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We investigate the dynamics and rheological properties of a circular colloidal cluster that is contin-
uously sheared by magnetic and optical torques in a two-dimensional (2D) Taylor-Couette geometry.
By varying the two driving fields, we obtain the system flow diagram and report non-Newtonian
velocity profiles along the colloidal structure. We then use the inner magnetic trimer as a mi-
crorheometer, and observe continuous thinning of all particle layers followed by thickening of the
third one above a threshold field. Experimental data are supported by Brownian dynamics simula-
tions that allow us to characterize the flow properties of the system. Our approach gives a unique
microscopic view on how the structure of strongly confined colloidal matter weakens or strengthens
upon shear, envisioning the engineering of future rheological devices at micro and nanometer scales.

PACS numbers: 82.70.Dd, 83.60.Rs

Understanding the dynamics of confined particulate
systems under external deformations is relevant for many
industrial and technological processes [1]. A classical yet
versatile approach is based on the use of the Taylor Cou-
ette (TC) geometry, where complex fluids are confined
and sheared between two coaxial cylinders [2, 3]. The
possibility to independently rotate these cylinders has
made this geometry a powerful tool to investigate the
emergence of centrifugal instabilities, and how these flow
perturbations lead to turbulence in a wide variety of soft
matter systems, including foams [4, 5], granular materi-
als [6–8], micellar [9] or polymeric solutions [10–12].

Equally appealing are the rheological properties of
colloidal suspensions, complex viscoelastic fluids where
the individual particles can be directly observed by op-
tical means, and their interactions tuned by external
fields [13]. As such, confocal microscopy of sheared bulk
samples has revealed rich dynamics, including the emer-
gence of thinning [14], thickening [15] or shear banding
instabilities [16] in crystals [17] and glasses [18]. When
confined by gravity to a two-dimensional (2D) plane, an
ensemble of colloids is more difficult to shear, since par-
ticles tend to escape to the bulk due to compression or
thermal fluctuations. Thus, the use of alternative driving
methods, such as magnetic fields [19, 20] or optical tweez-
ers [21, 22], may help creating compact clusters that can
be confined and deformed by the applied drive. Recent
experiments with optically confined microspheres have
addressed the pressure exerted to the boundary [23] and
the transmission of torque from the boundary to the cen-
ter [24], while the rich and complex rheological properties
of these systems remain unexplored. In addition, the in-
terplay between shear and confinement gives rise to a host
of new phenomena including buckling instabilities, trans-
port via density waves, heterogeneities and defects that
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FIG. 1. (a) Scheme of the experimental system where a
cluster of 48 microspheres is confined by 21 time-shared opti-
cal traps. The three inner particles are paramagnetic colloids
that are subjected to an in-plane rotating magnetic field of
amplitude B0. Red (blue) arrow indicates the rotation direc-
tion induced by the optical (magnetic) field. (b) Microscope
image of one colloidal cluster. Scale bar is 5µm, see also
VideoS1 in [25].

have been mainly uncovered theoretically [21, 26–28].

In this Letter we investigate the dynamics and defor-
mations of a circular colloidal cluster composed by in-
teracting microspheres that are assembled and sheared
via two independent driving fields. Even in the absence
of shear, the particles arrange into four concentrical lay-
ers, a generic effect in strongly confined systems [29].
Here, we use time-shared optical tweezers to assemble
and rotate the outer particle layer. The other driving
mechanism is a rotating magnetic field, which indepen-
dently imposes a torque on a triplet of particles (trimer)
located at the center of the system. In this 2D TC geom-
etry, we observe non-Newtonian velocity profiles where
neighboring layers of particles slide with each other cre-
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FIG. 2. Left and right columns: azimuthal velocity vϕ of the different layers (top) and shear rate γ̇ (bottom) versus distance r
from the center of the cluster. Central column, top: microscope images of the colloidal cluster with the flow field superimposed
as yellow arrows, see videos in [25]. Scale bar is 10µm for all images. Bottom: flow diagram in the (ω4, B0) plane illustrating
the dynamic regimes observed, with smooth velocity profile (blue), a localized break at r = 6µm (red) or at r = 10µm (orange).

ating localized shear zones. By fixing the outer layer, we
use the inner paramagnetic trimer as a microrheometer
and thereby provide a realization of the original Couette
experiment [30] on the colloidal length scale. Further, we
observe that for a large magnetic torque, the fast spin-
ning of the inner trimer generates a strong hydrodynamic
flow and exerts a radial pressure pushing the third layer
against the outer one. The corresponding change in the
local densities of the layers manifests as a simultaneous
shear thinning of the second layer and thickening of the
third one. We use numerical simulations to calculate the
local viscosities and the components of the stress tensor,
obtaining consistent results with the experimental obser-
vations for the whole range of parameters explored.

The system geometry is schematically shown in
Fig.1(a) for the counter-rotating case, see also VideoS1
in [25]. We use a binary mixture composed of polystyrene
particles (diameter 4µm, carboxylate modified from In-
vitrogen) and paramagnetic colloids (diameter 4.5µm, M-
450 Epoxy from Dynabeads). The iron oxide doping of
the paramagnetic particles makes them slightly darker
under brightfield microscopy, which allows us to distin-
guish them from the other particles when assembling the
cluster. The particles are dispersed in highly deionized
water (MilliQ, Millipore) and placed on a capillary cham-
ber where they sediment due to a density mismatch. We
assemble a circular cluster composed of 48 microspheres
and radius R = 14.1µm, by trapping the outer 21 parti-
cles with an infrared laser (λ = 1064nm) that is deflected
with an acousto optic device (AOD). More details of the
setup can be found in Ref. [25]. The AOD allows scanning
the 21 traps in 0.45ms, i.e. much faster than the typi-
cal self-diffusion time of the particles, τB = 40s. Thus,
the optical traps can then be considered as 21 indepen-
dent harmonic potentials placed along the circle. The
outer colloidal layer is either rotated with a constant an-

gular velocity ω4 ∈ ±[0.1, 0.6]rads−1 when used in the
TC geometry, or kept fixed (ω4 = 0 rads−1) when us-
ing the inner trimer as a microrheometer. This trimer
is created by placing three paramagnetic colloids at the
cluster center and subjecting them to a rotating mag-
netic field with amplitude B0 and angular velocity Ω,
B(t) ≡ B0[cos (Ωt)x̂ − sin (Ωt)ŷ]. The applied mod-
ulation induces the assembly of the paramagnetic par-
ticles due to time-averaged attractive magnetic interac-
tions [31], and also induces a finite torque Tm that forces
the trimer to rotate at an angular velocity ω1. This
torque results from the internal relaxation of the par-
ticle magnetization [32, 33] and can be calculated for the
whole trimer as Tm = VcM × B = VcB

2
0χ

”
eff (Ω)ẑ/µ0,

where µ0 = 4π · 10−7Hm−1, Vc is the volume of the
trimer, and χ

′′

eff = 0.18 is the effective dynamic mag-
netic susceptibility, see Fig.1(b) in [25]. Thus, at a con-
stant driving frequency of Ω = 20πrads−1, Tm ∼ B2

0 , the
amplitude of the rotating magnetic field is used to vary
the rotational motion of the inner trimer.

Using video-microscopy, we measure the polar coordi-
nates (ri, ϕi) of each particle i with respect to the center
of the cluster. We then obtain the average angular ve-
locity per layer n as ωn = <N−1n

∑Nn

i ω (ri)>, where
the summation counts only the Nn particles within the
respective layer, Fig.1(b). From these data, we calculate
the azimuthal flow velocity, vϕ(r) = <ω(r)>r and the
corresponding shear rate, γ̇(r) = ∂(vϕ(r))/∂r.

In the central panel of Fig. 2 we show the complete
flow diagram of our system obtained by varying the an-
gular velocity ω4 of the outer shell and the amplitude B0

of the applied magnetic field. We classify the different
dynamical phases in terms of the velocity profiles and
corresponding shear rates as they vary along the radial
direction. Due to the strong confinement of our colloidal
cluster, we never observed particle exchange between the
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FIG. 3. (a,b) Time averaged angular velocities ωn for different layers n versus squared amplitude of the applied field B2
0

obtained from experiments (a) and Brownian dynamics (BD) simulations (b). Here the magnetic torque Tm ∼ B2
0 . In both

cases, the inset illustrates enlargements of the main graphs. (c) The three components of the stress tensor, σrϕ = σϕr (orange),
σrr and σϕϕ (purple) versus B2

0 from BD simulations, the inset shows a zoom on σϕϕ. (d) Viscosity ηn of the different layers
n versus B2

0 from BD simulations. The dashed black line indicates the threshold fields B2
c .

layers. Thus, our system does not display swirls and
large scale rearrangements as observed in other sheared
granular systems in two and three dimensions [6, 34–
36]. However, the colloidal layers generate periodic cor-
rugations that slide past each other during their rela-
tive motion. The strong confinement favors the fitting
of particles of one layer in the interstices generated by
the colloids of the neighboring layers. The size differ-
ence between the magnetic and non magnetic particles
and the circular confinement frustrates ordering, and in-
commensurability effects between the different colloidal
layers become important. Thus, depending on the di-
rections and amplitudes of the shearing torques, the sys-
tem may show layers that slip and others that temporary
lock to each other, resulting in a non-Newtonian velocity
profile. In order to characterize the different dynamical
regimes, we plot the time-averaged azimuthal velocity
per layer and the corresponding jump in the shear rate,
some examples are shown in the left and right panels of
Fig.2. In particular, we classify as ”smooth” (blue re-
gions in Fig.2) velocity profiles that lead to a jump in
the shear rate smaller than a given threshold, in this
case |(γ̇i − γ̇i+1)/(minγ̇ − maxγ̇)| ≤ 0.15. On the con-
trary, in the red and orange regions the system displays
velocity profiles with a strong discontinuity, leading to a
pronounced jump (> 0.15) in the shear rate. This shear-
induced breakage is usually observed when there is no
dominant driving mechanism, as opposed to when either
the driving of the inner or outer layer is much stronger
than the other. The breakage can be localized either be-
tween the first and the second layer (r = 6µm) or the
second and third layer (r = 10µm). The first case occurs
in the counter-rotating situation, when the inner trimer
is able to drag the second layer of particles in opposite

direction than the outer layer, and the cluster inevitably
breaks in pairs of counter-propagating colloidal domains
(VideoS1 in [25]). In the co-rotating case, the breakage
rather localizes close to the outer layer, as this colloidal
shell has a stronger capability to drag nearest layers. The
third layer is mainly driven by the fourth one, while the
second has a reduced angular speed as it also tries to
follow the rotating magnetic triplet. When the first and
fourth layer have the same angular velocity (ω1 = ω4),
the system displays a Poiseuille like flow profile.

We will now focus on the central region of the flow
diagram in Fig.2, where we keep the outer layer fixed
(ω4 = 0) and continuously rotate only the inner trimer.
In Fig.3(a) we show experimental measurements of the
average angular velocities of the four colloidal layers ver-
sus the square of the magnetic field up to B2

0 = 20mT2.
Above a depinning threshold B0 = 0.6mT, below which
all particles are at rest, the trimer starts rotating and
shows an angular velocity that increases linearly with
B2

0 , up to a threshold field strength Bc = 3.3 mT. At Bc
we can see a sharp jump in the angular velocity of the
trimer, where the mobility, i.e. slope of ω1, remains con-
stant. Further, we observe that the slope of ω3 reveals
an abrupt decrease as the magnetic torque applied to the
trimer increases, inset in Fig.3(a). As we will show later,
this behaviour is related to a transition from ”thinning”
to ”thickening” at Bc. Above Bc the fast spinning of the
trimer generates a strong hydrodynamic flow that lubri-
cates the region between the first and the second layer,
see also VideoS5 in [25], . Thus, we find an overall thin-
ning of the trimer viscosity for B0 > Bc. This flow also
pushes the third layer of particles towards the outer one,
increasing the local packing density and reducing the ef-
fective mobility of this layer. This leads to an abrupt
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transition to thickening as seen in the third layer at a
critical field strength Bc.

In order to access the viscosity of all the layers and the
system shear stresses, we perform 2D Brownian dynam-
ics simulations of a binary mixture of charged colloids
partially confined by harmonic potentials and paramag-
netic colloids [25]. Taking into account hydrodynamic
effects on the Rotne-Prager level, the overdamped equa-
tion of motion for the position ri of each colloid i is given
by

dri
dt

=
∑
j

(
µTT

ij
Fj + µTR

ij
Tj

)
+ Γi (t) , (1)

where µTT
ij

and µTR
ij

are the mobility matrices due

to translation-translation (TT) and translation-rotation
(TR) couplings. The total force on the particle j is given
by Fj =

∑
k 6=j Fpp(rkj) + FT (rj , t), and is due to the

particle-particle interaction (Fpp) and the optical traps
(FT ), see [25] for more details. The torque acting on
the paramagnetic particles is given by Tj , Γi is a ran-
dom force, stemming from random displacements with
zero mean and variance 2D0δt, and D0 ≈ 0.4µm2/s is the
experimentally measured diffusion constant. The simula-
tion time scale is set to the Brownian time τB = d2/D0 ≈
40s, while the discrete time step is δt = 10−6τB .

The results of our theoretical model are shown in
Fig.3(b), and placed on the same axis as the experimental
data in Fig.3(a). We find that the model allows to qual-
itatively capture the dynamic features observed in the
experiments. From the simulation results, the threshold
field strength is observed earlier at Bc = 1.96 mT, which
is of the same order of magnitude as in the experiment.
Moreover, the simulations allow us to access all the rhe-
ological quantities of interest such as the shear viscosity
of each layer, ηn = σrϕ/γ̇n and the components of the
stress tensor, σrr, σϕϕ and σϕr = σrϕ. The shear viscosi-
ties of each inner colloidal layer are plotted as a function
of B2

0 in Fig.3(d), and illustrate the continuous thinning
of the first three layers as well as the thickening of the
third one above Bc. We note that, being fixed by the
optical tweezers (ω4 = 0), the viscosity of the outer layer
diverges and thus it is not reported in Fig.3(d). The same
hold for the inner layers for B0 → 0, being pinned to the
outer one. The transition at Bc is also reflected in all
components of the stress tensors shown in Fig.3(c). In
particular, the shear stress (σrϕ) displays an increase in
the slope at B2

c , and subsequent decrease at high mag-
netic field strengths, corresponding to the shear thinning
and thickening respectively. The two diagonal compo-
nents of the stress tensor decrease as the field increases,
corresponding to an increase of the radial- Pr = −σrr
and azimuthal pressure Pϕ = −σϕϕ. The shear thicken-
ing at Bc is accompanied by a steep increase of Pr, which
is resolved subsequently.

While the dynamic transition at Bc appears to be

FIG. 4. Amplitude of the radial deformation up versus square
of the magnetic field B2

0 for a fixed outer layer of particles
(ω4 = 0). Left inset: power spectrum of the elastic deforma-
tions measured for B2

0 = 1.1 mT2. Right inset: corresponding
polar plot in the reference frame of the trimer of the particle
trajectories showing the threefold tidal wave.

sharp in terms of the different rheological quantities, we
find in the experiments that the cluster shows a con-
tinuous decrease in the amplitude of the radial distor-
tions induced by the rotating trimer. Given the non-
circular shape of the trimer, the particles from the sec-
ond layer are forced to periodically enter and exit its
interstitial regions. The induced deformation thus ap-
pears in form of a threefold tidal wave as shown in
the small polar plot in Fig.4. To characterize these
elastic deformations, we measure their amplitude as a
function of the magnetic field strength in the Fourier
space and in the reference frame of the trimer as,

ur(Ω
′) = N−12

∑N2

j=1 T
−1 ∫ T

0
exp [3i(Ω′t− ϕj)]r(ϕj , t)dt,

where r(ϕj , t) is the distance of the N2 particles compos-
ing the second layer and located at an angle ϕj in the
reference frame of the trimer. In Fig.4 we plot the mea-
sured peak of ur(Ω

′), namely up = max[ur(Ω
′),Ω′ ∈ IR],

as a function of B2
0 and in the upper left inset the cor-

responding ur(Ω
′) for one exemplary B0. For small field

strengths (B2
0 < B2

c ), the radial path of the particles in
the second layer is deformed by the rotating trimer. Af-
ter a transient regime, the amplitude of the deformation
stabilizes to a stationary value where the relative speed
between the N2 composing particles approaches zero. We
further note that, being in the Stokes regime, the decou-
pling of the dynamics along the radial and azimuthal di-
rections is effectively possible, and thus the emergence
of two different types of dynamic transitions sharp and
continuous, along either direction, respectively.

To conclude, we have realized a colloidal microrheome-
ter based on the combined action of magnetic and optical
torques. When sheared in a TC geometry, the inner col-



5

loidal layers show different dynamical regimes with ve-
locity profiles that deviate from the simple Newtonian
case, and reflect the discrete, granular-like nature of the
system. By fixing the outer ring, the inner trimer allows
exploring the rheological properties of the system induc-
ing solidification and liquefaction of closed particle rings.
The present approach may be used as an effective mi-
crorheological tool to explore the viscoelastic properties
of complex fluids. This could potentially include biologi-
cal media confined between the magnetic trimer and the
optically trapped colloidal ring. In addition, the optical
tweezers may be programmed to periodically shear the
outer layer of particles and thus to explore the frequency-
dependent properties of complex fluids, which represents
an exciting future avenue.
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