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Atomic packing and short-to-medium-
range order in metallic glasses

H.W. Sheng', W._ K. Lus', F. M. Alamgir®, I, M. Bai’ & E. Ma'

Unlike the well-defined long-range order that characterizes

crystalline metals, the atomic arrangements in amorphous

alloys remaln mysterlous at present. Despite intense research activity on metallie glasses and relentless pursuit of their
structural description, the details of how the atoms are packed in amorphous metals are generally far less understood
than for the case of network-forming glasses, Here we use a combination of state-of-the-art experdimental and
computational techniques to resolve the atomic-level structure of amarphous alloys, By analysing a range of model

binary systems that invalve different chemistry and atarmie

slze rathos, we elucldate the different types of short-range

order as well as the nature of the medium-range order. Our lindings provide a reality check for the stomic structural
models propased aver the years, and have implications for understanding the nature, forming ability and properties of

metallic glasses,

Historically, a widely cited structural modd for metallic glasses
i) s that of Bermal's dense rndom packing of hard spheres®.
1t is now understood that Bemal's idea can satisfactorily mode
monatomic systems (or alloys with constituent species. having
comparahle atomic sizes Arl‘ﬁm.igrriﬁcam chemical short-ranpe
order, SRV, but fail to describe many binary MGs, notahly
metal-metalload glasses, where the chemical SRG is pronounced,
The sterenchemically defined model propesed later', in contrast,
stipalates that the local unit (such as nearest newghbours) in amor-
phous alloy has the same type of structure as their crpstalline
compounds with similar o ition, The general applic:Lﬂirynf
ihis moded ishill being debated, as experimental evi |ass ot vet
been ennclusive. Fven less understood is the medium-rmnge order
{ MR, which can be defined as the next-level structural organiz-
ation heyand the SROY, for example, how the local structural *units”
areconnected and armanged eo fill three-dimensional | 313 space. The
characteristics of the MBO remain one of the most imporiant
outstanding, questions™ in MiG research. Taking the carlier maodels
further, 2 recent model* proposes face-centred cubic (fec. ) packing

nrner'rp]xngduﬂn:.1:'!1;-hul|d|n5u1|mﬁ1r\'iﬁnmmm-; The
undm‘hqng|Jnn¢:|plnn.‘ru_c‘fﬁmmﬁllngnfs;m Clearly, thereis
a pressing need for an in-depth reality check of these previoes
structural concepts, and for establishing, a realistic structural picture
af MGs

Obtaining the 3D structure of metallic glasses

Wi set out to solve the 30 structure of MGs mther than proposing
mdels ar privri, To achieve a realistic description of the struchure, we
used experimental and computational techniques that allow us o
explicithy comsider chemical effects and atormic relaxations in realistic
many-bedy interactions of “soft atoms” (rather than hard splieres),
which are abeent in earfier modds. Atomic coordinates from the 31
structure were then used for more detailed anatysis of structura]
feztures, from which hasic principles underlying the short-to-rmed-
Tum-range order could be extracted. As llustrated i detail bedos,
our results validate several of the earlier concepts regarding the SRO
and efficient packing, specify the particular topedogies of duster-like
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entities, and s a2 fundamentally new cluster packing scheme
that enmstitutes the MRO. For completeness, we also illustrate how
the solute atoms arrange themsehees in alloys with enriched solute
enmeentratons.

Metallic glass structure From XRI3, EXAFS and RV We started by
analysing 2 model MG, NPy, using structural information
acquired through synchotron X-ray measurements. In addition to
widc-angle X-ray scattering [ Fig. la), extended X-ray absorption fine
structure {XAFS] experiments have been wsed as the species-specific
probe to prvide Iocal coordination information (see Fig, | and the
Methods). Unlike previous work that dealt mostly with the one

dimensianal pair distribution functions, we focused on the 32
atomic comfiguration (atomic positions, density} reconstrucied
using the reverse Monte Cardn (RMC) method, which produced
the excellent fiis to the experimental spectra in Fig. | {see Methnds),
The final configuratinn was double-checked by comparing the X-ray
aheorption near-edge straciure (XANES) patterns calculated from
the RMC structure (Fig. 1d) with that observed in the Xoray
aheorphion eriments. {shown in Supplementary Fig. 51 but not
used in RMC fitting). We also condirmed that the one-dimensional
partial pair distribution fundtions obtained from the RMC configu-
ration are in satisfactory agreerment with these obitainad before from
neutron isotope experimental messurements™’ {see the comparisen
in Supplementary Fig. 520,

Structure from al initio molecolar dynamics sinnlations, W also
parsued the 30 MG structare via a completely independent route:
ali initie rolecular dynamics simulations ', Here the atomic frrces.
are determined on the hasis of first-principles caloulations without
il neved for any experimental data or empirical potentils { details in
the Methods'™ "), The i initio calculations alloed s not anily to
obtain and anzhyse the static amorphous stnscture, bat also o
memitor the stisctural evolwtion during the Bguid cooling process,
Nhore importanthy, the ab initie moddling enabled s to deduce o
general trend by systematically comparing a number of MG systems
with different chemical make-ups (soch as rarsition metal {TM—
T and Th-metalloid), different atomic size ratics and different
levels oo solute concentrations,
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Figure I iflustrates the evehution of the reduced radial distribution
functions [RROFE) ae o function of temperature during the cooling,
aoff thee el Teaiiiie Mi-P svsterre The development of SRO witl decrss-
ing temperature is cleary oheerved from the structure deveoped in
the seced ek The partial RRDEP of the final 300 K aonfiguation
{purple curve) agree remarkably well with those directly messured
frown experiments ' (ovange dits), Furthermone, the EXAPS spectra.
in Fig, | as el as the KANFS spectra in Supplementary Fig. 510
obtained wing frse-principles caloulations™ for the 300K ab imiie
comifigurations also exlibat an ewedbent match with the experimental
dats. These validations lend streng support o the use of the

Hormakzed interasiy
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Figure 1 | Reverse Moate Carlo to

H-ray dilfraction and absorption data. a. S=lid lines are the sperinscntal
XA and Fourier-lronslormsed EXAFS spectea loe the NigF y amsarpheus
alloy. The cirdles are for the XRD pattern calvalated foe the eveniual EMC
canfigiratian. b, €, The salid limes prescal the inverse Faurier iramaloemns of
the first praks in the Fourier-transformed EXAFS daea i & yixd is the
EXAFS, where & 3 ihe phainceciron wavevecior. R is the distancr beiween
atsms, The EXAFS sprcira caleubated far the BMC configuration {ercles)
and for the sk injtin medecular dynamics configuration igreen linel are in
gnod agreement with the experimental dara d, & view of the finad RMC
configuration, The blue and pink halls represent Ni and F atems,
respectively
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cnnfigurztion chtained from the virmal' quenching experiments
forstructural analysis of the 30 atormic packing, An sdditional check
for both the BMOC and molecular dvnamics configurations i that
their mass (or atomic) densities are gl within 1t 2% of the
experimentally measured valoe for the Ni-P (and 0.7% for Ni-B
discussed helmy) MG

Structural analysis based on Voronai tessellation

The atrwnic pesitions in both the BMC and ab fiire melecular
aymarnics configurations can then be wsed, and cormpared, 1o wneavel
the alsort-to-rmedinm-range details, Our fiest objective was to identi-
Ty thee pesssible presaice of building Blocks, o “clusters’, The firststep
it 10 pessidve Ele local nesrest-neiglibour covmdination. The cosndi-
ration mumber {CN) can be determined unambigueously by using the
Vool tessellation method ™, which also daracterizes the local
atornic ervivonment. We use the Vomood index (m,, h
where i, denotes the number of -edged faces of
plyliedion and $r i the total CN, o designate and differer
the rppcﬂftlwrrw;rdimtinnpﬂlyh!lwmmrmundirga cenire soilute
atom. For example, tri-capped trigonal prism packing | TP comre
spends b a Varanod index of (0, 56,0, while 2 mona-capped square
archimedean antiprism (slightly distorted from the TTP) has a
Voranoi index of {1,540} | see Supplementary Fig. $3).

In the Ni-P glass the solute Pwss found to be coordinated in the
first neighberuring shell b Ni atoms only, and the statistics of the
Vowanod analysis indicatod that the ave rage first-neighbour ON of
the P solute is 105 for the ab initie configuration. and 10.6 for the
R masdel, with very similar distribntion foe the twe 30 configur
ations { see the distribution in Fig. 3 for the ab initis configaration ).
Susch a CN woousbd seerm to be larger than vas determined in previous

iy

Figure 2 | The evolution of partial RROFs of the MisnP o liquid obsenved in
&b lmitio molecutar dynamdcs simulations. The parval RRDE:. & gl R,
change as a funciben of empersiure during the cosling and glass farmatien
o the Nig® g Biquid Gl R1 = 438]ag(RY &) — pal, where o 83 is the
atsmic densivy ol the jalon ol distance & fram an § soss, and g s the msean
atamic dessity. The experimental data for this glas are alio dbawn loe
enmyparicon |orange sindes, redrnan o rel. 131,
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REAF weode ™ by connting the nmber of atoms belonging to the “firs
shell’, which is very sensitive to the prodefined cut-off distance.
Hemenver, we comfirmed thar the results ave consistent, s the CN
turmed out 10 be 9.4 when we used a cut-off distunce of 284 in
the RDF (Fg ), in de agreement with previous snalyss of

leiid MCs"

Dependence of local packing on atomic size ratio
T observe general features and trends, we analysed & number of
] MG using ab i molecular dynamics simulstions. These
structural covifigurations are validated by comparing the caloulated
TR with the cxperimentally messured ones {see below). Civing to
e different ancenic size ratices, the CN distribution of these MGs shifis
comgistently, as shonn in Fig. 3. The sohvent atorns surownding the
centre solute atorm appasently form different types of conndination
polyledsa in these vanoas systens. As opposed to Pauling's rule of
7, wihtich states that the nuarvber of the clerracally different
envirorments of an (jonic) compound tends o be gmall (for
exarnple, even the mest complex of silicates minerals typically has
anly theee w o different kinds of coordination pebylsedea®™), the
solute-centred polybedra in each of the MG studied invobve 2 lage
(2% many as a few lmdred) of coordination |'.w:||'|.|wd.lm|
types. Such diveraty has previoudy been n.pml,ud in claseacal
micdecular dyramics amulations of model swstems™, and has
recendly been enumerated ™™, This fmding siggeis that the lncal
arrzngemments cannol be moddled by a umgquely prscribed steen-
chemieal structure. This condlision wes also cwmbormted by oor
analyias af the rather broad bond-angle distibution (see Supplemen-
tary Fag, S4).

O the ather hand, despite the large number of the geometrically
disting polvhedon types, certam polybedrm appeared with ligh
frequences | 20-40%; e Fig. 4} A closer ingpection suggests that
they are Kasper polvhedra, which are the ddahedra that mealve the
minimim rumber of diselmations*". The atoomic pudurxg con-
figurations of different Kagper polvhedra are ghown in Fig. 3. [n the
Ni-P glass, the percentages of the 211 Z = CN) Kasper polybedson
{the ‘sjﬂpp‘.d.r::ﬂlt - miedean antiprsm, h‘\ﬂ WITE Voronoi
indes (L2808, and the Z11 Kasper polyhedrm {with 0,281} are

Coaidinglich fdmbe

m 4l
-cl'l,A.ﬂ o= -<I:.C'I,E\,Ib fﬂ! E,Cn- <028 1> -::IE I?E) <0092 3

sk it

Flguri 3 | CN distrisartion of the solute atons In several Fepresentative
MAGs, obtained from b dnitfo caloalations. The average TN changes with
the clfective alomic siae ralia, and loe cach glass the majority af the selute
atams | =75 % af tatals have teen dominant CNs. Also shown are the Kasper
pebrhadra correspanding in the different CNs. The Kaspar pebyhodra are the
darminant comrdinatism polyhedra in the relased MGs.

16.2% and 1065, respectively, while in the Nig B MG, the
2% Kasper pelvhedron (TTE with (056000 and the 210 Kasper
polybedra are dominant (at 17.8% and 7.0%, respectivelyl. In
comparison, prominent icosabedral local arder is foand in the
ZroaP MG, where the occurrences of the Z12 and Z11 Kasper
polybedra are 14 1% and 9.0%, respectivey. Therefore, it is evident
that the Kasper polydwedron SRO i the main underdving topological
SROin the MG

The preference fora particular type, as seen in Fig. 3 wgether with
e shift of the main peak, B comtrolled by the efective atomic s
ratio hetweer te solute and sohvent atoms, R7. With decreasing R,
e preferred polvhedra type clanges fiom the Frank-] Knsp‘.rL m:n.
(for B = 1.2} w the iosabedeal type (B = 0902, as for ?
with B = 0900, 2id then to the BSAP type (£ = 0835, as i :—P
with & =078 and then o the TTP type (R* = 0.732, a8 in
Mi-B with R* = 0069); see Figs 3 and 4. As pointed out above,
soinie MGs, notably Thirmetallond systems {N-B, Pd-5i and so on),
irwdeed exhibat the TTP local order, similar to that in comespending.
arvatalline compourds®, Bur this dhould be undemtood a2 a gen-
metrical corsequence ad only specific o a small namber of MGs
that meet the B requirement for the formation of TTP (B = 0.732),
Char resudts not only validate the mportant role of the relatve s

| .
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Figure 4 | The of different {with
different Voransi indices) of the sclute atoms in the MGs. The hars
ouikmed in red dho ihe frequency of the dominant Kasper polrhedra. Note
that anly the polrhedra with a papulation af =% are shown
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betveen the solute and soheent atoma™ ", but dkso explicithy specify
the packing topalogies for the various CNs

Packing of quasi-equivalent clusters
For each one of the MGs, the several tvpes of bocal conndination
polyliedra specified abone are geomaetricalby different, not identical in
topology and CN. They can nevertheless e corsidered quasi-
aquivalent, or claster-like units for o given glass, supporting the
framesaonik of duster packing”. This is because,
centred ‘chusters’ in Fige 5 (dashed cincles) have sir
framn their narron vl distribution, Second, a8 disoussed abose,
the O o thhe selute ar centre has a relatively somall vaianee anound
an average contrelled by 27, and the polihedrs can be considened
adisbortions of certain specific types of Basper polyhedra. Tlat the O
18 1 & i) kg fior & given glass, s s sormetine designated in
il ied hard-splwere model 2™, i not surpeising. This moderate O8
distribution (or 2 range of quasi-equivalent dusters) is a narural
consequence of strain relegition in an MG w allow for moee
comfortable packing of “seft’ atoms (mam-body interactions e
ﬂmm:tmdumglmdﬂ:hmm]lofrlwsmm&m.]. i the entine solid { not
jusd e nearest-neighbouring shel 2 dealized insome modds'™),
Such arrangements wall permat more fesbility for dfcient Glling uf
the entare 37 space, with reduced energy (e bdow).

We point oul that the formation of the local slute-centred
coordimation palyhedra 15 a mantfestabon of the srong chemical
AR Bvouring unlike bonds, An examination af the calculated
dectronic structures demonstrates the strong chemical affimity
between the T and metalloid, resulting from the partially covalent
rature af the bonding that is still mestly nonedirectional. In the T
T plaseees, we often observed noneadditive pair interaction, arsing.
from the charge transfer and screemng of d electrons, Chemical SRO
15 well knevwn i thete Thd-metallowd and TWMETM ssteams, and
waally one of the prersguisies for the ssy formaton off MG,

538 4354n dda bl 157 455 688 BT 421
Chusior reighbour pair

Figiirs 5 | Thi packing of this wsletu-cant red quasi-squivalant chisbars,
shawing their MR, & The duster commman-neighhousr analpis shawing
thai the local chasiers in the MiGs exhibii icosabedral rpe ordering, The
typical cduster camn ectins, exhibiting the fivelobd symnseery, are decaibed for
Ml B Nl s and Zraafiis in by € and d. respeciively. For each bocal
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Onwing to the bond non-additivity, the effective B i differant
from thar estimated from their Goldschmidt atomic vadii, In the
lireratwre, the absence of the direct solute-solute contacs is termmed
“soilute—solute avoidance™, Tn other words, in the partial BROT: of
the sedutes (see ThiCmetallind glasses in Fg, 2 and Sopplementary
Fig. 87}, there is livtle-or o sohote-solute pairoomdation peak at the
ncarest-neighbour positien. The chermical SRO—that is, the fact that
the solute atorm sits in the centre defining the quasi-squivalent
clusters—aets the stage for the formation of the type of MR
dascusaid belen
The solite—solute correbations and MROL Wit the uasi-equivalent
cluster” defired in this way, and after illustrating the fntra-cluster
packing { topelogical and chermical SROY, te nest issue we discuss is
the correlation among solute atoms (and solute-centred chusters),
This addresses the important question of o the clusters ane
ot and packed to fill te 300 apace, giving rise wo MO,

W e desacribee the {dense} geometricitipological packing of the
uasi-equivalent dusters, To differentiate several imgortant candi-

e s, we make e of the common-naghbour analysis™, In

the pracsent stucdy, dhe quasi-coquivalent dusters were treated s rgid
halls, ezch oecupying e valume af the coordination polyhedmon of
the solute 2tom at centre. As shown in Fg, Sa, inthe Mo, By, Nig P
and Fr P sistems, the slute-centred dusters ane packed with
appreaable wnsmbedral wopologieal order, 25 sadenced from the
prommanent prsence of the 555 wrsahedral agnature pairs, o well
2% the 544 and 433 pairs (the 555 mdex represents a perfect
frvefiold ring of common neglbours and the Liter twe correspond
oy the defective/distorted rings™). Very simalar resulls were foursd
in the BMC configuration ol the NP spstem; see Supplementary
Fig. 55 The 421 and 422 indices, signatures for dode packed fuoe-
centred cubic {fec) and hexagonal close-packed (hoep.), are
insigmifcant.

Mote that the common-neighbour analyas mdias above reveal

i 2 B2
chusier, the Varonoi mdes & gven te indicade s idendity, FS, ES and V&
drnatr face-sharing, rdpr-sharing and vertes-sharing, resprctively, The red
dashed cirdles delineae the clusters and suggesi ihe quasi-equivalence of the
clusters, The bonds for the centre duster are nat connected for darity.
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e presence of fragments {soe Supplaneantary Fig, 550 of iceazhedra,
bt ot necessariby amy perfect ioosahedra. This can be tenmed
“tocsahedral evdering) a term often used to describe kecal ropological
SRCin undercooked Houids™* and plasses'* (such as the Zr—Pt gliss
discussed herel. Here it is sheot range for the packing of dusters, but
already medium range from the standpeing of atomic (solate)
eorrrelation beyond oo clusser. The joosaledral-typse MEO {duster)
ardering is 4 general Fearure regardless of the trpes of SRO inside the
elussers, as s in Fig, Sb—d, where the intracluster packing varies
fromn the TTPordir in Mi-B, to the BSAP in Ni-F o the icesahedral
SR i Ar-Pr, 8 illussrated above, The tendency for icesshedral
arder & net surprising, 8 in Al these alloy systems, each of the
clusters v an average of 12-13 meaghbouring clusters of about
e sare size {soe Supplermentary Figo 56 for the cluster—clusser
eommmon-neighbour analysis). This indicates dense packing,
heree favouring foc, he ersahedral order, The ivesaedral
packing sl preferrng fvefold symmetry i in faot inrinscally
asgociated with the derse packing in amorplwus materials, and is mot
uncormmion i the literture for the packing of small clusters or
particles -4,

W stresss that the b oo calealated structures prodice partal
BRI i very agrvement with the expermental omes: see
excellent match of the RRDEs, Supplementary Fig. 57, Note also in
Supplementary Fig. 57 that the splitting BB first comelation peak
saen in the expenmental REDE of N8 {and solute—solute eome-
lation in some other Thi-metalloid systems ag well) was not
reproduced by the prevoudy proposed miodel 2ssuming fec. pad-
g of evedappang equal-sized disters”. Thas stremgly suggests that
the wensabedral fvefold packing is a more realigtic orderng pattem
af duster—duster connection i MGE Our solute—solute—salute
hond-angle analysis cormoborates this conclusion. The duster-
crmmechon diagrams in Fig. Shd for the several MG illustrate the
sperific padking/connection schemis of the quas -equivalent clusters,
through the sharng of edges, faces and vertices In faet, these
different sharing schermes explain the different solute—olute dis-
tances that lead in the splitting in the peaks in the respective solute
sobute partial REDES (Supplementary Fig. 57, Similar schemes for
ihe commanication among dusters were pradicted in Gaskel's

Figure & | Configurations of solute atoms at mcreasing solute
concentratiems, a, Exiended clussers in the Ferm of ‘lone pairs’ (here, twe
o aharing kosehedra with O8N = 17) in the Zog Py MG b, Extended
clusters in the form of "arings” in the AlaNige MG The dence packing of
siich ‘entemded” cluslers comaifubes the second type of MRGR €, The iobule
metwark formed in the MigiNhs MO, o whick the solute concentration &
ligh. The aetwnrk-like irrangement of the dubule slon gives riee tn o
diflarend, third type of MED.

misdel for the connection of TTP chusters’, but in 2 random dain
comfiguration,

Cavities. Ad suggested in the proviowsly proposed model of fec,
packing of stoichiometric dusters”, the rw:kmg oif dquasi-eauivalent
clusters ray beave heliind worme ‘cavities, They can be identified by
locating spaces with relativiy low clectron change densities. We
firwned that the larger cavities ane associated with ultiphe cluseess,
aned have a corslation with the duster arangement (See Suppleren-
tary Fig. 580 The bocation of the lager cavities resernbles Bemal's
canmical holes?, if regarding the clusters a3 lard spheres. The
analysie of the size and distribution of the covities would have
irnplicarions for glass-forming ability, especially when additional
solwte species with different sizes ave introdiond tofill such cavities w0
firen bulk MG, as well s in the understanding of transport
mechanism, ghiss ansition, shar marsformation in plastic few,
aned the stectue factons in scattering experirments (fir example, the
pre-pesks obeerved in some systems ), But this tepie s beyond the
sonpse of this paper.

Strings and nebwarks

The scosabedral ordermng of angle-solute-centred quos-equivalent
clusters i an efficent packing scheme, bul 15 not the caly type of
MR When the concentration of the slule species increass 1o
bevond the leved 2t which each of 21l the slute atoms can be encaged
n a single-nlute-centred cluster, neighbour amiact between solute
ateme becomes inevitable. This produces direct bonding between Like
atome [ 5 ternpling o sunmise that the excess solute atoms might be
located 2t the interstitial “vacaneies' of the densely pacied dusters®,
Bt wwe found metend that a different kind of buzkding it emerges.
I our @b mitin calculated systems, the connection between solute
atoms takes the form of 'dongsl For mstance, two neghbouning
solute atoms form an isolated pair surroundied by the solvent atoms,
and the resulting configumbion may be termed ‘eatended dusters In
the Zry Py, metallic glass | Fig, 6a) asolute pair isseen 1o have a total
O ol ~17. Samilardy, string-like solute atoms are apparent in
systerns with higher solute concentrations {for example, Fig. th for
mr_nlu:lu.n.-\L,Ni;}J.ﬂx'du:uupndtirqnl'lhuuﬂunlni:|usu:m.vi1
edpe-, vertex-, or face-sharing, constitutes the second fype of MRBO,
Thas type of pacdking beeomes: significant when the salute concen-
tration reaches mll-:?hh' 230, depending on the B* ratio.

As the number af the direct bomds among solutes further increases.
with enriched solute concentratinn, more and more solute-solte
ermacts become unaviidable. A pronounced first-neighbour soluge
solute pair coarelation peak in the partial RRIFs emerges, as
measured before for glasses such as Ni-Nb (ref, 43; Supplementary
Fig. 57} When the solute interconmection peroolation threshold is
eventually mached, a netwnrk of the solute atoms takes form (Fig, i<
for amorphos Wi by, b The siring- or ring-like intercomnection
reduces the number of like honds (inereases the number of unlike
bhonds), when compared to aggregated solute atoms, leading to
energy reduction. This is illustrated in Supplementary Fig. 59:
when the Zr,Pdu, glass™ is eooled from 1,800 0 MOK, the
solute-solute conmectinn becomes more netvnrk-like, The acute
{sohute—solute—solute) bond angles obserced 2t high temperatures.
disappear, reflecting the tendency to ander the solute atoms in string
like: and ring-like medium-range amrangements that neduce the
number of like bonds, The uﬁ:ﬂ- solute N in this open and
extended comnection is generally no more than 3 to 7. This net-
work-type amangsme; rﬂr?thosrhm atnms leads tn a much-imatved
third tp."rr of MR The comcepit of conmected random netweord has
previously been propesed in ref. 45, We have thus uncovered a whole
spectrum of atomic packing schemes, which vary not only with &
but also with sefute comcentration.

Limitations of modals.

Wi should briefly discuss the inherent limitations of the moddling

techmigues. The rapid quenching used for the ab initia systems did
473
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it appear to suppress the development of ordering, as the agres-
mienit betwcen the caloulated (ot whrahigh quendhing rates) and
experimental (for gloses obtaimed at lower cooling rates) partial
RRLHFs s rernarkable {Fig. 2 and Supplementary Fig. 57), This shows.
that the pair correlations established in our caloulated spstems are
similar to those in experimental samples, for the SRO and the MR
an the short-range side™ examined lwve (the experimental data
available for validation are for the range below 84, although in
general MEO ray edend up to approvimately 2 woe Fig 2 and
Supplermentary Fig. 571, We alio compared the structure of the
Wi P MG abtained ot two different quench rates (see Methods)
and found no obvicus diference.

T obwerve the effects of the amall size of the system and the
irnpesed periodic boundary conditions, we examined different sizes
g 1o 22 mwrs For the edge length of the cube, and also modelled the
Wi P s using a Jarge svstern of 4,000 aters, T the lanter case,
Tworwever, dlassical molecular dynamics simulations™ fmelving
amipirical or hypotdhetical interatormic potentials lad to be used
Ihinary mixmure of Lenmard-lones particles using the modified
Fob—Andersen interatomic potentials™). All the results ane consist-
ent with what we have pretented above, Thas suggests the particular
MEO = not due o2 mmall sstem under periodie boundary
comeibems. Howaver, b 16 certanly true that one prefers doswer
cooking rates to allow the system o survey the enengy landscape
mire tharoughly, 2taiming lower energy states through increased
structural ordering, While SRO may converge last, the degree and
edtent af the MEOD development may be affected by the mapid
computer quench in small spstems (our BMOC system 15 much
Lrger, but the Monte Carlo procedure wied in BMOC 2k fvours
rardomezation), Therefore, the 5RO and MRO we report bere could.
be undenestimates; the ordering actually present in the {more
structurally relaxed | MiGs should be 2t least a8 much,

METHODS
EXAFS data. Nig x, Inils with thacknesses of up to 1 pe were prepared using,
ehacipoplating froe Beenser-type baths onte Cu foils, which were eiched away
alter deposition. K-y diflraction (XRO, iransmssion-mode M E-odge and
Thaorescence-mode P K-adge EXAFS data were collected at beamling X144 and
XI3B, respectively, of the Natonal rotron Light Source [NSLSE o
Brookhasen Manonal Laborarory (BNLy The EXAFS daa were Pourier
sansformed inie real space after pre-adge amd postalpe backgroand sl
wactsone. The fitst poak up to 354 in real space coresponding to the
weearsat-nzighboar shell was invere-Fouries-transdormed back
Thrangh the Fourice-fillzing procadan, the simple sngle-scan

hrxl—mq-'\ﬂna |r\1'ur||m|l any pmm.
misdels. The R spsam usad typically 4,000
e BMIC code and the emvor between the simulated and experimental
nalogo 1o the ‘poential energy’ in comventional Maome Carlo
An aiom gaes: configantion & goveraicd by randomby movieg,
o exchaiiging arams. The siricvane s impeoval by reducing e frvng resadaal
wiiike the devanos serves as ‘temperavare” and is shooly “toolel’ Following the
sivalatad wnnealing sdheme. We confirmad thar the aupur strectige of oui
RMC modelliog, wpon marching the espenimenal anpur afier ~107 nunsieg
steges, Is ndependznt of the suanting coufguration the inivial configars
b ither & 30 Lamice oo o tandom @rocvan: ander appeoprians oo

desirnbile composition, are armnged in a subic box with parindic boundary
condilions, The smmlaon was performed on the T p only. Projected
ETTE Hanewaves (P with the Perdew—ang pe-coamel ation
poenimls™ have been adopted. The valence staie of cach dement has been
previnushe defized in the provided PAW peeadopotastials, Oee imponae:
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throaghiout the sevalaione & the detzrmination of the dessity of the

qual

systems. For this punpose, e ensemble was melied and equidwaned ar high
RemeraTiines | 1 800-2,200 K o 2,000 timeseps, with cach timestepod 5 5. The
||||12|=L.| ws usedl s

\.:nuqr,:d

shass systams i i the m..F.-nn(. to K per 168 timeseps 143 10 10
4 W7 Allogs selected includs several Th— loid | MisaP ;e
u,..; TM-TA {7raiPigs Zrafisn LrmPdg, Nisbo) and meial-Th
1! aZrr b sy,

Wmnnl Inld'llﬂnn Dieiails about the Voronm iecellaon method can be
Found in referances”, T cosumucting the Vorcno polybedra, we removed those
suelaces with arza less than 1% of te ol asea of the pokrhedion surfaces, By
deang @, the degeneracy problem and the effams of theesal whiaton are
wninisaeed. For the cluster-custer commos seghbour m1|ya:-. A pre-ss

ausd pay neighbouring seluts atonms sepresael P connedlng

ncluded angle beiwarm fwn atoss in the fird coordimteon shedl and the ai
the camare of the dluser.
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