X2)

((f,) g(f, )

where Ii, i, &2 and ~i, ~2 are the wavelengths and sound
velocities, respectively. Since the magnitude of g(f)
is not known a priori, we have tested this prediction by
scaling the data using a critical value of the localization
length, /f', which is expected to be proportional to (
and which is defined as the value of I(co) at which the
ultrasonic intensity decreases by 1/e in propagating a
single wavelength, i.e., If'= /(cu') at the frequency cu

such that I(co') = X = 2n ip/cu" For th. e 10-p,m sinters,
lf" is determined from the plot of attenuation versus
I/A. in Fig. 1(b), giving /056 =116 p, m and I049 141
p, m, ' so that /056//049 0.82 in good agreement with
the expected ratio of the correlation lengths $(0.56)/
g (0.49) =0.83 obtained from the relation g~ (f

f, ) " with v—=0.88.'~ Here we have taken

f, =0.2'8 as determined from the scaling of the longi-
tudinal and shear velocities for sinter, ip~ f i/2(f
—f, )'I with r =3.6. Figure 1(c) shows that when
the attenuation and inverse wavelength are both scaled
by l~ the data for the two sinters fall on the same
curve, thus establishing the scaling relation (1). For
the 0.5-p, m sinters, the data only extend to high
enough attenuations and frequencies to determine If'

for the lowest value of f=0.33 [Fig. 2(b)]. The data
were therefore scaled by our assuming that /f ~g(f)

with f, =0.06' and IO33 =120 p, m. '9 The result, Fig.
2(c), shows reasonable agreement with the scaling pre-
dictions, confirming that the onset of localization for
vibrations in sinter occurs at a length scale determined
by the correlation length (, i.e., by the boundary
between the Euclidean and fractal regions.

Recently Entin-Wohlman et al. ,
4 have used the

effective-medium approximation (EMA) to solve for
the vibrational spectrum of a simple bond-percolation
network. In their model, uniform-mass particles are
placed on a simple cubic lattice and are connected by
isotropic force constants which are assigned randomly
with probability p. Even though this scalar elasticity
model, for which the elasticity belongs to the same
universality class as the conductivity, is too simple to
give a good description of the elastic properties of
sinter, 7'0 it is still of interest to compare their calcula-
tions with our data. By calcuation of the ultrasonic dis-
placements from the EMA lattice Green's function, it
is straightforward to show that, in the absence of dis-
sipation, the ultrasonic attenuation length is just the
localization length calculated by Entin-Wohlman et al.
Figure 2 of their paper shows that I(co) decreases pre-
cipitously at the crossover frequency a&, corresponding
to q, —g ', in good qualitative agreement with our
experimental results. 20 It is interesting to note that
their model predicts that I(co) continues to decrease
with decreasing length scale right through crossover,
consistent with the continuous increase in the attenua-
tion observed experimentally. Probably the most
meaningful way of making a quantitative comparison
of theory and experiment is to scale the values of lo-
calization length determined numerically from Eqs.
(4), (9), and (19) of Ref. 4 in the same way that the
data are scaled in Figs. 1 and 2, with the calculated
values of v and I' appropriate to the model. 2' These
sealed theoretical predictions are shown by the dashed
curves in Figs. 1(c) and 2(c), indicating that the calcu-
lated attenuation rises more steeply near crossover
than is observed experimentally. It seems unlikely
that the difference between theory and experiment can
be attributed to rounding of the data due to a variation
of the occupied-volume fraction or particle size within
the sinter samples. 2z The discrepancy may simply re-
flect the limitations of applying a lattice-based percola-
tion model to a "truly random" medium such as
sinter, or it may result from use of the scalar Born
elasticity model and the EMA as a basis for describing
the vibrational modes. It would be very interesting to
see if further calculations, based on the bond-bending
model9 which is known to describe the elasticity of
sinter, ' can give better agreement with our experi-
mental results.
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