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experiments and simulations,®* which unveiled that the com-
paction to clusters takes place, because the magnetized beads
are not simply dipolar hard spheres (DHS), but as well possess a
considerable susceptibility. One may therefore call them sus-
ceptible dipolar hard spheres (SDHS).>® Here the susceptibility
acts as a glue , which is working in all directions.®®*" This
observation was cast into a simple model, where the dipolar
interaction is complemented by a central attraction®® a
ferrogranular analogue to a Stockmayer fluid.®® Note that with-
out central attraction simulations cannot reproduce compact
clusters, but just chains, rings or branched networks.24°

The formation of transient networks appears to depend
sensitively on the shaker amplitude, since for a shallow
quench, compact clusters emerge at once,*° and networks are
not observed. So far, a systematic quantification of the coarsening
dynamics for di erent shaker amplitudes is missing. Here, we
address the following questions: (i) why do deep quenches favour
transient networks while shallow ones do not, and (ii) how does
this influence the pathway toward maximum compaction?

The paper is organized as follows. Section 2 describes the
experimental methods, followed by the presentation of results
in Section 3 and their discussion in Section 4. Summary and
outlook are provided in Section 5.

2 Experimental methods

We describe the experimental setup (Section 2.1), the properties
of the utilized spheres (Section 2.2), the measurement protocol
(Section 2.3), and the image processing (Section 2.4).

2.1 Experimental setup

The experimental setup is sketched in Fig. 2. A rectangular
vessel is filled with steel and glass beads with a diameter of 3
and 4 mm, respectively. The vessel (width x length x height =
200 x 285 x 20 mm?®) is made from a lightweight but sti
aluminum plate®* supporting a glass plate and a plastic frame.
An electroluminescent sheet (Zigan Displays) beneath the glass
plate serves to illuminate the ferrogranulate from below. The
vessel is closed from above by a rectangular box, having in the
x and y directions the dimensions of the vessel, but with a
height of 210 mm. The box is made of aluminum with a glass
plate at the top. The box serves to contain the jumping spheres
and to maintain an atmosphere of regulated humidity above
80% to steer clear of electrostatic charges.** Therefore, the box
is connected by means of two pipes (d = 36 mm) and a fan to a
tank partly filled with water, which harbors an ultrasonic
transducer at its bottom. The transducer is connected via
a relay to an adjustable AC source (EA-3048, 50 Hz). A humidity
sensor inside the climate box*? is connected via a micro-
processor*® and a USB-C cable to the computer. A python script
maintains by means of a threshold-value-control a relative
humidity in between 80% and 85%.

The humidity box is fixed to a rectangular frame,** whereas
the vessel is agitated sinusoidally by an electromagnetic shaker.
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Fig. 2 A sketch of the experimental setup (not to scale). For details of the
devices see text.

The narrow gap in between the vessel and the box is sealed by a
160 pm thin rubber bellow.*

The electromagnetic shaker (Tira Vib Co., TV50350) has
been equipped with a compensation coil,*® which reduces the
stray field, as shown by the green line in Fig. 3. Moreover, the
experimental vessel is mounted on top of a 480 mm long rod
made from aluminum and brass, far away from the shaker. The
brass section is guided friction-free by a porous media air
bushing (NewWay S304002) with an inner diameter of
40.00 mm. In this way, the stray field could be reduced below
a value of 0.12 mT.

Fig. 3 The vertical component of the magnetic stray field of the vibration
exciter (red data points) vs. the vertical distance z from the center of the
top flange, i.e. the central plate with 7 holes in the inset photo. The green
data points give the reduced stray field, when utilizing the compensation
coils of the manufacturer (cf. inset). The lines indicate the corresponding
fits by B,(z) = mmy(2n) Y(zo + 2)~°, where the (compensated) magnetic
dipole moment of the shaker is my = 514 x 10%1.22 x 10% A m? and
Zo = 1.7 x 107Y(1.05 x 107%) m, respectively.

This journal is © The Royal Society of Chemistry 2025
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The shaker is agitated sinusoidally, where frequency f and
amplitude A are controlled by a function generator (Agilent
FG33220) connected to a current amplifier (Tira Vib Co.).
The non-dimensional acceleration G = a/g,oc = 4n°f 2Alg, with
maximum acceleration a, shaking amplitude A, is monitored by
an accelerometer (Dyson 3035B2). Here i, denotes the local
gravitational acceleration 9.80961 m s 2 estimated by a stan-
dard model.*” The air bearing and the shaker are mounted on a
rectangular frame.**

A horizontal alignment of the experimental vessel is of utmost
importance to allow drift-free long-term measurements. Likewise,
the oscillating motion in the setup must be decoupled from the
building. Therefore, the whole setup has been mounted on top of a
granite stone slab (xyz = 1790 x 1290 x 152 mm?) with a mass of
1.3 t, which is floating on four regulated air springs (Bilz BiAir
1-ED-AL-E), maintaining a vertical position with a precision of
10 pm. An inclinometer (Flex™ H6MM of Rieker inc.) with a
resolution of 0.051 serves to surveil the horizontal alignment.
Recording the inclination for 18 h under load yields a deviation
of less than 0.0051 Shaker, air bushing, and air springs are
connected via a filter to pressurized air.

2.2 Spheres

In order to improve the thermal coupling between the shaken
vessel and the clustering magnetized spheres we mix the latter
with glass spheres. The filling fraction f of both types of
spheres is defined via

AICX
fo= Nohex

N 2 \/gr sphere 2
Avcsscl

Avcsscl

; 1)

where N counts the number of spheres, Anex Captures the area of
the regular hexagon around a sphere of radius rspnere, and
Avessel = 5.7 x 10° mm?. In this way f becomes 1 for a hexagonal
close packing in 2D.2%“8 For all measurements reported here we
selected Ny = 473 glass spheres and Ng = 841 steel spheres,
which yields for both types of spheres an area filling factor of
f4=1fs=0.115. To improve the tracking of the glass beads we
selected transparent blue spheres displayed in Fig. 4. Previous
to a series of measurements, the steel spheres are placed in a
hexagonal grid maintained by a holder and magnetized by an
induction of 1000 mT.*® Their remanent moment mg is

Fig. 4 A photo of the glass spheres (blue) and steel spheres (dark).

View Article Online

Fig. 5 The isothermal remanent magnetisation curve (IRM) of the utilized
steel spheres. The inset displays the measured angular dependence of mg
magnetized with 1000 mT. The data are marked by green circles. The
black line gives a fit by mgcos(f + f o) + my, with mg = 167.1 pA m?, m; =
27pAm? and f o = —1.271

Table 1 Material properties of the utilized spheres

Material Steel Glass

Supplier ISOMetall Sigmund Lindner
Type DIN 1.3505 G10%**  SiLibeads P* (blue)*
Radius (mm) 15 2.0

Precision (pum) +9.75 +20

Mass (Q) 0.108 0.084

Remanent moment mg

(106 A m? 173

determined using a vibrating sample magnetometer (Lakeshore,
7404).3* It saturates for B > 500 mT, as shown in the IRM curve in
Fig. 5. The inset displays the angular dependence of the impressed
dipole moment, described by a harmonic function. The properties
of both sphere types are listed in Table 1.

2.3 Measurement protocol

Every set of measurements is conducted following this proto-
col. First, the acceleration amplitude is switched att= —15s to
Ggas = 3.3 g, which is ample time to generate a homogeneous
granular gas. At t = 0 s the shaker amplitude is quenched to a
value G, 0 Gyas, With G, A [1.49,2.02] g (cf. Table 2, Section A).
The evolution of the pattern is recorded with 60 frames per second,
in phase with the driving. With the internal storage capacity of the
camera this allows a continuous recording for 180 s. Likewise, the
shaker amplitude, the temperature, and the humidity in the
experimental vessel are recorded. Then G is switched back to Ggas,
then to a new value of G. The measurements for 8 consecutive
values of G are repeated 15 times, in this way allowing to estimate
a mean value and a standard deviation.

2.4 Image processing and data extraction

The granular patterns are observed from above using the
charge-coupled device (CCD) camera Lumenera Lt425M. We
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select a resolution of 1888 pixel x 1328 pixel. A multipulse
generator allows triggering the camera in phase with the
driving.*® Two gray value intervals are preselected to discrimi-
nate between the blue glass spheres [185,220] and the opaque
steel spheres [220,255]. In order to be able to analyze the
networks of steel spheres, we apply the following image proces-
sing and data extraction procedure to the recorded frames.
First, a Hough-transformation is applied to the images, fol-
lowed by a binarization. These binary images are then pro-
cessed with tools from the computer vision software OpenCV>°
which yields the contour and coordinates of the spheres. Next,
for the identification of the networks, neighboring spheres
have to be recognized. In order to do this, the center-to-center
distance of each pair of spheres is compared with their dia-
meter, 2rspnere. The topology of the networks is reduced to a
graph (see, e.g. Fig. 13 of ref. 34) by means of the software
package networkX>! based on the script language python.>?

3 Experimental results

First we observe the evolution of the networks and clusters by
naked eye (Section 3.1). This is followed by inspecting the
number of neighbours versus time (Section 3.2), with special
focus on the fraction of beads within chains (Section 3.3). Next,
the stability of the emerging structures is derived from spectra
displaying the fraction of nodes of a specific degree versus
the shaking amplitude (Section 3.4). Then, combining Sections
3.2 3.4, a configuration diagram is extracted, which maps the
predominant state (gas-like, networks or compact clusters)
in the G t plane (Section 3.5). Finally the mean number of
neighbours Rft) (Section 3.6) as well as the half-value period
(Section 3.7) of the growth dynamics is presented.

3.1 Evolution of the structures

Fig. 6 displays an overview of the evolution of the structures of
magnetized spheres for three selected times after the quench
(left to right: t; =5 s, t, = 30 s, t3 = 150 s) and for three
representative shaker amplitudes (top to bottom: G, = 1.57 g,
G, = 1.73 g, and Gg = 1.88 g). For a quench to a very low
amplitude (G,), we observe emerging chains and rings already
5 s after the quench, which have developed to larger networks
at 30 s, and become even more compact at 150 s. For inter-
mediate shaking amplitude (G;) clusters emerge later, and
appear at 150 s to be more compact. After a shallow quench
to a comparatively high amplitude (Gg), the granular gas
persists for a long time. Likewise, networks are not seen, and
clusters emerge only late at 150 s. They are even more compact
than those at G,. For even higher shaker amplitudes, clusters
form even later (here not shown). Next, we will inspect the
cluster formation by means of network quantities.

3.2 Number of neighbours versustime

The topology of the clusters formed by the magnetic beads can
be represented as a network or a graph, in which each bead
corresponds to a node or vertex, and the close contact
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Fig. 6 Emerging structures for a quench from Ggs = 3.3 g down to
increasing shaker amplitudes, G, = 1.57 g, G, = 1.73 g, and Gg = 1.88 g. We
display the structures for three exemplary times, namely t; =5, t, =30 s,
and t; = 150 s. See also the related movies, 1.57g.mp4, 1.73g.mp4 and
1.88g.mp4, which can be accessed under files at

connections between pairs of beads are represented by edges.
Thus, in this description, the number of edges of each node
often addressed as its degree, k represents the number of
neighbours of the corresponding bead. A fundamental property
of a network is its distribution of degrees, which in our case can
help to identify the dominant structures in the system. In a
chain-like structure, the beads have two neighbours, k = 2,
except those at the chain ends, which have only one, k = 1.
In a monodisperse two-dimensional system, k is limited geo-
metrically to 6, corresponding to a hexagonal close packing. In the
following, we define the fraction of nodes with degree k, Fy, as
k={0;1;...;6}; 2
where ny is the number of steel spheres with k neighbours and Ng
is the total number of steel spheres in the system. Thus, this
parameter represents the probability of a magnetic bead to have a
number of neighbours k.

In Fig. 7, we have plotted Fy(t) for the three representative
shaker amplitudes, illustrated in Fig. 6 above. In Fig. 7(a) the
data for G, are plotted. Here the fraction of zero nodes Fq (blue
circles) drops drastically within 4.4 s to its half value.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Time evolution of F, (2). The shaking amplitude G is kept constant
in each run, but increases from G, (a) via G, (b) to Gg (c). The legend in
panel (a) applies to the three plots. The dashed vertical lines indicate to the
times where the exemplary snapshots of Fig. 6 have been recorded. The
insets in panel (b) display further cartoons for a gas-like state (t;), a
network-state (t;) and a more compact cluster (t3). All data points have
been averaged from 15 subsequent runs. Representative error bars indicate
the standard deviation.>®

Simultaneously F, and F;, characteristic for chains and Y-
junctions, respectively, show a steep increase. That is, within
a short time span of 14 s F, climbs to a maximum, and we
witness the formation of networks. For larger times F, and Fs is
monotonic increasing, whereas F, and F3 decay. This is indicat-
ing a coarsening of the network to more compact clusters,
albeit on a much slower time scale.

The temporal evolution for G, is qualitatively di erent, as
evidenced by Fig. 7(b). Here, Fy drops less steeply, and F; and

View Article Online

F, lack a prominent maximum. They have for most times the
same amount. This corroborates that for higher G, chain- and
network formation are bypassed soon, and the formation of
compact clusters starts earlier. For even higher amplitude, Gg,
the fraction of single spheres, Fo, is dominating the full
measurement time. Here, we are approaching the threshold
of aggregation as the kinetic energy of the particles is getting
higher than the familiar magnetic coupling energy Epp, as
given by egn (10) in ref. 38. The error bars in Fig. 7 indicate
the standard deviation of 15 independent measurements.
To retain clarity, we show only two representative examples in
arun one in the middle and one near the end. Note that the
error bars are small in panel (a), but increase with the shaker
amplitude (c). They are most prominent for F.

3.3 Fraction of nodes within chains, F,

The emerging networks are made up from long chains, inter-
connecting at the ends. Therefore F, is a suitable order para-
meter to monitor generation and decay of networks. In Fig. 8
we give an overview of the temporal evolution of F, for all
applied shaker amplitudes G. It shows that for a deep quench
G,, we see a fast build-up of chains and networks, which are
then diminished on a much longer time scale. With G
approaching G4, the maximum of F,(t) becomes less promi-
nent, and vanishes for G > G,.

For a quantitative characterisation of Fig. 8 we resort to the
bi-sigmoidal (i = 1, 2) growth function®* %¢

N=2
1
A(t) = A+ Y Agroi | 1 - — e ©)

t=;i

of a time dependent quantity A. Here A;j,; denotes an offset,
already present att o 0 s and the maximal growth (or decay) is
denoted by Ay, i. The half-value period ty,,; is the time when

Fig. 8 Temporal evolution of F, for di erent applied shaking amplitudes
G, as listed in Table 2, Section A. For clarity, only every fifth data point is
plotted. The dashed lines represent fits by the bi-sigmoidal growth func-
tion (3). The fitting parameters are listed in Table 2. The black triangles (. )
mark the maximum determined from the fits for G;, G,, G3, situated at
14.1 s, 13.8 s, and 22.5 s, respectively. All data points and representative
error bars have been estimated from 15 independent measurements.>3
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F« > 2(G) displays maxima, before the clusters are
dissolved.
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