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In dense colloids and simulated glasses, it has been discovered that plastic particle rearrangements
correlate with nonphononic low-frequency vibrational modes. Here, we demonstrate that this correlation
also holds for a very different material class of complex plasmas under shear, characterized by long-range
interactions and nonreciprocal forces. We perform experiments with a deformed amorphous quasi-two-
dimensional binary complex plasma under optical pressure, which gives rise to a controlled shear rate, and
confirm our findings with extensive particle-resolved computer simulations.
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A central question in condensed matter physics is how to
predict when and under what conditions materials break
under externally imposed mechanical shear. This is of
fundamental importance for applications ranging from the
prediction of earthquakes [1,2] to shear melting of colloidal
solids [3–5]. While crystals accumulate defects under shear
that may proliferate significant plastic events and final
cracking [6,7], the situation is less clear for amorphous
solids. Recent studies for colloidal suspensions [8–11]
and sheared granules [12–15] have revealed that plastic
transformation zones largely correlate with nonphononic
low-frequency vibrational modes [16–19]. This important
finding allows one to identify critical spots in the amor-
phous solid on the particle scale where plastic events could
most easily be nucleated. Still up to now this intriguing
criterion has been verified experimentally only for colloid
suspensions [20,21] and in various molecular model glasses
explored by computer simulations [22,23].
In this Letter, we demonstrate that the correlation between

plastic events and nonphononic vibrations is much more
general: it also holds for a very different material class of
complex plasmas [24–27]. Complex plasmas are composed
of weakly ionized gases andmicron-sized charged particles.
As the background gas is dilute, the particle dynamics is
virtually undamped and generic phenomena in regular
crystals, glasses, and liquids can be studied on the kinetic

level [28–33]. As opposed to colloids and granulates where
the interactions are typically short-ranged, complex plasmas
exhibit long-ranged screenedCoulomb interactions between
the particles [34–36]. More importantly, these interaction
forces are nonreciprocal, i.e., they violate Newton’s third
law [37–40], and are therefore representative of an entirely
new material class of active matter, which is intrinsically in
nonequilibrium on the particle scale.
These features of complex plasmas have significant

impacts. First of all, it could be expected that the long-
ranged interactions present in these strongly coupled systems
have a significant influence on the low-frequency vibrations.
Strongly coupled Coulomb systems are hyperuniform [41]
and hyperuniformity suppresses any structural correlations
at zero wave number. One could therefore conjecture that
these long-ranged interactions will drastically affect low-
frequency phonons, and could therefore destroy the corre-
lation with particle rearrangements. Second, nonreciprocal
interactions can give rise to activity and can generate self-
propelled particle pairs [42]. For such active systems, it is
known that the vibrational modes possess not only phonons
but they exhibit additional newmodes that are responsible for
entropy production in these non-Hamiltonian systems. The
latter nonphononic modes are called “entropons” [43,44].
Whether these new modes affect the correlation between
plastic events and low-frequency modes is therefore a
priori not clear and needs to be explored. Here, we per-
form experiments with a deformed amorphous quasi-two-
dimensional binary complex plasma under optical pressure,
which gives rise to a controlled shear rate, and confirm our
findings with extensive particle-resolved computer simula-
tions involving nonreciprocal forces.
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The experiment has been conducted in a modified
Gaseous Electronics Conference reference cell at a gas
pressure of 5 mTorr, as shown in Fig. 1. Melamine
formaldehyde and polystyrene particles with diameters
of ϕs ¼ 9.19 μm and ϕb ¼ 11.36 μm are dispensed into
the capacitively coupled radio-frequency discharge in
argon [45–48]. Their masses are ms ¼ 6.1 × 10−13 kg
and mb ¼ 8.0 × 10−13 kg, respectively. The particles are
heavily charged via interaction with ions and electrons in
the plasma and the charge value is proportional to the
particle diameter [49]. In the experiment, we selected the
material and size of these two types of particles such that
they can be suspended by the electric field at a similar
height in the sheath. As the discharge power increases
from 1 to 20 W within a few seconds, the particles are
instantaneously confined into a layer, where an amorphous
binary mixture is formed in the center surrounded by the
crystal composed of melamine formaldehyde particles, as
shown in Fig. 1. The horizontal interparticle distance is
Δ ∼ 600 μm, roughly 4 times as much as the vertical
distance between two particle types. The existence of this
small vertical distance results in the nonreciprocity of the
interaction due to the ion wake effect in the plasma sheath.
As there do not exist vertical pairs in the particle

suspension, it can be reasonably regarded as a quasi-two-
dimensional system.
For the experimental diagnostics, a horizontal laser sheet

with a small width illuminates the particles from the side
and particle positions are recorded as bright spots by a
top-view video camera equipped with a corresponding
bandpass filter at a frame rate of 60 frames/s. The recorded
video sequences are further analyzed and the trajectories of
individual particles are obtained. The illumination laser
sheet is slightly tilted, and the weak inhomogeneity of the
optical pressure provides a small torque, driving the particle
suspension to rotate slowly [50,51]. We have placed an
aluminum frame on the electrode so that the particle
suspension is compressed in one direction by the sheath
field [30]. The circular particle suspension in the cylindrical
discharge cell is deformed and has an elliptical shape, as
shown in Fig 1. The distance between two parallel sides of
the frame can be controlled by placing different frames. As
a result, a narrower confinement frame results in a bigger
aspect ratio a=b of the two elliptical axes of the particle
suspension, leading to the decrease of the angular velocity
Ω of the rotation. This eventually increases the global shear
rate, which can be estimated as γ̇ ¼ ð4=πÞ½1 − ðb=aÞ�Ω
[see Supplemental Material (SM) [52] for details].
To supplement the experimental investigation, we have

performed Langevin dynamics simulations under a similar
setup, considering the nonreciprocal interparticle interac-
tion [58,59]. The simulations are conducted with the
LAMMPS Molecular Dynamics Simulator [60]. In total
8100 particles are confined within a bilayer in the z
direction, similar to the experiment. The ion wake effect
in the plasma sheath is considered by applying a point wake
model, where the vertical distance between the pointlike
wake charge and the particle is set as δ ¼ 90 μm. Further
information on the interactions can be found in SM [52].
The charges of the small and big particles are set as Qs ¼
13 000e and Qb ¼ 16 000e, respectively, and the corre-
sponding wake charge ratio is assumed as q=Q ¼ 0.6. The
Debye length is λD ¼ 400 μm. The total interaction is then
composed of the reciprocal part from the direct interparticle
repulsion and the nonreciprocal part from the particle-wake
attraction [37]. In the xy plane, the particles are confined by
the parabolic potential, where the prefactor in the x
component is larger than that in the y component. As a
result, the particle suspension has an elliptical shape as in
the experiment. The inhomogeneous optical pressure from
the illumination laser is simulated by an external force in
the y direction with a gradient along the x axis. The gradient
of the external force can be adjusted such that the angular
velocity of the rotating particle suspension is controlled.
Despite the presence of the nonreciprocal interaction

between the particles of different types, the mode coupling
instability is suppressed by the electric field in the sheath in
our experiment [61]. The particle suspension is stable
throughout the measurement with a steady temperature.
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FIG. 1. Setup of the experiments. Micron-sized particles are
suspended above the bottom electrode in a capacitively coupled rf
discharge and confined in an aluminum frame, resulting in an
elliptical configuration. Melamine formaldehyde (MF) and poly-
styrene (PS) particles (colored in blue and red) are mixed in the
center of the particle suspension and form a disordered quasi-two-
dimensional amorphous solid, as shown in the inset. Note that the
interaction between MF and PS particles is nonreciprocal due to
the presence of ion wake in the sheath. Driven by the inhomo-
geneity of the illumination laser intensity, depicted by the red
arrows, the particle suspension slowly rotates.
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As a result, linear response theory can be applied to our
system to describe the dynamical behaviors including wave
modes [46,62,63], etc. Here, we analyze the vibrational
modes based on the displacement correlation matrix
Cmn ¼ humðtÞunðtÞi, where m and n are the subscripts
of the matrix, u2i ¼ xiðtÞ − hxii and u2iþ1 ¼ yiðtÞ − hyii
are the displacements of the particle i from its average
position in the x and y component, respectively [64–66].
The corresponding eigenvalues λ can be obtained by
diagonalizing Cmn and thus the eigenfrequency reads ω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

U0=m̄λ
p

, where U0 ¼ QsQb=4πϵ0Δ and m̄ ¼ ðms þ
mbÞ=2. These modes are decomposed into longitudinal
and transverse parts at each frequency, using a divergence
operator based on the Voronoi volume matrix method [67].
As indicated by the density of states, the transverse part
plays a more important role than the longitudinal part in the
low-frequency regime (see SM [52]). In the rest of this
Letter, we focus on the transverse part and decompose it
into phononic and nonphononic components by calculating
the spatial coherence ψ i of eigenvectors eλ [68],

ψ i ¼
1

ni

X

ni

j

eiλ · e
j
λ

jeiλjjejλj
; ð1Þ

where ni is the number of nearest neighboring particles j of
the particle i. The eigenvectors are defined as phononic
modes if ψ i > 0.95. The degree of localization of a
vibrational mode can be quantified by the participation
ratio [69–73]

Rp ¼
�

P

N
i jeiλj2

�

2

N
P

N
i jeiλj4

; ð2Þ

where N is the total number of the particles in the region of
interest containing binary mixture. Every particle partici-
pates equally in the mode for Rp ¼ 1, whereas only a single
particle participates in the mode for Rp ¼ 1=N. Figures 2(a)
and 2(e) show the participation ratio in the experiment
and simulation, respectively. The overall angular velocity
is Ω ≃ 0.43 × 10−3 rad=s and the geometric ratio of the
elliptical particle suspension is a=b ≃ 1.75. It can be seen
that phononic modes attenuate rapidly with frequency,
which is caused by the loss of the propagating phonons.
On the contrary, the nonphononicmodes increase because of
the strong scattering of the phonons.
The spatial distribution of eigenvectors can be used to

characterize the vibrational modes of the corresponding
frequencies. The typical transverse modes of three fre-
quency regimes in the experiment and simulation are
depicted in Figs. 2(b)–2(d) and 2(f)–2(h), respectively.
Here, blue arrows represent the phononic modes and red
arrows represent the nonphononic modes. For the low-
frequency modes, the phononic component dominates and
both the directions and amplitudes of the eigenvectors are
highly coherent in space. As the frequency gradually
increases, vortexlike structures are observed for phononic
component. For the high-frequency regime, the phononic
modes vanish and the nonphononic modes become dis-
ordered such that their directions and amplitudes are
strongly randomized.

N

P

P
P

S
E

FIG. 2. Participation ratio and eigenvector fields of the transverse modes in the experiment (a)–(d) and simulation (e)–(h) for the shear
rate γ̇ ≈ 2.7 × 10−4 s−1. The eigenvector fields for the low [(b), (f)], middle [(c), (g)], and high [(d), (h)] frequencies are shown for the
phononic (blue) and nonphononic (red) modes in the selected region of interest, where the corresponding frequencies are indicated by
the arrows in the panels (a), (b). Note that the swirl in panels (b), (f) may relate to the rotation of the particle suspension.

PHYSICAL REVIEW LETTERS 135, 135301 (2025)

135301-3



As the elliptical particle suspension slowly rotates, the
anisotropic confinement shears the system, leading to the
structural rearrangements [74,75]. Such particle rearrange-
ments can be quantified by the time-dependent strain εxy,
determined by minimizing the mean-squared difference
between the actual displacements of the neighboring particle
relative to the central one and the relative displacements that
they would have if they were in a region of uniform strain
[76]. The minimal difference, notated as D2

minðΔtÞ, is the
local deviation from affine deformation for a lag time ofΔt.
In our experiment, we have probed the structural rearrange-
ment bymeasuring the absolute shear strain distribution for a

time interval Δt ¼ 3.3 s and averaged the result over 66 s.
The results are shown in Fig. 3(a). The reddish areas
represent the locations of high strain, while the blueish area
represents the locations of low strain.
In order to investigate the connection between the

irreversible particle rearrangements and the phonon dynam-
ics at low frequency, we have summed up the amplitudes of
the eigenvectors over 10 lowest modes for each particle in
the experiment. The particle positions with the summed
amplitude exceeding a threshold of 0.12 for the phononic
and nonphononic modes are overlaid on the spatial dis-
tribution of the shear strain as black squares and white
triangles, respectively, in the same experimental run in
Fig. 3(a). As a result, the localized low-frequency non-
phononic modes in the quasi-two-dimensional amorphous
complex plasma are spatially correlated to the structural
rearrangement, while the phononic modes are negatively
correlated with the rearrangement. Similar results are also
observed in the numerical simulation, as shown in Fig. 3(b).
Thus, such correlations are a generic feature for both
reciprocal (see SM [52]) and nonreciprocal interactions.
Furthermore, we investigate the correlation between the

vibrational modes and rearrangement area under different
shear rates in the experiment and simulation. In the
experiment, we adjusted the width of the confinement such
that the shape and angular velocity of the particle suspen-
sion varied. Corresponding simulations have been per-
formed by adjusting the angular velocity of the particle
suspension. The Spearman rank correlation ρ between the
transverse modes and localized rearrangement areas is
calculated [77–79] (see also SM for details [52]). As
shown in Fig. 4, the positive correlation between the
nonphononic modes and irreversible rearrangements

N

P

E

S

FIG. 3. Correlation between the local shear strain and the
strength of transverse modes of low frequencies in the experiment
(a) and simulation (b) in the selected region of interest. The
particle positions with summed amplitudes exceeding a threshold
of 0.12 for phononic and nonphononic modes are overlaid on the
contour plot of the shear strain as black squares and white
triangles, respectively.

E

S

FIG. 4. Dependence of the Spearman rank correlation between
the local shear strain and the strength of transverse modes of low
frequencies on shear rate in experiment and simulation. Red
squares are experimental results with standard deviations, result-
ing from the selection of different measurement areas. Blue
crosses represent individual simulation runs and circles are the
average correlations for each shear rate with standard deviations,
resulting from the setting of different initial configurations.
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decreases with the shear rate. Similarly, the negative
correlation between the phononic modes and irreversible
rearrangements also decreases. As the shear rate drastically
increases, plastic events start to emerge all over the particle
suspension and they begin to interact with each other. Such
rearrangements are dominantly triggered by the external
shear, and thus their correlation to the vibration becomes
overwhelmed. This significantly reduces the Spearman
correlation measured in the experiment and simulation.
It is well known that Eshelby-like quadrupolar singu-

larities are generally correlated to the plastic events in
amorphous solids [80–83]. In our experiments, we observe
such quadrupolar structure in the region with relatively
high shear strain, as shown in Fig. 5. There is a signature
of anisotropic strain decay away from the particle rear-
rangements. However, due to the limit of experimental
resolution, the collective effects cannot be investigated
in detail.
To summarize, by a combination of experiment and

simulation, we provide evidence of correlations between
low-frequency nonphononic modes and structural rear-
rangements for a vastly different system than previously
considered, namely a sheared complex plasma governed
by nonreciprocal long-ranged interactions. The observed
correlations decrease for increasing the imposed shear
rate. Our result suggests that these correlations, which are
of prime importance when it comes to predict plastic
deformations in an amorphous solid, are much more
general than even anticipated before. Since there is a
constant energy input by the ion flux, complex plasmas
belong to the class of active matter. One can therefore
expect and speculate that the correlations found do also
occur in other nonreciprocal interactions that induce
activity such as motile tissues composed of living cells
[84], dense biofilms [85], bacterial colonies [86,87], and
even human crowds [88,89].
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