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Arrested phase separation in chiral fluids of colloidal spinners
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We investigate phase separation in a chiral fluid, made of spinning ferromagnetic colloids that interact both via
hydrodynamic and dipolar forces and collectively organize into separated circulating clusters. We show that, at
high spinning frequency, hydrodynamics dominate over attractive magnetic interactions and impede coarsening,
forcing the particles to assemble into a collection of finite rotating clusters of controllable size. We introduce
a minimal particle-based model that unveils the fundamental role of hydrodynamics and the boundary plane in
the self-organization process of the colloidal spinners. Our results shed light on the control of coarsening and
dynamic self-assembly in chiral active systems and the key role played by fluid mediated long-range interactions.
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Coarsening and phase separation have been extensively
studied in physics, chemistry, and engineering science [1].
They are commonly observed in many condensed matter
systems including liquid metals [2], semiconductors [3], but
also complex fluids such as emulsions [4], colloidal sus-
pensions [5], or protein solutions [6]. Nevertheless, when
considering systems driven out of equilibrium, novel kinds of
structures emerge, unattainable in equilibrium conditions [7].
Active particle systems, where autonomous interacting units
continuously dissipate energy exerting mechanical forces and
stresses, constitute a prominent class, displaying a variety
of nonequilibrium structures [8—11]. For example, motility-
induced phase separation [12] leads to a separation between a
dense and a dilute phase of active particles as a result of the
competition between self-propulsion and steric or excluded
volume interactions.

In contrast to self-propelling particles, spinning rotors con-
stitute another class of active particle systems that individually
do not show any directed motion, but only at a collective
level due to the produced hydrodynamic flow [13—-16]. When
torqued by an external field, the rotors present a well defined
chiral state. Thus, in a continuum approximation, a dense
collection of such particles can be considered as a chiral
fluid [17-20]. Such systems break parity and time reversal
symmetries and display emerging phenomena including a
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novel viscosity term called the odd (or Hall) viscosity [21,22].
In this context, a collection of spinning ferromagnetic cubes
that assemble due to an in-plane rotating magnetic field has
recently been proposed as an experimental model system for
a chiral fluid [23-25]. While aggregation of magnetic par-
ticles [26-30] or “holes” [31,32] under rotating fields has
been previously reported, considering such systems as a con-
tinuum chiral fluid provides a complementary perspective to
the field. However, such an approach neglects the effect of
hydrodynamic interactions (HIs) between the individual units
which effectively stir and mix fluid due to their continuous
rotary motion. Thus, the kinetics and the effect of HIs on the
collective organization remain still challenging puzzles that
need to be addressed.

Here we investigate the collective behavior of a chiral
system composed of spinning magnetic rotors that strongly
interact via HIs. We show that, in contrast to the standard
coarsening scenario observed for attractive particles under a
rotating in-plane field [28,32,34], HIs impede coarsening for
fast enough spinning and induce a phase characterized by
the presence of rotating finite clusters, whose size can be
controlled by the field frequency. At low spinning frequency,
particles form large aggregates (following a coarsening pro-
cess) which display circulating edge currents with a constant
penetration depth and an edge velocity that decreases with
increasing the cluster size. These observations are in line with
parallel numerical simulations, which unveil the important
role of the boundary plane and HIs on the collective rotor
organization and the selection of a finite length scale.

Our spinning colloids are ferromagnetic hematite ellip-
soids with long (short) axis equal to b= 1.8 um (a =
1.3 um) and a permanent magnetic moment m = 2.3 X
107! Am? oriented perpendicular to b. More details on the
particle synthesis and on the measurement of m can be found
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FIG. 1. (a) Sequence of images showing the collapse of a pair
of spinning rotors assembled by the rotating field with frequency
f =30Hz (By =3 mT). The scale bar is 5 um, see VideoS1 in
the Supplemental Material [33]. (b) Interparticle distance Ar be-
tween two rotors versus time ¢ for three frequencies. The dashed
red line denotes a nonlinear regression considering only dipolar
interactions. From particle tracking we extract the net force F =
yv,/2 of a pair of rotors approaching at a speed v,, being y the
Stokes coefficient, and obtain Ar = '{/Ar) — 5at, being Ary =
3 um and @ = 3 puem?/(16wy) = 47.54+0.2 um’ s~'. Inset shows
a schematic representation of two particles with permanent moments
m under the rotating field B.

in Ref. [35]. The particles are dispersed in highly deionized
water and functionalized with sodium dodecyl sulfate (SDS)
by adding 0.12 g of SDS in 80 ml of H,O. This surfactant is
used to avoid irreversible aggregation due to Van der Walls
interactions. We also adjust the pH of the resulting solution
to 8.5-9.5 by adding tetramethylammonium hydroxide. The
hematite rotors sediment above a glass plate due to density
mismatch, where they remain confined showing weak thermal
motion. We visualize the particles using an upright optical mi-
croscope (Eclipse Ni-U, Nikon) with magnification objectives
40x, 60x and equipped with a CCD camera (Scout scA640-
74f, Basler) working at 50 fps. We use a set of custom made
magnetic coils arranged on the microscope stage to apply
time dependent magnetic fields, using a wave generator (Aim-
TTi TGA1244) controlling a power amplifier (IMG STA-800,
stage line). We limit our experiments to less than 1 h to avoid
heating of the magnetic coil system.

We spin the hematite particles with a rotating magnetic
field circularly polarized in the (X, y) plane, with frequency f
and amplitude By, B = By(cos (2 f1)X + sin (27 ft)y). Each
particle is subjected to a magnetic torque 1, = |[m X B| =
mBsin g, ¢ being the phase lag angle between m and B,
see inset in Fig. 1(b). The torque balance equation in the
overdamped limit, 7, + 7, = 0, determines the single rotor
dynamics, where 7, = —¢, 8 is the viscous torque, 8 = wt —
@, and ¢, the rotational friction of the ellipsoid in water. We

find the critical frequency f. = mBy/(27¢,) that bridges the
synchronous rotation from the phase slip motion. We spin al-
ways our particles at frequencies f < f. = 60 Hz and at fixed
By =3 mT, see Fig. 1 in the Supplemental Material [33].
Thus, the rotors are always phase locked with the rotating
field, sin ¢ = f/f,, and generate the maximum hydrodynamic
flow due to their high spinning. For large f, we can approxi-
mate such a flow as the one generated by a rotating spherical

particle,u = T2l X 7, which is purely azimuthal and decays

as 1/r? [36,37]. Thus, the strength of HIs will directly depend
on f and can be separately tuned in our system.

Figure 1(a) shows the collapse dynamics of a pair of in-
teracting rotors when initially placed at a distance ~5 um.
The pair shows initially a relative orbital motion and finally
collapse into a rotating dimer after 6.5 s. The dynamics results
from the interplay between HIs and magnetic attractions. In
the absence of the latter, the two rotors initially placed at
a distance Ary would form a stable rotating pair and rotate
around their center of mass with an angular velocity @ =
T/ (47tnAr8 )z. However, magnetic dipolar attractions reduce
the relative distance Ar until becoming completely dominant
at a separation of ~3 um, Fig. 1(b). For two point dipoles
(i, j) with equal moments m and at a separation r, such in-
teractions can be time averaged over several field cycles and
become attractive, described by the effective potential (U,,) =
—é‘;—l'f;, where (...) denotes the time average, and o = 4w X
10~7 Hm [38]. Thus, these interactions are independent on
f, in contrast to HIs. At large frequency (f = 30 Hz) the
separation distance between the pair Ar displays a series
of oscillations that results from the interplay between the
dipolar attraction and the repulsive squeezed flow generated
by the rotating particles. The amplitude of these oscillations,
however, decreases with f since the strength of the generated
flow is reduced, Fig. 1(b). We use a range of frequency where
raising f increases the strength of HIs (~1/r2), while dipolar
attractions (~1/r3) remain unchanged.

We next investigate the collective assembly of the mag-
netic spinners by varying the driving frequency. As shown
in Fig. 2(a), for f = 10 Hz we find that the normalized clus-
ter radius, £(¢) = L(t)/a, exhibits a power-law growth with
exponent 1/3, as expected for diffusive systems with negli-
gible HIs [1,39,40]. However, the situation already changes
by increasing f to f = 20 Hz, where the rotors organize into
smaller clusters that do not coarsen but they grow up to a
finite characteristic length ¢, see Fig. 2(b). Upon raising f,
the average size of the clusters reduces, in a way compati-
ble with the simple dependence £; o< f~!. The phenomenon
may be reminiscent to the dynamic clustering observed in
self-propelled particle systems, where a stationary state of
finite size clusters is observed [41-46]. In particular, studies
of (dry) models of chiral active particles with velocity align-
ment, also feature phase separation at small frequencies (here
describing an active torque) and a distribution of finite-size
rotating clusters at larger ones, whose size is also proportional
to the inverse of the frequency [47,48]. However, despite the
intriguing similarity at this level, important differences should
be highlighted between these systems and the present one,
not only at the level of its microscopic constituents. Spinning
colloids, once in a cluster, are not observed to leave it on short
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FIG. 2. (a) Time evolution of the normalized cluster radius £ = L/a for different frequencies. The left panels show the corresponding
optical microscopy images of the stationary states observed at different f. Scale bar in the last image is 50 um. See VideoS2 in Ref. [33].
(b) Stationary length £, vs f. Continuous line corresponds to £; ~ 1/f. (c) Quench experiment: change of the average cluster size versus time
by varying the driving frequency from f = 10 Hz to f = 40 Hz. Horizontal dashed lines in (a) and (c) correspond to stationary cluster sizes

obtained while applying constant frequency [experiments in Fig. 2(a)].

time scales. Instead, the rotors located at the outer shell of
the cluster form a circulating edge current, while the central
part displays a relative slow, solid body rotation (see Fig. 3).
Due to the high density of packed hematite particles in the
bulk, we could not resolve whether the rotors crystallize in the
bulk of large clusters. However, for smaller clusters we find
that shape anisotropy of the spinning rotors frustrate ordering,
which is different than the compact aggregate observed with
spherical magnetic particles [28,29,49]. Further, to confirm
that finite cluster sizes are stationary states, we perform sev-
eral quenches by suddenly changing f [see Fig. 2(c)]. We
first set the driving frequency to f = 10 Hz, which induces
a slow coarsening towards the formation of a large cluster.
We then switch the frequency to f = 20 Hz and observe
how the system breaks into smaller rotating clusters with an
average cluster size which relaxes to lower values (of area
A ~ 167 um?). A further reduction in size is observed by

(a) ug (um/s) (b)
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FIG. 3. (a) Microscope image of a rotating cluster in the steady
state with an area A = 3500 um?> (f = 10 Hz). The trajectories of
few spinners are superimposed to the image. Color bar on the top
corresponds to the tangential velocity uy. Scale bar is 10 um. See
VideoS3 in Ref. [33]. (b) Mean tangential velocity of the spinners
ug versus radial distance R from the center for clusters with different
areas. Scattered points are experimental data; continuous lines are
multiple fits using Eq. (1) by keeping constant « for all curves and
varying the penetration depth §.

quenching to f =30Hz (A ~ 80 um?) and 40 Hz (A ~
49 um?), respectively. The sizes obtained through this
quenching protocol perfectly match the stationary values ob-
tained for each frequency in Fig. 2(a), showing how f controls
the pattern selection. Overall, these results remark the funda-
mental role of HIs in the clustering process, since increasing f
raises the strength of the flow field generated by the spinning
rotors.

In the phase separated regime, the assembled clusters dis-
play edge currents where fast spinners circulate around a
slower compact particle region, as shown in Fig. 3(a). From
particle tracking, we measure the tangential velocity uy for
clusters having different sizes and find that it rapidly decreases
towards the cluster bulk after a few layers, Fig. 3(b). For a
cluster of radius R composed of particles spinning at fixed
angular frequency w, ug can be calculated by solving the
hydrodynamic equations of motion considering the cluster as
a continuum medium [21,23,50]. The resulting expression in
a polar coordinate system (r, ) centered within the cluster is
given by

1i(r/8)
ab(R/8) +1h(R/8)

where I; is the modified Bessel function of the first type, § is
the penetration depth of the edge current, and o = n/ng the
ratio between the shear (1) and the rotational (ng) viscosity
of the cluster. From the data analysis in Fig. 3(b) we find
the ratio o« = 6.2 with a small variation of the penetration
depth from § = 4.9 um for the smallest cluster A = 50 pm?
to § = 5.3 um for the largest one A = 3500 um?. Such a
value of § corresponds approximately to ~2 particle lay-
ers. The corresponding edge velocity increases linearly as
the cluster size decreases, varying from from 30.3 ums™!
(R =3.9 um) to 20.5 ums~! (R = 33.4 um) due to the cor-
responding increase of the magnetic interactions with the
number of particles, which favor compact structure and effec-
tively decrease the rotational motion of the spinning particles.

To understand the mechanisms underlying spinning col-
loidal assembly, we adopt a particle-based approach rather
than a phenomenological hydrodynamic description [23,51].

uy(r) = 2w

ey
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We use a minimal model that focuses on three main physical
ingredients: (i) rotations at a fixed rate, (ii) isotropic attractive
interactions with a short-range steric repulsion, and (iii) low
Reynolds number hydrodynamics. We consider N spheres
located at r;(t) = (x;(¢), y;(¢), h) at time ¢, moving ina L x L
plane parallel to a solid wall at a distance /# and spinning at a
constant angular velocity w. We apply periodic boundary con-
ditions in the z = & plane, where particles move accordingly
to the noiseless overdamped dynamics, y#;(t) = u(ry(t)) +
F;(t), where F; = — Z#i ViV (r;;) derives from a Lennard-
Jones potential V (r) = 4e{(o/r)'? — (o /r)®}and y = 37 no,
where o /2 = aq is the effective radius of the particles and 7,
the viscosity of the medium. HIs are taken into account by
u(r;), the flow field at r;, due to all the other colloids and
described by means of the Blake propagator, accounting for
the field due to a localized force and torque in the vicinity
of an infinite stationary plane with no-slip boundary condi-
tions [52,53]. Each colloid is treated as a point from which
a force and torque originates (due to pair-wise interactions
between colloids and their spinning, respectively), creating
a flow. The flow field generated by each particle can be de-
composed into two terms, # = ugs + ug, arising from the force
and torque singularity (Stokeslet and Rotlet, respectively).

The components parallel to the wall decay as u’5 ~ %r’l and
R 3

ut ~ a*oa)r’z, giving rise to long-range interactions in the
plane, as detailed in Ref. [33].

We express time and length in units of 1/ and ay, respec-
tively, leading to the dimensionless quantities: p = Naj/L?,
the particle density, and A = wa(z]y /€, the reduced frequency,
comparing the spinning rate with the potential energy scale.
Figure 4(a) displays the time evolution of the average cluster
radius £(¢) at fixed p =0.1, y =1, and N = 252, starting
from a random distribution of particles with zero velocity (see
Ref. [33] for details). For small A, when attractions dominate,
and fixed i = 1, colloids aggregate into clusters that grow,
eventually leading to a macroscopic condensation at long
times, characterized by a £(¢) ~ t'/? growth at long times but
a slower one £(t) ~ t'/% at shorter times. Upon increasing A
(from A 2 50), chiral flows start to dominate, frustrating the
tendency to form macroscopic clusters and stabilizing finite-
size ones, in agreement with experiments (see Fig. 2). For the
values of A = 50 explored, we find finite-size clusters of sim-
ilar characteristic length £, =~ 10 qy (i.e., composed of around
35 particles). Late-time snapshots of the system (t = 6.10%)
where each particle is colored according to its instantaneous
velocity depicted in Figs. 4(c) and 4(d) clearly highlight the
change in behavior as the frequency is increased.

To highlight to what extent Hls are key in the present
structure formation scenario, we now analyze more carefully
the impact of a solid wall at a distance 4 from the particles. In-
deed, the flow fields generated by pointlike forces and torques
are strongly affected by the presence of a wall, as it introduces
a hydrodynamic screening that becomes more important as
the wall is closer. For & > 5, dynamic clusters develop in a
regime where particles can move easily among them but do
not aggregate at short times until a large cluster emerges at
longer times [see Fig. 4(e)]. In the limit of an infinitely large
structure, particles at its edge can move arbitrary fast. The
presence of a solid wall in the vicinity of the suspension limits

FIG. 4. Simulation results. (a) Time evolution of the average
cluster radius £(¢) for h =1 and A = 10, 50, 80, 100. For slow
spinning the clusters grow indefinitely, showing a slow ¢!/ growth
at intermediate times and a long-time behavior compatible with ¢ ~
t!/3. Faster spinning interrupts this growth, inducing the formation
of clusters of finite size. (b) Time evolution of the size of the largest
cluster £,,(t) for fixed A = 100 but different /. Corresponding late-
time snapshots obtained for 4 = 1 with (¢c) A = 10 and (d) A = 100,
and for (e) h = 5 with A = 100. Each particle is colored according
to its velocity, following the scale given in the bars. See VideoS4 in
Ref. [33].

such fast rotation, acting as a momentum sink, and it is thus
at the origin of the arrested growth of particle aggregates.
The hydrodynamic friction induced by the wall, at large A,
prevents the development of macroscopic structures, such as
the one in Fig. 4(e). Instead, finite structures, whose size
grows with A, arise. To monitor this process, we follow the
evolution of the average radius of the largest cluster £,,(¢), see
Fig. 4(b). The data show that & plays a key role: Reducing
h also reduces the sizes of the emerging clusters. The sepa-
ration from the wall thus provides, together with the driving
frequency, yet another route to control colloidal spinners’
self-assembly.

In summary, we have studied a chiral active fluid made of
an ensemble of magnetic spinning particles and show that it
phase separates to finite size clusters due to hydrodynamic
interactions. Similar effects may be observed in other chiral
fluids, when the rotational motion is such that the generated
hydrodynamic flow plays an important role in the clustering
process. Further, the possibility to control and select the clus-
ter size with the driving frequency may provide strategies to
control pattern formation in active matter systems and may be
extended to other collective spinner systems, including both
synthetic [54-58] and biological [59—64] ones.
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