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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 tempergBrE63-182608)04821-9

[. INTRODUCTION Baker and DasH predict that the liquid-skin thickness on a
nanocrystal might increase over the value for a flat surface in
The important role of the surface in the melting processorder to reduce the solid-liquid interfacial area and hence, the
has long been suspectefiand has recently been confirnfed total interfacial energy. Geometrically, the liquid-skin thick-
via surface-sensitive measurements of melting. These receness cannot exceed the particle radius, whereas the liquid-
measurements include structural demonstrations of liquidskin thickness diverges on most flat surfaces at the melting
skin formation on flat surfaces below the melting temperatemperature of a semi-infinite sofid®*?Also, surface melt-
ture of the interior crystal’®~'? the dramatic melting tem- ing might be suppressed because the crystallite shape favors
perature reduction of nanometer-sized particles in proportiosurface orientations with the lowest energysf,3* which
to the surface-to-volume ratfd;?* and more recently, are less prone to surface meltifigg. (1)]. Since the driving
liquid-skin formation on the highly curved surfaces of force for surface melting is so smal\y~0), one cannot
nanocrystals  below the size-dependent  meltingknow a priori if other factors, such as interactions between
temperaturé® Using techniques based on x-ray diffraction, surface steps, might enhance liquid-skin growth on small
the present study explores the “bulk” and surface melting ofparticles or suppress it entirely.
Pb nanocrystals, including a comparison between Classically, the melting of small particles has been de-
nanoparticle- and flat-surface melting. scribed by three models:
The study of small-particle melting phenomena benefits (1) Homogeneous melting modgt*1°
from an understanding of flat-surface melting. The drivingskin,

without a liquid

force for flat-surface melting is thought to be a reduction in  (2) Liquid-skin melting model;?>*>and
the total interfacial energy\ y<0, wheré~>10-12:26 (3) Liquid nucleation and growth mod&?*333¢with an
unstable liquid skin.
Ay=v,t ¥s/~ Vsv- (1) Thus, a particle can be either a liquid droplet or a crystallite,

which may have a uniform liquid skin that reduces the crys-
tallite size. Thermodynamically, all three models predict a
size-dependent melting temperaturg(D) that varies in-
versely with the crystallite diamet&® as follows:

v is the interfacial energy per unit area, asd/, andv
identify the solid, liquid, and vapor phases, respectively. It is
known for Pb that the solid-vapor interfacial energy, var-
ies by +3% for different surface orientatiod$.Moreover,
Pluis et al. and others have shown that some flat surface
orientations of Pb exhibit flat-surface meltifige., A y<0), Tn(D)=1-4al(pHD), for 0<T=L, 2
while others do not 4 y>0).1°"1226Thus, for Pb and most WwhereT is the reduced temperatufeormalized to unity at
cubic metalg® the “average” driving force for surface melt- the bulk melting temperatufg,,(=)], ps is the density of the
ing is close to zerdi.e., Ay~0), and subtle changes of solid, andH is the latent heat of fusion. The value @fcan
surface conditions can have marked effects on surface melbe shown to differ only slightly among the models, ignoring
ing. the solid-liquid density difference. For the homogeneous
Recent theories of small-particle surface mefthg® melting model, a;~(ys,—v,,); and for the liquid-skin
(which assume thaky is isotropic and negatiyepredict that  melting model.a,~ vy, . In model 3,a3 can vary between a
the liquid-skin thickness differs from that for a flat surface low-temperature limit of 1.5¢5,— v,,) and an upper limit of
because of geometrical and capillary effects. For instanceys,, so that the melting transition is “smeared ouf.’Al-
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though prior investigators have tried to distinguish betweersolid solubility of likely impurities(Si, O, C, H, or N is very

the models using data on the size-dependent melting tensmall so that the bulk melting temperature is reduced by only

perature, we note here that{—a;)=Ay [see Eq.(1)]. 1 K at saturation>®2 At the particle-substrate interface, Pb

SinceAy~0, the three models predict essentially the same&joes not reduce silica nor wet it. In addition, the vapor pres-

size-dependent melting temperature. sure of Pb is low at the bulk melting temperatu¢@
The study by Buffat and Bor&*® inspired the present x10-9 Torr at 600 K.5

investigation. It included a critical review of the “observa-  gamples were preparein situ by evaporating Pb

tional methods” that had been used to measure the Size{?]ohnson Matthey, 99.9999%rom a resistively heated Ta

dependent melting temperature through 19TR(D) has  poat onto the substrate. The substrate and Pb source were

now been measured by various methods for ; - -
; outgassed prior to deposition. The base pressure in the ultra-
pp131619-21.23.2438 Bj |n, Au, Ag, Cu, Ge, Al, Na, and g P P P

. . d high vacuum chamber wasxL0"° Torr. The sample tem-
,24,38—-4
g}iﬁ(’e'g&?&g;ﬁ nzl:e))m griergcv?/ir::];lu (ige%%meltin Jon\qliga;:; perature was measured to within 0.1 K by a thermocouple in
m 9 gnm " contact with the front side of the substrate but outside the
Buffat gnd Borel determined,,(D) of gold nanoparticles as x-ray beam. The temperature could be controlled to better
a fu.nct|or'1 OfD. dqwn to 2.5 nm from a knowledge' Of. the Au than 0.5 K. The substrate was near room temperature during
particle size distribution and the temperature variation of themm deposition. The average film thickness was 2 to 5 nm
Atu |21%0 eIectror(ledm[r)actl?q gtegsn;l/ up tEFm(oc)I. Al:celr;b Immediately after deposition, samples were melted entirely
g aé_ messlureb m(d ) 0 hm ('j\_” ua nanocrys';ars], 0 | ' and re-solidified. After sample preparation was complete, the
N, Bl, and In based on the disappearance o tgge eeCtrOIg’ample was raised into position for x-ray-diffraction mea-
diffraction intensity. Using new techniques, Letial.>” mea-

) surements.
sured T”.‘(D.) by calorlmetry_, a_n(_JI Castret a|_3-s used the X-ray diffraction scans were taken at various tempera-
field-emission current from individual Au particles down to tur

5 h h iated with I es up to 600 K. An 18 kW rotating anode Cu x-ray source
hm to measure shape changes associated with melting {), sed with an elastically bent, incident-beam LiF focus-
ultrahigh vacuum.

Despite the | bodv of data. th i hani ing monochromator set to pass only ®uy; radiation. The
espite the large body ot data, the melling Mechanisny, i ate surface normal was aligned for symmetric diffrac-
has remained unresolved becay$g most studies did not

o X tion of the Pb 111 peak. A position-sensitive detector mea-
account for the effects of contamination, af®) spurious

. e _ ; ured the scattered x rays simultaneously over an angular
effects may introduce ambiguity in the various observatlonafange of~10° 29 (including both the Pb 111 and 200 dif-
methods, as outlined elsewhéfeFor instance, the spurious fraction peaksfor rapid data collection. Ain vacuo*“stan-

influence of an electron beam on the nanoparticles has be " e . . .
gl ropoiad 4514 1 aiion,we il how hat - v PeS1ed b tesoliyng o ok b i, provided o

crystallite reorientation makes the diffraction intensity an un- ..~ ho1t-maximum for the Pb 111 peakor the surface

reliable indicator of melting. Therefore, the numerous PrioTelting studies, the x-ray divergence slit setting was wider

result.s t“at.Wefe Obt"?“”ed by electron-beam techniques_or b[}ﬁan for the size-dependent melting measurements so that
the diffraction intensity from powders or single crystallites more intensity was obtained, particularly in the tails. The

W'Ig_?]m be corr:m?néed upoln further. techni ¢ id x-ray scans were taken for 1-20 min, depending on the tem-
€ present siudy employs x-ray echniques 1o provite,q ayre and the Pb 111 diffraction intensity.

measurements of the size-dependent melting together wi
the surface melting of Pb nanocrystals. We determine the
total diffracting volume, average size, and size distribution
of the crystallites via the diffraction peak intensity and

shape“.4'45 These measurements are relatively immune t0 The integrated x-ray-diffraction intensity is proportional
spurious effects, e.g., roughening or particle reorientationg the total volume of crystallites that are oriented to diffract.
which may have impaired previous analyses. When conThe diffraction peak shape reflects the average size and size
ducted under ultrahigh vacuum without electron beamsgistribution of the crystallites, with smaller crystallites pro-
these experiments should be unaffected by contaminatiogycing broader diffraction peaks. Strain within the crystal-
and electron-particle interactions. lites can also cause diffraction peak broadening and asym-
metry. X rays scattered from liquid Pb add a very broad peak
to the background under the Pb 111 diffraction peak.

In this study, Fourier analysis of the x-ray diffraction peak

Sample preparation and x-ray-diffraction measurementshapes provided the average crystallite size, size distribution,
were performedin situ in an ultrahigh vacuum chamber and strairf:***The raw data was prepared first by subtracting
which had an x-ray transparent beryllium wind8%*’ The  the background due to the substrate and a variable quantity
sample consisted of Pb particles supported on the native oxf liquid, and then by correcting the data for variations in the
ide surface of a Si532)-oriented substratéWith this orien-  polarization, atomic form factor, Debye-Waller factor, and
tation, the substrate scattered x rays very weaklgad was  crystallographic structure factor. After a Fourier-series ex-
chosen for several reasons, including its x-ray scatteringgansion about the diffraction peak’s center-of-gravity, the
strength, surface energy isotroffyand well-characterized Stokes correction was used to deconvolute instrumental
flat-surface melting®'%?® Also, Pb is relatively inert. For broadening?* The final Fourier cosine and sine coefficients
example, at the surface of Pb, the sticking coefficient of gastA, andB, , respectively, at harmonic distankté¢ were nor-
eous B, H,0, and Q is less than 0.008~*CIn the bulk, the malized so tha’\,=1. Uncertainties due to counting statis-

Ill. ANALYSIS OF DIFFRACTION PEAKS

Il. EXPERIMENTAL METHOD
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tics were propagated throughout the analysisd given in
parenthesgs®

At each temperaturéd, is due to the crystallite size and
strain distributions within the diffracting volume, i.#:4°

AL:AEizeAEtrain, (3a)
where

AP 1= 272(Ldni) L&) (30)

Here, d;, is the interplanar spacing of the reflectidrkl.
(£2) is the mean-squared strain or strain variance averaged
over a diffracting column of length.

The area-averaged crystallite sizf ) is obtained by
extrapolating the initial Fourier coefficients to the abscissa,
using a least-squares fit to Ed) for improved accurac§?*°

(Ly=—Ao/(dA_/dL) 0. (4)

(L) is also known as the average column length. The Fourier
shape functionA (D) for spherical crystallites of a single
diameter 8557

b) 60 N ———

A (D)=1-15L/D)+0.5L/D)® for L<D,
FIG. 1. Scanning electron micrographs(at 0° tilt and (b) 45°
A(D)=0 for L>D, (5)  tilt of a typical Pb thin film deposited on Si.

and B, (D)=0. It follows from Egs.(4) and (5) that (L) vacuum. In Fig. 18), the view is along the surface normal
:(2/3)<.D> for a sharp crystalllte.5|ze dlstrllbu_t|on abput_av- The gray background is the substrate. The white circles are
crage d|amete(rD). If the crystallites are d|str|bute_d N SIZ€ by, islands, which range in diameter between 5 and 35 nm
as volume fractiod™ (D), then the aggregate Fourier coeffi- and are separated by less than one diameter. In Fi. the
cients are view is at 45° to the surface normal to accentuate the nearly

spherical particle shape. Knowing the shape is roughly

A|_=E I'(D)A. (D), where E rb)=1. (6 spherical, Eq(5) can be used for the Fourier shape function
D D of the crystallites.

Using Eq.(6), the crystallite size distribution can be deter-
mine_d _by a least-squares fit B{ D) to the measured Fourier B. Particle reorientation during melting
coefficientsA, . )

Defects in the crystallites may systematically reduce the _After sample preparation, x-ray measurements were ob-
measured Crysta”ite SizéL> from the true one<|_t>, as ta|ned atT:0730, 0870, 0913, 0926, 0940, 0950, 0954,
follows 4445 0.958, 0.962, 0.965, 0.966, 0.967, and 0.968 of the bulk

melting temperature. Figure 2 shows the scans obtained at
(LY I=(L) T+ (Lyy L, (7)  T=0.730, 0.954, and 0.965. The most striking observation is
the intensity increase of the Pb 111 peak wHemcreases

yvhere_(Ld> |s.the appafer?t size that is due. to thg defect%rom 0.730 to 0.954, followed by a rapid intensity decrease
including strain, deformation faults, and twins. Sinde) ft higher temperature

ranges from 8 to 16 nm here, it can be shown for the Pb 11
peak that the sum of these systematic uncertainties gives a
maximum possible reduction iL) from (L;) of 6.5—13 %,
respectively(Appendix A).*” These systematic uncertainties
will be included separately from the statistical uncertainty.

6
5 n_~T=0.954

@ ]
2 i
c 4 !
3 i
IV. RESULTS L3 i
> H
A. Sample morphology and cleanliness 2 5
. [
Auger electron spectroscopy measurements confirmed £,
that the freshly prepared Pb surface remained clean for tens Pb 111 Pb 200
of hours under the present vacuum conditions. Figufes 1 0
; . . 28 30 32 34 36
and 1b) are scanning electron micrographs of a typical 26 (degrees)

sample. The micrographs were obtairedsitufollowing the
size-dependent melting study, several additional melt- FIG. 2. X-ray-diffraction scans of Pb 111 and 200 peakd at
solidification cycles, and several hoursTat 0.9 in ultrahigh ~ =0.730, 0.954, 0.965.
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FIG. 3. Pb 111 and 200 diffraction intensitgackground sub-

FIG. 4. Pb 111 diffraction peak shape and Fourier coefficients at
tracted versus temperature.

low and high temperaturegnset: Pb 111 diffraction peak shapes
for lead particles af=0.730 and 0.965 and for a Pb standard at
Figure 3 shows these intensity Changes more C|ear|y. Theoom temperatureMain: filled circles indicateA, at T=0.730;
increasing intensity can only be due to crystallites rotatingilléd squares indicat®_ at T=0.730 showing negligible strain or
and reorienting themselves into a preferred orientation witdaulting-induced assymetry; filled triangles indicaty at T
their (111) face parallel to the substrate and perpendicular tcg 0'963 Showls_ ciyjtalilited l_s'ze. g!smbunonf Is_altered hby. s'lze'
the diffraction vector. This kind of crystallite reorientation ependent melting; dashed line indicategD) for 23 nm spherica

h b has b bef N th Icr stallites and shows size distribution sharpens on approaching
on an amorpnous substrate has been seen before in the ¢ %m'(Dma)a; open circles indicatd\, after resolidifying the sample.

sic ‘;goggtisrl‘g sphere studies” of interfacial pheno- |y indicates the area-averaged crystallite size from the initial co-
mena.®>*"°*The intensity variation Is sensitive to the tem- sine coefficients at both temperatures.

perature, the heating rate (time scalemin), and the choice
of diffraction peak. Additional measurements indicate that, T=0.965 (Fig. 4, dashed linegives a good fit with a

the crystallites remain oriented upon cooling. Since botr‘sing|e size Do gee=23 (1) nm=(3/2)(L) (as discussed ear-
melting and crystallite rotation strongly modify the diffrac- jigr). '

tion intensity, it must be concluded that the diffraction inten-  after the entire sample melted, @t (D), and cooled

sity by itself is an unreliable indicator of size-dependentyack 1o T=0.730, the Fourier coefficients were measured

melt_lng. . L . again (open circles in Fig. # Their similarity toA_ at T
Since the(111) orientation is preferred, the disappearance_ o 730 pefore melting shows that the original crystallite size

of all Pb 111 diffraction intensity occurs at the melting tem- yistriution is recovered after melting and resolidifying the

perature of the last—and largest—crystallites in thegnire sample. Consequently, the differences between the

8 . . .
sample, which we designate to have diame®f.,. BY  |ow- and high-temperature measurementsrarelue to crys-
extrapolating to zero intensity in Fig. 3, we find the melting jite growth via coarsening or coalescence.

temperature of these largest particles(Dmay), to be 0.969.  The ohserved doubling of the average crystallite size must
This is the only information on melting that we can obtain e gye the crystallite size distribution shifting to a larger size
from the intensity data. Instead, we will now focus on thea T 965 as the smaller particles have melted. To deter-
dn‘freicuon peak shape and its relation to the mclalimg..AII b“,tmine the crystallite size distribution, we fit E¢6) to the
the final three Pb 111 measurements had sufficient intensity rier coefficients obtained at each temperature and thereby
for peak-shape analysige,, filled circles in Fig. 3 determined the volume fraction for four crystallite size bins
(diameters of 6, 12, 18, and 24 nnkigure 5 shows clearly
the shifting of the crystallite size distribution to a larger size
as one approachés=0.965.
Figure 4 compares the Pb 111 peak shapes and Fourier The area-averaged crystallite size increases monotonically
coefficients aff = 0.730 and 0.965, slightly below,,(D 5.  Wwith temperature, beginning aroufid=0.9 (Fig. 6). Fitting
The Pb 111 peak narrows with increasing temperature. Notdsq. (2) (melting temperature versus crystallite gize the
in particular, the disappearance of the strong tailsTat data provides both a calibration for the bulk melting tem-
=0.965. This is due to melting of the smaller crystallites.perature and the measured valuecofdashed curve The
Next, we analyze the peak shapes via the Stokes-correctetbpe of T,,((D)) versus D) is —0.87 (6) nm (where
Fourier coefficients. (D)=1.5L)) for T=0.94. Within the statistical uncertainty
The initial Fourier cosine coefficients @t=0.730(filled of the experiment, the slope is unchanged after increasing
circles and 0.965(filled triangles yield an average crystal- (L) to remove the possible systematic effects of strain, mi-
lite size(L) equal to 7.9(2) and 15.5(11) nm, respectively crotwinning, and deformation faults that were evaluated ear-
[Eg. (4)]. According to Eq.(2) and sinceT=0.965 is only lier. Since(L) measures the average and not the smallest
0.004 below T,(Dna, the crystallite size distribution crystallite size present at each temperature, the measured
should be quite narrow. Indeed, applying E8). to the data  slope overstates the value af A proper correction gives

C. Size-dependent melting
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Volume Fraction

80 . 100 . 20
Time (minutes)

Intensity (a.u.)

6 nm Diameter 0 __fe
303 31.0 31.5 320 30.5 31.0 315 320
26 (deg) 20 (deg)

FIG. 5. Evolution of crystallite size distribution as temperature
increases from 0.8%ront) to 0.965(reapn. Data are volume frac-
tions (6—24 nm diameterwith the total volume normalized to

unity.

FIG. 7. Pb 111 x-ray-diffraction peaks taken during two under-
cooling cycles(inseb.

during “undercooling” cycles. The sample was first heated

k o i to nearT (D a0 to melt most particles and promote liquid-
pendix B. Substituting the corrected slope into E@)  gyin formation on the remaining crystallites. Upon slight

(0.62 nm=4a/pgH using the bulk values of 11.3 g/énfor cooling, the liquid particles do not solidiffjwe were able to
ps and 23.1 J/g foH), we havea=0.040 (3) Jirh with the ndercool by as much as 120 ihereas the thickness of the
uncertainty derived from the original counting statistics. US'quuid skin on the crystallites is expected to decrease
iNg Trm(Dmay, One also finds thabmq,=27 nm, which is reversibly!® Thus, undercooling provides a means of sepa-
similar in size to the largest particles in Fig. 1. rating the effects of the surface melting from the size-
The results show clearly that small particles melt at reyependent melting. X-ray-diffraction can measure the chang-
duced temperatures, following E®). However, it remains  hq crystallite volume during an undercooling cycle, as we
to be shown whether a liquid skin envelops the crystallites ag5ye shown in a preliminary repdh.
the size-dependent melting temperature is approached. If a gefore the temperature excursion experiment, the sample
liquid skin progressively consumes a crystallite, _then th&yas annealed for three hours above 90D may- The an-
crystallite dlar'neter. would be reduced', and thl$ C°”|dnealing increased the population of largd,11)-oriented
broaden the diffraction peak. However, in a polydisperseq,ysialiites available to diffract, and also minimized the spu-
sample, if the liquid-skin growth is a weak function of tem- 5 effects of coarsening and particle rotation during sub-
pgrature, then the peak broadening d.ue to sur_face melt'rgequent measurements. In Fig. 7, the Pb 111 x-ray-
might be obscured by the peak narrowing resulting from theyigtraction profiles,(a)—(f), were obtained at temperatures of
melting of smaller particles, as we observed in Fig. 6. 98.0, 94.3, 99.55, 96.0, 100.05, and 93.51%(D ), re-
spectively(inse). The 111 diffraction peak grew on cooling
D. Small-particle surface melting from (a) to (b) and from(c) to (d). Measuremente) was
taken at 100.05% (D 20, Showing melting of all Pb par-
ticles. Measuremerit) was obtained upon cooling to 93.5%
Th(Dmaw- The data from the latter two measurements are
indistinguishable as the particles remain melted during un-
dercooling. This proves that solidification of the liquid par-
ticles is negligible between 100% and 93.5%4,(D nax-
These results were reproduced with another sample.
During the temperature excursion between 98.0 and
94.3%T,(Dmay, the area-averaged crystallite diameter was
46 (2) nm with no apparent variation with the temperature.

—0.62 (4) nm for the slope of (D) versus 1D (see Ap-

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

N
o

———

-
[3,]

Average Crystallite Size <L> (nm)

10 Upon further heating to 99.55%,(D a4, the intensity de-
/ creased 35% and the average crystallite diameter increased
- / ‘ due to size-dependent melting. The diameter then remained
e constant at 522) nm during the temperature excursion be-
0.70 0.80 0.90 1.00 tween 99.55 and 96 %,,(D 4. If a liquid skin of uniform
Temperature (1/T,,(bulk)) thicknessr envelops a crystallite at high temperature, then

L the crystallite diameter would change as follows:
FIG. 6. Area-averaged crystallite sige) versus temperature. A

linear fit (dashed lingto data obtained at the six highest tempera-
tures (for which the crystallite size distribution is expected to be A((D)) _ —Zﬁ @)
sharp provides the measured coefficientfor Eg. (2). (D) (D)"
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- ‘ creases on approaching,(D ., Which is similar to flat-
H_i > surface melting, e.g., of the PHLO) surfacet®
] w
105% | [Iﬂ — ik {105% &
L N 1= V. DISCUSSION
~ i, ] E . .
5. — 1 - W ® The three main results of this paper are
o 100% 1 * 3 100% a (A) X-ray-diffraction methods can reveal the size-
:E ] dependent melting and the surface melting of nanocrystals;
- o (B) A measurement of the size-dependent melting tem-
b= 95% | 195% g perature of Pb gavd(D)=1—0.62nmD, i.e., Eq.(2)
E with @=0.040 (3) J/r, and
m: ~ max (C) Surface melting was observed, with0.5 nm liquid-
90%80 100 120 90% skin growth just below the size-dependent melting tempera-

ture of 50 nm Pb crystallites.

The demonstration of liquid-skin growth gives unambigu-

FIG. 8. Temperaturébold line), diffraction intensity (), and  OUS support to the liquid-skin melting model over the homo-
average crystallite siz@sterisk} versus time for two undercooling geneous melting model. The liquid nucleation and growth
cycles. Less than 1% intensity change can be attributed to thenodel remains possible because transient liquid-skin forma-
Debye-Waller effect. The remainder is due to surface melting andion can occur even though the liquid-skin thickness and the
~0.5 nm reversible liquid skin growth. The variation in the averagemelting temperature are indeterminate in this model. How-
crystallite size ¢~1.5%) is less than the statistical uncertainty at ever, the liquid nucleation and growth model requires a more
each point ¢-3%). precise statement of the melting temperature or liquid skin

thickness in order to be evaluated cleaidge below.

Therefore, Eq(8) establishes an upper limit of 1.0 nm for
the change in liquid-skin thickness for the two undercooling
cycles beginning at 98 and 99.55 V(D). [Note that
when the uncorrected Fourier series at each temperature was Our experimental approach, based on x-ray diffraction,
normalized by the first series, then a marginally significanthas important advantages over prior methods in that quanti-
variation (~1.5%) was observed between the crystallite sizéative measures of the particle size and staee, crystallin-
and the temperatur@sterisks in Fig. 8, which is discussed ity) are obtained by a single measurement with minimal spu-
nexd.] rious effects. Analysing the diffraction peak shape instead of

Figure 8 shows the variation of temperature and normalthe diffraction intensity is different from the approach taken
ized diffraction intensity versus time. The intensity increasedn previous studies of size-dependent melting.
reversibly by 6(1)% on cooling from 98 to 94.3 % (D a We also find that the crystallite reorientation and surface
with (D)=46 (2) nm. In the next temperature cycle, the in- melting both occur in the same temperature rafufeFigs. 3
tensity increases reversibly byZj% on cooling from 99.55 and 8 and may be related to each other. Balluffi and
to 96 % T (Dma) With (D)=52(2) nm. The intensity Mauref? suggested that crystallite-substrate interfacial melt-
change cannot be due to particle rotation or coalescence b#g would cause the crystallite to rotate into lowyr orienta-
cause it is reversible and immediate and because the samgiens, predominantly111) and to a lesser exte(t00), as we
had been annealed for three hours above 90D a0 observed. It follows that the Pb-silica interface might have
Also, simple calculations based on the Debye-Waller factofmelted below the size-dependent melting temperature. In the
for the Pb 111 diffraction peak show that only a 1% intensitypresent study of Pb nanocrystals, growth of the1R)-
increase is expected for the 3.5% temperature reduction, irgilica interface might drive thg11l) reorientation of the
cluding bulk and surface atomic vibratioffs. crystallites. While our results do not resolve the long-

The remaining intensity change can be related geometristanding question of interfacial melting, the overlapping tem-
cally to the growth of a uniformly thick liquid skin, as fol- perature for surface melting and crystallite reorientation is
lows: interesting.

It should be noted that the observed diffraction peak
broadening isot due to multiply twinned structurd®TPs,
i.e., icosahedra, decahedra, et quasimelting(i.e., rapid
fluctuations among several particle structures and
orientation$** for the following reasons. First, the present
Thus,A7=0.38 (8) and 0.5217) nm for the undercooling observation of slow Pb crystallite rotatioftime scale
cycles beginning at 98.0 and 99.55 %,(D ), respec- ~1 min) and slow coarseningl h) is much slower than the
tively. Comparing the two undercooling cycles, the liquid rapid quasimeltindl s observed previously by electron mi-
skin growth is slightly greater at the higher temperaturescroscopy at room temperatu?&3*%* Secondly, the above
beginning at 99.55% ,(D na0- Also, within the undercool- analysis and Appendix A reveal that the influence of strain
ing cycle that begins at 98.0%,,(D a4, three fourths of the  broadening and microtwinninthence the MTP populatign
intensity increase occurs on cooling to 96.1P4(D a0, IS negligible in the present study. Finally, the observed nar-
while only one fourth occurs on further cooling to 94.3% rowing and broadening of the diffraction peak occurs in con-
Tm(Dmaw- Thus, it appears that the liquid-skin growth in- junction with the melting and solidification of the Pb nano-

Time (minutes)

A. The x-ray-diffraction method

Al B AT
I___6@' (9
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particles. Although some recent studies have observe(lThe discrepancy could be resolved by repeating the electron
MTP’s and the quasimelting of encapsulated Pb nanopamicroscopy measurements on unconstrained particles in ul-
ticles by electron microscopy;®* this might be caused by trahigh vacuum.

the encapsulating lay&7-%” Also, Marks** has observed that

In order to compare the present liquid-skin growth near

“at least for lead particles, it is clear that there is more takingT (D) to flat-surface melting nedr,(«), two assumptions
place due to the electron beam than can be simply accounteate necessary. First, we choosgHl) to be the “represen-

for by any type of electron-beam heating.”

B. Size-dependent melting

The size-dependent melting temperature of PR(D)

=1-0.62(4) mmD, has been measured here by using x-

ray-diffraction under ultrahigh vacuum conditions.

Historically, tests of the theoretical melting models
against experimental results @p,(D) have always been im-
peded by the commonality of EQ) to all three models, as
well as the uncertainty of the interfacial energies, especiall

vs, - Recent improvements in the determinationygf bring
more meaning to the compariséh. For Pb: 1y,
=0.560 (4) J/A (Ref. 6§ with =3% variation?’ y,,
=0.452 J/n,%8 and y,,=0.046 J/mM.?8

Theoretically, the complete expressions éoin the melt-
ing models argwithout the prior simplifications

a1=ysy— Vro(ps!p1)?*=0.097 I/, (9a)
(ps/p1)—1
Q2="Ys/~ Y/v ].'fS'TlT/D) =0.031 J/nf, (9b)
0.046 J/ni= Ysrsazs1H yg— '}’/U(Ps/p/)ZB]
=0.145 J/m, (90)

using ps/p,=1.035 for Pk and takingr/D~0.01 from the
surface melting measurements.

tative” flat-surface orientation of Pb because Stranpkisits
that surface melting of110 faces is intermediate between
high-index and other low-index surface orientations, consis-
tent with experimental observatio.1226 PL(110 has a
liquid-skin thicknessr*19= 74In[ 6T,/8T] with 7,=0.3 nm,
6To=164 K, andéT is the temperature difference below the
melting temperaturé®!? Second, the temperature difference
ST is taken asST=T,(«)—T [i.e., instead ofl ,(D)—T].
This interpretation obT appears to be consistent with small-
particle surface melting theorié%3%:32

Y With these two assumptions, one can readily compare our
data A7 on small-particle surface melting with the flat-
surface melting\ 7119 over the same temperature excursion.
It can be shown by using Eq2) that T (D mad=0.992
T(o0) for this sample. Beginning at 98.0%,,(D .y, the
first temperature excursiod T=0.037 in Fig. 8 has given
A7=0.38 (8) nm experimentally, whileA 7(319=0.27 nm

on the flat PKL10) surface over the same temperature excur-
sion. Likewise, in the second temperature excursion begin-
ning at 99.55%T (D a0, the measured 7=0.52 (17) nm

is comparable ta 7**9=0.4 nm. This comparison indicates
that the measured liquid-skin growth on 50 nm crystallites is
the same or slightly greater thanr(*'9 for a flat Pl§110)
surface over the same temperature excursion.

The Baker-Dash theof*° of small-particle surface melt-
ing gives an enhanced liquid-skin thickne€® on a nanoc-
rystal compared to that on a representative flat surface at the
same ST below the melting temperature; i.e\7°°=0.35

When comparing the theories to the measured value ond 0.55 nm for the first and second temperature excursions,

«[0.040 (3) J/M], the liquid-skin melting model(2) is

respectively(again assuming*'? for the representative flat

clearly more satisfying than either the homogeneous meltingurface andsT the temperature differengeWhile our data

model (1) or the liquid nucleation and growth mod@).
[The remaining discrepancy betweanand a, could be

removed as follows. Pluist al***? note that the bulk inter-

facial energiesabove do not satisfy the relatiod y=~0 that

then agree well with the Baker-Dash theory for this size and
temperature range, the correction is within the experimental
error. It is of course understood that the liquid skin may be
nonuniform and that the above analysis yields only a value

is needed to explain the variation in liquid-skin thicknessaveraged over all crystallite surface orientations.

with Ay on different flat-surface orientatiof$kl} of Pb.
Instead, Pluis et al}''? obtain a best fit with y,,
=0.501 J/mM, 7,,=0.561 J/mM (having +3% variation with
{hkl}), and y,,=0.056 J/M (so thatA y~0). Using these
values brings the liquid-skin melting modeli.e., a,

Finally, we find that an improved thermodynamic theory
is needed to examine the melting and surface melting of
nanocrystals, especially at temperatures closg D). In
the classical liquid-skin melting model, the liquid-skin thick-
ness is a free parameter independent of size and temperature

=0.039 J/M) within the experimental uncertainty of the that has been fit empirically to experimental datd g{D) in

present measuremept.

C. Surface melting and liquid-skin growth

prior studies:*151719.226%10dels of small-particle surface
melting, like the Baker-Dash theory, do not fully explain the
final melting at the size-dependent melting temperature. As
mentioned earlier, the liquid nucleation and growth model

Our results show that the liquid skin on 50 nm Pb nanoc-also deserves renewed attention.
rystals grows at roughly 0.1 nm per 1% temperature change

near the melting temperature under clean conditions. The

VI. CONCLUSIONS

skin growth is two orders of magnitude smaller than what

Lereahet al. reported using dark-field transmission electron

(1) The x-ray-diffraction peak shape clearly reveals the

microscopy on a 100 nm Pb particle constrained in a solideduced melting temperature of the nanocrystals in agree-
silica overlayef°~%" Bohr has shown that the overlayer ment with theory.
could induce the observed temperature range of solid-liquid (2) The diffraction intensity reveals crystallite reorienta-

coexistence via pressurization effects during the mefrfg.

tion near the melting temperature, which suggests that prior
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results based solely on the diffraction intensity needed furtished by Eq.(2). As D, increases with temperature, the
ther confirmation. area-averaged crystallite diame{@) also increases but at a
(3) The reversible growth of a liquid skin has been dem-different rate. The variation ofD) with Dy, can be ex-
onstrated and is comparable to published data on flat-surfaggessed analytically. Equatiori@)—(6) are used with the
melting. summations replaced by integrals. It is assumed simply that
(4) Results giving the size-dependent melting temperaturgom D,;, to D, the crystallite size distributiod’(D) is
and the surface melting of small particles support the liquidsharp and decreases linearly to zero, as follows:
skin melting model over other models in the literature.
I'(D)=c(Dmax—D), (BY)
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APPENDIX A: POSSIBLE EFFECT OF DEFECTS ON (L)
It also follows from Eq.(B2) that

The strain in copper filind§ at 298 K gives (Lq)
=400 nm and reduced ) less than 2% to 4% froniL,), d Dmax -15
following Eq. (7).#+*° Likewise, by taking the population of ([?—L AL)L 0: fDmin C(Dmax— D)[T dD, (B4)

deformation faults to be equal to 0.00®r copper filings at
298 K),"® we have(L4)=250 nm so thatL) is reduced by which is easily integrated. For a sharp crystallite size distri-
less than 3% to 6% fronfL,) in the present study. Finally, bution,(D)=1.5L), as discussed in the text. SinDg,a, is

for the possible population of twin defegss=0.0043), we  a constant, we can defii,,,=1 so thatD,;, and(D) are
have(L 4)=520 nm which gives less than 1.5% to 3% reduc-fractions ofD 5. After substitutingA,, (D), and Eq.(B4)

tion in (L) (50% confidenck whereg is computed from the into Eq. (4), the area-averaged crystallite diameter is calcu-
measured shift of the 111 diffraction peak centroid relative tdated to be

the peak maximuriA26=0.0078)°].”* This also indicates

that there is less than one twin per 520 nm on the four types  (D)=(—0.5(1—Dyin){1— Dmint+ IN(Dpmin) 1%

of Ph{111} planes, which is much greater than the particle (B5)

size and therefore is simply the limit of the analysis. i )
A plot of (D) versusD;, from 0.5 to 1 is very nearly linear.

The average slope(taken from the endpoinks is

A(D)/ AD ,=0.71. Multiplying A(D)/AD;, by the mea-
As a result of the size-dependent melting temperature, thsured slope of,,((D)) (i.e., 0.87 nm gives 0.62 nm for the

crystallite size distribution has a lower limD,,,, estab- corrected slope of (D) versus 1D, as is used in the text.

APPENDIX B: CORRECTION TO T,,({D))
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