
A

c
p
w
a
©

K

1

a
σ

a
f
p
l
b
i
[
m
p
[
i
s
m
e
a
o
o
w
d

0
d

J. Non-Newtonian Fluid Mech. 142 (2007) 104–111

Diffusion of microscopic tracer particles in a yield-stress fluid
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bstract

The motion of micron-sized fluorescent tracer particles in a gel of Carbopol ETD 2050 is studied using fluorescence microscopy. For a Carbopol
oncentration at which the material shows yield-stress behavior on the bulk scale, the tracer particles display a range of behavior: Some of the
articles show slightly subdiffusive behavior, while others are almost completely immobilized. This indicates that the material is inhomogeneous,
ith different particles sampling different microrheological environments. From our results we calculate the range of microrheological viscous
nd elastic moduli of the material, which we compare with bulk values of the moduli as determined by conventional shear rheometry.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Yield-stress fluids behave as soft solids when subjected to
shear stress σ less than their yield stress σy, but flow when
> σy. Such materials have important applications in many

reas; examples include pastes and concentrated suspensions,
resh concrete, and foams. Like all soft materials, their com-
lex rheological behavior is a result of structure on scales much
arger than the molecular scale [1]. The bulk properties and flow
ehavior of yield-stress fluids have been studied extensively us-
ng shear rheometry [2,3] and a variety of flow experiments
4–10], as well as numerically [11,12]. On the other hand, the
icroscopic structure of some yield-stress materials has been

robed with scattering techniques both at rest and under shear
13–16]. There has been rather little effort, however, aimed at
nvestigating the rheology of yield-stress fluids on the micro-
copic scale and the interplay between small-scale structure and
icrorheology in these materials [17]. In this paper we present

xperimental results on the diffusion of small tracer particles in
Carbopol gel. We demonstrate that the gel is inhomogeneous
n the length scale probed by our experiments, and we separate

ur tracer particles into populations depending on the degree to
hich their motion is restricted by the gel structure. We then
etermine the microrheological viscous and elastic moduli for

∗ Corresponding author.
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ach population, and contrast our results with bulk rheological
easurements.
Various techniques designed to probe the microrheology –

hat is, the viscoelastic response of complex fluids on the micro-
copic scale – have been developed over the last decade [18–22].

icrorheological methods typically involve measurements of
he motion of small (sub-micron diameter) particles suspended
n the material of interest. Passive microrheology is based on the
etermination of viscoelastic parameters from measurements of
he mean squared displacement 〈r2(τ)〉 of the particles as a func-
ion of a lag time τ. 〈r2(τ)〉 can be measured with light scattering
echniques [23–26] or by directly tracking the trajectories of the
racer particles using video microscopic techniques [27–31]. Ac-
ive microrheology, on the other hand, involves measurement of
he response of a small particle to an external force [35–39].

Microrheological methods in general require a much smaller
ample than needed for conventional shear rheometry, so they
re useful for characterizing materials which are expensive or
hich cannot be obtained in large quantities, such as some bi-
logical fluids. In these applications, one typically wants the
icroscopic measurements to give the bulk viscoelastic proper-

ies, which requires that the fluid under study be homogeneous
n the length scales probed by the experiments. This has been
hown to be the case for several complex fluids, including so-

utions of poly(ethylene oxide), an uncross-linked linear chain
olymer [23,24,30]; a suspension of hard-sphere silica particles
n ethylene glycol [24]; an oil-in-water emulsion [24,25]; and
ross-linked polyacrylamide sols and gels [34].

mailto:debruyn@uwo.ca
dx.doi.org/10.1016/j.jnnfm.2006.05.008
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In contrast, if the size of the suspended particles is smaller
han the size of local inhomogeneities in the material proper-
ies, then individual particles will experience different local mi-
rorheological environments. In such cases, microrheology pro-
ides a tool that can be used to investigate structure and rheology
n these small scales. The microrheology of networks of F-actin,
protein which is a major structural component of cell mem-

ranes, has been studied in some detail [26,27,29–31,33] using
ight scattering as well as particle-tracking and two-particle cor-
elation measurements. It has been found that microrheological
easurements agree well with bulk measurements if the sus-

ended particles are larger than the mesh size of the actin net-
ork. When the particle size is comparable to the mesh size,
owever, the rheology becomes dependent on the length scale
ampled by the tracer particles as they diffuse [27,32,33].

Passive microrheological measurements give the mean
quared displacement of small particles moving in a viscoelastic
aterial due to thermal fluctuations. The microscopic viscous

nd elastic moduli are extracted from the mean squared displace-
ent under the assumption that the Stokes–Einstein relation that

s valid for purely viscous Newtonian fluids can be generalized to
iscoelastic fluids with frequency-dependent linear viscoelastic
oduli [22,24]. It is also assumed that inertial effects on the mo-

ion of the probe particles are negligible. The method by which
he viscoelastic moduli are calculated has been described by Ma-
on [22]. Briefly, we define α(ω) to be the frequency-dependent
ogarithmic slope of the mean squared displacement, evaluated
t a frequency ω equal to the reciprocal of the lag time:

(ω) = d ln〈r2(τ)〉
d ln τ

∣∣∣∣
τ=1/ω

. (1)

he magnitude of the mechanical modulus G(ω) is then

G(ω)| = kBT

πa〈r2(1/ω)〉Γ (1 + α(ω))
. (2)

ere kB is the Boltzmann constant, T the temperature, a the
adius of the suspended particles, and Γ the Gamma function.
he viscous and elastic moduli, G′′ and G′, respectively, are
iven by

′′(ω) = |G(ω)| sin

(
πα(ω)

2

)
(3)

nd

′(ω) = |G(ω)| cos

(
πα(ω)

2

)
. (4)

ere we study the microrheology of a Carbopol gel. When dis-
ersed in water, Carbopol forms a transparent gel whose rhe-
logical properties can be tuned by varying the Carbopol con-
entration and pH. Steric interactions among swollen microgel
articles and cross-links between polymer chains in the ma-
erial give rise to a yield stress [40–45]. The high degree of

ransparency of Carbopol gels, the relative unimportance of ag-
ng [46,47] in these materials, along with the ease with which
amples can be prepared, has led to the use of Carbopol gels as
odel yield-stress fluids [4,8,45].
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In a previous paper [17], we presented the results of both par-
icle tracking and dynamic light scattering measurements of the

icrorheology of Carbopol gels as a function of Carbopol con-
entration. We showed that the microrheological moduli were
everal orders of magnitude smaller than the moduli determined
rom bulk shear rheometry. We also demonstrated that the gels
ere inhomogeneous on the length scale probed by our mea-

urements, so that individual tracer particles sampled different
icroscopic rheological environments.
In the present paper we look in more detail at the variations

n microrheological environment for a sample with a Carbopol
oncentration of 0.5 wt.%. This material is a stiff gel on the
ulk scale, but we find that while some of the suspended tracer
articles are more-or-less completely immobilized by the gel,
thers diffuse almost freely. We separate our tracer particles into
opulations depending on their mean squared displacements and
tudy the behavior of each population.

The remainder of this paper is organized as follows. In Section
we present the experimental details. Our results are presented

n Section 3 and discussed in Section 4. Section 5 is a brief
onclusion.

. Experiment

Our experiments were performed using Carbopol ETD
050, which consists of polymers based on polyacrylic acid,
rosslinked with a polyalkenyl polyether [44]. Samples were
repared in a dust free environment. Fluorescent latex micro-
pheres 0.49 �m in diameter, with density 1.05 g/cm3 and refrac-
ive index 1.59 at 589 nm were obtained as a suspension in water
48]. These microspheres contained a dye which fluoresced in
he red when excited with green light. They were sonicated in
n ultrasonic bath to disperse any clumps prior to use, then di-
uted with deionized water to give a sphere volume fraction of
ypically 5 × 10−5. Carbopol powder was added slowly to the
ontinuously stirred dilute sphere suspension to a concentra-
ion of 1.2 wt.%. The resulting dispersion had a pH of about 3.
odium hydroxide solution was added to raise the pH to 6. Gel
amples of the desired Carbopol concentration c were obtained
y diluting this stock solution with additional water/sphere sus-
ension (and readjusting the pH to 6 if necessary); most of the
esults reported here were obtained with c = 0.5 wt.%. Any air
ubbles were removed by centrifugation. Samples used for rhe-
logical measurements were prepared the same way but without
he microspheres.

Our particle-tracking apparatus has been described else-
here [17]. Samples containing the fluorescent microspheres
ere loaded into a sample cell 10 mm × 10 mm × 0.75 mm high
hich was sealed with a silicone-based grease. The cell was
ounted on the stage of an Olympus BX50Wi upright epi-

llumination fluorescence microscope with an overall magni-
cation of 150× which was focused on the mid-point of the
ell, giving a resolution of 0.27 �m/pixel. The samples were al-

owed to equilibrate for half an hour at room temperature before

easurements were made. Typically from 50 to 100 fluorescent
pheres were visible in the field of view at any time. Images
f the spheres were captured with a 640 pixel × 480 pixel CCD
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Fig. 1. The bulk-scale rheology of 0.5 wt.% Carbopol gels measured with a shear
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amera, corresponding to a field of view of 175 �m × 131 �m,
hich is much larger than both the suspended fluorescent par-

icles and the expected scale of the structure in the material.
mages were recorded at the standard video frame rate of 30
rames per second with a VCR for runs which were typically
0–20 min in length. After they were recorded, a frame grabber
n a personal computer was used to digitize the images at frame
ates ranging from 2 to 15 frames per second. The frame rate
as chosen as a compromise between the need to obtain data

or a large range of lag times and the amount of memory in our
omputer.

We used the particle tracking software described in [49,50]
o process images, to determine the particle locations in each
ideo frame, and to analyze the particle trajectories from frame
o frame. The images ware calibrated with an etched calibration
lide, and the uncertainty in the particle positions was found to
e ±0.02 �m by imaging immobile particles [51]. Fluctuations
n temperature, which were on the order of 0.1 ◦C over the course
f a run, contribute an additional relative uncertainty of ±0.03%
o 〈x2〉, which is negligible compared to the uncertainty due from
he imaging system. Our imaging system records video frames
n the form of two interleaved fields recorded at a rate of 60 fields
er second. Since the motion of the particles in the time between
elds can be significant, we used individual fields rather than
ntire frames when digitizing the images. As a result, our spatial
esolution was higher in the direction parallel to the video scan
ines (referred to as the x-direction) than in the perpendicular (y)
irection, so we calculated the one-dimensional mean squared
isplacement 〈x2〉 in the x-direction only.

Oscillatory and steady shear measurements of the bulk rheo-
ogical properties of our Carbopol samples were made at 25 ◦C
ith an Ares RHS controlled strain rheometer. We used parallel
late tools 5 cm in diameter with a gap of 1 mm. Fine sandpaper
as glued to the surfaces of both plates to eliminate wall slip.

. Results

Fig. 1 shows the results of bulk rheological measurements
n Carbopol gels. Fig. 1(a) shows a flow curve for c = 0.5%.
t displays the expected yield stress behavior, approaching a
onstant value at low shear rates. The dashed line through the
oints is a fit to a Herschel–Bulkley model,

= σy + Kγ̇n, (5)

here σ is the shear stress, γ̇ the strain rate, and K, n, and
he yield stress σy are treated as fitting parameters. The fit de-
cribes the data reasonably well. The results of oscillatory shear
easurements are presented in Fig. 1(b) as a function of an-

ular frequency, again for c = 0.5%. The amplitude of the ap-
lied strain was 1%, which was within the linear regime for
his material. The elastic modulus is much larger than the vis-
ous modulus over the range of frequencies accessible to our
heometer, indicating that the Carbopol behaves as a soft elastic

olid for small strains, again consistent with yield-stress behav-
or. The yield stress, determined from fits like that shown in
ig. 1(a), is plotted as a function of Carbopol concentration c

n Fig. 11 below. These rheometric measurements confirm that

d
t
s
s

heometer. (a) The flow curve measured under steady shear. The dashed line is
fit to the Herschel–Bulkley model, Eq. (5). (b) The elastic (solid symbols)

nd viscous (open symbols) moduli as a function of frequency, measured under
scillatory strain with an amplitude of 1%.

he Carbopol gels we study are yield stress fluids on the bulk
cale.

Our results on the microrheology of Carbopol for a range
f concentrations have been presented elsewhere [17]; here we
ocus on a detailed analysis of the motion of the small tracer
articles at c = 0.5 wt.%. At this concentration the material is
very stiff gel with a yield stress of 12.8 Pa. Three individual

article trajectories measured in a single sample at this con-
entration are shown in Fig. 2, which illustrates the range of
ehavior observed. Some particles, like that corresponding to
he trajectory labeled (c) in Fig. 2, are almost immobile. Others,
ike that with trajectory (a), move relatively freely. Even in the
atter case, however, the motion of the particle is clearly very
ifferent from the random walk expected for simple Brownian
iffusion. Rather, the particle spends a substantial period more
r less confined to one region, then wanders over to another
egion where again it becomes confined for a time.

Fig. 3 shows the one-dimensional squared displacement x2(τ)
s a function of the lag time τ for each of the particles tracked
uring a run with a single sample of concentration c = 0.5%.
for each particle is measured from the time at which it first

ntered the experimental field of view. The straight dotted line
orresponds to x2 ∝ τ, which is the expected behavior for nor-
al diffusion. The observed particle motions are in general sub-
iffusive, with x2(τ) having a logarithmic slope α which is less
han 1. For some particles, the motion is nearly completely diffu-
ive, while others are almost completely trapped. These results
how that the sample is strongly inhomogeneous on the scale
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well described by a Gaussian, and indeed appears closer to an
Fig. 2. Three individual particle trajectories for c = 0.5%.

robed by the particles: different particles experience different
ocal rheological environments.

To study this further, we divided the particles into three popu-
ations based (arbitrarily) on their value of x2 at τ = 10 s. These
hree sets of particles are indicated by the different line styles
n Fig. 3. The particles in population I, shown as dashed lines,

ove relatively freely. For these particles, α is slightly smaller
han one for τ � 10 s, then decreases for higher τ. Population III
articles, shown as solid lines, move very little—x2 is essentially
at out to τ = 10 s, but in some cases shows a slight increase at

arger lag times. Population II is intermediate between the other
wo populations, with the squared displacement increasing sub-
iffusively at short lag times then becoming almost constant for
> 10 s. The distribution of values of x2 (τ = 10 s) for all of
he particles plotted in Fig. 3 is shown in the inset to Fig. 3,
ith the vertical dashed lines indicating the boundaries between
opulations. By averaging x2 over all particles in each of the
hree populations, we obtain the mean squared displacements for

ig. 3. x2(τ) for all particles tracked in a gel with concentration c = 0.5%. The
ifferent line styles indicate how the particles were divided into populations
ased on the value of their squared displacement at τ = 10 s. The inset is a
istogram showing the distribution of x2(τ = 10 s), with the vertical dashed
ines marking the boundaries between the three populations.

e

G

F
t
p
t
a

ig. 4. The mean squared displacement calculated for each of the three popu-
ations at c = 0.5%. The dotted line has a logarithmic slope of 1 as expected
or unrestricted diffusion and is shown for comparison. Diamonds: population
; squares, population II; circles, population III.

ach population. These quantities are shown as a function of τ in
ig. 4.

Fig. 5 shows the distribution of the particle displacements
termed the van Hove correlation function) in a time interval of
s for each population. The inset shows the distribution for all
f the particles taken together. For unrestricted diffusion in a ho-
ogeneous medium one would expect a Gaussian distribution.
he curves in Fig. 5 are fits of the data for the three populations

o Gaussians. The fits describe the distributions reasonably well,
lthough there are small but systematic deviations at larger dis-
lacements. The width of the distribution decreases as we go
rom populations I to III, giving the reasonable result that the
ffective diffusion coefficient of the material is smaller for par-
icles whose motion is more strongly restricted. When all of the
articles are considered together, however, the distribution is not
xponential distribution in this particular case.
The deviations of the distribution of displacements from a

aussian can be quantified by a parameter N which compares

ig. 5. The distribution of particle displacements for a lag time τ of 1 s for
he three populations of particles at c = 0.5%. As in Fig. 4, diamonds represent
opulation I; squares, population II; and circles, population III. The lines through
he data are fits to Gaussian distributions. The inset shows the distribution for
ll particles together (downward triangles), along with a Gaussian fit.
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scale. On the other hand, population III, the most strongly re-
stricted particles, see an elastic modulus that is about three times
larger than the viscous modulus over the entire frequency range
probed in our experiments. Population II similarly sees an elas-
ig. 6. The non-Gaussian parameter defined in the text for the three populations
t c = 0.5%, with diamonds representing population I; squares, population II;
nd circles, population III. The non-Gaussian parameter for all particles taken
ogether is indicated by the downward triangles.

he fourth moment of the distribution to the second moment [52]:

= 〈x4〉
3〈x2〉2 − 1. (6)

his quantity is zero for a Gaussian distribution, while a positive
alue indicates a sharper and more strongly peaked distribution.
is plotted for each of the three populations as well as for all

articles together in Fig. 6. When all particles are taken together,
he non-Gaussian parameter is large, reaching a maximum near
= 60 s. For the three populations, however, N is substantially

maller, since the van Hove correlation functions are much closer
o Gaussian distributions, and for populations II and III the non-
aussian parameter seems to approach zero as τ becomes long.
Fig. 7 shows the trapping of the particles in a different way

53,54]. If a particle is executing a random walk, then its motion
n the interval from time t0 to t1 = t0 + τ will be uncorrelated
ith its motion from t1 to t2 = t1 + τ. On the other hand, if the
article is trapped in a cage and approaches the wall of that cage
n the first time interval, then it may bounce off and move away
rom the wall in the next interval. In this case the direction of
otion in the second interval will, on average, have a component

n the opposite direction to the motion in the first interval. In
ig. 7 we plot on the abscissa the distance r01 moved in the
rst time interval, while the ordinate is 〈x12〉, the mean of the
omponent of the motion in the second time interval parallel
o �r01. Here the length of the interval is τ = 1 s. Data for the
hree populations with c = 0.5% are plotted. All show a strong
egative correlation, indicative of caging effects. At low r01 the
ata can be described by 〈x12〉 = −br01, where b, the magnitude
f the slope, can be interpreted as a measure of the strength of
he cage. Not surprisingly, our data show that the caging effect
ecomes more pronounced, that is, b becomes larger, as the
otion of the particles becomes more restricted.
Fig. 8 shows how the “cage strength” b varies with 〈x2〉1/2,
he root mean square distance probed by the particles. Here
x2〉1/2 is determined for each population for several different
alues of the lag time τ. We see that b increases roughly linearly
ith 〈x2〉1/2, indicating that the effect of the gel on the parti-

F
a
s
f

ig. 7. Correlation analysis for the three populations at c = 0.5% and τ = 1 s.
he symbols indicate the different populations as in previous figures: diamonds:
opulation I; squares, population II; circles, population III.

les’ motion becomes stronger as the particles explore larger
istances.

The microrheological elastic and viscous moduli, determined
rom the mean squared displacements for the three populations
f particles using Eqs. (4) and (3), are plotted as a function of
requency in Fig. 9. In calculating G′ and G′′ in this way, we
ave assumed that 〈r2〉 = 3〈x2〉, i.e., that the motion of the par-
icles is isotropic. We fit a smooth function to the data plotted
n Fig. 4 and used that fitting function to calculate the moduli.
or population I, those particles that move most freely, the vis-
ous modulus is about a factor of two larger than the elastic
odulus at high frequencies. The data for this population show
crossover at ω ≈ 0.04 s−1, below which the elastic modulus

ecomes dominant. This is in direct contrast to the bulk rheolog-
cal results, and indicates that over short times, these particles
ee a material that is predominantly viscous on the microscopic
ig. 8. Pore strength as determined from the slope of the data in Fig. 7, plotted
s a function of the rms displacement of the particles. The symbols have the
ame meanings as in previous figures. The lines are straight lines fit to the data
or each population.
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Fig. 9. The frequency-dependent moduli determined from the mean squared
displacement for each of the three populations of particles. The lighter lines cor-
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espond to the elastic modulus G′ and the heavy lines to the viscous modulus G′′.
he different line types indicate the different populations: dashed, population I,
ot-dashed, population II, and solid, population III.

ic material at all frequencies, with the suggestion of a crossover
t ω � 10 s−1, just outside the range of our experimental
ata.

The dynamic viscosity η = G′′/ω seen by the different popu-
ations is plotted in Fig. 10, along with the viscosity determined
rom the bulk rheology measurements. The bulk viscosity di-
erges as ω goes to zero approximately as 1/ω, as expected for
material with a bulk yield stress. The viscosities on the micron

cale are approximately two orders of magnitude smaller than
he bulk viscosities, but still substantially larger than the viscos-
ty of water. The microscopic viscosities also appear to diverge

s the frequency goes to zero. In the case of population III η is
gain approximately proportional to 1/ω, but the less confined
opulations show a weaker divergence.

ig. 10. The heavy lines show the viscosities seen by the three populations
f particles, determined from the microrheological viscous moduli plotted in
ig. 9. The different line types indicate the different populations as in Fig. 9.
he symbols are the viscosity of the bulk material determined from the shear

heometry data shown in Fig. 1. The viscosity of water is shown as the light
ot-dashed line, and the dotted line shows a 1/ω frequency dependence for
omparison.
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. Discussion

On the bulk scale a Carbopol gel at a concentration of
.5 wt.% has a yield stress of several Pa. The results presented
ere, however, show clearly that the carbopol gels are inhomoge-
eous on the micron scale. Different suspended tracer particles
ee different microrheological environments, as evidenced by
he wide variation in behavior observed within a single sample.
ome of the particles are quite mobile, with a squared displace-
ent that is only slightly subdiffusive. The microscopic envi-

onment experienced by this population of particles is close to
hat of a viscous fluid. In contrast, other particles are essentially
mmobile and see an environment that is predominantly elastic.

The distributions of step sizes for the three populations we
ave identified in the sample studied here are much more closely
escribed by Gaussian distributions than is the case when all of
he particles are taken together [17]. The deviations from the
aussian fits observed at higher values of 
x in Fig. 5 are real,
owever, and are a sign that the motion of the tracer particles
s not purely diffusive and that the material is heterogeneous.
imilarly, the non-Gaussian parameter is much smaller for the

ndividual populations than for all of the particles together.
In our earlier work [17], when we studied all of the particles

racked in gels of different concentrations, as well as in previous
ork on caging in complex fluids [54], the negative linear cor-

elation observed in Fig. 7 breaks down above a particular value
f r01 = �. This value, added to the particle diameter, was taken
s the characteristic cage size d. In [17] we found � ≈ 0.27 �m
nd d ≈ 0.76 �m for c = 0.5%. In the present case, however,
here is no obvious break point in the linear relationship between
x12〉 and r01. The data plotted in Fig. 7 become noisier above
bout r01 ≈ 0.5 �m, but this is simply due to the fact that there
re fewer particles to average over when r01 is this large.

It is possible, but unlikely, that the characteristic length scale
f the cages is larger than the distances probed by our particles,
ut our data show no break in the slope of the plot of 〈x12〉
ersus r01 for τ up to 30 s. Alternatively, it may be that the cages,
n fact, have no characteristic length scale—the distribution of
ores within the gel may have a fractal structure on the scales
robed by our experiments. We have observed similar behavior
n experiments on laponite clay suspensions [55], in which case
ight scattering measurements also suggest that the material has
fractal structure over a range of length scales [13–15].

The effective cage strength determined from the correlation
nalysis, plotted in Fig. 8, increases with the distance probed
y the particles. In this sense the effect of the cages is to act as
restoring force on the particles, keeping them confined to a

articular region of the material.
The range of behavior of the tracer particles is due to inho-

ogeneities in the material structure on the length scales probed
y our experiments. The microrheological parameters plotted in
ig. 10 confirm that the populations II and III particles see a
aterial that is locally elastic while population I particles expe-
ience local rheological environments that are primarily viscous.
ven in the case of population I we observe a crossover at low

requencies, below which the elastic modulus dominates. This
uggests that elasticity dominates on long time scales, even for
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the most mobile particles. This is also indicated by the plateaux
in the squared displacements of the individual particles seen at
long times in Fig. 3.

We note that the crossover in moduli seen in our microrhe-
ological data is opposite to that typically seen in the traditional
shear rheology of polymers [1] or in microrheological measure-
ments on F-actin [26]. In these instances, the material is viscous
over long time scales but elastic on short times due to entangle-
ment of the polymer molecules. In our case, the gel is viscous
at short times but elastic at long times due to the restriction of
the particle motion caused by the gel structure.

An important issue is whether the gel displays a true yield
stress on the microscopic scale. The dominance of the elastic
modulus and the nearly −1/ω divergence of the microscopic
viscosity in the case of population III, the most strongly con-
fined particles, suggests these particles do see a microscopic
yield stress. The situation is less clear for the more freely-
moving particles in population I. In this case the microscopic
viscosity diverges more slowly and the microrheological envi-
ronment becomes elastic only at the lowest frequencies studied.
Further experiments are needed to address this question fully.
More information on the length-scale dependence of the struc-
ture and visocelastic properties could be obtained from two-
particle microrheology, that is, by studying the correlations be-
tween pairs of tracer particles as a function of the pair separation
[56,57].

Finally, one would like to understand the relationship be-
tween the small-scale properties studied in our particle tracking
experiments and the bulk rheological properties of the material.
While we are not yet close to that goal, we show in Fig. 11 a

Fig. 11. (a) The yield stress of Carbopol dispersions plotted as a function of
Carbopol concentration c. These data were determined from flow curves mea-
sured with a shear rheometer, as in Fig. 1. (b) The cage strength b determined
from a correlation analysis of the particle trajectories, as in Fig. 7, plotted as a
function of c for a lag time τ = 1 s. When more than one data point is shown
at a given concentration, the particles were split into populations based on their
degree of mobility, as discussed in detail for c = 0.5% in the text.
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omparison between the cage strength b determined from mi-
rorheological measurements, and the yield stress σy determined
rom bulk rheology. The concentration dependence of the two
uantities is similar, perhaps suggesting a starting point for a
ore complete understanding of the connection between bulk

nd microrheological properties.

. Conclusion

We have used multiple particle tracking microrheology to
tudy the small-scale viscoelastic properties of a Carbopol gel
ith a bulk yield stress. While some of the suspended tracer
articles undergo slightly subdiffusive motion, others are al-
ost completely immobilized. This indicates that the material is

nhomogeneous, with different particles sampling different mi-
rorheological environments. From the microscopic viscous and
lastic moduli, we find that the most mobile particles experience
predominantly viscous environment at high frequencies, with
crossover to an elastic behavior at the lowest frequencies stud-

ed. In contrast, the most strongly trapped particles experience
n elastic environment at all frequencies. Our results suggest
hat these trapped particles, at least, see a yield stress on the

icroscopic scale.
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