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When deformed beyond their elastic limits, crystalline solids flow plastically via
particle rearrangements localized around structural defects. Disordered solids also
flow, but without obvious structural defects. We link structure to plasticity in
disordered solids via a microscopic structural quantity, “softness,” designed by
machine learning to be maximally predictive of rearrangements. Experimental results
and computations enabled us to measure the spatial correlations and strain response
of softness, as well as two measures of plasticity: the size of rearrangements and

the yield strain. All four quantities maintained remarkable commonality in their values
for disordered packings of objects ranging from atoms to grains, spanning seven
orders of magnitude in diameter and 13 orders of magnitude in elastic modulus. These
commonalities link the spatial correlations and strain response of softness to
rearrangement size and yield strain, respectively.

isordered materials such as metallic glas-
ses have desirable properties such as high
strength and stiffness, ultrasmooth sur-
faces, corrosion resistance, and ultralow
mechanical dissipation (7-5). Their wide-
spread use is limited because they tend to fail
in a catastrophic, brittle fashion (6-9). Brittle
failure likewise hinders applications of amor-
phous carbon (70), functional nanoparticle films
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(11, 12), and colloidal packings (13). These com-
plex failure modes also limit our understand-
ing of granular systems and symptoms of failure
modes such as avalanches and earthquakes
(2, 14-16).

In many cases, the failure process starts with
plastic deformation characterized by rearrange-
ments of constituent atoms or particles. Rear-
rangements can occur at any strain, even when
the material response appears nominally elas-
tic, but they do not begin to play a prominent
role in relaxing stress until the strain reaches the
macroscopically evident yield strain. In crystal-
line solids, rearrangements at defects such as dis-
locations typically allow for plastic flow even at
strains well above the yield strain, leading to a
ductile response. In disordered solids, by con-
trast, initially localized and homogeneously dis-
tributed rearrangements often proliferate rapidly
above the yield strain, coalescing to form shear
bands (6, 17). This process is considered the cul-
prit behind unpredictable and often catastrophic
failure.

Here, we focus on the structural underpin-
nings of the size of rearrangements at low strains,
where rearrangements are localized and homo-
geneously distributed, and the magnitude of
the yield strain. In crystals, most rearrange-
ments occur at dislocations, rendering the task
of linking these measures to structure relative-
ly straightforward. For disordered solids, struc-
tural fingerprints of rearrangements are subtle.
We exploit a recently introduced, machine-
learned microscopic structural quantity, “soft-
ness,” which has been shown to be strongly
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predictive of rearrangements in disordered
solids (8) and has expanded our conceptual
understanding of glassy liquids (19, 20) and
aging glasses (2I). We link the spatial correla-
tions of softness to the size of rearrangements,
and we link the strain response of softness to
the yield strain.

We conducted experiments and simulations
on a range of materials including amorphous
carbon, silica, metallic glasses, small-molecule
and oligomeric glasses, nanoparticle packings,
colloidal systems, aqueous foams, and granu-
lar packings (22) (see figs. S2 to S4, S6, S7, and
S10 to S12). In many of these systems, the in-
terparticle interactions are purely repulsive,
whereas in others there is metallic, covalent,
or van der Waals bonding. Some of the sys-
tems are two-dimensional (2D), but most are
3D. Moreover, the rearrangements have dif-
fering origins. In packings of atoms, molecules,
and smaller colloids, thermal fluctuations can
induce rearrangements even in the absence
of any mechanical load. Under applied load,
both the incurred stress and the temperature
can contribute to rearrangements. In aque-
ous foams, which are disordered packings of
air bubbles, some of the rearrangements are
induced by load while others are caused by
the coarsening process, in which large bub-
bles grow at the expense of smaller ones. In
larger colloids and granular packings, all of
the rearrangements are induced by the applied
load. We consider a variety of loading geom-
etries including indentation, uniaxial loading
of pillars under extension or tension, and sim-
ple shear.

Common rearrangement size in
disordered solids

We begin by characterizing the size of rear-
rangements, which are the precursors to global
plasticity. Rearrangements (or the initial rear-
rangements in an avalanche) have been recog-
nized as being localized in systems such as
Lennard-Jones glasses (23), bubble rafts (24),
foams (25), and colloidal glasses (26). Frame-
works such as shear transformation zone theory
start with the assumption that rearrangements
are localized (23, 27). Nonetheless, a consist-
ent quantitative measure of their size has been
lacking. For systems in which we can obtain the
particle positions in real space as a function of
time, namely colloidal and granular packings
or computational models, it is essential to dis-
tinguish rearrangements from other types of
displacements without specifying the nature
of the rearrangement. To do so, we follow the
literature and evaluate the quantity D2, be-
tween times ¢ and ¢ + At (23). This quantity cap-
tures the mean square deviation of a particle’s
position from the best-fit affine deformation
of its neighborhood,

Dy = g DI + 81) = Te(era0)
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and therefore measures the nonaffine motion
of particle k& at time ¢ (23). Here, r;(t) is the
displacement vector between particles 7 and
k at time ¢, J;(t) is the “best-fit” local defor-
mation gradient tensor about particle £ that
minimizes D2 (k;t), and the summation runs
over the M, particles within a radius R? of
particle k.

To measure the spatial extent of rearrange-
ments, we consider the normalized correla-
tion function

(D3in(0) D3y (7)) — (D)

min min min

([D3inl®) = (Diin)?

min min

(3D7,1n(0)3Din(r)) =

(2)

Note that the result depends on the time in-
terval At used to define Dﬁﬁn. Many of the sys-
tems we study exhibit avalanches near yielding,
where an initial localized rearrangement can
trigger others, leading to a cascade. To focus
on the initial rearrangement, we calculate D2,
at the value of At corresponding to the min-
imum of the correlation length & (22) (see fig. S1).
It also depends on the size of the neighbor-
hood R?; we find that &, is insensitive to R? as
long as it lies somewhere between the first and
second peaks of the pair correlation function,
g(r) (22) (see fig. S1). Figure 1A demonstrates
the exponential decay of (8D, (0)8D2, (1))
with 7 in units of the particle diameter d for
two different systems selected from our broader
study: a 3D melt of short polymer chains, in
which the diameter d corresponds to the size
of a monomer, and a 2D bidisperse granular
pillar, where d represents the diameter of the
larger particles. Indeed, for all of the exper-
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imental and computational systems studied,
we find that the correlations are reasonably
well described by an exponential decay with a
correlation length & (see figs. S2B, S3B, S5B, S8B,
and S9B). We therefore characterize the size of
rearrangements by & .. Note that this length scale
is distinct from that associated with dynam-
ical heterogeneities near the glass transition (28).
The first quantity is obtained from D2, calcu-
lated over a microscopic time scale; the second
quantity is measured over a longer time period
and is considerably larger because an initial re-
arrangement of size &, can spread in avalanche
fashion (29).

In crystalline systems, rearrangements are
concentrated at crystalline defects and there-
fore reflect spatial correlations associated with
the dimensionality and spatial extent of the
specific defects. Planar defects such as grain
boundaries delineate crystal-crystal interfaces,
whereas linear defects such as dislocations can
take on complex and spatially extended con-
figurations with a multitude of characters (edge,
screw, or mixed). These details can vary enor-
mously from one crystalline system to another
and will inevitably affect &,. Furthermore, not
all crystalline defects can produce plastic strain
(e.g., immobile grain boundaries). We there-
fore do not expect any commonality in the
value of &, for crystalline systems.

Our analysis of disordered solids draws a
striking contrast. Overall we have studied 12
different systems. For six of these systems,
which span almost the entire range covered
by the 12 systems in terms of Young’s mod-
ulus, particle size, and particle interactions,
we have obtained the particle position versus
time data needed for the analysis of rear-
rangement size. Specifically, three of these
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and softness fields. (A and B) Spatial correlations in
field (A) and softness field (B) for two very different systems: a 3D short-chained

polymer pillar studied by molecular dynamics simulation (circles) and a 2D bi-dispersed
granular pillar studied experimentally (triangles). Here, d is the diameter of a single monomer
for the polymer pillar and of a large particle for the granular pillar, and r is the radial
distance. The dashed lines are fits to exp(-r/¢€,) in (A) and to exp(-r/&s) in (B), defining the size
of rearrangements, &, and of soft regions, &. Similar exponential decays hold for all other

systems studied (22).
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systems are computational disordered solids,
all in 3D [the van Beest, Kramer, and van Santen
(BKS) silica model (30), the Kob-Andersen model
of a Lennard-Jones glass (3I), and oligomer glass
pillars (32)] and three are experimental dis-
ordered solids [3D colloidal pillars, 2D granular
pillars, and 2D poly(N-isopropyl acrylamide)
(PNIPAM) colloid glasses]. Figure 2A compiles
our results for &, versus particle diameter. The
results fall very close to the line of best fit, &,./d =
1.1 £ 0.2, where d is the effective particle diam-
eter (22). In the inset of Fig. 2A, we show the
ratio &,/d for the same systems on a log-linear
scale; this more unforgiving way of plotting our
results shows the adherence to a common value
of &./d.

Linking softness to rearrangements

Mounting evidence has shown that rearrange-
ments across a wide array of disordered mate-
rials depend on local structure and energetics
(33-37). It has been shown that local yield stress
is an excellent predictor of rearrangements in
athermal glasses (37). However, calculation of
local yield stress requires knowledge of interpar-
ticle interactions; this is often difficult to ob-
tain in experimental systems such as colloidal
and granular packings, which are naturally poly-
disperse. Several of us (19, 21) have shown that
local structure alone can be used to develop a
predictive description of dynamics in glassy lig-
uids (19) and aging glasses (2I). Central to the
approach is the introduction of “softness,” a
particle-based quantity that depends only on
the local structural environment of the particle.
Thus, softness can be determined from any static
picture (or snapshot) of the structure along de-
formation, time, or temperature trajectories. Soft-
ness is essentially a weighted integral over the
local pair correlation function g;(7) (20). Using a
machine-learning approach akin to linear regres-
sion (22), the weighting function is designed to
optimize the prediction accuracy for rearrange-
ments (19). In Lennard-Jones glasses (19) and
oligomer glasses (38), it has been shown that
the energy barrier that must be surmounted
for the particle to rearrange decreases linearly
with increasing softness. Thus, rearrangements
are exponentially more likely to involve particles
with high softness. Note that just as not all dis-
locations contribute to plasticity in crystals, not
all high-softness particles participate in rear-
rangements; like particles surrounding dislo-
cations, soft particles are simply more likely to
rearrange than others.

Because high-softness particles are much
more likely to rearrange, one would expect the
size of a rearrangement to be limited by the
spatial extent of high-softness regions. In anal-
ogy to the previous discussion of D: mm, we quan-
tify the size of structural heterogeneities by
considering the normalized spatial correlation
function,
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As with D2, we find that (5S(0)3S(r)) decays ap-
proximately exponentially with the correlation
length &, as shown in Fig. 1B for the short-chain
polymer glass and granular pillar. Similar plots
for the other four systems studied are shown
in figs. S2B, S3B, S5A, S8A, and S9A. Thus, &
is a good measure of the size of high-softness
regions that are more likely to rearrange. We
find that the emergent correlations of S are
nearly universal: Fig. 2B shows that like the
rearrangement size &, the spatial correlation
length for softness (the size of soft regions),
&, falls on a common line &;/d = 1.1 + 0.2 for
all systems studied. Thus, & and & are strongly
correlated. We now ask whether & is compa-
rable to the size of rearrangements, &,. In Fig.
2C we show the ratio of the size of rearrange-
ments to the size of soft regions, &,/&;. Indeed,
we find &./& = 0.97 = 0.07, with a scatter in
&,/Es that is significantly smaller than for &./d
or &/d, even while &, and & individually vary
by more than seven orders of magnitude. Our
multiscale analysis provides compelling evidence
that the size of rearrangements, &, is encoded
in the size of correlated soft regions in the sys-
tem, &, independent of the nature and even
the sign of interactions, the dimensionality of
the system, and how the rearrangements were
induced.

Common yield strain in
disordered solids

We next asked whether commonality of plas-
ticity is observed only in microscopic mea-
sures (i.e., rearrangement size and softness
correlation length) or whether it is also present
in macroscopic measures, such as the strain
at the onset of yielding. In crystalline sys-
tems, the yield strain is strongly dependent
on microstructural details. Only in the limit
of ideal strength (the theoretical upper limit)
is a constant yield strain expected, as a result
of the cooperative crystal shearing mecha-
nism needed in this extreme. In crystalline
engineering materials, preexisting defects
are plentiful and thus the yield strain depends
strongly on processing. A common practice
in selection of materials for engineering de-
sign is to populate a plot of yield strength
versus Young’s modulus E. Slopes drawn on
such an “Ashby chart” give one measure of
the yield strain. As a basis for comparison, we
examined values for crystalline systems cat-
egorized by material class, represented in Fig. 3
as clouds. The yield strength of crystalline
metals varies by nearly four orders of mag-
nitude despite a relatively small variation
in E. Semicrystalline polymers, on the other
hand, show a relatively small variation in
yield strength yet can exhibit large differ-
ences in E. Clearly, there is no universality in
the onset of yielding in crystalline systems,
either within a particular material class or
overall.

In contrast, it is known that certain classes
of disordered materials share a common value
of the yield strain (39-4I) despite the hetero-
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Fig. 2. Microscopic analysis of dynamics and structure. Emergent properties of the D?, and

min

softness fields for six different materials are shown, as indicated within (C). (A and B) The

correlation lengths of Dfmn (A) and softness (B),

& and & respectively, are plotted against particle

diameter d for each material on a log-log scale. The dashed lines in (A) and (B) represent the
proportionality relations &/d = 1.1 £ 0.2 and &/d = 1.1 £ 0.2, respectively. The insets show &./d
and &./d, respectively, versus d on a log-linear scale. (C) The ratio &./&s is plotted against d for
each material on a log-linear scale. The average of this ratio is &./&; = 0.97 £ 0.07 (dashed line).

(D) Snapshots of the D2,
pillar experiment.

geneity of atomic or particle positions within
the material. A constant value of the yield strain
in shear of 2.7% was empirically shown for a set
of metallic glasses on the basis of mechanical
tests (39) and was further corroborated by at-
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and softness fields for the oligomer pillar simulation and the granular

omistic simulations (40). Experiments on uni-
axially loaded colloidal pillars showed a similar
yield strain even though the elastic moduli were
smaller by as much as five orders of magni-
tude (41).
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Fig. 3. Macroscopic mechanical response. An Ashby chart shows yield stress o, versus
Young's modulus E for a variety of experimental and simulated disordered systems. We also
include literature values for metallic glass experiments (39), glassy polymer experiments
(42), and BKS silica simulations (43). The data collapse onto a single curve, implying a
universal yield strain of e, = 2.9 £ 0.3% (dashed line). In contrast, crystalline metals

(red cloud) show a large variation in strength with little change in E, and semicrystalline
polymers (blue cloud) show a wide variation in E with little change in strength. Previously
reported crystalline material clouds were generated using Materials Property CES

Selector software by Granta Design.
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The dashed line denotes the universal €

value of yield strain for disordered

materials, e,. The inset shows values of AS(e,) versus particle diameter d for all six systems. These
values are all similar, suggesting that the universality of the yield strain of disordered materials
reflects a common response of softness to strain.
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Here, we extend the Ashby chart for disordered
solids from five orders of magnitude (47) to more
than 13 orders of magnitude in elastic mod-
ulus. To do this, we have expanded the class of
disordered systems to include covalently bonded
amorphous solids (amorphous carbon) and sev-
eral different metallic glasses (see table S1) as
well as extremely weakly attracting or purely
repulsive systems (colloids, aqueous foams, and
granular materials; see tables S2 and S3). We
include experimental and computational results
for systems subjected to various loading condi-
tions (uniaxial compression/tension, indenta-
tion, and shear). Figure 3 shows our collated
results for yield strength versus E. Striking-
ly, the data collapse onto a single line on this
log-log plot with a linear relationship, corre-
sponding to a universal yield strain of e, = 2.9 +
0.3%. Note that the data collapse is insensi-
tive to the specific definition of the yield strain,
as detailed for each system (22). We also in-
clude literature values for metallic glasses (39),
glassy polymers (42), and simulations of sil-
ica (43), which also collapse on the universal
curve. We note that although microscopic in-
formation is not available in all systems shown
in Fig. 3, four of the systems spanning nearly
the full range of E values appear in both
Figs. 2 and 3. The implication of this result is
that the macroscopic shape change (kinemat-
ics) needed for the onset of yield is essentially
universal in disordered materials, irrespec-
tive of the nature of the interparticle or atomic
interactions.

Linking softness to yield strain

To draw a link between the yield strain and mi-
croscopic structure as quantified by softness,
we draw insight from results for glass-forming
liquids by noting an analogy between the yield
strain e, and the glass transition temperature
T,. They respectively mark the strain and tem-
perature at which rearrangements relax the
system on the time scale of measurement. In
thermal glassy liquids, the average softness (S)
is controlled by temperature 7'; the higher 7,
the higher (S) (19). Moreover, it has been shown
that there is a relation between relaxation time
and (S); the higher (S), the shorter the re-
laxation time (21). The shift in (S) with 7 thus
provides a structural measure that tells us
about the sensitivity of the relaxation time to
temperature.

We suggest that the sensitivity of (S) to
strain € provides a way of understanding the
common value of the yield strain across sys-
tems. We consider a neighborhood around
particle & that is larger than the neighbor-
hood required to calculate softness, and apply
an affine uniaxial extension at fixed volume
(pure shear) of magnitude £ to the neigh-
borhood. We then recalculate softness for
particle k. The result averaged over all par-
ticles is (S(e)); we also calculate the standard
deviation of the softness distribution in the
absence of strain, 6s = /(S2) — (S)? The quan-
tity AS(e) = [(S(e)) - (S(0))]/os measures the

4 0of 5

8T0Z ‘2T Arenuer uo /Ao Bewadualds aaualds//:dny wol papeojumoq


http://science.sciencemag.org/

RESEARCH | RESEARCH ARTICLE

change of softness due to applied strain in
units of the standard deviation of the softness
distribution.

Figure 4 shows that AS(e) increases with
strain €, indicating an increased likelihood
of rearrangements with strain, as expected. A
value of AS(e) = 1 would correspond to a shift
of the average softness equal to the standard
deviation of the softness distribution. Note
that the shift in average softness is an order
of magnitude smaller than the standard de-
viation for all systems over the range of strains
studied. The response of softness to strain is
characterized by a smooth function that is
quite similar quantitatively for all six systems
up to (and even beyond) the onset of macro-
scopic yielding. The inset of Fig. 4 shows the
value of AS(e) at the common value of the
yield strain e, as determined from Fig. 3, dem-
onstrating commonality across length scales.
This quantitative similarity of the response
of softness to strain for all systems studied
provides strong evidence that commonality
of yield strain has an underlying structural
origin.

Discussion

Figures 2, 3, and 4 provide evidence of uni-
versality of spatial correlations in the micro-
scopic dynamics and structure connected to
plasticity, as well as universality in the onset
of macroscopic yielding and in the response
of microscopic structure to strain in disor-
dered solids. These quantitative commonali-
ties transcend the details of constituent size
and interactions.

The observed universality lends quantitative
credence to the use of model disordered solids
as analogs of atomic glasses—for instance, in
sheared bubble rafts (24) and colloidal solids
(26). Commonalities in the statistics of slip in-
termittency just above yield among various
disordered solids (44, 45) suggest additional
universality near yield. One corollary of com-
monality of yield strain is that one cannot easily
increase the strain at the onset of yielding of a
disordered solid. A more promising route to in-
creasing the toughness of disordered solids may
be to manipulate the evolution of rearrangements
above the yield strain, thereby increasing the
window of plastic flow between the yield strain
and failure. The success of the softness frame-
work in explaining two properties of plasticity
near yield suggests that it may also provide a
fruitful approach for studying shear band for-
mation in systems beyond yield.

The universal behaviors that we observe
are all the more striking because there is no
sign of universality in the microscopic pack-
ing structure itself. For each system, the de-
finition of softness is different. Universality
only becomes apparent once the softness of
the constituent particles is considered, where
we see emergent commonality in the proper-
ties of softness.

In crystals, on the other hand, there is uni-
versality in the microscopic structure, in the sense

Cubuk et al., Science 358, 1033-1037 (2017)

that there is a universal definition of a dislocation
independent of constituent size, interactions, or
crystal structure. However, the spatial correlations
of dislocations vary enormously from one crystal-
line system to another—a direct consequence of
the extended nature of these linear defects. As a
result, the emergent properties of crystalline de-
fects are not universal. There is no commonality
in the spatial correlations of dislocations, so we
expect no commonality in the spatial size of re-
arrangement events. Likewise, there is no com-
monality in the yield strain among material
classes (Fig. 3). Indeed, most efforts in the mod-
eling of crystal plasticity focus on incorporating
specific features of the material under study (e.g.,
dislocation density and character of dislocations)
and the prevailing notion is that no unifying
theory is tractable.

The essential differences between plastic-
ity in crystals and plasticity in disordered
materials can be summarized as follows. In
crystals, there is universality in the defini-
tion of the microscopic structural features
correlated with rearrangements, but in dis-
ordered solids there is not. On the other
hand, in disordered solids there is emergent
universality in the properties of those features,
but in crystals there is not. The origin of this
universality is not yet understood. Our results,
however, point to the possibility of a unifying
framework and a vast simplification of our
understanding of plasticity in disordered sol-
ids, which paradoxically may not be possible
for crystals.
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Materials and Methods

Calculating Softness

To construct softness, we need to be able to track the positions of particles with time. We characterize the
local structure around particle k using a set of M structure functions. These structure functions fall into two
families,

Glks ) = 3 elrmm I (1)
W(ki& N ¢) = Y el it itrii) /€ (1 4 Xcos i) )
4,7

where 1, €, A, and ( are variables that characterize the members of each family of functions; r;; is the distance
between particles ¢ and k; 0;; is the angle made between particles k, ¢, and j. The first set of structure
functions provides information about the radial density at distance p from particle k. We choose the range
of p and ¢ to be [0, 3.5d], where d is the typical distance separating neighboring particles, unless we specify
otherwise. The parameter L is the size of the window in radius; a delta function would correspond to the limit
L — 0. We choose L = 0.1d; this is a fine enough scale to distinguish between local variations of structure,
but coarse enough so that the noise does not overwhelm the signal. The second set counts the number of large
and small bond angles within a distance £ of particle k. Here, varying A = +1 determines whether we are
counting large or small bond angles. Changing ( controls the angular resolution of the structure functions.

We assigned each structure function an orthogonal direction in M -dimensional space. The particle’s local
structural environment at time ¢, as encoded by the structure functions, is therefore represented by a point in
M -dimensional space; the vector connecting the origin to this point is F(t). We then “train” as follows.
From the experiment or simulation, we choose a small set of IV, rearranging particles and [V,, particles that
are not rearranging. We determine whether or not particles are rearranging as follows. For systems under
mechanical load, particles with D2, above a threshold value, DZ; , are considered to be rearranging. In
quiescent systems in which no mechanical load is applied, we also characterize rearrangements using the
quantity pnop. To construct pp, for a particle ¢ at time ¢, we first define two intervals in time, A = [t —0t/2, t]
and B = [t,t + 6t/2] and then write,

Phop (i) = VA(ri(t) — (ri(t)) 5)) al(ri(t) — (ri(t))2)?) 5. 3)

where (-) 4 and (-) 5 are expectation values over the A and B intervals respectively, and 0t is a timescale
commensurate with the timescale for particles to rearrange (29). For quiescent systems ppo, offers a more
sensitive measure of rearrangements that refers to single particles as opposed to neighborhoods of particles.
Particles with py,,, above a threshold value of pyqp 0 are considered to be rearranging.

We calculate the structure functions for each particle in the training set to obtain the position of each
particle in M -dimensional structure-function space. We then use the method of support vector machines
(SVM) to calculate the hyperplane that best separates points corresponding to rearranging particles from
points corresponding to non-rearranging particles. The SVM algorithm was implemented using either the
scikit-learn package (46) or LIBSVM package (47). Once the hyperplane is constructed, it can be used to
classify the structural environments of particles that are not included in the training set. For each particle
k, the softness Sy, is defined as the signed distance of the particle’s position in M -dimensional structure-
function space to the hyperplane, with positive softness corresponding to particles that lie on the same side of
the hyperplane as rearranging particles in the training set. The higher the softness, the more likely the particle
is to rearrange (/9).

The hyperplane encodes the relation between structure and dynamics in the system. Softness is the linear
combination of the M structure functions that correlates most strongly with rearrangement dynamics. Struc-
ture functions with larger projections onto the normal to the hyperplane contribute more to softness. For
systems with different interactions, the hyperplane is different and therefore the physical interpretation of




softness is different. The method is highly accurate; for systems ranging from BKS silica to Lennard-Jones
glasses, oligomer glasses, experimental colloidal packings and granular packings, 75%-95% of the rearrange-
ments occur at particles that are on the positive softness side of the hyperplane. See movies S1 and S2 for
experimental and simulated systems with particles colored by both softness and DZ. .

Measuring Yield Strain

For all systems in which we have measured macroscopic stress-strain curves or force-displacement data, we
calculate the yield strain. We convert force and displacement data to equivalent stress and strain quantities.
For the case of uniaxial experiments, we define the yield strength from the stress vs. strain response as either
the clear deviation from linearity during the initial loading, or as the stress at which system-spanning shear
bands forms. For instrumented indentation experiments, we use the Oliver-Pharr method (48) to deduce a
hardness value, from which a yield strength can be estimated using an appropriate Tabor factor and values
of reported Poisson’s Ratio. Elastic moduli are measured from either loading or unloading curves, and are
converted to an equivalent Young’s modulus for comparison across systems.

&, Parameter Selection

To ensure that we find the rearrangement length scale in a consistent way from system to system, we have
studied how R? and At affect &,.. The sampling radius, R? , determines the size of the volume over which
D2, is computed. In order for D2, to be well defined, we must take RZ to be greater than the first peak in
the radial distribution function. Fig. S1A demonstrates that R” has little effect on the rearrangement length
scale between the first and second peaks of the radial distribution function. As the second peak is crossed, the
correlation length modestly increases. To maintain consistency in our results, we report &, at RP = 1.5d in
all of the systems we study.

The second parameter, At, denotes the lag-time between frames. Fig. S1B illustrates how &, varies with
At. At small At, &, is large and decreases with increasing At. At some finite lag-time, &, begins to increase
again as rearrangements induce nearby rearrangements. Thus, this minimum value of &, is a good measure
of the size of a single rearrangement. We report this value in all of the systems we study. For reference,
the At which corresponds to the minimum &,. is typically several times longer than the ballistic timescales in
molecular dynamics simulations.

0.20
A . 08 B . Oligomer Pillar
0.15 - . . Granular Pillar
> . . 0.6 .
W W
= 0.10 =
wr wr 0.4
& 0.05 . W
. Oligomer Pillar 02l .
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M 0.0 U R
1.6 1.8 2.0 2.2 24 00 05 10 15 20 25 30
Re At/AL,

Figure S1: Demonstrates how the rearrangement length scale, &, varies with (A) R2 in units of d and (B) At.
To calculate &,, we fit exp (—r /&) to the spatial correlations in the D2, field at each parameter selection.
These correlations are defined by Eq. 2 in the main text. Here,  is the radial distance from particles, &, o is
the reported rearrangement length scale, and At is lag-time of the minimum &,..



Amorphous Carbon Experiments
Synthesis of Carbon Films

Two sets of amorphous carbon thin films were prepared: amorphous hydrogenated carbon thin films in their
regular form (a-C:H) and with silicon and oxygen dopants (a-C:H:Si:O). The a-C:H set contained two films;
their growth, composition, mechanical, and tribological properties have been reported previously (49, 50).
These two coatings were deposited by plasma-assisted chemical vapor deposition (PACVD). In a vacuum
vessel, precursor gases are introduced through a shower head facing the substrates, and a DC bias voltage is
applied on the cathode that holds the substrates (while the vessel is grounded), leading to the generation of a
plasma. The interactions between this plasma and the substrates’ surfaces will allow either etching or growth
of a thin film, depending on the nature and pressure of the precursor gas and the bias voltage applied. For
these films, (100) monocrystalline silicon wafers were used, the precursor gas was acetylene, at a flow of 10
sccm. For the two samples referred to as AC8 and ACS5, growth was conducted at a constant pressure of 100
and 200 mTorr respectively, and an applied bias voltage of -800 and -500 V respectively. The ACS and AC8
films were estimated to contain approximately 40 and 34 at.% H respectively (the remainder being carbon),
and have 65% and 70% of the carbon atoms in the sp2-hybridization respectively, with most of the rest in the
sp>-hybridization (49).

The a-C:H:Si:O material is of interest due to its enhanced thermal stability compared to a-C:H (5/-53).
The growth, composition, mechanical, and tribological properties specific form used here is described in detail
elsewhere (51, 52). Briefly, the coatings were deposited on silicon wafers by Sulzer-Metco Inc. (Winterthur,
Switzerland) using a proprietary plasma-enhanced chemical vapor deposition (PECVD) process (52, 53). The
plasma is formed from a siloxane precursor using a hot filament, and the resulting ions are deposited onto Si
(100) substrates with a negative bias applied to a thickness of approximately 2 ym. The films were estimated
to contain approximately 57 £ 3 at.% C; 3 1 at.% O; 6 = 1 at.% Si; and 34 + 3 at.% H (54). They were
determined to have 48 + 2% of the carbon atoms in the sp?-hybridization, with most of the rest in the sp3-
hybridization (55).

Mechanical Response to Nanoindentation

Unlike metallic glasses, amorphous carbons are highly covalently (directionally) bonded and tend to fail
through perfect brittle fracture without evidence of shear bands or rearrangements leading to even small
amounts of ductility. However, nanoindentation provides the opportunity to apply high shear stresses in
the presence of significant hydrostatic compressive pressure, thus suppressing fracture. We found, consistent
with previous literature studies (56), that plastic indents can be readily formed. While this observation for
a-C:H films is not new in and of itself, the studies here were conducted with particular attention to avoiding
substrate effects which can occur when the films are not sufficiently thick. Here, films were at least 10 times
thicker than the maximum indentation depth.

Nanoindentation tests to obtain reduced modulus and hardness were performed using a MTS Nano Inden-
ter XP following the continuous stiffness measurement (CSM) method described previously (56) while using
a Berkovich tip. During the test, the load was applied exponentially versus time, in order to keep a constant
strain rate throughout indentation. The ratio of the loading rate to the load (P’/P) was set at 0.03 s~*. Experi-
ments were performed in ambient air, at room temperature. The reported values of the mechanical properties
include 8 or 9 distinct measurements at different locations on each sample (we were able to check the location
of each indent on the surface, thanks to an integrated optical microscope).

The reduced modulus and hardness were determined for each individual indent by averaging the quantities
from each individual stiffness measurement within the depth range 100200 nm. This range was chosen to
avoid both surface and substrate effects. The standard deviation of each of these quantities over the selected
depth range was taken to be the experimental uncertainty. For a suitably stiff diamond probe, the Young’s
modulus can be determined from the reduced modulus as E = E,.cguceq(1 — v?), and the Poisson’s ratio was
determined using a surface force apparatus to be within the range 0.1 < v < 0.2 (57). Additionally, the yield
stress was determined from the hardness as 0, = H /K, where the Tabor parameter was assumed to be in



the range 1.5 < K < 3.0. The uncertainty expressed in the error bars is a combination of the experimental
uncertainty and the uncertainty due to the conversion factors v and K.

Metallic Glass Experiments
Synthesis of Metallic Glass Films

DC magnetron sputtering was employed to deposit Pd;7 5CusSii6 5 from an alloy target (58). The target was
produced by ACI Alloys Inc. from elemental sources with 99.99% (Pd source) and 99.999% (Cu and Si
source) purity. Sputter deposition was performed in an ATC Orion series magnetron sputter deposition system
(AJA International Inc.). Following evacuation of the chamber to base pressures of <5x10~8 Torr, an argon
plasma was struck at a working pressure of 4 mTorr and a target power of 125 W. Thin films were deposited
simultaneously on Si [100] and soda-lime glass slides.

To control glass structural state, thin films were deposited at varying substrate temperatures. The substrate
was radiatively heated using a quartz lamp heater. The substrate temperature was monitored by a shielded
thermocouple, which measured heat radiated back from the sample holder. To calibrate the true temperature
of the substrate, irreversible temperature sensitive dots (Omega Label) where placed on the sample holder
and observed while increasing the heater set point. Therefore, all reported substrate temperatures indicate the
true deposition temperature and not the heater set point.

The composition was primarily determined by energy dispersive X-ray spectroscopy (EDS) in a FEI
Quanta 600 FEG Mark II using a EDAX Octane Super silicon drift detector. All spectra were taken at 5
kV and an incidence angle of 30° to ensure the electron interaction volume was fully contained by the thin
film. The resulting spectra were analyzed using EDAX TEAM software suite.

To cross-validate the EDS analysis, metallic glass (MG) thin films deposited under similar conditions
were analyzed using Rutherford backscatter spectroscopy (RBS). RBS spectra were collected using a NEC
Mini-Tandem accelerator operating at 2 MeV. The RBS detector was calibrated using a spectrum taken from
a Pb-doped aluminum oxide. The RBS spectra were analyzed using xRump and SimNRA analysis pack-
ages. The average film composition is Pdsg3Cug,Sii55, which agrees well with the target compositions of
Pd77.5CugSij6 5.

The structure of the thin films was observed through x-ray diffraction (XRD). A Rigaku Smartlab diffrac-
tometer was operated in a parallel beam geometry to collect §—26 scans from 30 to 60 260 from thin films
deposited on soda-lime glass. To support the XRD analysis, FIB lift-outs were prepared from select deposi-
tion conditions. The lift-outs were observed in a JEOL 2100 transmission electron microscope operating in
both bright and dark field conditions. Selected area electron diffraction patterns were also taken from within
the thin film. Structural characterizations reveals consistent amorphous structures in the MG thin films.

Mechanical Response to Nanoindentation

The mechanical properties of the sputtered MG thin films were assessed by nanoindentation. An Agilent
(now Keysight Technologies) G200 with XP module and diamond Berkovich tip was used to indent the thin
films at a constant loading-rate-to-load-ratio (P’/P) of 0.05 s~*. Depth resolved hardness and modulus of
MG thin films deposited on Si substrates were determined by the continuous stiffness method. Due to the
small modulus difference (~10%) between the MG films and Si, the substrate has a limited effect on the
Oliver-Pharr modulus and hardness for indentation depths smaller than 25% of the film thickness (59, 60)



Metallic Glass Simulations

p E B 1 v 21 /E 274 /E
(g/cm®) (GPa) (GPa) (GPa) (%0) (%)
Binary LJ System 1.2 39 60 15 036 ~4.5 24
Cluag Ageo 9.6 39 85 12 044 ~33 2.1
CuysZrsy 6.9 38 89 12 044 ~3.9 2.6
ZT‘52_5CU17‘9NZ'14,6AlloT’ig) 7.0 71 153 27 0.42 ~ 5.2 29

Table S1: Properties of metallic glasses calculated by finite-T molecular dynamics

Simulation Protocol

Metallic glasses (MGs) are simulated at the atomic scale with either pairwise interatomic potentials (67, 62) or
embedded atom (EAM) potentials (63—66). Table S1 lists the density p, Young’s modulus E, bulk modulus B,
shear modulus 1, Poisson’s ratio v, the initiation shear stress 7, and propagation shear stress 7, of a shear
band in a binary Lennard-Jones (LJ) MG, two EAM binary MGs, and a 5S-component EAM MG, respectively.
To convert the shear stress to uniaxial tensile/compressive stress, one needs to divide by the Schmid factor
of 0.5, so 274, is the uniaxial stress to keep a 45° inclined metallic shear band in propagation once it is
nucleated, and this is the value that should be compared directly to the experimental yield strength. 274,/ E
(last column of Table S1) is therefore the non-dimensionalized uniaxial yield strength, that is compared across
different materials.

Molecular dynamics simulations reveal that as shear transformation zones (STZ) aggregate into an em-
bryonic shear band, and later into a mature shear band which resembles a mode-II or mode-III shear crack, the
glassy material inside undergoes aged-rejuvenation-glue-liquid (ARGL) transformations (61, 64). The exter-
nal mechanical energy input can also drive diffusive mixing (66) and crystallization of the processed material.
At mesoscale, such hierarchical self-organization of flow defects and shear banding can also be modelled by
a stochastic kinetic Monte Carlo (kMC) model (67, 68).

Kob-Andersen Binary Lennard-Jones Mixture Simulations
Simulation Protocol

Quiescent simulations of the Kob-Andersen (KA) mixture were performed above the dynamical glass transi-
tion. The KA mixture is a long studied fragile glass-former with Lennard-Jones interactions and no directional
bonding (37). A detailed methodology of these simulations can be found in Refs. (19, 20). For completeness,
we have repeated the details of the model below. We study a 10,000 particle Kob-Andersen mixture at number
density p = 1.20. This model consists of an 80:20 mixture of particles interacting through the Lennard-Jones
(LJ) potential with parameters: 044 = 1.0, cap = 0.8, 0pp = 0.88, €44 = 1.0, e4p = 1.5, egp = 0.5,
my = mp = 1.0. We measure distances in units of 0 4 4 and times in units of 7 = 4 /mAcr%A/eAA with a
Boltzmann constant kg = 1.0. To improve the computational efficiency we cut the LJ potential off at 2.50 4 4
and smoothed the potential so that its second derivative is continuous at the cutoff. This mixture has been
extensively characterized and features a mode-coupling temperature at ;o1 = 0.42. We simulate the sys-
tem using LAMMPS (69) in an NVT ensemble using a Nosé-Hoover thermostat with a timestep of 0.00257.
Typically, we output the state of the system every ¢, and quench the states to their closest inherent structure
using a combination of FIRE and conjugate gradient algorithms. This allows us to identify rearrangements
with less ambiguity. Here, ¢, was chosen to be a timescale that is commensurate with the crossover between
ballistic and caged dynamics in the respective systems.



Microscopic Structure and Dynamics

The quiescent nature of these simulations implies that there is no large affine background motion that must be
accounted for when identifying rearrangements; this should be contrasted with other systems in this study that
are below their dynamical glass transition where rearrangements must be initiated by an external mechanical
perturbation. In the absence of large affine deformation there is no obvious benefit of using D2, = to identify
rearrangements. Moreover, since D2, uses a region of size R to identify the background affine motion, it
cannot identify individual particles that rearrange as well as a metric that involves only a single particle.

In quiescent systems, we therefore use a “hop” indicator function, phep(4,t), as described by Eq. 3. In
instances where the central particle has not rearranged we note that ppo, will fluctuate at the scale of the
variance in particle positions during the quench. When a rearrangement occurs, ppop Will of order A% where A
is the displacement of the mean position of the particle during the rearrangement. This provides a substantial
separation of scales between rearranging and caged dynamics. Typically, we define a threshold of ppop, ~ 0.05
to separate these two regimes.

To construct the training set, we first must identify local environments that are most and least susceptible
to rearrangement. For the former, we take a set of N, = 6000 particles that will rearrange within 27 with
Dhop = Phop,o = 0.6. To identify prototypical non-rearranging particles, we identify a set of IV,, = 6000
particles that do not rearrange for a substantial fraction of the relaxation time, 7. We then use a Support
Vector Machine (SVM) to construct a hyperplane with a cross-validation accuracy of approximately 90%. In
Fig. S2A, we draw a snapshot of the system with the particles colored according to their softness. We calculate
the spatial correlation for D2, and softness. Although pp, better characterizes rearrangements for a quiescent
system, D2. offers a similar characterization and can be used on mechanically driven systems. Thus, to
maintain a consistent definition of the rearrangement length scale (&,.) across quiescent and mechanically
driven systems, we examine the decay length of the D2, correlation function for all systems in this study. Both
the D2, and softness correlation functions are plotted in Fig. S2B and show clearly exponential correlations.

We find ¢, = 1.08 and {5 = 1.3.

Figure S2: (A) A snapshot of the KA system. Particles with .S > 0 are colored red while particles with S < 0
are semitransparent. Clear spatial correlations exist. (B) The correlation of operators (5 A(r)3 A(0)) for D2,
(red) and S (blue).

BKS Silica Simulations
Simulation Protocol

Quiescent simulations of the van Beest, Krame and van Santen (BKS) silica (30) were carried out at temper-
atures above the dynamical glass transition. BKS silica mimics silica, the prototypical strong glass former,
and features strong covalent directional bonds. It has been used to describe properties of silica melt (70) and
amorphous silica (7/). To prevent atoms from fusing together, which is a well known unphysical property



of the BKS potential, we have used a harmonic potential at small distances (7/). This modification does not
affect the potential at intermediate and low temperatures, but reliably prevents unphysical fusion events. We
use a unit cell of 960 silicon atoms and 1920 oxygen atoms. Simulations were done using LAMMPS (69).
We first melt a-quartz at 6000 K, and then quench it to 2500 K with a cooling rate of 5 x 10*2 K s~1. Data is
collected using the NVT ensemble at 2500 K. We output states every 400 fs, and quench them to their inherent
structure using a combination of FIRE and conjugate gradient algorithms.

Microscopic Structure and Dynamics

The hyperplane used to generate the softness field for this system was obtained using a similar method to the
Kob-Anderson quiescent simulations. For completeness, we repeat the details below. Due to the quiescent
nature of this simulation, we use the “hop” indicator function, pnop(i,t), as described by Eq. 3 for the same
reasons described in the Kob-Anderson simulation section. To construct the training set, we identify local
environments that are most and least susceptible to rearrangement. For the former, we take particles that will
rearrange within 27 with ppop > phop,0 = 0.6. To identify prototypical non-rearranging particles we identify
local structures that do not rearrange for a substantial fraction of the relaxation time, 7. With these criteria
in mind, we identify N, = 6000 candidates for rearranging particles and N,, = 6000 candidates for non-
rearranging particles. The M -dimensional structure function space used to describe the local neighborhoods
of silicon and oxygen atoms were described by the same radial and angular structure functions used for the
Kob-Anderson quiescent simulations. We used a Support Vector Machine (SVM) to construct a hyperplane
with a cross-validation accuracy of approximately 86%. The optimal C parameter of the linear SVM was found
to be 1 by cross-validation. A snapshot of the system is shown in Fig. S3A. Furthermore, D2, = was calculated
with a cutoff of 3.75 A. The spatial correlation functions are plotted in Fig. S3B. As with the Kob-Anderson
simulations, the decay length of the D2, correlation function is found to maintain a consistant definition of
the rearrangement length scale, £,., across both quiescent and mechanically driven systems. Both softness and
D2, 'have spatially exponential correlations as far as 11 A. We find s = 3.19 A and &, = 3.26 A. In units

of the Si-Si bond length (3.1 A), these lengths scales are {5 = 1.03 and &, = 1.05.
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Figure S3: (A) A snapshot of the SiO5 system. Particles with S > 0 are colored red while particles with
S < 0 are semitransparent. Spatial correlations are apparent in this system, too. (B) The correlation of
operators (§A(r)5A(0)) for D2. (red) and S (blue).
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Oligomer Pillar Simulations
Simulation Protocol

We performed and analyzed molecular dynamics simulations of a coarse-grained model of a polymer pillar.
The protocol for generating this pillar has been described in depth in prior work (32), but the potential has
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been modified so the samples exhibit brittle failure at low temperatures. Our simulations consist of 2 x 10°
monomers that are bound in chains of length 5. The bonded interactions are taken through a harmonic bonding
potential,

Ub = — (’I"i]‘ - d)z, (4)

where r;; is the radial distance between monomers i and j and k;, = 2000¢/d?. The non-bonded interactions
are taken using a modified 12-6 Lennard-Jones (LJ) potential,

o 12 - 6
nb _ 4 —
Vi ‘ l rij — A rij — A

We chose A = 0.75d and 0 = d — A/2'/% where d is the unit of length of our simulation. This gives
the potential shorter range and higher curvature while restricting the minimum to reside a the same location
as the standard LJ potential. We present the following results in reduced units, i.e., distance is measured in
units of d, temperature is measured in units of kj, /e and time is in units of 7 = \/e/md? where m represents
the mass of a single particle. This study was completed using LAMMPS (69) with a simulation timestep of
0.00066367. We analyzed pillars at 7 different temperatures, 7' = 0.05, 0.1, 0.15, 0.2, 0.25, 0.275, 0.3 and
0.325. These temperatures are all below the glass transition temperature, T, = 0.38 4= 0.02 which was found
using a cooling rate of 1 x 1077,

We confined the polymer glasses to a pillar geometry with a diameter of 50d to ensure the centers of the
pillars obtained “bulk-like” dynamics. The initial configuration of the pillars was found by by inserting chains
which followed an ideal random walk in cylindrical space, and overlapping monomers were relaxed using a
soft pushoff technique. All systems were equilibrated in the NVT ensemble at T' > T, and equilibration
continued until the monomers has diffused several times the end-to-end distance of the oligomers. Periodic
boundary conditions were taken to be in the axial direction of the pillar.

: )

Microscopic Structure and Dynamics

We quantified rearrangement of particle  between times ¢ and ¢ + At using D2, from Eq. 1 in the main text.

A particle at time ¢ is said to be rearranging if D7, > D7 ;. o. Here we chose D2, , = 0.1d*. This value
was chosen by using the same method as in Ref. (/8).

To characterize the local structure around particle ¢, we use a set of M/ = 165 structure functions, defined
in Egs. 1and 2. The summations are performed for all particles within a radius RS. Our results are insensitive
to changes in R so long as we include the first few neighboring shells (/8). In this work, we set RS = 2.5d
and fixed L = 0.05d.

Shear bands form in many of the pillars at large strains. These shear bands contain many particles with
D2. > D2. .. To ensure that our training set did not simply distinguish between particles in the shear band
and out of the shear band, we confined ourselves to the first few timesteps of the simulation before any shear
banding had occurred. Because the relaxation times differ between the exterior and interior of the pillars (32),
we confined ourselves to the interior of the pillar, a cylinder of diameter 16d. At each temperature, we chose
N, = 700 randomly from the set of rearranging particles, and /V,, = 700 particles with the lowest values of
D2, averaged over T, timesteps as non-rearranging particles (19). In each pillar, 7, was chosen to be the
relaxation time of the interior of the pillar. As in Ref. (72), these relaxation times were calculated by fitting
the intermediate scattering function of the interior of the pillar to a KW W-stretched exponential where 7, was
chosen to be at where the function crossed 0.2, and g was chosen to be the location of the first peak in the
static structure function.

Itis not possible to specify a hyperplane that completely separates rearranging particles from non-rearranging
ones. Thus, the SVM is designed to penalize particles whose classification is incorrect. This misclassification
penalty is controlled by the parameter C' where larger C' values correspond to fewer incorrect classifications.
This parameter was chosen to be C' = 0.1 by nested cross validation (73). For this value of C, we find that

more than 93% of rearrangements occur at particles with softness S > 0. This prediction accuracy is very
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high, and is close to that obtained in Ref. (/9). Fig. S4A-C contains snapshots of the pillar’s softness field
at several frames of the simulation. We calculate the spatial correlations in the softness and D2, prior to

shear band formation. The correlations are clear and exponentially decay as shown in Fig. SSA-B. We find
s =0.6d and & = 0.73d.

Figure S4: Plots of the softness fields of the 7" = 0.2 oligomer pillar at times (A) ¢t = 1, (B) t = 50, and (C)
t = 110. An exterior layer of particles of thickness RS are removed from the graphics because their structure
will be distinctly different than the bulk sample that we trained on. Softness values are on a hyperbolic tangent
scale going from transparent to opaque and from blue, to green, to yellow, to orange, and finally to red. As
necking develops, particles with high softness cluster around the deformation.
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Figure S5: Normalized plots of the spatial correlations of the interior of the 7" = 0.2 pillar for (A) S and (B)

D2, . The exponential decay of these correlations are clear.
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Mechanical Response to Tension Applied Along Pillar Axis

To obtain the elastic moduli and yield stress for this study, we ran simulations with a standard Lennard-Jones
potential between non-bonded monomers, i.e. where A = 0 in Eq. 5. The details of these simulations have
been previously described (32), but pertinent details are repeated below. Particles were confined to pillars
about the periodic z-axis. All pillars were given an aspect ratio of 2. We varied the diameters, D, and chain
lengths, NV, of these pillars systematically as shown in Table S2. To strain the pillars, we lengthened the z-
direction of the simulation box at two true strain rates, ¢ = 3.5 x 10~% and ¢ = 3.5 x 10~5. These rates have
been labeled the “fast” and “slow” strain rates in Table S2 respectively. We calculated stress-strain curves
of each pillar directly from the LAMMPS output. The Young’s Modulus, E, of each pillar was calculated
by fitting a line to the stress-strain measurements before a strain of 2.2%. The yield stress, o,,, was found by
taking to be the the maximum stress of the simulation. Table S2 reports the averaged Young’s Modulus and
yield stress of three independent pillar configurations where the errors represent the standard error between
the configurations.

N D@mm) ¢ E (GPa) OF (GPa) o, (GPa) oo, (GPa)
5 52 slow 0.629  0.004 0.0232  0.0003
530 fast 0494  0.004 0.0169  0.0004

5 30 slow 0.649  0.009 0.0234  0.0006

5 15 slow  0.67 0.07 0.026 0.002

50 30 slow 0.688  0.002 0.0246  0.0003
500 30 slow  0.70 0.01 0.0254  0.0008

Table S2: Properties of Polymer Pillar simulations

Molecular Glass Experiments
Molecular Glass Film Synthesis

All molecular glass films used for nano-indentation measurements were prepared using physical vapor de-
position (PVD) in an ultra-high vacuum chamber with a base pressure of ~ 10~7 torr. The details of the
custom chamber are described in our earlier publications (74). Silicon (one side polished, 100 plates from Vir-
ginia Semiconductor) with 1~2 nm native oxide layer was used as the substrates for all films. Small organic
molecule N,N/-Bis(3-methylphenyl)-N,N/—diphenylbenzidine (TPD) was purchased from Sigma-Aldrich and
used without further purification. 1,3-bis(1-naphthyl)-5-(2-naphthyl)benzene was synthesized by palladium
catalyzed suzuki cross-coupling of 1-bromo-3-chloro-5-iodobenzene with naphthylboronic acids. The de-
tails of the synthesis is reported in our earlier publications (74, 75). Mixture of TPD and TNB powder were
premelted in vacuum oven to ensure full mixing before vapor deposition. For TPD films, the substrate tem-
perature was held at 341 K (Tg, rpp + 13 K). For TNB films, the substrate temperature was held at 291K
(Tg,T~B - 52 K). The as-deposited films were annealed in a vacuum oven at 363K (T Tng + 20 K) for 20
minutes before the indentation measurements to ensure that the as-deposited glass is transformed into an or-
dinary liquid-quenched glass (74). For TPD+TNB mixture films, the substrate temperature was held at 353
K (Tg,rpp + 25 K or Tg rn + 10 K). An average deposition rate of 0.5 - 1 nm/s was used for all films.
An in-situ quartz crystal micro-balance (QCM) was used to monitor film thickness during deposition. After
deposition of roughly 1 pum films, the substrate temperature was brought back to room temperature before the
sample was removed from the chamber.

Mechanical Response to Nanoindentation

Indentation experiments were performed using a diamond Berkovich tip in a Hysitron TI-950® nanoindenter.
Prior to the indentation tests on the molecular glass films, the area function of the Berkovich tip was calibrated.
Indentation tests into a fused silica sample, with known Young’s modulus and hardness, were done at a range
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of loads to yield measurements at different contact depths. The area function was then determined by fitting
a model, assuming a known Young’s modulus and hardness of the fused silica, to the measurements.

Indentation tests on the molecular glass films (TPD, TNB, TPD+TNB) were performed in load control.
For each test, the load was ramped up to the peak load in 5 s, held for 2 s and then unloaded over 5 s. Indents
were performed at seven different peak loads between 50 /N and 200 ;4 N. Measurements were performed at
5 randomly selected locations for each load on each specimen, thus the reported values represent the average
of 35 measurements for each specimen. The force-displacement (FD) curves were recorded at a rate of 200 Hz.
The reduced Young’s modulus and hardness were obtained by analyzing the FD curves using the Oliver-Pharr
method (76). The yield strength was estimated as 1/3 of the measured hardness.

Nanoparticle Film Experiments
Nanoparticle Film Synthesis

Packings of silica nanoparticles (d = 20.0 & 4.8 nm) with thin alumina coatings were spin-coated on to
silicon wafers from aqueous solutions to produce films between 100 and 500 nm thick. This rapid deposition
technique, along with the polydispersity, ensured that the film was amorphous. Ellipsometry confirmed that
the packing fraction was close to random close packing.

Mechanical Response to Nanoindentation

Nanoindentation performed using atomic force microscopy was used to measure the mechanical response
of the films. The advantage of using nanoparticles is that, unlike in atomic systems, loads can be applied
and localized to single constituent particles. The cantilever probes were stiff silicon probes, with the tips
coated with diamond-like carbon for robustness. These probes were also used to image the topography of the
film in tapping mode both before and after indentations were performed, as shown in Fig. S6A. The high-
resolution topography images were correlated and subtracted to produce an image of the changes in the film,
revealing the motions of particles resulting from the applied stress as shown in Fig. S6B. The plastically-
affected region is only a single particle in size in this example, and is seldom more than three particles (i.e., a
few tens of nanometers across), indicating that this technique probes particle-level deformation mechanisms
without producing a shear band or an avalanche of rearrangement events.

Maximum loads in a range between 100 and 800 nN were applied, and each indent was performed at
a unique site at least 100 nm from its nearest neighbors to avoid interference. Data from the force curves
(example in Fig. S6C) were used to extract an effective (reduced) modulus using the methods of (48). Es-
tablished methods for evaluating hardness were also employed. Considerable local variations in mechanical
properties were found, demonstrating that the film is structurally inhomogeneous. For more details, see (77).

The Young’s modulus was estimated from the effective modulus based on reasonable estimates of the Pois-
son’s ratio (Poisson’s ratio is uncertain in a disordered packing, and likely varies spatially due to differences
in local density and structure). Tabor’s relation, by which the yield stress is calculated from the hardness, is
also inexact (78); mathematically, this has a much greater effect on the computed yield stress than Poisson’s
ratio. We conservatively assumed Tabor’s ratio to range from 2 to 4.5, leading to the uncertainty depicted as
error bars in Fig. S6D. Nevertheless, the hardness and yield stress exhibit a positive correlation, as indicated
by the dotted line representing a yield strain of 0.044. This relationship is in good agreement with that found
from the other systems discussed elsewhere in this paper.
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Figure S6: (A) An example topography scan from before indents were performed, and (B) the difference
image comparing the before scan with its after scan. The region is the black rectangle in (A), showing that
the plastically deformed region is only a single nanoparticle in size. (C) An example force curve from which
mechanical properties were extracted, and (D) the relationship between yield stress and modulus for this
experiment. The significant uncertainty, discussed in the text, is evident. Squares represent the data from a
500 nm thick film, while circles represent the data from a 100 nm thick film. Figs. (A,B,C) adapted with
permission from (77). Copyright 2016 American Chemical Society.

2D PNIPAM Colloid Experiments
PNIPAM Colloid Packing Synthesis

The experimental system is made of soft poly(N-isopropyl acrylamide) (PNIPAM) microgel particles syn-
thesized by surfactant-free radical emulsion polymerization (79). PNIPAM becomes more hydrophobic at
higher temperature (> 32 °C), and hence the microgel particle diameter decreases when sample temperature
is raised. As a result, the particle diameter and thus sample volume fraction can be tuned by controlling sus-
pension temperature. In this experiment we use bidisperse mixture of PNIPAM spheres with two different
sizesd = 1.4 ym and d = 1.1 pm (at 24 °C). A quasi-2D packing is prepared by sandwiching a small
amount (0.6 L) of solution containing bidisperse PNIPAM spheres between two 18 x 18 mm? glass cover
slips (Thermo Fisher Scientific). Fig. S7A provides a schematic of the sample cell and microscope setup.
The sample thickness is set to be similar to the diameter of the large particles. To prevent the solvent from
evaporating, the sandwiched cell is sealed peripherally by optical glue (Norland 65) which is subsequently
cured with light from a UV lamp for 30 minutes.

Before measurement, the sample cell is left to relax/age at room temperature for two days. This step is
necessary, in large part because it helps reduce drift inside the sample. The sample cell is then transferred
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onto a glass slide and placed on the sample stage of a Leica DMRB upright microscope. We use a 100x oil
immersion objective (NA=1.4) and an extra 1.25x internal magnification for imaging. An objective heater
(Bioptechs) is employed to control sample temperature in-situ over a range from room temperature to 40 °C
with 0.1 °C step resolution. During the present experiments the sample temperature is set at 28 °C wherein
the packing fraction of PNIPAM spheres is slightly below the jamming point; this choice of packing fraction
insures that a sufficient number of rearrangement events occurs for the analysis.

Fig. S7B is a micrograph of the bidisperse PNIPAM colloidal sample. Over the full field-of-view, the
sample contains approximately 3600 large particles and 3400 small particles. Inset: An enlarged image of a
smaller area within the sample which shows that the two species of large and small particles are well mixed,
i.e., crystallization is not observed. Since PNIPAM hydrogel can deform under compression, their spherical
diameters are not well-defined in a near jammed condition. Instead we derive effective diameters, dy ~
1.2 pm and d; ~ 0.9 pum for large and small particles, respectively, by using the position of the first peak
in the radial distribution function, g(r). The effective diameter is thus utilized as an indicator of particle
size. Using this effective diameter we calculate an effective packing fraction of ¢ ~ 85%. A CCD camera
(UP-900DS-CL, UNIQVision) captures images of the sample; it is coupled to the host computer, and video
capture software XCAP (EPIX) is employed for data acquisition, etc. The recorded video frames have a
spatial resolution of 13921036 pixels and 256 gray scales. Video is recorded at a frame rate of 10 fps for 6
hours. In total, 180,000 video frames are generated. An open-source particle-tracking software trackpy (80)
is used to extract particle trajectories. With the current imaging parameters we estimate a tracking accuracy
of approximately 10 nm.
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Figure S7: (A) Schematic of experimental setup. The PNIPAM microgel particle suspension is sandwiched by
two cover slips (light blue) which in turn are sealed by UV glue (red). (B) Micrograph of quasi-2D bidisperse
PNIPAM colloidal glass. Inset: A zoom-in view of a smaller area within the sample. The scale bars in both
images are 5 um. (C) Mean square displacement (blue) data derived from one-sixth of the entire experiment
and the corresponding overlap function for that time period (green). Approximately 6 alpha relaxation periods
occur during the entire experiment. (D) Exemplary frame of the softness field computed for both particle
species.

Microscopic Structure and Dynamics

As with the other quiescent systems in this study, the “hop” indicator function, py.p, as described by Eq. 3,
was used to correlate local structure with dynamics for the reasons laid out in the Kob-Anderson simulations
section. The rearrangement timescale, ¢, is chosen to be longer than the particle’s caging timescale so that
large values in puop reflect cage breaking dynamics (/9). In the present case, we chose 6t to be 8 seconds.
This timescale is the lag time wherein the plateau in the measured mean square displacement ends Fig. S7C.
The following analysis is based on large particles which are easier to track and provide enough rearrangement
events for the analysis. A particle i is said to be rearranging at time ¢, if ppop(é,t) > Phop,0. The threshold
Phop,0 = 0.1 is chosen to maximize cross validation scores in the final step. Similarly, a particle 7 is said to
be stable, if pnop remains below a low threshold of 0.005 for at least ... This threshold is chosen to be larger
than typical cage fluctuations but much smaller than phep,0. The stability time, 7., is the time at which the
self-overlap function first falls below 0.5, as seen in Fig. S7C (19).

We characterized the local structure of particle ¢ with a set of 94 structure functions, defined in Eqgs. 1
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and 2. The calculations are performed for all particles within a radius RS = 5.0 dy (/8). For rearranging
particles, the structure is computed at a time At before the particle’s pyop increased above the lower threshold.
For stable particles, structure functions are computed at the start of the stability period .. Note, our results are
insensitive to changes in R provided that we include the first few neighboring shells (18). Particles within
a distance R? from the boundary of the field of view are not included in the analysis.

We use all rearranging particles in the training set, and an equal number of stable particles are randomly
selected from those particles that do not cross the lower threshold (/9). We find a cross-validation accuracy
of 72% + 3% using these training samples, and the training score is approximately 75% for both rearranging
and stable particle classes. For a constant number of training samples, higher training scores are possible
using more restrictive ppop thresholds, but this gain is at the expense of lower cross-validation scores. This
observation suggests that our prediction accuracy is currently limited by the small number of rearrangement
events observed in our experimental time frame. Fig. S7D shows the softness field computed for both particle
species. Note, the cross-validation accuracy for small particles is only 62%.

Rearrangements can also be quantified by the non-affine structural changes experienced by particle ¢ at
time ¢; this characterization procedure uses D2, from Eq. 1 in the main text. As with the Kob-Anderson
and BKS simulations, we examine the decay length of the D2, = correlation function to maintain a consistent
definition of rearrangement length scale, &,., across the quiescent and mechanically driven systems in this
study. The correlations of the D2, scalar field are shown next to the correlations of the softness scalar field,

S, in Fig. S8. We find &, = 0.87 and {g = 1.09.
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Figure S8: Normalized plots of the spatial correlations for (A) S and (B) D?
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3D PNIPAM Colloid Experiments
PNIPAM Suspension Synthesis

The shear rheology of dense aqueous suspensions of colloidal N-isopropylacrylamide (NIPA) gel particles
was measured by both a novel microfluidic technique (8/) as well as with a conventional rheometer (82).
These particles are soft, and they swell with temperatures; therefore, the volume fraction may be tuned across
the jamming transition by varying the temperature of a single sample.

Macroscopic Mechanical Response

Above jamming, the stress versus strain rate flow curve can be fit to a Herschel-Bulkley form in order to
extrapolate to zero strain rate for an estimate of the yield stress, which we interpret as the strength; see Fig. 3
of Ref. (81) and Fig. 2 of Ref. (82). The corresponding shear moduli are found from G’(w) rheometry data,
as in Fig. 5 of Ref. (82), by extrapolating to w = 0. The resulting data points in the strength versus modulus
plot are for both monodisperse and bidisperse samples of different size particles.
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Colloid Pillar Experiments
Colloid Pillar Synthesis

Pillars for macroscopic mechanical measurements were synthesized by filling capillary tubes (inner diameter
=580 pm) with a suspension of d = 3.00 and d = 6.15 pm diameter polystyrene (PS) spheres in volume ratio
V1 /Vs = 3.78, where V, and Vs are the total volumes of the 6.15 ym and 3.00 um particles, respectively.
The bidisperse mixture is chosen to suppress crystallization; optical and electron microscopies are used to
confirm an amorphous packing.

After allowing the suspension of colloidal particles to dry, two wires are inserted into both ends of the
capillary tube and a piezoelectric actuator is brought into contact with one of the wires. The opposite wire is
coupled to a load cell, enabling measurement of the axial force. Sinusoidal displacements are produced by
the actuator, which remains in contact with the wire. The displacement periodically loads and unloads the
pillar about the mean confining force, resulting in a gradual densification of the pillar and an increase in the
packing fraction, ¢. The average packing fraction of the confined pillar is determined using high-resolution
optical microscopy and microbalance measurements.

Microscopic Structure and Dynamics

Experimental systems for microscopic particle measurements were created by injecting a suspension of flu-
orescent d = 3.3 um poly(methyl methacrylate) (PMMA) particles into a reservoir. The reservoir was con-
structed such that one wall was movable, which allows for the packing to be deformed. Polydispersity in
the particle size of between 6% and 8% leads to an amorphous packing. The top of the reservoir was sealed
using a thin piece of coverglass to allow for imaging using a laser-scanning confocal microscope. Because
the PMMA particles and CXB have the same index of refraction, micrographs can be collected deep into the
specimen.

The deformation experiment proceeded by displacing the movable wall using a piezoelectric actuator and
then collecting a sequence of micrographs of the packing that were then assembled into a volume. The volumes
imaged were always tens of particle diameters away from any walls to minimize the effects of boundaries.
Typical displacement increments were 0.6 pm (= 0.2d). The total deformation profile imposed was a sine
wave with increasing amplitude from one cycle to the next. A computer algorithm was used to identify the
centers of particles in each 3D volume with uncertainty in the particle positions of ~ 0.03d. After particle
centers were identified, the positions at each timestep were linked into trajectories that spanned the duration
of the compression experiment.

To quantify rearrangement of particle i between times ¢ and ¢ + At, we calculated D2, from Eq. 1 in the
main text. A particle at time ¢ is said to be rearranging if D2, > DZ; . Here, we chose D2 o = 0.075d>.
Because the imposed deformation was not uniform between timesteps, the incremental strain also varied non-
uniformly between timesteps. To place the times ¢ and ¢ + At on equal footing, we constructed an artificial
box near the boundaries of the imaging volume. From one timestep to the next, we map the deformation
of the box using the displacements of particles within a small distance of the planes that define the box’s
faces. We then use the displacements of the box’s corners to find the displacement gradient tensor, J, and the
macroscopic strain tensor € = % (J Ty - I). We calculate the shear (deviatoric) invariant,

0 =57 (e~ eI, ©)

of the system between timestep ¢ and each subsequent timestep ¢'. Here, €™ = %Tre is the hydrostatic strain
invariant. Then, for each timestep ¢, we chose At so that the shear invariant of the system was greater than a
threshold, ° > 7. In this case, we chose our threshold to be n§ = 0.04.

We characterized the local structure around particle ¢ with a set of M = 157 structure functions, defined
in Eqs. 2 and 3. The summations are performed for all particles within a radius RS (18). Our results are
insensitive to changes in R so long as we include the first few neighboring shells (/8). In this work, we set

RS = 2.5d and fixed L = 0.05d.
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It was found that particles with diameters less than 0.95d were significantly more mobile than larger
particles. To ensure that our SVM really classified rearrangements and not simply large and small particles,
we excluded these particles from our training set. Because particles near the boundary of the imaged volume
have fewer neighbors than particles in the interior, the structure functions in these two regions differ. This
difference could throw off our training. Thus, we also excluded particles less than 2.5d from the boundary
from our training set. To construct our training set, we then chose all NV,, = 739 rearranging particles in our
system, and N,, = 739 particles from ¢ = 20 with the lowest cumulative D2, over 7 = 76 timesteps, 78%
of the length of the experiment, as non-rearranging particles (/9). Typically, 7 is chosen to be on the order of
the relaxation time of the system, but because so few particles rearranged in this experiment, 7 was chosen to
be large with respect to the length of the experiment but also to avoid the aging regime near the beginning of
the experiment. This value of 7 is more than 10 times the average lag time, At, chosen for the instantaneous
D2, calculations used to determine rearrangements.

It is not possible to specify a hyperplane that completely separates rearranging particles from non-rearranging
ones. Thus, the SVM is designed to penalize particles whose classification is incorrect. This misclassification
penalty is controlled by the parameter C' where larger C' values correspond to fewer incorrect classifications.
This parameter was chosen to be C' = 1.0 by nested cross validation (73). For this value of C, we find that
77% of rearrangements occur at particles with softness S > 0. Spatial correlations in the D2, and softness
fields decay exponentially as shown in Fig. S9A-B. We find {5 = 1.12d and £, = 1.03d respectively.
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Figure S9: Normalized plots of the spatial correlations more than 2.5d from the boundary for (A) S and (B)
D2, . These figures clearly demonstrate the exponential decay in these fields.

Macroscopic Mechanical Response to Pillar Compression

After annealing, the capillary is secured to a grip attached to the load cell. A groove machined in the grip
ensures axial alignment of the capillary and the load cell axis. The pillars are made free-standing by extruding
a desired length [, from the capillary and the compression experiment proceeds by displacing a silicon punch
secured to the piezoelectric actuator into the face of the pillar. The actuator is driven at a constant displacement
rate between 0.1 and 1 um /s to a specified maximum displacement. Reflectance confocal micrographs
acquired during compression are used to determine the displacement of the punch and the base of the pillar,
thereby allowing axial strain, Al/l,, within the pillar to be calculated. Our experimental setup is contained
within an environmental chamber, enabling control of the relative humidity (RH) during testing. RH can alter
the stiffness of a single pillar, which we attribute to variations in the amount of water contained within the
pillar structure, affecting the number and connectivity of capillary bridges that form between particles (and
thus the cohesive interactions).

We define the ultimate compressive strength of the pillars as the maximum normalized force, F, 4./ Ao =
omaz (Ao 1s the cross sectional area of the undeformed pillar), sustained by a pillar during a compression
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cycle. We also define an effective elastic modulus upon loading, Fj.qq, based on a linear fit to '/ A, vs.
Al/l, between initial loading and the first yielding event. The yield strain is determined by the ratio of the
ultimate compressive strength to the loading modulus, €, = 0140/ Eloqq. For more details, see (41, 83).

Colloidal Monolayer Shear Experiments
Colloidal Monolayer Synthesis

The interfacial material (i.e. colloidal monolayer) investigated here consists of bidisperse (50% by number)
mixture of d = 4.1 ym and d = 5.6 pm sulfate latex particles (Invitrogen) adsorbed at the interface between
water and oil (decane); see Fig. SI0A. These particles have dipole-dipole repulsion and so form a stable rigid
monolayer even though particles never touch.

Macroscopic Mechanical Response

A custom-made interfacial stress rtheometer (ISR) (84—86) is used to investigate the dynamics of particle
rearrangements and rheology of dense particle suspensions adsorbed at a flat oil-water interface. This device
allows for the visualization of the fluid microstructure (i.e. particles) while simultaneously measuring the
suspension’s oscillatory rheology (e.g. G”, G'). As shown in Fig. S10B, a magnetized needle is placed on
the interface to be studied, between two walls. Electromagnets move the needle back and forth, shearing
the interface between the needle and the walls. Monitoring the position of the needle allows inference of
mechanical properties of the interface, making the device a sensitive stress-controlled shear rheometer.

The walls of the ISR are 18 mm long and spaced 3.5 mm apart. The steel needle has length 24 mm
and diameter 0.23 mm. The needle experiences a restoring force from pair of Helmholtz coils, which have
a maximum field at the center of the device. Time-varying force is applied with an additional computer-
controlled coil. The equation of motion for the needle position is given by m& = Algyiwe — kx — di — Fg,
where m is the needle mass, 14,5, is the current in the computer-controlled coil, k is the spring constant
for the Helmholtz field, d represents drag from the bulk fluid, and Fls is due to any material adsorbed at the
surface. If m is known, the values of k, d, and A may be determined by applying a sinusoidal 4,.;,. With a
clean interface (i.e. no particles) at a range of frequencies, and subsequently used to measure the oscillatory
rheology of a material from z(t) (84).

In this system, particles adsorb to the walls and needle, creating a rough boundary that hinders slippage.
It is important to decouple the rheology of the surface from that of the bulk fluids above and below it. This
decoupling is characterized by the Boussinesq number, the dimensionless ratio of interfacial and bulk viscosi-
ties, Bq = |n}|/nmpa, where n;} is the complex interfacial viscosity (in N m~!s), 7, is the bulk fluid viscosity
(in Pa s), and for the ISR, a is the diameter of the needle. For surface deformations (and therefore strain
measurements) to accurately reflect surface rheology (85) requires Bg > 1. In our present experiments Bgq
is approximately 100, which is adequate for the measurements we report here.

To consistently prepare the material for each experiment, oscillatory forcing at large strain amplitude ~yq
is performed for 6 cycles and then stopped. All experiments are at 0.1 Hz; we have observed that rheology
depends only weakly on frequency in this regime (87). The present model system is non-Brownian in that no
thermal motion is observed, and area fraction is varied by changing the quantity of particles dispersed into
the experimental cell, a 6 cm-diameter glass dish.

Fig. S10C shows the viscous and elastic moduli of a dense particle monolayer (area fraction = 43%) as
a function of the strain amplitude 7. The data shows that the elastic modulus (G’) is at least an order of
magnitude larger than the viscous modulus (G”). A decrease in G’ accompanied by an increase in G” at
larger values of v correspond to a partial loss of rigidity and the onset of yielding. This loss of rigidity is also
apparent by plotting the quantity tan 6 = G” /G’ as a function of g (Fig. S10c, inset).

For Fig. 3 of the main paper, we use the value of elastic shear modulus G’ in the low-strain plateau in
Fig. S10C, and convert to Young’s modulus F by assuming an isotropic material with Poisson ratio 0.5, so
that £ = %G’ . Both E and 0, ~ G'~, are then scaled by the typical interparticle spacing of 8.1 um to obtain
3D quantities.
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One of the main advantages of the ISR is that the material microstructure can be imaged while performing
rheological experiments. We image particles at the oil-water interface with a resolution of 1.1 pm/pixel,
permitting the tracking of each particle in a 2 mm-long section of the channel (up to 50,000 particles) during
shear. Tracking is performed using a high-speed camera, a microscope, and trackpy software (80). Particle
tracks are analyzed to compute local strain, strain rate, and D2, . Fig. S10D shows the displacement vectors
for a section of the material as it rearranges under shear.
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Figure S10: (A) Particles adsorbed at the water-oil interface viewed from above, with area fraction 43%.
(B) Sketch of ISR apparatus: a ferromagnetic needle is embedded in the interfacial material to be measured,
between two fixed walls. Magnetic forcing of the needle produces uniform shear of the film (velocity profile
sketched). (C) Bulk rheology of the interfacial material. Response shows near-linear elasticity at small strain
amplitude, but a yielding transition and loss of rigidity above v ~ 0.06. Inset: Ratio G /G’ as function of
0. (D) Displacement vectors for a set of particles after rearranging under shear.

Aqueous Foam Shear Experiments
Macroscopic Mechanical Response

The rheological behavior of a commercial foam is reported in Ref. (88). It consists of eight percent surfac-
tant solution and bubble of mean size 60 pum, with a distribution that grows at fixed shape with time due to
coarsening. The static shear modulus is inferred to be Gy = 230 Pa, with the value set by the ratio of surface
tension to bubble size. The yield strain was previously measured to be v, = 0.05 (89) based on changes in the
rate of rearrangement events detected by diffusing-wave spectroscopy. This gives one point for the strength
versus modulus plot, with an effective strength of v,Go = 12 Pa.

The rheology of custom-made aqueous foams is reported in Fig. 4 of Ref. (90) for about 25 samples with
gas volume fractions ranging from about 0.7 up to nearly 1. The shear modulus is estimated from G’(w) at
w = 1 rad/s at low amplitudes, and the yield strain is estimated from behavior versus amplitude. As gas
volume fraction increases across the range of samples, the yield strain increases from 0.06 to 0.18, and the
shear modulus increases from 33 to 170 Pa.
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Granular Pillar Compression Experiments
Granular Pillar Synthesis

Bulk granular materials are opaque. So, in order to be able to track individual grains during an imposed
deformation, a quasi-two dimensional granular system was constructed from right-circular acetal cylinders
standing upright on a horizontal substrate (/8, 9/-93). A 2D granular pillar is created inside a large box, 62
cm, which sits horizontally on an optical table (see Fig. S11). Two threaded rods are affixed to the edges of this
box with only the freedom to rotate. This rotation is driven by a stepper motor and results in the translational
motion of an aluminum plate held by the rods. Deformation of the pillar begins when a suspended rod, which
hangs from brackets mounted to the aluminum plate, is driven into the packing. Throughout the deformation,
forces imposed by the driven suspended rod are measured as this rod is pushed by the packing into two force
sensors mounted to the aluminum plate. In a similar setup at the static end of the pillar, a suspended rod is
pushed into the two force sensors mounted to the surrounding box, allowing for the measurement of the forces
transmitted through the pillar during the deformation. An LED lightbox illuminates the pillar from beneath
the clear acrylic base of the box and provides uniform, constant lighting.

Grains within the pillar are cylindrical acetal dowel pins, standing upright on the base of the box so that
only the tops of the grains are visible in Fig. S11. The pillars are bi-disperse with small grain diameter 4.8 mm,
large grain diameter 6.4 mm, and all grain heights 19.05 mm. The grain density is p = 1.4 g/cc. The grains
have masses of around 0.46 g for small grains and 0.82 g for large grains. We estimate that the coefficient of
kinetic friction between the grains and the substrate is fi,,¢4s = 0.23 £ 0.01 by measuring the force required
to push a wedge of grains along the substrate.

To ensure similar initial conditions across experiments, pillars are manually forced to conform to the
shape and size of a rigid frame. The pillar shown inside the apparatus in Fig. S11 is representative of the
initial conditions created with this method. For experiments presented here, the ratio of initial pillar height,
Hy, to initial width, W, is 2. Once a pillar has been created, the stepper motor drives the aluminum plate at a
constant speed v. = 0.085 mm/s. Images and force sensor readings are acquired simultaneously throughout
the compression at 8 Hz.

Particle locations are determined using a custom edge-detection-based-code which identifies the center of
each particle as the point which is equidistant from all edges. Particle tracks are linked together by determining
the minimum distance between particle centers in consecutive time points.

Microscopic Structure and Dynamics

The following procedure for generating the softness field in these pillars has been well described in Ref. (18)
but will be repeated here for completeness. We quantified rearrangement of particle ¢ between times ¢ and
t + At using D2, from Eq. 1 in the main text. Here, we chose R = 1.5d. A particle at time ¢ is said to be
rearranging if D2, > D2, . Here we chose D2y o = 0.25d°.

The local structure around particle ¢ was characterized by a set of M/ = 160 structure functions, defined in
Egs. 2 and 3. The summations are performed for all particles within a radius R5. Our results are insensitive
to changes in R so long as we include the first few neighboring shells (/8). Compression of the mechanical
pillar affects particles above a “front” that advances toward the bottom with time. We chose N,, = 6000
randomly from the set of rearranging particles, and N,, = 6000 particles with the lowest values of D2
within this front. Particles within a horizontal slice were said to be in this front if the avaerage speed of that
slice was greater than 0.04m/s.

We then used an SVM with a misclassification penalty controlled by the parameter C. Larger C values
correspond to fewer incorrect classifications. Our results were insensitive to this parameter for C' > 0.1.
In this system, we find that more than 80% of rearrangements occur at particles with softness S > 0. Fig.
1A-B in Ref. (18) contains snapshots of the pillar’s softness field. The correlations in softness and D2,
exponentially decay as shown in the main text in Fig. 1. We find {5 = 2.21 and §, = 2.3.
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Figure S11: Top-down view of the experimental apparatus. Stepper motor rotation results in the translation
of the aluminum plate, which drives the suspended rod into the disordered granular pillar at a constant speed.
The pillar is 2D, allowing for visualization of all grains throughout the deformation. Images are acquired
from a camera mounted above while force sensor data is simultaneously recorded from sensors mounted to
the aluminum plate as well as those mounted to the side of the surrounding box.

Macroscopic Mechanical Response

The data in Fig. 4 of Ref. (97) show that the yield strain is about v = 0.02 and that the 2D stress to compress the
pillar is roughly constant at 12mg/d beyond the yield strain. The corresponding 3d stress is 12mgu/(dh) =
165 Pa; we interpret this as the strength. The corresponding modulus is 165/~ = 8250 Pa.

Granular Bed Shear Experiments
Granular Bed Synthesis

We measure the velocity profile of a three-dimensional granular bed of 1.5 mm PMMA grains under constant
shear stress applied by flow of a viscous oil driven from above the bed surface (94, 95). We identify the yield
stress 7. of the material at the onset of creep, which occurs at a depth Az, from the surface of the material.
Because there are no horizontal stress gradients in this system, the yield stress is equal to applied shear stress
To, which we measure in the limit where it is dominated by a viscous stress 7o = 77¢7f, Where we control the
applied fluid shear-rate 7, see Fig. S12 .
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Figure S12: (A) Schematic of annular shear cell used to drive granular bed with a fixed fluid shear rate. (B)
Reconstruction of positions in the granular bed obtained by refractive index matched laser scanning.

Macroscopic Mechanical Response

In our system, the confining stress is gravitational, allowing us to measure the confining pressure at the onset
of creep by measuring the confining hydrostatic grain pressure. After determining the location of the yield
surface from direct particle-tracking, we integrate % = Ap¢ starting above the surface, where Ap = (ps —
pf), ps 1s the grain density, py is the fluid density, and ¢(z) is the grain packing fraction. We estimate the
loading modulus by assuming the packs are near isostaticity (96), using the expression:

o » P)1/3
B = (Bo.27 (%

where B is the bulk modulus of the granular bed, Z is the average contact number, B is a characteristic
modulus for contacts, and ¢.. is the packing fraction in the region of interest. This scaling of the bulk modulus
has been observed in experimental and simulated systems, where the scaling exponent depends on the details
of the interaction potential (97). Our choice of an exponent of 1/3 is consistent with a scaling controlled
by Hertzian contacts (96). Namely, we assume that contact forces scale as F' oc —63/2, giving the scaling
B o P'/3. In these experiments, the confining pressure is of Pa scale relative to the grain bulk modulus of
GPa scale. In this limit of small loading, the relevant loading modulus is much softer than the grain modulus,
instead being of the same scale as the confining pressure (98). Because grain-scale rearrangements can be
achieved by forces on the scale of the gravitational weight of a single particle, we choose the characteristic
scale for the modulus B to be the gravitational confining stress of a layer of grains Apgd. We also choose
Z =6, and ¢, = 0.64, which suffices for order of magnitude analysis.

The relevant equations for an isotropic elastic medium under plane stress are 0,y = T = 2ue€gy and
oyy = P = N +2pue,,, where 0 = e, + ¢y = (AP)/ o is the volumetric strain giving the relative increase
in volume, and p, A are Lamé constants. The packing fraction in our system approximately follows (95)

the constitutive relation ¢(I,) = 1+¢I"{ 75, SO We can estimate the volumetric strain from measurements of
v
I,

I, = 1%/ P by using the relation § = %W . From our observations of I, = 10~ 7 at the onset of creep

(see Fig. 3 of Ref. 94), we get an estimate of the volumetric strain of § ~ 10~7. Because ¢,, = O(1)0,
we can estimate A ~ P/0 in a way that is largely insensitive to the precise values of the strains €, and
€z, and then obtain the shear moduli. We have verified our results by making direct estimates of the ratio
€yy/€ze ~ 1 from instantaneous grain displacements, and find the resulting estimates of the shear moduli
unchanged. Using the identities y = G and A\ = K — %G, we extract the shear modulus G consistent with the
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elastic system of two equations for grains at the onset of creep. The resulting estimates of the shear modulus
are of order G = 10° Pa, giving a large ratio for G/B ~ 10 for all experiments. This observation of a
large G/ B ratio suggests the onset of creep is very close to isostaticity based on the known scalings of G/B
to distance to isostaticity (99). Last, we obtain an estimate of the Young’s modulus using £ = 3%3 +GG. The
numerical values are given in Table S3.

P.(Pa) 7.(Pa) K(Pa) G (KPa) E(Pa)
2.97 0.80 3.65 17.8 21.9
2.09 0.59 3.25 12.6 19.5
1.11 0.34 2.64 6.67 15.8
0.66 0.24 2.22 3.96 133
0.71 0.22 2.27 4.26 13.6

Table S3: Measurements of confining pressure, yield stress, and loading modulus. The typical uncertainties
for P, are 0.1 Pa, for 7, 0.05 Pa, and the typical uncertainty for E/, combining the uncertainty in the typical
contact number, critical packing fraction, and measurement uncertainties is +30%. Note, the most significant
uncertainty in the determination of F is the average contact number.
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Movie S1: Oligomer Pillar Deformation

An oligomer pillar pulled in tension. Particles are colored by their non-affine displacement, DZ. (left), and
softness (right). Before deformation, softness is homogeneously distributed in the bulk of the pillar. As
deformation proceeds, strain localizes in a band of the pillar, which is reflected in the large values of D2 in

min
this plane. Strain localization is accompanied by an increase in the softness within the band.

Movie S2: Granular Pillar Deformation

A granular pillar deformed in compression. The pillar is formed by arranging granular rods in an amorphous
packing that is confined between two plattens. The top platten moves from top to bottom and imposes de-
formation. Grains are colored by their non-affine displacement, D2, (left), and softness (right). During
deformation, plasticity is concentrated near the platten. Chains of particles with high D2 form along direc-
tions of high shear stress, which are oriented along directions approximately 45° from the pillar axis. The

plasticity near the top platten increases the softness in this region of the pillar.
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