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X-Ray Fluorescence Correlation Spectroscopy: A Method for Studying Particle Dynamics
in Condensed Matter
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We have demonstrated that x-ray fluorescence correlation spectroscopy, in conjunction with
microfocused synchrotron x-ray beams, can be used for elucidating particle dynamics. The dynamics of
gold and ferromagnetic colloidal particles and aggregates undergoing both diffusion and sedimentation
in water has been studied by measuring the time autocorrelation of the x-ray fluorescence intensity
from a small illuminated volume. The dynamical parameters obtained are in excellent agreement with
theoretical estimates and other measurements. Potential applications of the technique are discussed.
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Photon-correlation spectroscopy, probing fluctuations ins given by /(1) = ¢ [drly(r)Y,; 8(r — R;(t)), where
scattered [1] or fluorescent [2,3] intensity to study particlely(r) is the spatial variation of the incident beam intensity
dynamics in fluids, is well established in the visible light and ¢ is the fluorescent yield per particle. After taking
regime. With the advent of high-brilliance synchrotron Fourier transforms ofy(r), denoted by (k), and express-
radiation sources, correlation spectroscopy utilizing scating the fact that positions of different particles are uncor-
tered radiation has only recently been extended to the xelated, the autocorrelation function yielgs(r) = 1 +
ray wavelength regime by using spatiatipherentx rays  (1/(N))[ [ dk|Io(k)|?| f(k)|>*F(k, t)/|15(0)f(0)|*], where
to study the time fluctuations of the corresponding speckl@v is the number of colloidal particles, arfdk, ) is the
patterns [4—6]. Because x-ray fluorescence ignanher-  single particle autocorrelation function given byk, r) =
entprocess, its intensity is simply proportional to the prod-(exp{ik - [R;(0) — R;(z)]}) and a form factorf(k) for
uct of the number of fluorescent atoms in the x-ray beanthe particles has also been introduced to account for
and the x-ray exciting field intensity. Thus, x-ray fluores-their finite sizes and shapes. The noninteracting limit
cence correlation spectroscopy (XFCS) does not requiris generally applicable to many of the systems that the
coherent x-ray beams. For an assembly of noninteractmethod is best suited for. For example, given a detectable
ing particles undergoing diffusive motion, the fractional autocorrelation function intercept a3 (or (N) = 103,
root-mean-square fluctuation in the number of particles irthe upper limit of the number of particles in the illumi-
a given volume will be{N)~'/2, where(N) is the aver- nated volume), we estimate that the volume fraction of the
age number of particles in the given volume. (N) is  patrticles is below 0.03 for particles with diameter less than
sufficiently small, such number fluctuations can be stud500 nm. For diffusive motionF (k, ) = exp(—k’D;1),
ied in real time, by measuring the time dependence of thaith D, being the translational diffusion constant. For
fluorescence intensity;(r) and its normalized autocorre- a uniform drift velocityv, on the other handfF(k, ) =
lation functiong (1) = (I;(0)17())/{I;(0))*, thus yielding exp(—ik - v¢). Finally, we take the form factor of
direct information about the particle dynamics. The smallly(r) as exp—(x? + y?)/20*]exp(—z%/20?2) with the
value of (N) can be realized with either a small illumi- beam propagating along thedirection. The beam size
nated sample volume, or a low particle concentration. Thislong the z direction, o, as dictated by the sample
will necessitate a high x-ray beam intensity in order to gethickness, is much larger than the beam sizen the
sufficient fluorescence signal from the small number oftransversdx-y) direction, and is taken to be essentially
particles. With a Fresnel zone plate and third-generatioinfinite for the purpose of the calculation. Therefore,
synchrotron x-ray sources, such a high intensity microfothe measurement is not sensitive to the diffusion inzhe
cused x-ray beam is readily achievable [7]. A distinct ad-direction, and hence, probes particle motion only in the
vantage of the method is the element specificity by using andy directions. Carrying out the integrals explicitly,
an energy-dispersive x-ray detector. This method is parand setting the form factof (k) = exr(—ng2/3) with
ticularly useful for studying both diffusive particle motion R, being the radius of gyration [8], we arrive at the
and flow in optically opaque systems for which methodsresult [3]
employing visible light are not suited. _ _

The fluorescence intensity from a collection of ran- gr() =1+ N)"'(1 + t/70)"!
domly moving particles with instantaneous positi®y$z) x exp{—2/[72(1 + t/70)]}, @
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where 7, and 7, are the translational diffusion and sedi- solid state correlator
mentation time constants, respectivelyy, = o%/D,,  monochromatic detector "s’E:T‘M 8

Ts = 20et/v, Ot = \Jo? + R2/3, translational diffu- x-ray beam i o N
sion constantD; = kgT /67 qR, sedimentation velocity . ] VAW

v =2ApgR?/9n. Here, R is the hydrodynamic ra- —_

dius of the particle,p the viscosity of the solventip —_— \g/

the Boltzmann constant] the temperature Ap the . % 7

density difference between the colloidal particles and —=

water, andg the gravity acceleration. From Eg. (1), ’ o)

(N) = [g£(0) — 1]71, and therefore, fluorescence corre- x-ray

Iatiqn spectroscopy has bgen used in th_e visible spectral zone plate colloidal
region to estimate the particle concentration [9]. suspension

_TO_ demonstrate the u'sefulness of this method for eluFIG. 1. Schematic of the experimental setup. The microfo-
cidating particle dynamics, two types of samples werecysed beam was obtained by first monochromating the beam
studied. First, colloidal gold particles, which have beenfrom the undulator using a Si(111) double-crystal monochroma-
studied by x-ray coherent intensity correlation specdor and then transmitting through a transmission Fresnel zone
troscopy [4], represented a good choice for the initialP'ate- hA ma;]gnlflr?ddvgw of sampllle IS arllso sketqlrlled n thg fig-
studies. Three colloidal gold samples of different particlqlget’\h;vsgﬁpﬁe? shaded region outlines the x-ray illuminated area
sizes (denoted as samples 1 to 3) were studied to establish
the relationship between particle dynamics and the par-
ticle size. Specifically, samples 1 and 2 were preparedorrelator (ALV 5000) that displays both the fluorescence
using standard techniques [10] which yielded reasonablintensity,/((z), in real time and its normalized autocorrela-
monodisperse colloidal particles of radii of approximatelytion function,g,(¢). The autocorrelation functions being
100 and 200 nm, respectively, as determined by atomipresented were obtained by averaging over 5 to 10 runs,
force microscopy (AFM) performed on the gold colloids each of 120 s duration. The measurements on the ferroflu-
deposited on silicon substrates. Sample 3 was prepared s were carried out with a similar experiment setup. lron
adding pyridine to the gold colloid suspension to reducek « fluorescence lines at 6.4 keV were collected and the
the stabilizing surface charge on the colloidal particlesautocorrelation functions were measured with 1 to 2 runs,
[11] resulting in colloidal aggregates of radii less thaneach of 600 s duration.

900 nm, as measured by dynamic light scattering (DLS) Shown in Fig. 2 are the averaged(r) measured for
and x-ray small angle scattering (XSAS). The dilute sus¥ig. 2(A) sample 1, Fig. 2(B) sample 2, and Fig. 2(C)
pensions of gold particles had volume fractions rangingsample 3. The full theoretical expression given in Eq. (1)
from2 X 1077 to4 X 10°°. The second type of sample, fits extremely well to the data. In the fitting procedure, the
namely, a suspension of superparamagnetic microsphergeld colloids are assumed to be monodisperse. Because
(commonly referred to as ferrofluids, denoted as samplef the divergent nature of the focused beam and the
4) was utilized to show the effect of the x-ray beam sizefinite size of the capillary tube along the beam direction
to the measurements. This sample, with particle diame{z direction), an exact measure of the beam size in the
ter 0.82 um, as specified by the manufacturer (Bangsx-y direction was not possible at the focal point. An
Laboratories, Inc., Fisher, IN), was diluted from 0.1 (asestimate of the beam size was obtained as follows: For
purchased) to 0.01 volume fraction with low conductivity the initial fit to the correlation functions taken at the focal
deionized water. point, o, R, and the intercepig,(0) — 1 were all al-
The samples were measured during two separate syfewed to vary as fitting parameters. The average value
chrotron runs on the 2-ID undulator beam line at the Ad-(0.86 um) of o from different samples and different
vanced Photon Source. For the gold particle samples, thrmeasurements was regarded as the measured beam size
colloidal suspensions were loaded in a thin walled quartin the x-y direction. Subsequently, the correlation func-
capillary tube of diameter 0.6 mm and placed in the focations were fit with the remaining two parameters. The
spot of a microfocused beam of 12.4 keV photons, as illeast-square-fitted values of the hydrodynamic radii of the
lustrated schematically in Fig. 1. The focusing zone platgarticles are 102, 220, and 370 nm for samples 1, 2, and
has a focal length of 76.5 mm with an estimated total bean3, respectively, in good agreement with the AFM, DLS,
intensity of approximatel® X 10® photongs at the focal and XSAS measurements. The particle sizes for samples
point. The effective dimension of the illuminated volume 1, 2, and 3 correspond to values o of 2.1, 0.97,
was estimated to be approximatelp X 10° um?. The and0.53 um?/s and of v of 0.24, 1.1, and3.2 um/s,
fluorescence intensity from the sample was monitored byespectively. The corresponding time constants are
an energy-dispersive solid state detector placed as clo$isted in the figure. It can be seen that whep < 7
as possible to the sample to maximize the solid angle adi.e., o.R?> < 0.1 um* for gold colloids in water),
ceptance. Discriminated by a single-channel analyzer, théhe decay ofg(r) is governed by the diffusion process,
gold L« fluorescence signal at about 9.7 keV was fed to d.e., [g(r) — 1] = 1/(1 + t/74) with 74 = Ro>. In the
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P i picked up by the detection system with adequate counting
1.04 - % ] statistics. The correlation functions of iron fluorescence
. at and 12 mm away from the focal point are shown in
1.02 | - Fig. 3(A) with theoretical fits according to Eq. (1). Inthe
[ ] fitting procedures,, 74, and the interceptN) ' were all
1.00 L ] allowed to change as the fitting parameters. The theoreti-
cal fit to the correlation function reveals that the correlation
1.20 - function measured at the focal point is more sensitive to
the diffusive motion of microspheres. On the other hand,
€ 1.10 the correlation functions measured far away from the fo-
o cal point are more sensitive to the sedimentation. This is
I ] demonstrated more clearly in Fig. 3(B) where the fitting
1.00 . parameters,; andr, are plotted as a function af. With
6.00 excellent agreement with the theoretical predictiansis
. ] . b . .
. proportional tod= while 7, is proportional tod whend
. is beyond about 4 mm (fits not shown). Asincreases
3.00 [ ] to about 5 mm, where,; > 7,, the beam size becomes so
i ] large that the parameters related to diffusion may not be
] accurately measured. This indicates the necessity of using
0.00 . sl microsized x-ray beams in the measurement. The reliabil-
1072 10" 10° 10’ 10? ity of the fitting parameters is further verified by the fact
t (s) that hydrodynamic radiug of the microspheres, derived

from R « 7-;2/575/5 at each position [dots in Fig. 3(B)],

FIG. 2. The experimental (circles) and theoretical (line) fluo-. . .
rescence autocorrelation functions for samples 1 (A), 2 (B), an approximately constant, with a mean value&)ofl um

3 (C). The diffusion and sedimentation time constantsgnd  [dashed line in Fig. 3(B)]. The measuretl value was
7y, See text for the definitions) are also shown in the figure.
Two theoretical simulations are also presented using only the
sedimentation model [dashed line in (A)] or only the diffusion ;
model [dash-dotted line in (C)]. 0.2

-

~ 0.1
opposite limit (74 > 7,), [gr(r) — 1] « exp(—%/72) =
with 7, « R 20. The time constants obtained from the ~ 0.0
fits indicate that the diffusion of particles is the dominant PR ' 0
dynamic process, observed by the XFCS measurement 10 10 10
under the given experimental conditions, in samples 1 and t(s)
2. When the particle size is larger, as in sample 3, the de- ¢
cay of the fluorescence autocorrelation function is mainly
governed by the sedimentation timg. Therefore, in
this case, the XFCS measurement is more sensitive to thgr 4 £
sedimentation than the diffusion of the particles. It should:;
be noted that the translational diffusion and sedimentatiorg
processes have very distinct forms for the correlation® 2 a
function. The translational diffusion dominated cor- ** |
relation function decays approximately as' and the :
sedimentation governed correlation function decays as 0
exp(—t2/72). To illustrate this, fits to the correlation 0O 2 4 6 8 10 12
functions using only the sedimentation model [dashed line d (mm)
in Fig. 2(A)] or the diffusion model [dash-dotted line in ) )
Fig. 2(C)] are also included. FIG. 3. Experimental results for sample 4 measured at differ-

. nt positions, on the zone plate axis, at a distasic® the
To demonstrate the effect of x-ray beam size on XI:C§ocal point. (A) The experimental (circles and rectangles) and

measurements, we also studied the ferrofluids (sample 4jeoretical (line) fluorescence autocorrelation functions at and
at different locations along the zone plate axis and cori2 mm away from the focal point. (B) The fitting parame-
responding to different distancesfrom the focal point. ters7a (circles), 7, (rectangles), and derived valuesPf(dots)
Away from the focal point, the beam size is directly at each position are shown. The solid lines connecting data

. ! . . . points are for guiding the eye. The dashed line represents the
proportlonal tad. AIthough iron is a relatively light atom, ‘mean value oR. The inset for (B) shows the relationship be-
its x-ray fluorescence signal from the sample was SUffltween[gf(o) — 1172 and d (dots) and the linear function fit

ciently intense to penetrate through the solution and to bésolid line).
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almost twice as large as the value specified by the manufasity correlation spectroscopy techniques; the study of glass
turer. It was not possible to characterize the same systetmansitions or phase separations in liquid using tracer par-
with our DLS experimental setup because at this concentrdicles of gold or other colloids to probe the dynamics, and
tion (0.01 volume fraction) the sample is opaque. Transthe study of the diffusion of particles through gels and other
mission electron microscopy (TEM) studies of depositedporous media. An interesting variant would be the study
and evaporated film of the suspension did reveal the exisf magnetic domain dynamics or domain wall motion us-
tence of a large number of larger particles with a signifi-ing circularly polarized beams and the magnetic circular
cant degree of polydispersity, implying that the present fitsdichroism effect.

while agreeing well with the data, should be taken as yield- We thank H. Zhao and A. Wong for their assistance and
ing only average parameters for particle sizes. As showthe entire 2-ID beam line staff at the Advanced Photon
in Eqg. (1), the intercept of the correlation function shouldSource for their technical support. We also thank R.E.
be proportional tqN)~'. Thus,[g/(0) — 1]7'/2, avalue  Cook for the TEM measurements. This work is supported
directly derived from one of the fitting parametegs(0) by the U.S. Department of Energy, BES-Materials Sci-
should be proportional to the beam sizeor, in turn, tod.  ence, under Contract No. W-31-109-ENG-38, and is par-
This has been clearly observed in the experiment [showtially supported by the State of Illinois under HECA.

as the inset for Fig. 3(B)]. Itis worth mentioning here that
g#(0) can be regarded as a model-independent fitting pa-
rameter and that the value gf(0) is highly reliable.
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