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Abstract

The notion of defects in crystalline phases of matter has been extremely powerful for understand-
ing crystal growth, deformation and melting. These discontinuities in the periodic order of crystals
are mathematically described by the Burgers vector, derived from the particle displacements, which
encapsulates the direction and magnitude of slip relative to the undeformed state. Since the reference
structure of the crystal is known a priori, the Burgers vector can be determined experimentally using
both imaging and diffraction methods to measure the lattice distortion, and thus infer the particle
displacements. Glasses have structures that lack the periodicity of crystals, and thus a well-defined ref-
erence state. Yet, measurable structural parameters can still be obtained from diffraction from a glass.
Here we examine the usefulness of these parameters to probe deformation in glasses. We find that co-
ordinated transformations in the centrosymmetry of local particle arrangements are a strong marker
of plastic events. Moreover, we investigate two geometric indicators that can be derived from distor-
tions in local diffraction patterns, namely the continuous Burgers vector and the quadrupolar strain.
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We find that the Burgers vector again emerges as a robust and sensitive metric for understanding
local structural transformations due to mechanical deformation, even in structural glasses.

Keywords: glass, deformation, topological defect, diffraction

1 Introduction

The understanding that dislocations are the carriers of plasticity in crystals has led to many advances in

the engineering of alloys and semiconductors. The cores of these defects are highly localized, occurring

along a line where the periodic order is discontinuous and the strain diverges. Away from the core, the

lattice distortion decays [1]. These crystalline defects are well-characterized by the Burgers vector that

reveals the magnitude and direction of the material slip that produced the defect [2]. Formally, the Burgers

vector is calculated from the closed contour integral over increments in the particle displacement field

[3, 4],

bi = −
∮

dui = −
∮

∂ui

∂xj
dxj (1)

Here bi is the Burgers vector, ui is a particle displacement and xj is a Cartesian coordinate. The indices

i, j = 1, 2, 3 refer to different Cartesian directions. ∂ui

∂xj
form the components of the deformation or

distortion tensor that transforms the structure to the deformed state [5] (see Section 6 Methods). By

Stokes theorem, the Burgers integral is non-zero where the strain compatibility conditions do not hold,

or where the strain is not compatible with a single-valued displacement field [4].

The Burgers vector points in the direction of the slip plane and its magnitude is a “quantized” fraction

of the lattice constant of the crystal [6], completely describing the deformation. Since the reference

configuration of the crystal may be assumed, the particle displacements in Eqn. 1 can be inferred from

the deformed structure alone. Thus for crystals, the Burgers vector can be measured from direct imaging

of lattice planes or atomic columns, for example in scanning/transmission electron microscopy [7] or from

electron and x-ray diffraction-based techniques [8, 9].

Several works have attempted to broaden the concept of defects in crystals to continuous defects

appropriate to describe amorphous solids and glasses [3, 10, 11]. Examining Eqn. 1, there is no special

difficulty with this, if the particle displacements are known. In a crystalline lattice, the inversion symmetry

or centrosymmetry of neighbours in both the initial and distorted configurations means that particle

displacements are affine, or proportional to the applied distortion. In contrast, for glasses that lack this

local centrosymmetry, forces from neighbours after distortion are unbalanced and additional, non-affine

displacements occur [12]. The Burgers vector magnitude calculated from particle displacements in a
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glass strongly correlates with plasticity [13] and interestingly, it is only the non-affine displacements that

contribute to the Burgers vector (Eqn. 1) [14].

Other researchers, inspired by analogies with electrostatics and the classic Eshelby ellipsoidal inclusion

problem in mechanics [15], have identified the local quadrupolar strain field as the lowest order elastic

multipole that is not forbidden by geometric conservation laws [16, 17]. The quadrupolar strain field Qij

can be calculated from the symmetric part of the distortion tensor, or strain, ϵij . The non-affine strain is

decomposed into a trace (Tr) and a traceless component:

ϵij =
1

2
Tr(ϵij)I +Qij . (2)

Here I is the identity tensor and Qij is the quadrupolar field which has a magnitude and direction

(Section 6 Methods) that quantifies the deviatoric component of the strain that is a pure shear distortion

without any volume change [18].

More recently, several articles have focused on vortex and antivortex defects in the direction of the

non-affine displacement field and vibrational eigenvectors [19–22]. Here, vortex defects are found in areas

in which a closed contour integral over the gradient in the vector direction equals an integer multiple of 2π,

defining the winding number W. Softness and plasticity seem to correlate particularly with the W = −1

topological defects [20], which resemble the quadrupolar displacement fields typical of an Eshelby-type

event [19]. This analysis can be also extended to 3D systems by generalizing the concept of winding number

[23]. Currently, the relationships between all these defect descriptors are not known, but being actively

researched [24] to find the most fundamental and powerful descriptor of the structural transformations

that mediate deformation in amorphous materials and place the mechanics of disordered solids on the

same sure footing as for crystals.

A key component of understanding plasticity in amorphous materials is predicting which structural

configurations will transform under an applied load. Structural centrosymmetry has emerged as a critical

local parameter to predict the elastic response of an amorphous material [12, 25–29]. The force acting

on a given particle, α, after affine deformation, γ, is given by f
α
= Ξαγ where Ξα is a vector quantity

that quantifies the magnitude and direction of the asymmetry in the arrangements of nearest-neighbor

particles around a central particle, α, and is only zero for a perfect centrosymmetric lattice. Thus, the

expression for f
α
predicts additional, non-affine displacements in non-centrosymmetric crystals and amor-

phous materials to equilibrate a non-zero force after the affine deformation. Ξα can also be formulated

into a normalized, scalar, order parameter FIS where IS denotes inversion symmetry, or centrosymmetry.
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This order parameter can have values between 0 and 1 for arrangements that show maximum permis-

sible inversion symmetry-breaking and perfect inversion symmetry, respectively [12, 27, 29] (Section 6

Methods).

Advances in beam definition and detector technologies have opened up many new opportunities for

spatially resolved, small, coherent-beam diffraction experiments, well-suited to solving problems in com-

plex materials where disorder plays a role [30]. In particular, scanning micro-small angle x-ray scattering

has been used to sensitively probe local structural stability, local centrosymmetry and local strain in a

colloidal glass using a novel scanning strategy to sample local volumes in space and time [31]. Scanning

electron nano-diffraction has also been employed to map local structure and strain in metallic glasses

[32, 33]. Such approaches are especially valuable for disordered systems where it is challenging to recon-

struct particle positions and displacements in three dimensions, for example sub-micron colloidal glasses,

molecular and atomic glasses.

In this article, we focus on local parameters accessible from scanning small-beam diffraction measure-

ments that can provide microscopic insight into deformation mechanisms, namely the centrosymmetry,

the distortion and, from the distortion, the Burgers vector and the quadrupolar field. We find that the

Burgers vector and quadrupolar field both concentrate in areas where the non-affine displacement field

is large, indicating a plastic event. Yet, despite this, for several reasons, the Burgers vector emerges as

capturing unique and essential aspects of the material’s response to deformation, like direction of the coor-

dinated slips and length scales for elastic “screening”. These plastic events are accompanied by changes in

the local centrosymmetry of particle arrangements enabled by out-of-plane motion of individual particles.

We show how these parameters can be measured by scanning small-beam diffraction experiments, demon-

strating a pathway towards connecting structural defects and geometry that has been very illuminating

for crystals, but in this case for a glass [34].

2 Continuous Burgers vector in a simulated glass

Initially we simulate the measurable parameters from a model bead-spring (Kremer-Grest) polymer glass

(with average interparticle distance of 1 scaled unit) that undergoes simple shear up to a value of γ =

0.25 (preparation details in [13] and Section 6 Methods). We calculate the in-plane (x-z) and out-of-

plane (y) non-affine displacements in slices of the three-dimensional model that are one nearest-neighbor

polyhedral diameter thick and interpolate the fields (see [13, 21] and Section 6 Methods). The distortion

tensor components and derived parameters such as the Burgers vector and quadrupolar strain field are

calculated numerically from the interpolated displacement fields. We also calculate the local structural
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centrosymmetry of the polyhedra in the plane of our slice. This quasi-2D approach considering x-z and

x-y directions separately is comparable to structural projection in a transmission diffraction geometry

experiment.

Fig. 1 Model glass undergoing simple shear. (A) Stress-strain curve (pink line) for the range of strain
values studied 0.00 ≤ γ ≤ 0.25. Green arrows show the values of strain in the elastic and plastic regimes for
the configurations studied in Figure 2. Green and purple lines overlaid show the average magnitudes of the
displacements and centrosymmetry from slices in the x-z plane, respectively. (B) Left - Particle positions
in a slice of the model before (green) and after (pink) a strain increment is applied that induce distortion
of nearest-neighbor configurations illustrated - Right.

In Figure 1 (A) we show the average magnitudes of the non-affine displacement and centrosymmetry

in the plane of the applied strain (x-z) at each strain increment. The displacement magnitudes increase

sharply at the serrations in the stress-strain curve that mark plastic events. The local centrosymmetry

has a unique contrasting behaviour, either increasing or decreasing sharply at the plastic events, but

having an overall downward trend. This decrease in local centrosymmetry with deformation has been

measured previously experimentally [31]. The Burgers magnitude, quadrupolar magnitude and change in

centrosymmetry also show sharp jumps at plastic events, with the same trends also observed with the

same magnitude in the x-y plane (Extended data Figure S.1).

We spatially map these parameter magnitudes for one slice of the simulation cell in Figure 2 with

histograms of the mapped values given below each map. We examine the spatial distribution of parameters
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Fig. 2 In-plane (x-z) and out-of-plane (y) non-affine displacements, Burgers vector magnitude, quadrupolar
magnitude and change in local structural centrosymmetry for a x-z slice of the glass simulation at (A)
γ = 0.025 (B) γ = 0.093 (C) γ = 0.108 (see green arrows overlaid on the stress-strain curve of Figure 1 (A)).
Histograms of the mapped parameters are shown below each map. Note the order of magnitude increase
in all the parameter values at the system-spanning plastic event shown in (C).

in the elastic regime (γ = 0.025), at a larger plastic event (γ = 0.093) where the stress-strain curve is

departing from linearity and a very large plastic event close to the failure point (γ = 0.108) with these

points marked by green arrows in the stress-strain curve in Figure 1 (A). For all the plastic events it is

clear that the in-plane (x-z) and out-of-plane (y) displacements correlate strongly with the Burgers vector

and quadrupolar strain field and regions where the change in the structural centrosymmetry is large (both

negative and positive). The lateral size of the plastic event in the maps correlates with the parameter

magnitudes seen in the histograms. Going from isolated and small, to large, and system spanning, the

magnitudes increase by a factor of ten.

Previous experimental work found that local centrosymmetry strongly predicted local structural sta-

bility [31] confirming theory [12, 27, 29]. We see a similar relationship in our strained glass models whereby

the local structural centrosymmetry of the configuration prior to the application of a strain increment

(at γ − δγ) anticorrelates with the non-affine displacements induced by the strain increment (at γ). The
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average value of the cross-correlation between the local centrosymmetry at γ − δγ and non-affine dis-

placement magnitude at γ over the whole model volume and at every strain step (see Section 6 Methods)

was −0.181± 0.002, showing a marked anti-correlation. A volumetric rendering at the same strain steps

as Figure 2 (Extended data Figure S.2) shows how the structural centrosymmetry is a network that per-

colates through the volume and that focal points in the displacement magnitude occur in regions where

the centrosymmetry is low.

The displacement magnitude correlates strongly with the Burgers and quadrupolar magnitudes with

averaged cross-correlations of 0.428 ± 0.005 and 0.528 ± 0.003, respectively. This demonstrates that the

Burgers vector and quadrupolar component of the strain field are strong indicators of structural rearrange-

ments and plasticity. While it appears that the quadrupole correlates more closely with the displacement

magnitudes than the Burgers vector, this is due to the fact that the Burgers vector magnitude contains

fine variations that provide microscopic information about the co-ordinated displacements in the system,

as we investigate now.

Fig. 3 Interpolated fields for a slice in the x-z plane of the simulated glass for an isolated event in the elastic
part of the strain curve at γ = 0.025. (A) in-plane displacements (B) Burgers vector field (C) quadrupolar
field (D) Particle displacements with Burgers vector direction overlaid. Here, original positions are shown
by green particles and displaced particles are pink. Particle separations are 1 scaled unit.

To understand the spatial correlations between the different parameters in Figure 2 at a microscopic

level we zoom in to the small isolated plastic event in the elastic (linear) region of the glass’ deformation
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at γ = 0.025 (Figure 2 (A)) and display the displacement, Burgers vector and quadrupole as fields in

Figure 3. Both the Burgers vector and the quadrupole show intricate patterns in the vicinity of the large

displacement field (magnitudes and directions in Extended data Figure S.3). Interestingly, the quadrupolar

field does not show the characteristic 8-fold symmetry of an Eshelby inclusion event (compare with

Extended data Figure S.4). Also note that neither the quadrupolar or Burgers vector magnitudes are

maximum in the exact area of maximum displacement magnitude. Although there are large displacements

in this region, they have a low deviatoric component and are smoothly varying and continuous, giving

rise to compatible strain.

The Burgers vector direction captures something essential about the coordinated slips in the dense

system under strain as seen in Figure 3 (D) that overlays the Burgers direction on the particle snapshots

before (green) and after (pink) the strain step. In the vicinity of this event the material undergoes

coordinated slips in stripes that are angled at 45o to the shear strain direction (which can be understood

in a similar manner to Schmid’s law in crystal plasticity [13]). These fine-grained stripes are the thickness

of a polyhedral radius and reminiscent of nanometre-sized striped domains that have been found in some

ferroelectrics [35] or strain-glass ferroelastic and shape-memory alloys [36–38].

The centre of this isolated plastic event at (x,z) = (4,5) contains a particle with a large out-of-plane

non-affine displacement. At a microscopic level, the correlation between large in-plane and out-of-plane

displacements and large changes in local centrosymmetry can be understood intuitively. A polyhedron

with a high centrosymmetry in the x-z plane will distort affinely with each applied strain increment as

forces are balanced, and retain local centrosymmetry. However, if a particle jumps out of plane, many non-

affine displacements can subsequently occur, resulting in a large change in the local centrosymmetry. This

can lead to a cascade, or chain-reaction, effect in neighboring polyhedra. We see strong evidence for this

in the mapped change in local centrosymmetry with coordinated positive/negative changes occurring in

neighboring local structures. This observation may make a connection between defects and curvature that

is very intuitive in 2D systems [34], but less obvious in a dense 3D glass. Here defects form through particles

jumping out of the plane defined by the applied strain direction defining the plane. This mechanism

is perhaps also related to bond-switching between neighboring tetrahedra that has been observed in a

granular system under shear [39]. In general, displacements can only be measured directly in a glass made

of particles that can be resolved optically, but local distortions and centrosymmetry can be accessed using

small-beam diffraction [31]. In the following section, we assess how these measurable parameters can give

insight into localized plastic events in a glass.
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3 Continuous Burgers vector measurement from observable

distortion

In a crystal, the reference lattice configuration is known from the atomic positions in the unit cell and

lattice constants. Thus, even though displacements are needed to calculate the Burgers vector (Eqn. 1),

the Burgers vector in a crystal can be calculated using only the final distortions that are assumed to reflect

the difference between the “known” initial and final deformed structural configurations. This procedure

has been used to find dislocations in crystals in both imaging and diffraction experiments using electrons

and x-ray scattering [7–9]. For a glass, the reference configuration is not known, which invites the question,

is it possible to calculate the Burgers vector and quadrupolar strain for a glass without explicitly knowing

the displacements? In geomechanics, strain from deformation events is inferred from the distribution of

apparently randomly placed inclusions in a rock using the well-known Fry method to plot out the strain

ellipse [40]. Here, we test whether the same strategy can be employed for a glass.

In Figure 4 (A) we take a slice of our glass model, and introduce particle displacements that correspond

to an ideal quadrupolar distortion field [41], namely:

ur(r, ϕ) ∝
cos(2ϕ)

r
and uϕ(r, ϕ) = 0, (3)

where ur is the radial component of the displacement and uϕ is the azimuthal component. The quadrupolar

displacement field is clearly seen in the mapped displacement vectors but there are also clear changes in

the local particle distribution in the configuration “after” the localized deformation has been introduced.

If we calculate the Burgers vector and quadrupolar strain field from the displacements explicitly (Figure 4

(B) and Extended data Figure S.4 (B)) we uncover the magnitude and direction of the defect. If we fit the

distribution of particle positions around each particle with a distortion tensor (see Section 6 Methods)

from the configuration “after” deformation, the localized quadrupolar event is still visible in the calculated

Burgers vector and quadrupolar fields (Figure 4 (C) and Extended data Figure S.4 (C), respectively).

But, it is of the same magnitude as the local distortions that pre-exist in the glass’ configuration and

form during solidification. This observation explains why the ideal quadrupolar Eshelby distortion may

not be obvious in post-deformation particle-level strain fields of a glass [31]. When averaging the strain

over larger volumes and more extensive length scales (e.g., over many hundreds of local events) strain

fields with quadrupolar symmetry clearly emerge due to the strong directionality of the strain fields and

tendency for quadrupoles to align [42, 43].
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In situ experiments can provide measurements of the system before and after straining [31, 43].

If we take “before” and “after” distortion maps, and subtract the initial distortions from the maps

after deformation, we can recover the localized magnitude and azimuthal symmetry of the quadrupolar

event in the Burgers vector and quadrupolar strain fields, albeit with some loss of clarity, especially for

the direction (Figure 4 (D) and Extended data Figure S.4 (D), respectively). This discrepancy can be

attributed to the accuracy of the fitted distortion and also the fact that for large displacements a particle

may transfer from one nearest-neighbor polyhedron to another. In the limit of small displacements, the

calculation of the Burgers vector from displacements and from the difference in the distortion before and

after the deformation event should be the same (see Section 6 Methods). The loss of the Burgers direction

information is exaggerated by noise and phase-wrapping where the displacement field approaches zero.

We note that this same approach could be useful for heavily deformed or disordered crystals where the

reference configuration is not known a priori.

Fig. 4 Burgers vector from a localized quadrupolar event in a glass (A) Displacements and configuration
Before (green) and After (Pink) local deformation (B) Burgers vector (magnitude and direction) calculated
explicitly from displacements (C) Burgers vector (magnitude and direction) calculated from the distortion
maps of the deformed configuration (D) Burgers vector (magnitude and direction) calculated from the final
distortion with the initial distortion subtracted.

While both the Burgers vector and quadrupolar field seem to capture essential aspects of local defor-

mation events in a glass, the Burgers vector may be preferable to calculate, for a number of reasons.
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Firstly, while the quadrupolar strain field finds events with a large deviatoric component and quadrupo-

lar symmetry, the Burgers vector is perhaps more general, being sensitive to incompatible strains due to

both displacements and rotations [3]. This may prove more powerful to analyze the distribution of possi-

ble plastic structural transformations in a glass, that may not always adhere to the idealized symmetry

of a particular defect like the Eshelby inclusion [44]. Glasses possess a spectrum of different local struc-

tures that are sometimes symmetric and sometimes distorted [45]. At the microscopic level, “inclusions”

correspond to polyhedra with different local elastic responses that may not conform to the ideal ellip-

soidal geometry. Additionally, the Burgers vector is insensitive to the addition of a smooth displacement

field, as we show in the Extended data Figure S.5, whereas the addition of a smooth displacement field

alters and obscures the quadrupolar strain field. This invariance of the Burgers vector to the addition of

a smooth field illustrates its topological nature.

4 Experimental observations of defects in a colloidal glass from

diffraction

Here we show how these measurable parameters can be calculated from scanning small-beam diffraction

experiments. The in situ scanning microbeam small-angle x-ray measurement on colloidal glasses has

been described previously [31] and is analogous to scanning nanobeam electron diffraction that is readily

implemented in a scanning/transmission electron microscope for atomic glasses [32]. Here the polyhedral

diameter is also one length unit (in µm). We examine these spatially-resolved parameters from a colloidal

glass specimen where in-plane shear strain has been applied through the withdrawal of a wire that was

encapsulated inside the glass (see Section 6 Methods and Extended data Figure S.6).

Figure 5 shows the Burgers vector magnitude and direction ((A) and (B)) from the measured final

fitted distortion with the initial fitted distortion from the same region subtracted. Panels (C) and (D)

display the quadrupolar magnitude and direction, again subtracting the initial strain. Panel (E) shows

the measured local stability of the initial configuration (from time correlations in the microdiffraction

patterns) and Panel (F) shows the change in the local structural centrosymmetry from the breakdown in

Friedel symmetry in the dynamical diffraction patterns [31] (see Section 6 Methods). All these mapped

parameters show spatial fluctuations on the length scale of individual nearest-neighbor polyhedra as

expected from the simulations. Striped regions with large Burgers vector magnitude occur at an angle of

45o to the applied strain direction (see features indicated by green arrows and autocorrelation function in

Figure S.7). The Burgers vector direction and change in centrosymmetry maps show similar evidence of

cooperative slip and structural transformations in stripes as seen in the simulated system. The Burgers
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vector and quadrupolar magnitudes correlate well with the magnitude of the change in centrosymmetry

(0.53 and 0.56, respectively) showing that large changes in centrosymmetry correlate with plastic events,

also as seen in our simulations. The Burgers vector and quadrupolar magnitude both do not correlate

strongly with the local stability before deformation (0.017 and 0.009, respectively) perhaps showing that

the most stable areas are less likely to undergo plastic deformation. Beam stability and specimen stage

precision need to be improved to more thoroughly explore the relationships between all the parameters

at the microscopic level.

Fig. 5 Experimental maps from scanning microbeam small-angle x-ray scattering from a colloidal glass
subjected to simple shear in the direction left-right (A) Burgers vector magnitude and (B) direction. (C)
Quadrupolar magnitude and (D) direction (E) Local stability. (F) Change in local centrosymmetry. Green
arrows point to striped features at 45o to the applied strain that match the features seen in the simulated
sheared glass. Glasses were composed of 300 nm diameter colloidal SiO2 particles dispersed in water with
0.1 M NaCl (Section 6 Methods).

5 Discussion and Conclusion

We examine measurable geometric parameters that can be extracted from small-beam diffraction experi-

ments to probe deformation-induced local structural transformations in glasses. This class of experiments

could provide a useful, unified methodology to study deformation phenomena across the broad range of

systems that possess disorder. We compare several local geometric parameters: the centrosymmetry in

nearest-neighbors around a central particle, the continuous Burgers vector and the quadrupolar field that

can both be derived from the local distortions. From these studies, we find that the local Burgers vec-

tor captures essential features of the magnitude and direction of the material slips in the system. The

quadrupolar field often lacks the expected four-fold azimuthal symmetry, and moreover is highly sensi-

tive to the addition of other smooth strain fields in contrast to the Burgers vector which is a topological
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invariant. The local centrosymmetry changes in a spatially coordinated way in the vicinity of plastic

events. These changes in local structural symmetry seem to be connected to large out-of-plane particle

displacements, which may link topological defects to particle motion perpendicular to the applied shear

plane in a glass.

Our study suggests many further experimental and theoretical directions. Here we took a quasi-

2D approach by slicing the 3D sample to compare to transmission diffraction measurements on thin

(approximately 5-10 polyhedral diameters thick) glass specimens where the structure is projected [31, 32].

However, this analysis can be extended into the third dimension for more bulk specimens with diffraction-

based strain tomography [46, 47] and Burgers vector analysis in 3D [9]. Such an extension could be used

to visualize and quantify the incompatible strains that are quenched into a glass during formation, evolve

during ageing and arise abruptly during plastic deformation, a significant new tool for glass science and

engineering. The Burgers vector is a powerful analytical tool that could shed new light on the nature of the

defects that carry plasticity in an amorphous material. The observation of coordinated slips and changes in

structural symmetry at the length scale of a polyhedral radius perhaps provides a useful definition for the

solid state, as one in which the elastic screening length is equivalent to the inter-particle distances. This

observation coincides with the length scale for softness identified from machine-learning in many systems

[48]. These results give microscopic insight into how structure may relate to stability and plasticity in a

glass and could provide new directions to engineer stable crystals and glasses for different applications.

6 Methods

6.1 Modelling and simulation

Kremer-Grest models were employed [49] consisting of 50-monomer linear chains. The polymer chain had

two different types of masses (m1 = 1 and m2 = 3 placed in alternating order). The total number of

monomers in the system was N = 10000. Glasses initially quenched to zero in temperature are deformed

using the athermal quasi-static shear protocol (AQS) in the LAMMPS simulation package [50] using

increments in simple shear of δγxz = 0.001. The configuration is saved after each strain and relaxation

step. Further details of modeling can be found in [51].

6.2 Calculation of parameters

The models were sliced into twenty slices that were 2R0 in thickness where R0 = 1 was the average inter-

particle separation of 1. This quasi-2D treatment was performed in the x-z and x-y directions at every

strain step and parameters were calculated and averaged to compare to the stress-strain curve. Higher
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resolution volumetric calculations were performed at strains corresponding to different elastic/plastic

events by slicing the models in 270 slices using a rolling window that was 2R0 in thickness.

The force on a given particle, α, after affine deformation, γ, is given by f
α
= Ξαγ. Here Ξα,ij is a

vector quantity (denoted by an underline) that quantifies the magnitude and direction of the asymmetry

in the arrangements of the β particles around a central particle, α. Here, α, β refer to particles while i, j

represent the Cartesian directions and summation over i, j is assumed. Please note the difference to the

index notation employed previously [12, 25–29] to maintain consistency with the notation employed in

Eqns. 1 and 2. Ξα,ij = −κR0

∑
β n̂αβ,in̂αβ,j n̂αβ , upon neglecting anharmonic bond-tension terms (which

can be easily included). Hence, for a shear deformation, ij refer to the shear plane directions and are fixed

in the above expression. n̂αβ is the unit vector pointing from particle β to α and n̂αβ,i is the i-th component

of this. Ξα,ij is exactly zero for a perfect centrosymmetric lattice and a non-zero Ξα,ij predicts a non-zero

force on particle α and thus additional, non-affine displacements in non-centrosymmetric crystals and

amorphous materials.

We calculate the normalized order parameter for local centrosymmetry in nearest-neighbor particle

arrangements, FIS where IS denotes inversion symmetry, or centrosymmetry. This order parameter is a

scalar that can take values between 0 and 1 for arrangements that show maximum permissible inversion

symmetry-breaking and perfect inversion symmetry, respectively. This parameter is defined by [12, 27, 29]:

FIS = 1−
∑

ij |Ξij |2∑
ij |Ξij |2ISB

. (4)

Here, |Ξij |2ISB = κ2R2
0

∑
αβ(n̂αβ,in̂αβ,j)

2 is the value for |Ξij |2 when there is maximum breaking of the

inversion, or centrosymmetry [12, 27] and ISB denotes inversion-symmetry breaking [27].

The degree of inversion symmetry or centrosymmetry in nearest-neighbor particle arrangements was

calculated according to Eqn. 4 and employing a radial cutoff in neighbors of 1.2. This field was interpolated

on a regular grid (270x270) using the GRIDDATA function in Interactive Data Language (IDL) and a

radial basis function.

In Section 2 the distortion tensor was derived from the known particle displacements. The non-affine

displacements of the particles in a slice (uNA
i ) were calculated by subtracting the affine component of the

applied displacements (uA
i ) as follows: u

NA
i = ui − uA

i . These non-affine displacements were interpolated

onto the same grid as the inversion symmetry parameter. The interpolated non-affine displacements were

employed to calculate the components of the in-plane distortion tensor using finite differences. The 2D
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distortion tensor is given by [5]:

eij =

∂u1

∂x1

∂u1

∂x2

∂u2

∂x1

∂u2

∂x2

 =

e11 e12

e21 e22

 = ϵij + wij (5)

Here ϵij is the symmetric component of the strain:

ϵij =
1

2
(eij + eji), (6)

and wij is the antisymmetric part:

wij =
1

2
(eij − eji), (7)

that break the distortion down into two components: strains (volumetric and shear) and rotations,

respectively.

The Burgers vector was calculated using the distortion tensor components as follows:

bi = −
∮

dui = −
∮

∂ui

∂xj
dxj = −

∮
eij

dxj

dp
dp, (8)

The contour integral to calculate the local Burgers vector numerically was a square 7x7 pixels in size

employing four line segments parameterized by the variable p, as described in [13]. Here for a square with

side length 2L and a centre of (x1(0), x2(0)), four line segments A,B,C,D going anticlockwise around the

contour are defined by:

lA :


x1(p) = x1(0)− L+ p

x2(p) = x2(0)− L

lB :


x1(p) = x1(0) + L

x2(p) = x2(0)− L+ p

lC :


x1(p) = x1(0) + L− p

x2(p) = x2(0) + L

(9)

lD :


x1(p) = x1(0)− L

x2(p) = x2(0) + L− p
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for p ∈ [0, 2L].

The traceless symmetric strains from Eqn. 2 were used to calculate the quadrupolar field. The

magnitude and direction of the quadrupolar field are given by:

Q2
mag = Q2

11 +Q2
12, (10)

θ =
1

2
arctan(Q12/Q11), (11)

that reflect the definition of the quadrupolar component as [16, 17]:

Qij =

Q11 Q12

Q21 Q11

 = Qmag

 cos 2θ sin 2θ

sin 2θ − cos 2θ

 . (12)

Volumetric renders of the high resolution parameters calculated from the simulated system were

prepared in Napari [52]. The local structural centrosymmetry, FIS , was displayed as an isosurface with

a value of 0.75 and an opacity of 0.3. The non-affine displacement magnitudes were displayed with their

full contrast ranges that were 0− 0.012 for γ = 0.025, 0− 0.025 for γ = 0.093 and 0− 0.3 for γ = 0.108.

The non-affine displacement magnitudes were rendered as an attenuated maximum intensity projection

with an opacity of 1.0.

In Sections 3 and 4 the distortion tensor was derived from nearest-neighbor configurations and small-

beam diffraction patterns that probe the nearest-neighbor shell “before” and “after” deformation was

applied. In the simulated system, nearest-neighbors were identified using a radial cutoff ofRmax = 1.2. The

local distortion in nearest-neighbor configurations was estimated by fitting the positions of the neighbors

with a distortion tensor:

Rαβ = eijR0n̂αβ (13)

Here Rαβ is the vector between a central particle and a particle in the nearest-neighbor shell, R0 is

the average neighbor distance and n̂αβ is a unit vector pointing from α to β. Examples of fits from a

nearest-neighbor configuration “before” and “after” deformation are shown in Figure S.8 (A) and (B),

respectively.

The distortion introduced by the deformation increment was obtained from edij = eaij − ebij , where b

denotes “before” and a denotes “after” (see Figure S.8). As
∂ua

i

∂xj
= ∂

∂xj

(
ub
i + ud

i

)
=

∂ub
i

∂xj
+

∂ud
i

∂xj
, this is

the same as the distortion derived explicitly from the displacements up to the precision of the fit, and
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the retention of particles in the same nearest-neighbor configuration. The derived distortion fields were

interpolated on regular grids with the same spatial sampling as the non-affine displacements.

Cross-correlations between interpolated fields were calculated as follows:

Corr(∆x,∆z) =
⟨(f(x, z)− fmax)(g(x+∆x, z +∆z)− gmax)⟩x,z

σf(x,z)σg(x,z)
. (14)

Here, the the interpolated fields are f(x, z) and g(x, z). The normalizing factors are the maximum or peak

values of the distributions fmax and gmax and the standard deviations of the distributions σf(x,z) and

σg(x,z). Here the maximum or peak values are employed rather than the mean to take into consideration

the skewness of the distributions. The values of cross-correlation between fields reported in the main text

were the average over a range of
√
∆x2 +∆z2 ≤ R0.

6.3 Experimental scanning small-angle x-ray scattering

Further details of colloidal dispersion preparation and x-ray experimental conditions have been reported

previously [31, 53]. 300 nm diameter colloidal SiO2 particles (polydispersity 5%, Bangs Labs, IN, USA)

were prepared as 2.5% dispersions in water with 0.1 M NaCl. The dispersions were centrifuged into

glasses for 10 minutes at 10,000 RPM in an Eppendorf miniSpin and immediately encapsulated between

two 15µm Kapton films in the specimen holder with a spacer layer to control the thickness to 20µm and

sealed. A 20µm diameter copper wire was embedded in the colloidal glass and drawn out of the glass at

a rate of approximately 0.1 mm/s and a distance of 0.2 mm, producing a simple shear strain that varied

linearly with distance from the wire (see Figure S.6 (B)). Areas in the glass were scanned with the x-ray

micro-beam before and after the shear strain was applied.

µSAXS patterns were obtained by scanning the specimen with an ultra-low-divergence 5.5 keV x-ray

micro-beam defined by a gold near-field aperture (1.2 µm diameter see Figure S.6 (A)) milled into a

25 µm thick gold foil with a focussed ion beam (Thermofisher Quanta 3D, 30 keV, 1.5 pA Ga+ ion beam).

This aperture had smooth edges, giving rise to a well-defined Airey diffraction pattern (Figure S.7 (C)).

The small volume probed by the x-ray micro-beam produces well-resolved intensity “speckles” in the

diffraction pattern [31, 53]. Specimen scans were conducted in 0.5 µm steps and each line was scanned

twice to collect sets of I(qx, qz, x, z, t) and I(qx, qz, x, z, t+∆t) with ∆t = 30 s. Diffraction patterns were

collected using a Dectris - Pilatus 2M direct detection camera at a camera length of 7244 mm. Examples

are displayed in Figure S.7 (E) and (F).
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To quantify subtle angular symmetries in the “speckle” diffraction patterns the angular autocorrelation

function (C(q,∆)) of each diffraction pattern (I(qx, qz, x, z) = I(q, ϕ)) was calculated:

C(q,∆) =
⟨I(q, ϕ)I(q, ϕ+∆)⟩ϕ − ⟨I(q, ϕ)⟩2ϕ

⟨I(q, ϕ)⟩2ϕ
. (15)

Here the scattering vector magnitude is |q⃗| = q =
√

q2x + q2z = 4πsinθ/λ with a scattering angle of θ and

x-ray wavelength of λ. ϕ is the azimuthal angle in the diffraction plane and ⟨X⟩ϕ = 1
2π

∫ 2π

0
Xdϕ denotes

averaging over ϕ. Normalized symmetry magnitudes cnq /c
0
q were calculated from the Fourier transform of

C(q,∆) [54] at each value of q.

The appearance of non-zero odd-order Fourier coefficients indicates a break-down of π-rotational

symmetry in the diffraction pattern. The lack of this inversion or Friedel symmetry in the diffraction

pattern in this scattering geometry can be attributed to dynamical diffraction effects and an object that

is non-centrosymmetric in the specimen plane [31, 55]. Thus to map local centrosymmetry, the parameter∑
c2n+2/

∑
c2n+1 for 0 ≤ n ≤ 5 was recently proposed as it can be measured directly from small-beam

diffraction patterns [31]. This parameter probes the relative degree of local centrosymmetry in particle

arrangements within the near-field aperture.

The local time correlation coefficient at each point in the scanned array (x, z) was calculated from the

intensity (I(qx, qz, x, z, t) = I(t)) according to:

C(∆t) =
⟨(I(t)− ⟨I(t)⟩q1)(I(t+∆t)− ⟨I(t+∆t)⟩q1⟩q1

⟨I(t)⟩q1⟨I(t+∆t)⟩q1
. (16)

This local time correlation coefficient varies from point-to-point enabling the heterogeneity in local

structural dynamics in the glass to be visualized.

The local distortion tensor was calculated from experimental diffraction patterns by dividing the

diffracted intensity into angular ranges of π/24 and averaging the diffracted intensity over this angular

range to get intensity profiles, Iϕ(q). The intensity centre-of-mass from each arc,
∑

n qnIϕ(qn), was calcu-

lated to give the value of qmax where the peak in the diffracted intensity was located. qmax was normalized

by the average q0 = ⟨qmax⟩ϕ from the average µSAXS pattern of the entire ensemble. The normalized

qmax was fitted with a distortion tensor in the plane of the specimen [31, 43] :

q0 − qmax(ϕ)

qmax(ϕ)
=

Rϕϕ̂

R0
=

eijR0ϕ̂

R0
= eij ϕ̂ (17)
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with ϕ̂ = (cos(ϕ), sin(ϕ)). q0 was determined from the averaged diffraction pattern for the glass prior

to deformation. Examples of fits from the same volume in the glass “before” and “after” deformation

are shown in Figure S.8 (C) and (D), respectively. Further more extensive investigations of this process

are required to identify the optimum procedure and parameters for this fit and limits of sensitivity (e.g.

number of points, infinitesimal or finite deformation etc.) [56, 57].

The parameters derived from the distortion tensor - the Burgers vector and quadrupolar field - were

calculated as above for the simulations, taking care to subtract the distortion field from the initial config-

uration. A 3x3 closed contour integral was used to determine the Burgers vector, due to the low sampling

for the experimental data. We note that the value of q0 does not affect the calculation of the Burgers

vector, but the quadrupolar field is sensitive to the choice of the average volumetric strain.

Experimental maps were smoothed for display using a Savitsky-Golay smoothing kernel of width 2

and order 1. This optimal least-squares fitting method smooths noise, whilst retaining the width and

magnitude of peaks [31]. Other parameters like correlations were calculated from the raw maps.
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Appendix A Extended data

Fig. S.1 Stress-strain curve (pink lines) from the simulated glass from the range of strain values studied
0.00 ≤ γ ≤ 0.25. Green arrows show the values of strain for the configurations studied in Figure 2. Average
displacement magnitudes in the x-z (A) and x-y (B) planes. Average Burgers vector magnitudes in the
x-z (C) and x-y (D) planes. Average quadrupole magnitudes in the x-z (E) and x-y (F) planes. Average
magnitude of the local centrosymmetry in the x-z (G) and x-y (H) planes. Average magnitude of the change
in local centrosymmetry in the x-z (I) and x-y (J) planes.
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Fig. S.2 Visualizations of the local structural centrosymmetry (green - as an isosurface with a value of
FIS = 0.75) at γ− δγ and the non-affine in-plane displacement field (pink) at γ for (A) γ = 0.025 (B) γ = 0.093
(C) γ = 0.108 (see green arrows overlaid on the stress-strain curve of Figure 1). These parameters are
displayed as a volume and also as a slice from the middle of the volume. The local structural centrosymmetry
forms a stabilizing network that is complementary to the magnitude of the non-affine displacements. Note
the order of magnitude increase in the non-affine displacements in (C). See also videos in the Extended
data. Settings for the visualisations are detailed in Section 6 Methods
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Fig. S.3 Interpolated fields for a slice in the x-z plane of the simulated glass for an isolated event in the elastic
part of the strain curve at γ = 0.025 (A) and (D) magnitude and direction of the in-plane displacements.
(B) and (E) magnitude and direction of the Burgers vector (C) and (F) magnitude and direction of the
quadrupolar field.
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Fig. S.4 Quadrupolar field from a localized quadrupolar event in a glass (A) Displacements and configu-
ration Before (green) and After (Pink) local deformation (B) Quadrupolar field (magnitude and direction)
calculated explicitly from displacements (C) Quadrupolar field (magnitude and direction) calculated from
the strain maps of the deformed configuration (D) Quadrupolar field (magnitude and direction) calculated
from the final strain with the initial strain subtracted.
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Fig. S.5 Burgers vector and quadrupolar field from a localized quadrupolar event in a glass with the
addition of a smooth displacement field (A) Displacements from the localized quadrupolar deformation (B)
Left - a smooth displacement field composed of sinusoids Right - displacements in (A) with the addition of
the smooth field (C) Burgers vector (magnitude and direction) calculated from displacaments in (B) that is
insensitive to the addition of the smooth field (D) Quadrupolar field (magnitude and direction) calculated
from the displacements that is heavily distorted by the addition of the smooth field.

Fig. S.6 (A) 1.2 µm diameter near-field aperture (B) Colloidal glass specimen encapsulated between Kapton
sheets with wires embedded to provide a linear shear profile in the plane of the glass. The red line below
the centre wire shows the scanned area.
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Fig. S.7 (A) Autocorrelation of the experimental Burgers vector magnitude map (Figure. 5 (A)) showing
stripes at the length scale of a polyhedral radius. (B) Autocorrelation of the simulated Burgers vector
magnitude map (Figure. 2 (B)) showing striped texture at the same length scale, but with a more prominent
texture direction of 45o to the applied shear. (C) SAXS pattern of the 1µ m near-field aperture showing
symmetric and smooth Airey rings. (D) Broad-beam SAXS pattern of the colloidal glass. Micro-beam
SAXS pattern from an area in the glass on the first (E) and second (F) pass. Small differences in intensity
distribution between (E) and (F) can be quantified by the time correlation coefficient and reflect the local
stability of the structures in that volume.
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Fig. S.8 Estimation of the distortion tensor employing snapshots of a nearest-neighbor configuration from
simulation (A) “before” and (B) “after” deformation. The left panel shows the fit as an ellipse in the x-z
plane, while the right panel shows the fit as a distortion as a function of azimuthal angle, ϕ. (C) and (D)
show fits to experimental distortions measured from µSAXS patterns from the same small volume “before”
and “after” deformation.
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