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Structure and melting of Bi nanocrystals embedded in a BO3-Na,O glass
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A composite material consisting of spherical Bi nanoclust@@nocrystals and/or liquid nanodroplets
embedded in a 28N&®-72B,0; glass was studied by the wide-angle x-ray scattefiigXS) 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 contractioa amd ¢ 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 nanoclustensocrystals 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 A with a maximum at 28 A. 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.
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[. INTRODUCTION of Bi nanocrystals as a function of their radius using a single
sample.

The structure and properties of nanostructured materials The dependence of the melting temperature on the radius
may strongly differ from those of common, coarse-grained©f Bi nanocrystals determined in the present work was com-
solids. The existence of noncrystallographic structures anfared to those obtained by previous authidtand with the
lattice contraction effects was already reported for a numbe? rediction of a simple theoretical mod¢l.

_4 .
of nanocrystalé. An_other well-known effect is the strong IIl. NANOCRYSTAL-TO-LIQUID TRANSITION
decrease in the melting temperature for decreasing nanocrys- . _
tal size. This effect was first reported by Takagi. A theoretical thermodynamic approach developed by

A number of experimental techniques have been used ugouchman and Jess&connects the melting temperatuFg
to now to study the size dependence of the melting temper&f free small spherical crystals with their radi® The
ture of nanocrystals. In most of the published articles, resultdm(R) function is given by’
obtained by transmission electron microscdp¥M) were 3(oelpe—alp)
reported. In TEM experiments changes in nanocrystal shape, T=Ty 1— Seffe TRV , 1)
from polyhedral to spheroidal, were observed. On the other Rlm
hand, differences in the structure of nanocrystals of varyingvhere T, is the melting temperature corresponding to mac-
size were detected by electron diffraction and dark-field elecroscopic crystalsl, is the latent heath of fusion per unit
tron microscopy. Optical techniques, differential scanningmass,o and o, are the surface energies of crystalline and
calorimetry and x-ray diffraction were also used to investi-liquid clusters, respectively, ang andp, are the densities of
gate these materials. A detailed description of the solid-liquidhe crystalline and liquid phases, respectively.
phase transition in nanostructured materials was reported by Equation(1) implies thatT,, is a linear and decreasing
Kofmanet al® function of 1R. The limit value ofT, for (1/R) approaching

We here present an experimental study of the structureero is equal tol,. For very large values of B, with R
and melting behavior of Bi nanocrystals embedded in approaching atomic dimensions, the crystalline and liquid
28Ng0-72B,05-glass matrix. The glass-Bi nanocrystal phases are not well defined and so Eg.no longer applies.
composite was studied by simultaneous small-angle x-ray For particles embedded in a glass matrix Et) still
scattering(SAXS) and wide-angle x-ray scatterifgVAXS) holds if o, and o are substituted by the interfacial energy
at varying temperatures. Combined use of SAXS and WAXSetween the glass and crystalg,., and between the glass
techniques allowed us to determine the melting temperaturand liquid dropletsg, , respectively. An additional termig
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takes into account the difference in density of the strain enThe SAXS technique probes all Bi nanoclusters regardless of
ergy due to volume changes during the meltth@Conse-  the (crystalline or liquid physical state.
quently, for nanocrystals embedded in a homogenous glass The SAXS intensity produced by a two-electron density
matrix, Eq.(1) becomes system composed of a dilute set of spherical and homoge-
neous nanoclusters embedded in an also homogeneous ma-
3(ogclpe—ogilp)) trix is given by

Tm=Tp 1— RL

Kel. 2)

47\% (=
|SAxs(q)=(pp—pm)2(§) fo D, (RRY[F(qR)]J%dR,

The starting raw materials were N2O;, B,0;, Bi,Og, ©)

and SnO. SnO was added as a reducing agent gD whereD,(R) is the cluster number distribution functiop,

This mixture was melted in an electrical furnace underandpm are the electron densities of the particieanoclus-

vacuum (10" mbar) at 1313 K. A 28Ng0-72B,0; glass d matri iively. and(aR) is defined b
containing dispersed Bi nanocrystals was obtained by an ini-ers) and matrix, respectively, ar(qR) is define 93

tial quenching using the splat-cooling technique, an isother- .

mal annealing of 45 min at 853 K, and a slow final cooling F(gR) = sin(qR) —qRcoqR) (4

down to room temperatureThe isothermal annealing at 853 (qR)*

K promotes the nucleation and growth l@fuid Bi droplets.

(The melting temperature of bulk Bi is 544.4 )K.After The cluster volume distribution functionD,(R)

annealing, the glass sample was cooled down to room tem=4~R3D (R)/3 was determined from the SAXS intensity

perature at which all liquid droplets have crystallized. Theprof"es plotted in Fig. (@) using thecNom package? The

resulting glass-nanocrystal composite was then studied #est fit to experimental SAXS data is also shown in Fig),1

different temperatures, from 304 to 503 K, using combinedgnd the corresponding, (R) function is plotted in Fig. (b).

WAXS and SAXS techniques. The good agreement between the experimental and calcu-
The SAXS and WAXS experiments were performed at theated spectra confirms the validity of the proposed model for

SAS beamline of the National Synchrotron Light Laboratorythe studied material.

(LNLS), Campinas, Brazit” The two types of spectrum  The experimental results demonstrated that, under the

were recorded using one-dimension gas x-ray positionahove-mentioned annealing conditiob, (R) is a single-

sensitive detectors. X-ray monitors placed before and aftefyode function of nanocrystal radius. The nanocluster radii

the sample measured the intensity of the incoming and trangange from about 15 up to 40 A and the maximunDo{R)

mitted x-ray beam intensity in order to determine the samplgs a3tR=28 A. The average radiy®) and the relative radius
attenuation. SAXS spectra were normalized to equivalent ingispersion o are (Ry=24.1+02A and 0g=0.236

tensity of the direct beam in order to compensate for the g 0o4, respectively.

continuous decrease in the emission of the synchrotron ag e will see in the next section, WAXS results demon-
source. The SAXS intensity was determined as a function Oftrated that below 365 K all Bi clusters are crystalline, above
the modulus of the scattering vectgr4 sin6/\, A being 464 K all are in liquid state, and within the 365—464 K range
the wavelength of the x-ray beam ¢ 1.61 A) anddhalfthe  nanocrystals and liquid droplets coexist. Since all SAXS in-
scattering angle. An alumina standard sample was used f@gnsity spectra recorded at different temperatures, from 304
the precise measurement of the scattering angle and for the, to 503 K, are essentially equivalent, we concluded that
determination of the instrumental effects on the broadeningnhe radius distribution of the clustelsrystals and liquid

of WAXS peaks. WAXS and SAXS experiments were simul-droplets is essentially independent of the temperature and
taneously performed so that both techniques probed the sam@ysical state.

sample volume.

IIl. EXPERIMENT

IV. RESULTS AND DISCUSSION B. Wide-angle x-ray scattering measurements

In order to study the structure of Bi nanoclusters at dif-
ferent temperatures, WAXS measurements were performed
The overall, low-resolution, structure of the studied glass-during the heating of the glass-metallic Bi composite from

metallic Bi nanocomposite was characterized by SAXS. Preroom temperature up to 503 K. Figuréapshows the WAXS
vious observations by TENRef. 9 indicated that the stud- spectra, corresponding to the sample held at 304 and 503 K.
ied material is composed of a homogeneous glass matrix iffthe spectra corresponding to temperatures above 304 K ex-
which spherical or nearly spherical Bi clusters of differenthibit weak and wide Bragg peaks corresponding to Bi nanoc-
sizes are embedded. The SAXS technique was employed itystals superposed onto the scattering halo produced by the
order to determine the volume distribution of Bi clusters as aglass matrix.
function of their radius, the average radius and the total vol- The analysis of the diffraction patterns indicates that
ume occupied by them. Bi nanocrystals are rhombohedral as in bulk state. These
WAXS results indicated that spherical Bi nanocrystals andgoeaks continuously decrease in intensity for increasing
Bi liquid droplets coexist within a wide temperature range.temperatures.

A. Small-angle x-ray scattering measurements

134204-2



STRUCTURE AND MELTING OF Bi NANOCRYSTAILS . .. PHYSICAL REVIEW B 65 134204

100+
i )
] =2
—_ 10-: S
o ] <
c ] L
_2 13 g
— 3 2
N B . .
(2 -
2 0.1 A o Experimental (T=304 K) () %10 _
—_— PV e ' 1 2]
©  Experimental data i Best fit loosE
. 3 o ) =]
ot GNOM best fit 015 L f@; O%U% p
015 = L S y m&f et 0.00 §
T T T 1 y:, O 10 B A OWR&) —_— -
0.0 0.1 02 0.3 0.4 S - o 2 4-0.05
- ! =) z
q (A7) 5005 [ geg =
1.0 3 o P 28 S
. T T d T v T d T T T 4 g - eL X
= 0.00 £ a /)Q P
0.8' (b) ] _005 n 1 " 1 " 1 " 1 1 i
25 30 35 40 45 50 55
E 20 (degrees)
C 06 -
3_ FIG. 2. (a) WAXS spectra at 304 and 503 K corresponding to Bi
2 crystalline nanoclusters and liquid nanoclusters, respectively. In the
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FIG. 1. (a) SAXS intensity produced by Bi nanocrystals embed-  In order to determine the average radius and lattice pa-
ded in a borate glass at room temperature. The open circles are thgmeters of Bi nanocrystals, the diffraction peaks of the
experimental data and the solid line is the best fit usingm  J(T,6) functions were fitted by Gaussian functions. The fit-
program.(b) Nanocrystal volume distribution function. SAXS in- ting parameters of the modeled Gaussian functions were the
tensity spectra determined at different temperatures from 304 up tg gnd ¢ Iattice parameters of the hexagonal unit cell, the
503 K are essentially equivalent. integrated area of the diffraction peaks, and integral width of

. . . . . the (012 Bragg profile. The integral width (26)4,, could

The progressive melting of Bi nanocrystals for increasingy precisely determined because tA&2) peak is relatively

temperatures provides an additional contribution to the wid trong and does not overlap with other peéig. 2). For the

halo. asspciated V\.’ith the noncrystalline part of the mgteri ittings of the theoretical profile to thd04), (110), and(202
(|IC1U!d Bi and sod_lum-borate glasSo the total WAXS in- experimental peaks, it was assumed that all nanocrystals are
tensity can be written as spherical. Under this assumption, the integral widN{&6)
_ of these weak peaks are not independent parameters and are
laxs(T, ) =1o(T, 0) +14(0)+ 1 (T. 0). ® related toA (26),,,, as will be described later, by the Scher-

wherel(6,T) is the WAXS intensity produced by Bi nano- rer equation. The acceptable quality of the fitting of the the-
crystals,l4(#) the intensity coming from the glass matrix, oretical curves to the experimental or{€y. 2) a posteriori
and 1,(6,T) the intensity contribution from the melted Bi justifies the mentioned assumption.
droplets. The intensityy( 6) is assumed to be independent of  Since forT<Tg we havel (T,8)<I,(Tg,6), a negative
the temperatur@ over the range 304 KT<503 K. contribution due to the increase in scattering intensity intro-

The contribution from the glass matrix was removed byduced by the melted Bi particles is expected. A Gaussian
subtracting the WAXS intensityf14(6)+1,(Tg,6)] mea- function for this difference was also assumed in the fitting
sured at high temperaturel §=503 K), at which all Bi  procedure.
nanoclusters are melted and so no Bragg peaks from the Taking into account the small volume fraction occupied
crystalline structure are present. The resulting intensitypy the nanocrystals and the consequent weak Bragg peaks
J(T,6) is given by and high relative statistical errors in the scattering intensity,
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haveA(26)=27o, whereo is the standard deviation.
FIG. 3. WAXS pattern corresponding to the Bi nanocrystals af- The average size parametéid )q;, obtained by the fit-
ter subtraction of the contributions of the glass matrix and of theting procedure described before are shown in Fig. 4. A pro-
melted Bi clusters. The curves are vertically displaced for clarity. gressive increase ifM)q;, is observed for increasing tem-
eratures. This trend is expected because small Bi
Snocrystals melt at lower temperatures than large 6ites,
thus shifting the average size of crystalline clusters toward

tion that best fit to it are shown in Fig(l9. Both curves are higher values. At lower temperafurés365 K) no variation

in good agreement. The same procedure was applied to a{ﬂ the average cluster size is observed @¥d oy, is equal to

WAXS spectra. From the values of the adjusted coefficients 5.9-0.8A. .

of the modeled curves, the temperature dependence of the N the case of a system composed of a high number of

volume fraction of crystalline phase and the average radiusndomly oriented nanocrystals with a known shape and size

and lattice parameters of Bi nanocrystals were determined distribution, (M) can be calculated directly using its geo-
By subtracting the contribution from the glass matrix andmetrical definition:

from melted Bi particles, the WAXS peak profiles of Bi

nanocrystald (T, 8) were obtained. The results are plotted (M)= IMdyy ®)

in Fig. 3. The area of the Bragg peaks exhibits a monotonous v

and continuous decrease between 365 and 464 K. Above 464

K the Bi Bragg peaks vanish, indicating that all nanocrystalgvheredov, /V is the volume fraction of the crystalline phase

have melted. for which the chord lengths in the direction normal to the
The values of the lattice parameters experimentally deterreflecting plane lies betweed and M +dM. For spherical

mined are noticeably smaller than those of bulk @ nanocrystals with a volume distribution function given by

=4.5470A, c=11.8616 A—JCPDS PDF card 44-1246 D ,(R), we have

The observed lattice contraction is a consequence of the ex-

the Gaussian function was demonstrated to be an accepta
approximation for the peak profile in the fitting procedure.
The J(T, 6) function atT=2304 K and the modeled func-

pected surface tension effect that becomes relevant for very o

small crystals. The contraction of tleeparameter, 0.8%, is fo D,(R)RdR

higher than that ofa, 0.4%. This anisotropy was also re- (M)spr=5 . ©)
ported by Yuet all® for Bi nanocrystals produced by an wa (R)dR
electrohydrodynamic technique. o

The average chord length in the direction perpendicular to
the reflecting planegM) was determined from the integral Using theD ,(R) function calculated from the SAXS pro-
width of the Bragg reflectionA(26) using the Scherrer file corresponding to Bi nanocrystals at 304(8ec. IV A),

equatiort® Eq. (9) yields (M)=41.9+0.4 A. This value is slightly
smaller than that obtained from the width of WAXS Bragg
(M= A , (7)  Ppeaks (M)=45.9+0.8 A). This difference was attributed to
A(26)hk COSOhyi probable minor deviations of nanocrystals from spherical
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shape. As a matter of fact, the existence of some faceted R (A)
nanocrystals coexisting with spherical ones was previously 5 10 15 20 25 30 35 40 45 50 55
observed by TEM. R S B

The integral of Bragg peaks is proportional to the volume 1.0 ¥ 1.0
of the crystalline phasé and so proportional to the quotient
Vo(T)/Viot, Ve(T) being the volume occupied by the nano- 08l los
crystals andV,, the total volume of the nanoclusters '
(nanocrystals liquid nanodroplets). Assuming that at 304 5 ;5’
K all Bi clusters are in crystalline state, the crystalline vol- 2 osf 06 ~
ume fractionV(T)/Vy can easily be determined from the & pro-rmmmmemmeese e s s £
values of the integral of the strongest Bragg pédak,, after = o4l N, loa 3
correction for the effect produced by the temperature depen- 5 >
dence of the Debye-Waller factor. So the crystalline volume
fraction is given by® 0.2} {02

Ve(T) o T)/e 2D 10 0.0 =300
Vit 1014304 K)/e 2W(E04K (10 N

300 320 340 360 380 400 420 440 460 480

where T (K)
. FIG. 5. Volume fraction of the Bi clusters in crystalline state
_ 1.14x10" sirf 2‘90121 19 @(9) , determined by SAXSVg(R)/Vy] and by WAXS [V (T)/Vy]-
M.O AT 04T T From these two curves the functioh,(R) was determined. The

procedure for the determination of Bi nanocrystals melting tempera-
M, and® being the Bi atomic mass and the Debye temperature corresponding t&=27.8 A is indicated.
ture of Bi crystals, respectively, is a tabulated functioff,
and \ is expressed in angstroms. The fractivp(T)/ Vi Assuming that Bi nanoclusters wifR’ >R are crystalline
starts to slowly decrease at 365 K and vanishes at about 4Ghd those withR’ <R are in liquid state, the clusters with
K, thus indicating that at this temperature all crystals haveR’ =R melt atT=T,, and so
melted. The wide temperature range of the crystal to liquid

transition(~100 K) is the expected consequence of a strong Ve(Tm)  VR(R)
dependence of the melting temperature on nanocrystal Voo Vit
radius.

Thus from Eqgs(10) and(11) we have

C. Dependence of the melting temperature ® , )
on nanocrystal radius o T) /e 2HD fR D,(R")dR
01
The knowledge of (i) the cluster (nanocrystals o1 304 K)/e~ 2304 I . (12
+nanodroplets) volume distribution ,(R), determined by f D,(R"dR'
0

SAXS, and(ii) the temperature dependence of the fraction of

clusters in crystalline stateVo(T)/Viy, calculated from  The experimental functions corresponding to both sides of
WAXS results, made possible the evaluation of the meltingEq. (12) are plotted in Fig. 5. The numerical solution of Eq.
temperature of Bi crystals as a function of their reciprocal(1 yields theT(R) function relating the melting tempera-
radius, Tr(1/R). ture T, and the nanocrystal radiiR
Previous observgtions h_ave shown that the melting of The results of the calculations at, are plotted in Fig. 6
nanocrystals starts in a region close to the surface and thegy 5 function of the reciprocal radius for a direct verification
propagates toward the bulR-*We have implicitly assumed of the theoretical linear dependence predicted by @,
that the times involved in this process are much shorter thaprevious determinations of the melting temperature of Bi
those of our measurements. nanocrystals on a solid substrafeand embedded in the
The fraction of spherical clusters (nanocrystalssame glass matrix as in this wdrkre also plotted in Fig. 6.
+liquid droplets) with a radiuf’ >R, Vr(R)/Viq;, can be  These studies were performed using transmission electron
de.'tel‘mlned from the V0|ume d|Str|but|0n funCtlon deter' microscopy and therma' ana|ysis_ In a” previous reported
mined by SAXS(Sec. IV A) as follows: measurements the melting temperature corresponds to a set
of nanocrystals with a more or less wide radius distribution.
o , ) The melting temperature for (R) extrapolated to zero
Va(R) fR D,(R")dR coincides withT,, within the experimental error, so that the
=— . (11 strain energy parametéie is negligible for the studied sys-
Viot f VDV(R’)d R’ tem. The difference in crystal-glass and liquid-glass interfa-
0 cial energies, determined from the slope of the straight line
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R (A) V. CONCLUSION
100 50 33 25 20 17 14
600 — 77— .
X Bibuk (T 5444 K)| The presented results demonstrate that the simultaneous
5504 b A2 A Peppiat etal (1975) | | use of WAXS and SAXS techniques, together with a syn-
R YN o Allenetal (1986) chrotron x-ray source and position-sensitive x-ray detection,
] E%“b\ 4 a |0 Itoigawa etal (1997) ] yield useful and precise information on the structure and on
5001 | o T a ¢ This work 1 the crystal-liquid transition of nanocrystals embedded in a
o ] ° D\ glass matrix. This procedure makes possible the determina-
= 450 ° tion of the melting temperature as a function of nanocrystal
- 1 °. radius suppressing unwanted effects of size dispersion.
400 1 The crystallographic lattice of Bi nanocrystals embedded
—— 1 in a sodium-borate glass matrix is rnombohedral like in the
350 bulk state. The lattice paramete@ and c, hexagonal unit
cell) exhibit a weak and increasing contraction for decreasing
300 NI . nanocrystal sizes.
000 001 002 003 004 005 006 007 The melting temperature of Bi nanocrystals embedded in

1R (A7 a sodium-borate glass is a linear and decreasing function of

the reciprocal radius as predicted by simple thermodynami-

FIG. 6. Meltlng temperatur@m as a function of the nanOCFySta| Cal arguments The d|fference between the Crystal_glaSS and

reciprocal radius B. The straight line was determined by weighted liquid-glass interface energies was found to be equal to 115
linear regression. The results are in good agreement with the lineag 10-3 Jm 2, this value being lower than that previously

dependence predicted by Couchman-Jegief. 1Q theory. reported in the literature for the same systeWve have as-
. o . signed this discrepancy to probable systematic errors in pre-
obtained by least-squares fitting of our experimental results;joys determinations of ,(R) produced by the wide nano-

H — —3 —2 i H . . . . .
is (0gc—0g)=115<10""JIm “. This value is much crystal size dispersion in the analyzed samples. This
smaller than that reported in a previous investigation of theyystematic error is absent in the present work.

same system (255102 Jm ?).°

The T,, versus 1R plot of our experimental resultg-ig.
6) clearly follows the linear behavior predicted by HQ).
The dispersion of the experimenig}, values from the linear
behavior predicted by the theory is much smaller than those The financial support provided by FAPESP and
observed in previous investigations using other techniqgues.PRONEX/CNPq is acknowledged.
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