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The atomic mean-square displacement (MSD) of granular tin was studied by the Maossbauer effect. Tin
grains with a 45-A average size embedded in an oxide matrix were produced by evaporating the metal
in the presence of O,. The lattice parameters and grain-size distribution were measured by electron
microscopy. From the temperature variation of the MSD of the granular material, it was found that
the {w~?> moment of the phonon spectrum increases by (8 + 3)% with respect to the bulk. These
results, combined with data of the hyperfine constants and electron microscopy suggest a quasi-isolated
grain whose vibration frequency and electronic structure are barely altered and whose interaction with

the surrounding oxide is negligible.

I. INTRODUCTION

The lattice dynamics of microcrystals having a
substantially high surface-to-volume ratio has be-
come the subject of many theoretical and experi-
mental investigations, The purpose of these studies
was to predict and test the effects of the relatively
large surface on the frequency distribution of the
phonons of the microcrystal. Several investiga-
tions involving interactions of phonons with elec-
trons, such as superconductivity!™ and tunneling
experiments, * have suggested that modifications of
the phonon spectrum, in its lower portion, had to
be assumed in order to account for the results ob-
tained for granular materials. Recently, low-tem-
perature specific-heat measurements of lead grains
in porous glass were reported by Novotny et al,®
They observed a significant enhancement of the spe-
cific heat in samples with pore diameters of 22 and
37 A, This phenomenon was attributed to the large
surface-to-volume ratio of the grains.

A complementary quantity that probes the phonon
spectrum is the atomic mean-square displacement,
This probe differs from the specific heat in that it
measures different moments of the phonon spec-
trum, and it is more sensitive to local microscopic
variations.

Values of the mean-square displacement, (MSD)
(x%, or of Debye-Waller factors, can be readily
obtained from the Mdssbauer effect (ME) through
the recoil-free fraction of the nuclear y resonance.
In fact, since the early days of this relatively new
spectroscopy technique, various measurements
taken on microcrystals and amorphous materials
have produced only controversial and inconclusive
results.® With particles smaller than 100 Z’x, where
the surface-to-volume ratio (S/V) begins to be sig-
nificant, measurements done with gold’ suggested
a decrease in the MSD while a later work on tung-
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sten particles® indicated an increase in the MSD.,
Very recently, Bogomolov and Klushin® reported
measurements on Sn embedded in glass pores of
70 A, Very strange results were obtained for the
absolute value of the recoil-free fraction f at 80 °K
and its variation at higher temperatures, As sug-
gested by the authors, these results could be due to
condensation of low-dimensional grains, !°

In the present work we performed Méssbauer-
effect (ME) measurements in both Sn grains of 45 A
average size and bulk Sn, Simultaneous measure-
ment of the lattice parameters and grain-size dis-
tribution were carefully made and the results were
correlated with the ME parameters. Experiments
were performed in the “high-temperature” range of
the MSD, namely, for T>36. The value of the
(- 2) moment of the phonon spectrum, (w™), was
determined from the slope of (x*(7)) and com-
pared with that obtained for bulk Sn. As will be
shown, the combined experimental results provide
evidence for the existence of quasifree §-Sn grains
with lattice parameters equal, within the experi-
mental errors, to the bulk parameters and with a
slightly enhanced high-temperature mean-square
displacement,

II. EXPERIMENTAL PROCEDURES

A. Preparation of samples

The granular tin was prepared by condensing
high-purity tin on an Al substrate at 85 °K. Tin
was evaporated at a rate of 30 A/sec in an 0, at-
mosphere at a pressure of 10™* Torr. The pres-
ence of tin oxides inhibits the formation of large
grains, In general, it was found that the above
mentioned conditions were crucial for obtaining tin
grains with diameters less than 70 A, Under these
conditions the granular material remained stable
with respect to coalescence even for a period as
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FIG. 1. Size-distribution histogram of a typical sam-
ple. The curve represents the surface-to-volume ratio
dependence on grain size for Sn.

long as six months,

At each evaporation, three samples were simul-
taneously prepared: one for the ME measurements
where the material was deposited over a large Al
foil, the second for conductivity measurements
will be discussed in a separate paper, and the third
for electron microscopy measurements, The last
two samples were rather thin films with 300-A
width and were formed under the same conditions
as that for the ME measurements, by opening a
special shutter for a short period of time during
the evaporation, Altogether, three samples were
used for each measurement,

B. Microstructure determination

Both the lattice parameters and the grain-size
distribution were determined for the three sam-
ples., The lattice parameters were measured by
recording several diffraction patterns with a JEM-7
electron microscope using a TICl sample as a stan-
dard. The position of the lines were obtained by
averaging over several patterns. It was found that
the grains consist of 8-Sn with lattice constants a
=5.82+0.01 A and c=2. 16+ 0. 01 A which are the
same within the experimental error as those for
bulk Sn, as measured by Pearson' (a=5.831 A
and c=3.176 A). The lines were substantially
broadened which is characteristic of small micro-
crystals. The broadening established the uncer-
tainty in the lattice-constant parameters. No lines
indicating the presence of crystalline SnO and SnO,
could be found, suggesting that the oxides are in
amorphous state, Recent diffraction measurements
of granular Al (Ref. 3) also have shown that the lat-
tice spacing is not affected by the grain size down
to 35-A diameter,

The grain-size distribution was obtained by
means of dark-field microscopy using a JEM 100B
electron microscope. Taking a random portion of
the sample, 140 grains were checked on the photo-
graphic plate., The results were plotted in histo-
gram form. A typical histogram (sample No. 15)
is shown in Fig, 1. Very similar histograms were
obtained for the other two samples.

C. Mossbauer measurements

The Mossbauer spectra were recorded with a
conventional spectrometer using a BaSnO; source.
The absorbers containing 10 mg/cm? of material,
were encapsulated in a lucite holder which was
attached to an oven inside an evacuated chamber,
Both the chamber and the source were immersed
in liquid nitrogen, Measurements were performed
at absorber temperatures above 78 °K.

III. DISCUSSION AND CONCLUSIONS

When metallic Sn is evaporated in an oxygen at-
mosphere under the conditions described above,
the size of the grains of Sn formed is limited by
the presence of oxygen and oxides formed simulta-
neously as the matrix for Sn grains, The tin ox-
ides, namely, SnO and SnO, will show themselves
in the absorption spectrum, Whereas Sn and SnO,
are characterized by single lines with different
isomer shifts (i.s.), the SnO spectrum is composed
of a doublet resulting from the quadrupole interac-
tion at the !'°Sn nucleus. Typical spectra for var-
ious temperatures (sample No. 19) are shown in
Fig, 2. These composite spectra were analyzed
by means of an appropriate least-squares-fit pro-
gram with all the positions, linewidths, and inten-
sity parameters allowed to vary freely, The only
restrictions imposed were the requirements that
the linewidths of both components of the SnO spec-
trum be the same and their intensities equal. The
deduced parameters at 80 °K are given in Table I,
The good quality of the fit suggests that no other
oxidation states of Sn, apart from those mentioned,
are present in the samples. It is interesting to
note that despite the extremely small dimensions
of the grains, with an average of 1300 atoms/grain,
no significant differences are observed in the i, s.
or the linewidth between the bulk and granular sam-
ples. The lack of appreciable broadening suggests
that the symmetry around the Sn atoms is not al-
tered as a result of possible penetration of surface
defects. One might have expected that boundary
conditions would affect the electronic structure of
the grains. However we do not observe any change
in the isomer shift, which is proportional to the s-
electron density at the nucleus; we conclude that
the electronic structure is unaffected by the small-
ness of the grains,

Another interesting observation concerns the
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FIG. 2. Mossbauer absorption spectra of granular Sn
(sample 19) at three different temperatures. The compu-
ter-fitted positions and relative intensities of the sam-
ple’s constituents Sn, SnO, and SnO, are marked with ver-
tical lines. The solid line through the experimental
points is the least-squares-fitted spectrum.

magnitude of the quadrupole coupling constant of
SnO, The layers of intergranular SnO are amor-
phous as is evident from the electron diffraction
pattern and the micrographs. This suggests grain
sizes of less than 20 A, Nevertheless the quadru-
pole coupling constant and the i. s. remain the same
as in the bulk, In fact, one may calculate the aver-
age number of oxide layers separating the grains.
We assume from ionic-radii data that on the aver-
age the width of a layer is 2 A, From the ME
spectrum and knowledge of absolute f for the oxides
and Sn metal we calculate, for sample 19, Sn/(SnO
+Sn0,) =3/2. Thus, for a 45-A particle we find
approximately six layers of oxides between grains.
The main objective of this work was to study the
lattice dynamics of granular tin, This information
is contained primarily in the recoil-free fraction
f of the absorbing nucleus. In principle, it is pos-
sible to obtain the absolute value of f by measuring
the area under the absorption peak. From the re-
lation

f: e-kz(xz) (1)

the absolute value of the mean-square displacement
(x? is then obtained, However, in our case, since
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TABLE I. The isomer shift (i.s.), quadrupole splitting

(g.s.), and linewidth (I') (in mm/sec) of the several con-

stituents of sample 19 as well as of bulk Sn, at 80°K.

The i.s. is with respect to a BaSnO; source at 80 °K.

Sn SnO, SnO Sn(bulk)

i.s. 2.69+0.03 0.025+0.02 2.82+0.03 2.59+0.01

q.s. 2.07+0.05

r 0.72+0.04 0.68+0.04 0.53%0.03 0.70+0.01

the number of absorbing nuclei of each constituent
is not known, this kind of information is unattain-
able. Nevertheless, one can measure the tempera-
ture dependence of the mean-square amplitude and
within the high-temperature limit of the harmonic
approximation one obtains from the slope of (x3(7))
the (w™?) moment of the phonon spectrum,

In the high-temperature region where ET> $hwpa,
one can expand the expression for (x?) in a series
(Thirring expansion) where, to a good approxima-
tion, it will be linear with T, e.g.,

(x2) = = 2RET{(hw)™%) (2)
or, in the Debye model,
(x2)= - B6RT/RE? (3)

where R is the recoil energy of the absorbing ¥ ray
and O is the Debye temperature, In fact, evidence
for harmonic behavior of the grain will be the linear
dependence of the effect on T on a logarithmic
scale, In Fig. 3 we depict the temperature depen-
dence of the area under the Sn absorption line.
Within the error of measurements it is indeed lin-
ear, In Table II we give the average results of
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FIG. 3. Temperature dependence of the absorption peak
of granular Sn. The straight line is a least-squares fit
to the experimental points.
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TABLE II. Values of (w~?) calculated from the slope
of (xz(T)) using a least-squares-fit program. The val-
ues of the errors were obtained from the computer. The

Debye temperature @ (see text) is proportional to
((w-2>)-1/2 .

Sample No. (w~ 2)(10"27 sec?) @ (°K)
15 9.5+0.3 129+ 2
18 9.5+0.3 130+2
19 9.3+0.4 131+2
bulk 8.8+0.1 135+1

(0™ and of © for the granular samples and for bulk
tin., These results were obtained by a least-
squares fit of the linear curve. Our results for
bulk tin agree very well with those obtained by
Hohenemser, 1 One immediately sees that there is
an increase in (w™®) with respect to the bulk, which
is beyond the experimental error, and is the same
in all three samples, This result shows that there
is indeed a change in the phonon spectrum as de-
tected by this high-temperature probe.

We consider the possibility of change in © due
to contraction or expansion of the grain’s lattice.
Within the uncertainty of our electron-diffraction
measurements one can expect a deviation of 0. 01 A
in the values of a and ¢, Making use of the
Grineisen relation, namely, ABG/O=-9yA V/V,
where vy is the Griineisen constant, taken as 2 for
Sn, and V is the grain’s volume, we find that the
change in @ is of the order of 1.5%. This is much
smaller than our observed change in @.

Let us assume that all the increase in {w™?) with
respect to the bulk is due to surface effects only.
Using a simple model we can then estimate values
of the mean-square displacement at the surface.
We assume each layer is characterized by its own
(x% and to simplify it even more we assume that
the major influence due to the boundary conditions
affects only the first layer of the grain whereas
the inner atoms behave as in the bulk, Consequent-
ly the measured f; for the grains can be considered
the result of a weighted average of fz of the inner-
bulk atoms and of f; of the surface atoms, as fol-
lows:

fe=afs+(1-a)fs, (4)
where « is the fractional number of atoms inside
the grain, The value of @ can be estimated with
the aid of the histogram as shown in Fig, 1. The
surface to volume ratio S/V(D) is calculated for
each grain diameter D and the average value is
found according to
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(s/vy=2_n(D)S/V(D), (5)

where n(D), the normalized size distribution val-
ues are taken from the histogram. We find for all
three of our samples that (S/V)=0. 2 or that 20% of
the atoms are at the surface. From expressions
(1) and (2) we calculate the values of f, and f5 by
using the values of (w™?) from Table II, By insert-
ing them in expression (4) we can obtain the value
of fg and from it the “surface Debye temperature”
©;. These values were calculated for various
temperatures; for 100 °K, ©g =114 °K and for
200 °K, O, =117 °K. This result represents an in-
crease on (w?) of 37%, or (x®s /(x®)s=1.4. It
should be emphasized that these calculations are
based on the assumption of a perfect “bulk behav-
ior” for layers beyond the first one. In reality,
one might take into account the influence of the
boundary effect in the second and probably the
third layer. Unfortunately, there are no available
calculations of mean-square displacements for
grains, Nevertheless, it is interesting to compare
our results with those obtained by Chen et al. '3
whose calculations were performed for a semi-in-
finite slab of NaCl, using a quasiharmonic approx-
imation on 15 layers. The values of {x% /x?, at
100 and 200 °K were found to be 1. 30 and 1. 33, re-
spectively, agreeing remarkably well with our re-
sults, One should bear in mind that for a grain,
the surface-to-volume ratio is higher than in a thin
slab, resulting in a further enhancement in the
ratio of (x¥2), Another interesting calculation in
Ref, 11 provides the values of the ratio of the sec~
ond and third layer to bulk, At 300 °K they are
found to be 1.1 and 1, 03, respectively. These
results confirm our assumption that beyond the
first layer the surface effects decrease rapidly.
The substantial increase of the (x2); as obtained
from our experimental results suggests that the
bonding of the grain to its surrounding matrix
(trapped O, and oxides) is fairly weak. This con-
clusion, combined with the previously discussed
findings of the isomer shift and electron diffrac-
tion, is consistent with a picture of an isolated
grain that, apart from its first layer, is barely
different from bulk material in its interatomic
distances, lattice symmetry, electron structure,
and vibrational frequencies,
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