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Introduction

Dislocations play a definitive role in such aspects of solids as plasticity, yield stress, susceptibility to fatigue, fracture, and melting [1]. A great deal of examples can be found in materials science [START_REF] Kittel | Introduction to solid state physics[END_REF][START_REF]Dislocations in Solids[END_REF], including physics of various types of shear cracks [START_REF] Abraham | [END_REF][5][START_REF] Marshal | 9th European Mechanics of Materials Conference, Local approach to Fracture[END_REF]. Over the last decades dislocations were studied in systems and situations as diverse as earthquakes [START_REF] Archuleta | [END_REF], snow avalanches [8], colloidal crystals [9], foams [10], and plasma crystals [11][12][13]. On the other hand, decreasing dimensions of mechanical and electronic microdevices have motivated research on the micro-and nano-scale plasticity. An important finding here is that crystals exhibit strong size effects at the sub-micron scale. Higher strength of smaller crystal samples is believed to be caused by dislocation starvation that is unique to small crystals [14]. At the same time, the smaller the sample size the relatively more important is the finiteness of dislocation cores and the more pronounced have to be the kinetic effects that accompany dislocation nucleation, escape or annihilation. This motivates investigations on a "sub-dislocation" scale. In regular solids dislocation dynamics is almost impossible to study experimentally at an atomistic level [15] because of the small distances between the atoms (or molecules), high characteristic frequencies, and the lack of experimental techniques of visualizing the motion of individual atoms or molecules in regular matter at relevant space and time scales. Therefore, an experimental model system where the motion of individual "atoms" can be observed in real time, is highly desirable. Such model system might help develop a plasticity model operating with finite-size dislocations, which is still a long-standing challenge of dislocation theory.

Plasma crystal as a model system

Several model systems have been proposed to study dislocation dynamics at the level of individual "atoms". They include colloidal crystals [9], plasma crystals [11][12][13], and foams [10,16]. These rather different systems have the ability to crystallize and possess plasticity in the crystalline state. Unlike regular solids, foams have cellular structure, and are often unstable and disordered [17]. In colloidal crystals, thermal fluctuations can cause nucleation of defects; however, it is difficult to observe them directly in real time and at a single-particle level except when a crystal is indented (e.g., as in Ref. [9], where a sewing needle was used as indentor).

Plasma crystals constitute a model system that is free from many of these limitations and also has additional advantages. Plasma crystals were predicted [18] and observed experimentally [19] atively recently. They turned out to be a very convenient macroscopic model system to study phenomena as diverse as phase transitions [12], transport phenomena [20,21], and linear and nonlinear waves [22][23][24][25][26], all at the kinetic level.

A plasma crystal is a crystalline state of complex (dusty) plasma. A complex plasma is a suspension of charged solid particles in a plasma [27]. Typical particle sizes range from tens of nanometers to tens of microns. The particles are either grown in-situ or introduced into a plasma of a radio-frequency (rf) or direct current gas discharge. Usually particles acquire a large negative charge, because they collect more electrons than ions from plasma. Due to the mutual interaction of particles and their confinement by electric fields present in plasma they can self-organize in an ordered structure. In the presence of gravity, a single-layer plasma crystal can be formed. In this two-dimensional (2D) crystal, particles are arranged in a triangular lattice with hexagonal symmetry and interact through a screened Coulomb potential that is well approximated by Yukawa potential [28]. A typical interparticle separation is of the order of 0.1 mm to 1 mm, typical dynamical time-scales are of the order of 0.01 -0.1 s, and the speed of sound is of the order of 5 -30 mm/s. All particles in a plasma crystal can be imaged using video microscopy and their positions and velocities calculated with sub-pixel resolution. An important advantage of plasma crystals is that the particle dynamics is not overdamped by a substantial background medium. This allows observation of fully resolved dynamics and direct comparison to regular solids. These unique characteristics make plasma crystals an excellent model system to study the complex dynamics of crystalline defects [29], including dislocation nucleation and motion [11][12][13] in real time and at the most fundamental atomistic level.

Dislocations observed at atomistic level

An edge dislocation in our 2D plasma crystal is a crystallographic defect where an extra half-line of microparticles is "inserted" into a crystal. The dislocation core is represented by an isolated pair of 5-and 7-fold defects in an otherwise hexagonal lattice, as shown in Fig. 1. (We revealed this dislocation in the image of an unperturbed plasma crystal recorded in the experiment of Ref. [30].) Note that the area per cell is higher for the 7-fold site and lower for the 5-fold site compared to the area of neighboring regular 6-fold sites. This indicates a dipole-like local strain distribution in the vicinity of dislocation.

Dislocation dynamics in a quasi-two-dimensional plasma crystal was reported for the first time in Ref. [11]. In this experiment, a plasma crystal was formed by micron-sized polydisperse SiO 2 particles that were grown in-situ in a rf discharge in the mixture of argon, oxygen and silane gas at a pressure of 250 mTorr. The particles were suspended in an annular groove of the lower rf electrode and formed vertical chains that moved as a whole (hence quasi-two-dimensional geometry); the gas friction rate was of the order of tens of s -1 . Externally activated dislocation dynamics in a 2D plasma crystal was observed in Ref. [12]. The plasma crystal was formed by melamine formaldehyde microspheres with a diameter of 9.19 ± 0.09 μm suspended in an argon rf discharge at a pressure of 14.7 mTorr. The neutral gas damping rate was relatively low at ν = 2.58 s -1 . The crystal was melted by applying a short high-voltage pulse to a pair of tungsten wires placed slightly above it, and then the resulting liquid was allowed to recrystallize. Averaged characteristics of rapidly declining population of lattice defects including dislocations were studied during recrystallization.

Nucleation and motion of individual edge dislocations in a 2D plasma crystal were observed in Ref. [13]. In this experiment, a plasma crystal was formed by melamine formaldehyde microspheres with a diameter of 8.09 ± 0.18 μm suspended in an rf discharge in argon at a low pressure of 3 mTorr. The neutral-gas damping rate was calculated [31] to be ν = 0.52 s -1 . The single-layer suspension included about 4000-5000 particles and had a diameter of about 50 -60 mm; the interparticle spacing was b = 0.69 mm. Using the pulse technique of Ref. [32], the average sound speeds in the central part of the crystal were measured to be C L = 24.0 ± 1.7 mm/s and C T = 6.3 ± 0.6 mm/s, for compressional and shear waves respectively. Based on these measurements and theoretical wave dispersion relation [33,34], the particle charge was calculated to be Q = -15 000 ± 1400e. The emphasis of Ref. [13] was on measuring the speed of gliding dislocations, which was shown to be (1.95 ± 0. In this paper we will analyze in more detail the process of dislocation nucleation using data from our experiment of Ref. [13], where about 30 dislocation nucleation events were observed. Dislocations were created in lattice locations with high concentration of shear stress introduced by the slow differential rotation of the crystal. Our analysis clearly demonstrates that even an elementary act of nucleation is in fact a multi-scale process. Based on our findings, we identify the following four stages of dislocation nucleation:

1. latent phase of gradually increasing shear strain, 2. prompt nucleation of a four-component defect cluster, 3. break-up of the defect cluster into a dislocation pair, 4. splitting of the dislocation pair and escape of free dislocations. In all observed events of dislocation nucleation these stages (except for the third one) are quite similar. Below, we will analyze them in detail using two new examples of dislocation nucleation shown in Fig. 2.

The first latent phase is mostly potential rather than kinetic pre-phase of nucleation. By analogy with regular solids [35], gradually increasing stresses are piled up most probably due to the so called shear or plastic instability, although its specific realization in plasma crystals is not yet clear. This phase lasts roughly Δt 1 ≈ 0.2 -0.3 s (this gives the shear instability growth time), which is much shorter than the damping time scale 1/ν = 1.9 s. The instability growth rate is therefore not limited by the neutral gas damping.

The second phase ends up with a newly born defect cluster that consists of two 5-fold and two 7-fold lattice defects, as shown in Figs. 2(1b),(2b). This phase is the shortest. Estimated time scale here is of the order of deformation to transverse sound speed ratio, Δt 2 ∼ δb/C T ≈ 0.01 -0.03 s, where δ = 0.1 -0.3 and b is the interparticle spacing. This range for δ corresponds to the Lindemann criterion of melting of a 2D solid [36].

During the third phase the four-component defect cluster breaks up into a pair of dislocations. Since dislocation positions are stable within this cluster that has zero total Burgers vector [START_REF] Landau | Theory of Elasticity[END_REF], an external stress is necessary to pull dislocations apart. Therefore, the outcome and duration Δt 3 of this break-up phase depend strongly on the specific pattern of local stress distribution.

To evaluate the shear strain in the lattice, we use the method described in Refs. [12,13,[START_REF] Grier | [END_REF]. This method is based on the bond-orientational function ψ 6 . For every site in the lattice, ψ 6 = 1 n n j=1 exp(6iΘ j ), where Θ j are bond orientation angles for n nearest neighbors. The absolute value of ψ 6 is related to the shear strain. For weak simple shear, |ψ 6 | = 1 -9γ 2 , where γ is the shear strain [13]. For weak pure shear, 2 , where e is elongation, which is the measure of pure shear deformation [13]. Therefore, lower absolute values of the bond-orientational function indicate higher shear strain.

|ψ 6 | = 1 -2.25e
The maps of |ψ 6 | in Fig. 3 help us explain the surprising difference between two nucleation events shown in Fig. 2. These two events start off in nearly the same location separated by ≈ 8.3 s, producing two seemingly identical clusters shown in Figs. 2(1b),(2b).

But the subsequent evolution of these clusters is different in two ways. First, the cluster in Fig. 2(1b) breaks up practically immediately after creation (hence Δt 3 ∼ 0.03 s), whereas a similar cluster in Fig. 2(2b) is stable during ≈ 0.27 s, and breaks up only afterwards. Second, these clusters break up along different crystallographic axes. This apparent symmetry breaking (and varying Δt 3 ) is explained by different strain distributions in the locations of clusters. We use the maps of |ψ 6 | in Fig. 3 to visualize the strain distribution. The locations of clusters are shown by arrows. The strain concentration around clusters (seen as lighter-shading area) is anisotropic. It has a shape of a cross oriented along the main crystallographic axes. When the clusters are created, the strain is concentrated preferentially in the vertical direction in Fig. 3(a) [corresponds to Fig. 2(1b)] and more or less uniformly in Fig. 3(b) [corresponds to Fig. 2(2b)]. Therefore, the first cluster breaks up immediately in the vertical direction, whereas the second one remains stable after nucleation. After ≈ 0.27 s, the strain concentration around the second cluster builds up preferentially in the horizontal direction, as shown in Fig. 3(c) and the cluster breaks up in this particular direction.

Finally, the duration of the fourth phase Δt 4 is limited only by the space extension δL ∼ 10 -30 mm along which a dislocation can move freely before it hits a domain wall or reaches the crystal edge. Then Δt 4 ∼ δL/U ≈ 1 -2 s, where U is the dislocation speed.

Supersonic dislocations and Mach cones

The limiting speed of a gliding edge dislocation is a controversial subject. The common wisdom is that a moving edge dislocation cannot surpass the sound speed of shear waves C T , because the energy radiated by a dislocation becomes infinite at this speed. However, it was predicted theoretically [39] that an edge dislocation can move at a particular speed of √ 2C T without any radiation at all. Supersonic dislocations were observed in atomistic computer simulations [40] where they were created at a strong stress concentration and moved at a speed of 1.3C T to 1.6C T . Supersonic dislocations were experimentally observed in a 2D plasma crystal [13]. After nucleation, dislocations moved at a speed of approximately 2C T .

As any supersonic object, dislocations that travel at a speed faster than the speed of sound create a distinct V-shaped signature called a Mach cone [13]. In Fig. 4, a Mach cone is shown that we revealed in the experimental data for an unperturbed plasma crystal recorded in the experiment of Ref. [30]. It is similar to those observed in Refs. [13,32,40,41] and is composed of shear waves rather than compressional waves because the dislocations move faster than C T , but slower than C L .

Mach cones can reveal important information about moving dislocations. First, the dislocation Mach number U/C T can be calculated using the Mach cone angle relation sin μ = C T /U , where μ is the cone's opening angle and U > C T is the speed of dislocation. Second, the structure of Mach cones emphasizes the importance of both kinetic and potential parts of the dislocation energy. The kinetic part is seen in the map of particle velocity v in Fig. 4(a). (Note that the velocity vectors outside of the dislocation core are parallel, on average, to the cone wings and hence perpendicular to the direction of wave propagation, as expected for shear waves [41].) The potential part is seen in the map of the vector ψ 6 = {Re(ψ 6 ), Im(ψ 6 )} in Fig. 4(b), where ψ 6 is the bond-orientational function. The map of ψ 6 is sensitive to the lattice orientation and distortion and contains useful information about the crystalline structure such as the location of point defects, defect clusters, domains and domain walls [12]. In both maps, the Mach cone has a simple V-shaped structure that is consistent with the linear theory of Ref. [42]. In this theory, a Mach cone is treated as a wake formed by constructive and destructive interference of waves emitted by a moving object. In our case, the shear waves emitted by a moving dislocation have little dispersion and hence form a single Mach cone [41,42].

Summary

To summarize, dislocation nucleation and dynamics were observed at an atomistic level in a twodimensional plasma crystal. The following basic stages of edge dislocation nucleation were identified: latent phase of gradually increasing shear strain, nucleation of a four-component defect cluster that consists of two 5-fold and two 7-fold lattice defects, break-up of the defect cluster into a dislocation pair, and eventually escape of free dislocations. The time scales of these stages are discussed. At the final stage, dislocations moved supersonically with respect to the shear waves and generated shear-wave Mach cones. 
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Figure 1 .

 1 Figure 1. (Color online) Edge dislocation in a two-dimensional plasma crystal. Shown are (a) an image of the plasma crystal and (b) triangulation of particle positions.

Figure 2 .

 2 Figure 2. (Color online) Nucleation of dislocations in a two-dimensional plasma crystal. Maps of triangulation of particle positions are shown for two events of nucleation (upper and lower rows), for four corresponding instants of time. Measured relative to (a), the times are: 0.033 s for (b), 0.067 s for (c), 0.301 s and 0.335 s for (1d) and (2d), respectively. Dislocations are indicated by arrows.

Figure 3 .

 3 Figure 3. Maps of the bond-orientational function |ψ 6 | that is an indicator of the shear strain in the crystal: strain is higher where |ψ 6 | is lower. The maps correspond to: (a) Fig. 2(1b), (b) Fig. 2(2b), (c) 0.067 s before Fig. 2(2d) (just before the defect cluster broke up). Dislocation nucleation sites are indicated by arrows.

Figure 4 .

 4 Figure 4. Shear-wave Mach cone generated by a supersonically moving dislocation. Shown are (a) particle positions and velocities v and (b) the map of ψ 6 = {Re(ψ 6 ), Im(ψ 6 )}, where ψ 6 is the bond-orientational function. The Mach cone appears as a V-shaped feature in both maps.
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