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Fig. S8 e me HDONM rtchhei tThet wrudasredriepptrse sent atom indices and tot
structure. The input of aGNNcosstrusetedffseRuCafurads airscD o1
and theaercuttfhet sat oBiFcSi}pr oip.eer.t ieenser{gy, forces Bnlots&®méEsses. T
can be calculated from the individual atomic contributions

In this work, we utilized the hi @h tdi nteonnssitorndacTth enteldel aNI N r
architecture is schelmatEcabheytoettédbvneber FggempBdsed and wr it
combination of ahomihc iosfn ethhpey odittapnudtar d newur al ngtwowrek.r yThe i

bassetdr uct ur alG}de sanrdi mtreer vyerfy detailed discussed in main teb»
0 Ohp
The atomic force can be analytically derUixvye dora czc o radcitnign gt

the kbhtsomhe derivative of t he tRd Bylombimngwith Fq. Wythefdice compopeatct t o |
came bhurther related to the derijiVsatriuvcetsu roafl otfihges taothmpmiocr ener g

. o 'F%'Hﬁﬁ
h R 5 H-Hﬁ-FQﬁ ¢
Similarly, the statillocahrbesanhaehgbdbicmhtyi deel emdnas:
p "l T O ROB .
A 6§ © wm."°
fih
whemmaenedarre the distance aradtiors coodulie utieagpedti vel vy, and V

1. @nstructing ugl algdNISSANat aset

Undoubtedly, the dataset used for trai@umgpntdéei iNNs dwdrek mh a
that the stochastic surfacectavm!l bieng getiwWalt dthaalias eto,pt wimzah
incormgofdeerewndt ur al patt elfrheet @ais Sth entggdhro blaé MPESNd ian the pr
Th®@SWES s efaulclhy i asaundoreast evbt need oat lpe i Dydt &kmowd edlgeas t he st
bonding patterns, Tehgmmeneay) obf amaedrbalten global dataset i

I'n bri efNNN tmee h®IWi n veosl vfeosr tchorneset rsutcatgi angy d ehec rgil e | i rd att taes €

(iThe fiesdnsttragct s a ¢ awstahaadt ansoestt, adwahninicrdio etnvamoasnebhhes
training dataset for Bhilkdipseg domimi digt ipali n N NpR & SniigaWa @lno b a |
massively parsal Ipeli nwa yp.l eTsh ecwaflichu [l aotw oancachudr atcgyp iscaat¢upysd t o s ma
(typically bel swe2d apomByl| B&WHds sgr ekt miukdg otm@ESWr aj ect ori es
a raw dadtnaddtyiined.

(iTih)e secornrdaaidmida gé ob al PES. mTafisnisgdome dgt &sad s£tud saitn g nf i
with high accual latchye dNeM ytprsai ni ng on The &dblcarahetgcobak dpi
stage utilizes a small set of structural descriptors and a

(iThe t hii de s e&ixipgwendgs gl ob atllatrdgaettassnectr ease t he predictive
i ncoi prgo radt r uct ur al pat elfehd bss iisn tdoo ntehSed W ESa rsreyairrcdh aiwsti ng t he
obtained in the sea@ornvdar sitmdighe,at €T Fsadensindgi afli rcadrner eshhd o ml y
configuratsed lardedwiytsh emany atoms per .uffht oferrduficlf{ e®8§%wW 100
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trajecrcotiesdaided ¢ ®e reehadtdet dtahhea § etevaT lais® t tios ttlde rglléfddads k t
to sttaogeatZapeyic |l e of .NN training

Initial Structure

Bulk +++( Layer )--- ( Cluster

Parallel

1%t Stage Low
Accu.

SSW-DFT Sampling
Filter

‘ Raw Dataset

| Refine
4 ilci: Global Dataset | «~—————
2nd Stage
: | NN training

NN global PES |

| Parallel

34 Stage SSW-NN Sampling ‘

Filter and Refine

Additional Dataset } =

ScheméBilocedure thbe gemémanigndat aset Aits iftnhges3tShabt ggBdgeelN ad a mpltii mc
is typically calcuil psienc avp & énlAd toisndhmascrcdl r @atcy g es e tt hiese §fl inbdtl da
using high ,acfcallrlaahvee dN&Niyi p®i ni ng on .Athdthideroda msatadgckgt obahl ddat
i S geneSrSaW esda myyi il n @ i nogo t AN meEE o Uahd dsi tdiadmaslet i s then fed int
(back tandtagar®)a new cycle of NN training.

Tabl &t3u.ctures in the first principles global dat aset .

NaamA Nbugfk Nlayer Ncluyster Ntoi{al

12 32467 3037 8002 43506

14 51687 156 0 51843

28 7480 0 0 7480

40 4609 15 21558 22042

13~52 8920 1441 0 10361

80 0 0 21333 21333

104~107 8858 0 0 8858

Tot al 109881 4649 50893 165423
A the number ofhdBoast perhasi¢x ceexlplleiticAtipl@yne@tt omsegper cel l)
V:Nbuy ki NyecNiattee t he number of structures belong to bul k, | ayer
l1.S3tatistical assessment of structural descriptors
The boron ¢l @ahmali dekeatlagetsti ground for structural descript

(1556 423 anging from bulk to clusters,33@bé&netohal numberi bfchrt
is to identtfiyetbhermosurakndescriptors for distinguishing
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For this purpose, we have t o sftirrusctt ug en e wleitsechs 4 fpdir@mn g& a h u m
descrpioptlorf or selestiractulrpabedepagi ng68mws t he eypdtstiypetsur(d
descriptors, B FtSyDse astdr csuitxur@mo wedrescr i ptor s, PTSDs) , wer e
parametd&8re 1h Eign t he waitmftfes mHti(fwest hiimef. i Bed® second neares
envirdmmermtoron). There ar dad0BQ@r 86H4 F S5 SaSh B, Srlebs8p e clt8iOvel y. F c
structural descri pittohre dltsbalal dieet d et emah @dloonul at ed and sc
and the minimum values. ThXKwi thiiph@dil wmemeinemalt ia)fsyrau wsad caeseertt h ai
atoms and p)acghi vceosl utning (v &i ce$s afremractural descriptor in th

The pré¢omp ehent ahatl ytsmest o A) hen utilized to compare s
descriptomapadiher &y edmath Xfixs t he atom index) to a |inear|
of principlewcompoeaenbystbeematri x tr anslroerpmeetsiecnn si n hkq .p 0.
of dimensionality rediutbadnnbgyvecuncati doka hmaxtlWerine ovfabe anc
el empmheji @dexes the structbkrhledgscveptor h&ottbe heod@atiasmd
mat X.i xI' t is useful wtian dex eemipn ea i tnheeE qveairgdafn cfer om PCA. The f orn
wei ght for the j4t hamsfrarcmat iadkt Hferpemingi pal t compenenhe and t
dat@setri ascprohebké da i o hppoanl e ncto.

g, L
14 54 31

"y 0 F3o

The above PCA wer e castrriweaat vorual b dne stonmpi psotoetpltse sTehme t ype we
sel elc=tli ntgo i denti fy twe 0hieheawisftihed heei d hatr getstuct ur al descrinp
again analyzed ulbk=i3ng oP GA nbpya rsee Itehcetiirngabi |l ity for structure
variance for the first three Prowci pekspeompoalp¥ ad\vee BOn P ¢
information from the structur al dnedd @ roimp tPoCrAs .i nT hteh et rfainrssfto rtr
components are |isted in Table S2.

Tabl28h® principal compostmudesaeabhlysesr $§o¢SD) fderenied gghltosbal d
forfithet three wRdAy@omp ad M@ o< oteyapceht ofict ur al descriptors.

SD Type n 0/ % 0/ % 0/ % S

G? t wo 72 20. 1 3.1 1.9 0.17
G* three 64 0.2 0.4 0.5 0.00
st t wo 54 22.0 2.1 1.5 0.18
? t wo 45 9.7 89. 6 0.1 0.19
S three 168 17.6 0.9 0.0 0.14
st three 180 12. 4 1.6 25. 4 0.11
$ three 105 15.0 1.2 69. 4 0.14
s four 80 3.1 1.0 1.1 0.03

Athe type of- than8bfoiiye. two

Yythe total inumbaghoty®®esd f orormse rwietni withto ulitlhetgkeist st st age (
In the firswacfompmdye nftyfathdec86 %j Gare generall y-bbadayger th

functi dadsd, (S 15%), and both of thedmodyefmchiBBarg&hitshamdeh

consistent with the common knowledgeulieomfcthesienargjyocoat
stretching > bending > twisting. MorPre~9Mporthaat | gomifoat ¢ & et
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and for the Pfh+iT7Td%)compewnainits St he ot hetrhéhaBPcr&ipptuares .a dldh e s eo |
structur al information, whiinccho rcpaonr aotbivo foweostl tyt bee sapt ht & o tbtuat leads €

Using Eq. S6, wescda9effiomalelax hdasrnirwettuhal cdescibptoonbyian
first three principal components, whodf® & ueaxndasShsile/set ecdchei n
similar scores, i mpl ywierpd atcteatb | teh d yasarsal gigred efed if h-bbentl YFri gge 2
functihen s, eire do oms iGdeerr atbhl ayns, sébeBahld).r ST W(iSs rmaiyr prdtsilmeg because t
pacft*l@Gcks of the athderiidiyr dromemtobewayhefrom the atomic cent et

I n shoCA ,derhcen sPt hneetReTsS Dtshtapter f or m t he BTSDs in the boron g
outlines th®Siamgdd Ss ant ptroaf skt eoi pbhvilocond y  a fba dtwhnrcetei ons. Apparent
incorporat ihoanr mdnisc [FeaarmedRBDMs iennhances substantially the st

1.4 Performance of NN training withandspetwotbk ¢$he

Knowing the relative rdaeaskdrmigptodr si,ndwevidtuialll snteeadttuoc ail den
descriptors that act together as the input to achheve the
number of training paramédteiacieni NNj s mwstalraakreedasntboest ibfaincsd ritelr ye
af ftehcet NN stpreaeidnianngd t he predictive power.

While there are in principle infinite combinations by ¢
experitmengetdup two groaapd ogeobwparckh, wgrtchupgf iNe di fferent sets
the netwoxhsnaceeflufflegdfor war dTN& wwohgt wopbi ddehet ayer she
as contr oulmbeed boyf tnheeuhraosn s~:8 5g0rOo tnpetNvor k shasam2beeoee6 metdwgr kupa
The five sets of struclht utrda|lseateecaspt osseddéemotfTathl as S8et hayv
structur al dteesnc rdiipftfoerrse.ntT hneestewo rakls taB eN d th eg red @lg etNédl eNhort ed as
growp &And their details are summarized in Talelrese 94. slttr uict ue
descriptors, edls todn, sggah en gb eftrtoer st he atomic structure can be

Tab%$3e Thhueanbersborfucther al?tde sEagildt o ns matGme-1t ssodht

set G? G gt 2 S st S S Tot
1 0 6 23 9 6 20 0 0 6 4
2 8 0 29 9 22 22 0 0 90
3 6 11 29 10 28 25 0 9 118
4 6 11 29 22 28 25 0 9 130
5 6 11 29 22 28 25 22 9 152

Tabl &h®4 net work architecttuera net iwbietkhs eté¢hhel o y dcbat at i desof i p

Nt . architec Np a'r a Nt . architect Npar a

Na-1 6 46 5 &8 8581 Ns-1 6 4 500-b 25711

Na-2 96 B 1 8561 Ng-2 9da 202D 25561

Na-3 118 8 8447 Ng-3 11-B1-01-0 25411

Na-4 1397471 8461 Ng-4 13D0-B50-5 25335

Na-5 15232 8470 Ng-5 1520-D0-D 25501
A tbeamber of parameters in the network.

To be more specific, the five sets WFFIRTIRL urxi ndestcheyp
more effective in distinguish BamdBGSSD raurca ed s axprmpoemsdt rtaot e
differentl switth!|l @h€t wethetG4 only andand eGTohtdh @fdosgu rT $h Hot h
added to the thre% sl arngeys tprséestesh,t wshhioltehteh bbee t 8ie natc,i goitreen Sc ut o
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Fi 8§2The e®Pcont ours anlagpc todd tchaet aset from gl e lt Mexwdisgh
Steinhart orde(f mpiamwetnshbte)a nddenntsBigt.y 1lof sit@atesd (DYSJoldsr i nThe
B is set as energy zero.

andalSe typically the most expensive structural descriptors
set spaffTdarmet er s util i zed hfaovre ebaeteimi dttiomleddyswervaele r chegsec nf i@plt a@rs f f er €
(up tand diff ediesattr ialmwtuilamrs (one example of t-hei pashmwher g
Tabl e S5 itm sTgdtl ieo r593

For the purpose of thea fnegtwotrrkai, niweg hafv et lge nteam t kcidf fae rsem

In total, 8,000 structures were taken randomly frcomrtelsg¢ gl o
and a test set (800 sttraan ubesyis®Balmi z2ad,| yastéhewmaitmasEi g.
wei ghtedt gypeiohdet parameter and the energy. Two figures,

indicating that this smal |l PESdandses soveabl ¢ehkfowhbésetighohb
i n communi t-¢gat asteiltss di&s0 @@eld asn sfeipleesa,t edontaining structur
energetics/ forces/stresses dat a.

Our NN training prtocaad wrees cfralbleadvws ne koduere pogr refva oobués ot omeo r fk
me a stulree d e vei naetrigoyn, offo,r caes adnedf i shtsrdensiesmii s gnhgeBFIG,S alb.0or i t hm

. . . , P . . i . . T
0 v "0 to — O O — i S — wHER w»hE D
<G @ Grn G X . F R B X
I'n the iegurat ¢ bwjies iantdo nk=eksy, d ipaylease, indices of stressmatri® , O , Qp,
Qi rny amgdare energy, forces, -panidnei pksesesal cTohedNicsa sad | fee 5 §
p ar anveahd¢ ares eats ¢ o n s t1ar0t0,. Obiedidndg 4 r @i ni ng.

1.&eneral crhuoloessi nfgort he opti mal net wor k
OQur main results for the NN training of the ten differe
performandeofunbeibnaining dataset agai ns) dahte et rl airmgien g ed pva

(y , respectivelypearddrfmagobtS3beptens dhéeéaset against the t
From the figures, we can obtain four gener alasr Udlods oows .t he

Firsthe fitting ability of the NN depends, not surprisin
The more complete the structural descriptor and tihhe. | arger

This is in accordance whehf it beiaggdn etshpeh bnkehpoaeyi ekdligseir mgh adtrea 1 n
t feudcloywnewettevbr k. The | owest perfaamaakeurf sinicn iBomewHoarr eb etshthe g

performance functatbon prueaagdlee dam@. 8 IndFoFri(fgdurr 8 &) | i ne in Fig. S
Seconwith a given network size, the per foorsmoamec ec of nusntca nito nv
when the structural descriptok s tepeprpead!ortna ntchee facanpli eotne .c ol
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Performance Function

140
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. —— Na-3 —— Ng-3 ——= Na3 — Ng-3

N =~8, A N =2 B A B
para = ~8,500 Na-4 para 5,000 Ng-4 Na-4 Ng-4

100
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Fi 3.Th® tNNMiningheslewileauwrgfioornmaonfag@a if mstct .o al)enri faoyrc ra pritce thw o
Na-1 tabi Hr ai ni nopNdlteohatmber of par ame(tbBeaosrf mann ctemef towedthkdo r k ;
t ogB5N bhr ai ni n(glP)datf as e ncenedtfwdattkas & in.

3 twd;Nin thehgropepformance funcs3 otsbec NMhersgesugtgest+32 ther p

saturation | imit for the structural descriptor satjowhen a
Il i mit, the f uvertshterrucitrucrad a sdee sacfr itph ors i s effectively equi ve
|l ess obvious effect on the overall performance.

Thi,rd he performance function for the test dangastetneetwenk
sizepbi.es Wl ways poorer compared to that for the training
where the performance function always i mprovesnllaygcaoagtiimec
net work size. Fig. S3c shows that the perfor mam3c,e4dN uncti on
Na-5,83N 84N amr8. NIt suggests that the predictive abiltihtey te@fstNN
dataset is hard to improve when the test dataset has no ov
incorporate as many as possible structural pattednsebh the
dataset .

Fourthhe performance function for the test dat aset convel
and the network size. Fig. S3c shows that t he tpheer fpolrantaenacue
within 5000 training epochs, which is in contrast with the
typically beyond 10000 epochs. Excessively long yraheing,
rapid increase in thé peBfalfmanceé0006cepoaohsprthNese two net
descriptor set but the | arge network size are obvcitoiuosnn'y mor
f o3 Nteb Mnly increase slightly after |l ong training, which
structure descriptor set. In general, the | arge stthreuctur e

overfitting.

1.06FT cal celtapison

AIDFTal cul ati ons arhe ppertfacmrdmena vies inmeg hod as i mpl @mbet ed i
ionic core electrons are described usihhehelpcofeoctexchag
correl ati oncre fbfeedc thsp BaErhet ud@é@oir o nt chle ¢ U @ avlc ¢ wsl autsieodn i n SSW s ampl
coll ect yrtehve d&atnetd dtoen @il @ayn c @ s0wia fvdeN gb afisilirlssotu i Bir zone is sampl
MonkHhHPask dZwlie¢me a ( Forl t3halc hd egahk ¢ usl autsieodn -pioni nsti negneer gy ref i n
calcul ations to ,bui¢lwstoetyh ai enjdurgeassl ee Madtaa ddéti edpecti vely
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3Parameters for struttural descriptors in se

Tab3sdPar amet er s safr utchteu raa®y usleasrc Eq p t 4ursiend nmtaoi nd etseexntv)b e onme nat on
rci sut of fh, zandll areiagljustable parameters

I'c h I'c h
No (% (. P EINO o (p P ?
1 2. 0.0t82 1 4 3. 0.0C4 -1
2 2. 0.1C4 -1 5 6. 0.016 -1
3 3. 0.0C8 1 6 6. 0.014 1

Tab3dPar amet er s sotfr utchteu raad'd Wieasrcbd maGums etde Xto) desenvbeonmenat on

rranmarceut of fanrdachidgjsust abl e

parameter,

respectivel y.

N o fe n N o fe n
(i (i

1 2. -1 13 2. 24

2 3. -2 14 3. 24

3 4 . -2 15 4 . 24

4 6. -2 16 2. 1

5 2. 4 17 2. 1

6 5. 4 18 2. 2

7 2. 16 19 3. 2

8 2. 16 20 4 2

9 2. 16 21 5. 2

10 3. 16 22 5. 2

11 5. 16 23 6. 2

12 6 . 16 - - -

Tabl eaS@Aameters of the radlddsed Bdg.r uttium arhaidre stcex ph virsedmeaot d
Lis adjust adllseo psaeaea milpatbelben S20r expl anati ons.
l'c I'c

N o (i L n N o (i L n
1 2. 2 6 6 3. -1 2
2 2. 2 4 7 6 . 4 6
3 2. 2 2 8 6 . 4 4
4 3. -1 6 9 6 . 4 2
5 3. -1 4 - - -

Tabl .@aS&@ met er s sotfr utchteu raai®g udlecasrcE g .p t8nusiend ntad nd etseexrti)be ohme nat or

rci s the

Tabl.eaS&met er s sotfr utchteu raad'§ wleeasrcE g .p tWsiend mao nd etseexrt)b e onime nat on

¢ o, ina &nfll areadjustabke parameters

N o (rci n m z | |No (rci n m z |
1 2. -1 168 1 4 3. -2 168 -1
2 2. -2 168 -1 5 3. -2 168 -1
3 2. -2 168 1 6 4., -2 168 1

pi s the adj u#at abl e e pcaafdpathiboene &f4o.r expl anations
No (rci) n m p z I No. (rci) n m p z I
1 2.1 16 16 16 4 1 11 6.7 16 16 1 4 1
2 2.1 16 16 16 4 -1 12 6.7 16 16 1 4 -1
3 3.7 16 16 16 4 1 13 3.: 1 1 4 4 -1
4 3.7 16 16 16 4 -1 14 3.: 1 1 4 4 1
5 6.7 16 16 16 4 1 15 5.: 1 1 4 4 -1
6 6.7 16 16 16 4 -1 16 5.: 1 1 4 4 1
7 2.2 16 16 1 4 1 17 3.: 1 16 4 4 -1
8 2.3 16 16 1 4 -1 18 3.: 1 16 4 4 1
9 4.0 16 16 1 4 1 19 5.: 1 16 4 4 -1
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5Phonaonnd free energy calcul ation
The plHorguencies of thedeéeranminédnbasadesnathe ,numeri ce

employing the PHONOPYt pbatkagkekesepger bdmhitdhleedryalt ewantimarsc el | (
per cell) Wi Mbntthearké 8esh8 Wi th a displacementt ooff NG.spl ajc ex
supercells was ngiemiemuathheed . n Frolre ceedadfls dii < 6O 26 e @80 6c e | | and 6.
(=107T7T 6)atfoar c6@ each displaced cell, the DFT calculations
duto the displacements. These forces were carried back to
Hel mholtz free energy (F)poenmtrepgroy VZIBERptaonfi(®)teandmp
phonon spertghaardriaosneidc approxi mation. At a given temperature
the stable phase. The free energy of the crystal is a sum
|l attice vibtattieoms.i sThde rfeict |y obtained from DFT calcul ati
dependent and in the harmonic approximation it is calcul at
O 1 QY Q asclngTTYQ

where r is the number of deprdeea odfesf rtened @rh pinrd ean bt reigmitthiewea eu
of phonon 9otist ashe( POR[)n,ksk scohet 8ol t zamadn condhtamal lkexpahmiss c
of c¢crydtealt eids neg
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13. A. Togo, F. Obhay a.n,dRA T L STBIAK@E .



6. Convergence

The

occupancy

t hpearti ti on

of

occupancy

rates

rat est carEp3cladnc utlhaet enda i anc ¢t oemet r. N gTeol
calcul ating,wo8&vceat cdtphah eoyc c u ppaunsciynhge at e p

100,

wi t h

200

respe:

300

exaami enreg etr
ainm

mi

f uncAs omh swmman ipbanbd ye rSdtgecs tndoiefefoetrdiehre sG.. Ir % sfud rt s

15/

Therefore, the numeri cal convergence for PO®i bheup8@eppO00bal

| owest energy structures.

Tabl eOSd6pancy rates fortPOBE$fEremt DFEmardalNNras (1000,

di fferent numhgr of structures (N

Nst r B13 B16 B17 B18 B19 B20 Re's

1000K
N N 100 68.3 29.&t 15.C 15.0 1.5 1.2 0.5
NN 200 68.3 29.&t 15.C 15.0 1.5 1.2 0.5
NN 300 68.3 29.4 15.C 15.0 1.5 1.2 0.5
DFT 100 70.1 26.8 13.2 13.2 1.6 2.4 0.6
DF T 200 70.1 26.8 13.2 13.2 1.6 2.4 0.6
DF T 300 70.1 26.8 13.2 13.2 1.6 2.4 0.6
1I500K
N N 100 71.9¢ 23.7 11.5 11.5 4.7 2.2 2.1
NN 200 71.8 23.4 11.5 11.5 4.6 2.2 2.0
NN 300 71.8 23.2 11.6 11.5 4.6 2.3 2.0
DFT 100 73.2 22.8 10.1 10.1 4.6 2.8 2.3
DF T 200 73.2 22.8 10.1 10.1 4.6 2.8 2.3
DF T 300 73.2 22.8 10.1 10.1 4.6 2.8 2.3
2000K
N N 100 74.4 20.7 8.9 8.9 7.0 2.3 3.2
NN 200 74.2 20.4 9.1 9.1 6.8 2.4 3.2
NN 300 74.1 20. 2 9.1 9.1 6.8 2.4 3.2
DFT 100 75.0 20. 8 8.2 8.2 6.7 2.7 3.7
DF T 200 75.0 20.7 8.2 8.1 6.7 2.7 3.7
DF T 300 75.0 20.7 8.1 8.1 6.7 2.7 3.7

i resi dual atoms with unknown | ocati on



7. El ectronb-tl5anal yses of

()

— BI6

Fig. Bboj éaded density of stabaklalnpdD BSa) o rthlndy-latbiTlhlei ng B16
energysewradseinc e band .Mdaxi memtieW BM)f BHESBr5x=V¥BMI ewWwi | e t hat o
B19 6s0a&t eV hehhdhehdBliyle density (the square of watvednuertgyn)
-10.(8mMar keeddaed ilfianje.teh.e fir st maj or bondi BighcdhaalgefaadenB1L 6y ar
del ocal ouzieBdl 6/ 810 seaaby mBi(irred olradBlgs perc algalsl, s )whitchiehiel | ust r ¢
mu lcteint er boddoipBG §f BtLl @b e



