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Melting of Pb nanocrystals
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The size-dependent melting and surface melting of Pb nanocrystals is demonstrated by x-ray powder dif-
fraction in ultrahigh vacuum. Whereas some prior studies have measured the size-dependent melting tempera-
ture via the diffraction intensity, it is shown here that crystallite reorientation makes the diffraction intensity an
unreliable indicator of melting. Instead of the diffraction intensity, the diffraction peak shape reveals the
size-dependent melting via changes in the crystallite size distribution. Measurements showed that the melting
temperature varies inversely with the crystallite size and quantitatively favors the liquid-skin melting model
over the homogeneous melting model. Surface melting is demonstrated via the reversible growth of a 0.5 nm
liquid skin on 50 nm crystallites just below the size-dependent melting temperature.@S0163-1829~98!04821-8#
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I. INTRODUCTION

The important role of the surface in the melting proce
has long been suspected1–8 and has recently been confirme9

via surface-sensitive measurements of melting. These re
measurements include structural demonstrations of liq
skin formation on flat surfaces below the melting tempe
ture of the interior crystal;10–12 the dramatic melting tem
perature reduction of nanometer-sized particles in propor
to the surface-to-volume ratio;13–24 and more recently,
liquid-skin formation on the highly curved surfaces
nanocrystals below the size-dependent melt
temperature.25 Using techniques based on x-ray diffractio
the present study explores the ‘‘bulk’’ and surface melting
Pb nanocrystals, including a comparison betwe
nanoparticle- and flat-surface melting.

The study of small-particle melting phenomena bene
from an understanding of flat-surface melting. The drivi
force for flat-surface melting is thought to be a reduction
the total interfacial energy,Dg,0, where3,5,10–12,26

Dg5g l v1gsl 2gsv. ~1!

g is the interfacial energy per unit area, ands, l , and v
identify the solid, liquid, and vapor phases, respectively. I
known for Pb that the solid-vapor interfacial energygsv var-
ies by 63% for different surface orientations.27 Moreover,
Pluis et al. and others have shown that some flat surfa
orientations of Pb exhibit flat-surface melting~i.e., Dg,0!,
while others do not (Dg.0).10–12,26Thus, for Pb and mos
cubic metals,28 the ‘‘average’’ driving force for surface melt
ing is close to zero~i.e., Dg'0!, and subtle changes o
surface conditions can have marked effects on surface m
ing.

Recent theories of small-particle surface melting29–33

~which assume thatDg is isotropic and negative! predict that
the liquid-skin thickness differs from that for a flat surfa
because of geometrical and capillary effects. For instan
570163-1829/98/57~21!/13430~9!/$15.00
s

nt
-
-

n

g

f
n

s

s

e

lt-

e,

Baker and Dash29 predict that the liquid-skin thickness on
nanocrystal might increase over the value for a flat surfac
order to reduce the solid-liquid interfacial area and hence,
total interfacial energy. Geometrically, the liquid-skin thic
ness cannot exceed the particle radius, whereas the liq
skin thickness diverges on most flat surfaces at the mel
temperature of a semi-infinite solid.3,10,12Also, surface melt-
ing might be suppressed because the crystallite shape fa
surface orientations with the lowest energy (gsv),

34 which
are less prone to surface melting@Eq. ~1!#. Since the driving
force for surface melting is so small (Dg'0), one cannot
know a priori if other factors, such as interactions betwe
surface steps, might enhance liquid-skin growth on sm
particles or suppress it entirely.

Classically, the melting of small particles has been d
scribed by three models:

~1! Homogeneous melting model,6,14,15 without a liquid
skin,

~2! Liquid-skin melting model,7,22,35and
~3! Liquid nucleation and growth model,8,21,33,36with an

unstable liquid skin.
Thus, a particle can be either a liquid droplet or a crystall
which may have a uniform liquid skin that reduces the cr
tallite size. Thermodynamically, all three models predic
size-dependent melting temperatureTm(D) that varies in-
versely with the crystallite diameterD as follows:

Tm~D !5124a/~rsHD !, for 0,T<1, ~2!

whereT is the reduced temperature@normalized to unity at
the bulk melting temperatureTm(`)#, rs is the density of the
solid, andH is the latent heat of fusion. The value ofa can
be shown to differ only slightly among the models, ignorin
the solid-liquid density difference. For the homogeneo
melting model, a1'(gsv2g l v); and for the liquid-skin
melting model,a2'gsl . In model 3,a3 can vary between a
low-temperature limit of 1.5(gsv2g l v) and an upper limit of
gsl , so that the melting transition is ‘‘smeared out.’’8 Al-
13 430 © 1998 The American Physical Society
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57 13 431MELTING OF Pb NANOCRYSTALS
though prior investigators have tried to distinguish betwe
the models using data on the size-dependent melting t
perature, we note here that (a22a1)5Dg @see Eq.~1!#.
SinceDg'0, the three models predict essentially the sa
size-dependent melting temperature.

The study by Buffat and Borel14,15 inspired the presen
investigation. It included a critical review of the ‘‘observa
tional methods’’ that had been used to measure the s
dependent melting temperature through 1975.Tm(D) has
now been measured by various methods
Pb,13,16,19–21,23,24,37Sn, Bi, In, Au, Ag, Cu, Ge, Al, Na, and
CdS, including some more recent studies.16,21,24,38–41Overall,
these studies ofTm(D) agree withall the melting models.
Buffat and Borel determinedTm(D) of gold nanoparticles as
a function ofD down to 2.5 nm from a knowledge of the A
particle size distribution and the temperature variation of
Au 220 electron diffraction intensity up toTm(`). Allen
et al.16 measuredTm(D) of individual nanocrystals of Pb
Sn, Bi, and In based on the disappearance of the elect
diffraction intensity. Using new techniques, Laiet al.39 mea-
sured Tm(D) by calorimetry, and Castroet al.38 used the
field-emission current from individual Au particles down
2 nm to measure shape changes associated with meltin
ultrahigh vacuum.

Despite the large body of data, the melting mechan
has remained unresolved because~1! most studies did no
account for the effects of contamination, and~2! spurious
effects may introduce ambiguity in the various observatio
methods, as outlined elsewhere.14 For instance, the spuriou
influence of an electron beam on the nanoparticles has b
widely reported.16,23,34,37,42,43In addition, we will show that
crystallite reorientation makes the diffraction intensity an u
reliable indicator of melting. Therefore, the numerous pr
results that were obtained by electron-beam techniques o
the diffraction intensity from powders or single crystallit
will not be commented upon further.

The present study employs x-ray techniques to prov
measurements of the size-dependent melting together
the surface melting of Pb nanocrystals. We determine
total diffracting volume, average size, and size distribut
of the crystallites via the diffraction peak intensity an
shape.44,45 These measurements are relatively immune
spurious effects, e.g., roughening or particle reorientat
which may have impaired previous analyses. When c
ducted under ultrahigh vacuum without electron beam
these experiments should be unaffected by contamina
and electron-particle interactions.

II. EXPERIMENTAL METHOD

Sample preparation and x-ray-diffraction measureme
were performedin situ in an ultrahigh vacuum chambe
which had an x-ray transparent beryllium window.46,47 The
sample consisted of Pb particles supported on the native
ide surface of a Si~532!-oriented substrate.~With this orien-
tation, the substrate scattered x rays very weakly.! Lead was
chosen for several reasons, including its x-ray scatte
strength, surface energy isotropy,27 and well-characterized
flat-surface melting.10,11,26 Also, Pb is relatively inert. For
example, at the surface of Pb, the sticking coefficient of g
eous H2, H2O, and O2 is less than 0.005.48–50In the bulk, the
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solid solubility of likely impurities~Si, O, C, H, or N! is very
small so that the bulk melting temperature is reduced by o
1 K at saturation.51,52 At the particle-substrate interface, P
does not reduce silica nor wet it. In addition, the vapor pr
sure of Pb is low at the bulk melting temperature~3
31029 Torr at 600 K!.53

Samples were preparedin situ by evaporating Pb
~Johnson Matthey, 99.9999%! from a resistively heated Ta
boat onto the substrate. The substrate and Pb source
outgassed prior to deposition. The base pressure in the u
high vacuum chamber was 331029 Torr. The sample tem-
perature was measured to within 0.1 K by a thermocouple
contact with the front side of the substrate but outside
x-ray beam. The temperature could be controlled to be
than 0.5 K. The substrate was near room temperature du
film deposition. The average film thickness was 2 to 5 n
Immediately after deposition, samples were melted entir
and re-solidified. After sample preparation was complete,
sample was raised into position for x-ray-diffraction me
surements.

X-ray diffraction scans were taken at various tempe
tures up to 600 K. An 18 kW rotating anode Cu x-ray sour
was used with an elastically bent, incident-beam LiF foc
ing monochromator set to pass only CuKa1 radiation. The
substrate surface normal was aligned for symmetric diffr
tion of the Pb 111 peak. A position-sensitive detector m
sured the scattered x rays simultaneously over an ang
range of;10° 2u ~including both the Pb 111 and 200 di
fraction peaks! for rapid data collection. Anin vacuo‘‘stan-
dard,’’ prepared by resolidifying a thick Pb film, provided
measure of the instrumental broadening~;0.15° 2u full-
width-at-half-maximum for the Pb 111 peak!. For the surface
melting studies, the x-ray divergence slit setting was wid
than for the size-dependent melting measurements so
more intensity was obtained, particularly in the tails. T
x-ray scans were taken for 1–20 min, depending on the t
perature and the Pb 111 diffraction intensity.

III. ANALYSIS OF DIFFRACTION PEAKS

The integrated x-ray-diffraction intensity is proportion
to the total volume of crystallites that are oriented to diffra
The diffraction peak shape reflects the average size and
distribution of the crystallites, with smaller crystallites pr
ducing broader diffraction peaks. Strain within the cryst
lites can also cause diffraction peak broadening and as
metry. X rays scattered from liquid Pb add a very broad pe
to the background under the Pb 111 diffraction peak.

In this study, Fourier analysis of the x-ray diffraction pe
shapes provided the average crystallite size, size distribu
and strain.44,45The raw data was prepared first by subtracti
the background due to the substrate and a variable qua
of liquid, and then by correcting the data for variations in t
polarization, atomic form factor, Debye-Waller factor, an
crystallographic structure factor. After a Fourier-series e
pansion about the diffraction peak’s center-of-gravity, t
Stokes correction was used to deconvolute instrume
broadening.54 The final Fourier cosine and sine coefficien
~AL andBL , respectively, at harmonic distanceL! were nor-
malized so thatA051. Uncertainties due to counting stati
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13 432 57KEVIN F. PETERS, JEROME B. COHEN, AND YIP-WAH CHUNG
tics were propagated throughout the analysis~and given in
parentheses!.55

At each temperature,AL is due to the crystallite size an
strain distributions within the diffracting volume, i.e.,44,45

AL5AL
SizeAL

Strain, ~3a!

where

AL
Strain'122p2~1/dhkl!

2L2^«L
2&. ~3b!

Here, dhkl is the interplanar spacing of the reflection,hkl.
^«L

2& is the mean-squared strain or strain variance avera
over a diffracting column of lengthL.

The area-averaged crystallite size (^L&) is obtained by
extrapolating the initial Fourier coefficients to the abscis
using a least-squares fit to Eq.~4! for improved accuracy:44,45

^L&52A0 /~dAL /dL!L→0 . ~4!

^L& is also known as the average column length. The Fou
shape functionAL(D) for spherical crystallites of a singl
diameter is56,57

AL~D !5121.5~L/D !10.5~L/D !3 for L<D,

AL~D !50 for L.D, ~5!

and BL(D)50. It follows from Eqs.~4! and ~5! that ^L&
5(2/3)^D& for a sharp crystallite size distribution about a
erage diameter̂D&. If the crystallites are distributed in siz
as volume fractionG(D), then the aggregate Fourier coef
cients are

AL5(
D

G~D !AL~D !, where (
D

G~D !51. ~6!

Using Eq.~6!, the crystallite size distribution can be dete
mined by a least-squares fit ofG(D) to the measured Fourie
coefficientsAL .

Defects in the crystallites may systematically reduce
measured crystallite sizêL& from the true onê Lt&, as
follows:44,45

^L&215^Lt&
211^Ld&

21, ~7!

where ^Ld& is the apparent size that is due to the defe
including strain, deformation faults, and twins. Since^L&
ranges from 8 to 16 nm here, it can be shown for the Pb
peak that the sum of these systematic uncertainties giv
maximum possible reduction in̂L& from ^Lt& of 6.5–13 %,
respectively,~Appendix A!.47 These systematic uncertaintie
will be included separately from the statistical uncertainty

IV. RESULTS

A. Sample morphology and cleanliness

Auger electron spectroscopy measurements confirm
that the freshly prepared Pb surface remained clean for
of hours under the present vacuum conditions. Figures~a!
and 1~b! are scanning electron micrographs of a typic
sample. The micrographs were obtainedex situfollowing the
size-dependent melting study, several additional m
solidification cycles, and several hours atT>0.9 in ultrahigh
ed
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vacuum. In Fig. 1~a!, the view is along the surface norma
The gray background is the substrate. The white circles
Pb islands, which range in diameter between 5 and 35
and are separated by less than one diameter. In Fig. 1~b!, the
view is at 45° to the surface normal to accentuate the ne
spherical particle shape. Knowing the shape is roug
spherical, Eq.~5! can be used for the Fourier shape functi
of the crystallites.

B. Particle reorientation during melting

After sample preparation, x-ray measurements were
tained atT50.730, 0.870, 0.913, 0.926, 0.940, 0.950, 0.9
0.958, 0.962, 0.965, 0.966, 0.967, and 0.968 of the b
melting temperature. Figure 2 shows the scans obtaine
T50.730, 0.954, and 0.965. The most striking observatio
the intensity increase of the Pb 111 peak whenT increases
from 0.730 to 0.954, followed by a rapid intensity decrea
at higher temperature.

FIG. 1. Scanning electron micrographs at~a! 0° tilt and ~b! 45°
tilt of a typical Pb thin film deposited on Si.

FIG. 2. X-ray-diffraction scans of Pb 111 and 200 peaks aT
50.730, 0.954, 0.965.
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57 13 433MELTING OF Pb NANOCRYSTALS
Figure 3 shows these intensity changes more clearly.
increasing intensity can only be due to crystallites rotat
and reorienting themselves into a preferred orientation w
their ~111! face parallel to the substrate and perpendicula
the diffraction vector. This kind of crystallite reorientatio
on an amorphous substrate has been seen before in the
sic ‘‘rotating sphere studies’’ of interfacial pheno
mena.18,58–61The intensity variation is sensitive to the tem
perature, the heating rate (time scale'1 min), and the choice
of diffraction peak. Additional measurements indicate th
the crystallites remain oriented upon cooling. Since b
melting and crystallite rotation strongly modify the diffra
tion intensity, it must be concluded that the diffraction inte
sity by itself is an unreliable indicator of size-depende
melting.

Since the~111! orientation is preferred, the disappearan
of all Pb 111 diffraction intensity occurs at the melting tem
perature of the last—and largest—crystallites in t
sample,18 which we designate to have diameterDmax. By
extrapolating to zero intensity in Fig. 3, we find the melti
temperature of these largest particles,Tm(Dmax), to be 0.969.
This is the only information on melting that we can obta
from the intensity data. Instead, we will now focus on t
diffraction peak shape and its relation to the melting. All b
the final three Pb 111 measurements had sufficient inten
for peak-shape analysis~i.e., filled circles in Fig. 3!.

C. Size-dependent melting

Figure 4 compares the Pb 111 peak shapes and Fo
coefficients atT50.730 and 0.965, slightly belowTm(Dmax).
The Pb 111 peak narrows with increasing temperature. N
in particular, the disappearance of the strong tails aT
50.965. This is due to melting of the smaller crystallite
Next, we analyze the peak shapes via the Stokes-corre
Fourier coefficients.

The initial Fourier cosine coefficients atT50.730 ~filled
circles! and 0.965~filled triangles! yield an average crystal
lite size ^L& equal to 7.9~2! and 15.5~11! nm, respectively
@Eq. ~4!#. According to Eq.~2! and sinceT50.965 is only
0.004 below Tm(Dmax), the crystallite size distribution
should be quite narrow. Indeed, applying Eq.~5! to the data

FIG. 3. Pb 111 and 200 diffraction intensity~background sub-
tracted! versus temperature.
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for T50.965 ~Fig. 4, dashed line! gives a good fit with a
single size,D0.965523 (1) nm'(3/2)^L& ~as discussed ear
lier!.

After the entire sample melted, atTm(Dmax), and cooled
back to T50.730, the Fourier coefficients were measur
again ~open circles in Fig. 4!. Their similarity to AL at T
50.730 before melting shows that the original crystallite s
distribution is recovered after melting and resolidifying t
entire sample. Consequently, the differences between
low- and high-temperature measurements arenotdue to crys-
tallite growth via coarsening or coalescence.

The observed doubling of the average crystallite size m
be due the crystallite size distribution shifting to a larger s
at T50.965 as the smaller particles have melted. To de
mine the crystallite size distribution, we fit Eq.~6! to the
Fourier coefficients obtained at each temperature and the
determined the volume fraction for four crystallite size bi
~diameters of 6, 12, 18, and 24 nm!. Figure 5 shows clearly
the shifting of the crystallite size distribution to a larger si
as one approachesT50.965.

The area-averaged crystallite size increases monotonic
with temperature, beginning aroundT50.9 ~Fig. 6!. Fitting
Eq. ~2! ~melting temperature versus crystallite size! to the
data provides both a calibration for the bulk melting te
perature and the measured value ofa ~dashed curve!. The
slope of Tm(^D&) versus 1/̂D& is 20.87 (6) nm ~where
^D&51.5̂ L&) for T>0.94. Within the statistical uncertaint
of the experiment, the slope is unchanged after increas
^L& to remove the possible systematic effects of strain,
crotwinning, and deformation faults that were evaluated e
lier. Since ^L& measures the average and not the smal
crystallite size present at each temperature, the meas
slope overstates the value ofa. A proper correction gives

FIG. 4. Pb 111 diffraction peak shape and Fourier coefficient
low and high temperatures.Inset: Pb 111 diffraction peak shape
for lead particles atT50.730 and 0.965 and for a Pb standard
room temperature.Main: filled circles indicateAL at T50.730;
filled squares indicateBL at T50.730 showing negligible strain o
faulting-induced assymetry; filled triangles indicateAL at T
50.965 shows crystallite size distribution is altered by siz
dependent melting; dashed line indicatesAL(D) for 23 nm spherical
crystallites and shows size distribution sharpens on approac
Tm(Dmax); open circles indicateAL after resolidifying the sample
^L& indicates the area-averaged crystallite size from the initial
sine coefficients at both temperatures.
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20.62 (4) nm for the slope ofTm(D) versus 1/D ~see Ap-
pendix B!. Substituting the corrected slope into Eq.~2!
~0.62 nm54a/rsH using the bulk values of 11.3 g/cm3 for
rs and 23.1 J/g forH!, we havea50.040 (3) J/m2 with the
uncertainty derived from the original counting statistics. U
ing Tm(Dmax), one also finds thatDmax527 nm, which is
similar in size to the largest particles in Fig. 1.

The results show clearly that small particles melt at
duced temperatures, following Eq.~2!. However, it remains
to be shown whether a liquid skin envelops the crystallites
the size-dependent melting temperature is approached.
liquid skin progressively consumes a crystallite, then
crystallite diameter would be reduced, and this co
broaden the diffraction peak. However, in a polydispers
sample, if the liquid-skin growth is a weak function of tem
perature, then the peak broadening due to surface me
might be obscured by the peak narrowing resulting from
melting of smaller particles, as we observed in Fig. 6.

D. Small-particle surface melting

To determine if a liquid skin exists on crystallites, w
performed x-ray-diffraction studies on a different samp

FIG. 5. Evolution of crystallite size distribution as temperatu
increases from 0.87~front! to 0.965~rear!. Data are volume frac-
tions ~6–24 nm diameter! with the total volume normalized to
unity.

FIG. 6. Area-averaged crystallite size^L& versus temperature. A
linear fit ~dashed line! to data obtained at the six highest tempe
tures ~for which the crystallite size distribution is expected to
sharp! provides the measured coefficienta for Eq. ~2!.
-
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during ‘‘undercooling’’ cycles. The sample was first heat
to nearTm(Dmax) to melt most particles and promote liquid
skin formation on the remaining crystallites. Upon slig
cooling, the liquid particles do not solidify~we were able to
undercool by as much as 120 K! whereas the thickness of th
liquid skin on the crystallites is expected to decrea
reversibly.10 Thus, undercooling provides a means of sep
rating the effects of the surface melting from the siz
dependent melting. X-ray-diffraction can measure the cha
ing crystallite volume during an undercooling cycle, as w
have shown in a preliminary report.25

Before the temperature excursion experiment, the sam
was annealed for three hours above 90%Tm(Dmax). The an-
nealing increased the population of large,~111!-oriented
crystallites available to diffract, and also minimized the sp
rious effects of coarsening and particle rotation during s
sequent measurements. In Fig. 7, the Pb 111 x-r
diffraction profiles,~a!–~f!, were obtained at temperatures
98.0, 94.3, 99.55, 96.0, 100.05, and 93.5 %Tm(Dmax), re-
spectively~inset!. The 111 diffraction peak grew on coolin
from ~a! to ~b! and from ~c! to ~d!. Measurement~e! was
taken at 100.05%Tm(Dmax), showing melting of all Pb par-
ticles. Measurement~f! was obtained upon cooling to 93.5%
Tm(Dmax). The data from the latter two measurements
indistinguishable as the particles remain melted during
dercooling. This proves that solidification of the liquid pa
ticles is negligible between 100% and 93.5%Tm(Dmax).
These results were reproduced with another sample.

During the temperature excursion between 98.0 a
94.3%Tm(Dmax), the area-averaged crystallite diameter w
46 ~2! nm with no apparent variation with the temperatu
Upon further heating to 99.55%Tm(Dmax), the intensity de-
creased 35% and the average crystallite diameter incre
due to size-dependent melting. The diameter then rema
constant at 52~2! nm during the temperature excursion b
tween 99.55 and 96 %Tm(Dmax). If a liquid skin of uniform
thicknesst envelops a crystallite at high temperature, th
the crystallite diameter would change as follows:

D~^D&!

^D&
522

Dt

^D&
. ~8!

-

FIG. 7. Pb 111 x-ray-diffraction peaks taken during two und
cooling cycles~inset!.
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57 13 435MELTING OF Pb NANOCRYSTALS
Therefore, Eq.~8! establishes an upper limit of 1.0 nm fo
the change in liquid-skin thickness for the two undercool
cycles beginning at 98 and 99.55 %Tm(Dmax). @Note that
when the uncorrected Fourier series at each temperature
normalized by the first series, then a marginally signific
variation (;1.5%) was observed between the crystallite s
and the temperature~asterisks in Fig. 8, which is discusse
next!.#

Figure 8 shows the variation of temperature and norm
ized diffraction intensity versus time. The intensity increas
reversibly by 6~1!% on cooling from 98 to 94.3 %Tm(Dmax)
with ^D&546 (2) nm. In the next temperature cycle, the
tensity increases reversibly by 7~2!% on cooling from 99.55
to 96 % Tm(Dmax) with ^D&552 (2) nm. The intensity
change cannot be due to particle rotation or coalescence
cause it is reversible and immediate and because the sa
had been annealed for three hours above 90%Tm(Dmax).
Also, simple calculations based on the Debye-Waller fac
for the Pb 111 diffraction peak show that only a 1% intens
increase is expected for the 3.5% temperature reduction
cluding bulk and surface atomic vibrations.62

The remaining intensity change can be related geom
cally to the growth of a uniformly thick liquid skin, as fol
lows:

DI

I
526

Dt

^D&
. ~9!

Thus,Dt50.38 (8) and 0.52~17! nm for the undercooling
cycles beginning at 98.0 and 99.55 %Tm(Dmax), respec-
tively. Comparing the two undercooling cycles, the liqu
skin growth is slightly greater at the higher temperatur
beginning at 99.55%Tm(Dmax). Also, within the undercool-
ing cycle that begins at 98.0%Tm(Dmax), three fourths of the
intensity increase occurs on cooling to 96.1%Tm(Dmax),
while only one fourth occurs on further cooling to 94.3
Tm(Dmax). Thus, it appears that the liquid-skin growth i

FIG. 8. Temperature~bold line!, diffraction intensity (I ), and
average crystallite size~asterisks! versus time for two undercooling
cycles. Less than 1% intensity change can be attributed to
Debye-Waller effect. The remainder is due to surface melting
;0.5 nm reversible liquid skin growth. The variation in the avera
crystallite size (;1.5%) is less than the statistical uncertainty
each point (;3%).
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creases on approachingTm(Dmax), which is similar to flat-
surface melting, e.g., of the Pb~110! surface.10

V. DISCUSSION

The three main results of this paper are
~A! X-ray-diffraction methods can reveal the siz

dependent melting and the surface melting of nanocrysta
~B! A measurement of the size-dependent melting te

perature of Pb gaveTm(D)5120.62 nm/D, i.e., Eq. ~2!
with a50.040 (3) J/m2; and

~C! Surface melting was observed, with;0.5 nm liquid-
skin growth just below the size-dependent melting tempe
ture of 50 nm Pb crystallites.

The demonstration of liquid-skin growth gives unambig
ous support to the liquid-skin melting model over the hom
geneous melting model. The liquid nucleation and grow
model remains possible because transient liquid-skin for
tion can occur even though the liquid-skin thickness and
melting temperature are indeterminate in this model. Ho
ever, the liquid nucleation and growth model requires a m
precise statement of the melting temperature or liquid s
thickness in order to be evaluated clearly~see below!.

A. The x-ray-diffraction method

Our experimental approach, based on x-ray diffracti
has important advantages over prior methods in that qua
tative measures of the particle size and state~i.e., crystallin-
ity! are obtained by a single measurement with minimal s
rious effects. Analysing the diffraction peak shape instead
the diffraction intensity is different from the approach tak
in previous studies of size-dependent melting.

We also find that the crystallite reorientation and surfa
melting both occur in the same temperature range~cf. Figs. 3
and 8! and may be related to each other. Balluffi a
Maurer63 suggested that crystallite-substrate interfacial m
ing would cause the crystallite to rotate into low-gsl orienta-
tions, predominantly~111! and to a lesser extent~100!, as we
observed. It follows that the Pb-silica interface might ha
melted below the size-dependent melting temperature. In
present study of Pb nanocrystals, growth of the Pb~111!-
silica interface might drive the~111! reorientation of the
crystallites. While our results do not resolve the lon
standing question of interfacial melting, the overlapping te
perature for surface melting and crystallite reorientation
interesting.

It should be noted that the observed diffraction pe
broadening isnot due to multiply twinned structures~MTPs,
i.e., icosahedra, decahedra, etc.! or quasimelting~i.e., rapid
fluctuations among several particle structures a
orientations!34 for the following reasons. First, the prese
observation of slow Pb crystallite rotation~time scale
'1 min! and slow coarsening~1 h! is much slower than the
rapid quasimelting~1 s! observed previously by electron m
croscopy at room temperature.24,34,64 Secondly, the above
analysis and Appendix A reveal that the influence of str
broadening and microtwinning~hence the MTP population!
is negligible in the present study. Finally, the observed n
rowing and broadening of the diffraction peak occurs in co
junction with the melting and solidification of the Pb nan
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particles. Although some recent studies have obser
MTP’s and the quasimelting of encapsulated Pb nano
ticles by electron microscopy,24,64 this might be caused by
the encapsulating layer.65–67Also, Marks34 has observed tha
‘‘at least for lead particles, it is clear that there is more tak
place due to the electron beam than can be simply accou
for by any type of electron-beam heating.’’

B. Size-dependent melting

The size-dependent melting temperature of Pb,Tm(D)
5120.62(4) mm/D, has been measured here by using
ray-diffraction under ultrahigh vacuum conditions.

Historically, tests of the theoretical melting mode
against experimental results onTm(D) have always been im
peded by the commonality of Eq.~2! to all three models, as
well as the uncertainty of the interfacial energies, especi
gsl . Recent improvements in the determination ofgsl bring
more meaning to the comparison.28 For Pb: gsv
50.560 (4) J/m2 ~Ref. 68! with 63% variation,27 g l v
50.452 J/m2,68 andgsl 50.046 J/m2.28

Theoretically, the complete expressions fora in the melt-
ing models are~without the prior simplifications!:

a15gsv2g l v~rs /r l !
2/350.097 J/m2, ~9a!

a25gsl 2g l v
~rs /r1!21

11~2t/D !
50.031 J/m2, ~9b!

0.046 J/m25gsl <a3<1.5@gsv2g l v~rs /r l !2/3#

50.145 J/m2, ~9c!

usingrs /r l51.035 for Pb,2 and takingt/D'0.01 from the
surface melting measurements.

When comparing the theories to the measured value
a@0.040 (3) J/m2#, the liquid-skin melting model~2! is
clearly more satisfying than either the homogeneous mel
model ~1! or the liquid nucleation and growth model~3!.

@The remaining discrepancy betweena and a2 could be
removed as follows. Pluiset al.11,12 note that the bulk inter-
facial energies~above! do not satisfy the relationDg'0 that
is needed to explain the variation in liquid-skin thickne
with Dg on different flat-surface orientations$hkl% of Pb.
Instead, Pluis et al.11,12 obtain a best fit with g l v
50.501 J/m2, gsv50.561 J/m2 ~having 63% variation with
$hkl%!, and gsl 50.056 J/m2 ~so thatDg'0!. Using these
values brings the liquid-skin melting model~i.e., a2
50.039 J/m2! within the experimental uncertainty of th
present measurement.#

C. Surface melting and liquid-skin growth

Our results show that the liquid skin on 50 nm Pb nan
rystals grows at roughly 0.1 nm per 1% temperature cha
near the melting temperature under clean conditions.
skin growth is two orders of magnitude smaller than wh
Lereahet al. reported using dark-field transmission electr
microscopy on a 100 nm Pb particle constrained in a s
silica overlayer.65–67 Bohr has shown that the overlaye
could induce the observed temperature range of solid-liq
coexistence via pressurization effects during the melting.66,67
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~The discrepancy could be resolved by repeating the elec
microscopy measurements on unconstrained particles in
trahigh vacuum.!

In order to compare the present liquid-skin growth ne
Tm(D) to flat-surface melting nearTm(`), two assumptions
are necessary. First, we choose Pb~110! to be the ‘‘represen-
tative’’ flat-surface orientation of Pb because Stranski5 posits
that surface melting on~110! faces is intermediate betwee
high-index and other low-index surface orientations, cons
tent with experimental observations.10–12,26 Pb~110! has a
liquid-skin thicknesst (110)5t0ln@dT0 /dT# with t050.3 nm,
dT05164 K, anddT is the temperature difference below th
melting temperature.10,12 Second, the temperature differenc
dT is taken asdT5Tm(`)2T @i.e., instead ofTm(D)2T#.
This interpretation ofdT appears to be consistent with sma
particle surface melting theories.29,30,32

With these two assumptions, one can readily compare
data Dt on small-particle surface melting with the fla
surface meltingDt (110) over the same temperature excursio
It can be shown by using Eq.~2! that Tm(Dmax)50.992
Tm(`) for this sample. Beginning at 98.0%Tm(Dmax), the
first temperature excursion~DT50.037 in Fig. 8! has given
Dt50.38 (8) nm experimentally, whileDt (110)50.27 nm
on the flat Pb~110! surface over the same temperature exc
sion. Likewise, in the second temperature excursion be
ning at 99.55%Tm(Dmax), the measuredDt50.52 (17) nm
is comparable toDt (110)50.4 nm. This comparison indicate
that the measured liquid-skin growth on 50 nm crystallites
the same or slightly greater thanDt (110) for a flat Pb~110!
surface over the same temperature excursion.

The Baker-Dash theory29,30of small-particle surface melt
ing gives an enhanced liquid-skin thicknesstBD on a nanoc-
rystal compared to that on a representative flat surface a
samedT below the melting temperature; i.e.,DtBD50.35
and 0.55 nm for the first and second temperature excursi
respectively~again assumingt (110) for the representative fla
surface anddT the temperature difference!. While our data
then agree well with the Baker-Dash theory for this size a
temperature range, the correction is within the experime
error. It is of course understood that the liquid skin may
nonuniform and that the above analysis yields only a va
averaged over all crystallite surface orientations.

Finally, we find that an improved thermodynamic theo
is needed to examine the melting and surface melting
nanocrystals, especially at temperatures close toTm(D). In
the classical liquid-skin melting model, the liquid-skin thic
ness is a free parameter independent of size and temper
that has been fit empirically to experimental data atTm(D) in
prior studies.14,15,17,19,22,69Models of small-particle surface
melting, like the Baker-Dash theory, do not fully explain th
final melting at the size-dependent melting temperature.
mentioned earlier, the liquid nucleation and growth mod
also deserves renewed attention.

VI. CONCLUSIONS

~1! The x-ray-diffraction peak shape clearly reveals t
reduced melting temperature of the nanocrystals in ag
ment with theory.

~2! The diffraction intensity reveals crystallite reorient
tion near the melting temperature, which suggests that p
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results based solely on the diffraction intensity needed
ther confirmation.

~3! The reversible growth of a liquid skin has been de
onstrated and is comparable to published data on flat-sur
melting.

~4! Results giving the size-dependent melting tempera
and the surface melting of small particles support the liqu
skin melting model over other models in the literature.
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APPENDIX A: POSSIBLE EFFECT OF DEFECTS ON ŠL ‹

The strain in copper filings70 at 298 K gives ^Ld&
5400 nm and reduceŝL& less than 2% to 4% from̂Lt&,
following Eq. ~7!.44,45 Likewise, by taking the population o
deformation faults to be equal to 0.003~for copper filings at
298 K!,70 we have^Ld&>250 nm so that̂ L& is reduced by
less than 3% to 6% from̂Lt& in the present study. Finally
for the possible population of twin defectsb50.002(3), we
have^Ld&>520 nm which gives less than 1.5% to 3% redu
tion in ^Lt& ~50% confidence!, whereb is computed from the
measured shift of the 111 diffraction peak centroid relative
the peak maximum@D2u50.007(8)°#.71 This also indicates
that there is less than one twin per 520 nm on the four ty
of Pb$111% planes, which is much greater than the parti
size and therefore is simply the limit of the analysis.

APPENDIX B: CORRECTION TO Tm„ŠD‹…

As a result of the size-dependent melting temperature,
crystallite size distribution has a lower limitDmin , estab-
d

an
r-
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ce

re
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d
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e
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-
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s

e

lished by Eq.~2!. As Dmin increases with temperature, th
area-averaged crystallite diameter^D& also increases but at
different rate. The variation of̂D& with Dmin can be ex-
pressed analytically. Equations~4!–~6! are used with the
summations replaced by integrals. It is assumed simply
from Dmin to Dmax the crystallite size distributionG(D) is
sharp and decreases linearly to zero, as follows:

G~D !5c~Dmax2D !, ~B1!

wherec is a positive constant andG(D) is the volume frac-
tion. Using Eqs.~5!, ~6!, and ~B1!, the Fourier coefficients
for an array of spherical crystallites are

AL5E
Dmin

Dmax
c~Dmax2D !F121.5

L

D
10.5S L

D D 3GdD.

~B2!

Solving for A051 gives

c52~Dmax2Dmin!
22. ~B3!

It also follows from Eq.~B2! that

S ]

]L
ALD

L→0

5E
Dmin

Dmax
c~Dmax2D !F21.5

D GdD, ~B4!

which is easily integrated. For a sharp crystallite size dis
bution, ^D&51.5̂ L&, as discussed in the text. SinceDmax is
a constant, we can defineDmax51 so thatDmin and ^D& are
fractions ofDmax. After substitutingA0 , ^D&, and Eq.~B4!
into Eq. ~4!, the area-averaged crystallite diameter is cal
lated to be

^D&5~20.5!~12Dmin!
2@12Dmin1 ln~Dmin!#

21.
~B5!

A plot of ^D& versusDmin from 0.5 to 1 is very nearly linear
The average slope~taken from the endpoints! is
D^D&/DDmin50.71. Multiplying D^D&/DDmin by the mea-
sured slope ofTm(^D&) ~i.e., 0.87 nm! gives 0.62 nm for the
corrected slope ofTm(D) versus 1/D, as is used in the text
J.
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