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Structure and melting of Bi nanocrystals embedded in a B2O3-Na2O glass
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A composite material consisting of spherical Bi nanoclusters~nanocrystals and/or liquid nanodroplets!
embedded in a 28Na2O-72B2O3 glass was studied by the wide-angle x-ray scattering~WAXS! and small-angle
x-ray scattering~SAXS! techniques over the temperature range in which the Bi crystal-liquid transition occurs.
Because of the wide radius distribution of Bi clusters and due to the dependence of the melting temperature on
crystal radius, the overall transition occurs over a wide range, from 365 up to 464 K. In this transition range,
large Bi nanocrystals coexist with small liquid droplets. A weak contraction ina andc lattice parameters of
rhombohedral Bi nanocrystals with respect to the bulk crystal was detected. As expected, the average radius of
crystalline Bi clusters, deduced from WAXS data, increases for increasing temperatures over the whole solid-
to-liquid transition range. The SAXS spectrum recorded at different temperatures within the transition range is
essentially invariant, indicating that the radius distribution of Bi nanoclusters~nanocrystals and nanodroplets!
is temperature independent. The volume distribution of Bi nanoclusters is a single-mode function with the
radius ranging from about 15 up to 41 Å with a maximum at 28 Å. The integral of Bragg peaks of Bi
nanocrystals decreases for increasing temperatures as a consequence of the progressive melting of nanocrystals
of increasing size. By combining the results of WAXS and SAXS experiments, we determined the melting
temperature of the nanocrystals as a function their radius suppressing unwanted size dispersion effects. Our
results clearly indicate a linear dependence of the melting temperature on nanocrystal reciprocal radius, thus
confirming previous theoretical predictions.

DOI: 10.1103/PhysRevB.65.134204 PACS number~s!: 65.80.1n, 61.46.1w, 61.10.2i
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I. INTRODUCTION

The structure and properties of nanostructured mate
may strongly differ from those of common, coarse-grain
solids. The existence of noncrystallographic structures
lattice contraction effects was already reported for a num
of nanocrystals.1–4 Another well-known effect is the stron
decrease in the melting temperature for decreasing nano
tal size. This effect was first reported by Takagi.5

A number of experimental techniques have been used
to now to study the size dependence of the melting temp
ture of nanocrystals. In most of the published articles, res
obtained by transmission electron microscopy~TEM! were
reported. In TEM experiments changes in nanocrystal sh
from polyhedral to spheroidal, were observed. On the ot
hand, differences in the structure of nanocrystals of vary
size were detected by electron diffraction and dark-field e
tron microscopy. Optical techniques, differential scann
calorimetry and x-ray diffraction were also used to inves
gate these materials. A detailed description of the solid-liq
phase transition in nanostructured materials was reporte
Kofman et al.6

We here present an experimental study of the struc
and melting behavior of Bi nanocrystals embedded in
28Na2O-72B2O3-glass matrix. The glass-Bi nanocryst
composite was studied by simultaneous small-angle x
scattering~SAXS! and wide-angle x-ray scattering~WAXS!
at varying temperatures. Combined use of SAXS and WA
techniques allowed us to determine the melting tempera
0163-1829/2002/65~13!/134204~6!/$20.00 65 1342
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of Bi nanocrystals as a function of their radius using a sin
sample.

The dependence of the melting temperature on the ra
of Bi nanocrystals determined in the present work was co
pared to those obtained by previous authors7–9 and with the
prediction of a simple theoretical model.10

II. NANOCRYSTAL-TO-LIQUID TRANSITION

A theoretical thermodynamic approach developed
Couchman and Jesser10 connects the melting temperatureTm
of free small spherical crystals with their radiusR. The
Tm(R) function is given by10

Tm5TbF12
3~sc /rc2s l /r l !

RLm
G , ~1!

whereTb is the melting temperature corresponding to ma
roscopic crystals,Lm is the latent heath of fusion per un
mass,sc and s l are the surface energies of crystalline a
liquid clusters, respectively, andrc andr l are the densities o
the crystalline and liquid phases, respectively.

Equation~1! implies thatTm is a linear and decreasin
function of 1/R. The limit value ofTm for (1/R) approaching
zero is equal toTb . For very large values of 1/R, with R
approaching atomic dimensions, the crystalline and liq
phases are not well defined and so Eq.~1! no longer applies.

For particles embedded in a glass matrix Eq.~1! still
holds if sc and s l are substituted by the interfacial energ
between the glass and crystals,sgc , and between the glas
and liquid droplets,sgl , respectively. An additional termKE
©2002 The American Physical Society04-1
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takes into account the difference in density of the strain
ergy due to volume changes during the melting.11 Conse-
quently, for nanocrystals embedded in a homogenous g
matrix, Eq.~1! becomes

Tm5TbF12
3~sgc /rc2sgl /r l !

RLm
2KEG . ~2!

III. EXPERIMENT

The starting raw materials were Na2CO3, B2O3, Bi2O3 ,
and SnO. SnO was added as a reducing agent for Bi2O3 .
This mixture was melted in an electrical furnace und
vacuum (1021 mbar) at 1313 K. A 28Na2O-72B2O3 glass
containing dispersed Bi nanocrystals was obtained by an
tial quenching using the splat-cooling technique, an isoth
mal annealing of 45 min at 853 K, and a slow final cooli
down to room temperature.9 The isothermal annealing at 85
K promotes the nucleation and growth ofliquid Bi droplets.
~The melting temperature of bulk Bi is 544.4 K.! After
annealing, the glass sample was cooled down to room t
perature at which all liquid droplets have crystallized. T
resulting glass-nanocrystal composite was then studie
different temperatures, from 304 to 503 K, using combin
WAXS and SAXS techniques.

The SAXS and WAXS experiments were performed at
SAS beamline of the National Synchrotron Light Laborato
~LNLS!, Campinas, Brazil.12 The two types of spectrum
were recorded using one-dimension gas x-ray positi
sensitive detectors. X-ray monitors placed before and a
the sample measured the intensity of the incoming and tr
mitted x-ray beam intensity in order to determine the sam
attenuation. SAXS spectra were normalized to equivalent
tensity of the direct beam in order to compensate for
continuous decrease in the emission of the synchro
source. The SAXS intensity was determined as a function
the modulus of the scattering vectorq54p sinu/l, l being
the wavelength of the x-ray beam (l51.61 Å) andu half the
scattering angle. An alumina standard sample was used
the precise measurement of the scattering angle and fo
determination of the instrumental effects on the broaden
of WAXS peaks. WAXS and SAXS experiments were sim
taneously performed so that both techniques probed the s
sample volume.

IV. RESULTS AND DISCUSSION

A. Small-angle x-ray scattering measurements

The overall, low-resolution, structure of the studied gla
metallic Bi nanocomposite was characterized by SAXS. P
vious observations by TEM~Ref. 9! indicated that the stud
ied material is composed of a homogeneous glass matri
which spherical or nearly spherical Bi clusters of differe
sizes are embedded. The SAXS technique was employe
order to determine the volume distribution of Bi clusters a
function of their radius, the average radius and the total v
ume occupied by them.

WAXS results indicated that spherical Bi nanocrystals a
Bi liquid droplets coexist within a wide temperature rang
13420
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The SAXS technique probes all Bi nanoclusters regardles
the ~crystalline or liquid! physical state.

The SAXS intensity produced by a two-electron dens
system composed of a dilute set of spherical and homo
neous nanoclusters embedded in an also homogeneous
trix is given by13

I SAXS~q!5~rp2rm!2S 4p

3 D 2E
0

`

Dn~R!R6@F~qR!#2dR,

~3!

whereDn(R) is the cluster number distribution function,rp
andrm are the electron densities of the particles~nanoclus-
ters! and matrix, respectively, andF(qR) is defined by13

F~qR!53
sin~qR!2qRcos~qR!

~qR!3 . ~4!

The cluster volume distribution functionDv(R)
54pR3Dn(R)/3 was determined from the SAXS intensi
profiles plotted in Fig. 1~a! using theGNOM package.14 The
best fit to experimental SAXS data is also shown in Fig. 1~a!,
and the correspondingDv(R) function is plotted in Fig. 1~b!.
The good agreement between the experimental and ca
lated spectra confirms the validity of the proposed model
the studied material.

The experimental results demonstrated that, under
above-mentioned annealing condition,Dv(R) is a single-
mode function of nanocrystal radius. The nanocluster ra
range from about 15 up to 40 Å and the maximum ofDv(R)
is atR528 Å. The average radius^R& and the relative radius
dispersion sR are ^R&524.160.2 Å and sR50.236
60.004, respectively.

As we will see in the next section, WAXS results demo
strated that below 365 K all Bi clusters are crystalline, abo
464 K all are in liquid state, and within the 365–464 K ran
nanocrystals and liquid droplets coexist. Since all SAXS
tensity spectra recorded at different temperatures, from
up to 503 K, are essentially equivalent, we concluded t
the radius distribution of the clusters~crystals and liquid
droplets! is essentially independent of the temperature a
physical state.

B. Wide-angle x-ray scattering measurements

In order to study the structure of Bi nanoclusters at d
ferent temperatures, WAXS measurements were perform
during the heating of the glass-metallic Bi composite fro
room temperature up to 503 K. Figure 2~a! shows the WAXS
spectra, corresponding to the sample held at 304 and 50
The spectra corresponding to temperatures above 304 K
hibit weak and wide Bragg peaks corresponding to Bi nan
rystals superposed onto the scattering halo produced by
glass matrix.

The analysis of the diffraction patterns indicates th
Bi nanocrystals are rhombohedral as in bulk state. Th
peaks continuously decrease in intensity for increas
temperatures.
4-2
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The progressive melting of Bi nanocrystals for increas
temperatures provides an additional contribution to the w
halo associated with the noncrystalline part of the mate
~liquid Bi and sodium-borate glass!. So the total WAXS in-
tensity can be written as

I WAXS~T,u!5I c~T,u!1I g~u!1I l~T,u!, ~5!

whereI c(u,T) is the WAXS intensity produced by Bi nano
crystals,I g(u) the intensity coming from the glass matri
and I l(u,T) the intensity contribution from the melted B
droplets. The intensityI g(u) is assumed to be independent
the temperatureT over the range 304 K,T,503 K.

The contribution from the glass matrix was removed
subtracting the WAXS intensity@ I g(u)1I l(TF ,u)# mea-
sured at high temperature (TF5503 K), at which all Bi
nanoclusters are melted and so no Bragg peaks from
crystalline structure are present. The resulting inten
J(T,u) is given by

FIG. 1. ~a! SAXS intensity produced by Bi nanocrystals embe
ded in a borate glass at room temperature. The open circles ar
experimental data and the solid line is the best fit usingGNOM

program.~b! Nanocrystal volume distribution function. SAXS in
tensity spectra determined at different temperatures from 304 u
503 K are essentially equivalent.
13420
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J~T,u!5I c~T,u!1I l~T,u!2I l~TF ,u!. ~6!

In order to determine the average radius and lattice
rameters of Bi nanocrystals, the diffraction peaks of t
J(T,u) functions were fitted by Gaussian functions. The fi
ting parameters of the modeled Gaussian functions were
a and c lattice parameters of the hexagonal unit cell, t
integrated area of the diffraction peaks, and integral width
the ~012! Bragg profile. The integral widthD(2u)012 could
be precisely determined because the~012! peak is relatively
strong and does not overlap with other peaks~Fig. 2!. For the
fittings of the theoretical profile to the~104!, ~110!, and~202!
experimental peaks, it was assumed that all nanocrystals
spherical. Under this assumption, the integral widthsD~2u!
of these weak peaks are not independent parameters an
related toD(2u)012, as will be described later, by the Sche
rer equation. The acceptable quality of the fitting of the th
oretical curves to the experimental ones~Fig. 2! a posteriori
justifies the mentioned assumption.

Since forT,TF we haveI l(T,u),I l(TF ,u), a negative
contribution due to the increase in scattering intensity int
duced by the melted Bi particles is expected. A Gauss
function for this difference was also assumed in the fitti
procedure.

Taking into account the small volume fraction occupi
by the nanocrystals and the consequent weak Bragg p
and high relative statistical errors in the scattering intens

-
the

to

FIG. 2. ~a! WAXS spectra at 304 and 503 K corresponding to
crystalline nanoclusters and liquid nanoclusters, respectively. In
spectrum corresponding toT5503 K, the additional contribution
from melted Bi clusters is clearly apparent.~b! Difference between
the WAXS intensities measured at 304 and 503 K:@ I WAXS(T
5304 K,u)2I WAXS(T5503 K,u)#. The solid lines correspond to
the Gaussian functions determined from the best fit. Only one w
peak at 2u'35° was not identified.
4-3
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the Gaussian function was demonstrated to be an accep
approximation for the peak profile in the fitting procedure

The J(T,u) function atT5304 K and the modeled func
tion that best fit to it are shown in Fig. 2~b!. Both curves are
in good agreement. The same procedure was applied t
WAXS spectra. From the values of the adjusted coefficie
of the modeled curves, the temperature dependence o
volume fraction of crystalline phase and the average rad
and lattice parameters of Bi nanocrystals were determine

By subtracting the contribution from the glass matrix a
from melted Bi particles, the WAXS peak profiles of B
nanocrystalsI c(T,u) were obtained. The results are plotte
in Fig. 3. The area of the Bragg peaks exhibits a monoton
and continuous decrease between 365 and 464 K. Above
K the Bi Bragg peaks vanish, indicating that all nanocryst
have melted.

The values of the lattice parameters experimentally de
mined are noticeably smaller than those of bulk Bi~a
54.5470 Å, c511.8616 Å—JCPDS PDF card 44-1246!.
The observed lattice contraction is a consequence of the
pected surface tension effect that becomes relevant for
small crystals. The contraction of thec parameter, 0.8%, is
higher than that ofa, 0.4%. This anisotropy was also re
ported by Yu et al.15 for Bi nanocrystals produced by a
electrohydrodynamic technique.

The average chord length in the direction perpendicula
the reflecting planeŝM& was determined from the integra
width of the Bragg reflectionD~2u! using the Scherre
equation16

^M &hkl5
l

D~2u!hkl cosuhkl
, ~7!

FIG. 3. WAXS pattern corresponding to the Bi nanocrystals
ter subtraction of the contributions of the glass matrix and of
melted Bi clusters. The curves are vertically displaced for clarit
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wherehkl are the Miller indexes of the reflecting planes a
uhkl are the Bragg angles. Assuming a Gaussian profile,
haveD(2u)5A2ps, wheres is the standard deviation.

The average size parameters^M &012 obtained by the fit-
ting procedure described before are shown in Fig. 4. A p
gressive increase in̂M &012 is observed for increasing tem
peratures. This trend is expected because small
nanocrystals melt at lower temperatures than large one7–9

thus shifting the average size of crystalline clusters tow
higher values. At lower temperatures~,365 K! no variation
in the average cluster size is observed and^M &012 is equal to
45.960.8 Å.

In the case of a system composed of a high numbe
randomly oriented nanocrystals with a known shape and
distribution, ^M& can be calculated directly using its ge
metrical definition:16

^M &5
*M dnM

V
, ~8!

wheredvM /V is the volume fraction of the crystalline phas
for which the chord lengths in the direction normal to t
reflecting plane lies betweenM and M1dM. For spherical
nanocrystals with a volume distribution function given b
Dn(R), we have

^M &sph5
3

2

E
0

`

Dn~R!R dR

E
0

`

Dn~R!dR

. ~9!

Using theDn(R) function calculated from the SAXS pro
file corresponding to Bi nanocrystals at 304 K~Sec. IV A!,
Eq. ~9! yields ^M &541.960.4 Å. This value is slightly
smaller than that obtained from the width of WAXS Brag
peaks (̂M &545.960.8 Å). This difference was attributed t
probable minor deviations of nanocrystals from spheri

-
e

FIG. 4. Average chord length of Bi nanocrystals at differe
temperatures. Above 370 K, a progressive increase in^M &012 for
increasingT is observed.
4-4
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shape. As a matter of fact, the existence of some fac
nanocrystals coexisting with spherical ones was previou
observed by TEM.9

The integral of Bragg peaks is proportional to the volum
of the crystalline phase17 and so proportional to the quotien
Vc(T)/Vtot , Vc(T) being the volume occupied by the nan
crystals and Vtot the total volume of the nanocluste
(nanocrystals1 liquid nanodroplets). Assuming that at 30
K all Bi clusters are in crystalline state, the crystalline vo
ume fractionVc(T)/Vtot can easily be determined from th
values of the integral of the strongest Bragg peak,I 012, after
correction for the effect produced by the temperature dep
dence of the Debye-Waller factor. So the crystalline volu
fraction is given by16

Vc~T!

Vtot
5

I 012~T!/e22W~T!

I 012~304 K!/e22W~304 K! , ~10!

where

W5
1.143104

MaQ

sin2 u012

l2

T

Q F1

4

Q

T
1wS Q

T D G ,
Ma andQ being the Bi atomic mass and the Debye tempe
ture of Bi crystals, respectively,w is a tabulated function,16

and l is expressed in angstroms. The fractionVc(T)/Vtot
starts to slowly decrease at 365 K and vanishes at about
K, thus indicating that at this temperature all crystals ha
melted. The wide temperature range of the crystal to liq
transition~;100 K! is the expected consequence of a stro
dependence of the melting temperature on nanocry
radius.

C. Dependence of the melting temperature
on nanocrystal radius

The knowledge of ~i! the cluster (nanocrystal
1nanodroplets) volume distributionDn(R), determined by
SAXS, and~ii ! the temperature dependence of the fraction
clusters in crystalline state,Vc(T)/Vtot , calculated from
WAXS results, made possible the evaluation of the melt
temperature of Bi crystals as a function of their recipro
radius,Tm(1/R).

Previous observations have shown that the melting
nanocrystals starts in a region close to the surface and
propagates toward the bulk.18–21We have implicitly assumed
that the times involved in this process are much shorter t
those of our measurements.

The fraction of spherical clusters (nanocrysta
1 liquid droplets) with a radiusR8.R, VR(R)/Vtot , can be
determined from the volume distribution function dete
mined by SAXS~Sec. IV A! as follows:

VR~R!

Vtot
5

E
R

`

Dn~R8!dR8

E
0

`

Dn~R8!dR8

. ~11!
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Assuming that Bi nanoclusters withR8.R are crystalline
and those withR8,R are in liquid state, the clusters wit
R85R melt atT5Tm and so

Vc~Tm!

Vtot
5

VR~R!

Vtot
.

Thus from Eqs.~10! and ~11! we have

I 012~T!/e22W~T!

I 012~304 K!/e22W~304 K! 5

E
R

`

Dn~R8!dR8

E
0

`

Dn~R8!dR8

. ~12!

The experimental functions corresponding to both sides
Eq. ~12! are plotted in Fig. 5. The numerical solution of E
~12! yields theTm(R) function relating the melting tempera
ture Tm and the nanocrystal radiusR.

The results of the calculations ofTm are plotted in Fig. 6
as a function of the reciprocal radius for a direct verificati
of the theoretical linear dependence predicted by Eq.~2!.
Previous determinations of the melting temperature of
nanocrystals on a solid substrate7,8 and embedded in the
same glass matrix as in this work9 are also plotted in Fig. 6
These studies were performed using transmission elec
microscopy and thermal analysis. In all previous repor
measurements the melting temperature corresponds to
of nanocrystals with a more or less wide radius distributio

The melting temperature for (1/R) extrapolated to zero
coincides withTb within the experimental error, so that th
strain energy parameterKE is negligible for the studied sys
tem. The difference in crystal-glass and liquid-glass inter
cial energies, determined from the slope of the straight l

FIG. 5. Volume fraction of the Bi clusters in crystalline sta
determined by SAXS@VR(R)/Vtot# and by WAXS @Vc(T)/Vtot#.
From these two curves the functionTm(R) was determined. The
procedure for the determination of Bi nanocrystals melting tempe
ture corresponding toR527.8 Å is indicated.
4-5
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obtained by least-squares fitting of our experimental resu
is (sgc2sgl)511531023 J m22. This value is much
smaller than that reported in a previous investigation of
same system (25531023 J m22).9

The Tm versus 1/R plot of our experimental results~Fig.
6! clearly follows the linear behavior predicted by Eq.~2!.
The dispersion of the experimentalTm values from the linear
behavior predicted by the theory is much smaller than th
observed in previous investigations using other techniqu

FIG. 6. Melting temperatureTm as a function of the nanocrysta
reciprocal radius 1/R. The straight line was determined by weighte
linear regression. The results are in good agreement with the li
dependence predicted by Couchman-Jesser~Ref. 10! theory.
ev
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V. CONCLUSION

The presented results demonstrate that the simultan
use of WAXS and SAXS techniques, together with a sy
chrotron x-ray source and position-sensitive x-ray detecti
yield useful and precise information on the structure and
the crystal-liquid transition of nanocrystals embedded in
glass matrix. This procedure makes possible the determ
tion of the melting temperature as a function of nanocrys
radius suppressing unwanted effects of size dispersion.

The crystallographic lattice of Bi nanocrystals embedd
in a sodium-borate glass matrix is rhombohedral like in
bulk state. The lattice parameters~a and c, hexagonal unit
cell! exhibit a weak and increasing contraction for decreas
nanocrystal sizes.

The melting temperature of Bi nanocrystals embedded
a sodium-borate glass is a linear and decreasing functio
the reciprocal radius as predicted by simple thermodyna
cal arguments. The difference between the crystal-glass
liquid-glass interface energies was found to be equal to
31023 J m22, this value being lower than that previous
reported in the literature for the same system.9 We have as-
signed this discrepancy to probable systematic errors in
vious determinations ofTm(R) produced by the wide nano
crystal size dispersion in the analyzed samples. T
systematic error is absent in the present work.
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