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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.
[S0031-9007(97)05208-3]
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Photon-correlation spectroscopy, probing fluctuations
scattered [1] or fluorescent [2,3] intensity to study partic
dynamics in fluids, is well established in the visible ligh
regime. With the advent of high-brilliance synchrotro
radiation sources, correlation spectroscopy utilizing sc
tered radiation has only recently been extended to the
ray wavelength regime by using spatiallycoherentx rays
to study the time fluctuations of the corresponding spec
patterns [4–6]. Because x-ray fluorescence is anincoher-
entprocess, its intensity is simply proportional to the pro
uct of the number of fluorescent atoms in the x-ray bea
and the x-ray exciting field intensity. Thus, x-ray fluore
cence correlation spectroscopy (XFCS) does not requ
coherent x-ray beams. For an assembly of nonintera
ing particles undergoing diffusive motion, the fractiona
root-mean-square fluctuation in the number of particles
a given volume will bekNl21y2, wherekNl is the aver-
age number of particles in the given volume. IfkNl is
sufficiently small, such number fluctuations can be stu
ied in real time, by measuring the time dependence of
fluorescence intensityIf std and its normalized autocorre
lation functiongf std ­ kIfs0dIf stdlykIfs0dl2, thus yielding
direct information about the particle dynamics. The sm
value of kNl can be realized with either a small illumi
nated sample volume, or a low particle concentration. T
will necessitate a high x-ray beam intensity in order to g
sufficient fluorescence signal from the small number
particles. With a Fresnel zone plate and third-generat
synchrotron x-ray sources, such a high intensity microf
cused x-ray beam is readily achievable [7]. A distinct a
vantage of the method is the element specificity by usi
an energy-dispersive x-ray detector. This method is p
ticularly useful for studying both diffusive particle motion
and flow in optically opaque systems for which metho
employing visible light are not suited.

The fluorescence intensity from a collection of ran
domly moving particles with instantaneous positionsRistd
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is given by If std ­ c
R

drI0srd
P

i dsssr 2 Ristdddd, where
I0srd is the spatial variation of the incident beam intensi
and c is the fluorescent yield per particle. After takin
Fourier transforms ofI0srd, denoted bỹI0skd, and express-
ing the fact that positions of different particles are unco
related, the autocorrelation function yieldsgf std ­ 1 1

s1ykNld f
R

dkjĨ0skdj2j fskdj2Fsk, tdyjĨ0s0dfs0dj2g, where
N is the number of colloidal particles, andFsk, td is the
single particle autocorrelation function given byFsk, td ­
kexphik ? fRis0d 2 Ristdgjl and a form factorfskd for
the particles has also been introduced to account
their finite sizes and shapes. The noninteracting lim
is generally applicable to many of the systems that t
method is best suited for. For example, given a detecta
autocorrelation function intercept of1023 (or kNl ­ 103,
the upper limit of the number of particles in the illumi
nated volume), we estimate that the volume fraction of t
particles is below 0.03 for particles with diameter less th
500 nm. For diffusive motion,Fsk, td ­ exps2k2Dttd,
with Dt being the translational diffusion constant. Fo
a uniform drift velocityv, on the other hand,Fsk, td ­
exps2ik ? vtd. Finally, we take the form factor of
I0srd as expf2sx2 1 y2dy2s2g exps2z2y2s2

z d with the
beam propagating along thez direction. The beam size
along the z direction, sz , as dictated by the sample
thickness, is much larger than the beam sizes in the
transversesx-yd direction, and is taken to be essentiall
infinite for the purpose of the calculation. Therefor
the measurement is not sensitive to the diffusion in thez
direction, and hence, probes particle motion only in t
x andy directions. Carrying out the integrals explicitly
and setting the form factorfskd ø exps2R2

gk2y3d with
Rg being the radius of gyration [8], we arrive at th
result [3]

gf std ­ 1 1 kNl21s1 1 tytdd21

3 exph2t2yft2
s s1 1 tytddgj , (1)
© 1998 The American Physical Society
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wheretd and ts are the translational diffusion and sedi
mentation time constants, respectively,td ­ s

2
effyDt ,

ts ­ 2seffyy, seff ­
p

s2 1 R2
gy3, translational diffu-

sion constantDt ­ kBTy6phR, sedimentation velocity
y ­ 2DrgR2y9h. Here, R is the hydrodynamic ra-
dius of the particle,h the viscosity of the solvent,kB

the Boltzmann constant,T the temperature,Dr the
density difference between the colloidal particles an
water, andg the gravity acceleration. From Eq. (1)
kNl ­ fgf s0d 2 1g21, and therefore, fluorescence corre
lation spectroscopy has been used in the visible spec
region to estimate the particle concentration [9].

To demonstrate the usefulness of this method for el
cidating particle dynamics, two types of samples we
studied. First, colloidal gold particles, which have bee
studied by x-ray coherent intensity correlation spe
troscopy [4], represented a good choice for the initi
studies. Three colloidal gold samples of different partic
sizes (denoted as samples 1 to 3) were studied to estab
the relationship between particle dynamics and the pa
ticle size. Specifically, samples 1 and 2 were prepar
using standard techniques [10] which yielded reasonab
monodisperse colloidal particles of radii of approximatel
100 and 200 nm, respectively, as determined by atom
force microscopy (AFM) performed on the gold colloids
deposited on silicon substrates. Sample 3 was prepared
adding pyridine to the gold colloid suspension to reduc
the stabilizing surface charge on the colloidal particle
[11] resulting in colloidal aggregates of radii less tha
900 nm, as measured by dynamic light scattering (DL
and x-ray small angle scattering (XSAS). The dilute su
pensions of gold particles had volume fractions rangin
from 2 3 1027 to 4 3 1026. The second type of sample,
namely, a suspension of superparamagnetic microsphe
(commonly referred to as ferrofluids, denoted as samp
4) was utilized to show the effect of the x-ray beam siz
to the measurements. This sample, with particle diam
ter 0.82 mm, as specified by the manufacturer (Bang
Laboratories, Inc., Fisher, IN), was diluted from 0.1 (a
purchased) to 0.01 volume fraction with low conductivit
deionized water.

The samples were measured during two separate s
chrotron runs on the 2-ID undulator beam line at the Ad
vanced Photon Source. For the gold particle samples,
colloidal suspensions were loaded in a thin walled quar
capillary tube of diameter 0.6 mm and placed in the foc
spot of a microfocused beam of 12.4 keV photons, as
lustrated schematically in Fig. 1. The focusing zone pla
has a focal length of 76.5 mm with an estimated total bea
intensity of approximately2 3 108 photonsys at the focal
point. The effective dimension of the illuminated volum
was estimated to be approximately1.9 3 103 mm3. The
fluorescence intensity from the sample was monitored
an energy-dispersive solid state detector placed as cl
as possible to the sample to maximize the solid angle a
ceptance. Discriminated by a single-channel analyzer, t
gold La fluorescence signal at about 9.7 keV was fed to
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FIG. 1. Schematic of the experimental setup. The microfo
cused beam was obtained by first monochromating the be
from the undulator using a Si(111) double-crystal monochrom
tor and then transmitting through a transmission Fresnel zo
plate. A magnified view of sample is also sketched in the fig
ure, where the shaded region outlines the x-ray illuminated ar
in the sample.

correlator (ALV 5000) that displays both the fluorescenc
intensity,If std, in real time and its normalized autocorrela
tion function,gfstd. The autocorrelation functions being
presented were obtained by averaging over 5 to 10 run
each of 120 s duration. The measurements on the ferrofl
ids were carried out with a similar experiment setup. Iro
Ka fluorescence lines at 6.4 keV were collected and th
autocorrelation functions were measured with 1 to 2 run
each of 600 s duration.

Shown in Fig. 2 are the averagedgfstd measured for
Fig. 2(A) sample 1, Fig. 2(B) sample 2, and Fig. 2(C
sample 3. The full theoretical expression given in Eq. (1
fits extremely well to the data. In the fitting procedure, th
gold colloids are assumed to be monodisperse. Becau
of the divergent nature of the focused beam and th
finite size of the capillary tube along the beam directio
(z direction), an exact measure of the beam size in th
x-y direction was not possible at the focal point. An
estimate of the beam size was obtained as follows: F
the initial fit to the correlation functions taken at the foca
point, s, R, and the interceptgf s0d 2 1 were all al-
lowed to vary as fitting parameters. The average valu
s0.86 mmd of s from different samples and different
measurements was regarded as the measured beam
in the x-y direction. Subsequently, the correlation func
tions were fit with the remaining two parameters. Th
least-square-fitted values of the hydrodynamic radii of th
particles are 102, 220, and 370 nm for samples 1, 2, a
3, respectively, in good agreement with the AFM, DLS
and XSAS measurements. The particle sizes for samp
1, 2, and 3 correspond to values ofDt of 2.1, 0.97,
and 0.53 mm2ys and of y of 0.24, 1.1, and3.2 mmys,
respectively. The corresponding time constants a
listed in the figure. It can be seen that whentd ø ts

(i.e., seffR3 ø 0.1 mm4 for gold colloids in water),
the decay ofgf std is governed by the diffusion process
i.e., fgfstd 2 1g ~ 1ys1 1 tytdd with td ~ Rs2. In the
1111
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FIG. 2. The experimental (circles) and theoretical (line) fluo
rescence autocorrelation functions for samples 1 (A), 2 (B), a
3 (C). The diffusion and sedimentation time constants (td and
ts, see text for the definitions) are also shown in the figur
Two theoretical simulations are also presented using only t
sedimentation model [dashed line in (A)] or only the diffusio
model [dash-dotted line in (C)].

opposite limit std ¿ tsd, fgf std 2 1g ~ exps2t2yt2
s d

with ts ~ R22s. The time constants obtained from the
fits indicate that the diffusion of particles is the dominan
dynamic process, observed by the XFCS measurem
under the given experimental conditions, in samples 1 a
2. When the particle size is larger, as in sample 3, the d
cay of the fluorescence autocorrelation function is main
governed by the sedimentation timets. Therefore, in
this case, the XFCS measurement is more sensitive to
sedimentation than the diffusion of the particles. It shou
be noted that the translational diffusion and sedimentati
processes have very distinct forms for the correlatio
function. The translational diffusion dominated cor
relation function decays approximately ast21 and the
sedimentation governed correlation function decays
exps2t2yt2

s d. To illustrate this, fits to the correlation
functions using only the sedimentation model [dashed lin
in Fig. 2(A)] or the diffusion model [dash-dotted line in
Fig. 2(C)] are also included.

To demonstrate the effect of x-ray beam size on XFC
measurements, we also studied the ferrofluids (sample
at different locations along the zone plate axis and co
responding to different distancesd from the focal point.
Away from the focal point, the beam sizes is directly
proportional tod. Although iron is a relatively light atom,
its x-ray fluorescence signal from the sample was suf
ciently intense to penetrate through the solution and to
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picked up by the detection system with adequate count
statistics. The correlation functions of iron fluorescen
at and 12 mm away from the focal point are shown
Fig. 3(A) with theoretical fits according to Eq. (1). In the
fitting procedure,td, ts, and the interceptkNl21 were all
allowed to change as the fitting parameters. The theor
cal fit to the correlation function reveals that the correlatio
function measured at the focal point is more sensitive
the diffusive motion of microspheres. On the other han
the correlation functions measured far away from the f
cal point are more sensitive to the sedimentation. This
demonstrated more clearly in Fig. 3(B) where the fittin
parameterstd andts are plotted as a function ofd. With
excellent agreement with the theoretical predictions,td is
proportional tod2 while ts is proportional tod when d
is beyond about 4 mm (fits not shown). Asd increases
to about 5 mm, wheretd . ts, the beam size becomes s
large that the parameters related to diffusion may not
accurately measured. This indicates the necessity of us
microsized x-ray beams in the measurement. The reliab
ity of the fitting parameters is further verified by the fac
that hydrodynamic radiusR of the microspheres, derived
from R ~ t

22y5
d t

1y5
s at each position [dots in Fig. 3(B)],

is approximately constant, with a mean value of0.71 mm
[dashed line in Fig. 3(B)]. The measuredR value was

FIG. 3. Experimental results for sample 4 measured at diffe
ent positions, on the zone plate axis, at a distanced to the
focal point. (A) The experimental (circles and rectangles) a
theoretical (line) fluorescence autocorrelation functions at a
12 mm away from the focal point. (B) The fitting parame
terstd (circles),ts (rectangles), and derived values ofR (dots)
at each position are shown. The solid lines connecting d
points are for guiding the eye. The dashed line represents
mean value ofR. The inset for (B) shows the relationship be
tween fgf s0d 2 1g21y2 and d (dots) and the linear function fit
(solid line).
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almost twice as large as the value specified by the manuf
turer. It was not possible to characterize the same syst
with our DLS experimental setup because at this concent
tion (0.01 volume fraction) the sample is opaque. Tran
mission electron microscopy (TEM) studies of deposite
and evaporated film of the suspension did reveal the ex
tence of a large number of larger particles with a signifi
cant degree of polydispersity, implying that the present fit
while agreeing well with the data, should be taken as yiel
ing only average parameters for particle sizes. As show
in Eq. (1), the intercept of the correlation function shoul
be proportional tokNl21. Thus,fgf s0d 2 1g21y2, a value
directly derived from one of the fitting parameters,gfs0d
should be proportional to the beam sizes or, in turn, tod.
This has been clearly observed in the experiment [show
as the inset for Fig. 3(B)]. It is worth mentioning here tha
gf s0d can be regarded as a model-independent fitting p
rameter and that the value ofgfs0d is highly reliable.

We have demonstrated a new and powerful techniq
to probe the dynamics of colloidal particles by real-tim
analysis of x-ray fluorescence intensity fluctuations. Whi
the model for independent particles diffusion and sedime
tation fits our data well for the present dilute colloida
systems, it would be obviously of interest to study devia
tions from the model as the concentration of particles
increased to show interaction effects. We estimate th
samples with particle concentration up to 10 times high
than those being examined could still be studied with th
technique, which will be the subject of future studies. Fu
thermore, with the attainment of the maximum achievab
intensities in microfocused beams at current synchrotr
sources and optimization of the solid angle subtended
the detector, the limits of the technique could be extendib
to particles containing105 fluorescent atoms. The elemen
specificity and the high sensitivity of the x-ray fluorescenc
makes XFCS a particularly unique probe. Parenthetical
we also note that the concept of XFCS was independen
proposed by Goulonet al. [12]. However, without the mi-
crofocused x-ray beams, such an idea had never been r
ized. Furthermore, coherent x rays, which are required f
other x-ray photon correlation spectroscopy techniques,
not needed for this method. There have been one or t
examples of the use of noncoherent x-ray beams to stu
slow dynamics of large particles. Wakabayashi [13] use
the time-autocorrelation functions of the Bragg reflecte
intensity to study the rotational diffusion of the particles
One may also use a host of alternative x-ray focusing d
vices [14] for achieving a microfocused x-ray beam.

We conclude with a listing of some of the novel poss
bilities opened up for study with this technique. These in
clude the study of the motion of biological macromolecule
containing heavy atoms on or across membranes; the st
of interdiffusion of atoms at interfaces between two speci
of materials; the study of the sedimentation or flow of co
loidal particles in fluids containing polymers or surfactan
which, we note, is unobservable by coherent x-ray inte
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sity correlation spectroscopy techniques; the study of gla
transitions or phase separations in liquid using tracer p
ticles of gold or other colloids to probe the dynamics, an
the study of the diffusion of particles through gels and oth
porous media. An interesting variant would be the stu
of magnetic domain dynamics or domain wall motion u
ing circularly polarized beams and the magnetic circul
dichroism effect.
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