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The formation and dynamical behavior of Sn clusters embedded in amorphous, thermally grown SiO2 layers,
formed by ion implantation, is monitored through119Sn Mössbauer spectroscopy. We observe an extreme
decrease of the cluster Debye temperatureuD for samples annealed at 800 °C in a reducing atmosphere. We
show with a model, based on classical elasticity theory, that this lowering can be explained by a decrease of the
surface vibrational modes when a Sn microcrystal is embedded in a SiO2 matrix.
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I. INTRODUCTION

In recent years, ion implantation has been used to intro-
duce foreign ions into pure or thermally grown silica to form
nanoclusters.1 An attractive feature of ion implantation to
form these nanoclusters is that the clusters grow in a well-
defined region in the sample, determined by the implantation
depth. Most of the scientific effort is focussed on the inter-
esting linear and nonlinear optical properties of these layers
which can have applications in optical semiconducting de-
vices such as lasers based on Si technology.2 The combina-
tion of ion implantation and thermally grown SiO2 is in this
respect quite promising since both techniques are employed
on a massive scale in semiconductor industry. The physical
properties of these nanocrystals differ largely from the nor-
mal bulk ones. This can be attributed to both the discreteness
of the electronic states for very small clusters as well as to
the large influence of the surface of the particle due to its
large surface to volume ratio.

Also the vibrational dynamics of the particle change dras-
tically in going to very small cluster sizes. This change will
reflect in some of the physical properties of the precipitates
such as the thermal heat capacity, the superconducting tran-
sition temperature, the melting temperature, and the Möss-
bauerf fraction. Processes governed by electron-phonon in-
teractions(such as superconductivity) are also influenced by
the change in the vibrational spectrum.

Numerous attempts have been made to give a good theo-
retical description for the vibrations of free and embedded
nanoclusters, mostly in connection with the effect of the par-
ticle size on the specific heat and the Debye-Waller factor.
These descriptions are based on a wide variety of models
such as the Einstein model,3 the dynamical matrix model,4

molecular dynamics,5 and the elastic-body model.6 The last
model has been especially successful in describing the low-
lying vibrational modes for embedded nanoclusters as was
shown by low-frequency Raman scattering data.7–12 This
model is very powerful in describing the complete physical
behavior of a microcrystal embedded in a matrix since it can
calculate all vibrational modes with only a few material pa-
rameters(the longitutional and transversal velocity of sound
and the density for the cluster and matrix material).

In the present paper we present experimental evidence for
a dramatic decrease in the Debye temperaturesuDd for Sn

particles embedded in a SiO2 matrix with sizes between 3
and 4 nm. This effect is in good agreement with elasticity
calculations based on the theory of Tamuraet al.6

II. EXPERIMENT

The Mössbauer spectroscopy technique was chosen to
study the dynamics of the metallic Sn clusters. This tech-
nique is superb for the study of these kind of problems since
an extremely small amount of material needs to be measured
s1.531016 at/cm2d. Another major advantage is the fact that
the substrate has no influence on the measurement and the
measured signal fully originates from the clusters.

A layer of 850 Å of SiO2 was thermally grown on a
10 mm310 mm Sik100l substrate, using a dry oxidation
process. Subsequently, the layers were implanted with a
combination of the stable119Sn isotope and the radioactive
119mSn isotope to produce samples which can be used as
sources in our Mössbauer experiments. The implantation en-
ergy was chosen to be 80 keV. With that energy the maxi-
mum projected range of the Sn+ ions falls within the SiO2
layer and no ions are implanted into the Si substrate. All
implantations were done at RT.

The samples were subjected to an isochronal annealing
treatment of 20 min in a reducing gas flow, consisting of
5N H2+N2. The gas was led through a trap cooled with liq-
uid N2 in order to eliminate any moisture contamination. The
annealing steps were 500, 600, 700, 750, 800, and 900 °C,
respectively.

The sample is mounted as a source on a Mössbauer drive
and put in an exchange-gas cryostat. Measuring temperatures
are 4, 77, and RT. The radiation is detected outside the cry-
ostat with a resonant scintillation detector of the type
RITVERC RSD.221. This type of detector only measures the
resonant, recoilless radiation from the source and is almost
insensitive to all other radiation. In this way, a very efficient
way of counting the radiation is achieved. The resonating
material in the scintillator is CaSnO3 and all isomer shifts are
given relative to this standard. One has to keep in mind that
with this special setup of the resonant detector, the minimum
experimental linewidth is the convential Mössbauer linewith
of 2G0—hence it is not lowered to 1.47G0 as is the usual case
when measuring with a resonant detector.13 This is caused by
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the fact that the detector is not used in resonance but rather
as a very selective counter for the radiation coming from the
119Sn Mössbauer transition.

III. RESULTS AND DISCUSSION

A. RBS results

A complete set of Mössbauer and RBS measurements
were performed on a sample with a total implanted dose of
1.531016 Sn/cm2. Two RBS measurements on this sample
are shown in Fig. 1. We see almost no redistribution of the
Sn through the SiO2 layer in this sample upon annealing.
Only a small fraction of the Sn moves from the SiO2 surface
to the central part of the implantation profile. TEM measure-
ments(not shown) confirm this behavior. In the TEM pic-
tures we can see a distribution of clusters with diameters of
3 to 4 nm around the initial implantation profile. These re-
sults are in sharp contrast with measurements reported by
other groups on Sn nanoclusters14–16 and Ge nanoclusters in
SiO2.

17–20 They performed the annealing in a nonreducing
enviroment using Ar or dry N2 as an annealing ambient.
Their measurements show a trimodal Sn redistribution
through the SiO2 layer. Borodin20 explains this effect using a
model which takes into account the indiffusion of O2 and
H2O from the annealing ambient into the SiO2 layer. The
effective removal of these impurities and the use of a reduc-
ing gas in our thermal treatment of the samples strongly
suppress this redistribution effect, leading to this Gaussian
Sn profile as shown in Fig. 1.

B. Mössbauer results

In our measurements, the sample under investigation is
used as a moving source while the resonant detector is func-
tioning as absorber as well as detector at the same time. In
this way essentially only recoilless radiation is measured by
the detector. At a given temperature, the mean-squared vibra-
tional amplitude(MSVA) kx2l of the radiating Mössbauer

atoms dertermines the fractionf of atoms that participate in
the recoilless emission and therefore determines the line in-
tensity of each Mössbauer component

f = exps− k2kx2ld = expS− k2Ku2

3
LD , s1d

wherekx2l is the component of the msva in the directionk of
the g emission with wave numberk and ku2l is the total
MSVA. Assuming a Debye phonon distribution, the tempera-
ture dependence of thef fraction is given by

f = expH−
9k2"2

MkBuD
F1

4
+ S T

uD
D2E
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Using Eq. (2) we can fit the temperature-dependent Möss-
bauer line intensities withuD as a fitting parameter.

1. Components and site population

The Mössbauer spectra measured at 77 K for some se-
lected steps are shown in Fig. 2. In general we can fit the
spectra with four different, well resolved components. Table

FIG. 1. RBS measurements on the sample with a Sn dose of
1.531016 at/cm2. The open dots are for the as-implanted situation
while the solid dots are measured after annealing at 800 °C. For
clarity only the Sn peak is shown.

FIG. 2. Mössbauer spectra measured at 77 K for some annealing
steps. We show the fitted curve together with the decomposition in
spectral components. Since the sample is the source for these Möss-
bauer measurements, the isomer shifts are situated at negative val-
ues. To compare these values with the literature one has to change
the sign of the given isomer shifts.
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I gives a summary of the fitted Mössbauer parameters.
The first component, only present in the as implanted and

500 °C annealed sample(not shown), is centered around
0 mm/s and is Sn in a Sn4+ configuration, most probably Sn
bounded to two oxygen atoms as in SnO2. The isomer shift
sdd as well as the quadrupole splittingsDd value of this site
are close to the ones ofc-SnO2, −0.02, and 0.5 mm/s,
respectively,21 and to the values measured ina-SnO2, 0.129
and 0.70 mm/s, respectively.22 The second component has a
larged and a largeD and scatters around thea-SnO isomer
shift value of 2.87 mm/s(Ref. 22) with a tendency to even
larger values, such as were observed in Sn2+ molecules
formed in amorphous float glass.23 The quite large linewidth
of this component is a strong indication that this site is a
distribution of closely related Sn2+ sSnOxd configurations.

The third component is a very small single line and makes
up only 3% of the absolute site population. Itsd scatters
around 1.9 mm/s which is an indication of Sn in a covalent,
cubic surrounding. From the Mössbauer parameters alone
this component could be eithera-Sn or Sn in a fourfold
coordinated Si environment. If we consider the derived De-
bye temperatures(see below) we may attribute this compo-
nent to the latter possibility. The last component has a widely
varying d between 2.47 and 2.73 mm/s and aD of
0.5 mm/s. These values are close to, but significantly differ-
ent from the reference values measured for bulkb-Sn of d
=2.56 mm/s andD=0.3 mm/s.21,24 Especially the largerD
values point to the precipitation of Sn in smallb-Sn clusters.
A more detailed description for the shifted values of the
b-Sn isomer shift can be found in Ref. 25.

From temperature-dependent measurements we can deter-
mine the f fraction for each of these components using Eq.
(2). The absolute site population of each component is then
determined and is plotted in Fig. 3.

The first clear changes take place after annealing at
600 °C. The Sn2+ component disappears to make place for
the b-Sn component. At this annealing temperature both
components each populate around 50% of the sites. At higher
temperatures more than 90% of the atoms end up in ab-Sn
surrounding. Annealing temperatures of 900 °C and above
causes theb-Sn component to oxidize slowly, which is ac-
companied by an increase of the SnOx component.

2. Temperature-dependent measurements

The b-Sn component shows a unique behavior in the
temperature-dependent Mössbauer measurements. The
Mössbauer spectra at 4, 77, and 295 K after a 800 °C an-
nealing step are shown in Fig. 4. For all three spectra the
isomer shift, quadrupole splitting and linewidth are fitted
consistently so they are the same for all spectra. The second-
order Doppler shift, calculated from the derived Debye tem-
peratureuD, is taken into account in the consistent iterative
fitting procedure.

The Debye temperatureuD for each component is derived
from a fit with Eq. (2). The results are shown in Table II,
together with some literature values for comparison. The De-
bye fit for theb-Sn component is shown in Fig. 5(a).

The temperature dependence of the spectrum is fully de-
termined by the behavior of theb-Sn component. At 4 K this
component makes up more than 90% of the spectral weight
while the spectral weight is reduced to zero at RT. The re-
sulting Debye temperature of 82 K is quite insensitive to the
precise fitting procedure and the component assignment. This
extreme reduction of the cluster Debye temperature is a huge
effect and one of the largest measured on metallic nanoclus-
ters. The vibrational amplitude of the atoms in the cluster is
70% larger than in bulkb-Sn.

A logical explanation of this lowering of thef fraction
and therefore the apparent lowering of the Debye tempera-

TABLE I. Fitted Mössbauer parameters for the spectra shown in
Fig. 2. All isomer shifts are given with respect to CaSnO3.

Temp. Comp. dsmm/sd Dsmm/sd Gsmm/sd

as. impl. Sn4+ −0.10s4d 1.00(5) 1.12(12)

Sn2+ −3.15s4d 2.53(2) 1.28(4)

b-Sn −2.47s8d 0.42(12) 0.64(24)

Sn/Si −1.90s10d 0 1.14(12)

600 °C Sn2+ −3.09s2d 2.28(2) 1.08(4)

b-Sn −2.49s6d 0.42(10) 1.66(9)

Sn/Si −1.84s12d 0 1.18(20)

700 °C Sn2+ −2.98s5d 2.24(3) 1.38(3)

b-Sn −2.73s7d 0.53(6) 1.48(14)

Sn/Si −1.97s8d 0 1.16(13)

750 °C Sn2+ −3.01s8d 2.24(7) 1.20(8)

b-Sn −2.70s5d 0.42(5) 1.38(16)

Sn/Si −2.19s10d 0 1.14(7)

800 °C Sn2+ −2.74s7d 2.30(5) 1.96(15)

b-Sn −2.71s5d 0.60(4) 1.02(12)

Sn/Si −1.94s8d 0 1.00(13)

FIG. 3. Absolute site population for the sample with an initial
Sn concentration of 1.5310−16 at./cm2. The f fraction for
each component is determined from temperature-dependent
measurements.
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ture could be a strong reduction of the melting temperature
of the Sn nanoclusters since thef fraction of a liquid reduces
to zero. A strong decrease of the melting temperature of
nanocrystallineb-Sn has already been predicted and mea-
sured by several authors.30–34A lowering of the melting tem-
perature by more than 100 K has been measured on very
small isolated Sn clusterssN,500d (Ref. 31) while even
bigger reductions are predicted by thermodynamical
models.34 In order to verify this assumption, we have per-
formed constant velocity Mössbauer measurements at tem-
peratures between 4.2 and 30 K. With this technique only
two different velocities are used to measure the intensity of a
Mössbauer peak, one of the velocities is exactly theb-Sn
resonance velocity and the other is a random velocity far
from any resonance. In this way we can measure in a very
fast way the temperature dependence of theb-Sn compo-
nent. We only need to correct this intensity for the overlap-
ping intensity of the SnOx component at theb-Sn resonance

velocity. This correction can be made since from our
temperature-dependent measurements we know the Debye
temperature and the Mössbauer parameters for this compo-
nent and therefore the temperature-dependent intensity at the
b-Sn resonance velocity. These results are shown in Fig. 5
and give auD of 95 K which confirms the strong reduction
from the bulk value of 142 K. We conclude from this set of
measurements that even thef fractions at low temperature
are strongly reduced compared to the bulkb-Sn values.
Since the Debye temperature in this case is determined at
very low temperatures, well below the lowest possible re-
duced melting temperature predicted by the models of Lai,34

we can rule out the reduction of the melting temperature as
an explanation of our measurements.

C. The elastic continuum model

In order to model the vibrational behavior of our nano-
clusters and to get some better understanding of the obtained
results, we will use a model based on classical elasticity
theory. In this model the cluster is assumed to be an isotro-
pic, homogeneous, elastic body, embedded in a homoge-
neous elastic matrix material. Knowledge of the macroscopic
parameters of both materials allows one to use classical elas-
ticity theory to calculate the vibrational dynamics of the em-
bedded cluster. This model has recently proven to be very
successful in describing the low-lying vibrational modes of
embedded nanoclusters measured by low-frequency Raman
scattering.7–12 The frequency equations for a free(nonem-
bedded) cluster were described by Lamb35 while the fre-
quency equations for an embedded cluster were first given by
Tamuraet al.6 Some small errors in the latter equations were
corrected by Ovsyuk and Novikov.9 These calculations show
that two acoustic phonon modes(s=spheroidal or torsional)
can be obtained in a spherical nanocluster. Their eigenfre-
quencies are characterized by two quantum numbersn andl.
The n=0 modes are the surface vibrational modes while the
solutions fornù1 are the inner modes. The only input pa-
rameters of the model are the macroscopic longitudinal and

FIG. 4. Temperature-dependent Mössbauer measurements of the
1.531016 at./cm2 sample. The sample is annealed at 800 °C and
the spectra are consistently fitted where the second-order doppler-
shift is taken into account. The expected position of theb-Sn com-
ponent is indicated with an arrow.

TABLE II. Derived Debye temperatures from Fig. 4.

Comp uD Literature

b-Sn 82(8) 140 K (Ref. 26), 143 K (Ref. 27)

Sn(Si) 220(20) 230 K (Refs. 27 and 28)

Sn2+ 135(15) 180 K (Ref. 29) (for float-glass)

FIG. 5. (a) The measured temperature-dependent intensities for
the b-Sn component of the spectra from Fig. 4, fitted with the
Debye model. The fit results inuD=82s8d K. (b) Temperature-
dependent intensities of theb-Sn component in the low-temperature
constant-velocity experiments. The values are corrected for the in-
tensity of the SnOx component at theb-Sn resonance velocity. The
fit (full line) givesuD=95s9d K. The dotted line is the best fit if we
keepuD fixed at 82 K.
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tranversal velocity of sound(vl andvt, respectively) and the
mass densitysrd for the cluster as well as for the matrix
material. If all frequency modesvnl

s are calculated, we can
derive the mean-squared vibrational amplitude of the clusters
in the continuum aproximation using Eq.(3):

ku2lT =
3"

8prR2vt
o
s

o
hnl

s
o

l

s2l + 1d
hnl

s cothShnl
s

2t
D , s3d

wherer is the density of the cluster material,R is the cluster
radius,vt is the transversal velocity of sound in the cluster
material, hnl

s =sR/vtdvnl
s , t=skBR/"vtdT, kB is Boltzmann’s

constant. The summation is over all thel states, all the fre-
quencies, and the spherical and torsional modes. Note that
the cluster size is only entering the equations in the calcula-
tion of the mean square vibrational amplitude. The frequency
modesvnl

s are size independent. We also have to put a re-
striction on the maximum value forl, lmax, and the maximal
vibrational modehnl

s . The wavelength around a sphere is
given by 2p / sl + 1

2
d while the smallest possible wavelength is

2d with d the smallest interatomic distance in the bulk ma-
terial. The maximal angular momentuml is therefore given
by

lmax= psr/dd −
1

2
. s4d

The maximal number of frequencies is given by the restric-
tion that the total number of frequencies cannot be higher
than the number of degrees of freedom 3N, whereN is the

number of atoms in the cluster. We use the cutoff condition
suggested by Tamura36

o
h,l

s2l + 1d = 2N for the spherical modes s5d

and

o
h,l

s2l + 1d = N for the torsional modes. s6d

By calculating the MSQA with Eq.(3), we can determine the
f fraction f at each temperature with Eq.(1). We can subse-
quently solve Eq.(2) to extract the Debye temperatureuD for
each annealing temperature. Equation(3), used for calculat-
ing the MSVAku2l, assumes some approximations which we
have to keep in mind when we want to interpret the results of
this model. First, in calculating thef fraction for a cluster of
a certain size, we assume thatku2l is the same for all the
atoms in the cluster. This is, in general, a good approxima-
tion for the higher-lying modes(large n) but the lowest
modessn=0d are surface modes and the movements of these
atoms are restricted to the first 2 or 3 atomic layers of the
cluster. In calculating thef fraction we therefore overesti-
mate the influence of the surface modes since we consider
them present for all the atoms in the cluster. This problem
can be solved by calculatingku2l as a function of the radius
r as has been done for the torsional surface modes by
Ovsyuk.9 Doing so for all the modes is a computational de-
manding task and we therefore used the approximation of
Eq. (3). Secondly, the Bose summation assumes semiclassi-
cal (statistical) mechanics for the oscillators and their ener-
gies. For very small clusters and low temperatures we can
have deviations from this semiclassical behavior. These cor-
rections are small for our temperature range of interest and
are therefore omitted.

D. Theoretical results and discussion

We have performed calculations to compute the full vibra-
tional spectrum for free Sn nanoclusters and Sn nanoclusters

TABLE III. Material constants used for the calculation of the
vibrational modes of free and embedded Sn clusters.

Material rsg/cm3d vlsm/sd vtsm/sd Mass(a.u.)

Sn 7349 3532 2007 118.7

SiO2 2426 5642 3280 60.1

FIG. 6. Lowest-lying vibra-
tional modes for a Sn particle in a
SiO2 matrix (open dots). For com-
parison, the modes for a free clus-
ter are shown as well(black dots).
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embedded in a SiO2 matrix. The elastic constants and densi-
ties for both materials are given in Table III.

These material constants are the only necessary input pa-
rameters for the model. The calculated solutions of the fre-
quency equation for the spherical as well as for the torsional
modes are plotted in Fig. 6. The solutions for both the free
and embedded clusters are given in one graph. Only the low-
est modes with an angular momentum of 10 or smaller are
shown. The spherical solutions clearly show that the set of
lowest modes(the n=0 surface modes) of the embedded
clusters are lowered compared to the surface modes of the
free cluster.

On the contrary, for the torsional modes, the surface mode
of the embedded cluster is raised compared with the modes
of a free Sn cluster. The lowering of the spherical modes
with the lowestl values is so effective that this will fully
determine thef fraction behavior in our Mössbauer experi-
ments. This behavior is clearly demonstrated in Fig. 7 where
we have plotted the Mössbauerf fraction as a function of the
temperature if we leave the 1, 2, 3, or 10 lowest states out of
the calculation. The paramount influence of the lowest mode
is now obvious. By raising the cluster size, the amount of
available states is increasing withR3. Therefore the low-
lying state will become less important and eventually thef
fraction will reach the bulk value forb-Sn.

From the fact that Sn is a “soft” material(low uD) and
SiO2 is a “hard” material(high uD), we would expect that the
embedded Sn clusters would harden, i.e., show a lowerkx2l
compared to a free Sn cluster. Both our measurements and
calculations show however that it is possible to create spe-
cific low-lying surface modes that soften the cluster upon
embedment. This softening has been noticed in similar cal-
culations by Ovsyuk9 where they stated that the spherical
surface vibrations withl =0,2,3 can soften if the stiffness of
the matrix increases. These surface modes can even disap-
pear for certain values of the elastic constants for the matrix
and the cluster. This softening of the modes with increasing
matrix stiffness is not a general rule but depends in complex
ways on the material parameters for the cluster and the ma-
trix material. The similar system of a Pb particle in a glass
matrix, as described in the original paper of Tamuraet al.
where he applied the ECM model for embedded clusters for
the first time,6 does not exhibit a lowering of eigenfrequen-

cies. In that specific case the surface modes of the particle
disappear completely.

IV. CONCLUSIONS

Using Mössbauer spectroscopy we have been able to mea-
sure a shift in the phonon density of states of metallic Sn
clusters embedded in thermally grown SiO2. This shift cre-
ates a specific low-lying surface mode that strongly softens
the cluster upon embedment and has a very large effect on
the vibrational amplitude of the atoms in the cluster. The
Debye temperature changes from 140 to 82 K which gives
a 70% increase in the vibrational amplitude of the cluster
atoms. These measurements can be explained by an elastic
continuum model, based on macroscopic material param-
eters, which describes the vibrational spectrum of embedded
spherical clusters in detail.
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