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Low-frequency vibrational modes in sintered copper and silver powders have been studied by
197 Au Mdssbauer spectroscopy. A decrease in resonance absorption area has been found for the
sinters compared with the values found for bulk materials. In the spectra of a copper sinter of low
packing fracton (26.7%), a broad spectral component was clearly observed, superimposed on the
normal Mossbauer line. This broad line is interpreted to arise from low-frequency modes due to os-
cillations of the particles in the sinters. The temperature dependence of the Mdssbauer absorption
area can be explained by a model based on dispersion theory combined with the Debye model and
the fracton model used for describing phonons in a particle and particle oscillations in a sinter, re-
spectively. The energies of the low-frequency modes determined from the Mdssbauer measurements
range from ~2 mK to several hundred millikelvin (in equivalent temperature) and coincide within a
factor of 6 with the values estimated from ultrasonic data [M. C. Maliepaard et al., Phys. Rev. B
32, 6261 (1985)] using the fracton model, providing support for the localized nature of the modes.

I. INTRODUCTION

The origin of the anomalous thermal boundary (Kapit-
za) resistance between liquid helium and sintered metal
heat exchangers in the millikelvin temperature range had
been a puzzle for a long time after this phenomenon was
observed by Avenel et al.! in 1973. Now it is generally
believed that low-frequency vibrational modes in the
sinters are responsible for the anomalous thermal resis-
tance. These modes are mainly related to the oscillation
of the particles in a sinter caused by the restoring forces
exerted through the bridges connecting the sinter parti-
cles.

Since the importance of the low-frequency modes was
suggested by Frisken et al.? in 1981, there has been a
number of theoretical studies aimed at explaining the
anomalous heat transfer between liquid helium and the
sintered metal powder in terms of the vibrational modes.
Nishiguchi and Nakayama’ demonstrated, by approxi-
mating the low-frequency modes by Einstein oscillators
and calculating the heat transfer between zero sound in
liquid *He and the low-energy modes, that experimental
data on sintered silver particles of 1 um diameter* can be
quantitatively explained by adjusting the parameters ap-
pearing in the theory. Rutherford et al.’ calculated the
heat transfer between the low-energy modes and liquid
helium in the pores of the sinters by means of a “shaking
box’’ model, in which each pore was treated as an oscil-
lating cubic box containing *He quasiparticles. The re-
sulting heat transfer was found to be within a factor of 2
or 3 of experimental data while the temperature depen-
dence was correct.

However, there are only a few experimental works that
support the existence of such low-energy modes. Recent-
ly, thermal properties of random systems including sin-
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tered metal powder have attracted much interest. The
concept of fractals has been applied to the vibrational
properties of such systems, and a “fracton” model was
proposed.®*” According to this model, very low-
frequency vibrations can propagate in the system like a
phonon in continuous medium, but there is crossover fre-
quency beyond which the vibrational modes are localized
(fracton). According to Rutherford et al.,’ for sintered
submicrometer metal powder, the frequency range of the
localized modes includes the frequencies which are most
effective for the heat transfer between liquid helium and
the sinter below a temperature of 10 mK. Maliepaard
et al.® measured the attenuation of ultrasonic waves in
the MHz range passing through discs of sintered copper
poweder particles of 10 um average diameter as a func-
tion of frequency. They found that there exists a band
edge at a phonon wavelength of about ten times the parti-
cle diameter, beyond which sound does not propagate.
This observation indicates a crossover from low-
frequency propagating phonons to localized modes of
higher frequencies, providing indirect support for the ex-
istence of localized modes.

It has been shown both theoretically and experimental-
1y’ !? that, in M0ssbauer spectroscopy, the vibration of
particles in a system of interacting small particles causes
a reduction of the observed recoilless fraction. For parti-
cles with a diameter over several nm, the probability of
phonon excitations in each particle during the y absorp-
tion is the same as in the bulk material. The excitation of
a particle oscillation in the system will cause an addition-
al reduction of the recoilless fraction. Hayashi et al.'®
studied by '°’Au Mdssbauer spectroscopy sintered parti-
cles of gold and of copper-gold alloy of 50 nm average di-
ameter. They found a systematic increase in linewidth
with decreasing packing fraction (occupied volume frac-

9771 ©1990 The American Physical Society



9772

tion) of the sinters. The increase in linewidth was attri-
buted to the particle oscillation in the sinters; the absorp-
tion accompanied by the excitation of the low-frequency
modes gives rise to a broad line which overlaps the recoil-
less Mossbauer line, making the latter apparently
broader. The measurements, however, have been made at
only one temperature, 16 K. Moreover, the alloy parti-
cles did have a poor homogeneity in composition; they
consisted of roughly two components, one Cu-rich and
one Au-rich. The experimental results have been inter-
preted on the basis of a classical theory, which is semi-
quantitative and contains defects due to neglecting quan-
tum effects. These facts may cast some doubt on the
correctness of the conclusion drawn.

The purpose of this paper is to extend the study of Ref.
13 in order to obtain more accurate information. There-
fore, in the present work, the homogeneities of the alloy
particles are improved, the Mossbauer effect is measured
as a function of temperature for sinters as well as for
foils, and the discussion will be based on a much more ac-
curate quantum theory.

II. THEORY

In this section, a quantum-theoretical formula for the
absorption spectrum of dense packed or sintered small
particles will be derived. The details of the derivation
will be described elsewhere. According to the dispersion
theory, the cross section of absorption of a ¥ ray of ener-
gy E by a single nucleus in a system of interacting atoms
is given by

o (E)= ool3 e |{nlexplip-r/#)|ny)|?
a 4 o " (Ey—E+e,—e, V+T5/4 "

(D

where p is the momentum of the y ray, r the coordinate
of the nucleus, and E, the energy difference between the
final and the initial nuclear state. €, and €y, are the ener-

gies of states |n) and |ny) of the interacting system, re-
spectively, I'; is the natural width of the excited state of
the nucleus, g, 0 is the statistical weight factor for the
state |n0 ), and 0, is the resonance absorption cross sec-

tion.
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Using the time-dependent correlation function method
developed by van Hove,'* Singwi and Sjolander!® have
shown that for monatomic crystals of cubic symmetry
Eq. (1) can be written as

o, o
o (E)=—0" [ 7 exp

i r
it 0
ﬁ(E E,) 2ﬁ|t|]

Xexp[—%xzya(t)]dt R (2)

where y,(t) represents a correlation between the dis-
placements of the atom from the equilibrium point at two
different times separated by ¢ and is given by

# ® z zt
—_— 1 —_ =
Yalt) my fo [coth 2%, T, cos |2
(z)
—isin % ] ¢az (3)

In Egs. (2) and (3), fik=p, m, is the mass of an atom, T,
is the temperature of the absorber, and ¢,(z) is the distri-
bution of energy levels of the phonons normalized such
that [ *¢,(z)dz =1 and ¢,(z) is zero beyond z =z,

For a system in which small particles (microcrystals)
are packed or sintered, the displacement of the nucleus
from the equilibrium point is due to both lattice phonon
(ph) and particle oscillation (PO). If it is assumed that ph
and PO are independent of each other, y,(¢) can be ex-
pressed as a sum of two independent parts:

Ya()=7E(+y500) . 4)

In Eq. (4), yP"(¢) is given by the right-hand side of Eq. (3)
while y29(#) is given by the same equation with m,
changed into M,, the mass of a particle, and ¢,(z)
changed into ®(z), which is the energy level distribution
of PO in such a way that f8°<l>(z)dz =1 and ®(z)=0 for
z>zF0 .

Dividing the range of integration (— o, ) in Eq. (2)
into a number of subranges, and adopting approxima-
tions of ¥E"(¢) and ¥FO(¢) in each subrange, a physically
more comprehensible formula for the absorption cross
section is obtained:

o,(E)= exp( —2WPhexp(—2WFO)

(E —Ey)+(Iy/2)?
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where R =#°?/2my=E} /2mc? (recoil energy of a free - o z
nucleus), P =#%>/2My=E}/2Mc? (recoil energy of a 2 _2Pf0 z coth | o —r— | ®(2)dz , 7
. B*a

free particle),
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and

z
2kB Ta

2W;’0=%K2}/50( o0 )=Pfooc (D;Z) coth dz . (9)

In Eq. (5), the first term represents the Mossbauer line,
the second term comes from the absorption with simul-
taneous excitation of PO (PO band) and the third term
consists of the absorption accompanied by phonon excita-
tion (phonon wing). The two components making up the
phonon wing, one with and the other without PO excita-
tion, are practically inseparable. Equation (5) shows that
the Mossbauer line is an upshifted Lorentzian of width
[full width at half maximum (FWHM)] I', the PO band
is a Gaussian having a width (FWHM) 2(In2)'/?A and
shifted by P, and the phonon wing is a Gaussian of width
2[In2(8% +A?)]'/2, which is shifted by R +P. It should
be noted that because of the largeness of §, the phonon
wing merges in the background while the PO band may
or may not be observed in the spectrum. The integrated
intensities of the three components are equal to
1mooLof  F,, 1mooLof,(1—F,), and 1mo [y(1—f,)
{=1mo Lol(1—f,)F, +(1—f,)(1—F,)]}, respectively,
where f, =exp(—2WP") is the recoilless fraction due to
|
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the lattice phonons and F, =exp(—2W?°) is the recoil-
less fraction due to PO. The sum of the integrated inten-
sities over the three components equals {70 (I, in agree-
ment with the requirement that the integrated intensity
of a spectrum must always equal {mo,[y,. The factor
1maly is the result of our choice of o, such that
g, (E 0 )= Tgp.

In Mossbauer spectroscopy one is experimentally deal-
ing with the self-absorption cross section o(s) which for a
thin absorber is defined by

a(s)zfo“’aa(s +E)we(E)dE/f0°°we(E)dE
=fo°°aa(s +E)w,(E)dE , (10)

where s =(v/c)E, is the energy Doppler shift caused by
moving the emitter with velocity v relative to the ab-
sorber. The probability w,(E) for the emission of a ¥ ray
is given by Eq. (1) except that the signs of €, and €y, are
interchanged and w,(E) is normalized such that
f ow,(E)dE =1. Following Singwi and Sjolander’s
method!® as before, the following approximate formula
can be obtained:

Uoro( F0+ Fe) 1
o(s)=———exp(—2W, —2WPh—2Wr0)
4 P ¢ Ts24(Ty+T,)?/4
! 2a,I —P)?
—-—i—Ag—gexp( —2W,—2WPM)[1—exp(—2WFO)Jexp | — (LA—ZIQ—
172
w Uoro (S "‘2R _P)z
+ 1—exp(—2W, —2WPM)]exp | ————— (11)
2 +arran L T2 lexp | = A
with III. EXPERIMENT
82=2R [ "zcoth | == d 12
e f , Zeot 2k, T, ¢.(z)dz (12) The alloy particles were produced by first melting the
¢ mixtures of the constituent metals in an arc in Ar gas of 1
and atm into the alloys, and then evaporating the alloys in
low-pressure Ar gas (1 Torr for Ag-Au and 5 Torr for
2W,= % sze( o)=R f » §.(2) coth z dz . (13) Cu-Au) as described in Ref. 13. The metals had puriFies
0o z 2kgT, 99.99% (Au and Ag) and 99.9% (Cu). In order to im-

Here T, is the temperature of the emitter and ¢,(z) is the
normalized energy spectrum of the phonons in the emi-
tter and ¢,(z) vanishes beyond z=z{,,. In Eq. (11),
source line broadening is taken into account by introduc-
ing ', instead of I,

By comparing Eq. (11) with Eq. (5), it can be seen that
in an experimentally obtained spectrum o (s) the width of
the Mossbauer line is approximately doubled (increased
by I',) as compared to that in the absorption cross-
section spectrum o ,(E), while the width of the PO band
is not changed and the width of the phonon wing is in-
creased by a factor of about 2!/2, The comparison also
shows that the shift of the PO band is not changed while
the shift is approximately doubled (increases by R) for the
phonon wing.

prove the homogeneity in composition, only particles
during the initial stage of the evaporation process were
collected. Therefore the gold contents of the samples
were much lower (Table I) than the 20 at. % of the origi-
nal alloys. The Mossbauer spectra of the sinters consist-
ed of a singlet with a linewidth nearly equal to the natural
width, indicating a considerable improvement of the
homogeneity. The particles were pressed into disks of 15
mm diameter and of various packing fractions using a
die. After the pressing, the disks were sintered in vacu-
um at 493 K for 45 min. The specifications of the sam-
ples used in the present experiment are listed in Table I.
The percentage of gold content of the sinters has been
determined by instrumental neutron activation analysis
method after the MoOssbauer measurements. Afterwards,
foils of equivalent compositions were produced and also
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TABLE I. Specifications of samples.
Average Packing Sample Sample  Sample

Sample Au areal density particle Sintering fraction weight diameter thickness
number Composition § (mg/cm®) n (cm™?) diameter (nm) condition (%) (mg) (mm) (pm)

1 25.1 7.68X 10" 100 (foil) 400 14.5

2 23.7 7.24X 10" 220°C 54.3 393.6 14.8 470

3 Cu-dE0at% Au 00 7.34x107 150 45 min 267 4032 149 965

4 24.1 7.37X10" ~2 (powder) 410 15.0

5 13.0 3.99x10" 100 (foil) 364 14.5

6  Ag-333 at.% Au 13.0 3.97x10" 5 220°C 68.4 361.8 14.5 305

7 15.0 4.59x10" 45 min 28.9 362.1 13.5 835

measured by Mossbauer spectroscopy. The average par-
ticle diameters of the prepared sinters were determined
by inspecting the surfaces of the sinters by scanning elec-
tron microscopy.

The source was a 97.5%-enriched '°°Pt disk of 59 mg,
irradiated for 24 h in a flux of 10'? neutrons/cm?sec.
The source was installed in the spectrometer about 4 h
after the end of the neutron irradiation and the activity of
197p¢ at that time was about 40 mCi. The source temper-
ature was kept at 4.2 K throughout the experiments.
Each fresh source was used for several days, during
which time measurements on one sample were carried
out at various temperatures. The 77.3-keV ¥ ray of '’ Au
was measured with a germanium detector. Hence a large
variation in the background intensity with time was not
expected. In order to find out such a variation with time,
the initial measurements were repeated, for the Cu-Au
foil, with the same source after four days of the routine
measurements and it was confirmed that there was no ap-
preciable change in the intensity-to-background ratio
during the four-day period. The measurements were per-
formed in a sinusoidal mode, and the spectra were folded
and linearized.

The radius of the y-transmitting area of the sample
holder was 14 mm, while the radius of the sample disks
was 15 mm. Owing to the narrow margin on the peri-
phery of the disks, the error caused by possible nonuni-
formity of packing fraction within the sample is mini-
mized: If the transmitting area of the sample is consider-
ably smaller than the entire area of the sample, nonuni-
formity may cause a difference in effective Au areal densi-
ty for different samples, even if all samples contain the
same amount of Au. (Even if the amount of Au in the
transmitting area is the same, the recoilless fraction ob-
served for a nonuniform sample will be smaller than for a
perfectly uniform one. But this error will be small for a
small effective absorber thickness.)

Because of the narrow margin and shrinkage of the
samples during sintering (see Table I), there can be a nar-
row gap between the sample and the holder. Whenever
there is such a gap, through which the y ray can pass
freely, this will cause an error in the observed back-
ground level. This problem will be taken up in Sec. IV.

Besides the sintered samples a powder sample of Cu-
Au was prepared and measured for purposes of compar-
ison. In the sample, the Cu-Au particles were very loose-
ly packed without sintering and the particles had the

same composition and size as the particles in the sinters
(Table I).

IV. RESULTS AND DISCUSSION

In Fig. 1 spectra for the different Cu-Au samples mea-
sured at 60 K are shown with the least-squares-fitted
Lorentzians assuming a flat background. The geometry
of the apparatus assures that the background of the fold-
ed spectra is flat to a reasonable accuracy. Similar spec-
tra have been obtained for the Ag-Au samples.

In Figs. 2(a) and 2(b) the temperature dependence of
the absorption area per unit background normalized to
the value at 4.2 K, 4,(T)/A;(4.2 K), is plotted versus
temperature T for the Cu-Au and Ag-Au samples. It is
found that 4;(T)/A;(4.2 K) decreases in the order of
decreasing packing fraction for the Cu-Au samples, i.e.,
foil > 54.3% sinter >26.7% sinter > powder, indicating
a reduction in recoilless fraction for the sinters and
powder from the bulk value. Furthermore, the smaller
the packing fraction and the higher the temperature, the

Cu—-Au

T=60 K

(%)

ABSORPTION

T POWDER
0.4+

5 10 15 20
(mm/sec)

20 -15 -0 -5 0
VELOCITY
FIG. 1. Mossbauer spectra at 60 K of Cu-Au samples of

different packing fractions with the least-squares-fitted
Lorentzians.
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FIG. 2. Plot of the absorption area per unit background 4,
determined by the Lorentzian fit and normalized to the value at
4.2 K and the plot of the determined linewidth I', as a func-
tion of temperature. (a), (c) for Cu-Au samples of different
packing fractions. @, foil; X, 54.3% sinter; A, 26.7% sinter; W,
powder. (b), (d) for Ag-Au samples of different packing frac-
tions. @, foil; X, 68.4% sinter; A, 28.9% sinter. The curves in
(a) and (b) represent the calculated results based on a dispersion
theoretical model fitted to the plotted data and the straight lines
in (c) and (d) are the least-squares-fits to the data. The data
points in parentheses were neglected in the fittings.

larger is the reduction. For Ag-Au samples, the effect is
less remarkable. Only a small reduction is observed for
the 28.9% sinter. As long as the geometry of the
absorber-holder assembly does not change appreciably
during the measurement of one sample with varying tem-
perature, the values of A4;(T)/A;(4.2 K) are correct
even though the values of 4;(T) may not be accurate on
account of possible presence of a narrow gap between the
sample and the holder as argued in Sec. III.

The linewidth (FWHM) T, determined by the
Lorentzian computer fit, is plotted versus T for all mea-
sured Cu-Au samples in Fig. 2(c) and for the Ag-Au sam-
ples in Fig. 2(d). For the Cu-Au powder and for the
26.7% Cu-Au sinter, I increases with T. This result is
consistent with the previous one by Hayashi et al.!* For
all other samples, however, I, remains constant or de-
creases slightly with increasing T.

By inspecting Fig. 1 carefully a discrepancy, although
small, is found to exist between the experimental data
and the fitted curves for the Cu-Au powder and 26.7%
sinter samples. This discrepancy turns out to be sys-
tematic for these samples and becomes larger with in-
creasing temperature as is shown in Fig. 3 for the Cu-Au
powder sample. Both facts, the increasing I, and grow-
ing discrepancy between the experimental data and the
fitted curves, indicate that a broad component is overlap-
ping the Lorentzian line. According to the theoretical
model described in Sec. II this additional component is
ascribed to the PO band having approximately a Gauss-
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FIG. 3. Mdssbauer spectra of a Cu-Au powder sample at
different temperatures with the least-squares-fitted Lorentzians.

ian line shape. For the present particles, the expected
shift P of the Gaussian line relative to the Lorentzian one
is quite negligible. Fitting the spectra with a Lorentzian
line and a Gaussian one, better fits are obtained, as is
shown in Figs. 4(a) and 4(b) for the 26.7% Cu-Au sinter
and Cu-Au powder, respectively. It turns out that the
two-component fittings are unsuccessful for the 4.2 K
spectrum of the 26.7% Cu-Au sinter and for all spectra
of the other sinters; the depths of the Gaussians have be-
come very small (typically by more than 2 orders of mag-
nitude) compared to those of the corresponding Lorentzi-
ans and an accurate analysis will be impossible because of
the statistical scatter in the spectra. In Fig. 5 the plot of
A (T)/A;(4.2 K) determined by the two-component
fitting procedure is presented. In the figure the absorp-
tion area of the Gaussian line, 4, normalized to 4, (4.2
K) of the Lorentzian one is also plotted. The determined
widths [, of the Lorentzians and D, (FWHM) of the
Gaussians are plotted versus T in Figs. 6 and 7. The
width T for the 26.7% Cu-Au sinter now coincides
within the experimental error with those of the other
Cu-Au sinters and the foil.

According to the approximate formula (11) [or (5)], the
absorption area of the Mdssbauer line varies as f,F,.
Making use of this relation, the absolute values of the
recoilless fractions f, and F, will be estimated. The
recoilless fraction f, for the gold atoms embedded in the
alloys can be deduced from the data on the foils using the
Debye model for ¢,(z), as this model has been proved to
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FIG. 4. Two-component (Lorentzian-plus-Gaussian) fitting
of the Mossbauer spectra of (a) 26.7% Cu-Au sinter and (b) Cu-
Au powder sample at different temperatures. , fitted ab-
sorption curve; — —, Lorentzian component; — — —, Gauss-
ian component.
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be a fairly good approximation in many cases of
Mossbauer effect in bulk metals. The absorption area as
a function of the effective absorber thickness, S(z,), has
been conveniently tabulated in a table by Trooster and
Viegers. '® The effective absorber thickness z, is defined
as t,=ognf,, where n is the areal atomic density of Au.
Hence the task is to fit

S(oognf,(T))
S(ognf,(4.2 K))

to the experimental data of 4;(7T)/A4;(4.2 K). In ex-
pression (14), S (t,) can be approximated by a polynomial,
0, is equal to 3.86X1072° cm?, and the values of n are
listed in Table I. So, the only free parameter left in the fit
is the Debye temperature ®. The deduced values of ®
for the Cu-Au and Ag-Au foils are tabulated in Table II.
These values of ® refer to the Au impurity atoms in the
alloys and are considerably smaller than the values for
pure Cu (@=343 K) or Ag (=225 K) metals. The cal-
culated curves for 4;(T)/A;(4.2 K) [=S(o¢nf,(T))/
S(ognf,(4.2 K)] using the Debye model and these values
of @ are represented by the solid lines in Figs. 2(b) and 5.

In order to determine the recoilless fraction F, related
to PO for the sinters and powder from the data of
A;(T)/ A, (4.2 K), it is assumed that f, for the particles
is the same as that for the foils. Now the expression

S(ognf,(T)F,(T))
S(ognf,(4.2 K)F,(4.2 K))

(14)

(15)

1.0

Ag (T) /A_(4.2K)

AT) /A (42K)

20 ' 40 ' 60 ' 80 100 120
TEMPERATURE (K)

FIG. 5. Plot of the absorption area per unit background A4;
of the Lorentzians determined by Lorentzian-plus-Gaussian fit
and normalized to the value at 4.2 K as a function of tempera-
ture for Cu-Au samples of different packing fractions. @, foil;
X 54.3% sinter; A, 26.7% sinter; M, powder. The absorption
area per unit background A; of the Gaussians normalized to
A;(4.2 K) is also plotted vs temperature for two samples. A,
26.7% sinter; O, powder. For the foil and the 54.3% sinter, the
Gaussian component was neglected in the fit. The curves for
the Lorentzians represent the calculated results based on a
dispersion theoretical model fitted to the plotted data, while the
curves for the Gaussians are polynomial fits to the data points.
The data points in parentheses were neglected in the fittings.
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FIG. 6. Plot of the linewidth ', of the Lorentzians deter-
mined by Lorentzian-plus-Gaussian fit as a function of tempera-
ture for Cu-Au samples of different packing fractions. @, foil;
X, 54.3% sinter; A, 26.7% sinter; B, powder. For the foil and
the 54.3% sinter, the Gaussian component was neglected in the
fit. The straight lines are the least-squares-fits to the data. The
data point in parentheses was neglected in the fitting.

is to fit to the data of 4;(7T)/A4,(4.2 K). F,(T) is given
by [see Eq. (9)]

F,(T)=exp(—2WF°)

—P fow ¢LZ) coth | ==

2k, T

=exp dz (16)

Assuming that the density of states ®(z) for PO is a flat
function such that

for z, <z =<z,

d(z)=12272

0 otherwise, (17)

where 0<z;<z,, there are two free parameters, z,
and z,, in the fit. The results are tabulated in Table
II. The calculated curves F,(T) are shown in Fig. 8,
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FIG. 7. Plot of the linewidth D, of the Gaussians deter-
mined by Lorentzian-plus-Gaussian fit as a function of tempera-
ture for two Cu-Au samples. A, 26.7% sinter; O, powder. The
dashed-dotted and dotted curves are the results of model fitting.
The data point in parentheses was neglected in the fitting. The
solid line represents the theoretical curve, 2(In2)'/2A vs temper-
ature.

while the fitted curves of A;(T)/A;(4.2 K)
[=S(oonf (T)F,(T))/S(ognf,(4.2 K)F,(4.2 K))] are
given by the dashed, dashed-dotted, and dotted lines in
Figs. 2(b) and 5. It follows from these figures that the
temperature dependence of A; is satisfactorily explained
by the present model.

Using the values of f, and F, obtained from the fits,
the effective absorber thickness ¢, has been calculated for
each sample. Furthermore, the saturation-effect-
corrected values of I' i, have been determined by the use
of the saturation function for linewidth, which is also tab-
ulated as a function of t, by Trooster and Viegers.'®
Now, the corrected linewidths T plotted versus T
turned out to be nearly constant for all samples except for
the Cu-Au powder one.

According to Fig. 6, the width I of the Lorentzian
line for the powder is substantially larger than those for
the foil and the sinters at all temperatures and increases
rapidly with temperature. This behavior of the powder
sample is very different from those of the sinters and the

TABLE II. Debye temperature ® for the Au impurity atoms in a Cu-3.60 at. % Au and Ag-3.33 at. % Au alloy, and the lower
and upper limit z, and z, of the energy range of particle oscillation modes determined from MGssbauer measurements and their
equivalent temperatures for Cu-Au and Ag-Au samples of different packing fractions.

Sample O (K) z, (erg) z, (erg) z,/kp (mK) z,/kg (mK)
Cu-Au foil
54.3% Cu-Au sinter 206 16.7 X107"¥ 6.72x107" 12.1 487
26.7% Cu-Au sinter 5.51x107 " 2.73%x 107" 3.99 198
Cu-Au powder 2.75X 1071 2.53x107"7 2.00 183
Ag-Au foil 167
28.9% Ag-Au sinter 1.12X107" 1.42X107'6 81.7 1030
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FIG. 8. Temperature dependence of the calculated recoilless
fraction F, for Cu-Au and Ag-Au sinters of different packing
fractions and a Cu-Au powder sample.

foils. The values of z, (=zF9) in Table II assure that
z/2kpT <<1 in the whole range of temperature of the
measurements. Hence it follows from Eq. (7) that

A=2(PkyT)'? . (18)

The theoretical width of the PO band, 2(In2)'/2A, calcu-
lated using Eq. (18), is plotted versus T in Fig. 7. In the
calculation, the diameter of the Cu-Au particles was as-
sumed to be 150 nm. The width of the PO band is only
determined by the recoil energy of a free particle, P (or
the mass of the particle, M), and does not depend on the
details of the frequency spectrum ®(z), as long as the fre-
quencies are sufficiently low. In actual samples, there will
be a distribution of particles with respect to M,, which
will cause a distribution of Gaussians with respect to A.
If the mass of some particles is much larger than (M, ),
the corresponding Gaussians will be so narrow that the
latter could not be separated from the Lorentzian line.
Then, it is expected that the Lorentzian line will
effectively become broadened. Presence of such particles
is unlikely in our samples, because the observed
linewidths I, for the sinters are nearly equal to that for
the foil. However, the very broad widths of the Lorentzi-
an lines observed for the powder sample may be ex-
plained in the following way: In a system in which parti-
cles are loosely packed, there will be clusters of particles
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and even clusters of clusters; this is a feature characteris-
tic of fractal systems.!” Then the system is of a three-
grade structure consisting of atoms, particles, and clus-
ters, and there must appear in the spectrum an absorp-
tion band due to the oscillation of the clusters in addition
to the phonon wing and the PO band. The new band will
be much narrower than the PO band and inseparable
from the Lorentzian line, thus producing an effect similar
to that of particles of very large mass. [Experimental
data projecting beyond the peak of the fitted curves in
Fig. 4(b) suggest the presence of narrow lines of natural
width.] Hence the observed broad Lorentzian lines, the
width of which increases with increasing temperature,
can be interpreted as arising from cluster oscillations.
Comparison between I' ; and D, of the powder sample
(Figs. 6 and 7) indicates that the smallest effective clusters
are of the size of about 20 particles.

It follows from Fig. 5 that, for Cu-Au, the normalized
absorption area A;(T)/ A;(4.2 K) decreases in the order
foil > 54.3% sinter >26.7% sinter > powder at all tem-
peratures, while A;(T)/A;(4.2 K) is always larger for
the powder than for the 26.7% sinter. These results are
quite reasonable. However, if the mass of the particles is
sufficiently small causing very broad Gaussians, say for
instance more than 20 times broader than the Lorentzian
line, the Gaussians will merge in the background. This
effect may partly account for the discrepancy between
A, + Ag for the powder and A4; for the foil; according
to Eq. (11), A4; + A; for the powder should be equal to
A; for the foil, whereas experimentally the former is
much smaller than the latter. This discrepancy also ex-
ists between the sintered samples and the foil.

The assumption that ®(z) is a flat function is based on
the suggestion of Rutherford et al.’ that the density of
states for the localized modes is a constant over the
whole frequency range of the modes; this has some
theoretical grounds based on percolation and fractal
models of disordered media.'® According to the model of
Rutherford et al.,> there is a discontinuity in density of
states at the crossover frequency, below which the densi-
ty of states for the continuous medium phonons is very
low (Fig. 1 of Ref. 8). Thus ®(z) may be assumed to con-
sist only of the energy spectrum of the localized modes.

In Table III are tabulated v, and v,, the calculated
lower and upper limit of frequency range of the localized
modes. The frequency v, is the crossover frequency be-
tween the continuous medium phonons and the localized

TABLE III. Lower and upper limit v, and v, of the frequency range of particle oscillation modes determined from ultrasonic and
mechanical measurements and their equivalent energies and temperatures for Cu-Au and Ag-Au samples of different packing frac-

tions.

Sample v, (Hz) v, (Hz) hv, (erg) hv, (erg) hv,/kg (mK) hv,/kz (mK)
54.3% Cu-Au sinter 8.0x 108 5.3X10° 18 39
26.7% Cu-Au sinter 2.0X108 2.4X10'° 13 xX107" 1.6 1071 9.6 1160
Cu-Au powder 0 0 0
68.4% Ag-Au sinter 2.0%x10° 10 1.3x107" —16 96
28.9% Ag-Au sinter 4.0X 108 3-3%10 27107 3.5X10 19 2500




modes, and v, is the low-frequency cutoff of the bulk pho-
nons in the particles, and these frequencies multiplied by
h are to be compared with the energy limits z, and z, of
the function ®(z) [see Eq. (17)]. The calculation of v,
and v, was carried out on the assumption that A;=10d
and A,=d, in accordance with the postulation of Ruther-
ford et al.’> A, and A, are the wavelengths of the phonons
at the crossover and at the low-frequency cutoff, respec-
tively, and d is the average diameter of the particles
(Table I). In the calculation, the continuous medium
phonon velocity is assumed to be 1200, 300, 1000, and
200 m/sec for the 54.3% Cu-Au, 26.7% Cu-Au, 68.4%
Ag-Au, and 28.9% Ag-Au sintered samples, respectively,
estimated from the ultrasonic and mechanical measure-
ments on 1-um copper and silver sinters.® The bulk met-
al phonon velocities 3640 m/sec (Cu) and 2630 m/sec
(Ag) were adopted from the American Institute of Physics
Handbook." 1t is supposed that no continuous medium
phonons exist in the powder sample of Cu-Au and hence
v;=0, since the experimental results of Ref. 8 suggest
that a sample with such a low packing fraction is below
the percolation threshold. Comparison between Table II
and Table III shows that the lower and the upper limit,
z, and z,, estimated from the present Mossbauer data as-
suming a flat energy spectrum, ®(z), agree within a fac-
tor of 2—6 with the values hAv, and hv, calculated on the
basis of the fracton model using the ultrasonic and
mechanical data for the sinters. For the Cu-Au powder
sample, z, equals kp times 2.00 mK, while hv, is expect-
ed to be zero according to the fracton model.

It has been argued by Visscher?® and also by Singwi
and Sjolander!® that the shape of the phonon wing is re-
lated in a simple way to the energy spectrum ¢,(z), thus
¢,(z) can at least in principle be determined from the
measurement of the phonon wing. However, such a mea-
surement is practically impossible as the wing extends at
least up to an energy of the order of k;®, where O is the
Debye temperature, and this energy range is too wide for
Mossbauer spectroscopy. Indeed, so far no Mossbauer
observations of phonon wings have been reported. But,
owing to the narrowness of their widths, the PO bands
could have been detected in the Mossbauer spectra.

Broad lines similar to the PO bands have been ob-
served for various systems in which the dynamics is con-
trolled by diffusive motions.?! 3! These are classified
into four categories: (1) molecular motions in super-
cooled liquids,?' (2) dynamics of macromolecules in bio-
logical systems, >~ 2 (3) localized diffusion in solids, 26~
and (4) diffusive motions of microcrystals.3! Category (1)
is irrelevant to the present case. In view of the fact that
freeze-dried myoglobin exhibits no protein dynam-
ics, 23233 mechanism (2) is also inconceivable for the
present systems of metallic microcrystals. Moreover, in
those biological systems, the peculiar changes take place
in a narrow temperature interval at fairly high tempera-
tures, suggesting the existence of a triggering mechanism
influenced by, for example, onset of water mobility.?>%
This is very different from the behavior of the present
systems.

The two Cu-Au sinters which have been measured
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differ only in packing fraction, while there must be no
difference between them with respect to the internal
structure of individual particles because all particles have
been evaporated and sintered simultaneously in one and
the same vessel. And yet their MdOssbauer spectra are
different. Therefore the broad components observed for
the 26.7% sinter are not caused by localized diffusion in
the particles. Although the powder sample has under-
gone no heat treatment after the evaporation, the fact
that the diffusion in cage is observed only for heavily
radiation-damaged crystals®®2"?° suggests that the possi-
bility of (3) is very little also for the powder sample. Ac-
cording to previous studies, * 3¢ neighboring particles in
the sinters are connected by neck (bridge) formation un-
der the present sintering condition. The scanning-
electron-microscopic observation of the sinter surfaces in-
dicates bridge connection between the particles, although
the resolution is not very good. Hence, as far as the
sinters are concerned, phononlike vibrations of the parti-
cles are very plausible while diffusive motions of the par-
ticles are unlikely.

Examination by scanning electron microscopy of a
small fraction of the Cu-Au powder sample dispersed on
a substrate has shown a bridge-connected network in
each cluster of particles. In the sample, however, most of
the contact points between the particles will have no
bridge. Therefore, for the powder sample, some kinds of
diffusive motion of the particles, such as diffusive tilting
motions proposed by Eynatten et al.,?!' are conceivable.
According to the model theories, > 2>%"73! (diffusive
motions of categories (1)—(4) cause a Mossbauer spec-
trum which can be approximated by a single broad
Lorentzian line or two Lorentzian lines, one narrow and
one broad. Two Lorentzians of different widths were
fitted to the experimental Mossbauer spectra of the Cu-
Au powder sample and the result showed that the fit was
as good as for the fittings of Fig. 4(b). Thus, for the
powder sample, the possibility of diffusive motions of par-
ticles cannot be excluded. To find out which model is
correct, very accurate experiments with well-
characterized samples will be necessary.

In the previous work, !> no perceivable effect of PO on
Méoéssbauer effect was observed for the Ag-Au sinters.
This result was attributed to the largeness of the particle
size, 250 nm average diameter. (For the Cu-Au sinters
with an average diameter of 50 nm the effect was clearly
observed.) However, in the present study the effect is also
much less for the Ag-Au sinters than for the Cu-Au
sinters despite the fact that the average diameter for the
Ag-Au particles (50 nm) is much smaller than for the
Cu-Au particles (150 nm). Hence it can be concluded
that the difference between Cu and Ag must be attributed
to the fact that Ag particles will have much stronger ten-
dency to fuse together, i.e., they will be much more
strongly bound to each other, than Cu particles.

V. CONCLUSION

For sintered Cu anu Ag small particles, which are
doped with Au impurities, a decrease in resonant absorp-
tion area of the Mdssbauer spectrum is found compared
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to the values found for bulk alloys. The lower the pack-
ing fraction of the particles, the larger is the observed de-
crease. In addition, in the spectra for a Cu-Au sinter of
low packing fraction (26.7%), a broad spectral com-
ponent was clearly observed, superimposed on the normal
Mossbauer line as measured for the bulk alloys, and the
former was interpreted to be PO band. These results pro-
vide experimental evidence for the existence of low-
frequency modes arising from oscillations of the particles
in the sinters. These low-frequency modes have been as-
sumed without concrete experimental evidence to be the
principal origin of the anomalous Kapitza resistance.
The reduction in Mossbauer absorption area and the ap-
pearance of the broad component are more conspicuously
demonstrated by a powder sample in which the small par-
ticles are loosely packed without sintering. The PO
bands owe their detectability to the narrowness of the
width, in contrast to the phonon wings, which have very
wide widths.

The temperature dependence of the Mgssbauer absorp-
tion area can satisfactorily be accounted for using a mod-
el based on the dispersion theory combined with the De-
bye model and the fracton model used for describing the
energy spectra of the phonons and the PO, respectively.
By using this model, and taking account of saturation
effects, the recoilless fractions f, and F, can also be eval-
uated. The result shows that the value of f, at 0 K is
0.253 for the Cu-Au foil and 0.184 for the Ag-Au foil, the
corresponding Debye temperature being 206 and 167 K,
respectively. The result also shows that F, at 0 K is
nearly equal to unity for all the sinters and the powder.

According to the fracton model applied to the sinters,
the low-frequency modes are localized and have a flat en-
ergy spectrum extending over a clearly defined frequency
range. The lower and the upper limit of the frequency
range calculated on the basis of the fracton model using
ultrasonic data on 1-um copper and silver sinters coin-
cide within a factor of 6 with the values estimated from
the present Mdssbauer results assuming a flat density of
states for PO. Moreover, these frequency ranges include
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the frequencies which are most effective for the energy
transfer in the millikelvin temperature range. This
order-of-magnitude agreement provides further support
for the existence of the low-frequency modes and for their
localized nature as well.

The Méssbauer line observed for the powder sample is
significantly broader than those for the sinters and the
foils. This can be explained by the presence of very nar-
row PO bands which overlap the Mdssbauer line and
which cannot be separated from it. The narrow PO
bands are ascribed to clustering of particles or even clus-
tering of clusters. However, it is possible that the pecu-
liar Mossbauer spectra are caused by some kind of
diffusive motion of the particles in the powder sample, in
which many particles must be contacting the others
without bridge.
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