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Abstract. The abrupt change of velocity in surface acoustic waves in thin films of amorphous SiO, con-
taining nanometre scale 3-Sn crystals is shown to be directly associated with the size-dependent melting of
the nanoparticles, confirming preliminary experiments. High resolution thin film powder diffraction using
synchrotron radiation shows that the abrupt redshift in the Brillouin spectra satellites occurs at the same
temperature as the melting of the nanoparticles, evident for the loss of the Bragg peaks. Effective medium
theory is used to explain the origin of the anomaly. A central peak in the Brillouin spectrum, the intensity
of which shows a maximum at the melting temperature, can be interpreted in terms of overdamped fluc-
tuations in the dielectric function. The melting temperature as a function of particle size is in agreement
with theoretical predictions. No evidence for strain could be found on the X-ray diffraction profiles; the a-
and c-axis thermal expansion coefficients are the same as those in bulk tin.

PACS. 61.46.4w Clusters, nanoparticles, and nanocrystalline materials — 78.35.4c Brillouin and Rayleigh
scattering; other light scattering — 64.70.Dv Solid-liquid transitions — 43.35.4d Ultrasonics, quantum

acoustics, and physical effects of sound

1 Introduction

Aggregates of atoms in the nanometer size range (cur-
rently called nanoparticles) exhibit properties which can
be considered intermediate in several respects between
those characterizing simple molecules on the one side and
bulk materials on the other side. Recently they have been
the object of theoretical and experimental work, both
in the case of semiconductor quantum dots and metal
nanocrystals [1-4]. The main motivation for the growing
interest in these systems is related to the possibility of tai-
loring, to a considerable extent, their physical behaviour
on the basis of size.

Here we shall confine our attention to metal nanopar-
ticles. It has been established [4] that when the radius
R becomes smaller than 1 nm, relevant quantum effects
show up, when discrete effects are observed in the dis-
tribution of the electron energy levels. Above that size,
the width of the discrete levels becomes comparable or
larger than the separation between them, so that we enter
a regime where the conduction band is quasi continuous
and the behaviour of the nanoparticles progressively ap-
proaches that of the bulk metal, when the radius becomes
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approximately 20 nm [4]. In the intermediate size range
1 nm < R < 20 nm, significant deviations with respect to
the bulk properties can be detected and studied, concern-
ing e.g. thermodynamic properties (melting temperature
and latent heat of fusion [3]), optical properties (energy
position and width of surface plasma resonances [5]), ul-
trafast electron dynamics, as long as the size is smaller
than the electron mean free path [6].

In particular, when the ratio of the number of surface
atoms to the total number of atoms becomes non negli-
gible the melting temperature of the particles decreases
down to about 2/3 Ty [7], since the reduced number of
bonds on the surface causes an enhancement of thermal
vibration.

The melting temperature Ty of a particle of radius R
was calculated by Semenchenko [8,9] from a classical point
of view. For R > 15 nm he predicted
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where T is the bulk melting temperature, p the volume
mass density, L the latent heat of fusion and 74 the in-
terface energy between solid and liquid. For smaller sizes,
different approaches have been adopted [10,11].
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Experimentally, it is well established [11,12] that
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which is simply the first order term in the series expansion
of equation (1).

A thin liquid layer can exist even significantly below
the melting temperature of the whole particle, which, as
stated above, turns out to be considerably lower than the
bulk melting temperature. In addition, the phase transi-
tion is characterized by an hysteresis cycle over a temper-
ature range which could, in some cases, attain 150 K [3],
which shows that melting takes place at temperatures
above solidification (except for the very small sizes, where
the hysteresis cycle disappears).

The size dependence of the melting temperature has
been observed experimentally [11-15], using X-ray diffrac-
tion [16,19], transmission electron microscopy and optical
reflectance [11,12,17].

In this paper we report the observation by Brillouin
light scattering of an anomaly in the surface wave velocity
in a thin amorphous SiO, film containing Sn nanoparti-
cles. This rapid drop in velocity over a small temperature
range has already been tentatively attributed to the melt-
ing of the nanoparticles from the loss of Bragg peaks in
parallel beam X-ray powder diffraction (XRD) measure-
ments above and below the anomaly [21]. Here we show,
studying 3 new samples, that the melting transition does
indeed occur at the same temperature as the abrupt red-
shift in the Brillouin spectra and relate quantitatively the
melting temperature to the measured size of the particles.
Equation (1) has been verified. XRD provides also an eval-
uation of the strain content and thermal expansion of the
particles.

2 Sample growth

The nanoparticles investigated in this work have been
prepared by means of an evaporation-condensation tech-
nique in ultra-high vacuum (UHV) conditions [18]. On
a substrate (silicon) kept at high temperature, a film
of amorphous material (SiO,) is evaporated. The mate-
rial constituting the nanocrystals (Sn) is subsequently de-
posited on top in such a way that its vapour is condensed
on the underlying dielectric layer. The amorphous nature
of the dielectric layer and its non-wetting or partially wet-
ting character with respect to the nanocrystals are essen-
tial characteristics of the technique. During evaporation,
the temperature of the substrate is kept at such a value
that nucleation of nanoparticles takes place in the liquid
phase, so that the surface tension plays a dominant role in
determining the shape of the nanodroplets, which is that
of a truncated sphere. The liquid state of the deposit is an
important step in the growth process, since it results in
particles with a high degree of regularity. The temperature
of the substrate is then lowered, so that the nanodroplets
are frozen in the solid state, before being covered by an ad-
ditional protecting amorphous layer; in this way, size and

Fig. 1. Geometry of Brillouin scattering. 6; is the incidence
angle, ki, is the incident phonon wavevector, ks is the scattered
wavevector and ¢ is the phonon vector component parallel to
the surface. The laser polarization is parallel to the surface.
The scattered light is collected without polarization analysis.

shape are kept constant. In order to improve the signal to
noise ratio in the optical measurements, the total quan-
tity of nanoparticles can be increased by replicating the
above described depositions many times. The amorphous
substrate was chosen to get a spatially isotropic distribu-
tion, a regular particle shape and a crystalline nature not
induced by the matrix.

If a small quantity of liquid material A is deposited on
a substrate of a species B the intermolecular forces and the
interfacial energies will lead to the optimisation of surface
area in connection to the interfacial energy between A and
B. Consequently, a particle of material A will not be able
to take an arbitrary shape on the substrate B.

In our case the contact angle is ¢ = 90° [20], so that
ideally the particles have half-spherical shape. The size
distribution is bimodal (presenting an interesting similar-
ity with other systems) [18]; its larger portion (~ 95% in
volume) is Gaussian-like and characterized by a relatively
low size dispersion. The size range obtainable by changing
growth parameters is quite wide, typically from ten to a
few hundreds of nm. The parameter used to indicate the
deposited nanoparticles material quantity in each layer is
the so-called equivalent thickness, i.e. the thickness of the
film containing the same volume of material, supposed to
be continuous.

Three different SiO,:Sn samples were deposited on
similar Si substrates. Each contained the same volume
amount of Sn but with different nanoparticle nominal
radii: 2.5 nm (sample Snl, equivalent thickness (e.t.)
1.25 nm); 10 nm (Sn2, e.t. 5 nm); 20 nm (Sn3, e.t. 10 nm).
The overall thickness was 186 nm for all the samples.
A blank sample of SiO,, 186 nm thick, without Sn, was
deposited for reference purposes.

3 Experimental setup

Surface Brillouin scattering data were recorded in a
backscattering geometry at a fixed incidence angle (6 =
60°), for all the samples and all the different tempera-
tures, using a Sandercock six-pass tandem Fabry-Perot
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Fig. 2. Brillouin scattering for sample Sn3 at three different
temperatures: room, before and after melting. Note the shift
of the Rayleigh peak and the rising of a central feature.

interferometer (for the scattering geometry see Fig. 1). For
the temperature control the samples were placed inside an
Oxford Instruments cryothermostat Optistat DN-V with
optical windows. The spectra were measured at differ-
ent temperatures in the range 293—533 K, usually with
a 10 K step and with a laser power of 40 mW incident
onto the sample surface. This power was low enough not
to enhance significantly the sample local temperature.
Due to wave-vector conservation, surface phonons con-
tributing to Brillouin scattering have a parallel wavelength
Al = Ao/(2sin0) ~ 297 nm, using the typical laser wave-
length of an argon ion laser (514.5 nm). The acquisition
time for each measurement was about 2 hours.

Parallel beam X-ray powder diffraction data were col-
lected on the two circle diffractometer at station BM16
at the European Synchrotron Radiation Facility (ESRF)
at Grenoble (France). The diffractometer consists of two
high-precision, heavy-duty rotary tables aligned coaxially
on a base plate; and a channel array of 111 oriented Ge
crystals (single crystal analysers) each in front of a scin-
tillation detector. Each channel is separated by 2° [22].
Two-dimensional images were captured by a CCD camera
optically coupled to a phosphor screen.

A furnace for high-temperature powder diffraction
measurements at temperatures up to 1600 °C was em-
ployed. However, there is a serious difficulty in producing
an absolute calibration of the sample temperature due to
the inability of locating a thermocouple directly on the
(rotating) sample. As we were unable to determine the
melting point directly from the furnace thermocouple, we
had to perform an internal calibration [23] in which we
determined the temperature directly from the measure-
ment of the lattice parameter of the single crystal silicon
substrate on which the SiO, glass was deposited. (This
method is widely applicable to high resolution powder
diffraction, as silicon single crystal substrates are regu-
larly used for their low background signal.)
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Fig. 3. Position of the Rayleigh peak as a function of tem-
perature in sample Snl (top graph), Sn2 (middle) and Sn3
(bottom). Error bars are reported.

We monitored the Si 002 forbidden reflection and
from the Si linear expansion coefficient, which is well
documented [24-26], we were able to convert the nominal
temperature read by the thermocouple into the true
sample temperature.

The wavelength chosen was 0.055197 nm, and detector
only scans were acquired, keeping the incident angle fixed
at about 5°. The reason for using a small incidence angle
is that this arrangement increases the X-ray path in the
thin film, thus enhancing the interaction of the beam with
the tin particles. The minimum value was limited by the
geometry of the furnace.

4 Brillouin scattering

In Figure 2 Brillouin spectra from the sample Sn3 are
shown. They correspond to three different temperatures
(293 K room temperature, 473 K just below melting,
493 K just beyond melting). Two features are important:
a Rayleigh peak whose shift is about 9 GHz, and a central
peak whose intensity (and half width) was not constant
with temperature.

In Figure 3 we show the experimental Rayleigh peak
position as a function of temperature for the three
samples. After an initially gradual variation the final shift
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Fig. 4. Central peak area as a function of temperature in
sample Sn3. Error bars are reported.

Table 1. Comparison between the melting temperature de-
tected by XRD and the Rayleigh peak shift temperature, for
the tin nanoparticles in samples Snl, Sn2 and Sn3.

Sample  Brillouin Rayleigh XRD melting
peak shift (K) temperature (K)
Snl 393—243 393—-423
Sn2 453—-473 443—-463
Sn3 473—493 463—483

drop is rather sharp (it happens within a small tempera-
ture range, ~ 20 K, but see the discussion below) and it
is always of the order of 0.6 GHz. The transition temper-
ature is ~ 473—493 K for sample Sn3, ~ 453—473 K for
sample Sn2 and ~ 393—423 K for sample Snl (Tab. 1).

The central feature, which is not present at room tem-
perature, becomes more and more intense approaching the
anomaly temperature. We show the behavior of the cen-
tral peak area as a function of temperature for sample Sn3
in Figure 4.

5 X-Ray diffraction

The two-dimensional diffraction images recorded on the
CCD camera showed continuous Sn diffraction rings cor-
responding to the S-tin reflections (Fig. 5) indicating that
the nanoparticles were randomly oriented in the matrix,
there being no preferred orientation with respect to the
Si substrate. Equivalent images of the reference sample
revealed no diffraction rings, confirming the amorphous
nature of the silica matrix.

Figure 6 shows a section of the diffraction pattern
recorded by the Ge analyser at room temperature for the
sample Sn3. The four peaks detected (superimposed onto
a varying background) index precisely to the 200, 101,
220, 211 diffraction peaks of the tetragonal structure of
[O-tin, which is the stable tin phase at room tempera-
ture (white tin). The first two peaks were individually re-
solved for samples Sn3 and Sn2, while only a broad band

Fig. 5. CCD camera image of the diffraction rings in sample
Sn3. The strong diffraction rings not labeled come from the
sample holder.
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Fig. 6. Diffraction pattern from sample Sn3. In this

measurement A = 0.13 nm.

due to the superposition of two very broad and low in-
tensity peaks could be detected for sample Snl. We can
thus affirm that at room temperature the nanoparticles
are crystalline.

The peaks can be fitted well to Gaussian functions
as well as to Pseudo-Voigt functions (combination of a
Gaussian with a Lorentzian); a fit to Lorentzian functions
is good, but not excellent in the case of sample Sn2. This
could indicate the presence of a small amount of strain in
this sample (see below for a discussion about the strain in
sample Sn3). In Figure 7 Pseudo-Voigt fits to the peaks are
shown (in sample Sn2 the weight of the Gaussian compo-
nent is predominant with respect to that of the Lorentzian
component). Using Scherrer’s equation

0.94\
L= A(20) cos 3)

where ) is the X-ray wavelength, 20 is the scattering angle
and A(20) is the FWHM (Full Width at Half Maximum)
of the peak, we can determine the average particle size L.
The FWHM value obtained from the fit is the same in-
dependently of the fitting function. The calculated values
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are 4.5 £ 2 nm (Snl, nominal size 2.5 nm), 11 £ 1 nm
(Sn2, nominal size 10 nm) and 18 + 1 nm (Sn3, nominal
size 20 nm). The agreement with the nominal values is
good. As a function of temperature, the peaks change po-
sition systematically and the intensity falls to zero within
a small temperature range (Fig. 8). The disappearance
of the diffraction peaks indicates loss of crystalline order
which we identify with the melting of the nanoparticles
and occurs at the same temperature as the abrupt red-
shift in the Brillouin spectra. In Table 1 we compare the
melting temperature determined for the three samples by
Brillouin scattering and X-ray diffraction. Within the pre-
cision set by the temperature increments, the agreement is
good. Figure 9 shows the melting temperature as a func-
tion of the particle size determined from the X-ray diffrac-
tion data. In all cases, the values are lower than the melt-
ing temperature of bulk tin, which is 505 K (232 °C). The
solid line is a fit to equation (1), from which we determine
the interfacial free energy between solid and liquid g to
be ~ 0.1 Jm~2. Even though equation (1) is strictly appli-
cable only to spheres of radius greater than 15 nm [8,9] we
believe that the ¢ value we have evaluated is significant
to an order of magnitude in our size range.

After melting, cooling of the samples to room tem-
perature did not result in the immediate recovery of the
crystalline structure of the particles. We were unable
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to determine precisely the relaxation time, but it is in
the region of one to two hours.

In the case of the larger nanoparticles (sample Sn3)
the peaks were sufficiently sharp and intense to allow a
precise determination of their position and as a conse-
quence a precise estimate of the (-tin lattice parameters
in the particles. The a and c values, determined from the
(200) and (101) reflections, are plotted in Figure 10 in the
temperature range 293—443 K. In the case of both sam-
ples Sn3 and Sn2, the measured values at room temper-
ature are, within experimental errors, equal to the bulk
values of ¢ = 0.583 nm and ¢ = 0.318 nm. This indicates
that the nanoparticles are not subject to significant strain.
The expansion, as temperature rises, is anisotropic. From
Figure 10 we determine a. = (50410) x 10716 K= for the
expansion in the c direction and a, = (2045)x 1076 K~!
for the a direction. This is consistent with the range
of values for the anisotropic expansion reported in bulk
single crystals (. = 30—40 x 10716 K=! and a, =
15—20 x 10716 K~ over the range 300 — 500 K [29]). The
absence of any difference in expansion coefficients com-
pared to the bulk values may again be taken as evidence
of the absence of significant strain in the nanoparticles in
sample Sn3.

The above conclusions are supported by a Hall analysis
of strain [30-32,34]. Where finite size L and strain ¢ both
contribute to the peak width we have

A(20)cos 1 sind
X L @

(if the size and distortion line profiles are presumed to be
Lorentzian), or

<A(29))\cos6)2 _ <%>2 N (Esi§9>2 )

(if the profiles are presumed to be Gaussian). By deter-
mining with good precision the position and the FWHM
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Fig. 11. Contour lines of the computed Layer Projected
Phonon Density of States (LPPDS) as a function of the sam-
ple depth and frequency. The horizontal solid line at 186 nm
represents the film-substrate interface.

of the first 4 diffraction peaks in sample Sn3, we conclude
that the contribution of strain to the width of the peaks
is very small and well below the detection limits (¢ ~ 1)
allowed by our data.

6 Discussion

The X-ray diffraction results show conclusively that the
anomaly in the Brillouin spectra is a result of the melt-
ing of the nanoparticles. The surface Brillouin scattering
measurements are consistent with this finding. The sam-
ple geometry was designed to have only one Brillouin ac-
tive surface phonon travelling parallel to the surface and
probing mainly the silica film containing the nanocrystals
to obtain maximum sensitivity to changes of nanoparti-
cle properties. In this way the suitable modified Rayleigh
phonon is localized in the film and has only a vanish-
ing tail in the silicon substrate. This result was achieved
computing the layer projected phonon density of states
and the corresponding Brillouin cross section using the
software described in [27,28]. The results are shown in
Figures 11 and 12 respectively. As the described compu-
tation requires the knowledge of the elastic constants of
the film, the wavelength A, of the Rayleigh phonon being
much bigger than the particle radii, a rough estimate can
be obtained treating the film as an effective medium with
average elastic properties. In practice, the effective elastic
constants B and p (bulk and shear modulus, respectively)
of a film with spherical inclusions were obtained within
the Voigt-Reuss-Hill approximation [35] by the formulae

3By +4ps

B = B2 — fl(BQ - Bl)m

(6)

5(3B2 + 4p2)
9Bs + 8 + 6(Ba + 2pus2) 11/ 2
7

=2 — fr(pz — p1)
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where we can neglect the elastic anisotropy of the tin
nanocrystals (XRD shows that the tin crystals have ran-
dom orientation with respect to the substrate). 1 is for tin
and 2 for silica; f1 is the tin volume fraction in the film.
Figure 13 shows p as a function of p; for fi = 0.2, which
is the fraction of tin in our samples.

In the case of very small size when the particles melt
their shear modulus abruptly drops to a much lower value
(liquid phase). The contribution of the variation of the
Sn nanoparticle density to the effective medium density
across melting is negligible. The effect of varying B, is
negligible too, and if we roughly set g1 = 0 in the liquid
phase, the main effect of the melting is an abrupt low-
ering of u. Melting of bigger particles instead is a two
step process: first a surface melting and then a complete
melting of the body of the particle. In real samples a size
distribution exists leading to coexistence of solid, partially
liquid and completely liquid particles at a given tempera-
ture. This corresponds to a progressive phase change in a
rather wide temperature interval before the overall rather
abrupt softening described above occurs. The softening of
the shear modulus is responsible for the decrease of the
Rayleigh wave velocity after melting.

In any case, the qualitative trend deducible from our
crude model is in agreement with the experimental results
and represents a good test for the interpretation reported
above. A quantitative interpretation would require going
beyond the effective medium approximation to take ex-
plicitly into account particle size effects and not only the
Sn concentration.

The central peak area shows an increase when ap-
proaching the melting temperature. The central peak is
wider than 30 GHz and so our data are not precise enough
to study its behavior for all the samples or to investigate
the width of the peak.

Its origin could possibly be related to the coupling of
soft modes in the single particles with relaxing degrees of
freedom through a damping process [33], arising from dy-
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Fig. 13. Effective shear modulus p of silica film containing
a concentration f; = 0.2 of inclusions of shear modulus p
vs. 1. For solid Sn nanocrystals 1 = 18 GPa. For silica us =
31.2 GPa and Bz = 36.9 GPa. When Sn becomes liquid pu1
drops to zero and p reaches a minimum.

namic inhomogeneities in the semi-liquid particles in the
vicinity of the phase transition. As the Rayleigh phonon is
a mesoscopic excitation of the whole effective medium, it
cannot be assumed as the soft mode characterizing the
single particle melting. Since we are currently directly
measuring such modes and their coupling with a central
peak with a different technique, this aspect of the melting
transition will be discussed elsewhere in the next future.

7 Conclusions

We have shown that the acoustic anomaly, observed in
the Brillouin spectra of thin SiO, thin films containing
nanometre sized particles of Sn, arises from the melt-
ing of the particles, confirming the preliminary results
reported in [21]. The melting transition observed in the
X-ray diffraction measurements occurs in each case, within
a b °C band, at the acoustic anomaly. Although the tran-
sition is quite wide, due to the significant spread in the
particle size distribution, the melting temperature as a
function of average particle size, which we have deduced
from the X-ray diffraction data, agrees with current theo-
retical predictions, see equation (1). Within the limits of
precision set by the intrinsically broad and weak diffrac-
tion peaks, the lattice parameters corresponded to those
of unstrained bulk Sn crystals. The thermal expansion
of the nanoparticles was anisotropic and the coefficients
of thermal expansion in the a and ¢ directions were found,



38 The European Physical Journal B

within the experimental error, to be the same as in bulk
tin. This last observation also supports the contention that
the particles are unstrained. The origin of the hysteresis in
crystallisation is not fully understood and requires a more
lengthy investigation, expensive on synchrotron radiation
beamtime. As we have demonstrated elsewhere [27], the
combination of elastic X-ray and inelastic light scattering
from thin films enables key structural parameters to be
obtained and used in the modelling of the Brillouin spec-
tra. Once again we have demonstrated the ability of the
effective medium approach to interpret subtle effects in
Brillouin spectroscopy.

We would like to acknowledge help from Andy Fitch and Eric
Dooryhee (BM16, ESRF) for X-ray diffraction measurements.
A. Stella and P. Tognini acknowledge financial support from
“Progetto finalizzato Materiali e Dispositivi per I’Elettronica
dello Stato Solido” (MADESS II).
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