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Supplementary Figure 1. Empirical correlation with shear modulusG in MGs (a) Experimental
yield stress (shear stress at yielding) versusrshedulusG at room temperature, for bulk metallic
glasses (data extracted from ref. 1 in the supphang reference list below), manifesting a linear
relationship between strength a&d(b) The correlation of the glass transition terapgre {[y) with

G of bulk metallic glasses in experiments (dataastad from ref. 2)M is the average atomic mass.
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Supplementary Figure 2.  Correlation between eldis moduli and atomic volume of MGs.

Experimentally measured shear modulG@s &s well as bulk modulu®) plotted against sample-
averaged atomic volume&?,) in metallic glasses (Data are from the literattile Note the large
data scatter even though the plot is on a logaritiseale. The straight lines are only meant to show

a general trend.
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glasses in Supplementary Table 1 (including LJsjlagidied in the present MD simulations. The

data scatter is still obvious, even when plotted@ouble-log scale.
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Supplementary Figure 4. Temperature dependence o$hear modulus correlated with
flexibility volume. (a) Temperature-dependent shear modull)scomputed for a GiiZrss MG
prepared at the cooling rate o’Kxs™ (Sample G1 in Supplementary Table 1). The deeraes
with temperature was found to be consistent with Brebye-Griineisen effect for lowering of the
vibrational frequencies (softening of the modes) ttuchanges in volume (thermal expansion); (b)

Relationship betwee@ and temperature-normalized flexibility volume 8ample G1, wheré, is

room temperature (300 K) angd, ., is the sample-averaged flexibility volume. The dataG1-G4

(CusaZrss MGs with various cooling rates) at 300 K from FE2gn the main text are also included for
comparison, to demonstrate that all the data paivitapse onto the same linear dependence, when
plottedvs. aT-normalized flexibility volume. Fitting a straighihe (dashed) to the data that is only

K. T T 1
7% off the prediction of Eq. (2)G=C—2—=CI[k,[T,, EQ_I_——). This plot verifies

flex rm “flex

guantitatively that Eq. (2) is indeed valid for dlmperatures beloW.
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Supplementary Figure 5. Distributions of flexibility volume (v, ;) for several representative

MGs. The data shown in this plot include Cu-Zr, La-AlgMLu-Y, Sr and Ta MGs studied by MD
simulation (see Supplementary Table 1), spanningsadwo orders of magnitude.
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Supplementary Figure 6. Analysis of vibrational arsotropy. (a) Correlation between flexibility

volume (,,;) and vibrational anisotropy;{ for each atom in GdéZrss MG (Sample G1). The

inset is a magnified view showing that the atontf wie highest value af have the highest value
of y.,;; (b) Corresponding distribution of vibrational sofiropy §) (Sample G1). For GuZrss

MGs with different cooling rates (Sample G1-G4)kteong correlation is observed between the

average vibrational anisotropyXwith (c) average flexibility volume (averagg, ;) and (d) shear

modulus @), indicating that large vibrational anisotropy astductural disorder of local atomic
environments promote flexibility. To correlate wppacking topology, we also show that atoms at
the center of different types of (e) Cu-centered @nhZr-centered coordination polyhedra exhibit
different oscillation anisotropy in GiZrss MG (Sample G1). Each solid bar contains 5% oftl

Cu (or Zr) atoms; from left to right, the bins amelered from the lowest to the highest vibrational
anisotropy.
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Supplementary Figure 7. Flexibility volume correlates strongly with local gaomic packing
structure. Atoms at the center of different types of (a) Cuteeed and (b) Zr-centered
coordination polyhedra in GiZrss MG (Sample G1), and (c) Al-centered and (d) La-essd
coordination polyhedra in AlLaio MG (Sample G17) contribute differently to flexibjl volume

(Uyer; )- Each solid bar contains 10% of all the Cu (qrAdr La) atoms; from left to right, the bins

are ordered from the lowest to the highest flekipbifolume. Two additional bars contrasting the
lowest 1% and the highest 1% of the values of lthéatility volume are drawn to further highlight
how topological ordering affects the flexibility kione as defined.
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Supplementary Figure 8. Potential energy versus flexibility volume.(a) Ensemble-averaged

flexibility volume (u,,, ) and configurational potential energy (CPE) fol&Ztss metallic glasses

obtained with various cooling rates (Sample G1-&4able S1); CPE is the potential energy for
the corresponding inherent structure of the metallass. (b) Distribution of flexibility volume

Uy for atoms with the highest and the lowest configional potential energy in a €idrss

metallic glass (Sample G1).
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Supplementary Figure 9. Soft spots with strong ecelation with local flexibility volume. Soft
spots show strong correlation with flexibility vohe in (a-b), but little correlation with the
variation of local atomic volume in (c-d). The sdenfs a CésZrzs metallic glass (Sample G28).

(a-b) Contour maps showing the spatial distributbfiexibility volume v, ; (see sidebar). The

two sampled representative thin slabs (a-b) each ahahickness of 2.5 A. White circles
superimposed in the maps mark the locations ofsgfts (defined as the top 10% of the atoms
with the highest participation fraction in low-friggncy vibration modes); (c-d) Contour maps
showing the spatial distribution of the variatidntlbe local atomic volume (see sidebar for the
relative scale); in the plot, to better reflect thariation of the local atomic volume, the
latter is depicted in terms of its difference frim average atomic volume of the particular species
(e.g. Cu) in the sample. The thin slabs (c-d) heedame as those in (a-b), with white circles

representing the locations of soft spots.
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Supplementary Figure 10 Coarse-grained flexibility volume with strong corrdation with
activation energy for thermally activated relaxation. Distribution of activation energy for
thermally activated relaxation (correspondstprocess) in CaZrss metallic glass (Sample G28)
characterized by the activation-relaxation tech@i@RT nouveau), for central atoms with the

highest and the lowest 10% atomic flexibility voler,,, ;) and the mean flexibility volume of

atoms within the first atomic shell. This latteracge-graining procedure (i.e. averaging over the
central atom and its nearest-neighbors) takesaotount the fact that thermally activated plastic
events usually involve a small group of atoreg.( a dozen) rather than one single atom. This
procedure is seen to produce an even wider gapebketthe two peaks of the two groups (peak
positions are separated by ~1.0 eV, see solid epgs), when compared with the cases of atomic

Upey; (histograms).
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Supplementary Figure 11. Weak correlation betweerlocal atomic volume and shear
transformation. Contour maps showing the spatial distribution @& thariation of local atomic
volume (see sidebar for the relative scale) inGhgZrss metallic glass (Sample G28). To better
observe the variation of local atomic volume, thigelr is depicted in terms of its difference from
the average atomic volume of the particular spe@esor Zr) in the sample. Four slabs (a-d) are
sampled for illustration purposes and each haghrtbss of 2.5 A. White circles superimposed in
the maps mark the locations of atoms that haveremqeed the most (top 5%) accumulative non-
affine displacementmin), upon athermal quasi-static shear of the simardiox to a global strain
of 5%. There is no obvious correlation in this céieecontrast with the strong correlation in the

case ofy,,,;, Fig. 5 of the main text).
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Supplementary Table 1. Metallic glasses studied using molecular dynarsigsilations
at 300 K: their compositions, number of atoN$, (cooling rates and the computed shear
modulus G), bulk modulus B) and atomic volumeds), and the sources of the classical

potentials.
# MGs N Cooling G B (GPa) Qa Emprical
rate (Ks?) | (GPa) (A%atom) | potential
Gl | CussZrse 32,00( | 1¢° 26.05¢ 113.8: | 15.90/ ref. €
G2 | CusaZras 32,00( | 10 23.33¢ 112.7: | 15.95° ref. €
G3 | CueZrse 32,00( | 10" 21.22¢ 112.1¢ | 15.97¢ ref. €
G4 | CusaZrss 32,00( | 10* 19.54¢ 111.6: | 15.99¢ ref. €
G5 | CusoZrso 31,25( | 1¢° 21.59¢ 105.8¢ | 17.54: ref. €
G6 | CusoZrso 31,25( | 10% 20.41¢ 105.4: | 17.55¢ ref. €
G7 | CusoZrso 31,25( | 10" 19.34« 104.9¢ | 17.56¢ ref. €
G8 | CusoZrso 31,25( | 10* 17.50( 104.2 | 17.58¢ ref. €
GS | MgesCuxsY1o | 30,00( | 1¢° 14.05¢ 41.9¢ | 20.90¢ ref. 7
G1C | MgesCuzsY1o | 30,00( | 10% 13.11¢ 41.45! | 20.92¢ ref. 7
G11 | MgesCuzsY1o | 30,00( | 10 12.12: 40.99¢ | 20.92¢ ref. 7
G1z | MgesCuzsY1o | 30,00( | 10% 11.40( 40.60: | 20.96¢ ref. 7
G1Z | NisoPao 32,00( | 1¢° 26.13¢ 180.5¢ | 11.09¢ ref. €
G14 | NigdPao 32,00( | 10 26.05" 180.3¢ | 11.11¢ ref. €
G1E | NigoPao 32,00( | 10" 24.68¢ 178.77| 11.12¢ ref. €
G1€ | NigoPao 32,00( | 10* 21.72¢ 176.6¢ | 11.137 ref. €
G17 | Alglao 31,25( | 10% 14.80: 62.437 | 18.94: ref. ¢
G1€ | CuxZrso 31,25( | 10" 16.56¢ 88.81: | 20.98" ref. €
G1¢ | LarsAlzs 31,25( | 10" 6.220: 33.87 | 31.74: ref. ¢
G2C | Mg24Ys 58,00( | 10™ 10.4¢ 32.93¢ | 25.25: ref. 1(
G21 | MgsoCuso 31,25( | 10" 16.36" 55.17¢ | 16.26: ref. 7
G2z | MgssCuss 31,25( | 10" 7.99¢ 33.757 | 21.40¢ ref. 7
G2% | Pcg:Sis 31,25( | 10" 28.6¢ 147.2¢ | 14.67¢ ref. 11
G24 | ZrseCueAlg 31,25( | 104 21.49: 108.4¢ | 17.6¢ ref. €
G2t | Amorph. Ce 31,25( | 5x1(** 3.627 15.52¢ | 43.26¢ ref. 12
G2€ | Amorph. St 31,25( | 5x1(** 3.964« 11.74% | 56.30¢ ref. 12
G27 | Amorph. Ta 31,25( | 5x1C** 47.21 168.8: | 18.93¢ ref. 13
G2€ | CUsaZrs 10,00( | 1¢° 26.0¢ 113.¢ | 15.9( ref. €
G2¢ | CusaZrss 10,00( | 10% 23.4] 112.¢ | 15.9¢ ref. €
G3C | CusaZrae 10,00( | 10" 21.2: 112.2 | 15.9¢ ref. €
G31 | CussZrae 10,00( | 10* 1955 111.€ | 16.0( ref. €
G3Z | LJ (AsoB2o) 16,00( | 2x10* 22.5% 82.2¢ | 10.97 ref. 1¢

*These MGs were quenched to 300K from equilibriiopids with the denoted cooling rate, and then
relaxed at 300K for 58s with NPT ensemble.

* The units for the Kob-Andersen Lennard-Jones Kiidary glass are normalized from reduced units.
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Supplementary Note 1: Derivation of EqQ. (2), the uiversal U e - G relation

Eqg. (2) in the main text,

kT _ o keT

G:C<r2>m Utiex

illustrates that the,

flex

as defined deterministically controls shear mod@usThis relation

stems from the Debye model and can be derivedllasvi

The Debye temperatur@, can be expressed®as

h(4m\ " w3 1 2 e
eD:k_(?j (2,) (FJrF] , 0
B | s
5+l _
where v, (v, = ,03 ) andy, (v, =\/:) are the longitudinal and transverse sound
Yo,

velocities, respectively, ang = Qﬂ is the mass density, whereis average atomic weight.

a

For MGs, as known for >100 alloys measured by erpmf, v, =1.8-2.5, .
Approximatingv, = 2v, would then only cause an error of no more than #28g, since

the second term overrides the first term in thé baacket of Eq. (i). Hence, Eqg. (i) is

simplified to:
-1/3 -1/3 -3 -1/3
NN N
ke \ 9 8 ke \ 9 8 0
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Now, the Debye temperature is also known to scatd the vibrational MSD,<r2>,

following!®17 at the high temperature limit:

6,° =%ZZ>. (iii)

Combining Egs. (i-iii), we arrive at Eq. (2) giventhe main text

KT

()

KT

<r;> m;g ) Uﬂex

a2

G==C =C

2/3 2/3
whereC = i 4—”) 1—7) is a universal constant.
477\ 9 8

This derivation predicts that at a given tempegiufe.g., room temperature), a
single indicatory,,, alone, can predidt for all MGs (previously, the relation betwe€én
and MSD was discussed for liqut8$9. Clearly, the new flexibility volume indicatar,,
is neither an equivalent substitute of other volypraeameters, @, , v, etc.), nor a fudge

factor in equations. Rathep,, is unambiguously defined and a truly property-ooltitrg

structural parameter in Eq. (2) of the main text.

Figure 2 in the main text shows the universalti@teof v,,, - G for ~32 model MGs

at room temperature (300 K). For MGs at variousperatures (belowg) other than room

temperature, Eq. (2) also works, as seen in Sugitary Figuret. In that plot, the X axis

is in the form of a temperature normalized flextpil/olume,Luﬂjx, whereTm is room

m
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temperature, v,,, the ensemble-averaged flexibility volume. At rooramperature,

T 4 _ 4 i ;
— Uy = Upey» @S shown in Fig. 2.

m

Supplementary Note 2: Experimental measurement dhe flexibility volume

This section provides information as to how tlegibility volume can be measured
experimentally, in addition to the computationadlyses reported in the main text. As seen

from the equations in the preceding sub-sectionon), the flexibility volumeu,,,
can be calculated from the MSI(),2>, or Debye temperatugg , both of which can be

measured in the laboratory via Inelastic Neutroatt®cing (INS}°-?4 Extended X-Ray
Absorption Fine Structure (EXAFS¥% and X-ray/neutron diffractidi®3 The acoustic
method for measuring sound velocities has also begrloyed to characterize the Debye
temperaturg In the following we will briefly discuss these theds to illustrate how they

can be used to measure the flexibility volume inMG

INS is a powerful tool to characterize atomic leshghamics of materials, because
thermal neutrons have the desired combination ofeleagth (comparable to typical
interatomic distances), momentum (comparable tosthe of the Brillouin zone), and
energy (comparable to the excitation of phonoriéy has been widely used to measure
phonon dispersion curves of single crystals, vibretl density of states (VDOS) across a
wide range of frequencyw in crystalline and amorphous materials, and evemem
complicated (such as higher order and magneticitagians and dynamical properties.

According to the theory of phonons, both the MSID Brebye temperature (and therefore

15



flexibility volume) can be calculated if the VDOS known. Specifically, INS measures

the dynamical structure fact8(Q, @) , which is related to the VDO§(a) by3*

Q@)= exp- )L ooy g (iv)
m w

whereexp(- 2V ) is the Debye-Waller factor, witW proportional toQ?* and the average

MSD (at a giverQ and temperature this term is a constanfia)is the Bose-Einstein

occupation factor, and(a) satisfies{ g(w)dw=1. In an INS experiment one measures

S(Q,w) at a fixed temperature and a rang&psuch that th€-integrated intensity as a

function of w scales withm[n(hw) +1] by a constant. Theg(«) can be obtained
w

through normlizatiof?.
To extract Debye temperature fr@gfw) , we follow the Debye model in which the
. L _ 3w
VDOS in a 3D solid is simplified a{w) _E

hay, =kg6, . If the trueg(a) is measured, the Debye temperature can be caidubst

, Wherew, is Debye frequency and

fitting the Debye model to the red(d), i.e., 6, :%@ Where(E>:Ihag(w)dw.

B

Alternatively, the MSD can also be directly cal¢athfromg(c), following:

2\ _ 31 (= g(w)
<r>—EJ'OT[n(hab+%]da) : (v)

16



The above equations suggest that the flexibilityre can be derived from the measured

VDOS.

It should be noted that since different elementgehdifferent neutron scattering
cross-sections, the total VDOS measured by INSnidact the sum of the partial
contribution from each element weighted by its s¥ssction. For this reason, the VDOS
measured by INS is often called generalized VDO¥GS). Depending on the
composition and the scattering cross-section cshtilae GVDOS may or may not be the
same as the true VDOS. To “undo” this weightingefffinformation on the partial VDOS
would be needed. This can be done by taking adgartéthe fact that for a given element,
the neutron scattering cross-section is usualfgint for different isotopes. This allows
isotope labeling which is a widely used techniqueeutron scattering to resolve the partial
contributions from each eleméhtin certain cases, if the constituent elements $fstem
have similar neutron scattering cross-sectiang.,(in Cu-Zr), the measured GVDOS

should be very close to the true VDOS

A fundamentally different approach to experimentatharacterize flexibility
volume is by measuring the Debye-Waller factor atlse based on the Debye-Waller
effect from atomic vibration. When atoms vibratee tpeak intensity in the diffraction
pattern in reciprocal space, or the pair distrimufunction in real space, will be suppressed,
due to uncertainty of the atomic positions. Thigmession can be calculated to follow an
exponential formexp(—2N ), which is the so-called Debye-Waller factor. Thebie-
Walller factor is directly correlated with MSD (théterm is proportional to the MSD, as

well asQ?), and also related to the Debye temperature. Tdrexdf one can obtain Debye-
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Waller factor by, for example, measuring the sarmapldifferent temperatures and monitor
how the peak intensity decreases with increasimgpégature, the MSD and flexibility
volume can then be derived. This principle appi@s/arious techniques such as powder

diffraction, total scattering and pair distributitmction analysis, and EXAFS.

Powder diffraction has been routinely used to meas$dSD in crystals. The

intensity of the Bragg peaks decreases as the tatope rises, and the magnitude of the

temperature effect is also a function of the momentransferQ). It can be derived that
the actual Bragg peak intensity at finite tempeamatsi = Ioexp(—%Q2<r2>), wherel, is

the zero point intensity. Therefore, by plotting fheak intensity as a function Qf and
temperature, one can extrapolate to obkginand then the desire@2> at a given

temperaturé®. The Debye-Waller factor is also a parameterithfitted and optimized in
Rietveld refinement (the B factor), and it is anpa when such refinement is performed

on a crystal structuf@

Total scattering is useful to study both crystalland amorphous materials, and it
is expecially suitable for the study of nanoscriskaand amorphous samples where long-
range order tends to be weak or absent. The ityeasd shape of the peaks in structure
factor and pair distribution functions carry infation on the interatomic distances and
atomic vibration. Specifically, by measuring theusture factor§Q) at different

temperatures, the Debye-Waller factor and MSD eaodiculated by taking the ratic®

S,(Q-1_

501 oA Qrw Q) (vi)
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Following the Debye theory, the Debye-Waller faasra function ofQ can be expressed

as.:

3Q (TY %(1 1 j

= — =+ oz vii
e ZWBHD(HDJ IO 2 -1 (vii

which means that one can solve the Debye temperétymeasuring the temperature

dependent structure fact&?3 A similar procedure has been used to study thesgace

pair distribution functio??.

In addition to X-ray or neutron diffraction, EXAHRS also a popular technique for
structural characterization. It can probe elemeetHic local atomic environment. The
measured EXAFS can be theoretically express&t@as

2
N, S
KR

x(K)=Y Fo (k,R )| sin(&R; +¢, &) *"e™ (viii)

i

where the sum runs over all unique scattering pattisiegeneraci;. ffﬁ(k, R/)is the

effective scattering amplituddy, is the half-path length, ancfj2 is the mean square

variation ofR. It is clear that in the above equatieﬁ”lzkz plays the role of the Debye-
Walller factor as in the diffraction equations. Howee there are also differences. Firaf,

is the variation of a path, and it is related to oxdly the MSD of involved atoms, but also
the relative phase.€., correlation) of the atomic displacements. Secondly the relative
motion parallel to the path has an impact — thé@operpendicular to the path is irrelevant.

Despite the complexity, theory has been developednect the temperature dependence
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of EXAFS with the Debye theot§; allowing measurement of Debye temperature or MSD

through this method.

Fundamentally, the flexibility volume, MSD, Debyemperature, and Debye-
Walller factor are all correlated, and we can deowe from another within the Debye
theory. This offers various techniques (as disalisskove) that can be potentially
employed to study MGs and their structure-propegtgtionship. In fact, there have been
studies showing that Debye temperature is senditithe processing history of M&s
and this is consistent with our MD simulationsta# flexibility volume. One expects MGs
of different compositions to have quite differeletxibility volumes. Also, for a given MG
composition, the processing history makes a diffeeea melt spun ribbon would exhibit

a largew,,, , compared with a bulk sample that has been agededexed extensivet§°

Although these parameters, except for Debye ternyreracan all be defined on an
atomic/local level, experimental characterizaticas lbbeen mainly on the macroscopic
(sample) level. However, with the development athteques that probe the local
structure/dynamics, such as sub-nanometer-sizett@iebeam and submicron-sized X-
ray beam, measurement of flexibility volume at gas microscopic levels is expected to

be feasible in the near future.
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