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Cooperatively rearranging regions change shape
near the mode-coupling crossover for colloidal
liquids on a sphere

Navneet Singh® '™, A. K. Sood?3 & Rajesh Ganapathy® 34

The structure and dynamics of liquids on curved surfaces are often studied through the lens
of frustration-based approaches to the glass transition. Competing glass transition theories,
however, remain largely untested on such surfaces and moreover, studies hitherto have been
entirely theoretical/numerical. Here we carry out single particle-resolved imaging of
dynamics of bi-disperse colloidal liquids confined to the surface of a sphere. We find that
mode-coupling theory well captures the slowing down of dynamics in the moderate to deeply
supercooled regime. Strikingly, the morphology of cooperatively rearranging regions changed
from string-like to compact near the mode-coupling crossover—a prediction unique to the
random first-order theory of glasses. Further, we find that in the limit of strong curvature,
Mermin-Wagner long-wavelength fluctuations are irrelevant and liquids on a sphere behave
like three-dimensional liquids. A comparative evaluation of competing mechanisms is thus an
essential step towards uncovering the true nature of the glass transition.
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ondensed phases can acquire a new life when confined to

curved surfaces!™*. For instance, the low temperature

phase of a single-component system on the hyperbolic
plane is a glass and not a crystal, like in flat space, since curvature
introduces an irreducible number of topological defects>®.
Alternatively, while glassy dynamics in many metallic liquids is
thought to stem from the inability of the locally favored structure
—an icosahedron—to proliferate in flat space, these fivefold
symmetric motifs under certain conditions can perfectly tile the
3-sphere $3, ref. 7. Curving space can thus promote or alleviate
frustration®. However, how liquids vitrify on curved surfaces have
hitherto been investigated only in theory and numerics and has
never been interrogated through experiments. Further, and not
surprisingly, almost all these theoretical/numerical studies are in
the context of frustration-based approaches to the glass transition
and to what extent competing theories capture glass transition
phenomenology on such surfaces remains largely unexplored. It is
only recently that numerical studies of a single-component liquid
on a sphere, the simplest curved surface and denoted as S2, found
that mode-coupling theory (MCT) can qualitatively capture the
role of curvature on glassy dynamics®. The power-law scaling of
the structural relaxation time, 7,, near the mode-coupling sin-
gularity and the nature of the singularity were also found to be
identical to that in Euclidean space. Subsequent experiments,
however, revealed that at high densities, liquids of monodisperse
particles on $2 do not vitrify but instead freeze into a defect-
ordered single crystal®. Freezing can be avoided by working with
liquids of bidisperse particles. MCT is yet to be tested on such
liquids on S%, and doing so opens the possibility of examining if
the relaxation processes envisaged by the thermodynamic fra-
mework of the random first-order transition theory (RFOT) of
glasses are at play!?. Since MCT is a mean-field theory, the sin-
gularity predicted by this theory is only a crossover in finite
dimensions and across this crossover RFOT anticipates a change
in the shape of cooperatively rearranging regions (CRRs) from
string-like to compact!!. This prediction, unique to RFOT, has
been validated in simulations and experiments in Euclidean
spacel2-16. Whether curving space fundamentally alters this
scenario is not known.

Probing the dynamics of liquids on curved surfaces can also
help address another key issue. There is now a consensus that in
d <2 dimensions, supercooled liquids, and glasses, like crystals,
are affected by long-wavelength Mermin-Wagner (MW) fluc-
tuations!”~1°. These fluctuations provide an additional channel
for structural relaxation and transient particle localization, a
signature feature of glassy dynamics in 3-dimensions, is absent. In
fact, even in the normal liquid regime where such localization
effects are absent, while in d = 3 the long-time diffusion constant
Doc1* with k=1, in d=2 MW fluctuations result in an
anomalous scaling with x > 120, MW fluctuations are also strongly
system size-dependent and their effects diminish systematically
on reducing system size!”-2L. In fact, for liquids on closed sur-
faces, like S2, system size and curvature effects are intertwined?2.
The role of MW fluctuations on the dynamics of liquids on
curved surfaces, let alone on $?, is not known.

Motivated by these open issues and the lack of experiments
that have attempted to address them, here we investigated
dynamical slowing down of colloidal liquids, at the single-particle
level, on a sphere. We not only found that standard liquid state
theory quantitatively describes the structure of liquids on S? but
also shows that MCT successfully captures the growth in 7, in the
vicinity of the mode-coupling glass transition. Strikingly, on
approaching the MCT singularity from the liquid side, we find
that the shapes of CRRs evolve from being string-like to compact
as anticipated within the RFOT. By probing dynamics using both
conventional and cage-relative relaxation measures, we show that

in the limit of strong curvature, MW fluctuations do not sig-
nificantly influence dynamics and liquids on S* behave like
liquids in d =3.

Results

Structure of supercooled liquids and glasses on the surface of a
sphere. Our experimental system comprised of bidisperse charged
hydrophobic colloids that were bound to the interface between
spherical oil droplets and an aqueous phase due to image charge
forces? (Supplementary Fig. 1 and Supplementary Movie 1). The
particle charge and its image constitute an electric dipole and the
colloids interact through repulsive dipolar forces (see “Methods”
section for details). Due to poor screening of the particle charge in
the oil phase, which is the suspending fluid for the particles,
interactions are long ranged and soft. By starting with different
initial particle number densities in the oil phase, we systematically
tuned the areal density of particles, n, adsorbed at the interface.
Single-particle dynamics were imaged using a confocal micro-
scope at maximum possible temporal resolution (Leica TCS SP8
11, 63% oil-immersion objective) (see “Methods” section for details
and Supplementary Note 1). Previous studies have found that the
complete phase behavior of this system can be parametrized
through a single dimensionless parameter, I', which is the ratio of
the total electrostatic dipole and thermal energies®!8. For a
bidisperse system, I' = % &y, +(1— fb)ps)z, where € is the
dielectric constant of the suspending fluid, here the oil phase, , is
the fraction of big particles and p;, and p; are the dipole moments
of the big and small particles, respectively. We directly deter-
mined T using the radial pair-correlation function method?3.
Although the oil phase does not exactly match the particle den-
sity, gravitational effects are negligible. In all our experiments the
size of the oil droplet was nearly a constant and had a typical
radius of curvature R = (19.2 + 1.2)r, where r = % Here, 1, =
0.908 um and r; = 0.755 um are the hard-sphere radii of the big
and small colloids, respectively.

Figure la, c¢ shows representative snapshots of the
reconstructed upper hemisphere of particle-laden droplets at
low and high T, respectively. For monodisperse particles with
isotropic interactions, the preferred coordination in 2D-flat space
is six?*, Frustration introduced through spatial curvature and
particle size bidispersity result in coordination defects, i.e.,
particles having a local coordination number different from six,
which act as topological charges. Although topology sets the net
charge, 12 for S2, it neither constrains the total number of these
charges nor does it determine their arrangement. To gain insights
into how these defects are arranged in our system, we tessellated
space using the radical Voronoi method that is appropriate for
bidisperse packings?>2°. The tessellations corresponding to Fig. 1a
and c are shown in Fig. 1b and d, respectively. The Voronoi cells
in Fig. 1b and d are colored according to their topological charge
(6 minus the local coordination of the particle in the cell).
Hexagonal cells (shown in gray) have zero charge, while
pentagonal (shown in blue) and heptagonal cells (shown in
purple), which are the most frequently occurring defects, have a
charge of +1 and —1, respectively. Fourfold and eightfold
coordinated defects do occasionally appear, but these are rare as
they are energetically costly (Supplementary Fig. 2). At all T
studied, neither did we observe any semblance of crystalline order
nor did we observe any demixing with time (Supplementary
Fig. 3) and the topological defects uniformly covered the surface.
The net topological charge of 12, however, was entirely from
pentagonal defects. For large I' (Fig. 1d), we observed defects
organized into chains that were branched and occasionally also
formed closed loops as seen in a recent numerical study of binary
mixtures on S?, ref. 27 (Supplementary Fig. 2). This is unlike what
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Fig. 1 Static structure of supercooled liquids on a sphere. a, ¢ 3D Confocal
micrographs of bidisperse colloidal liquids wrapped on the surface of 52
at two areal densities. The red and the green colors represent big and
small particles which are of radius 6, = 0.908 pm and o5, = 0.755 pm,
respectively. b, d Radical Voronoi tessellations of particle packings shown in
(a) and (c). Blue, gray, and magenta polygons are associated with 5, 6, and
7 coordinated particles, respectively. These Voronoi tessellations show a
disordered phase with topological defects uniformly covering the surface.
e Pair-correlation function g(s) as a function of the geodesic distance s for
I' =22 (black open squares) and I' = 63 (violet open triangles), displaying
liquid-like short-range order. The lines are hypernetted— chain (HNC) fit to
the data, indicating good agreement between theory and experiment. Inset
to (e) shows nonmonotonic evolution of the height of the first peak (g;) of
g(s) as a function of T,

is observed for monodisperse particles at large I', where the 12
excess pentagons are localized at the vertices of an icosahedron
and the defect chains—also called scars—are linear and along its
edges*. Despite the very soft nature of the pair-potential, particle
bidispersity clearly thwarts the occurrence of the crystalline
ground state.

The short-range of structural correlations, as is expected for a
liquid, is evident from the radial pair-distribution function g(s)
which is plotted as a function of the geodesic distance s in Fig. le
(Supplementary Note 2). In Euclidean space, the hypernetted
chain (HNC) approximation has been found to well-capture the
structure of liquids when particle interactions are soft?8. We
found this to be true even for liquids on S? (lines in Fig. le are
HNC fits to g(s)) allowing us to directly calculate the particle pair-

potential and hence I' (Supplementary Note 3). An exponential fit
to the envelope of g(s) yielded the correlation length which even
at large T' is only =20, where o is the position of first peak of g(s)
(Supplementary Fig. 5). Simulations of monodisperse particles
with Lennard-Jones interactions on $? found a much larger
correlation length of almost 50 possibly due to the presence of a
hexatically ordered phase at low temperatures. Since particle
interactions are soft, the position of the first peak in g(s) moved to
smaller s with increasing I. Interestingly, the height of the first
peak of g(s), g1, showed a nonmonotonic evolution with T' (inset
to Fig. le). A maximum in g; has been observed at the jamming
density in fluids of soft particles in Euclidean space and arises due
to competing contributions from entropy and energy?°-3l. On
approaching the jamming density from below, the system behaves
like a hard-sphere fluid and g; grows systematically with density.
Since particle overlaps for soft spheres are not energetically costly,
for densities beyond the jamming density the system can gain free
energy by maximizing disorder and permitting overlaps and g
begins to decrease with a maximum at jamming. Dense liquids of
soft particles on S$? thus show the same structural anomaly as
their counterparts do in Euclidean space.

Dynamics of supercooled liquids and glasses on a sphere. We
now turn our attention to dynamics. We first computed the self-
intermediate scattering function which on a sphere is defined as

F(k,t) =+ in1<PkR (cos (ﬂ)) >9’22. Pir is the

Legendre polynomial with kR being rounded-off to the nearest-
integer, k is the wavevector corresponding to the first peak of g(s),
M is the number of particles and Asy0, f) is the geodesic dis-
placement of particle j over time t. At large supercooling and due
to the very soft nature of the pair-potential, particles can undergo
substantial collective displacements without any cage-breaking
and this can lead to the decay of Fy(k, t). These effects may be
further exacerbated by MW fluctuations, which have been found
to be more pronounced for soft than for hard potentials32.
Since the a—relaxation process necessarily involves particles
breaking out of their confining cages, we computed the cage-
relative self-intermediate scattering function F_cgr(k, t) which is
sensitive only to this process!”-21. Calculating F, cg(k, t) involves
replacing As;(0, t) in the definition of Fy(k, t) with the cage-
relative displacement, As;_cr(0, ), where As;_cg(t) = As;(0,1)—

NLNJZZI\P (si(t) —5;(0)). Here, NN; is the number of nearest-

neighbors of central particle j and the second term is just the
average displacement of the cage over time ¢ (Supplementary
Note 4). Figure 2a shows Fy(k, t) (dashed lines) and F,_cr(k, t)
(symbols) versus ¢ for various I. We did not observe any aging
behavior over the duration of our experiments (Supplementary
Fig. 7) and this allowed us to unambiguously define 7, and 75® as
Fi(k,7,) =1 and F,_cx(k,75R) =1, respectively. The rapid
slowing down of dynamics with T’ is apparent. More importantly,
while at small I the decay profiles F;(k, t) and F,_cgr(k, t) are more
or less similar, the discrepancy between them grows with
increasing I' and for T'>63, F,_cr(k, ) does not decay while
Fy(k, t) does. This suggests that a substantial contribution to the
decay of Fy(k, t) stems from processes that does not lead to
changes to the local connectivity of the particles. Focusing on
F_cr(k, t), we observed that the a—relaxation process becomes
an increasingly stretched exponential relaxation with under-
cooling, as is typical of liquids approaching the glass transition in
Euclidean space, and the stretching exponent fScr decreases at
small I' and develops a plateau at intermediate I" before decreasing
again near Tycr (Fig. 2b)33:34,

We next determined if the slowing down of dynamics with
supercooling can be captured by MCT?3>. When either the particle

Here,
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Fig. 2 Testing predictions of MCT on a sphere. a The normal self-intermediate scattering functions F(k, t) (lines) and the cage-relative self-intermediate
scattering function F,_cr(k, t) (symbols) for various I" values. At low T, since the cage around the particle is itself quite mobile, when computing the cage-
relative measure, a random displacement due to cage motion also contributes to the particle displacement over and above that due to its Brownian motion.
Thus, Fs_cr(k, t) decays faster than Fy(k, t). As ' is increased and the cages become more rigid, this effect diminishes and the decay of F,_cgr(k, t) is slower
than Fy(k, t). b Variation of the stretching exponent g, obtained from fits to F;_cr(k, t), with . The error bars represent the standard error (SE) and are
obtained from fits to the data. ¢ Tal/" versus I" for various wavevectors k. k =3.69 (red circles), k = 2.99 (blue triangles), k = 2.73 (magenta triangles), k =
2.32 (olive green squares), k =1.90 (violet triangles), and k =1.53 (wine hexagons). The vertical black line shows the mode-coupling glass transition. The

power-law exponent was found to be y =1.89.

volume/area fraction, ¢, or the temperature, 7, is the parameter
that controls dynamical slowing down, as is usually the case,
MCT anticipates 7, o< (C — Cycr) ' Here, C plays the role of
either ¢ or T, Cycr is the location of mode-coupling glass
transition and y is a scaling exponent which ranges from 1.5 to 3
depending on the system under consideration3*34, For our
dipolar colloidal liquids, we carried out the MCT scaling analysis
with T as the control parameter (Fig. 2c). Most remarkably, the
growth of 7, with supercooling indeed follows a power-law
(y= 1.8), a value consistent with MCT predictions, and the
curves at various ks all yield a nearly identical mode-coupling
glass transition with I'yjcr = 67 £ 1. The quality of the scaling was
very poor when ¢ was chosen to be the control parameter
reaffirming that it is I' that controls dynamics in our system.

Change in morphology of CRR’s near MCT crossover. An
increasingly stretched exponential relaxation with supercooling is
often attributed to increasingly heterogeneous dynamics. To
quantify these dynamical heterogeneities, we first calculated the
cage-relative non-Gaussian parameter, a5®(t) using a definition
appropriate for S2. Particle dynamics are maximally non-
Gaussian over the cage-breaking time #* and this is manifest as

a peak in a§®(t = t*) (Supplementary Note 5 and Supplementary
Fig. 9). Figure 3a and b show the particle displacement maps over
t* for a low and high T value, respectively. The colors represent
the extent to which a particles’ position overlapped with itself
over t* with red representing high particle overlap (immobile
particle) and blue representing poor overlap (mobile particle).
While at low I, the dynamics appears homogeneous as is typical
of the high temperature/low density liquid state, at the larger T,
much of the system appears frozen with only a few particles
undergoing large displacements (Supplementary Movies 3, 4 &
Supplementary Fig. 10). Moreover, the dynamics was also highly
cooperative with the mobile particles being spatially clustered3°.
Further, unlike in simulations of liquids of monodisperse particles
on $2, where dynamical heterogeneities were found to be largely
localized at topological defects at low temperatures?2, the het-
erogeneities in our system appear at spatially random locations
and are reminiscent of standard supercooled liquid dynamics in
Euclidean space33. Next, we identified the top 10% of the most-
mobile particles over t* and clustered them if their centers were
within 1.40 of each other. From the probability distribution of
cluster sizes P(n), we calculated the average cluster size of CRRs

nnzP(n)
(Ng) = %

at all T's studied. (N,) increases with T until T,
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Fig. 3 Change in shape of CRRs on approaching the MCT crossover. a, b Particle displacement map over the cage-breaking time t* for ' =22 and I' = 63,
respectively. Here colors represent overlap values with red representing high particle overlap over t* and blue representing poor overlaps indicating
particles having made hop. ¢ Average cluster size (N,) verses I" (red open circles), {(N.) shows a maximum at mode-coupling crossover I'yct(vertical black
dash-dot line). d Distribution of the number of fast nearest-neighbors for a mobile particle, P(NN), for I' = 22 (black squares), I' = 30 (magenta triangles),
I' =53 (olive green squares), I' = 63 (violet triangles), and ' = 101 (wine stars). The peak of P(NN) shifts from NN = 2 to NN = 3 indicating that dynamical
heterogeneities becoming more compact with increasing I'. e Representative dynamical heterogeneities of 12-particle clusters for I' =30, 53, and 63.
Particles that comprise the core of dynamical heterogeneities are shown in red while the stringy particles are shown in blue.

beyond which it sharply decreases (Fig. 3c). (N.) has been found
to decrease beyond ¢, in hard particle liquids and has been
attributed due to cooperative dynamics associated with the short-
time fB-relaxation process!41636 A similar mechanism may also
be at play here. However, unlike in hard-sphere liquids where T,
diverges at ¢,, in soft particle liquids it stays finite>!. Whether the
maximum in (N) at Ty in our system shares the same mechan-
istic origin as in hard particle liquids remains to be seen.
According to RFOT, the mode-coupling singularity is only a
dynamical crossover in finite dimensions!'?. RFOT further posits
CRRs to be composite objects that comprise of a compact core
surrounded by a ramified string-like shellll. While at mild
supercooling CRRs are predominantly string-like and grow in
length with increasing supercooling, near and beyond the mode-
coupling glass transition, the string-length decreases and the
compact core begins to dominate their overall morphology. A
change in the shape of dynamical heterogeneities on approaching
the MCT singularity has indeed been observed in both numerical
and experimental studies on liquids with!214 and without!3:1>16
quenched disorder. To determine if this was the case for liquids
on S$2 as well, we computed the distribution of mobile nearest-
neighbors P(NN) to a mobile particle!4. A P(NN) that is peaked
at NN = 2 indicates more string-like CRRs with mobile particles
predominantly have one neighbor ahead and behind them, while
a P(NN) that is peaked at NN > 2 indicates more compact CRRs.
Most remarkably, with T the peak of P(NN) shifts from NN =2

to NN = 3 (Fig. 3d). To illustrate that the shifting of the peak of P
(NN) is not a trivial outcome of a growing (N.), with T, we
analysed the morphology of CRRs of a fixed size of 12 particles
(Fig. 3e). We identified the core and the shell particles of the
CRRs, shown as red and blue spheres, respectively, following!4.
As anticipated by RFOT, CRRs indeed have a core-shell structure
with the string-like shell dominating their morphology at low I
and the compact core dominating it at high T.

Mermin-Wagner fluctuations on the surface of a sphere. The
presence of dynamical heterogeneities in the supercooled regime
implies that D is no longer proportional to 7,, like in simple
liquids, but instead scales as D oc 7, with x < 1. Recent studies
found that besides dynamical heterogeneities, MW fluctuations,
which are prevalent in 2D, also contribute to altering the value of
20, This implies that when MW fluctuations are removed using
cage-relative measures, the exponent xcr connecting the cage-
relative diffusivity Dcg and TaCR is different from « with 1 > kg >
x in the supercooled regime. In 3D liquids, where MW fluctua-
tions have a lesser role, xcp=#20. A change in the value of
exponent between the normal and the cage-relative measures thus
serves as a readout for the presence of MW fluctuations. We
calculated D and Dcr from the normal and the cage-relative
mean-squared displacement at various I's (Supplementary Fig. 8).
Figure 4 shows a log-log plot of D¢y versus 7$® (circles) and D

NATURE COMMUNICATIONS | (2020)11:4967 | https://doi.org/10.1038/s41467-020-18760-7 | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

3 x 1072 T——rrrry ——rrr ————rrr
o |
Ba. N
107 5 N 4 N, 3
] N N ]
O . 1
— \\ N\ ]
= N \,
2 O N
5 xR @ . .
Q N ~._. N\
- & N
Q -3 f %( ~g-. N,
107 1 2 < e E
E *A h e
i
L g ®
-
®
2 x 107 4+——rrry ————rr ———rrrr .
4x10° 10 102 108 3x10°
7, ToR (S)

Fig. 4 Liquids on S2 behave like 3D liquids in the limit of strong
curvature. The figure shows the diffusion coefficient D versus 7 (open black
squares) and Dcg versus 7cr (red filled circles) for supercooled liquids on
the surface of a sphere scale. The exponent in both cases is nearly same
with k & kcr # 0.75. The green dash-dot line is a guide to the eye and
indicates slope 1. The inset to the figure shows particle trajectories on the
sphere displaying intermittent caging with abrupt hops. This behavior is
typical of deeply supercooled liquids in 3D Euclidean space!’.

versus T, (squares). The exponents xcr and « are almost identical
suggesting that in the limit of strong curvature (& ~ 4), studied
here, MW fluctuations are irrelevant and that these liquids behave
like liquids in 3D. This observation is also supported by the inset
to Fig. 4, where we find particle trajectories clearly showing
transient particle localization without correcting for cage-
displacements (Supplementary Movie 5). Such localization
effects would have been absent had significant MW fluctuations
been present!”.

Discussion

Collectively, our experiments show for the first time that there are
striking parallels between the behavior of supercooled colloidal
liquids on a sphere and those in Euclidean space. By using a
bidisperse colloidal liquid to suppress the defect-ordered crystal
phase at high densities*, we have shown that standard liquid state
theory can quantitatively describe the structure of liquids on 2.
We not only found that MCT can describe dynamical slowing
down but also show that the shapes of CRRs changes from string-
like to compact near the MCT singularity. The latter finding in
particular is unique to RFOT!! and cannot be explained, as yet,
by other theories including kinetic approaches such as the
dynamical facilitation theory the glass transition34. Whether our
findings carry over to surfaces with negative curvature remain to
be seen. A natural step moving forward would be to examine
predictions of inhomogeneous MCT37-38 and also track the evo-
lution of static and dynamic correlation lengths with supercooling
on curved surfaces. Introducing quenched disorder by pinning
particles may prove useful, like in flat space, in helping prune
glass transition theories!®3%. Our observation that MW fluctua-
tions do not contribute to the dynamics is possibly an immediate
consequence of the finiteness of a closed surface. Since no
boundary conditions need to be defined for a closed surface, our
experiments pave the way for studying the role of finite-size
effects on glassy dynamics3?.

Methods

Experimental details. Our experimental system was a binary mixture of Poly
methylmethacrylate (PMMA) colloids of radii r, = 0.908 um, r;=0.755 pm (size
ratio r,/r; = 1.20). Initially, the colloidal particles are suspended in a low dielectric
constant oil mixture composed of cyclohexyl bromide (ecxg = 7.9) (65.5% v/v), and
decalin (epec = 2.23) (34.5% v/v). The oil phase matches the refractive index and
density of the PMMA colloidal particles. We added 100 pl of the PMMA-in-oil
colloids to a 1 ml solution of glycerol and water (ely = 42.5, ewater = 80.4) (50% v/
v) in a micro-centrifuge tube, which was manually shaken to create the oil droplets.
The manual shaking results in emulsion droplets sizes ranging from 10 to 200 um
in radius. We focused our attention on emulsion droplets of radius R = (19.2 + 1.2)
r, where r = % The PMMA particles in oil droplets become charged due to the
dissociation of cyclohexyl bromide into H* and Br~, refs. %0, These charged
PMMA particles are drawn toward oil-aqueous interface due to the formation of
image charges of opposite sign in the aqueous phase (Supplementary Fig. 1). A
charge g embedded in a dielectric (eoy) at a distance d away from a planar interface
of another dielectric (eaqueous) Will form an image charge qimage4l:

(SAqur:ous — &oi1)
: =————393q. 1
Fimaee = (e queons + So1) W
We filled the requisite amount of the oil-aqueous emulsion in an open

cylindrical cell. Oil droplets (1.18 g cm™3) are denser than the aqueous phase (1.1 g
cm~3) and sediment to the bottom of the cell. The dynamics of bi-dispersed
PMMA particles at the oil-aqueous interface was observed using a confocal
microscope (Leica SP8 with a 63x oil-immersion objective, N.A. 1.4). The images
acquired from the confocal microscope were processed and rendered using Image]
and Matlab, and the center-of-mass coordinates of the particles were obtained
using standard Matlab algorithms (Supplementary Movie 2)42. Further analysis was
done using custom codes written in Matlab.

Data availability
The source data sets generated for the current study are available from the corresponding
author upon reasonable request.

Received: 6 March 2020; Accepted: 18 August 2020;
Published online: 02 October 2020

References

1. Bausch, A. R. et al. Grain boundary scars and spherical crystallography.
Science 299, 1716-1718 (2003).

2. Irvine, W. T. M,, Vitelli, V. & Chaikin, P. M. Pleats in crystals on curved
surfaces. Nature 468, 947-951 (2010).

3. Irvine, W. T. M., Bowick, M. J. & Chaikin, P. M. Fractionalization of
interstitials in curved colloidal crystals. Nat. Mater. 11, 948-951 (2012).

4.  Guerra, R. E, Kelleher, C. P., Hollingsworth, A. D. & Chaikin, P. M. Freezing
on a sphere. Nature 554, 346-350 (2018).

5. Nelson, D. R. Liquids and glasses in spaces of incommensurate curvature.
Phys. Rev. Lett. 50, 982-985 (1983).

6. Sausset, F., Tarjus, G. & Viot, P. Tuning the fragility of a glass-forming liquid
by curving space. Phys. Rev. Lett. 101, 155701 (2008).

7. Turci, F., Tarjus, G. & Royall, C. P. From glass formation to icosahedral
ordering by curving three-dimensional space. Phys. Rev. Lett. 118, 215501
(2017).

8. Kivelson, D., Kivelson, S. A., Zhao, X., Nussinov, Z. & Tarjus, G. A
thermodynamic theory of supercooled liquids. Physica A 219, 27-38 (1995).

9. Vest, J. P, Tarjus, G. & Viot, P. Mode-coupling approach for the slow
dynamics of a liquid on a spherical substrate. J. Chem. Phys. 143, 084505
(2015).

10. Kirkpatrick, T. R. & Thirumalai, D. Colloquium: random first order transition
theory concepts in biology and physics. Rev. Mod. Phys. 87, 183-209 (2015).

11. Stevenson, J. D., Schmalian, J. & Wolynes, P. G. The shapes of cooperatively
rearranging regions in glass-forming liquids. Nat. Phys. 2, 268-274 (2006).

12. Kob, W., Rolddn-Vargas, S. & Berthier, L. Non-monotonic temperature
evolution of dynamic correlations in glass-forming liquids. Nat. Phys. 8,
164-167 (2012).

13. Flenner, E,, Staley, H. & Szamel, G. Universal features of dynamic
heterogeneity in supercooled liquids. Phys. Rev. Lett. 112, 097801 (2014).

14. Nagamanasa, K. H., Gokhale, S., Sood, A. & Ganapathy, R. Direct
measurements of growing amorphous order and non-monotonic dynamic
correlations in a colloidal glass-former. Nat. Phys. 11, 403-408 (2015).

15. Mishra, C. K. & Ganapathy, R. Shape of dynamical heterogeneities and
fractional Stokes-Einstein and Stokes-Einstein-Debye relations in quasi-two-
dimensional suspensions of colloidal ellipsoids. Phys. Rev. Lett. 114, 198302
(2015).

6 | (2020)11:4967 | https://doi.org/10.1038/s41467-020-18760-7 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Mishra, C. K., Ma, X., Habdas, P., Aptowicz, K. B. & Yodh, A. Correlations
between short-and long-time relaxation in colloidal supercooled liquids and
glasses. Phys. Rev. E 100, 020603 (2019).

Flenner, E. & Szamel, G. Fundamental differences between glassy dynamics in
two and three dimensions. Nat. Commun. 6, 7392 (2015).

Vivek, S., Kelleher, C. P., Chaikin, P. M. & Weeks, E. R. Long-wavelength
fluctuations and the glass transition in two dimensions and three dimensions.
Proc. Natl. Acad. Sci. USA 114, 1850-1855 (2017).

Illing, B. et al. Mermin-Wagner fluctuations in 2D amorphous solids. Proc.
Natl. Acad. Sci. USA 114, 1856-1861 (2017).

Li, Y. W. et al. Long-wavelength fluctuations and anomalous dynamics in 2-
dimensional liquids. Proc. Natl. Acad. Sci. USA 116, 22977-22982 (2019).
Zhang, B. & Cheng, X. Long-wavelength fluctuations and static correlations in
quasi-2d colloidal suspensions. Soft Matter 15, 4087-4097 (2019).

Vest, J. P., Tarjus, G. & Viot, P. Glassy dynamics of dense particle assemblies
on a spherical substrate. J. Chem. Phys. 148, 164501 (2018).

Kelleher, C. P. et al. Charged hydrophobic colloids at an oil-aqueous phase
interface. Phys. Rev. E 92, 062306 (2015).

Bowick, M. J. & Giomi, L. Two-dimensional matter: order, curvature and
defects. Adv. Phys. 58, 449-563 (2009).

Yanagishima, T., Russo, J. & Tanaka, H. Common mechanism of
thermodynamic and mechanical origin for ageing and crystallization of
glasses. Nat. Commun. 8, 15954 (2017).

Cao, X,, Zhang, H. & Han, Y. Release of free-volume bubbles by cooperative-
rearrangement regions during the deposition growth of a colloidal glass. Nat.
Commun. 8, 362 (2017).

Mascioli, A. M., Burke, C. J., Giso, M. Q. & Atherton, T. J. Defect structure
and percolation in the packing of bidispersed particles on a sphere. Soft Matter
13, 7090-7097 (2017).

Behrens, S. H. & Grier, D. G. Pair interaction of charged colloidal spheres near
a charged wall. Phys. Rev. E 64, 050401 (2001).

Zhang, Z. et al. Thermal vestige of the zero-temperature jamming transition.
Nature 459, 230-233 (2009).

Cheng, X. Packing structure of a two-dimensional granular system through
the jamming transition. Soft Matter 6, 2931-2934 (2010).

Philippe, A. M. et al. Glass transition of soft colloids. Phys. Rev. E 97, 040601
(2018).

Frohlich, J. & Pfister, C. On the absence of spontaneous symmetry breaking
and of crystalline ordering in two-dimensional systems. Commun. Math. Phys.
81, 277-298 (1981).

Berthier, L. & Biroli, G. Theoretical perspective on the glass transition and
amorphous materials. Rev. Mod. Phys. 83, 587-645 (2011).

Gokhale, S., Sood, A. & Ganapathy, R. Deconstructing the glass

transition through critical experiments on colloids. Adv. Phys. 65, 363-452
(2016).

Gotze, W. & Sjogren, L. The mode coupling theory of structural relaxations.
Transp. Theory Stat. Phys. 24, 801-853 (1995).

Weeks, E. R., Crocker, J. C., Levitt, A. C., Schofield, A. & Weitz, D. A. Three-
dimensional direct imaging of structural relaxation near the colloidal glass
transition. Science 287, 627-631 (2000).

Biroli, G., Bouchaud, J. P., Miyazaki, K. & Reichman, D. R. Inhomogeneous
mode-coupling theory and growing dynamic length in supercooled liquids.
Phys. Rev. Lett. 97, 195701 (2006).

Mishra, C. K., Habdas, P. & Yodh, A. G. Dynamic heterogeneities in colloidal
supercooled liquids: experimental tests of inhomogeneous mode coupling
theory. J. Phys. Chem. B 123, 5181-5188 (2019).

39. Berthier, L., Biroli, G., Coslovich, D., Kob, W. & Toninelli, C. Finite-size
effects in the dynamics of glass-forming liquids. Phys. Rev. E 86, 031502
(2012).

40. Leunissen, M. E. Manipulating Colloids with Charges and Electric Fields, Ph.D.
thesis, Utrecht University (2007).

41. Jackson, J. D. Classical Electrodynamics (John Wiley & Sons, New York, 2007).

42. Crocker, ]. C. & Grier, D. G. Methods of digital video microscopy for colloidal
studies. J. Colloid Interface Sci. 179, 298-310 (1996).

Acknowledgements

N.S. thanks the Council for Scientific and Industrial Research (CSIR), India for a Junior
Research Fellowship, A.K.S. thanks Department of Science and Technology (DST), Govt.
of India for a Year of Science Fellowship. R.G. thanks DST-Nanomission grant no. SR/
NM/TP-25/2016 for financial support.

Author contributions

N.S. and R.G. designed research. N.S. performed experiments and analysed data. A.K.S.
contributed to project development and provided inputs for the paper. N.S. and R.G.
wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-18760-7.

Correspondence and requests for materials should be addressed to N.S.

Peer review information Nature Communications thanks Elijah Flenner, Walter Kob
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

| (2020)11:4967 | https://doi.org/10.1038/s41467-020-18760-7 | www.nature.com/naturecommunications 7


https://doi.org/10.1038/s41467-020-18760-7
https://doi.org/10.1038/s41467-020-18760-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Cooperatively rearranging regions change shape near the mode-coupling crossover for colloidal liquids on a sphere
	Results
	Structure of supercooled liquids and glasses on the surface of a sphere
	Dynamics of supercooled liquids and glasses on a sphere
	Change in morphology of CRR’s near MCT crossover
	Mermin–nobreakWagner fluctuations on the surface of a sphere

	Discussion
	Methods
	Experimental details

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




