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W) Small Angle X-ray Scattering (SAXS) py

* Basic theory

* Guinier's Law. Porod‘-s Law. invariant

. Crystalization in glasses

* Aggregation and gelation {fractal structures)
* Phase-separation in glasses
* Application of anomalous scattering

* SAXS instrumentation

~ General case:

A=A, [p(F)e™ T dF

p(F)=] %2 ev dg

€

-
16)=IAG)* = A |[p(7)e™ 7 d

(=AA")

K =IIp@)p@) e~ dy du



]
I
=i
H
~
&
!
t ]
+
~

1§) =] pu+7) p(@)e™%" dF du

= [[I p@+ 7) p(@) dii] ™7 ar "
P(7) 0

13)=|P(F) e dF 1(g) = |[n(@) n(@ +7) dii)e 9" dr

e ; | y
P(7)= Il(f]') e’ dg Forq->0
2

Principio de Babipet 10)= vnt

AlQ)=Ip(®) T g7



: ) 2
Defining: 1 1) = 1(0) e_(q' Rp)

Y(F)= v—:-:; [ n@@) n@a + 7) dia

PR Y.L
Ip(r) dr .

> I§)=n2 v [ y(7)e T 4
b) q->0

For isotropic systems:
10)=Nn? =N(p-p,)* v*
I(g)= V.[‘}’(f) T anr?ar

General case:
\ totic behaviors:
1 dV
a) q->0 (Guiniers law) I0)= n N ﬁ ﬂ =T V (EF)T
1 2 ’
~~Rgq | ¢) q->0 (Porod's law)
I(g)=1(0)e 3 (isotropic systems) i

I(g)=2n(n~ n0)2 %— (leading term) !
Q



(include oscillation
contribution)

L fimg)cosu f2(14y9)sin u
3 h3

sU=qRy

Integral parameters

5 _ 2
Jq* gy dg=27" Nn®v (dilute system)

| 4% I(g)dg =272 n?V c(1-c)

¢; volume fraction

V: irradiated volume

N: number of particles per unit volume

v: particle volume

e —— e —— e PN

2 [*ql(g)d
- q 1(q) a9
e anvVntcl-c) ’

Dense system of identical particles:

I(h) = ¢ P(a) S(a)

—ig(R, + Fxs)
A(§)=Z[§sze T i\
K

For particles with center of simmetry:

A@=2eT 2 fu cosl@The)
k 14

=3\



I(q)=® P(q) S(q)

4 .
q=—l—sm%

Pla)=V2(p-p.)2 [3sin(gr.) - ar.cos(ar.) (ar.)’|

P(q)=2n(p-p.)S!q"*

q— e

p= p(0)e~RG %

g0

P=KS/q*
Porod:
g— e

.l

9. Recuangular function:
1 foriri. a2,
J\ﬂ{_o for |2] > e,

la)

d

alh sme
e

MNo): e

~ip /e

10. Triangular function:
_at
o -..(l .) for 2] <a,

Lo for |8|>a.

sin’ xon
)= o —(:'-—)r

ot

X
-\/e e 2/e

1). Eapomestial function:
As) = aap(-7i8i)

Fa)» ?Tzﬂlc_a)’ (Cauchy function)

12. Form factor of & sphuere:
w]l dw|si<R,
M){-" Sr [2i>R.

€

F(#) ms spherical symmetry
FO) = % eR'0em

with q-)-ssﬂﬂl-lm-!

L

U DF

»
. ]

b e ———— . —n . e e - ——— e



8AXS I(y)
Amosha |

¥
! \LK;" BSD

q=(4x3a)/2

q: ?B 20=¢

1(0) « (p,- gF Nv?2
| |o3 1

' : Ite
1()= 1(0) &' (Guinen ,T\

T

a‘-‘-
imkpt =a+Bq* (q— =)(Porod) ) g"
‘ Ii v
Q-I:wqu- ‘
! /.//.(.‘5
ol ;‘ ?o‘
Z

Q-{P‘-gyﬂv j'

oo ¥



Py
|nn.‘
e
d....m.. 3
w :
ia
* .u.n.um..

)

o3

/i)

21 )

7 A——

AN

o

1

i

Diagram of the swali-angle X-ray scaftering inshalation of LURE.




CTITIIT T e e s Spn e YT T s W A e : e -

m - .
-

- Frncipad Loyest of the JUSIF & ASAXS benmbmy

Fic 2
’ rtpared :amnke The de e

[ 7ol



saxima clearly defined. In figure 2 these maxima seemed to be present
but they could hardly be defired. A typicsl 100 second scan is shown
in figure 3-A, whare it 13 being compared with the average of four 200
second scans {curve B) in order to evaluate possible radiation damage

to the protein, ’
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Figure 3, Experimentsl X-ray scattering curves from G.glulistus
cr,throcruorin obtained with synchrotron radiation.
(A) One_100 second scan. (B) Average of four 200 second
{ . scans. The loss of intensity seews to Pe due to radiation
. damege suffered by the protein, Zero ar.'h corresponds to
channe! 80, channel width « 0.000264 A- . The inset shows
the distance distribution function calculated for a less
concentrated sample (c/20).

1 Guinier plot calculations from the Tow concentration scattering
curves (c/20 and c/80) resulted in values for the radius of giration
in very good agreement with our previous calculations: 116 A. Data
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FABRUICATION
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Malt {1330 *C, 40 wln.) (

Semlconductor cloments,

fast cool down : °

AFTEIL MEUTING
supersaturated solid solution = gluss + sendeouductor aleinents

NO QUANTUM DO'LS

Hent treatment (500 - U0 °C)
Quantum dots doveloprment
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3.1 lsothermal spinodal decospesition
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SPINODAL REGION

« Theory of spinodal decomposition (Cahn) Linear
theory (valid only for eary stages). :
« Reasonable agreement with experiments on alloys
(Al-Zn, Au-Pt).

« Poor agreement with experiments on glasses (B203-
PbO-Al203, SiO2-Naz20). ‘

NUCLEATION AND GROWTH

« Classical diffusion theory ("GP* zones in alloys and
*droplets” in glasses).

- Ambiguous comparisons between theory and
experiments.

NEW THEORIES

« Kinetical Ising model for simple cubic lattice.
« Calculations by computer simulation using Monte
Carlo method.

_ « Scaling properties and “universality”.



Cahn's theory was applied to explain the kinetics
of SAXS from real phase separation systems under
isothermal conditions and, we could say, that it has had

an only limited sucess for eary stages in alloys.

its agreement with experimental results in glassy
systems was poorer, probably because of the intrinsic
impossibility for isolators of reaching high quanching
rates.

Recent new theoretical developments have
considerably simplified the picture of phase separation.
They are based on the |sing model for ferromagnets
applied to binary alloys by using computer simulation
and the Monte Cario method.

. This theories lead to scaling and "universality”
properties of the structure function.

The first theoretical study of the complex
phenomena of phase separation in solids was provided

by the now classic theory of spinodal decomposition of
Cahn. Central to the theory is the fact that, within the

“spinodal” region, the homogeneous mixture is
unstable to small concentration fluctuations of the
system. The evolution equation of the Fourier
components of the atomic composition and,
consequently, of the small angle X-ray scatteiing
intensity could only be solved in closed form after
linearization. Therefore it can only be applied to very

early stages of phase separation.

Outside of the spinodal region, i.e. near the
boundary of the miscibility gap, the decomposition
process was described by the classical diffusion

- theories of nucleation and growth of "GP _zones” (in
alloys) or “droplets” (in glasses).




Binaire systems (1.2)

I(E.q) = F1(q,E)2 S11 + 2F4(E) F2(E) cos ¢ S12
+ F2(E)2 S22
In order to obtain S11, S12 and Sz it is necessary

to perform three experiment at three different energies:
(I, F @ S are function of q).

NE1) = F1(E1)2 S11 + 2F1(E1) F2(E1) cos ¢ Sy2
+ F2(E1)2 S22 |

(E2) = Fi{E2)2 S11 + 2F4(E2) F2(E2) cos ¢ S12
+ F2(E2)2 S22

I(E3) = F(E3)2 811 + 2F4(E3) F2(E3) cos ¢ S12
+ Fa(Ea) S22

In matricial form:
D=F)(3)

A method to estimate the errors propagation in
solving this equation uses the Turing relation:

"‘f""supn Wl ek

N

‘where 1| A || are the nom of vectors and matrix:

1
IAlI=(Za;)?
y
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CONCLUSIONS

« Real space analysis (T.E.M.) does not allow
quantitative studies of phase separation.

« Cahn theory for spinodal decomposition is not a good
approximation for isothermically phase separating real

glasses.

« The statistical dynamic Ising model describes well the
advanced stages of phase separation in glasses.

« Some discrepancies related to the scaled structure
function have bean detected in the B203-PbO-Al203

~ system.

ASAXS

The scattered intensity may be written as

)= Xf; fi Six (@

Sk =S;j is the partial structure factor

fi= 7+ F{B) +if i (B)
f;"(q —-0)=Z;

The ASAXS allows for the determination of the
partial structure function Si.
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SAXS studies of phase separation in borate glasses and
structural transformations in precursors of silica glass

Aldo Craievich

National Synchrotron Lighs Laboratory/CNPy. C.P. 6192, 1308) Campinas, SP. Brazil
and Institute of Physics/USP, Sio Paulo, Brazil

{Recerved 19 November 1991, revised and accepied 19 March 1992)

Abstract. — Applications of SAXS 1o structural siudies ol oxide glasses are reviewed. The
evolution in the basic understanding of the mechanisms involved in microphase scparation in
borate glasses is presented, Experimental SAXS results and their comparison with classical

. theories of spinodal decomposition and more recent siatistical theories are discussed. Other
appiications of SAXS, such as the structural characterization of the « sol-gel route » to obtain
silica glasses is outlined.

1. Introduction.

Transparent glasses have been considered as essentially homogeneous materials. SAXS and
clectron microscopy studies performed in the fifties demonstrated that many of these
macroscopically homogeneous glasses are in fact heterogeneous ail a submicroscopic scale. It
was established that a number of silica and borate-based binarv and more complex giasses
exhibit a fine structure associated with a microphase separation process.
* The microstructure of a number of phase separated glasses consists of segregation zones
with sizes ranging from about ten Angstroms to several hundred Angstroms. The submicros-
copic size of the heterogencities and the existence of an electronic density contrast between
the phases makes SAXS an adequate experimental technique for the study of these materials.
Phase separation in multioxide glasses is associaled with the existence of a miscibility gap in
their phasc diagram. The Baps correspond to a condition of quasi-equilibrium of these
materials. When the glass sysiem has many oxide components. basic studies of the process of
phase separation become complex. For this reason, theoretical and experimental investiga-
tions of phase separation are usually performed on binary or quasi-binary glasses. These
studies penerally deal with an initially homogeneous sample outside the miscibility gap. which
1s brought by fast quenching into the gap and is maiftained in it a1 a constant temperature.
The structural characteristics of the phase separaling glasses are then studied al increasing
heat-treatment times. The question is to establish the features of the unmixing process
starting with the initially quasi-homogeneous glass and leading to the final equilibrium wo-
phase material.
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Fig. 1. — Schematic phuse diagram of a binary solution with a miscibility gap. A typical lemperature-
composition path in phase separanon studies is indicated (c, is the composition of the initial
homogencous phase and ¢, and c. are the compositions of the final phases). The « spinodal » and
« nucleation and growth » domains are indicated by S and N, respectively.

process. This theory applies to the first stages of phase separation. At more advanced stages,
aon-linear contributions should be added and, consequently, a more complex evolution of
SAXS intensity curves is expecied.

The solid solutions between the spinodal and the binodal lines are expected 1o separate in
two phases through the formation of nuclei of one of the siabie or metastable equilibrium
phases and its subsequent growth. The classical diffusion theory for the growth of spherical

auclei immersed in a isotropic matrix predicts the average size of the zones R at a time
$:

Ro '3 (2)

At advanced stages of phase separation, when the matrix approaches its equilibrium
o..uBUOmEo:. a coarsening process becomes dominant. In this process, the smaller particles
dissolve and the larger grow at their expense. The expecied time evolution of the average

-
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N6 SAXS STUDIES OF GLASSES AND GLASS PRECURSORS KOS

the same B.0\-PbO-(A1,0,) glass were cooled down to room temperature at dillcrent rares
and studied by SAXS |6] before any sabsequent heat treatment. A good agreement belween
experimental results and a linear theory of spinodal decomposition during continuous cooling
{7} was established. This result’seemed 10 confirm the first ideas about the glass samples which
wore investigaled under isothennal conditions. I'lic conclusion was that the ~ carly stages » of
phase separation mostly occur for these samples during the cooling process and, conseyuently,
all the previously performed experimental isothermal studies correspond to « advanced
stages » for which the linear Cahn theory does not apply.

A new statistical theory was developed in the seventics to describe the unmixing process in
solid  soiutions [8]. This theory involves the numerical solution of a kinetic equation {9] for
binary systems and describes the initial clustering of the atoms and the advanced coarsening
stage as well. The calculation of the structure function, which is propontional to the SAXS
intensity function / (q, 1) was carried out by Monte Curlo simulations | 10}

" The time evolution of the scautering intensily /(q. 1) predicted by the statistical theory,
exhibits a remarkably simpie behavior for advanced times of phase separation. The
experimental test of this theory for the advanced slages can be done through the analysis of
the variation with time, under isothermal conditions, of several functions related to SAXS
intensity integrals. As an example. the function

g 1) = _.:q.:aaﬁ“.:a.:n_a (4)

v

should theoretically have the simpie r-dependence :

g, (1) x v (5}

where a is a negative constant which depends on the mechanism of clustering.

Monte Carlo simulations also demonstrated the dynamical scaling of the SAXS intensity
functions /(4. 7). It was deduced that the SAXS intensity functions for differcnt times at
constant temperature, plotted as 1(q1q,) q; versus 4/qy, should scale as a single time-
independent and characteristic function Sy=1rx).qf, x being equal 10 q/q,.

Another feature of the statistical theory is that it holds for any composition within the
miscibility gap. It does not predict any sharp boundary between spinodal and nucleation and
growth domains. Since this theory becomes very simple for advanced stages of unmixing, its
use.for a better understanding of the phase separation mechanism in glasses appeared 10 be
worthwhile.

The first application of the statistical theory 1o investigate phase scparation in glasses by
SAXS was done on a borate system inside the spinoda! domain of the phase diagram [11}. An
additional SAXS investigation of borale glasses at two lemperatures and of two compositions
(in the central part and near the boundary of the miscibility gap) were carmried out tater 112].

The statistical theory explains the main characteristics of the SAXS results related to phase
Separation in borate glasses [11]. The good agreement between theory and experiment
verified the cormectness of the assumptions involved in the statistical theory for advanced
stages of phase separation. The good agreement was found for compositicns inside the
< Spinodal » and in the « nucleation and growth » region as well. This suggests that the
$tatistical theory does describe phase scparation in the whole miscibility gap.

An experimental result which remains unclear concemns the composition dependence of the
3caled SAXS function S (x). Theoretical evaluations of the scaled SAXS function indicate that
they are Peaked curves with a half-maximum widih which depends on the composition. This
Kaled structure funclion was calculated by severai authors for simple models (13). lis half-
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N* & SAXE STUDIES OF GLASSES AND GLASS PRECURSORS ROy

The most common silica glass precursor solutions are liquid mixtures of TEOQS-water-
ethanol and TMOS-water-methanol. They were experimentaily siudicd by SAXS under acidic
and basic conditions using different alkoxide/water and alkoxide/alcohol ratios.

An experimental SAXS study of the clustering process in solutions of TMOS-water-
methanol sugpested diffecrent mechanisms of agpregation for different TMOS/water ratios
[15). The ratio K controls the degree ol monomer hydrolyzation and is delined as
R = (mol TMOS/mol water). Guinier plots of SAXS resulls were applied to characierize the
growth of the ciusters. The log/ versus log ¢ plots of the SAXS curves, for increasing
aggregation limes, approached a straight line for both acid and base catalyzed solutions. The
fractal dimensionality values corrésponding to the solutions under acidic conditions. were
D=200forR=1and 2and D = 2.14 for R = 4. In the case of a base-catalyzed solution
with R = 1. a higher value of the fractal dimensionality was obtained (D = 2.60). An analysis
of these experimental SAXS results. based on a model which assumes o polydispersivily in
cluster size, was trred. For a polydisperse system having a number distribution in cluster mass
given by N (m) x m~", the SAXS intensity exhibits the same potential dependence on the

scattering wavevector as equation (6). but in this case the exponent depends on
D and r [16}:

fig)oc g ™" with o« =8D(3 -1}, (7)

For three dimensional clusters. the percolation theory predicts D = 2.5 and r = 2.2 |16]
and then equations {7) yield @ = 2.0. The experimental values of a for the acid-catalysed sols
studied in reference {15] are close to 2. in good agreement with the model of percolation
clusters. It should be pointed out that equations {7) hoids strictly for dilute cluster solutions.
Since the experimental results reported in reference I15] concern undiluted solutions, the
conclusion concerning the mechanism of gel formation may be biased by concentration
effects.

The SAXS plots in log-log scale of the wet silica gels prepared from the precursor solutions
mentioned in the precedent paragraph show more complex features 117]. Two linear regions
were observed for most of the compositions. This was attribuled to the existence of a two-
level fractal structure : the primary particies having a size of about 2 A generate fractal
Clusters with an average size of 20 A and these clusters grow up 1o larger dimensions building
up secondary fractal objects. In the case of gels. the parameter R, obiained from SAXS plots
corresponds 1o a correlation distance. instead of representing a radius of gyration. because
after gelling clusters are no longer isolated zones. The experimental results of reference |17]
indicated that the aging process decreases the corelation length. This suggests that aging
modifies the structure and destroys its fractal feartures,

The drying produces some minor vagiations in the resilting aerogel structure as compared
with that of the precursor wet gel [18]. The asymptotic behavior of the experimental SAXS
curves corresponding to aerogels satisty Porod's law :

\..\_Q.e_.... tR)

This suggesis a smoothing effect of the hypercritical drying on the finer structure of the wet
gels. The second upper level of the fractal structure of the wet gels is not modified by
drying [18].

The sintering process in acrogels was also studied at increasing temperatures by SAXS. The
€Xperimental variations in SAXS curves demonstrate the “progressive foss of the fractal
characteristics of the structure. SAXS results on aerogels are consistent with a two-phase
Bonn._ composed of mesopores and a « light » matrix [19]. These results suggest the existence
of micropores immersed in the matrix which are responsible for its low density,

MARNAL OF PHYSIQUE | —T 3 ~' 6 JUNE oo
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experimental range the scattering law is particularly
=asy to dznive. Actually, from the mass distribution
M(R) ~ R® onc obtains the density distribution
p ~ R?™“(which goes to zero at infinite distances) and.
by Fourier transform. the scattering law S(Q) ~ Q2.
This gives the well known straight line with slope D in
a logarithmic plot of 5(Q). Of course, :his law applies
only if one remains at values of Q large enough to be
independent of the non-zero density of the sample at
large scales. This law also breaks down for large values
of @ when one analyses the sampie over length scales
small enough to be sensitive either to individual
scatterers (the form factor) or to the surface (Porod
region).

If the individual scatterers are relatively mono-
disperse, the scattered intensity /(Q) can be decom-

posed as r\
Q) = ¢P(Q)5(Q). AVAS)

In this expression, ¢ = N/¥,. where N is the number of
scatterers and ¥, the volume of the sample. @ is a
number density expressed in cm ™3,

P(Q) is a function of the form factor F(Q) which will
be defined below. It depends on the spatial distri-
bution of the scattering lengths of the atoms constitu-
ting the sampie. A precise determination of P(Q) is not
always possible, but simple expressions can be derived
for some simple geometrical shapes. In principle, one
must start from the coherent scattering length b, of
each individual atom i and evaluate, from their in-
stantaneous positions r;, the density

plr) =) bd(r—r,). (2)
[Because the distribution 8(r —r;,) has the inverse
dimensions of a volume, p(r) is expressed in ¢~ 2]

For practical purposes, in SANS the spatial reso-
lution is low enough to allow some spatial averaging.
In this context it is useful to introduce the notion of
contrast in the following way. p(r) is averaged over
distances small compared with 1/Q0. The medium
where the fractal object is immersed (often called the
solvent) is in general well represented by a single
number p, because its structure cannot be observed
with the resolution of the SANS experiment. Very
often the particle itself is supposed to have a uniform
density. The contrast is given by p(r) — p,. One of the
important advantages of SANS is that the contrast
can very often be modified by isotopic substitution
which has only minor effects on the structure. This is
currently used with hydrogenated samples, owing to
the large differences in the scattering lengths of hydro-
gen and deuterium.

The form factor F(Q) is the Fourier transform of the
contrast evaiuated over the volume of the particle and
P(Q) is the square of the modulus of F(Q) averaged

-

UYEL LI LLdsiuie W pul bina®d,

P(Q) = IF(QII
= A ..o.:ho of

the particle

[p(r) — po] exp(iQ.r) dr

—
(Y

)
[P(Q) is expressed in cm?]. . .
For some simple shapes P(Q) is easily anﬁ:._.zan
(Guinier & Fournet, 1955). For example, for unifon
spheres of density p, volume V and radius r,

P(Q) = V¥{(p — p,)?
x [3sin(Qro) — Qro cos{Qro)(Qro)*1%. (4

At large values of Q the scattered intensity become
independent of the shape of the particles and i
dominated by surface scattering. This is particular]
true if a small polydispersity is present, as is always th
case in real systems, In this domain, P{Q) is given b
the Porod law

P(Q) =2n(p — po)?5/Q* (5

where S is the total surface. In this derivation, th
density profile is supposed to vary sharply ove
distances smaller than 1/Q. If the density profile varie
less sharply, one obtains smoother @ dependence
(Auvray, 1986).

The Porod law can be generalized (Bale & Schmidt
1984) to fractal surfaces of dimension D,. Writing

S =(r/ro)™ (6

for the measurement of the fractal surface witl
dimension D,, one obtains
P(Q) = n(p — po)*ST(5—D,)
x sin [n{D, — 1)/2)Q "€~ P4, 7
which gives {5) when D,=2.

Because 6 — D, falls between 3 and 4, the Q de
pendence of the scattering law of a fractal surface i
not castly distinguishable from that of a smooth
interface.

3(Q) is an effective structure factor (Chen & Bende:
douch, 1985), given by

IKF@D1?

S(Q) =1+ —— - [S(Q)-1].
For a centrosymmetric particle S5(Q) = 5(Q). S(Q)
describes the spatial distribution of the individual
scatterers. It is the Fourier transform A.v_. the pair
correlation function, g(r). [g(r) is a_aoam_o_.:omm.u
®g(r) represents the probability of finding a particle at
a distance r from a particle situated at the origin.

Explicitly, 5(Q) can be written as [see, for example.
Squires (1978)]

S(Q)=1+ ¢ ([g(r) — 1] exp(iQ.r) dr.

(8]

(9)
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shows that { is related to a generalized radius of
gyration R, by !

Ri=D(D + 1)&%/2.

i

In a general way, S(Q) can be considered as the

form factor of an ensemble of fractal objects dis-
tributed at a larger scale in the space.

Polydispersity

A particular situation is that of gelation processes
described by percolation models (Stauffer, 1976; de
Gennes, 1979), where a large polydispersity is present.
During the gelation process of branched polymers,
there is a very large distribution n(s) of polymers of
different sizes s. This distribution is characterized
(Fig. 2) by two numbers: the average size, N, and the
maximum cut-off size, N.,.

Within the percolation theory, N, and N_, near the
percolation threshold, are associated with the two
universal exponents, y and ¢.

N, ~¢7?
N ~¢g e
z

where ¢ measures the distance to percolation,
The distribution n(s) has been derived by Stauffer

(1983) and depends on the exponent 1

(18)
(19)

[1ters’)

"y

oxi

A" .

367 pHa & 7

-
T —.T ——— e
ac
_———

e
»:
1

I
3

L4 ] "o LA

Fig. 1. Scattered intensity from several samples of silica acrogels.
Numbers labelling the curves give the densities in g em ™3 and
OX1 means an oxidized sample with density equal 1o 356 gem™3,
The sample labelled pH = 4-7 was prepared with acid catalysis.
Al the others are ncutrally reacted samples. Solid lines represent
fits with equations (1), {5) and (16). Each intensity is divided by
ten compared with the previous one, starting from the top. {From
Courtens & Vacher, 1987

-

i.....uu-..\.__nm.,umn.\_:\?ur (2(

where f(x) is an exponentially decaying functio
which accounts for the cut off of the distribution a
large s.

Near the percolation threshold, each polymer has .
fractal structure with dimension D. The radius c
gyration of each polymer can be associated with th:
cut-off parameter {. Consequently, one can write

s=¢° (21

where { is now the radius of gyration of the polymero
size s.

* The pair correlation function of a single polyme:
containing s monomers {the individual scatterers) has
the form of {15), where D is the fractal dimension of
the polymer. In a more general way, one writes,
instead of {15),

Plelr}— 1] =(D/ArrB) P31 — r/E)
=(D/Anrg)r® 2y —r/s1P),  (22)

where we use (21). f{ —r/¢) represents a decreasing
function of r. .

The scattering function of such a polymer is ob-
tained, following the same steps as for the derivation
of (16), as

D - :
5(5,Q0)=1+ rww“y P73 (—r/5'P) m_amwﬂl dr
[+
D
=]+ nﬁomwb \\uﬁnﬁu
=1 +Q.QAQBMV ANMV

where f,(x) and f(x) can be determined if F(—r/E)is
known. .

The total scattering function at infinite dilution is
now obtained (Martin & Ackerson, 1985; Bouchaud,
Delsanti, Adam. Daoud & Durand, 1986) by summing
all the contributions S(s, @) with their relative

Ny Nz

Fig. 2. Schematic representation of the number n(s) of polymers
with size 5, near the percolation threshold. N_ and N, are the
average and the maximum size, respectively. This distribution is
described by equation {20).
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M. Ramirez-dei-Solar et al. / Gelation of Ti0,-5i0, sols 207

2. Experimental
2.1. Sample preparation

Gels of the composition xTiO,-(100 — x)SiO,
were made by mixing solutions of oxides precur-
sors tetracthoxysilune (FEOS) and tetrabutyl-
orthotanate (TBOT). The chemical reactions were
carried out under acidic conditions with pH[HCI]
= 1.5, The classic hydrolysis of TEOS is accom-
plished by stoichiometric additions of water (4
mol/mol alkoxide) in an alcoholic (EtOH) envi-
ronment, under magnctical stirring, while in the
sonocatalytic method the solventless TEQS-water
mixture is subjected to ultrasonic radiation [3).

In both cases, once the solutions were cooled
to O°C, appropriate volumes of a titanium precur-
sor solution TBOT : AcOH: #nBuOH (1:5.5:3.5),
in which AcH behaves as titanium alkoxide chem-
ical modifier, were added under vigorous stirring
to obtain different compositions. Sono- and clas-
sic mixed solutions are labelled as xSm and
xCm, respectively, x being 0, | or 5 (the nominal
TiO, molar content) and m corresponds to the
relative ¢/1, time where ¢, is the gelation time.

2.2. Small angle X-ray scattering

Small angle X-ray scattering measurements
were performed at the small angle scattering sta-

t/ty

1.00
¢| 075

0.50
025

m=1.9

0.00

10t e e s

10-7 ! 10°

q (k)

i{q) (a.u.)
3, 3, 3

) {c.u.)
aﬂ au

tion of the synchrotron radiation laboratory
LURE, Orsay, France, using a pin-hole colli-
mated X-ray beam. A suitable wavelength was
selected (A = 1.4 A) using a Ge(l11) bent
monochromator. For the SAXS cxperiments, the
solutions were pourcd into a bronze cell between
two Mylar windows. The sample thickness, 1, was
chosen to be 7 = 1/u, u being the iinear absorp-
tion coefficient, in order to obtain the maximum
in the scatiered intensity [4). The celi was placed
in a thermostated block maintained at 60°C dur-
ing the aggregation and gelation processcs.
Rccording of scattered intensities at fixed inter-
vals provides useful information that can be cor-
related with the evolution of microstructure. The
gelation time, 1,, of the solutions was previously
measured in similar celis, for each composition in
the same conditions (table 1).

The scattered X-ray intensities were recorded
as a function of scatlering angle using a one-
dimension position-scnsitive detector.  Parasitic
scattering was measured using a blank sample
with an empty cell. For samples with a faster

. gelation kinetics (58, 5C and 1S), the spectra

were obtained continuously with acquisition times
ranging from 3 to 5 min. For the slower ones,
data were taken at various intervals, depending
on the sample, with counting times of 5 min.

5C
10*] WV
1.00

10 F 0.50 m=1.9 ._

0.25

0.00

Y I a—

10°? 107! 10°

q (&)

Fig. 1. Development of the scatiering profiles for sono- and classic 5TiO,;-955i0; solutions al diffcrent stages of polymerization.
Notice the change of the final slope of the curves at the high g-region indicated. (Curves have been vertically displaced the same
relative distance for a more clear visualization.)
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and J(0)) and R, can be evaluated from the wide
linear regions in fig. 2 for the three sonosolutions.

Logarithmic plots of /0) versus R, values
pravide additional information about solution
structure. This analysis has been made for sam-
ples with a gelation times that permit continuous
study in situ. Figure 3 data show the evolution of
1(0), which is proportional to the aggregate mass,
as a function of their average size parameter, R .
These log-log plots should display linear be-
haviour when the extrapolated SAXS intensity,
£(0), is related to R, by [4]

1(0) aRP. (4)

This equation applied to growing mass fractal
objects. The slopes of fig. 3 plots indicate the
presence of slightly branched polymeric clusters
[8], in agreement with the previous results, The
dimensionality, D, calculated from the slopes of
log I versus log g plots for fresh gels are a little
higher than D’ determined from log KU) versus
log R, plots. The last ones (D’) are average
values during cluster growth. So, differences be-
tween D and D' indicate that fractal dimension-
ality increases during aggregation, suggesting that
a restructuring process is also acting. Dimension-
alities are expected to be higher in processes
involving restructuring than in those involving
only pure aggregation |9).

In order to obtain further details of the aggre-
gation process, the evolution of the integral in-
variant, Q,,, was determined. This integral param-
cter, when applied to a ‘two-density’ material, is
related to its structure by [4]

Qo= ["H(a)a? dg =2u%(8p) (1 - $)V, (5)

where Ap is the difference in electronic density
between the phases, ¢ is the volume fraction of
one of the phases and V is the irradiated volume.

For evaluation of eq. (5), appropriate extrapo-
lations for ¢ = 0 and ¢ — « must be done [10}
For q =0, the extrapolation is easily accom-
plished using Zimm plots. For §— o, it is as-
.u..:.np_ that, after the crossover found, the SAXS
intensity for ¢ > q,,,.. (g,... being the maximum
q-value for which the intensity was recorded)
exhibits a Porod behaviour (4], ie., /(g)q* = ko
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Fig. 4. Evolution during gelation: time of the gyration radius
calculated from Zimm plots {open symbois) and the integral
invariant (filled symbols).

k, being a constant. The contribution of the
Porod’s region is small for all the experimental
curves except those corresponding to very short
reaction time.

The integral invariant, Q,, was caiculated from
the curves meusured in a larger g-domain (Sc, 5s
and Is), for which a reasonable extrapolation,
beyond the experimental g-range is possible. The
integral values, which are plotted in fig. 4, do not
vary noticeably during aggregation and, hence,
the total volume fraction of the scatterers is also
constant. Gelation of these solutions is concluded
to occur by a cluster—cluster aggregation process.

The surface / volume ratio of the scatterers can
be determined as the ratio K, /Q,, but a particu-
lar geometry should be assumed in order to esti-
mate their characteristic dimension. In this sense,
attention must be paid to the fact that there is no
evolution with time of the V/S ratio. Conse-
quently, we can rule out the formation of spheri-
cal particles (or voids), the growth of which would
imply an increase of this paramcter as R, doces. It
scems more appropriate to describe the internal
structurc on the basis of rod-like scatterers which
lengthen with an essentially constant cross-
section.
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duccd from the time evolution of the scattering
profiles.

The evolution was describcd on the basis of a
simple growth law that allows estimation of the
process rate constant. The values oblained con-
firm that both the increase of TiO, contcnt and
ultrasound accclerate aggregation.

The authors gratefully acknowiedge the assis-
tance of Dr de la Rosa-Fox in computational
calculations and Mr J. Gonzélez in graphic de-
signs. This work has been supported by Plan
Nacional F.P.I (Spain) and CNPq (Brazil).
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Quasibinary B,0,-PbO-(AL,0,) glasses of two different compositions and at several temperatures
inside the miscibility gap were investigated using small-angle x-ray scattering, Measurements were
carried out using an x-ray beam from a synchrotron source in pinhole collimation and the samples
were isothermally annealed in situ. The experimentally determined structure function was found to
be in general agreement with recently proposed scaling laws. The exponent for the time dependence
of the characteristic scaling length was found to change from a minimum value of 0.24 to & max-
imum of 0.35 for, respectively, samples near the center and near the boundary of the miscibility gap.
The time exponent for the maximum of the structure function was found to be nearly equal to three
times the exponent of the characteristic length, as expected from the scaling laws. The scaling struc-
ture function changes appreciably with composition, becoming considerably sharper near the

boundary of the miscibility gap.

I. INTRODUCTION

The existence of dynamical scaling during the last

stages of phase separation in binary mixtures has recently -

been proposed by several investigators on the basis of
phenomenological and statistical models'~? as well as de-
tailed computer simulations.* The underlying implication
of dynamical scaling is that the process of phase separa-
tion is entirely controlled by a unique characteristic length
R (1). The scaling hypothesis was, therefore, implicitly in-
cluded in the classical coarsening theory of Lifshitz and
Slyozov,” although, in its present form, scaling is consid-
erably more general. For example, analysis of data gen-
crated by different experiments and by computer simula-
tions has led Fratzl et al.® to interpret the structure func-
tion as given by the product of two universal functions.

A direct consequence of dynamical scaling is that the
structure function S(g,1), i.c., the Fourier transform of
the composition correlation function at time ¢, follows a
simple asymptotic behavior for large values of . Since
the time evolution of the structure function can be direct-
ly measured by small-angle diffraction techniques, the
theoretical evidence for dynamical scaling has also gen-
erated renewed interest in the experimental study of phase
separation in binary mixtures. In particular, dynamical
scaling has recently been established, at least as a very
good approximation, in liquid mixtures,’~?, quasibinary
glasses,'” and binary alloys.!!'- 13

In order to ascertain experimentally the validity of scal-
ing, one must determine the existence of a unique real-

34

space characteristic length R(r) and, in principle, its time
dependence. Most commonly, the inverse of the charac-
teristic length is taken to be the first moment g,(¢) of the
structure function or, alternatively, the magnitude of the
reciprocal space vector ¢, corresponding to the max-
imum S, of the structure function. Although both quan-
tities provide an equally acceptable measure of the charac-
teristic length, there are intrinsic experimental difficulties
in the calculation of the moments as well as in the precise
location of g,. For example, the calculation of the first
few nondivergent moments requires precise intensity mea-
surements at large angles where the structure function is
very small and thus difficult to determine accurately. On
the other hand, the location of the maximum of the struc-
ture function is particularly difficult to pinpoint since g,
is sensitive to the type of collimation used for the incident
In this investigation we perform a quantitative test of
the scaling hypothesis using small-angle x.ray scattering
(SAXS) experiments in quasibinary borate glasses for two
different compositions and several températures. Our in-
vestigation of two different compositions is aimed at a
quantitative study of the universality of the structure
function recently proposed by Fratzl et al.¢ .
Among the several items that may tend to mask the
scaling (or departure from scaling) of the experimentally
determined structure function is the intrinsic anisotropy
of crystalline alloys. This anisotropy has been document-
ed by Hennion ef al.'! in Al-Zn and was presumably also
present in the other studies of crystalline systems.'>!

2762 ®1986 The American Physical Society’
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the normalized moments ¢,(¢) and ¢,(¢) may be obtained
directly using /{g,?) in Egs. (2) and (3). With this in
mind, we have chosen the following relations, derived
directly from Egs. {1)—(7), in order to test the validity of
the scaling hypothesis:

gDt 8)
I, =, (9)
q2(0 = [g,(0]?, 1o
Qolf <[g(1)] 72, (11)
Qi) =g (0], (12)
Q} «constant, \ (13)

where I, denotes the maximim of the SAXS intensity
I(gn,t). .

%# {a)

Intensily (arb, wits)
N
¥

intensity (arh wnits)

0 04 006
._2.-:

FIG. 3. Time evolution of the SAXS intensity {in arbitrary
units) for composition N. {(a) Samples heat treated at 480°C for
the following times (min): A, 10.8; B, 12.2; C, 17.0; D, 23.0; E,
29.7, F, 35.8; G, 43.8; H, 54.0; [, 62.7, (b) Samples heat treated
at 500°C for the following times: A, 1.7; B, 3.0 C, 4.5; D, 6.3;
E, 7.5, F,9.3; G, 11.0; H, 13.5; 1,16.0; J, 19.5; K, 24.0; L, 30.0.

Q\.n(

IV. EXPERIMENTAL RESULTS

The time evolution of the SAXS intcasity was deter-
mined for samples of composition S during in situ iso-
thermal heat treatment of 460°C, 470°C, and 480°C. Fig-
ures 2(a} and 2(b) show the measured intensity in arbitrary
units for 460°C and 480°C, respectively, and several
times. For this composition and temperatures, the system
lies deep inside the classical spinodal region of the misci-
bility gap (Fig. 1). SAXS curves were also obtained from
sampies having the composition N and ‘treated iso-
thermally at 480°C, 490°C, and 500°C for different
lengths of time. In this case, the system is located close to
the boundary of the miscibility gap (Fig. 1) where, accord-
ing to the classical theory, decomposition proceeds by a
nucleation and growth mechanism. The evolution of the
SAXS curves for composition N at 480°C and 500°C are
shown, respectively, in Figs. 3(a} and 3(b).

Plots of the normalized first moment q,(t) versus ¢ are
shown in Fig. 4(a) for samples of composition 5 and three
different temperatures (460°C, 470°C, and 480°C). Figure
4(b} shows the same plots for samples of composition N at
480°C, 490°C, and 500°C. As seen in the figures, the
behavior predicted by Eq. (8} is closely obeyed. For the

b=

Lntt (min)i

FIG. 4. Time dependence of the inverse characteristic length
¢, corresponding to compositions S (a} and ¥ (b) at several tem-
peratures.
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Fi{x} was detected for different temperatures at the same
composition. However, appreciable changes are seen from
one composition to the other. In Table I three parameters
that characterize semiquantitatively the scaling function
are ziven. These are the maximum F,,, the width at half
maximum A, and the position of the maximum x,. We
see from Table I that F(x) becomes considerably sharper
near the boundary of the Bmmnwc:ww gap, although the ra-
tio of normalized moments f;/f1, shown in the third
column of the table, remains essentially constant with
temperature and composition.

V. DISCUSSION AND CONCLUSIONS

We have found general agreement between the SAXS
experimental results and the predictions of the statistical
theories on the dynamics of phase separation for all

{s}
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FIG. 7. Time dependence of the ratio q,/¢ for compositions
S{a} and ¥ (b} at several temperatures.
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FIG. 8. Scaling of the structure function for composition S
at 460°C (a) and at 480°C (b).

glasses investigated. The scaling laws, and in particular
Eqgs. (10)—(13), are closely obeyed during the late stages of
decomposition. An important experimental criterion for
establishing “late stages™ is the time-independence of
91/q%. As seen in Fig. 7, scaling is reached relatively ear-
ly in the decomposition process for samples of composi-
tion S, whereas for samples of composition N the scaling
regime has apparently been reached only for the longest
times measured. The plots of Fig. 7 are only meaningful
to the extent that the first few moments of the SAXS in-
tensity may be calculated accurately. In this regard, the
experimental verification of the conservation of the in-
tegrated intensity, i.e., constancy of Q,, plays a key role

Fin)

1 4

FI1G. 9. Scaling of the structure function for composition N
at 480°C (a) and at 500°C {b).
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1. Introduction

A number of doped glasses are transformed by appropriate heat treatment into
composite materials consisting of a vitreous matrix in which semiconductor nanocrystals
are embedded. When the semiconductor crystals are small, electronic quantum
confinement effects occur. The optical properties of a number of silicate and borosilicate
glasses containing CdS (Potter & Simmons), CdSe (Borrelli et al., 1987), CdTe
(Medeiros Neto et al., 1991) etc were investigated by optical measurements in the visible
wavelength range. Recently a new material, a borosilicate glass-PbgTe nanocrystal
composite which exhibits quantum confinement effects in the infrared, was discovered
(Reynoso et al.,, 1995). The consequent non-linear optical properties, being in the
infrared, make this material a good candidate for applications in telecommunication
devices.

The structural characterization of nanocrystals embedded in glassy matrix is
usually carried out by analyzing the experimental optical absorption spectrum of the
material. This spectrum exhibits a more or less sharp absorption edge and, in some cases,
onc or more exciton peaks, their position in the spectrum being dependent on the average
size. on the size distribution and on the shape of the nanocrystals.

The method most frequently used for determining the average radius of the
nanocrystals from optical data applies the Efros & Efros equation (Efros & Efros, 1982).
This cquation is based on a theoretical model for optical absorption which assumes
spherical nanocrystals and  simple parabolic energy bands for electrons and holes. It is
warthwhile, however. to carry out independent experimental studies of the composites
using a technique which  provides more direct structural information. Because of the
small size of the nanocrystals, the small-angle scattering (SAXS) technique is a good
choice for obtaining relevant structural information.

Applications of glass-semiconductor nanocrystal composites in non-linear optical
devices usually require the nanocerystals to be nearly isodiametric and have a narrow size
distribution. This paper reports the first SANS study of a borosilicate glass-PhTe

HAnoCrys L compaosite.

-
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The X-ray scattered intensity, [(q), was measured as a ?:maos of the modulus of the
scattering vector ¢, using a one-dimensional position-sensitive X-ray detector. An
ionization chamber, placed downstream from the sample, was used to monitor the
intensity decay of the transmitted beam and to determine the sample attenuation. Parasitic
air and slit scattering were subtracted from the total intensity. The counting time for each
SAXS spectrum was 300 sec and the measurements were repeated at about every 500 sec.

We have estimated the .ma.mco:nn on the small-angle scattering intensity from the
small. but non-zero, cross-section of the incident beam at the detection plane and from the

finite resolution of the position-sensitive detector. We concluded that these effects on the

experimental SAXS intensity are negligible.

4. Results and discussion

The formation of PbTe nanocrystals introduces heterogeneities in the electronic
density of the initially quasi-homogeneous material. PbTe nanocrystals embedded in
borosilicate glass are efficient X-ray scatterers because of their very high electronic
density as compared with the density of the light matrix. If we assume a simple two-
electronic-density model for the nanocrystal-glass composite, with nanocrystals or
“particles™ occupying a small fraction of the total volume. the Guinier equation applies to

the SAXS intensity function in the small g-range limit:
I(g) = I(0) exp[-(<R > *q*/3)] (1)
with I(0) = ADEN N <vi> 3]

<R.> being the so called Guinier average of the radius of gyration of the partictes, Ap the

difference in electron density between the particles and the matrix, N the number of

particles per unit volume and <v™> the average of the particle square volume (Guinier &

Fournet. 1955 In the case of a set of sphericad particles with a radius distribution given
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already observed in a previously studied borosilicate glass doped with CdTe (Craievich,
Alves & Barbosa, 1994). This contribution to SAXS intensity, being confined to very
small q, is not considered in the further analysis associated with the formation and growth
of PbTe nanocrystals.

For long periods of time at 650 °C a satellite peak is clearly apparent in the
experimental SAXS intensity functions plotted in Fig. 3. This effect in scattering curves
Is in general w&a:nna by spherical or spheroidal particles, all of them having
approximately equal radii. The conclusion about the spheroidal shape of the nanocrystals
is nmc?p_m:n to that previously established by transmission electron microscopy for
glass-CdS composites (Liu & Risbud, 1990a).

We obtained more n:usag?a structural information on the studied materials by
fitting the experimental SAXS intensity with a theoretical scattering function for a set of

spherical nanocrystals. The scattering function, I(q), for a sphere with a radius R is given

by (Guinier & Fournet, 1955):

A. mﬂu y bl
I(q) = f¢2§ R)J?

where K is a constant and

sinfqQ R)—q R cos(g R)
B(R) = 3 (q q : q
(qR)
Assuming a sct of spherical nanocrystals with a Gaussian radius distribution embedded in
a homogencous matrix, the fitting function for the experimental SAXS intensity I(q) is

given by

I = A sRIR[hig RIAIR + B (h
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with k1, -y, = 0.058 m (Ishidaet al, 1987), m being the electron mass.

The Guinier average Rg obtained from the slopes of the linear portions of the
Guinier plots in Fig. 2, the average radius R, with an error bar + o corresponding to the
fitting functions plotted in Fig. 3, the Q&Enn average of the radius R¢ determined using
the Gaussian size distribution and the above mentioned R, and 6 values, and the Efros &
Efros average radius Ro, obtained from the spectroscopic data (Fig. 1), are plotted in Fig.
4 as functions of the heat treatment time.

We observe in Fig. 4 that the Rg and Rg’ values are larger than Ra. Values larger
than Ra are expected because the Guinier average of the nanocrystal radii, defined in
equation 3, weighs much more the large nanocrystals. However in Fig. 4 a small but
noticeable difference between Rg and Rg' is apparent. This indicates that the real
structure of the borosilicate glass-PbTe nanocrystal composites deviates slightly from the
assumed structural model consisting of a dilute system containing spherical shaped
nanocrystals with Gaussian size distribution. We have estimated that the difference
between Rg and Rg' is a consequence of slight deviations from the sphericity in
nanocrystal shape as was previously observed in clectron microscopy studies of CdSe
and CdS nanocrystals (Liu & Risbud, 1990u). We then concluded that the PbTe
nanocrystals are approximately isodiametric or spheroidal.

As can be seen in Fig. 4, the Rg value calculated from the optical absorption
speetra is about twice the average nanocrystal radius, Ra, determined by SAXS. This
strong dilference between Re, and R, implies that Efros and Efros equation (equation 6)
does not apply 1o PbTe nanocrystals. The disagrcement cannot be explained by the slight
deviation of the nanocrystals from the spherical shape but, more probably, by the strong

nonparabolicity of the energy bands of the studied semiconductor (Martinez et al. 1987,
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R*_X t + R(0)? ©))

where Kis a constant and R(0) is the initial nanocrystal radius.

The experimental values of Rg for increasing periods of time obey the potential
law of equation 9 as can be seen in Fig. 6. This result, together with the time dependence
of the integral Q (Fig. 5), are.consistent with the proposed mechanism of nanocrystal
growth by pure atomic diffusion up to about | hour of heat treatment. As the
concentration of Pb and Te approaches the solubility limit, coarsening becomes the
En..aosm:m:ﬁ mechanism responsible for nanocrystal growth and the time dependence of
the radius is not longer given by equation 9 and become R < t'* (Lifhshitz and Slezov,
1959). This explains the deviation, observed in Fig. 6, of the R? versus t plot from the
linear behavior predicted by equation 9.

These results indicate that nuclei having an appreciable critical size (with an
average radius of about 16 A) are initially formed. The growth of the nanocrystals is
governed by the classical atomic diffusion mechanism in the first stages and by

coarsening in advanced stages of isothermal heat treatment.

5. Conclusion

The conclusions regarding the structural evolution of Pb and Te-doped
borosilicate glass materials, quenched from 1350 °C and isothermally treated at 650 °C

from O 1o 120 min, are:

- nearly spherical PbTe nanocrystals having an average radius of 16 A are initially

formed,

during the isothermal treatment the average nanocrystal radius grows up to 33 A,

the relative standard deviation of the size distribution function is about § %,

the predominant mechanism for nanocrystal growth is classical atomic diffusion. and

Erros and Elros equation does not vield a precise estimate of nanocrystal radii probably

because of the strong nonparabolicity electron and hole energy bands.

10
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