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Thermal behavior of indium nanoclusters in ion-implanted silica
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Fused silica substrates were implanted witk 2017 In>*/cn? ions at 320 keV. Indium crystalline nano-
clusters with an average size of about 15—-20 nm were found in the as-implanted samples. The thermal
behavior of the nanoclusters was studied by performing heating-cooling cycles in vacuum and hig-sing
techniques based on glancing-incidence x-ray diffraction and transmission electron microscopy. The precipi-
tates showed both superheating and supercooling. Moreover, no evidence of clusters growth or reorientation
during the thermal cycle was found. A detailed study of the heating sequence showed that the melting tem-
perature of the Indium precipitates depended on their size, i.e., the smallest particles melt first and at a
temperature which is about 7 K below the bulk melting point, while the largest ones were superheated until
about 13 K above it. Moreover, a remarkable stability of the In cluster well above their melting temperature
(up to about 980 Kwas evidenced byn-situ transmission electron microscopy analysis. From a thermody-
namic point of view, the experimental results were explained by considering two effects acting on the clusters:
the thermodynamic size effect and the pressure of the silica matrix.
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I. INTRODUCTION both from a technological and a fundamental point of view
The great interest toward clusters of atoms with nano&r€ the studies about the thermal behaviors of nanostructured

scopic size is due to both fundamental and technologicadystems—*°A comprehensive understanding of the thermal
reasons. From a fundamental point of view, the low numbebehavior is crucial because it is directly related to the stabil-
of atoms forming the cluster and the relevant fraction ofity, structure and size of the clusters.
atoms on the cluster surface make them intrinsically different Thermodinamically, it is well known that the melting
from either the bulk phase or the atomic state in terms opoint T, of a small cluster with free surface, that is an iso-
physical and chemical properties, such that somebody spealkated cluster in vacuum, is lower than that of the infinite bulk
of a new state of the matté&r® The peculiar properties in- solid3° This can be understood according to phenomenologi-
volve the electronic band structure, the structural configuraecal models in which the Gibbs energy of the system has an
tion, the value of the lattice parameter and thermodynami@additional term with respect to the bulk accounting for the
properties such as the melting point, vapor pressure and dcee energy at the cluster surface. On the other hand, for
on. clusters without free surface, i.e., embedded in a matrix,
Moreover, if the clusters are embedded in dielectric mamany experimental and theoretical works suggest that the
trices, their interaction with external fields leads to peculiarembedded clusters can achieve superheatorg melting
responses. In particular, metallic nanoclusi®€s) embed-  point elevation and supercoolingor solidification point
ded in glass can increase the optical third-order susceptibilitglevation.?%:232427 Inclusions of lead in implanted alu-
of the composite by several orders of magnittide. minium single crystals with an average size of 14 nm
On the other hand, the technological interest is related tshowed a superheating of 67 K and a supercooling of 21 K
the possibility of exploiting the peculiar properties for appli- with respect to the bulk melting point, indicating the pres-
cation purposes in different fields such as catalysis,ence of an hysteresis cyd&lndium particles with average
optoelectronid®*® and magnetic information storadge. radius of 4 nm embedded in implantgd10) aluminum
Since these properties depend on various different paransingle crystals exhibited superheating of 23 K and supercool-
eters(such as, for example, cluster size distribution, shapéng of 21 K27 Molecular dynamics simulations for embed-
and composition, cluster-matrix interactjpim principle the ded lead clusters indicated that the clusters can be
physical properties of the nanostructured systems can bsuperheate& Generally, the superheating has been ad-
finely tuned and tailored for obtaining materials with pre-dressed to the depressed mean square amplitude of vibration
defined characteristics. of atoms at the interfaces with respect to the atoms of the
Among different synthesis techniques, ion implantation ininterior of the cluster if the host matrix has a higher melting
glass is very effective to obtain tailored nanostructured compoint3* Moreover, it was found that coherent or semicoher-
posites by varying the implantation conditioenergy, and ent interfaces between the clusters and the matrix were nec-
ion fluence, as well as substrate temperatarel performing  essary to obtain superheatifiglt was also reported that in
post-implantation annealing®:'8 this case the change M, of the superheated clusters is size
The need of controlling the nanoclusters properties duringlependent and proportional to the inverse size of the embed-
the synthesis process or the post thermal annealing has ided clusters, with the consequence that the smaller the clus-
duced several structural studi€s?2 Of particular relevance ter, the highefT,,.2*
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Moreover, during annealing of clusters embedded in awith a type R thermocouple spot welded to the heater tanta-
matrix, a significant growth can be also observed, due tdum body of the furnace allowing a maximum sample tem-
growth mechanisms such as loop punchifigDstwald perature of 1200 K. Thermalization of the sample at each
ripening* and coalescence of inclusiofss. temperature has been obtained with 15—-20 min time inter-

In this work, we report on the results about the melting-vals. After the thermalization, bright-fielFTEM) images
solidification behavior and the thermal stability of Indium and selected-area electron diffracti@®AED) patterns have
(In) nanoclusters embedded in silica. The investigated Inbeen recorded. Twin-situ TEM experiments were carried
silica composite was produced by ion implantation, while theout: (i) a first thermal cycle was from RT up to 453 K and
characterization was carried out by glancing incidence x-raypack to RT to evidence the possible hysteretic behavior of
diffraction (GIXRD) and transmission electron microscopy the melting-solidification procesgj) then a second thermal
(TEM). The reason for our interest toward this material issequence from RT up to 973 K was performed to investigate
twofold: (i) the fact that In, having a low melting point the stability of the clusters well above the melting tempera-
(429.8 K), offers the possibility to investigate very easily the ture.
thermal behavior of nanometric clusters embedded in a ma-
trix; and that(ii) the implantation of In clusters in silica is
the first step of the synthesis of In-based binary semiconduc-
tor compoundgInN, InP) by sequential ion implantation.

Ill. X-RAY DIFFRACTION METHOD

The shape of a diffraction peak from a system of small
crystalline clusters is the convolution of functions represent-
Il. EXPERIMENTAL PROCEDURE ing the finite size of the coherent domains and the lattice
. ) i ) defects. In practical cases, the clusters do not have the same
Fused silicatype Il, Heraeugslides were implanted with ;6 anq the peak shape is also affected by the size distribu-
an Ir?* ion beam by using a high current lon Implanter o and so it would be considered as a sum of the different
DANFYSIK 1090 at normal incidence. Implantations were .,nriputions. As a consequence, it should be possible to
performed at room temperature a”,fl the current densitiegyract information about size distribution and shape of the
were maintained lower than 2A/cm, in order to avoid  cjysters through a careful analysis of the diffraction peak
possible heating during the implants. The implantation conyofile. In the following we will consider only size effects.

ditions, 320 keV energy and >210'" In*"/cn ion dose,  The iffraction line profilel (26) at the Bragg angle @from
were chosen to have a subsurface buried layer of In Nanopre: gl crystal of arbitrary shape is givenshy

cipitates of some tens of nanometers thittie calculated ion

projected range Rp is about 100 nm with a stragglxigp

=70 nm _ cosé
o . | 126)==="1(9), (1)

After the implantation, the samples were subjected to A

thermal cycles during which the structural properties of In

clusters were studied by meansiofsitu GIXRD and TEM.  where\ is the x-ray wavelength ank(s) is the intensity in

GIXRD experiments were carried out by using a Philipsreciprocal space expressed as a function of the distance

MPD PW1880 x-ray diffractometer in parallel beam geom-from the nearest reciprocal space pdinkl),

etry by employing CK, radiation ()\CuKa:O-154 186 nm

and equipped with a temperature chami@Z&TON PAAR). +7

During the measurements, the incident x-ray beam was fixed V(t)coq2mst)dt

at a small angle of incidencgypically 0.5°, which corre- I(s) = T 2)
sponds to a penetration depth of 280 nm in siffzavhile the u ’

detector was moved along the goniometer circle in a defined

260 range. Sample heating was provided by mounting theyhere U is the volume of the unit cellV(t), the Fourier
sample on the copper base of a small furnace which could bgansform ofi(s), can be conveniently represented as the vol-
operated in the temperature interval 80—-575 K. The temMyme common to the crystal and its “ghost” shifted a distance
perature was measured by using a Pt 100 thermocouple efip, the direction of the diffraction vector, and the limits of
bedded in the copper base and precisely contre#€dl K).  jntegration are the positive and negative valuesfof which

A low vacuum conditior(pressure of 17 torr) was reached /1) vanishes. The explicit form dfs) for spherical crystals

in the chamber using a rotatory pump. The x-ray diffractionhas peen derived by Langford and Wilsé,
from In inclusions was studied through a heating and cooling

sequence from room temperatyRT) to 453 K and back by D4

measuring thg101)In reflection in the 2 range 31°-35°. |(S)=Tr—{¢—2— Y 3sin(2y) + 1 - cog2y)]}, (3)

During the cycle, the sample was thermalized for 60 min, 8

then the 111101) peak was scanned at a fixed temperature and

the scan lasted 30 min. whereD is the diameter angy=msD. The apparent crystal
TEM analysis has been performed on cross-sectionaizeeg, that is the volume-weighted average of the thickness

samples with a Philips CM30T microscope at CNR-IMM of the crystal measured in the direction of the diffraction

Institute (Bologna, Italy operating at 300 kV and equipped vector, is the reciprocal of the integral breagsh of I(s)

with heatable sample hold¢Gatan model 652 double tilt according to the Scherrer equatith,
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FIG. 1. X-ray diffraction scans collected around the&161)
peak and performed at the following temperatuifesm right to the
left): T=RT(h), 373, 413, 423, 425, 430, 433, 436, 438, 443, 448,

FIG. 2. (a) Normalized integrated intensity of the nanoclusters
453 K and again at RE), after the cooling of the sample.

In (101) GIXRD peak versus the temperature for the thermal cycle
between RT and 453 K. Solid and open circles represent data ob-
A tained during the heating and cooling sequences, respectively. The
Ep= B c0sd’ (4) solid line connecting the experimental points is only a guide for the
eye. The vertical solid line &k, indicates the In bulk melting point.
where is the integral breadth of thé26) profile. The vol-  (b) Normalized integrated intensity of a In film evaporated on a
ume averaged true siz®v) defined as the cube root of the glass substrate, as comparison. The vertical solid lifig atdicates

crystallite volume is given by the In bulk melting point.

(Dv) =Keg, (5) gates in the silica matrix in the as-implanted sample. When
) ) the temperature was raised until 413 K, the crystalline nature
whereK is the Scherrer constant which depends on the crysst indium clusters remains identical. In fact, we can observe
tal shape. In the case of spherical clustéBy) represents hat the diffraction peak remains unchanged until a tempera-
the volume-weighted mean diameter ate4/3. ture of about 413 K, after that it decreases in intensity. As the
_ Diffraction line profiles from a system of clusters with a temperature was increased to 433 K, the indium diffraction
distribution of crystallite size can be calculated by summingpeak was still present and diffuse scattering is clearly visible
I(s), weighted by a function of the sizes distribution, for a near the peak. The peak is measurable until 443 K, after that
particular morphology. For a log normal size distribution andit disappeared accompanied by a broad diffuse scattering
spherical crystallites, diffraction line profiles are giverfby pand in the vicinity of the peak, indicating a completely mol-
ten state.
f I(s,D)dA(D) Figure 2a) shows the x-ray integrated intensity versus the
temperature during the heating and the cooling sequences.
3 (6) - X . )
D Here, it is possible to see more clearly that during the heating
f TdA(D) sequence, superheating was observed up to 443 K, which is
13 K above the In bulk melting poinf,. During the cooling
with sequence, the solidification begins at 323 K, which is 107 K
5 below T, (supercooling After the recovery of the sample at
1_ exp[— (InD-y) }dD (7)  RT, the integrated intensity was little decreased indicating
w\ 27 20° ' only a small diffusion of the In atoms in the matrix. By
repeating the thermal cycle, the same experimental results
ere found. Moreover, the measurement of the whole dif-
ction range excluded the possibility that the variation of
e (101 diffraction peak was due to a reorientation of the
clusters into a direction different from th{&01).
To test the stability of the superheated and supercooled
IV. EXPERIMENTAL RESULTS phases, the sample was kept at 433 K in the heating se-
quence and at 343 K in the cooling sequence for a week-end,
Figure 1 shows the evolution of the(liD1) x-ray diffrac- each one. During these tests, the superheated and super-
tion peak during the heating sequence from RT to 453 K oftooled phases remained unaltered. To our opinion, these ex-
the thermal cycle and after the cooling of the sample at RTperimental results give unambiguous evidence of the pres-
At RT, a clearly resolved10l) peak of the In tetragonal ence of a thermal hysteresis loop across the melting and the
phase(Space Group 14/mmm No.=3%=b=0.3252 nm,c solidification transitions of In clusters. Both superheating
=0.4946 nm, ICDD card No. 5-642s clearly visible, that and supercooling are intrinsic physical phenomena. Last, in
indicates the presence of In nanoscopic crystalline aggresrder to dissipate any doubt about the temperature measure-

Y(s) =

dA(D) = 5

wherey and w are the log normal mean and variance, from
which several features of the distribution can be derived suc
as area- and volume-weighted mean, the arithmetic mean ar
the variance of the distributiof.
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FIG. 3. SAED patterns showing the evolution of the electron 0 10_ 20 30 40 50 €0
diffraction from In clusters during the thermal cycle. The patterns diameter (nm)
were collected at the temperatures of 298RT), 423 K, and 25,
443 K during the heating sequen@eabel “h”) and at 447 K, 318 K,
and 298 K(RT) during the cooling sequengkabel “c”). The white 204
arrow indicates a crystalline spot in the diffraction pattern in the
cooling cycle at 318 Konset of recrystallization

3\ T=443K

D=17.9nm
5‘ c=9.2nm

~

154
ments and the kinetic of the thermal cycle, we have checked
the furnace by measuring the melting temperature of a thick
In film evaporated on a glass substriEgg. 2(b)]. We found
that the film definitely melted at 433 K which is 3 K higher
thanT,: we ascribe this to the presence of small grains in the
polycrystalline film. Indeed, as will be shown later, the su-
perheating phenomenon is inversely related to the cluster Oo 10 20 30 40 50 60
size according to a surface effect. The trend of th@ 0f)
integrated intensity of the film was added in Fig. 2, for com-

parnson. FIG. 4. Histograms of the size distributions of In clusters at

~To directly _fOHOW the evolution of the In CIQSterS. during 598 k (RT) and 443 K obtained from the Bright-Field TEM cross-
in-situ annealing, the same samples were investigated b¥ection analysis.

TEM analyzing not only the hysteresis cycle but also extend-

ing the analysis well above the In melting temperature tcafter reaching the melting temperature. The shape of the
study the thermal stability of the clusters. As far as the therclusters appeared to be spherical as concerns the smaller
mal cycle from RT up to 473 K is concerned a perfect agreeclusters and more droplike for the bigger ones located near
ment with the XRD results is obtained. Figure 3 shows soméhe projected range of implantation. The corresponding his-
SAED patterns showing the evolution of the electron diffrac-tograms of the size distributions at RT and 443 K are shown
tion in the thermal cycle from RT up to 453 gheating and N Fig. 4. The size was calculated @3)=(a+b)/2, wherea
back to RT(cooling). Here, it is evident that in the heating andb are the major and minor axes of the droplike clusters.
Sequean]abe”ed by h” in F|g 3) some Crysta”ine spots At RT, the distribution is bimodal with two components: one
are present up to 443 K and after that temperature, there gentered at about 5 nm and the other one at 20 nm, giving an
the complete disappearing of any spatcompletely molten ~average cluster siz®)gy=14.8 nm and a standard deviation
statg in quantitative agreement with XRD results. On the of the experimental distributionrr=9.5 nm. After the heat-
other hand, in the cooling sequentabelled by t") the first  ing at 443 K, the centroid of the first component shifts from
crystalline spots appear only at 318 K and a complete recryss nm to 10 nm, whereas the second one remains almost un-
tallization of the clusters is obtained at RT. This confirms thealtered at 20 nm, resulting in an average cluster size
presence of a hysteresis cycle which clearly separates tH®)4s3 k=17.9 nm with 0443 <=9.2 nm. This behavior can
melting and solidification temperatures. Moreover the quanbe interpreted as the onset of an Ostwald ripening reffime
titative agreement between TEM and XRD in terms of thein which the smaller clusters melt, their In atoms diffuse in
transition temperaturegsuperheating and supercooljngl-  the matrix and increase the size of the larger clusters. It is
lows excluding possible systematic errors in the temperaturaorth stressing that the cluster size distribution obtained by
evaluation. TEM involves clusters either melted or crystalline.

To better understand the effect of the annealing on the To further investigate the observed stability of the In clus-
cluster morphology and on the size distribution, bright-fieldters above the melting temperature, thesitu TEM experi-
(BFTEM) images of the sample have been takesituafter  ment has been extended to annealing temperatures up to
thermalization at each studied temperature. By comparingbout 1000 K. The BFTEM results are reported in Fig. 5,
the images corresponding to as implanted sam@d$ and  which shows some representative BFTEM cross-sectional
to 443 K, it is worth noting that even if meltgdccording to  micrographs of the implanted sample collected during the
SAED analysi$ the In clusters do no dissolve in the matrix thermal cycle from RT up to 983 K. Here, it is evident that

101

fraction (%)

diameter (nm)
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FIG. 5. Bright-Field TEM cross-sectional micrographs of the Temperature (K)

implanted sample collected at the following temperatures: 298 K
(RT), 443 K, 888 K, and 983 K. FIG. 6. Pseudo-Voigt integral breadtkolid triangle$ of the

. . . . In(101) GIXRD peak and the corresponding clusters volume aver-
an exceptional thermal stability of the clusters which remain,geq size(D,) (solid circleg versus the temperature. The open
as a whole in their positiong@ven if completely molten and - gy miois are referred to the measurements done at RT after the
then amorphoyswell beyond the In bulk melting point until  (hermay annealing. The error bars are the estimated standard devia-
a temperature of about 983 K, after that they progressivelyions (e.s.d.’s obtained from the fit.

dissolved by leaving empty holes in the cross-sectioned ma-
trix. The interpretation of such phenomenon is up to now nothe pV integral breadth and the volume averaged crystallites
completely clear. A possible explanation could be the pressize (D,) during the heating sequence and after that, when
ence of a stable surface layer around the In clusters whicthe sample was recovered at RT. After an initial constant
prevents In atoms to diffuse in the matrix, like for instance agreng, the(101) In peak narrows rapidly and the volume
layer of indium oxide. For this layer to be visible in TEM zyerage sizéD,) of the clusters increases with the tempera-
imaging its thickness should be at least of the order of 1 nmy ;10 At 423 K the average size of the clusters is 20.4 nm,
As no such layer is visible in the micrographs, a possibleysier that temperature, the peak begins to reduce its inte-
picture is that the surface In atoms are bounded to O ato”b"rated area and the average size increases until 26 nm at
of the _silica matrix, forming just one oxide monolayer. The 443 K. After the melting, when the sample was cooled down
formation enthalpy of In-In bond is 100£8 kJ/mol which is 1, RT the original average crystallite size was recovered
less than that of In-O bon(B20+40 kJ/mal: this indicates (open circle and triangle in Fig.)6
a larger stability of the In-O bond with respect to the In-In ' we exclude the reorientation of the crystallites into a
one and that a higher temperatyebout 800—900 K as es- preferred orientation different froif101), the heating behav-
timated in the present cgsis required for these surface In-O jor of |n clusters could be explained with a melting point
bonds to be thermally broken, allowing the underlying Ingependence on the size of the clusters, according to which
atoms to diffuse inside the matrix. It is interesting to noteine smaller particles melt first than the bigger ones, as ob-
that a similar temperature threshold is obtained in sequenserved in the TEM analysis. As a consequence, the In clus-
tiaIIy. In+P implanted silica in which the formation of InP iS ters have a range of melting temperatures which corresponds
obtained only after thermal annealing at temperature higheyoygnly to the interval of variation of the (001) integrated
than 700 °C(973 K) at which In atoms are supposed to dif- intensity. Therefore, when the solid-liquid transition begins,
fuse in the matrix to react with P atorffs. . some clustergthe smallegt melt, the volume average size

In order to get more quantitative information about thejncreases and the XRD integrated intensity decreases. Ac-
thermodynamics of the In clusters near their melting, Wecording to XRD and TEM resultgigs. 2 and 3 the onset of
have studied the x-ray diffraction peak shape as a function ofe melting is at about 423 K which isK below T, (melting
the annealing temperature. A detailed peak shape analyskpint depression On the other hand, the complete disap-
can be accomplished to all the(9) reflections collected. pearance of the [101) diffraction intensity would occur at
According to this procedure, the diffraction peak was fittedihe melting temperature of the last and largest crystallites in
iteratively by an analytical function to obtain line profile the sample. According to Figs. 2 and 3, the melting tempera-
parameters defining the position, breadth, and shape of thgre of these largest particles is about 443 K which is 13 K
Bragg reflection considered. Here, the diffraction line pro-apoveT,. This means that the largest In clusters were super-
files were fitted by a pseudo-VoighV) function(in practice,  heated. Consequently, the observed increase of the average
a sum of two pseudo-Voigt functions in order to take intocrystallite size with the temperature must be due to the crys-
account thea;-a, double) and it was assumed that the tgjlite size distribution shifting towards larger sizes as the
background in proximity of the reflection was parabolic. Thesmaller particles have melted.
position of the peak was also refined in order to obtain the |n order to determine the crystallite size distribution, we
interplanar distancel;o;. Moreover, a correction function fijt the a; component of pseudo-Voigt functions obtained
for peak asymmetry was considered and for all the investifrom line profile analysis with Eqs(5) and (6) for a log
gated angular range the experimental data were corrected fabrmal distribution of diameters and approximately spherical
polarization, Debye-Waller and Lorentz factors. clusters. Fitting parameters were the log normal meamd

Assuming that all the inclusions have the same latticevariancew in Eq. (6), from which the crystallites diameter
parameter, we can determine the volume averaged crystatistributions can be reconstructed at each temperature inves-
lites size(Dy) from the total integral breadth of the simulated tigated. The use of the log normal size distribution is justified
diffraction profiles by using Eqg4) and(5). Figure 6 shows by the fact that this distribution has proved to be appropriate
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FIG. 8. Experimental melting temperatuigolid circleg of the
In clusters versus the diameter of the clusters. The solid line con-
necting the experimental points is only a guide for the eye. In the
inset it is shown the linear fit of the higher temperature data corre-
FIG. 7. Calculated diameters distributions of the In clusters versponding to the melting interval.
sus the temperature. The clusters distributions were calculated by
considering a log normal size distribution.

cluster with respect to the isolated cluster has an additional
term accounting for the cluster strain energy. Moreover, the
in most cases. As concerns the shape of the clusters, therm related to the cluster surface free energy can be strongly
assumption of an overall spherical form in the quantitativemodified by the interface structural relationships between the
x-ray analysis is justified by the fact that we measured onlyluster and the matrix. By using a similar thermodynamic

one diffraction direction. approach, the relation between the cluster dian@tend the
Figure 7 shows the calculated size distributions. Here, it isnelting temperaturd (D) is the following#!
clear that the shifting of the crystallite size distributions is

towards larger sizes with the temperature. This confirms the TnD)-To_1 AE+ E(M B @) )
size-dependence melting point of the In nanoclusters. To L D\ p ps/]
where vy, and vy, are the liquid and solid particle-matrix
V. THERMODYNAMIC MODEL interfacial energies, respectivelyE is the strain energy dif-

ference resulting from the difference between the coefficients
It is known that nanocrystals can exhibit both meltingof thermal expansion of clusters and matrix and volume
point depression and superheating depending on the size, inhange on melting. From E@13), we have
terface and surface conditions of nanocrystals. Such phe- AE 6T
nomena can be illustrated by using thermodynamic consid- T.(D) = (1 +_)To+ _0<@ - M) (10)
erations. L DL\ p ps

In the case of nanoclusters with a free surface, the re""‘tiol&ccording to this equation, we have that at large diameters
between the cluster size and the melting temperakrean T.(D) tends asymptotically to the valukl+(AE/L)]T,
be predicted using a simple thermodynamic theory based ofjicy s the bulk melting point corrected with the term
equating the Gibbs free energies of solid and liquid ClUSIEr{ /) 4ccounting for the pressure variation on the clusters as

alnd tak;}ng Into ?j(ég(_)untlthat the_ r?'bbs energyhof: Iskmal consequence of different matrix and cluster compressibility
cluster has an additional term with respect to the bu aCEjuring the cluster volume increag@m general such correc-

counting for the free energy at the clgster surface. If W&ion enhances the melting pojntAt small diameters, the
assume also that the clusters are spherical particles of diar;

eter D and we neglect second-order terms, one obtain thg’elting temperature can be higher or lower than the
. . i ' symptotic value, according to the sign /
following equation®° ymp g an &vim/ 1)

—(vsm/ ps)] Which is closely related to the nature of the inter-
To— T(D) 4 ps\ 2 face between the particle and the matrix: for clusters with
Ty = pdD| ) Y| (8) coherent or semicoherent interfaces with the crystalline ma-
° trix the term is greater than O and large superheating can
where Ty is the equilibrium melting temperature of bulk arise. In this case, the melting point increases inversely with
solid, pg is the solid phase density, is the liquid phase the radius of the cluster. If no semicoherent interface exists
density,L is the latent heat on melting, and, and y,, are  (as in the present case, with an amorphous silica matrix
the solid-vapor and liquid-vapor interfacial energies, respecterm is less than 0 and melting point depression arises. In
tively. This equation predicts the melting point depression ofthis case, the melting point decreases inversely with the ra-
isolated clusters. dius of the cluster. The ter@E generally may account only
When nanocrystals are embedded in a matrix, the meltinfor a small contribution in the melting point elevation. The
point can be enhanced depending principally on the interfadifferent trends of Eq(10) are shown in Fig. §solid lines.
cial relationship between matrix and cluster and secondarilyf the y's ando’s are taken to be independent on temperature
the pressure given by the matrix on the cluster. From a themver the melting intervall,, versus 1D has a linear trend,
modynamic point of view, the Gibbs energy of the embeddediccording to Eq(10).
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To test this model with our experimental data, we need theure, T is the absolute melting temperatute,is the latent
pairs(D; T,(D)), whereT,(D) is the melting temperature of heat of fusion(L=3.25 kJ/mol for In andAV is the relative
cluster with diameteb. On the other hand, we have the pairs volume change during the meltingaV=0.32 cni/mol for
((D); T(D)) where(D) is the arithmetic mean size of the In), we have that a pressure increase of 0.17 GPa during the
solid crystallites distribution at the temperatufg(D). In. melting enhances the melting temperature by 7 K. The result
order to obtain such data pairs, we consider that at the tenis in agreement with our experiments if we consider the un-
peratureT (D) the crystallite size distribution has a lower certainty in the Bragg peak position determination.
limit D,,,i, which is very near to the size of the clusters which
melt at that temperature. The value®f,, can be valued as
(D)—-w, wherew is the standard deviation of the size distri-
bution. Data obtained according to this description are de- In this work, we investigated the thermal behavior of In
picted in Fig. 8(solid circleg. The experimental data clearly nanoclusters embedded in silica obtained by ion implanta-
obey Eq.(10) with a melting point depression at small diam- tion. This composite is an interesting system because it offers
eter and an asymptotic temperature higher than the In bulthe possibility to easily investigate the melting-solidification
melting point. The fit of the higher temperature data correphenomena in the case of nanometric clusters without a free
sponding to the melting intervgshown in the insgtgives a  surface and for the synthesis of In-based binary semiconduc-
slope of -301+21 nm and an intercept of 470+£3 K, fromtor compounds. The In precipitates were subjected to a
which a superheating of 40 K was obtained. Moreover, théheating-cooling cycle during which the microstructural prop-
negative slope indicates absence of any coherence betweerties of the clusters were studied by meansimkitu
the matrix-particle interfaces which is realistic by consider-GIXRD and TEM.
ing that the matrix is amorphous. Due to the difficulties in A superheating of 13+1 K and a supercooling of
defining the pairgD; T,(D)), the values of slope and inter- 107+1 K for the embedded nanoclusters were found during
cept are somewhat uncertain and have only the significandbe melting-solidifications cycles, evidencing the presence of
of verifying the theoretical model. a thermal hysteresis loop. A detailed study of the shape of the

In conclusion, the experimental data are in good agreex-ray diffraction peak during the melting sequence indicates
ment with the model described by E@.0). The fit clearly a melting point dependence on the size of the clusters ac-
shows that the melting point depression appears at smatiording to which the smaller particles melt first than the
sizes and the superheating term is asymptotically reached &$gger ones. The experimental results have been explained
the clusters are so large that they can be treated as bulk. Sualith a thermodynamic model which takes into account the
a behavior is the result of the combination of two effects: thecombination of two effects: the thermodynamic size effect
thermodynamic size and the matrix pressure effects. Moreand the matrix pressure on the clusters. After the melting, the
over, the significant supercooling observed is a consequenaduster remained stable as a whole in their positions in the
of the size of the precipitate: in order to start nucleation in aorm of liquid drops until a temperature of about 980 K, after
supercooled liquid, a nucleation grain of a certain size ighat they progressively dissolved by leaving empty holes in
needed and the minimum size for the nucleation decreaseke matrix. Several studies are in progress to investigate the
with increasing supercooling of the liquid. reasons of the exceptional stability of the clusters well above

Now, let us estimate the pressure on the clusters fronthe melting point.
their interplanar distance. The refined position of the x-ray

VI. CONCLUSIONS
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