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Local symmetry predictors of mechanical stability

in glasses

Amelia C. Y. Liu"?*, Espen D. Bgjesen'?, Rico F. Tabor*, Stephen T. Mudie®, Alessio Zaccone®,

Peter Harrowell’, Timothy C. Petersen’?

The mechanical properties of crystals are controlled by the translational symmetry of their structures. But for
glasses with a disordered structure, the link between the symmetry of local particle arrangements and stability
is not well established. In this contribution, we provide experimental verification that the centrosymmetry of
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nearest-neighbor polyhedra in a glass strongly correlates with the local mechanical stability. We examine the
distribution of local stability and local centrosymmetry in a glass during aging and deformation using microbeam
x-ray scattering. These measurements reveal the underlying relationship between particle-level structure and
larger-scale behavior and demonstrate that spatially connected, coordinated local transformations to lower sym-
metry structures are fundamental to these phenomena. While glassy structures lack obvious global symmetry
breaking, local structural symmetry is a critical factor in predicting stability.

INTRODUCTION

In crystals, mechanical deformation is mediated by the creation and
propagation of topological defects, which are precisely defined dis-
continuities in the translational symmetry. In contrast, glasses have a
continuum of local configurations (1), and the identity of zones that
will undergo transformation under load in glasses cannot yet be pre-
dicted on a structural basis, although many structural indicators have
been found to correlate with a propensity for plastic activity (2-4).
It is an ongoing materials engineering challenge to understand the
identity, size, and spatial distribution of these zones and how they
transform and interact to produce the global phenomena of aging,
embrittlement, rejuvenation, and plasticity in glasses (5). A critical
idea in understanding elasticity in glasses is the nonaffine component
of their response to applied force (3, 4, 6-11). In centrosymmetric
crystals, each particle is a center of symmetry, that is, any pair of op-
posing nearest neighbors is placed such that a straight line drawn
through the particle will intersect these neighbors at the same dis-
tance from the center. The pair of nearest neighbors is related by
mirror symmetry or inversion symmetry about the central particle.
In this case, the force applied to any one particle is balanced by its
neighbors, and the particles undergo affine displacements that are
proportional to the applied force until the elastic limit is reached,
and topological defects are created. In dense glasses with isotropic
interparticle interactions, such as those considered in this work, each
particle is in a unique local environment, and simultaneously the
center of its own nearest-neighbor polyhedron and vertex of adja-
cent polyhedra. These nearest-neighbor configurations may corre-
spond to a distinct polyhedral type from a broad diversity but, at the
same time, generally contain disorder or distortion (1). The poten-
tial imbalance of forces on any given particle results in nonaffine
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displacements, that, overall, reduce the energy of deformation and
material stiffness (8, 9).

These nonaffine displacements in an amorphous material are high-
ly localized and excellent identifiers of irreversible transformations
(11). They also correlate with a “softness” parameter derived from
machine learning that uses a large set of structural parameters to
predict the probability of particle rearrangements (3, 4). In jammed
packings, only a proportion of all point contact changes are associated
with these irreversible transformations (12). In another approach to
understanding the relationship of structure to stability in glasses,
the local particle geometry is specifically encoded into the material
response (6, 8, 9), whereby the nonaffine displacements of particles
are due to the sum of forces from nearest neighbors (f) as in Eq. 1.
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Here, y is the strain, and &; is a vector that quantifies the degree
of centrosymmetry and, thus, force imbalance around the ith particle
(6, 8, 9). The shear modulus of the material, reflecting stiffness, is
then composed of an affine (G4) and nonaffine (Gya) contribution.

G = Gs - Ga (2)

Gna is a function of &; and the Hessian (positive in the vicinity
of a global energy minimum), and thus, the nonaffine displacements
reduce the modulus. E; encapsulates the local structural symmetry,
and is a fluctuating, short-range vector field, with much apparent
randomness as would be anticipated for a glass. On the other hand,
the nonaffine displacements that are the linear response to these
forces show much longer-range correlations, cooperativity, and large
swirling, vortex-like structures (8, 9). In this way, Z; and nonaffine
displacements provide the key connection between apparently ran-
dom, fluctuating local structure and the longer-range cooperative
behaviors that are observed in glasses.

In this study, we make a direct link between local stability and
local structural symmetry in a glass using x-ray scattering micros-
copy (Fig. 1). Our measured maps of structure and softness demon-
strate that the local degree of centrosymmetry is a strong predictor
for mechanical stability in glasses. Furthermore, we examine glass

10f8

2202 ‘TS Yo Al U0 OUR |1l IPNIS BISBAIUN T 610°80Us 105" MMM//Sd1y Lo} papeo|umoq


mailto:amelia.liu@monash.edu

SCIENCE ADVANCES | RESEARCH ARTICLE

A
C
c"/c® o2 = c2m1s 0
0.8
0.6
0.4
0.2
0.0

123456 789101112
n

B
C(At) \

1.0

t, L,
0.8
0.6 At 2At 3At  4At 5AtL
D %
€

(q)) e % 0 e £ 0

0.2 g n s

0.1

0.000 0.8 1.6 24 3.2
-0.1 )
-0.2 . g

Fig. 1. uSAXS as a probe of local structure in a colloidal glass. (A) Geometry of scanning uSAXS in which the size of the illuminating beam is comparable to the size of
the nearest-neighbor polyhedral cluster. The corresponding diffraction pattern is not composed of smooth, isotropic rings, but discrete speckles that reflect local struc-
ture. (B) Local stability is probed from the time correlation coefficient [C(At)] between consecutive uSAXS patterns. (C) Degree of local centrosymmetry is reflected in the
magnitude of odd-order angular symmetries in the puSAXS pattern (cz"+1 > 0). (D) Local structural anisotropy (e, and €;) can be quantified from fitting the anisotropy in
the uSAXS pattern with an anisotropy function [€(¢)]. In the figure, bonds are drawn to emphasize the symmetry of particle arrangements.

aging and deformation and find that coordinated local structural
transformations to lower symmetry structures are at the heart of
these phenomena, providing particle-level insight into aging and
embrittlement (5, 13, 14) and deformation-induced localization of
strain in “shear bands” (13, 15, 16).

Scanning x-ray microscopy to map local stability
and local structure
The identification and prediction of soft zones in glasses and disor-
dered packings has so far been accomplished using atomistic models
(3,4,8,9, 11), confocal optical and video microscopy of microspheres
(13, 17-21), or photoelasticimetry (22), where particle positions can
be tracked in three dimensions as a function of strain and time.
Here, we demonstrate an experimental scanning x-ray microscopy
to map local stability and local structure in a glass that does not re-
quire volumetric reconstruction of particle positions. The experi-
mental geometry is shown in Fig. 1A; a thin, colloidal glass specimen
[300-nm-diameter spherical SiO, with 5% polydispersity (23)] is
scanned in an x-ray microbeam, and a transmission micro-small-
angle x-ray scattering (WSAXS) pattern is collected at each point. These
“speckle” diffraction patterns contain rich information that probes
local structures (23-25). Here, we simultaneously extract three pa-
rameters from each uSAXS pattern that together provide fresh under-
standing of the relationship between local stability and structure in
glasses. We demonstrate the strength of this approach by applying our
x-ray microscopy to colloidal glasses during aging and deformation.
We spatially resolve local structural stability by calculating the
local time correlation coefficient, C(At), obtained from the cross-
correlation between uSAXS patterns taken with a time interval At
[Fig. 1B and Materials and Methods (Eq. 4)]. This scanning uSAXS
cross-correlation microscopy (26) maps local stability as the glass
undergoes structural relaxations. We compare this local stability to
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two related, but distinct, measures of local structure: local centrosym-
metry and local anisotropy. Local centrosymmetry probes disorder
and divergence from perfectly centrosymmetric polyhedra in a dense,
glassy assembly, while local anisotropy reflects volume-changing nor-
mal (€,) and volume-conserving shear (€;) distortions according to
an anisotropy tensor.

We map the degree of local centrosymmetry in particle arrange-
ments in a colloidal glass using “Friedel microscopy,” which mea-
sures the breakdown in Friedel symmetry (or inversion symmetry
(27)) in each scanning uSAXS pattern. This microscopy mode that
has not been previously reported to our knowledge, probes the dis-
tribution of the magnitude of Z (fig. S8). Previous work has shown that
the single-scattering approximation does not hold in general for
thin, amorphous specimens (28). Limited probe-beam, multiply
scattered speckle diffraction patterns (Fig. 1A) exhibit a lack of
Friedel symmetry due to noncentrosymmetric particle arrangements,
whereby the diffracted intensity at azimuthal angles ¢ and ¢ + m are
not equivalent [I(g, ¢) # I(g, ¢ + ) for polar coordinates g and ¢]
(25, 29-32). This breakdown in inversion symmetry in the diffrac-
tion pattern can be detected extremely sensitively from the appearance
of odd symmetries in the angular autocorrelation function of the
diffraction pattern (odd-order Fourier-coefficients ¢ ' > 0) [Fig. 1C
and Materials and Methods (Eq. 3)] (25, 31, 32). On the basis of this,
we propose here a parameter to quantify local structural centrosymme-
try in glasses, which is the ratio of the even-to-odd angular symme-
tries in a uSAXS pattern (Sc*"*%/5c*"*'; Materials and Methods).

The local in-plane normal and shear structural anisotropy (€, and
€;) were derived by fitting the position of the first diffraction max-
imum in the uSAXS pattern with an anisotropy function, €(¢) [Fig. 1D
and Materials and Methods (Eq. 5)], that measures the in-plane
components of an anisotropy tensor (€., €4y, and €,,). These com-
ponents are separated into the normal [€, = (€. + €,)/2] and shear
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(€5 = €,) components to map distortions in polyhedra resulting
from local dilatation and contraction (positive and negative values
of €,) and shear (€). In some in situ experiments, this anisotropy
has been related to the applied engineering strain (33, 34). Here, this
parameter represents local deviations from the average interparti-
cle spacing.

Maps of these three parameters are derived solely from limited
probe-beam diffraction patterns and provide many further oppor-
tunities to identify soft zones in glasses and understand their con-
nection to local structures. Moreover, the size and distribution of
soft zones can be directly determined, giving insight into their role
in multiscale behaviors like aging, rejuvenation, and deformation.
This diffraction-based method is an alternative to experimentally
determining particle positions in three dimensions, which remains
a considerable challenge for bulk glasses and the large volumes re-
quired to investigate multiscale phenomena (35, 36).

RESULTS

Aging

Figure 2 shows maps of local stability [C(At)] and local structure in
terms of the degree of centrosymmetry in local particle arrangements
(Z*"2/2c*™1), and the in-plane normal and shear components

C(At) 202n+2/2 02n+1

of the structural anisotropy (€, €;) measured from colloidal glasses
that have been aged for 2 and 20 days (Fig. 2, A and B, respectively).
The glasses are highly heterogeneous, with all the mapped parame-
ters displaying an ostensibly random, snaking, and filamentous mor-
phology. These heterogeneous regions persist and remain localized
in the same area during relaxation (fig. S1) demonstrating dynami-
cal heterogeneity (37). Examining histograms of the mapped pa-
rameters (Fig. 2C), we can distinguish the broad trends and different
populations of structural states. Aging the glass increases local sta-
bility [C(Af)] but decreases the average local degree of centrosym-
metry (2¢*"**/Zc***!). The shapes of distributions also change
markedly, whereby the distribution of Xc*"**/2c*"*! narrows and
becomes symmetric, losing a small high-side shoulder, and at the
same time, the stability [C(Af)] and normal anisotropy (€,) broaden
and develop a high-side shoulder. These observations paint a com-
plex picture of aging that involves the reduction in centrosymmetry
oflocal arrangements “frozen” in from the liquid phase and the sep-
aration into distinct regions with high/low centrosymmetry, anisot-
ropy, and stability as the whole ensemble moves toward equilibrium
(Fig. 1D). For these athermal systems, this involves maximizing vibra-
tional entropy (38, 39), which may provide the impetus behind
the decrease in centrosymmetry and increase in normal anisotropy
to produce the largest local volume for particles.
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Fig. 2. Local stability and local structure of aged colloidal glasses. Local time correlation coefficient [C(At)], degree of centrosymmetry in local particle arrangements

(ZCZIHZ/ZCZnH )

and in-plane local anisotropy (€, €;) of colloidal glasses that have been aged for (A) 2 days and (B) 20 days. Maps are scaled to display + 4 SDs about the

mean value. The anisotropy map scales are centered on zero. The radial average of the autocorrelation function of each map is plotted below the corresponding map.

Cross-correlation functions (denoted with x) are displayed on the right of the corres|
local transformations to lower symmetry structures.
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ponding maps. (C) Histograms of mapped parameters. (D) Aging involves cooperative
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Correlations within and between the mapped parameters con-
firm these trends. The radial average of the autocorrelation function
is plotted below each map in Fig. 2, and the size of correlated do-
mains can be estimated from the width of the central maxima in these
functions. From these functions, we see that in the younger glass, all
correlation lengths are limited to the spatial resolution of the probe
(~7 um) except the time correlation coefficient (see also fig. S2 and
table S1). This observation and the smaller spread in the values of
C(At) suggest that the younger glass is more homogeneous, with local
arrangements that have high/low centrosymmetry and high/low
anisotropy intimately intermixed, producing less variation in sta-
bility. In contrast, the spatial correlation length of C(At) decreases
markedly with aging indicative of more distinct, spatially sepa-
rated areas with fast and slow dynamics. Aging also induces a small
increase in the correlation length of the local centrosymmetry
(~11 polyhedra) and a larger increase in the size of the normal an-
isotropy field (~19 polyhedra), showing that fluctuating local order
can produce longer-range cooperative displacements as anticipated
by theory (8, 9).

Cross-correlations between the local stability and the structural
parameters are displayed in the rightmost panels of Fig. 2 (A and B)
[C(AL) * 2 C(AL) % €,, C(AL) % €, where % denotes a
cross-correlation as defined in Materials and Methods (Eq. 6)]. The
spatial cross-correlation between local stability and local centrosym-
metry is weakly positive for the young glass but greatly enhanced
in the aged glass (see also fig. S3). The cross-correlation between sta-
ble local structures [high C(Af)] and the anisotropy is negative for the
younger glass indicative of the short-range strain fields. As the glass
ages and larger domains with a dominant anisotropy emerge, this
correlation becomes more positive. The local centrosymmetry param-
eter shows positive and negative spatial correlations with different
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Fig. 3. Distributions of the local structure parameters that correspond to different quartiles of the local stability. The values of Xc

components of the anisotropy (fig. S3), and these relationships
strengthen with aging.

The complex relationship between the mapped parameters can
be visualized further by plotting the distribution of the structural
parameters that correspond to the different quartiles of the local sta-
bility as displayed in Fig. 3A, where we display the mean and SE. In
the younger glass, the lowest quartile in stability associates with local
configurations that have higher centrosymmetry than the second
lowest quartile in stability. In contrast, in the aged glass, these un-
stable higher symmetry polyhedra have transformed to lower sym-
metry, and the plots show much stronger association between high
stability and high centrosymmetry. The relationship of stability to
anisotropy is reversed during aging, and the aged glass shows very
pronounced positive relationships between C(At) and €, and €, re-
spectively. This trend points to the central role of affine local struc-
tural transformations to create larger domains with a dominant
anisotropy and reduced structural softness as illustrated in Fig. 2D.

Compression

Deformation also changes the magnitude and spatial distribution of
the mapped parameters as can be seen in Fig. 4, where maps of the
same area of a freshly prepared glass are compared before (Fig. 4A)
and after (Fig. 4B) a compressive force is applied normal to the
plane of the specimen. Examining histograms of the parameters
(Fig. 4C), it is clear that while the average C(At) has increased in
the compressed specimen due to unavoidable aging during the ex-
perimental period (2 days), the distribution in the stability of local
structures has broadened and become asymmetric with a low-sta-
bility shoulder. This contrasts to the distinct population of high-sta-
bility states that arose during the purely aging experiment (Fig. 2C).
The degree of centrosymmetry in local structures has decreased
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Fig. 4. Local stability and local structure of as-prepared and deformed colloidal

glasses. Local time correlation coefficient [C(At)], degree of centrosymmetry in local

particle arrangements (2c2“+2/2c2””) and in-plane local anisotropy (€, €;) of (A) a fresh colloidal glass and (B) the same area after a compressive force has been applied.
Maps are scaled to display + 4 SDs about the mean value. The anisotropy map scales are centered on zero. The radial average of the autocorrelation function of each map
is plotted below the corresponding map. Cross-correlation functions (denoted with x) are displayed on the right of the corresponding maps. Note the increase in the
scanned area compared to Fig. 2. Black dotted lines are drawn along bands with extremely low stability where anisotropy has localized. (C) Histograms of mapped param-
eters. (D) Deformation involves cooperative local transformations to lower symmetry structures in bands

only slightly, while the width of this distribution seems unaltered.
In comparison to this, the distribution of normal anisotropy has
broadened and developed asymmetries. The average value of €, has
increased, indicating an overall generation of volume. This may
seem unintuitive, but net dilatation caused by local structural
transformations in disordered media is well known, even if the na-
ture of the deformation is compressive (40).

It is quite remarkable how little the distribution of centrosym-
metry in local arrangements changes for such a large increase in pos-
itive normal anisotropy. From the maps, the key point to explaining
this phenomenon is the spatial connectedness of these transforma-
tions to lower symmetry (see Fig. 4D) and the emergence of low sta-
bility, high normal anisotropy “bands.” The spatial connectedness
of these regions is clearly evident by inspection and in increasing
lateral correlation lengths. Before deformation, spatial correlations
in the measured parameters do not extend very far (approximately
seven polyhedra; see radial averaged autocorrelation functions be-
low maps and fig. S4 and table S2). After deformation, the spatial
correlation lengths of C(At) and €, become much more extensive,
even extending many hundreds of times the diameter of coordination
polyhedra (fig. S4 and table S2). At the same time, the local degree
of centrosymmetry develops two correlation lengths: a fluctuating

Liu et al., Sci. Adv. 8, eabn0681 (2022) 18 March 2022

one at the resolution limit, and a larger scale one, indicative of co-
operative transformations in the bands. Inspecting the maps, we see
that two distinct zones have emerged: one at the core of the bands
where stability, centrosymmetry, and shear anisotropy are minimized
and normal anisotropy is maximized, and surrounding this, a more
diffuse region where these conditions decay spatially and contain
short-range fluctuations. This observation supports previous mea-
surements of softness and structure in and around a shear band that
distinguish a localized core surrounded by broader, more diffuse
zones (41, 42). Our measurements show how a spatially fluctuating
local centrosymmetry produces these highly cooperative and long-
range displacements in shear bands (8, 9, 43). They further illuminate
how localization plays a role in discontinuous yielding in amorphous
materials (44).

Visual inspection of the maps and the calculated cross-correlation
functions (rightmost panels of Fig. 4, A and B, and fig. S5) demon-
strate that the spatial cross-correlations between parameters also
strengthen from deformation. Deformation strengthens the spatial
correlation between fast dynamics and low local centrosymmetry. It
also strengthens the correlation between low C(At) and large values
of positive normal anisotropy. Comparing the areas in the com-
pressed glass that show these clear trends (black overlaid dashed lines
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in the Fig. 4B) to the same areas before compression is applied, po-
tentially these shear bands initiate and propagate in areas where
local particle arrangements are unstable and have low inversion sym-
metry. After deformation, these local arrangements, in turn, trans-
form into yet more unstable, lower symmetry states, as illustrated in
Fig. 4D.

These complex trends and the emergence of spatially localized
bands of highly unstable, low centrosymmetry, and high normal
anisotropy states can also be distinguished in the distributions of
M2 /2c*! and anisotropy that correspond to the different
quartiles of C(At) as displayed in Fig. 3B. As for the aged glasses, it is
clear that a large distribution of local structures corresponds to differ-
ent dynamics, but distinct trends are present, whereby compression
strengthens the relationship between low stability, low centrosymme-
try, and high normal anisotropy. This is different from the relation-
ship between symmetry and anisotropy produced by aging, perhaps
indicative of the relative importance of affine, volume conserving
shear structural transformations in aging, and nonaffine volume gen-
erating normal structural transformations in deformation. Another
possible explanation for this observation is that aging and compres-
sion in this experiment involved long-range overall/applied stress in
the plane of the specimen and perpendicular to this, respectively.

DISCUSSION

We have demonstrated a firm link between the spatial distribution
of structural stability and the centrosymmetry of local particle ar-
rangements in a colloidal glass. When coupled with spatially resolved
measurements of local anisotropy, these maps provide a more com-
plete understanding of the effects of aging and deformation on
particle-scale structure and softness. These measurements are a quan-
titative bridge between local structure and global phenomena, con-
firming theoretical predictions that relate local structural symmetry
to larger-scale, cooperative behavior. As anticipated by theory, the
parameters that probed the local degree of inversion symmetry in the
glasses were short-range and fluctuating with a seemingly random
filamentous structure. Aging and deformation both involved reduc-
tions in the local structural centrosymmetry of quenched-in poly-
hedra. Larger-scale, cooperative behavior was produced by the spatial
connectedness of these local structural transformations. Our mea-
surements reveal that the key relationship in understanding multi-
scale phenomena such as aging and mechanical deformation in dense,
glassy assemblies of particles is the connection between local struc-
ture and structural stability. This link between structure and behav-
ior in glasses provides further opportunities to understand aging,
rejuvenation, deformation, and failure and engineer tougher glasses
from the particle level. While this contribution used an x-ray mi-
crobeam to probe colloidal microspheres, the probe beam could
readily be tuned to investigate universal glassy phenomena across
decades in length scale, ranging from nanobeam electron diffrac-
tion for atomic glasses to millibeam coherent light scattering for
granular packings.

MATERIALS AND METHODS

USAXS patterns were obtained by scanning a specimen with an ul-
tralow divergence 5.5-keV x-ray beam shaped by cleaved Ge slits (45)
and limited by a near-field aperture (7 um diameter in tungsten,
Lennox Laser, MD, USA). The 300-nm-diameter colloidal SiO, glass

Liu et al., Sci. Adv. 8, eabn0681 (2022) 18 March 2022

specimens (polydispersity 5%, Bangs Labs, IN, USA) were sandwiched
between two 15-pum Kapton polymer film layers with a spacer layer to
control the thickness to 20 um. The controlled thickness and near-
field aperture limit the number of polyhedral clusters that contribute
to each diffraction pattern and give rise to well-resolved “speckles”
(fig. S6) (31, 32). The limited thickness also simplifies the interpre-
tation of odd symmetries in the diffraction pattern as discussed fur-
ther below. Specimen scans were conducted with 2-pum steps for the
aging experiments and 4-um steps for the in situ compression ex-
periment over larger areas. Diffraction patterns were collected using
a Dectris - Pilatus 1 M direct detection camera at a camera length of
7244 mm, giving rise to measurements of I(gx, q,, x, y) at different
scattering angles defined by qx and qy and positions (x, y). A novel
spatiotemporal scan strategy was used to investigate local dynamics
whereby the same matrix of (x, y) points was scanned several times
to enable the magnitude of local structural variations to be probed
as a function of time. This produced sets of I(g, g,, X, y, t) and
I(gx qy» X, y, t + At) from which a local time correlation coefficient
could be calculated with At = 1040 s for the aged glasses and At =
2250 s for the deformed glasses with larger area scans.

The particles were dispersed in water. Repulsive interparticle
potentials were screened using salt (0.1 M NaCl). Further details of
colloidal dispersion preparation have been reported previously
(23). Dispersions (2.5%) were centrifuged into glasses for 10 min at
10,000 rpm in an Eppendorf miniSpin and immediately encapsulated
between the Kapton films in the specimen holder and sealed. Glasses
were aged in the specimen holder between the Kapton sheets. A com-
pressive force was applied to encapsulated glasses by evenly com-
pressing a 2-mm-diameter area between two cylindrical metal posts.

The angular autocorrelation function [C(g, A)] of each diffrac-
tion pattern [I(qx, gy, %, ¥) = 1(q, 9)] is calculated according to

Clg. )= ((I(g:0) (g0 + A))o - (I(4:0))s) (g 0))s  (3)

Here, |q|=q =\q:+q; = 4nsinf/) is the scattering vector
magnitude, where 0 is the scattering angle, and A is the x-ray
wavelength. ¢ is the azimuthal angle in the diffraction plane.
(X)o = % On Xd¢ denotes averaging over the azimuthal angle ¢.
Normalized symmetry magnitudes cg/ cg are calculated by Fourier
decomposition of the angular autocorrelation (46) at each value of
gq. The average of these normalized symmetry magnitudes from a g
range corresponding to the first peak in the structure factor located
atq (c"/c® = < cj/cg>g) is used to probe the angular symmetry
in local polyhedral particle arrangements (fig. S7).

These Fourier coefficients include odd symmetries (31, 32). The
presence of these symmetries indicates a breakdown in Friedel sym-
metry or the nonequivalency in diffracted intensities that are related
by inversion or equivalently, an angular rotation of & (31, 32). There
are three main sources of this Friedel symmetry breakdown, which
are a probe beam with an imaginary component, Ewald sphere cur-
vature, and dynamical diffraction from an object without a center of
symmetry in the transverse direction (29-32). In this case, the probe
beam over the 7-um-diameter aperture is real to a high degree. The
magnitude of the Ewald sphere curvature for 5.5 keV x-rays at
the scattering angles studied is 10 times smaller than the inverse of
the specimen thickness, and so, Ewald sphere curvature does not
contribute appreciably to the observed breakdown in Friedel sym-
metry. Thus, the observed asymmetry in the magnitude of opposing
diffracted intensities can be ascribed to dynamical diffraction from
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particles with a noncentrosymmetric in-plane arrangement within
the near-field aperture.

On the basis of this observation, we propose and measure a
parameter to quantify the degree of centrosymmetry of local struc-
tures. This is Zc"**/Zc*"™*! for 0 < n < 5, which will probe the degree
of centrosymmetry in the plane perpendicular to the beam direction
as shown in soft x-ray dynamical diffraction simulations (47) (fig.
S8) using tabulated values for the complex refractive index of the
SiO; spheres (48). X-ray scatter from the aperture produces some
structure in the incident beam, resulting in a low level of streaking in
the pSAXS patterns of the glass (fig. S6). This contribution will be
approximately constant in the centrosymmetry ratios calculated,
and thus, the mapped parameters reflect the centrosymmetry in the
local structure of the glass at different positions.

Thelocal time correlation coefficient at each point in the scanned
array (x, y) was calculated from the intensity [I(qx, gy, X, y, t) = I(#)]
according to

C(AL) = ((I(t) =(I(t) yqu ) (I(t + At) —(I(t + At)>q1)>q1/

(4)
(CI(t) ) I(t + AL) Y1)

This is similar in principle to x-ray photon cross-correlation
spectroscopy (49, 50) but with the key difference of using a small
near-field aperture to examine local dynamics in a limited area (26).
The local dynamics vary from point-to-point, enabling the heteo-
geneity in local structural dynamics in the glass to be visualized
(fig. S9).

The local structural anisotropy was calculated by dividing the
diffracted intensity into arcs with an angular range of ©/24 and av-
eraging the diffracted intensity in these arcs over the azimuthal angle
of m/24. The center of mass of the average diffracted intensity from
each arc was calculated to give a value of g,y corresponding to the
scattering vector where the peak in the diffracted intensity is located.
The local anisotropy was obtained by normalizing this by the aver-
age qo = (gmax)o from the average pnSAXS pattern of the entire en-
semble. The local function was fitted to extract the components of
the normal and shear anisotropy (33, 34) in the plane of the specimen
as follows (fig. S10)

€(0)= (90 — Gmax(0)) /gmax() = €xxcos’(9) +

. » ©)
Exy €0s(¢) sin(0) +€yy sin”(¢)

Values of g were determined from the averaged uSAXS pattern
for the two aged glasses so that the mapped anistropy is the local
deviation from the average. For the compression experiments, go
was determined from the averaged diffraction pattern for the glass
before compression. Normal and shear in-plane components are
displayed: €, = (€xx + €,,)/2 and €y, = €;. Thus, a positive value for
€, indicates dilatation, while €; is a volume conserving anisotropy.
Here, we refer to these parameters as reflecting the local structural
anisotropy, but in previous large and small probe diffraction mea-
surements, they have been related to the applied engineering strain
(33, 34).

Maps were smoothed using a Savitsky-Golay (51) smoothing
kernel with a width of 4 and an order of 2. This optimal least-squares
fitting method smooths noise while retaining the width and magni-
tude of peaks (fig. S11).
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The autocorrelation and cross-correlation of maps was calculated
according to

[fley) x glxy) | (Ax, Ay) =

<(f(x,)/) _<ﬂx’)’) >x,y) (g(x + AX’}/ + A)’) —<g(x,}/) >x,y)>x’y/(0-ﬂx,y) Gg(x,y))
(6)

where the normalization by the standard deviations oy, ,)Og(x, )
ensures the correlations range from 1 for perfect correlation and -1
for perfect anticorrelation.

The application of the Savitsky-Golay filter did not increase the
extent of any measured correlation as shown in fig. S11, where the
filtered autocorrelation is compared to the unfiltered result. The ma-
jor and minor full width half maxima of the central correlation were
extracted by using an elliptical Gaussian curve fit (tables S1 and S2).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn0681
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