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Structure and dynamics of surfactant-stabilized aggregates of palladium nanoparticles under
dilute and semidilute conditions: Static and dynamic x-ray scattering
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We have used high-resolution small-angle x-ray scattering and the recently introduced technique of x-ray
photon correlation spectroscopy to study the structure and diffusive dynamics of a colloidal palladium aggre-
gate sol under dilute and semidilute conditions. At low concentration we find that the size of the aggregates as
determined from the static structure factor and from the diffusive dynamics agree. At high concentration the
aggregates start to overlap and the apparent diffusion constant decreases, while the system remains in a
liquidlike state. The comparison of static and dynamic data gives insight into structural features that are
indiscernable by one technique alone.@S1063-651X~99!00701-1#

PACS number~s!: 82.70.Dd, 61.10.Eq, 61.43.Hv, 61.46.1w
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I. INTRODUCTION

The irregularly shaped objects formed during aggrega
processes are scale invariant and can be described b
concepts of fractal geometry. This was shown by compu
modeling @1–5# and later confirmed by experiments@6–8#.
Recently the interest in aggregate sols has turned to the
vestigation of more concentrated systems, stimulated by
observation that in these systems a preferred length scale
exist @9–11#. Due to their open, fractal structure, aggrega
in solutions can build up space filling structures at very m
est volume fractions. The dynamics of such a concentra
system could in one case successfully be described in te
of internal modes of a gel with arrested translational a
rotational diffusion @12#, but simultaneous studies of th
structure and the dynamics of these systems remain spa

In this paper we present a study of the structure and
dynamics of a surfactant-stabilized aggregate sol using s
and dynamic x-ray scattering. Concentrations up to the se
dilute regime, in which the size of the aggregate is com
rable to the distance between aggregates, are covered
aggregates consist of colloidal palladium particles with a s
of a few nanometers. Transition metal particles in the s
range 1–10 nm have attracted considerable interest du
their potential use in catalysis. The behavior of water-ba
sols such as the one under study are therefore of partic
interest.

For our study we combined high-resolution small-an
x-ray scattering~SAXS! with x-ray photon correlation spec
troscopy~XPCS!. This recently introduced technique allow
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the investigation of the dynamics of concentrated, structu
systems at high scattering vectors@13,14#. Interesting fea-
tures of the SAXS data are illuminated by combining t
results of static and dynamic experiments.

II. SCATTERING EXPERIMENTS ON COLLOIDAL
AGGREGATE SOLUTIONS

A. Static scattering cross section

The x-ray scattering cross section for a system of ident
particles is

ds

dV
5r e

2VI~q!. ~1!

Herer e
2 is the Thompson scattering cross section of a sin

electron andV is the scattering volume. The scattering inte
sity I (q) is given by

I ~q!5
1

r e
2V

ds

dV
5cpvp

2Dre
2uF~q!u2S~q! ~eu/volume!,

~2!

wherecp denotes the number concentration of particles,vp is
the volume of the particles, andDre is the electron density
difference between the particles and the surrounding
dium. F(q) is the form factor of the individual particles an
the structure factorS(q) gives the effect of interparticle cor
relations. Although the exact expression forF(q) depends
on the shape and size of the particles, generally va
asymptotic formulas for small and largeq values can be
given @15#. For smallq the Guinier approximation is valid
so that

uF~q!u25exp~2q2Rg
2/3! for qRg&1. ~3!

er-
642 ©1999 The American Physical Society
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PRE 59 643STRUCTURE AND DYNAMICS OF SURFACTANT- . . .
HereRg is the Guinier radius of the particles. For largeq the
q dependence is given by Porod’s law

uF~q!u2;q24 for qRg@1. ~4!

The structure factor of the system is given by

S~qW !5
1

N (
i , j

exp@2 iqW •~RW i2RW j !#. ~5!

The sum( i , j in Eq. ~5! extends over allN particles at the

positionsRW i in the sample.S(qW ) is related to the particle pai
correlation functionc(rW) by

S~qW !5E exp~2 iqW •rW !@c~rW !2^c&#d3r . ~6!

The correlation functionc(rW) is composed of ad function
describing the self-correlation part and a contributionc8(rW)
taking into account correlations between different particle

c~rW !5d~rW !1c8~rW !. ~7!

In an isotropic systemS(qW ) and c(rW) depend only on the
moduli uqW u and urWu and Eq.~6! simplifies to

S~q!54pE
0

` sin qr

qr
@c~r !2^c&#r 2dr. ~8!

For a dilute solution of particles only the self-correlatio
part contributes andS(q)51. This is generally the limiting
value ofS(q) for q→` in a system without long-range or
der. In the case where the particles form aggregates con
ing of nagg particles and interferences are limited to with
one aggregate,S(q)5nagg for q→0. Using Eq.~2! and not-
ing that F(q→0)51, the scattering intensity asq goes to
zero for a dilute aggregated system is

I ~q→0!dilute5cpvp
2Dre

2nagg5caggvagg
2 Dre

2 . ~9!

Here cagg is the number concentration of aggregates a
vagg the volume of an aggregate. Again a Guinier appro
mation as in Eq.~3! can be used for smallq and

I ~q!5I ~0!exp~2q2Rg,agg
2 /3! for qRg,agg&1. ~10!

Rg,agg is now the Guinier radius of the aggregates.
Beyond the Guinier range the shape ofS(q) reflects the

internal structure of the aggregates. This is most easily
scribed in terms of the correlation functionc(r ). A useful
form is given by

c~r !}r df23f ~r /R!. ~11!

The power lawr df23 describes the scaling typical for a fra
tal of dimensiondf and leads to an asymptotic power law
the scattering curveS(q);q2df . f (r /R) is a cutoff function
taking into account that the structure can only be descri
as fractal up to a lengthR. Thus

S~q!}E
r 0

`

r df23f ~r /R!
sin~qr !

qr
r 2dr, ~12!
,

ist-

d
-

e-

d

wherer 0 is of the order of the size of the constituting pa
ticles of the aggregates. Choosing a simple cutoff funct
f (r /R)5exp(2r/R), the integral~12! can be solved analyti-
cally if r 0!R @16# and

S~q!}
1

~qr0!df

dfG~df21!

~111/q2R2!~df21!/2
sin@~df21!arctan~qR!#.

~13!

Here G denotes the gamma-function. The expression~13!
may be used to describe the finite size of isolated aggrega
but was originally devised to describe overlapping agg
gates in a dense system, a situation that has been realiz
dry powders of aggregating particles@8,17#. Expanding
equation~13! for small q leads to

S~q!'S~0!@12q2df~df11!R2/6#. ~14!

If the solution becomes more concentrated interferen
between different aggregates cannot be neglected any lon
especially aroundq50. The value ofS(q→0) is then not
related in any simple way to the number of particles in t
system. Nevertheless, a correlation lengthj can be extracted
from the shape of the structure factor in this region by tak

d2S

dq2U
q50

522j2S~0!. ~15!

This is equivalent to an Ornstein-Zernicke approximation
S(q) usually written as

S~q!'
S~0!

11q2j2
. ~16!

Note that this behavior is up to orderq2 indistinguishable
from the Guinier expression~10!, which is only meaningful
for a dilute solution.

B. Photon correlation spectroscopy with coherent x rays

Photon correlation spectroscopy using visible light is
widely used scattering technique to study low-frequency
namics in disordered systems@18,19#. Since it requires the
use of highly coherent radiation, it became available fo
rays only recently with the advent of third-generation sy
chrotron radiation sources. This technique probes the
namic properties of matter by measuring the temporal co
lation of the intensity scattered by the sample. Correlatio
are quantified via the normalized time correlation functi
g(t):

g~ t !5
^n~ t8!n~ t81t !&

^n&2
, ~17!

wheren(t) is the number of photons scattered in an inter
Dt around a timet,

n~ t !5E
Dt

I ~ t !dt. ~18!
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644 PRE 59T. THURN-ALBRECHT et al.
The angular brackets in Eq.~17! denote the time average
The intensity correlation function~17! is related to the field
correlation function, which resembles the intermediate s
tering function in terms of which inelastic scattering expe
ments are usually described:

^I ~q,0!I ~q,t !&

^I ~q!&2
511b

^E~q,0!E* ~q,t !&2

^I ~q!&2
. ~19!

b is a constant that under fully coherent conditions would
equal to unity. Depending on the amount of incoherent av
aging introduced by the partial coherence of the beam
the geometrical details of the experimental setup, it can t
values between zero and one~Appendix A!.

For a translational diffusion process the expected fu
tional form of the correlation functiong(t) is @18#

g~q,t !5A~q!e22Gqt11 with G5q2D. ~20!

D is a diffusion coefficient. For translational diffusion und
dilute conditions one expects

D~c→0!5D05
kT

6phRh
. ~21!

Here k is the Boltzmann constant,T the temperature,h the
viscosity of the solvent, andRh the hydrodynamic radius o
the diffusing particles. If the solution is more concentrat
particles will interact and interparticle interferences co
into play. Then the measuredD(q) is an effective diffusion
coefficient and reflects more generally the relaxation rate
concentration fluctuations with wave vectorq. In the limit of
high q this effective diffusion coefficientD reduces to the
short-time self-diffusion coefficientDs @20#. Without a hy-
drodynamic interactionDs is identical to the diffusion con-
stantD0 given in Eq.~21!, but generallyDs will be some-
what reduced in comparison toD0 @20#.

III. EXPERIMENTAL DETAILS

A. Ultrasmall-angle x-ray scattering

The measurements were taken at the European Sync
tron Radiation Facility~ESRF! on beam line 2 using a
Bonse-Hart setup with two crossed channel cut monoch
mators for the incoming and the scattered beam effectiv
producing point collimation. The smallest accessible scat
ing vector (qmin;631024 Å21) is theq at which the back-
ground caused by diffuse scattering from the crystals
absorbers is comparable in intensity to the scattering sig
from the sample. X rays with an energy of 12.4 keVl
51Å) were used. The experimental setup is described
detail in @21#. Measurements of the static structure fac
covering theq range from 0.01 to 0.5 Å21 were taken with
a Kratky camera mounted on a conventional sealed x
tube. This setup uses slit collimation, which requires dec
volution of the measured data@22#. The primary beam inten
sity is measured with a moving slit, which allows the det
mination of absolute values of scattering cross sections.
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B. X-ray photon correlation spectroscopy

For a coherent scattering experiment the scattering
ume has to be adjusted to the coherence lengths of the ra
tion used. Whereas this requirement is relatively easy to
fill with laser light, it requires a highly collimated beam i
the case of x rays that can be produced only by using v
small ~micrometer-sized! pinholes. The experiment was pe
formed on beam line 9~TROIKA! at the ESRF. The beam
line was configured to provide maximum coherent flux
restricting the longitudinal coherence lengthj l to about 100
Å. The transverse coherence lengthj t amounted to abou
15 mm and a pinhole of that size was used to produc
nominally coherent beam. Figure 1 shows a schematic lay
of the setup. The setup and the coherence properties o
beam are described in detail in@23#. The undulator source
was tuned to an energy of 8.1 keV (l51.53 Å). Correlation
functions were measured by a digital ALV5000/E~ALV
Langen, Germany! correlator.

IV. SAMPLES

The colloidal particles under study are synthesized via
electrochemical method recently introduced by Reetz and
workers@24,25#. The synthesis proceeds via electrochemi
reduction of metal ions in the presence of a stabilizing age
Which type of stabilizer is to be used depends on the solv
Water soluble metal colloids~hydrosols! can be obtained us
ing zwitterionic surfactants of the sulfobetaine type@26,27#.
For the sample studied dimethyldodecylammoniop
panesulfonate (C12H25@CH3#2N1C3H6SO3

2) was used as a
stabilizer. TEM gave a radius of 20–30 Å for the metal
particles. The dry powder has a metal weight content
26.8% and is easily dispersed in water. On dilution the c
loidal solution becomes unstable in the concentration ra
in which the surfactant content falls below the critical m
celle concentration~2 mmol/l @28#!. In the concentration
range under study no sedimentation was observed. A
glass capillary with a diameter of 1 mm served as the sam
container.

V. RESULTS

A. Statics

Figure 2 shows the static scattering cross sectionI (q) of
three solutions with different concentrations of a palladiu
colloid. The palladium volume fractionsFPd as calculated
from the weight fractions are 6.431024 ~sample 1!, 2.3
31023 ~sample 2!, and 7.931023 ~sample 3!, with the high-
est concentration showing the most intense scattering.
curves can be split into severalq regimes reflecting struc

FIG. 1. Schematic setup of the Troika beam line for the exp
ment.
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PRE 59 645STRUCTURE AND DYNAMICS OF SURFACTANT- . . .
tures on different scales. Starting on the highq side, the
smallest structural unit, i.e., the individual Pd particles, d
termines the shape ofI (q). In agreement with the TEM re
sults, the scattering cross section displays Porod beha
i.e., I (q)}q24, beyond q;0.1 Å21. At lower scattering
vectors (q&0.1 Å21) an additional increase ofI (q) is ob-
served, indicating the existence of aggregates whose inte
structure is reflected in thisq range. HereI (q) follows ap-
proximately a power lawI (q)}q2df , df being the fractal
dimension of the aggregate. Below about 631023 Å21 the
structure factor of all three samples deviates from the po
law, which indicates the finite extension of the fractal stru
ture. Using the quadratic approximation~16! to describeI (q)
in this range, a correlation lengthj can be extracted. Figur
3 shows the data in a representation that linearizes Eq.~16!.
Up to deviations of about 10%, samples 1, 2, and 3
characterized by the same correlation length of 385 Å.

Inspection of Fig. 2 shows that all three data sets
basically parallel, indicating a structure independent of c
centration. Only at the lowestq values (q&231023 Å21)
are there differences in the slope of the curves. The sam
with the highest concentration~open circles! displays the
most simple shape of the scattering curve. It can very wel
described by the expression~13! introduced above as
model for a fractal structure with finite extent. The corr
sponding model curve is shown in Fig. 2. The fractal dime
sion determined from the fit isdf52.2660.05. I (0) is 9.3
3108 eu/nm3 and the value ofR is 30865 Å. Comparing
Eqs.~14! and~15!, this corresponds to a correlation lengthj
of 341 Å. This is in accordance with our previous res
based on Eq.~16!. A fit of Eq. ~13! to the more dilute
samples does not lead to a satisfatory description. This p
is dicussed in detail below.

The description of the SAXS data thus far does not rev
the state of dilution of the solution. A simple estimate sho
that the data obtained from sample 3 (FPd57.931023) are
not consistent with the assumption of a dilute solution. A
suming for a moment a dilute solution, we may employ E
~9!. cagg andvagg are related to the Pd volume fractionf,

FIG. 2. Scattering cross sectionI (q) vs q of the Pd colloid in
water at three different volume fractions:f56.431024, 1
~sample 1!, f52.331023, n, ~sample 2!, andf57.931023, s

~sample 3!. The solid line is a fit of the model function~13! to the
data obtained from sample 3.
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f5caggvagg . ~22!

f can be calculated from the known weight fraction of p
ladium. Combining Eqs.~9! and ~22!, we get an expression
for cagg ,

cagg5
Dre

2f2

I ~0!
. ~23!

Here the scattering by the surfactant in the solution can
neglected since the electron density of palladium as co
pared to organic material is about a factor of 10 high
(H2O, re5335 nm23; Pd, re53124 nm23). From cagg
a typical distanced between aggregates in the solution c
be estimated, d'cagg

21/3. With I (0)59.33108 eu/nm3,
we obtain cagg55.2327 nm23 and d'1240 Å. On the
other hand, in a dilute solution the correlation length det
mined above can be interpreted in terms of the Guinier
proximation ~10!, i.e., Rg,agg5A3j5667 Å610%. This
means that the estimated distance between aggregat
comparable to the diameter 2Rg,agg of the aggregates. We
conclude that at least for sample 3 with the highest conc
tration we reached a semidilute state in which the aggreg
partially overlap.

We now proceed with the analysis of the mentioned d
ferences in the structure factors in the rangeq&2
31023 Å21. The scattering curve measured on the mo
dilute samples 1 and 2 shows an additional longer correla
length. By plottingI (q→0)/I (q) versusq2 for the range of
the smallestq, the value of this large correlation length ca
be determined according to Eq.~16!. The result is shown in
Fig. 4. The values of 1421 Å~sample 1! and 1119 Å
~sample 2! are about a factor 3–4 greater than the sma
correlation length dominating the structure factor of sam
3 and also present in samples 1 and 2. A precise interpr

FIG. 3. Scattering cross sectionI (q) as in Fig. 2 in a represen
tation linearizing the Ornstein-Zernicke expression~16!. All three
curves show a similar slope reflecting a similar correlation leng
The solid line corresponds to a correlation lengthj5385 Å. Devia-
tions from the linear behavior in samples 1 and 2 at very smallq are
disregarded here.1, f56.431024 ~sample 1!; n, f52.331023

~sample 2!; ands, f57.931023 ~sample 3!.
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646 PRE 59T. THURN-ALBRECHT et al.
tion of the different correlation lengths showing up in t
structure factor is difficult on the basis of the static measu
ments alone and will be facilitated by a comparison with
information about the aggregate dynamics.

B. Dynamics

On samples 2 (fPd52.331023) and 3 (fPd57.9
31023) an extensive series of x-ray photon correlation sp
troscopy experiments were performed covering aq range
from 131023Å21 up to 831023 Å21. As an example, a
set of correlation functions is displayed in Fig. 5. From bo
samples a correlation function measured at a lowq of 1.8
31023 Å21 and the correlation function measured at t
highestq are presented. The curves measured are qua
tively similar to the previous data measured for the pa
dium aggregates in glycerol@14#. The time scale is shifted by

FIG. 4. Scattering cross sectionI (q) as in Fig. 2 in an Ornstein-
Zernicke representation for the range of the lowestq vectors. The
lines corresponds to the correlation lengths indicated.1, f56.4
31024 ~sample 1! andn, f52.331023 ~sample 2!.

FIG. 5. Correlation functionsg(t) obtained at different concen
trations andq values as indicated~lower curves, sample 2,f52.3
31023; upper curves, sample 3,f57.931023). The upper curves
are shifted. Errors are estimated from photon counting statitis
Lines are fits according to Eq.~24!.
-
e

-

a-
-

about a factor of 1000 corresponding to the lower viscos
of water compared to glycerol.

The measured correlation functions~compare also Appen
dix B! can approximately be described by Eq.~20!, but a
better quantitative description of the whole curve can be
tained by using a cumulant expansion@19#. This expansion is
used to describe a correlation function with a moderat
broad distribution of relaxation rates as it is caused, e.g.
diffusion of a polydisperse collection of particles:

g~ t !511A expF2~2Gqt !1
m2

2
~2Gqt !2

2
m3

6
~2Gqt !312••• G , ~24!

where 2G is the mean relaxation rate andm2 andm3 are the
relative variance and skewness of the relaxation rate di
bution, respectively. The lines in Fig. 5 show the mod
curves resulting from a fit with Eq.~24!. The result of the
analysis is displayed in Fig. 6, which shows the relaxat
rateG as a function ofq2. The relative variancem2 is of the
order of 20%, decreasing down to 10% at higherq values.
The relaxation rateG is in both samples proportional toq2.
The slope of the line whose value gives the diffusion coe
cient is largely different in the two samples. For sample 2
diffusion coefficientD53.6310212 m2 s21 results, corre-
sponding to a hydrodynamic radius ofRh5610 Å
610%(hH2O51023 Pa s). For sample 3 we getD51.1

310212 m2 s21, showing that the diffusion is more than
factor of 3 slower.

VI. DISCUSSION

The analysis of the diffusive dynamics in terms of a h
drodynamic radius seems adequate for sample 2. At higq
values the effective diffusion coefficientD approaches the
self-diffusion coefficientDs as discussed earlier. If hydrody
namic interactions are not too strong, a hydrodynamic rad

s.

FIG. 6. Relaxation rateG versusq2 for a suspension of Pd
colloid at two concentrations:f52.331023, n ~sample 2! and
f57.931023, s ~sample 3!. The slope corresponds to the diffu
sion coefficient measured.
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can at least be estimated from the measured value oD.
There is an obvious agreement between the dominant co
lation length in the structure factor and the value obtained
the hydrodynamic radius of the more dilute sample 2. If
shape of the measuredS(q) is interpreted in terms of the
Guinier approximation~10! for a single aggregate, the corre
lation lengthj is related to the Guinier radius of the aggr
gatesRg,agg5A3j5667 Å610%. This agrees well with
the value obtained for the hydrodynamic radius (Rh
5610 Å).

From this starting point a consistent picture emerges.
common length scalej visible in the structure factor at a
concentrations measured corresponds to the typical siz
the aggregates in the solution. Beyondq'231023 the
curvesI (q) are parallel, indicating that only the number b
not the structure of the aggregates changes with conce
tion. At the lower concentration of sample 2 the translatio
diffusion of these aggregates dominates the dynamics. In
picture the additional longer correlation length showing
only at the lower concentrations~samples 1 and 2! is due to
short-lived interaggregate correlation. A substantial fract
of very large aggregates otherwise would lead to a sma
diffusion coefficient.

At higher concentrations~sample 3! the aggregates start t
overlap and the largest correlation length observable in
situation is of the order of the size of the individual agg
gates, whose internal structure is still visible. We do n
observe a peak inS(q) in this situation and the dynamics o
the sol is still liquidlike. In theq range under observation th
correlation function still relaxes completely, i.e., no sign
gelation is observed. Nevertheless, the value of the diffus
coefficient decreases. Topological constraints due to ove
may to some extent be responsible for this slowing down,
there might also be a certain reduction of the viscosity du
the high surfactant content in the system.

We conclude that the general state of the system can
described as a sol of aggregates with a fractal internal st
ture. On a qualitative level the type of colloidal solutio
studied has some analogies to a polymer solution, for wh
the distinction between a dilute and a semidilute regime
made@29#. Abovec* , at which the size of the aggregates
comparable to their distance, they start to overlap.c*
roughly coincides with the highest concentration studied
this investigation.

The value of the fractal dimension is higher than obser
in the well understood limits of diffusion and reaction lim
ited growth kinetics@30–32#, although similarly high values
for df have been found in other systems@8#. It seems that the
aggregates have undergone some process of restructu
conceivably during the relatively complex process of prod
tion, which includes drying, dissolving, and precipitatio
@33#. Restructuring of fractal aggregates due to finite inter
tion energies was studied in simulations as well as in exp
ments@34,35#. As in our observation, the formation of mor
compact aggregates that did not lose their fractal prope
completely were observed in that case.

Concerning the mechanism of stabilization, the data sh
that in the macroscopically stable colloidal solution not t
individual particles but rather the aggregates as a whole
effectively stabilized by the surfactant. At present we c
only offer a speculative explanation of this behavior. Ob
re-
r

e

e

of

ra-
l
is

n
er

is
-
t

f
n

ap
ut
to

be
c-

h
is

n

d

ng,
-

-
i-

es

w

re
n
-

ously the particles cannot sustain a well defined stabiliz
layer. It could be shown for flat surfaces that surfacta
usually adsorb not as single molecules but as micelle
structures@36,37#. Conceivably the absorption process is hi
dered in the case studied here by the fact that the size o
particles is comparable to the size of the micelles.~SAXS
experiments give a typical micelle radius of 2.6 nm.! An
incomplete coverage by adsorbed micelles would lead to
formation of mixed particle-micelle aggregates and agg
gates covered by micelles. The question to what extent
mentioned restructuring of the aggregate takes place dire
during the synthesis or later on cannot yet be answered.

VII. SUMMARY

We have studied the structural and dynamic features
colloidal solution consisting of surfactant-stabilized agg
gates at several concentrations up to the semidilute state
have shown that the solutions under study consist mic
scopically of fractal aggregates with a typical radius of ab
600 Å. The analysis of the structure factor and of the d
namic behavior led to consistent results. Structural chan
induced by changing the concentration can be attributed
interaggregate correlation in a system of partially overla
ping aggregates. At all concentrations the basic struct
features of the individual aggregates can be seen in the s
ture factor. Whereas at lower concentrations the time scal
the dynamics is dominated by the translational diffusion
the single aggregates, we observed a slowing down at
higher concentration. The data indicate that constraints
to overlap between the aggregates are at least partially a
origin of this behavior. Gelation and structure formatio
leading to a peak in the intensityI (q) was not observed. In
all cases the system can be described as a sol of aggreg

We hope to have demonstrated in this study some of
promising possibilities the technique of XPCS offer
namely, the study of the dynamics of concentrated and st
tured systems in aq range corresponding to the structural
relevant length scale.
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APPENDIX A: STATISTICAL ERROR OF THE
CORRELATION FUNCTION

At low count rates the error due to Poisson counting s
tistics is the dominant contribution to the statistical error
the correlation function@38#

Dg~ t !5Ag~ t !
1

^I &ATDt
. ~A1!

In this expressionI is the count rate,T the total counting
time, andDt the sampling interval. SinceDt decreases with
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the argumentt of the correlation functiong(t), the statistical
error increases at short times. This error at short times
comparison to the value of the intercept ofg(t) defines the
largest measurable relaxation rate and therefore the higq
limit. In our experiment the intercept ofg(t) takes values
around 0.1. Based on a statistical analysis of a static spe
pattern, this value could be understood as a consequen
incoherent contributions in the primary beam@23#.

APPENDIX B: PRIMARY BEAM CONTRIBUTION
TO THE CORRELATION FUNCTION

A complication while performing XPCS measuremen
covering the time range below milliseconds arises from
fact that the x-ray beam from a synchrotron radiation sou
is usually strongly modulated due to the nonhomogene
filling of the synchrotron. Since the resulting oscillations
the primary beam intensity are not correlated with the fl
tuations caused by the dynamics of the sample, the resu
correlation functiong* (t) is the product of the two contri
butions

g* ~ t !5gsynchr~ t !gsample~ t !. ~B1!

For a multiple sampling time correlator, as used in this
periment, the sampling intervalDt increases with increasin
argumentt of the correlation function. The correlation func
tion measured is described by the following expressi
which leads to an effective damping of the oscillation cau
by the primary beam fluctuations@38#:

gDt~ t !5
1

Dt2E2Dt/2

Dt/2

~Dt2ut8u!g* ~ t1t8!dt8. ~B2!

If the time constants of both componentsgsynchr(t) and
gsample(t) are well separated, one component is always
proximately constant within the integration interval and c
be taken out of the integral. It is then easy to remove
influence of the primary beam oscillations from the me
sured correlation function.gsynchr(t) is measured separate
on the primary beam directly andg(t)5g* (t)/gsynchr(t) can

FIG. 7. Correlation functiong(t) before and after division by a
correlation functiongsynchr(t) measured on the primary beam. Th
oscillations correspond to the 2/3-filling mode of the ESRF and
removed by the division.
in
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be calculated channel by channel. This procedure is used
the data presented in this article and is illustrated in Fig
The observed oscillations correspond to the 2/3-filling mo
of the ESRF, with the period of 2.81ms reflecting the time
a relativistic electron needs to travel along the storage r
circumference of 845 m. The correction allows a mu
broader time range to be used for determining the interc
of the correlation function.

APPENDIX C: INFLUENCE OF THE CUTOFF FUNCTION
ON THE AGGREGATE STRUCTURE FACTOR

There is a subtle change in the exact shape of the struc
factor at different concentrations for the samples studied
closer inspection of the data reveals thatS(q) in between the
Guinier and the fractal range decays more steeply at lo
concentration, in a way that cannot satisfactorily be d
scribed by expression~13!. A similar shape was observed fo
structure factors calculated from simulated aggregates@39#
and it was attributed to the exact outer shape of the ag
gates. We found indeed that our data can be described
sharper cutoff, which can be realized in the model used
introducing an exponentg.1 in the exponential cutoff func-
tion used before. As suggested in@40#, one may take

S~q!}E r df23exp@2~r /j!g#
sin~qr !

qr
r 2dr. ~C1!

Figure 8 shows a detailed view ofI (q) in the relevantq
range including a fit of the model function~C1! to the data
obtained from sample 1. In this caseg takes a value of 1.5
The additional increase inI (q) at the lowestq is disregarded
here. The model describes the data very well in theq range,
which reflects the structure of the individual aggregates. D
and a model function for sample 3 are included in the fig
for a better comparison. The fact that the sharper cutof
observable at low concentration is another indication of
existence of overlap occurring in the more concentra
samples.

e

FIG. 8. Scattering cross sectionI (q) vs q of a Pd colloid from
sample 1 (f56.431024, 1! and sample 3 (f57.931023, s).
The solid lines show fits of the model functions~C1! and~13!. The
additional increase ofI (q) at the lowestq is disregarded. The data
obtained from sample 1 decay more steeply, giving rise to a
moidal shape ofS(q).
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