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Photon correlation spectroscopy: X rays versus visible light
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We have performed combined dynamic light scatte(ingS) and dynamic x-ray scatterin@gpXsS) experi-
ments on dense colloidal suspensions. The intermediate scattering functions obtained with these two techniques
are compared directly. In the case of optically index matched samples, the comparison demonstrates that DXS
yields accurate and reliable results. It is shown that the hydrodynamic interdt(ipn can be determined
experimentally, without taking recourse to any theoretical model, by combining DXS and DLS. The combi-
nation of the two methods probes the dynamics over more than one decade in scattering vector. Experiments
on optically opaque samples, where DLS fails, demonstrate the necessity to use x rays in these systems.

PACS numbegs): 61.10—i, 42.25.Kb

I. INTRODUCTION the dilute limit[11]. For many interesting systems, such as
concentrated colloidal suspensions, biological cells, or DNA
Photon correlation spectroscopy is one of the most impormolecules, however, the conditions are much less favorable
tant techniques with which to study dynamical phenomena irior the application of DXS. These systems usually have
soft condensed mattgt,2]. If a random arrangement of scat- aqueous environments and display fast dynamics, exhibit
terers is illuminated with coherent radiation, the scatteredarticle interactions, and scatter weakly. Interparticle inter-
intensity shows a grainy interference pattern that reflects thactions lead to a nonexponential time dependence of the in-
instantaneous configuration of the scattef@s Movement tensity autocorrelation function measured by correlation
of the scatterers causes a corresponding movement of thipectroscopy. Resolving these interaction effects on an ex-
so-called speckle pattern, which thus contains informationended time scale requires the correlation functions to be
about the dynamics of the system. Photon correlation speeneasured with high statistical accuracy. Performing DXS
troscopy measures the time dependent intensity autocorrelgaeasurements under these conditions is a challenging task
tion function of the speckle pattern at a given spatial posidue to intensity limitations, the pulsed nature of synchrotron
tion. Correlation spectroscopy with visible light, known as sources, and the imperfect coherence properties of the x-ray
dynamic light scatteringDLS), is a well established and beam. On the other hand, it is precisely in this kind of system
widely used techniquid]. By contrast, correlation spectros- that multiple scattering of visible light, which also affects the
copy with coherent x ray$DXS) has been developed only time dependence of the autocorrelation function, prevents an
recently[5-9]. The most severe limitation of DLS, the oc- unambiguous interpretation of DLS results. If one is to ben-
currence of multiple scattering in dense systems, is absent feffit from the advantages of DXS as compared to DLS it is,
DXS. Multiple scattering of light renders the measurement oftherefore, of utmost importance to investigate whether quan-
quantities depending on the scattering vectpdifficult, titatively reliable and accurate results can be obtained by
since scattered light observed at a given point in space theDXS in the case of dense, fast-moving systems.
originates from a wide range of possible light paths in the In this paper, we report a direct comparison of DXS and
sample[10]. Another limitation of DLS is the small range of DLS. The goal of this comparison is to establish the potential
accessible scattering vectors; DLS cannot probe the dynanaf DXS as a tool for investigating the dynamics of concen-
ics on a length scale smaller than about 200 nm. By contrastrated colloidal suspensions with fast dynamics. To this end,
DXS gives access to dynamic processes on an atomic lengthe study the diffusion of colloidal silica particles suspended
scale (0.01 nm'=qg=<10 nm?1). in different liquids. For an optically index-matched sample,
These exciting experimental developments have, in prinwe demonstrate that the correlation functions obtained from
ciple, expanded the potential of correlation spectroscop¥XS and DLS are in excellent agreement in the wave vector
enormously. However, the feasibility of DXS has been dem+ange accessible to both techniques. Combination of DLS
onstrated mainly on systems displaying ultra slow dynamicsaand DXS allows us to study the dynamics over a wide range
(i.e., on the second time scalesuch as colloidal particles of scattering vectors. By comparison of DXS and DLS in the
suspended in glycerd5,6,8 and polymer micelle liquids case of optically opaque samples we then show that the DLS
[7]. Faster dynamics has hitherto only been studied in theesults are severely affected by multiple scattering, making
case of strongly scattering palladium aggreg@fsand in  the use of x rays imperative. It is pointed out that, in contrast
to advanced light scattering techniques, coherent x rays pro-
vide the unique possibility of directly measuring both dy-
*Present address: Argonne National Laboratory, IPNS/SNS, Arnamic and static properties of a colloidal suspension without
gonne, IL 60439. the need to invoke any theoretical model. The simultaneous
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measurement of both statics and dynamics is of prime im- ' e
portance for systems where, unlike hard sphere suspensions, | * o A% a) ||
the structure is not knowa priori. 108 0y, 10 fljﬁ%'m-—
= 1.04} ‘\. 001 041 1 1Q
Il. EXPERIMENT g 4
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DXS was performed at beamline ID1droika) of the 1.02f \ .
European Synchrotron Radiation FacilityfESRF in - b)
Grenobleg[12,13. The sample was illuminated with 8.2 keV 1.00 . . \____
radiation from an undulatofwavelengthh=1.51 A). The ’ 0.01 0.1 1 10
longitudinal coherence length, (£&=\% A\, with band- t (ms)

width AN/A=1.4x10"%) was about 1 xm. A pinhole with

a diameter of 20um was inserted 130 mm upstream from Puspension of colloidal silica spheres(56 nm) in alcohol. The

the sample to provide a collimated and partially coheren . :
. Inset shows the signal®) and reference @) functions before
beam. The transverse coherence length at the position of ﬂPSbinning and division. The scattering vectpr0.0461 nni™,

pinhole was about 14Q.m in the vertical direction. A pri-

mary slit of 200 um was used to obtain 7.2:m ransverse  \picp only exhibits the source fluctuation. The correlation

%imes of the sample dynamics are of the order of 108 or

FIG. 1. X-ray intensity autocorrelation function, measured on a

aperture of 30".Lm size was used in front of a scintillation longer, whereas the period of the source oscillations is about
counter at a distance 1.4 m downstream from the sampl

This configuration vielded an optimal trade-off between the us. To average out the source fluctuations, the data were
: guration y1 Pl W rebinned, i.e., the minimum sampling time was effectively
degree of coherence and the count rate.

The DLS measurements were done with a light sca’tterin&creased from 400 ns o 6.4s. The correlation function
instrumen{ 14] set up at the ESRF. The DLS apparaus was as then divided by the reference signal to eliminate residual

designed such that it could house the same sample holders carrelations in the source, yielding the function shown in

: : BRy. 1b).
used for x-ray scattering, enabling us to perform both DLS From the measured intensity autocorrelation function the

and DXS on exactly the same samples. The sample cel . . . . i
were suspended in an index matching bath, reducing scattelifnermEd'ate scattering functiof(q,t) can be obtained ac

P (2)— 2 2 i (2)
ing from the cell walls. A diode pumped frequency doubledggg?gnggfacto%; ﬁ o|rft(rg’st)),|82. -I;jle :rr:jzhf)undtehg%oﬁ;rr;;ce
Nd:YAG laser(wavelength 532 npnserved as light source. » dep

A photomultiplier, mounted on a rotation stage, was used aQropertles; of the source, the coherence preserving properties

. . . .~ _0f all optical elements in the setup and the number of coher-
detector. Correlation functions were computed with d|g|talence areas observed at the detector. Optimizing the tradeoff
ALV5000/E correlators for both DXS and DLS. - P g

between coherence and the available photon flux resulted in

Optlcall_y_ mdex-r_natched_ sarrlples were produ_ced by SUS3 contrast of 5-10 %. Figure 2 shows the intermediate scat-
pending silica particlegradiusr=56 nm) in a mixture of

O tering function corresponding to the intensity correlation
ethanol (refractive |r_1de>_<n=1.36) and_ _benzyl _aIcohoIn( funcfci]on in Fig. 1b). Fopr a dill?te suspensiom(qyt) would
t:e r1m5|g()athr)1€ I[:;;ascj'r\i/r? Ir;ﬂgxtgntshgi?slilgi g?rggfsnmaisndﬁdecay exponentially over the whole time range. Deviations
forward dir)éction as agfunction of the composition of the(?rom a single exponential decay can clearly be distinguished
P in Fig. 2, demonstrating the high statistical accuracy of the

alc_ohol m_lxture. The maximum In transmission defined thedata. The deviations are due to interparticle interactions,
point of index matching, which was found to be at

=1.465. To induce multiple light scattering in a controlled which eventually lead to different time regimes for the dy-

way, the composition of the alcohol mixture was changednamlcs[l’z]' The short time decay of the correlation func-

The most strongly scattering sample was in pure ethanof.Ion Is indicated in Fig. 2 by a straight line.

The colloid volume fractions weré=16.4+0.3 % for the :
index matched sample and #8.1% for the opaque 1\%%(1

samples. The suspensions were sealed in thin walled glass
capillaries with a diameter of 2 mm. 9%
%%
50
Lo

%o

0L o

fla.h

Ill. RESULTS

A. Optically index matched sample

Figure 1 shows an example of an intensity autocorrelation
function g®(t) obtained with x rays on the optically index-
matched sample. The pulsed nature of the synchrotron source
causes oscillations with a period corresponding to the repeat
time of the electron bunches in the storage ring. These oscil- F|G. 2. Intermediate scattering function for a suspension of
lations dominate the correlation function at small tifile®.  silica colloids(16.4 vol % in a mixture of ethanol and benzyl al-
1(a)]. At larger times (+0.03 ms), the correlation function cohol. The scattering vectar=0.0461 nnil. The straight line is
of the sample scattering is seen. For comparison a referene@ exponential fit to the initial decay of the intermediate scattering
correlation function taken with the incoming beam is shown function.

0.0 0.5 1.0 1.5 2.0
t (ms)
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0.5 alcohol mixture ¢=0.164). Diamonds are DLS results, filled
circles DXS. The diffusion coefficient is scaled by that for a dilute
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001 oa 1 1 100 suspensionD,. The dotted line represents the static structure factor
of a hard sphere system &t=0.164.
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FIG. 3. Comparison of intermediate scattering functions ob-interactions are caused, for example, by a screened repulsive

tained with both x rays®) and visible light (0 ). The comparison Coulomb potential in charge stabilized systems. The hydro-
is done for an optically transparent sample at different scatterin#ynam'C interaction is mediated by the suspending fluid.
vectors:q=0.0295(0.0297) nm* (a), 0.0241(0.0238) nm' (b), aking these interactions into account, the short time diffu-
and 0.0144(0.0149) nnt (c). Theq values in parenthesis refer to sion coefficient is given byD¢(q)=DoH(q)/S(q), where

X rays. S(q) is the static structure factor att(q) a function repre-
senting the hydrodynamic interaction. As can be seen from
Fig. 4, the inverse of the diffusion coefficient hag depen-
dence similar to the structure factor, as expected. At the peak
position of the structure factor, diffusion is strongly slowed

In Fig. 3, we show intermediate scattering functions ob-
tained with both DLS and DXS at almost identical scattering

;’ieﬁﬁrﬁeogt ttkri :gtrjex gr'%t(f:greﬁ i?ngzlteétﬁzelgtor;énetfrgrs down as compared to a dilute system, which is known as the
9 i 9¢€ gnt, € lova cage effec15]. By contrast, the repulsive interactions be-
x rays; the overlap allows a direct comparison of both tech- : e
. ; . . tween the particles lead to an enhancement of diffusion at
nigues. As can be seen from Fig. 3, the intermediate Scattegmallq [16]

ing functions measured with x rays are in very good agree- - : -
ment with those obtained by DLS over the whole time range The structure factor in Fig. 4 was obtained by dividing the

(the small difference between DLS and DXS for the lowgest ?)tbatg(i:nfafjagiﬁds;(a;triacyslrrr]:;rll?algql()a k))()_/r;hesfé);?ei?rftorgt((fg),
is due to the fact that the functions were measured at slightl g y 9.

different scattering vectorsThis comparison demonstrates %’md P(q) were measured in the same experimental setup as

that reliable results can be extracted from DXS even in fas sed for DX.S‘ For comparison, we show a calculation of the
relaxing systems. ercus-Yevick hard sphere structure factor at the same vol-

At times short compared to the structural relaxation timeume fraction. It is evident that structural correlations in the

. system considered here are much more pronounced than in a
. sy;tem the decay 6{q,t) can be.appro>ﬂmated by an hard sphere system. The strong structural correlations result
exponential, with a characteristic time(q)=—1/1'(q).

Here, T'(q) is the first cumulant, defined byl(q) from the electrostatic repulsion between the particles.

=lim;_ o[ d In f(qg,t)/dt]. This exponential decay corresponds
to a diffusive motion of the colloids. The short-time diffu-
sion coefficient,D4(q), is related to the first cumulant by Figure 5 shows relaxation rates of a colloidal suspension
D«(q)=-T(q)/g? [1]. In Fig. 4 the inverse of the short- (silica in ethangl with an appreciable refractive index con-
time diffusion coefficient is showrD¢(q) was determined trast of 1.465/1.3661.077. It is seen that the relaxation
by fitting the initial decay of the intermediate scattering func-rates obtained with dynamic x-ray scattering, plotted against
tions in a range where no deviations from an exponentiatj?, lie on a straight line through the origin. The straight line
behavior could be observed. The diffusion coefficient for ain Fig. 5 represents the relation 1=Dyg?, whereD, has
dilute suspensioD, was measured with DLS. It is seen in been calculated from the Stokes-Einstein formula. The DXS
theq region accessible to both DLS and DXS that the resultgsesults are compatible with this relation.
are in very good agreement. The figure demonstrates that by The absolute values as well as thedlependence of the
combining DLS and DXS on an index-matched samplerelaxation times obtained with DLS differ strongly from the
where multiple scattering of light is unimportant, the dynam-DXS results. It is evident that even for a moderate refractive
ics can be probed over more than one decadg i(4.4 index contrast and particle volume fraction, multiple scatter-
X 10 3<q=<5.4x10"2 nm™1). ing effects are dominant for light. The dominant role of mul-
The g dependence of the short-time diffusion coefficienttiple scattering for this sample makes it clear that any at-
in dense suspensions stems from direct and hydrodynamtempt to correct the DLS results for multiple scattering
interactions between the colloidal particlds2]. The direct  effects would be unreliable. To elucidate this point, the inset

B. Optically opaque sample
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B function obtained from the data shown in Fig. 4. The data are
8T z e, 7 compared to the theory of Beenakker and Maflir] for
s © ¢ 2| N e hard sphere&ashed lingand charged particlggull line). In
—~ 6 s " = the latter case, we have taken a hard-sphere fit to the mea-
T ° sured structure factor with an effective volume fractidgy
E 4 Fo =0.32 and an effective hard sphere radigg=70 nm, as
"o e an input for the theory. This corresponds to the treatment of
2t e ] Genz and Klein 18], except that they use a more elaborate
e method for fitting the structure factor. The theory of Beenak-
% N : : s ker and Mazur is based on an expansion of the collective
0.0000 0.0002 0.0004 0.0006 0.0008 diffusion coefficient in correlations of density fluctuations
o (nm?) and takes into account many-body hydrodynamic interac-
tions.
FIG. 5. Correlation rates measured with DL$ f and DXS Surprisingly, the experimental results seem to follow the

(@) on a suspension of silica colloids in ethan@i<£0.078). The  hard sphere calculation more closely than the one for
dotted line represents the low density limit as obtained from thecharged spheres at small and large wave vectors. Whereas
Stokes-Einstein relation. The inset shows intermediate scatteringhe structure factor strongly deviates from that of hard
functions atq=0.0183 nm'. The dashed line in the inset repre- spheres and has a pronounced pésse Fig. 4, the hydro-
sents an exponential decay. dynamic interaction shows much less structure. We find

in Fig. 5 shows a direct comparison of intermediate scatter!_“q)<1 at all wave vectors for this slightly charged system,

ing functions for DLS and DXS. Whereas the CorrelationcorreSpOndlng to a hydrodynamic hindrance of diffusion.

) . . : This behavior is similar to that of hard sphefé&$], but it is
function obtained with x rays decays exponentially, the one . :

SRR ; .~ in contrast to earlier DLS measurements on slightly charged
measured with light is strongly nonexponential. In principle,

o e
the nonexponential decay can have several causes: muItip?éIIca at moderate volume fractiong=0.1[19.20. These

scattering 10], heterodyne detectiofi4], polydispersity, or eXperiments repoitl(q) > 1 at Fhe peak position of the static
sample effects as a consequence of particle interadtigBk structure factom, corrgspondmg_ toan enhanceme_nt of dif-
Some of these possible causes, such as heterodyne detecti&f‘f'on by hydrodynamlc lnteractlons. Recent experlments on
are purely instrumental. These effects also changettie- ighly charged silica pa”'c'?s a'.[ very low volume fractions
pendence of the first cumulant, since they all depend on thg¢<0'01) also show that diffusion can be enhanced at the

scattering angle. In order to correct the light scattering resultémﬁcwre facttor ﬁpe?@lc]j- It thatsh beben ksﬂugge?tter::i tggt Ith's d
for multiple scattering, information about the relative impor- enhancement efiect Is due 1o the backliow ot the displace

tance of all these effects as well as a reliable model foﬂmdf which supports the motion (.)f partic_les i_n opposite di-
multiple scattering is needed. It is clear that under these cor{—eCt'onS' By.cc.mtrast, the retardation of dlffu5|orqa,1, that .
ditions, it will be difficult to reliably extract the relevant IS characterlgtlc of hard sphere systgms, IS dug to hear field
information from the light scattering data. hydrodynamlc effect$22]. Our result indicates, in view of
the earlier work mentioned above, that the qualitative behav-
ior of the hydrodynamic interaction is very sensitive to small
changes in the direct interaction. However, experimental data
SinceS(q) has been measured, it is possible to obtain theon H(q) as a function of volume fraction and ionic strength,
hydrodynamic interactiofl (q) experimentally, independent that should show a transition from enhanced to retarded dif-
of any theoretical model. The fact that no calculation of thefusion within the same systerare lacking so far. This pau-
structure factor on the basis of theoretical models for thecity of experiments is in part due to the problems encoun-
direct interaction is required to extract the hydrodynamictered with DLS, in particular multiple light scattering. In
function from the data, allows for a rigorous experimentalorder to avoid multiple scattering at high volume fractions it
test of theories foH(q). Figure 6 shows the hydrodynamic is necessary to match the refractive indices of the colloidal
particles and the suspending medium. This, however,
1.0 - - , strongly restricts the freedom to change the direct interac-
tion. Even at very low volume fractions, multiple light scat-

C. Hydrodynamic interaction

08T tering constitutes a problem. Hhet al, for instance, find a
0.6 strong disagreement between experimentally determined hy-
i drodynamic functions and theory at small wave vecfard,
T 041 but cannot exclude that this is due to multiple scattering.
ozl Detailed measurements d¢i(q) in dense systems, using
: DXS, are currently in progress in our gro{®3].
%800 0.0z 004 0.6 V. SUMMARY

-1

a(m>) In summary, we have shown by a direct comparison of

FIG. 6. Hydrodynamic function for a suspension of charge-dynamic x-ray scattering and dynamic light scattering that
stabilized colloidal silica spheres in a mixture of ethanol and benzyDXS yields accurate and reliable results for the dynamics of
alcohol (¢=0.164). The dashed and full lines represent calcula-colloidal suspensions. By using systems comparable to those
tions for hard spheres and charged spheres, respectively. conventionally studied with light, we have demonstrated that
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