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We study the low energy states in a hexagonal colloidal ice realized by using repulsive paramagnetic
colloids confined by gravity within a honeycomb lattice of traps. In contrast to similar systems featuring
optical or topographic double wells, here we introduce field tunable “virtual” magnetic hills. These hills
are created by placing pairs of fixed paramagnetic particles close to the semi-cylindrical traps that
contain the interacting, mobile colloids. With this strategy, a single magnetic field can be used to
simultaneously tune the particle pair-interactions and the hill elevation, without losing the trap bistability
at any field strength. We use numerical simulations to explore the rich low energy states of the system.
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tunable interstitial units may be extended to other geometrically frustrated systems on different length
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1 Introduction

In geometrically frustrated systems, interacting units are
arranged on a lattice with a geometry that makes it impossible
to simultaneously satisfy all their interaction energies." The
classical example is the Ising net, where one has to locate 3 spins
with antiferromagnetic interactions at a vertex of a triangle. No
matter how these spins are arranged, two will always be parallel,
generating a high energy, frustrated bond.* The impossibility of
reaching low energy states in geometrically frustrated systems
has led to many intriguing phenomena including the presence of
residual entropy,>® ground state degeneracy’ and disordered
spin liquids®® or glassy’®'* phases.

In recent years, modern technological advances have
enabled the realization of pre-designed artificial lattices where
strongly interacting units can be mapped to Ising-like spins
with associated topological charges and binary degrees of free-
dom. These include artificial spin ice,">™* array of macroscopic
magnets,">"® confined microgel particles,®*>* mechanical
metamaterials,**>° or colloidal particles dispersed in topographic
double wells.”””*® In contrast to bulk magnetic materials,**>
such systems enable the direct visualization of the interacting
magnetic moments while systematically tuning the geometry,
interactions, or boundary conditions by external means. They
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scales, including nanoscale spin ice and macroscopic magnetic metamaterials.

thus emerged as powerful platforms for investigating the physics
of geometric frustration and supporting potential applications in
data storage or logic circuits based on the manipulation and
motion of topological charges.

In all such systems, perhaps the simplest two-dimensional
geometry which can produce a highly degenerate ground state
is the honeycomb one, where at each vertex, only three spins
meet. Despite its low coordination number, z = 3, the honey-
comb lattice has been the subject of intense research activities
especially with artificial spin ice (ASI), e.g. lattices of interacting
magnetic nanobars.>*™** Indeed, nanomagnets arranged along
the honeycomb geometry, known in the literature also as
kagome ASI, have shown a rich spectrum of low temperature
phases. These start from a high-temperature, disordered para-
magnetic phase followed by a first Ice I state, where the spins at
the vertices obey the “pseudo ice rule” of 2-in 1-out or 2-out 1-
in, that represent g = 1 topological charges. Further lowering
the temperature reveals an Ice II phase where these topological
charges become ordered, however, the associated magnetic
moments are not, therefore ending in a long-range ordered
phase (LRO) characterized by ordered magnetic moments and
vertex charges. However, reaching such a state is rather challen-
ging due to the presence of dynamical freezing,**** where large
energy barriers have to be overcome to reach further low energy
configurations.

A similar sequence of phases was theoretically predicted to
occur in a particle ice,*>*” a soft matter analogue of an ASL.*® In
such a system, repulsive colloidal particles are confined within
a lattice of double wells at a one-to-one filling ratio, such that
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each particle settles in one of the two wells separated by a
central hill. The pair interactions are controlled by an external
field and, at high interaction strengths, the particles can switch
positions surmounting the central hill. Thus, the double well
become bistable, and one can associate to it a binary variable.
In this system, the double wells can be arranged in a lattice that
impedes the minimization of all interaction energies at a
vertex, and geometric frustration sets in. In previous experi-
mental realizations with paramagnetic colloids®®*® the pair
interactions were tuned via a magnetic field. But, for large field
amplitudes, the colloids were able to localize on top of the
central hill, therefore losing the trap bistability.>*>"

Here we investigate the low energy states of a hexagonal
colloidal ice made of interacting paramagnetic colloids con-
fined within a lattice of semi-cylindrical traps. Instead of
relying on double wells characterized by a central optical®” or
topographic®® hill, we introduce “virtual” magnetic hills that
are created by placing a pair of fixed particles with equal
symmetric distances from the trap center. Using this strategy,
we ensure trap bistability and tunable confinement for all field
strengths. In addition, by changing the relative magnetic
susceptibility or distance between the fixed and mobile col-
loids, we show that it is possible to reach an Ice II phase at high
interaction strength, where £1 topological charges arrange in
an antiferromagnetic-like order alternating their sign periodi-
cally along the lattice. Finally, we show the feasibility of the
proposed approach by providing an experimental realization of
the magnetic hill, by combining soft lithography and magnetic
field manipulation techniques.

2 The particle ice and the virtual
magnetic hill

Fig. 1(a) illustrates a particle ice where repulsive colloids are
placed within a lattice of double wells at a one-to-one filling
ratio. The analogy with other frustrated systems results by
assigning a binary spin variable to each double well. As shown
in Fig. 1(b), this is achieved by considering a vector, similar to a
spin, that points towards the well occupied by the particle. In
this way, one can classify the different vertex types in a manner
similar to other frustrated systems such as ASIs. Thus, to
maintain bistability, it is important that the central hill con-
fines the particle in one of the two wells, while still permitting
the particle to switch wells due to the repulsive interaction from
neighboring particles. As shown in Fig. 1(b), in previous
realizations this bistability was ensured by the presence of a
central hill of elevation 4. In this case, a particle of diameter o
has to overcome a gravitational potential U, ~ ¢°h > kgT to
switch state. An external field perpendicular to the particle
plane, B = BZ, induces a magnetic moment m = VyB/y, in each
particle pointing along its direction, being y the particle
magnetic volume susceptibility and p, the permeability of the
medium. Since the dipoles are parallel to each other, the
colloids repel due to a tunable pair potential, Ugq = uom’/
(4nr’), where r = |r; — r;| is the relative distance between a pair
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Fig. 1 (a) Schematic showing a hexagonal colloidal ice made of para-

magnetic colloidal particles confined by gravity within topographic double
wells. A magnetic field B applied perpendicular to the particle plane (%, )
induces an isotropic repulsion between the particles. (b) and (c) Two
vertices with 5 double wells illustrate the gravitational hill (b) and 5 semi-
cylindrical traps with 10 fixed colloids forming the “virtual” magnetic hill (c).
Schematics at the top show the traps in the (%, ) plane, and schematics at
the bottom show the profile of a single trap in the (x, 2) plane. (d)
Calculated total magnetostatic potential U,, felt by the central particle
(within the red circle) versus distance from the center of the trap r/g, where
o is the particle diameter. The top inset shows the log-log plot of the
magnetic hill elevation Uq versus field amplitude B. (e) Three-dimensional
graph showing the magnetostatic potential U,, calculated for a field
amplitude B = 0.5 mT.

of particles (7, ). Thus, a particle can switch location within the
double well when the dipolar force from all neighboring
particles is such that, Ugq > U,.

In previous works the topographic hill # was fixed and could
not be tuned.?® Thus, at high field strengths, the particles were
capable of localizing on top of the hills in order to maximize
their distance from each other.>*>! This effect impeded the use
of large field amplitudes and limited the exploration of low
energy states. We overcome this problem by introducing
“virtual” magnetic hills, where the energy barrier is tuned by
the applied field, preserving the particle bistability for all field
strengths. As shown in Fig. 1(c), the magnetic hill is realized by
placing a pair of fixed paramagnetic colloids at the side of a
semi-cylindrical trap that contains the spin-associated mobile
particle. Once the field is applied, the dipolar repulsion from
the fixed colloids generates a magnetic barrier similar to a
double well, as shown by the calculation reported in Fig. 1(d).
In particular, the virtual magnetic hill that acts on a particle
located near two vertices, can be captured by the total magneto-

N=1 N
static energy: Uyn = > > Uf;d. Here N =10 since, as shown in
i=1 j=it1

Fig. 1(c), Uy contains the contribution from all the dipolar
interactions due to the 4 nearest mobile colloids and 10 fixed
ones. Moreover, the paramagnetic nature of the colloidal
particles ensures that the magnetic hill is field tunable, and its
elevation grows as U, ~ B, reaching U, = 100 kgT for B = 1.8 mT
(inset in Fig. 1(d)). The corresponding three-dimensional repre-
sentation of such potential is also shown in Fig. 1(e), calculated
for a field amplitude of B = 0.5 mT.

This journal is © The Royal Society of Chemistry 2026
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3 The hexagonal colloidal ice

Using numerical simulations (see Appendix for details), we
explore the low energy states of a honeycomb colloidal ice.
The effect of geometric frustration in such a system can be
investigated by measuring the fraction ¢ of topological charges
g associated with each vertex in the lattice. As shown in
Fig. 2(a), the hexagonal ice, with coordination number z = 3,
is characterized by four vertex types depending on the particle
location. The corresponding topological charge is given by
g = 2n — z, where n is the number of spins (or particles)
pointing towards the vertex center. In contrast to the square
geometry (z = 4) where low energy states are characterized by ice
rule vertices with g = 0, in the honeycomb one, there are two low
charged states with g = +1 (K, Ky) that survive at high
interaction strengths. Theoretical arguments*® supported by
subsequent experiments®” demonstrated that for lattices char-
acterized by a single coordination number z, the particle ice
displays an effective vertex energetics similar to that of an ASI.
Thus, we expect to observe a sequence of states similar to ASIs
when increasing the interaction strength, as shown in Fig. 2(b).
Starting from a disordered state characterized by low (g = 1)
and high (g = +3) charged vertices, the particle may organize in
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a first Ice I state filled only of disordered g = £1 topological
charges. Further lowering the energy will reveal an Ice II phase
where the g = +1 charges become ordered, finally ending in a
long-range spin ordered phase (LRO).

We start by comparing the properties of colloidal ices made
of gravitational topographic hills (2 = ¢/2) and virtual magnetic
hills on the left and right sides of Fig. 2(c)-(e), respectively.
Ilustrative simulation snapshots of the two systems after
annealing are shown in Fig. 2(c). Here, the system is annealed
by increasing linearly the magnetic field from B =0 to 15 mT in
a time interval Az =1500 s. The most striking difference relies in
the particle location within the traps. At large field amplitudes,
most of the particles localize in the center of the double wells
for the gravitational case, while they remain on one side of
them for the magnetic case. This is quantified in Fig. 2(d) by
measuring the distribution of particle location n within the
double wells for both cases. Importantly, for the gravitational
case, this loss of bistability prevents the system from reaching a
low energy state, or “inner” phase, characterized by high
interaction strengths. Thus, as an observable for this loss of
bistability, we define the “central occupancy” n. as the fraction
of particles located within the +0.1 relative distance from the
trap center.

(d)
Gravitational hill Virtual magnetic hill
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(a) The four vertex types in the hexagonal colloidal ice with their topological charge g. High charges (g = +3) display a green dot at the vertex. (b)

Schematics showing the particle arrangement in 7 plaquettes of the hexagonal colloidal ice respectively in the disordered phase, Ice-I, Ice-Il and long
range ordered or spin solid phase. (c)—(e) Simulation results of hexagonal colloidal ice made of topographic gravitational hills (left) and virtual magnetic
hills (right). (c) Partial view of simulation snapshots showing the particle positions and the topological charges for both systems after annealing. Light
brown disks on the right represent fixed interstitial particles. In both cases, we simulate N = 339 mobile colloids. (d) Spatial probability n of finding a
particle (diameter ¢) at distance Ar from the trap center, normalized by ¢/2. Here n. shows the central occupancy, while insets display representative
examples of particle locations. (e) Vertex fraction ¢ including the fraction ¢y, of g = +3 topological defects in green (top), central occupancy n. (middle)

and the charge order Yico (bottom), all versus field amplitude B.
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Other observables to characterize the low energy states are
plotted in Fig. 2(e) as a function of the applied field. The vertex
fraction ¢ indicates that both systems tend to eliminate the
high charges K; and Ky, as shown by their fraction ¢y, which
decreases to 0. Moreover, we find that for B ~ 2 mT, ¢ ~ 0.5 for
the Ky and Ky characterized by ¢ = —1 and g = +1, respectively.
However, the fraction of Ky is slightly larger than that of Ky,
with ¢x = 0.51 and ¢ = 0.48. In contrast, the system with
topographic hills does not present the same degeneracy, show-
ing an unequal fraction of such defects with even a small
amount of g = £3 at large field amplitudes. This fraction of
high charges results from the loss of bistability in the gravita-
tional case, becoming pronounced when the central occupancy
n. becomes high. Note that, in both cases, to avoid considering
the accumulation of charges at the boundaries, we excluded
from the statistics all vertices located at the edge of the lattice.
Considering these vertices will mainly affect the fraction of Ky
and Ky for the magnetic hill. In particular, these fractions will
separate further, becoming ¢x, = 0.62 and ¢, = 0.37. The
reason is the radial polarization effect®® since vertices filled
with repulsive colloids will tend to expel the particles towards
the edge of the lattice favoring the formation of ¢« over ¢, .

A further observable is the charge ordering, defined as:

1 O1(1 :

Voo =32 (q,. Xajqﬂ) ()
where N, is the number of vertices.*® This parameter measures
the charge-charge correlation between nearest neighbor ver-
tices. It is Yoo = 1/3 for random spins, Yoo = 0 for an ice state
with fully disordered charges, while it becomes o = 1 when
the g = 1 topological charges perfectly crystallize in an

0.45 0.5

dy/dy
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Fig. 3
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antiferromagnetic way. This value thus describes well the
charge crystallization in the low energy states. For the gravita-
tional case, when ¢y, vanishes (ice state) Yco ~ 0.1 and then
saturates to Y/co ~ 0.25. The saturation is likely due to the loss
of bistability. For the magnetic case, when ¢, becomes zero,
Yco ~ 0.1 and does not increase with the magnetic field since
U, in the magnetic hills grows fast with the interactions
between the mobile particles and this effect prevents the
particles from rearranging, as shown by the constant values
of all observables starting from B = 2 mT.

4 Tunable magnetic hills to reach the
Ice Il phase

In contrast to the double wells with fixed hills, the magnetic
ones enable to access lower energy states by maintaining the
trap bistability for all applied fields. However, as previously
shown in Fig. 2(e), using magnetic hills containing the same
type of fixed and mobile particles, did not allow for the
independent tuning of the hill elevation U, from the pair
interactions. This effect precludes to further induce particle
rearrangement and to explore low energy states. One way to
overcome this limitation is by changing the relative distance
between the fixed and mobile particles, or the corresponding
magnetic content. We introduce this concept in Fig. 3, where
we explore the low energy states obtained by varying the ratios
d»/dy and y,/y;. As shown in the top scheme in Fig. 3(a), d, (32)
is the distance of the fixed particle (its magnetic volume
susceptibility) from the center of its enclosing plaquette, and
dy (1) is the corresponding parameter for the mobile colloid.
Note that in Fig. 2(c)-(e), we fixed d,/d; = 0.5 and y, = y3.
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(a) Heatmap showing the different stationary regimes observed for a hexagonal colloidal ice with magnetic hills, obtained by varying the ratio

between the two distances d,/d; and the particle magnetic susceptibilities y»/y1. As shown in the schematic at the top, d> (dy) represents the radius of the
circle where the fixed particles (center of the cylindrical trap) are located and y» (y1) denotes the magnetic volume susceptibility of the fixed (mobile)
particles. Charge order yco is color-coded where the system is found in an ice state (n. < 1% and ¢ < 1%). (b) Sequence of simulation snapshots taken
along the line of constant y,/y1 = 0.5 and increasing d,/d;, showing successive states characterized by (from left to right): central occupancy, charge-
ordered ice-ll, disordered ice-l, residual high charges. (c) The three observable yco. ¢n and nc versus field amplitude B for (left panel) the ice-Il charge-
ordered state and (right panel) the ice-| charge-disordered state. In these simulations, we use N = 627 mobile colloids.
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Fig. 3(a) displays the heat map of the different stationary
regimes observed by varying the ratios d,/d, and y,/y; using a
larger lattice than before (each side is composed of 20 hexagons
rather than 10). We distinguish three different areas in the
parameter space, with representative snapshots shown in
Fig. 3(b). When both d,/d, and y,/y; are low (bottom-left
corner), corresponding to high pair interactions compared to
Uy, some particles localize in the trap center, similar to the
gravitational hills. In contrast, when both parameters are high
(top-right corners), corresponding to the opposite situation,
residual high topological charges are found. In between lies the
range of parameters that lead to the observation of an Ice state,
where g = £1 defects organize in an ordered way. In this case,
the charge order ¢ varies continuously from ~ 0 (Ice-I state),
reaching more than 0.6 (Ice-II state) close to the boundary of
the diagram. Fig. 3(c) shows the behaviour of corresponding
observables for both ranges of parameters. In particular, we see
that Yo of Ice-I saturates around 3 mT, whereas, in the other
case, it continues to grow for large fields, saturating around B =
10 mT at Yco ~ 0.7. Given the presence of boundary effects
which prevent reaching a perfect charge crystal and the finite
time of our annealing, we can actually reach the Ice-II state, in
which the £1 charges alternate in a checkerboard pattern, while
the spins do not display a long-range order. Indeed our simula-
tions were performed under open boundary conditions, a physi-
cal situation similar to previous experimental realizations.

5 Experimental realization

After exploring numerically the effect of the magnetic hills on
the low energy states, we demonstrate experimentally their
viability for the singular case. Specifically, we fabricate a
honeycomb lattice of topographic, semi-cylindrical wells, and
fill 5 of the wells with mobile particles surrounded by 10 fixed
colloids to generate the magnetic hill. We use a water disper-
sion of paramagnetic colloidal particles with diameter ¢ = 2.8
um and place them with optical tweezers within semi-
cylindrical wells. The wells are imprinted on a thin layer of
polydimethylsiloxane (PDMS) using soft lithography techniques
(see Appendix for technical details).

These semi-cylindrical wells are arranged along a honey-
comb lattice with a lattice constant a = 24 um and each has a
pair of circular wells on either side with 3 pm diameters in
which fits exactly one particle. The experimental images at the
right side of Fig. 4(a) and (b) show the two scenarios consid-
ered. In the “no hill” configuration, as shown in Fig. 4(a), only
5 particles were confined within the cylindrical wells, while in
the “magnetic hill” case, shown in Fig. 4(b), we place addition-
ally 10 paramagnetic colloids pinned within the circular wells
located around them. We then apply an external magnetic field
B € [0,10] mT perpendicular to the sample plane to induce
repulsive interactions between the particles and monitor the
location Ar of the central particle.

The sequences of histograms in Fig. 4(a) and (b) show how
the particle positions change with the applied field in the two

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Experimental realization of the magnetic hill: (a) and (b) sequence
of histograms showing the equilibrium position of the central particle for
different field amplitudes and for 5 (a) and 15 (b) paramagnetic colloids
located within a honeycomb structure. In (b), 5 particles are within semi-
cylindrical traps, while 10 are held fixed within circular traps with similar
size. The two snapshots at the right sides in (a) and (b) show optical
microscope images for the two cases at their respective highest fields.

cases. For B = 0 mT, Ar displays a flat histogram since the
particle can easily diffuse along the semi-cylindrical well inde-
pendently from its neighbors. In the absence of the pinned
particles (top row), the colloids tend to localize along the center
of the trap, and the corresponding histogram becomes narrow
at the maximum field strength of B = 12 mT. This central
localization arises due to the repulsive interactions induced by
the surrounding particles driving them to move apart and reach
their maximum separation distance. In this situation, repulsive
colloids replicate the honeycomb lattice, and the binary char-
acter of the colloidal ice is lost. In contrast, in the presence of
the fixed particles, a tunable magnetic hill is created and the
corresponding histogram of the particle position shows not a
central peak but rather two well-defined peaks separated by a
distance ~o. Now the mobile particles localize on one of the
two sides of the semi-cylindrical trap, as shown in Fig. 4(b),
which demonstrates the efficiency of the magnetic hill in
confining the trapped particle. It should be noted that the data
in the third panel of Fig. 4(b) are an average of two measure-
ments where the mobile particle has randomly chosen distinct
sides of the double well in each experiment.

Note that in contrast to the topographic double wells, the
magnetic ones do not require a physical central hill, making the
lithographic fabrication process relatively easier. Indeed in
previous realizations the hill was obtained from the lower
illumination of the central part of the trap during UV light
exposure, which easily induces artifacts related to blurring and
multiple interference that makes it difficult to control with
precision its elevation. In contrast, an external field can now be
used to tune the elevation of the magnetic hill at will, or to
redistribute the particles homogeneously within the traps due
to thermal fluctuations by switching off the magnetic field.

6 Conclusions

In this work, we have investigated the low energy states of a
honeycomb colloidal ice where repulsive paramagnetic
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colloidal particles are trapped within lithographic semi-
cylindrical wells. Geometric frustration arises due to the com-
petition between the symmetry of the pair interactions, which
favors the arrangement of the particles along a triangular
lattice, and the imposed geometrical constraint. To reach high
field values and to maintain the binary nature of the topo-
graphic hills, we have introduced virtual magnetic hills which
are made of a fixed pair of paramagnetic colloids trapped on
the two sides of the particle well. With this strategy, we
generated field tunable magnetic hills that allow exploring
the low energy state of the system at high field amplitudes. In
addition, by tuning the relative distances and magnetic
susceptibility of the fixed particles, we were able to reach an
Ice II phase where low charged ¢ = £1 topological defects
crystallize in an alternating way and the charge order reaches
VYco ~ 0.7.

Our experimental results demonstrate the principle of the
magnetic hill, however for now are limited to only two lattice
vertices. In principle, they can be extended also to large systems
as those explored via simulations. There are two main limita-
tions of our experimental implementation in large lattice
structures. First, the large number of particles needed to fill
the fixed holes within the lithographic structure will require a
relatively long time to manually locate these particles via optical
tweezers. To overcome this problem, one could implement an
automated program that could recognize and track a particle in
real time, trap it via optical tweezers and deposit it in a given
semi-cylindrical well in order to speed up the process. Another
problem is related to the ratio of the magnetic volume suscepti-
bility required to reach the Ice-II phase in numerical simula-
tions. Our experiments make use of commercially available
paramagnetic colloids with y = 0.8 and the Ice-II state was
reached for a narrow range of values of the ratio y,/y;. Finding
paramagnetic colloids with a size similar to our particles but
with smaller or larger magnetic susceptibility to match this
ratio is rather difficult. One could avoid this problem by directly
synthesizing these particles. However, this may require further
time to achieve a monodisperse suspension with the desired
magnetic properties. Solving both issues would allow us to
explore experimentally the effect of magnetic hills on large
lattice systems and to confirm the simulation results through
the observed low energy states.

Our magnetic hills could be equally implemented in other
geometrically frustrated settings including artificial spin ice or
macroscopic interacting magnets. In particular, in relation to
ASIs, a previous work demonstrated the possibility of introdu-
cing interstitial microdisks with free magnetization to modify
the energy landscape in artificial spin ice states.>® These inter-
stitials were introduced at the center of the vertices, but they
could equally be placed parallel to the magnetic nanobars to
reduce or increase the corresponding magnetic interactions. In
addition to frustrated magnetic systems, the magnetic hills can
be used to investigate other interesting features, including the
thermally induced transition of magnetic nanoparticles when
tuning the hill elevation or introducing a bias. This could be
done either via an external force, or making the magnetic
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double well asymmetric like using two near, fixed particles
characterized by different magnetic contents.
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Appendix
A.1 Numerical simulations

We perform Brownian dynamic simulations by considering a
set of I = 1...N paramagnetic colloidal particles of diameter
¢ = 2.8 um and magnetic volume susceptibility y = 0.8, confined
to move within a 2D array of semi-cylindrical double wells. Each
particle at position r; obeys the overdamped equation of
motion:

dr,~

VE:F?d"'FI‘T“"P (2)

Here F‘f‘d is the magnetic dipolar force acting on particle i due

to the neighbouring ones and it is expressed as:
3 m’i; . .

Fd = ﬂz 7, where m = yVB/(u,) is the dipole moment
an iz |ril

induced by the external field B, u, = 47 x 10" H m~', and
i = (F; — 7;)/|F; — 7;]. Long-range effects due to magnetic dipo-
lar interactions are considered using a large cutoff distance in
the dipolar coupling equal to twice the lattice constant. The
second term, F;, represents the gravitational force of the
lithographic double well exerted on the bead. This term is
considered in the simulations in the left of Fig. 2(c)-(e) and it is
given by:

o

Feninr | |ry| < 5

T ~ ~

Fi = 7ethrapl”L + e d
trap

. g
5= !)Slgn("u) nil >3

where kyap =4 x 102 pN nm™ ' is the spring constant modeling
the wall of the trap. It brings back the particle into the trap both
along the longitudinal and the transversal direction. The other
spring constant ky,;; models the gravitational hill in the middle
of the double well whose value is given by mgh = kniy 6?/8. It is
knin = 9.85 x 107° pN nm ™" for the example of topographic
gravitational colloidal ice. Initially, the particles are located on
one side of the double well and it is stable there in the absence
of a magnetic field.

In contrast, when introducing the “virtual” magnetic hill, we
set kyn = 0 and include within F¢ the contribution of 2N
additional paramagnetic colloids with susceptibility y, placed
in pairs and at fixed positions close to the main traps, as shown
in Fig. 1(c). In this situation, the mobile colloids are confined
within elongated semi-cylindrical wells (length 20, limiting the

This journal is © The Royal Society of Chemistry 2026
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position of the bead between +¢/2 and —a/2). In the absence of
an external field, the particles are free to move along the trap by
diffusion.

Finally, n in eqn (2) represents the random force due to
thermal fluctuations, with zero mean, () = 0 and delta corre-
lated, (y(t)n(t")) = 2kgTyd(t - t'), with a temperature T = 300 K
and the damping coefficient y = 6wua/2 with u the water viscosity
leading to a diffusion coefficient D = kgT/y = 0.156 um> s,

The equation of motion for the N mobile particles and 2N
fixed ones is integrated numerically using a small time step
&t = 1 ms and by increasing linearly, i.e. at constant rate, the
magnetic field from B = 0 mT up to B = 15 mT during the
simulation duration of Az = 1500 s.

A.2 Fabrication of the colloidal ice

The protocol used to fabricate our microstructure follows the
method developed in a previous work.>" The honeycomb lattice
was designed using AutoCAD for a commercial 5” chrome
photomask with class 4500k dpi resolution (JD Photodata).
The following protocol was carried out in a 10000 class clean
room to reduce surface contamination.

First, a 10 cm silica wafer was dehydrated for 15 min at
200 °C followed by a plasma cleaning treatment (Harrick, PCD-
002-CE). Then, a thin layer of SU-8 3005 epoxy-based photo-
resist (~5 pm in height) was spin coated (Laurell Tech, WS-650)
onto the Si wafer. A pre-exposure bake (JP Selecta Plactronic
hotplate) was performed on the wafer for 2 min at 95° and then
it was left to cool to room temperature. The mask aligner (SUSS
Microtec, Model MJB4) set to i-line configuration with wave-
length 1 = 365 nm, was fitted with both the Cr mask and Si wafer.
The Si wafer was exposed to a UV light dose of 100 mJ cm >
during 5.4 s. A post-exposure bake was performed on the Si wafer
for 1 min at 65 °C followed by 1 min at 95 °C. The Si wafer was
then submerged and developed in propylene-glycol monomethyl
ether acetate for 30 s and rinsed with isopropanol and dried with
N, gas. Finally, the wafer was hard baked for 20 min at 95 °C
followed by 10 min at 65 °C.

A.3 Realization of the topographic structure in PDMS

The wafer was primed for silanization treatment by first being plasma
treated and then exposed to a drop of trichloro(1H,1H,2H,2H-
perfluorooctyl)silane under vacuum for an hour to make the
surface hydrophobic. A small quantity of polydimethylsiloxane
(PDMS, SYLGARD 184 Silicone Elastomer Kit, Sigma-Aldrich) was
prepared in a 10:1 ratio of the base and curing agent, mixed
rigorously, and then degassed. A thin layer of the PDMS (~25 pm
in height) is then spin coated onto the Si wafer and left to settle on
a levelled surface overnight. The PDMS was then cured the follow-
ing day in a vacuum drying oven (Memmert, model V029) at 65 °C
for 4 h. Glass coverslips (Menzel-Gldser) were washed with soap,
water, ethanol and isopropanol and dried with N, gas and then
plasma-treated along with the wafer. The plasma-treated surfaces
of the glass coverslips were placed face down on top of the
microstructures of the wafer, bonding the coverslip to the thin
PDMS membrane. The coverslip, with the inverted colloidal ice
microstructure embedded in the thin membrane of PDMS, was

This journal is © The Royal Society of Chemistry 2026
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then very carefully peeled off from the Si wafer. The particles and
the structure were enclosed within a 15 mm x 15 mm X 260 pm
plastic square spacer (Gene Frame).

A.4 Experimental setup

Individual particles were then allocated to each cylindrical trap, or
circular well, using holographic optical tweezers integrated with a
Nikon Eclipse Ti inverted microscope with a 100x oil objective.
The stage of the microscope was equipped with a magnetic coil
situated beneath the sample that generates a field oriented in the
z-axis inducing a repulsive interaction between particles. The coil
is powered by a bipolar operational power amplifier (KEPCO) and
controlled by a LabVIEW program. Image capturing is done using
a metal oxide semiconductor camera (MQ013CG-E2, Ximea).
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