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Size-Dependent Melting Properties of Small Tin Particles: Nanocalorimetric Measurements
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For the first time, the latent heat of fusiohH, for Sn particles formed by evaporation on
inert substrate with radii ranging from 5 to 50 nm has been measured directly using a novel
scanning nanocalorimeter. A particle-size-dependent reductioh /f, has been observed. An
“excluded volume” is introduced to describe the latent heat of fusion from the enhanced surface
melting of small particles. Melting point depression has also been found by our nanocalorimetric
technique. [S0031-9007(96)00495-4]

PACS numbers: 61.46.+w, 64.70.Dv, 65.40.+g

The unusual properties of nanometer-sized materialsumed during the melting of a 5 nm thick layer of Sn
have generated tremendous interest in both scientifis equivalent to~1/10 of the chemisorption energy of 1
and technological communities [1]. One particularmonolayer of gas molecules on a crystal surface (e.g., O
phenomenon—particle-size-dependent melting poinbn W surface). The energy is too small to be measured
depression—occurs when the particle size is of theusing existing differential scanning calorimetry.
order of nanometers, as first demonstrated by Takagi [2] The nanocalorimetric technique, however, can be much
by means of transmission electron microscope (TEM)more sensitive by taking advantage of the advanced thin-
observation. At these reduced dimensions, the surface-tédm and membrane fabrication technology, in that the
volume ratio is high and the surface energy substantiallfhermal mass of the calorimeter is dramatically reduced
effects the interior “bulk” properties of the material. For [10,11]. With its high sensitivity, nanocalorimetry also
example, the melting poinf,, of nanometer-sized Au offers a potential to measure the premelting of particle
particles can be 300 K lower than the bulk value [3]. surface quantitatively, so as to provide more detailed

There are several phenomenological models [3—6information for us to understand the entire solid-liquid
addressing the melting point depression of small metalransition in finite systems. And by measuring the specific
particles. However, to facilitate a more comprehensiveneat capacity of the sample, we can obtain an accurate
understanding of the thermodynamics of finite materialalue for the total amount of material deposited.
systems, it is imperative to investigate experimentally In this Letter we present the first calorimetry mea-
the details of heat exchange during the melting processurements of the melting process of nanometer-sized Sn
in particular the latent heat of fusioAH,,. Recently, particles formed via thermal evaporation. The size-
computational simulation work in Au clusters [7] has dependent melting point depression has been observed,
predicted a cluster-dependent depressionAd?,,, in  and, for the first time, values for the latent heat of fusion
addition to the depression @, . AH,, have been obtained, which show thek,, as well

TEM is a standard technique for studying the size-asT,, is particle size dependent.
dependent melting point depression phenomenon of small Nanocalorimetric measurements were made by using
metal particles formed by thermal evaporation. At theour improved ultrafast scanning calorimetric technique
melting point there are changes in the diffraction pat{10]. Sn particles with radii ranging from 50 to 500 A
tern associated with the disordering of the structuravere formed by successive depositiofis3 A/s) of
[2,3]. However, as particle size decreases the diffractiopure Sn onto the SiN side of the thin-film calorimeter
technique becomes increasingly inaccurate due to linasing the thermal evaporation process at pressures of
broadening. Moreover, TEM is limited to structural mea-~8 X 10~® Torr. For the small amounts of Sn deposited
surement only; it cannot measure the heat associated witkere, the films are discontinuous and form self-assembled
the melting process. nanometer-sized islands on the inert substrate. In contrast

The ideal experimental technique for measuring meltto embedding metal particles in bulk matrix [8,9], this
ing of small particles icalorimetry, In addition to mea- type of sample preparation produces spherical Sn particles
suring T,,, it can measure the integral amount and thewith high purity and free surfaces, which are ideal for
dynamics of the heat exchange. Until now, calorimetrystudies of melting of small metal particles.
has not been attempted for systems of nhanometer dimen- Calorimetric measurements were performed immedi-
sion independently formed from deposition [8,9], due toately after each deposition at a base pressure-bfx
the difficulty in measuring the minuscule amount of heatl0~8 Torr. Sn was also deposited on adjacent 3 mm Cu
involved in these cases. For example, the energy corgrids coated with 200 A of amorphous carbon films for
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TEM analysis. The particle size was measured using ¢otal heat. The results are shown in Fig. 1. The abrupt
Hitachi-S800 scanning electron microscope and a Phillip§jump” in each curve is the signature of melting. The
CM-12 TEM. An example of the particle size distribution height of the jump is a measure 4&fH,,, the amount of
is shown in the histogram of Fig. 1, which exhibits roughly heat required for melting, and as expected it decreases as
a Gaussian distribution. The mean radiuss hereafter the integral amount of Sn decreases. There is a broadening
taken as the Sn particle size. The average Sn particle sizéd the temperature range for melting, which is attributed
increases linearly with increasing the total amount of Srto the size distribution of Sn particles as discussed later.
deposited. For thinner samples wherec 80 A, the val-  The average melting point is defined as the temperature
ues for7 were obtained by extrapolation. Values for the corresponding to the half-maximum of jump. Figure 1
total amount of Sn deposited, as determined by the increastearly shows that the melting point decreases as the size
of heat capacity of the calorimeter, agreed weif %) with ~ of Sn particles decreases.
values obtained with the crystal monitor. The size dependence of the average melting tempera-
The calorimetry measurement was initiated by applyingure and normalized heat of fusion is plotted in Fig. 2.
a single,~10 ms dc electrical pulse to the Ni thin-film For bulk Sn, the melting point is 232 [13]. It is evi-
heater, thus raising the temperature of the system (Nient that the melting points systematically decrease as the
heater, SiIN membrane, and Sn sample) by Joule heating, aize of Sn particles decreases, a reduction of abod€70
described in our previous work [10,12]. The current andfor Sn particles with7 =~ 50 A. This phenomenon has
voltage supplied to the heater were monitored in real timealso been observed by Wronski [14]. The depression of
Subsequent analysis of the change in the resistance of tilee melting temperature was confirmed during the course
Ni heater as a function of time provides accurate values foof this work by using TEM diffraction techniques during
both the temperature of the system and the total amount @fi situ heating of the Sn samples deposited on amorphous
heat supplied to the system. As Sn particles melt, therearbon films.
is an abrupt change in the increasing rate of temperature, Surprisingly, the normalized heat of fusiaxH,, also
which is directly attributed to the fact that additional heat isdecreases markedly from the bulk value which is 58§ J
needed for melting of Sn. In order to separate this amount
of heat associated with melting from the total heat taken

by the system, we subtract the heat attributed to the hea 40—
capacity of the system prior to the melting of Sn from the
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FIG. 1. The amounts of heat measured by calorimetry during Radius (A)

the melting process for Sn particles of 53, 67, and 82 A in radii,

respectively. The heat attributed to the average heat capacilG. 2. (a) Size dependence of the melting points of Sn
of the entire system is subtracted from the total heat measureg@articles. The solid line is calculated in terms of Eq. (2). (b)

The inset is a histogram of size distribution of Sn particlesSize dependence of the normalized heat of fusion. The solid is
when7 = 82 A. Each curve is offset for clarity. calculated in terms of Eq. (4).
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[13] by as much as 70% when the particle size isRecently, Kofmaret al. [17] demonstrated the existence
reduced [Fig. 2(b)]. From the viewpoint of classical ther-of a liquid layer on a nanometric Pb particle surface prior
modynamics, the latent heat of fusion assumes a constatd complete melting by optical methods. In addition,
value. Not until recently have molecular-dynamics simu-computational simulations have also shown the liquidlike
lations shown a steady decreaseAdf,, with decreasing precursor prior to the complete melting of small Au
cluster size for Au clusters [7]. particles [7].

To probe further the relationship between the particle The formation of a molten surface overlayer equilibrat-
size andT,, and AH,,, calorimetric measurements were ing with the solid core is directly related to the surface
made for a fixed amount of Sn by applying multiple dc melting phenomenon. For example, the Pb(110) [18] and
current pulses to the calorimeterT,, and AH,, were  Al(110) [19] surfaces of bulk crystals have been observed
measured for each heating cycle, while particle size¢o melt at temperatures below the bulk melting tempera-
was measured as-deposited and after a series of heatihges, with a continuous increase in the thickness of the
cycles were done. Measurements revealed that Bpth melted layer as temperature approaches the bulk melting
and AH,, increased slightly with heating cycles and thepoint. For small metal particles, the surface melting is
particle size increased too, as expected due to coalescens&rongly enhanced by curvature effects. Observations on

Hanszen [6] analyzed the melting temperature in term&i clusters [20] and Pb nanometric particles [21] show
of classical thermodynamics. The model assumes that that the surface melting of small clusters or particles pro-
solid particle is embedded in a thin liquid overlayer andceeds over a broader temperature range and that the thick-
the melting temperature is taken to be the temperatureess of the liquid layer is much larger than that observed
of equilibrium between the solid sphere core and theon bulk crystals. For example, for Pb particles having a
liquid overlayer of a given critical thickness. 1, is an  radius of 200 A, the surface melting initiates about 100
adjustable parameter in accordance with the experimentékelow the melting temperatur&,,, and the maximum
results. Accordingly, the melting poirif,, of Sn par- thickness of the liquid layer can be as much as 40 A [17].

ticles with radiusr is expressed as In order to relate the heat of fusion to the heat measured
2To o, o, AP by the calorimeter, we must consider the details of the

To — T = — 4+ = i i i
0 m AHo | pa(r — 10) p ) melting process. Surface melting of small particles occurs

in a continuous manner over a broad temperature range,
% ( 1 1 )} (1) whereas the homogeneous melting of the solid core occurs

oy P abruptly at the critical temperaturg, [21]. The total

whereTy is the bulk melting temperature of solid Sn andheat required for both surface and solid core melting
AH, its latent heat of fusiong, anda; are the interfacial 1S supplied by the calorimeter. However, the heat for
surface tensions between the solid and the liquid an§e surface melting is supplied over a broad temperature
between the liquid and its vapor, respectively, ancand ~ 'ange and appears as a gradual incrdase1%) in the

p: are the densities of the solid and liquid, respectivelybackground heat capacity of the system, a value which
and 1, is the critical thickness of the liquid layer a,. S t00 small to be measured by our present techniques.
AP is the difference between the vapor pressure at th&onversely, the heat supplied for the abrupt melting of a
surface of the liquid layer with an outer radiusat 7,, ~ SOlid core is directly measured using our technique.

and the vapor pressure at flat liquid surfaee= =) at In order to quantl'gat_lvely describe the heat of fusion for
To. It has been shown thahP can be neglected for small Sn particles, it is necessary to separate the volume

Sn [14]. SubstitutingTy = 232 °C, ps = 7.18 g/cn, of the liquid surface layer and the solid core region. We
p1 = 6.98 g/cn? [14], and o; = 550 rhN/m [15] into thus define the volume of the spherical liquid shell as an

Eqg. (1), we obtain the following expression: “excluded volume”sV in terms of the critical thickness
- | to of the liquid layer,
T =232~ 782{m - 7} @) 8V = Salr = = 1], 3)

whereT,, is in °C andr andz, are in A. The interfacial Assuming that the latent heat of fusion per volume of
surface tension between the solid and liquig,, can the bulklike solid core is independent of temperature, we
be determined experimentally in terms of Eq. (2). Theobtain the expression for the normalized heat of fusion
slope dT,,/d(1/r) at large r is related too,. From in terms of the original particle size, as shown in the
our measurementr, is determined to bd8 = 8 mN/m, following equation:

which agrees with the values obtained by Turnbull [16] 0\?
(os = 54.5 mN/m) and Wronski [14] (o, = 62.2 + AH, = AH()(l — —) ) 4
10 mN/m). r

By adjusting the value of the critical liquid layer In Fig. 3, a plot of (AH,,/AHy) vs 1/r is shown.
thickness, we obtain a best fit to the experimental datd@he solid line in the plot was determined by finding the
in terms in Eq. (2) whenr, = 18 A [see Fig. 2(a)]. best fit for the data using, as the fitting parameter.
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