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Llenb 1 3a0a4un

Lenb: M3yunTb KOMNO3ULMOHHYIO
nepeHocumoctb MOIT gna
MHOFOKOMMOHEHTHbIX Pacn/iaBoB Ha
npumepe Al-Cu—Ni B pamKax
yBeNnyeHmne KoOHUEeHTpauuu
a/IIOMUHUA.

fMnoTesa: noTeHuuanbl, 0by4YyeHHble
Ha orpaHU4YeHHOM Habope cocTaBoB,
COXPaHSOT TOYHOCTb NpwU
N3MEHEHUN KOHLUEHTPaLUN.

3aaau4um:
1. O6yunTb NnoTeHuManbl B naketax MLIP-4 (MOMeHTHble TEH30pbI) U
DeePMD-kit (rnybokune HenpoceTn).
2. [posectn cumynaunn B8 LAMMPS gna pasHbiX COCTaBOB.
3. PaccuuTtaTthb :
1. RDF (PaguanbHaa ¢pyHKUMA pacnpeneneHusn) ructorpamma naoTHOCTM OT
PaCCTOAHMA
2. VACF (byHKumMa aBTOKOppENsaumm CKOpocTn)
3. [noTHOCTb
4. CpaBHUTb NpeackasaHua moaenen, obyyeHHbIX Ha Pa3HbIX

06bEMAX AaHHbIX.




MeTtoamnka oby4yeHnsa NnoTeHLUMaNoB

cxogHble gaHHble: [lonyyvyeHbl MmogenMpoBaHMem C MOMOLLbIO KBAHTOBOWM MeXaHUKM pacnnaBbl
cuctembl Al-Cu-Ni no 510 atomoB 13 pabotbl PoeinbueBa u LWenkavesa. bbinn cosgaHbl Tpu oby4vatowme
BbIOOPKN: LIEHTP (TOMBbKO 3KBMATOMHBLIW cocTaB, 5119 KoHdurypaumin), LEeHTP U yribl (YNCTble MeTannbl
N 9KBMATOMHbIN cocTaBs, 9573 KOHUrypaunmn), nosHble gaHHble (27944 koHurypaumn).

MLIP-4 DeePMD-kit
Ucnonb3osanca MTP ¢ 935 napameTpamu um Ons DeePMD npumeHsanca Takomn Xe pagumyc
paganycom obpesanma 5 A. obpe3aHuna 5 A, KonmyecTBo NapameTpPoB OKO0 2,6

MWUNNTNOHOB.




MeToanKa npoBeaeHna CMMyaAaLUnn

N3 510 aTomMOB C nomoLLbio cBepxbaYvenkn 2x2x2 genaetcsa ~4000 atomoB. Mbl noovyepeagHo nposBoanMm
9KCMepUMeEHTbI C COCTaBaMM C BO3pacTaloLlMM KOmMy4ecTBoM antoMmnHmna. Besae ncnonbsyetca war 1

doc.

RDF, VACF [MnoTHOCTb

YpaBHoBelwwunBaHune B NVT-aHcambne 10 000 waros YpaBHoBelwunBaHne B NPT-ancambae 10 000 waros

RDF: 50 000 waros NVT, 3anucb Kaxgble 20 waros [MnoTHOCTL: 50 000 waros NPT, 3anucb kKaxablie 100
Luaros

VACF: 5 000 waros NVT, CKOPOCTU Ha Ka*kaom Liare



MeTpuku anAa cpaBHeHUA

|/|CI'IOJ'Ib3yeM METPUKN OTKJITOHEHUA MOAETIN o6yquH0|7| Ha BCEX OaHHbIX OT MoAdenen O6y‘-IeHHbIX Ha
YaCTUYHbIX OaHHbIX.
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Xfull \
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RMSE mexay rpadpmkamm



Pe3ynbTaTtbhl 06y4yeHmna moaenen

Mogenb (obyyatoLmii Habop)

Owwnbka aHeprun, MaB/atom

Ownbka cun, MaB/A (%)

Owwnbka Bnpuana, aB (%)

MTP (3KBMaTOMHbI) 1,25+ 0,03 8535 578 +0,93
(12,04 0,5) (23,4137
DeePMD (akBMaTOMHbI) 0,92 + 0,01 70,8+0,3 2,52 + 0,01
(10,0 £ 0,04) (10,2 £ 0,04)
MTP (3KBUATOMHbII + YACTbIE) 1,12 + 0,06 754+ 3,2 6,51 +2,20
(11,5 £ 0,5) (34,8 £ 11,6)
DeepMD (3KBMATOMHbIN + YACTbIE) 0,9+0,01 64,3+ 0,5 3,04 £ 0,02
(9,8+0,07) (16,2 0,1)
MTP (nonHbIin) 2,41 +0,19 92,4+28 13,82+ 2,66
(13,1 +0,4) (40,0 +7,7)
DeePMD (nonHblit) 1,77 + 0,08 83,8+0,5 3,86 +0,19
(11,9 £ 0,07) (11,1 £0,5)




Pe3synbTtatbl RDF napa Al-Al

—— mtp centre
—— mtp corners
— mtp full

—— deepmd centre
——— deepmd corners
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AIL70CU170NI170. air ALA] —— deepmd full Al490CulONilO0, pair Al-Al
0.30 P AlI330Cu90Ni90, pair Al-Al —— MTP (equatomic)
—— MTP (equatomic) 0.5 4 == MTP (equiatomic+pure)
0.4 —— MTP (equiatomic+pure) : = MTP (full)
0.251 ' —— MTP (full) —— DeePMD (equatomic)
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0.20 1 0.3
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0.10- 0.27
= MTP (equatomic) 0.1 A
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= DeePMD (equiatomic+pure) 0.0 J
0.00 - —— DeePMD (full) ] 0.0 1
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Difference %

Pe3ynbTaTbl RDF napa

Max AE First peak RDF, Al-Al pair

= MTP (equiatomic)

= DeepMD (equiatomic)

——— MTP (equiatomic+pure)
== Deepmd (equiatomic+pure)

33 35 39 41 49 56 64 72 80 88 92 96
Concentration Al %

Al-Al

MTP full/centre

MTP full/corners
DeePMD full/centre
DeepMD full/corners

Max AE Second peak RDF, Al-Al pair

10 1

= MTP (equiatomic)

= DeepMD (equiatomic)
== MTP (equiatomic+pure)
—— Deepmd (equiatomic+pure)

RMSE f RDF, Al-Al pair

| = mTP (equiatomic)

= DeepMD (equiatomic)
——— MTP (equiatomic+pure)
—— Deepmd (equiatomic+pure)

33 35 39 41 49 56 64 72 80 88 92 96
Concentration Al %

33 35 39 41 49 56 64 72 80 88 92 96
Concentration Al %
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PesynbTtatbl RDF napa Cu-Ni

Al170Cul/70Nil70, pair Cu-Ni

0.40 .
= MTP (equatomic)
n = MTP (equiatomic+pure)
0.35 —— MTP (full)
= DeePMD (equatomic)
= DeePMD (equiatomic+pure)
0.301 — DeePMD (full)
0.25+
= 0.20 1
o
0.15 -
0.10 -
0.05
0.00 + —J
2 4 6 8
r, A
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0.20 1
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0.10 1
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0.00 -

mtp centre

—— mtp corners
— mtp full

—— deepmd centre
—— deepmd corners
—— deepmd full

AI330Cu90Ni90, pair Cu-Ni

= MTP (equatomic)

= MTP (equiatomic+pure)
— MTP (full)

= DeePMD (equatomic)

= DeePMD (equiatomic+pure)
= DeePMD (full}

2 4 6 8
r, A

0.30 -
0.25 -
0.20 -
0.15 -
0.10 -
0.05 1

0.00

Al410Cu50Ni50, pair Cu-Ni

= MTP (equatomic)
= MTP (equiatomic+pure)

— MTP (full)
—— DeePMD (eguatomic)
= DeePMD (eguiatomic+pure)
= DeePMD (full)
2 4 6 8
r, A

11




Difference %

Pe3ynbTaTbl RDF napa Cu-Ni

Max AE First peak RDF, Cu-Ni pair

MTP (equiatomic)

DeepMD (equiatomic)

MTP (equiatomic+pure)
Deepmd (equiatomic+pure)

80 -

33 35 39 41 49 56 64 72 80 88 92 96
Concentration Al %

100 1
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60

40 -

201

MTP full/centre
MTP full/corners
DeePMD full/centre

DeepMD full/corners
Max AE Second peak RDF, Cu-Ni pair

= MTP (equiatomic)

= DeepMD (equiatomic)

= MTP (equiatomic+pure)
= Deepmd (equiatomic+pure)

33 35 39 41 49 56 64 72 80 88 92 96
Concentration Al %

RMSE f RDF, Cu-Ni pair

—— MTP (equiatomic)
—— DeepMD (equiatomic)
14 4 — wmtP (equiatomic+pure)
== Deepmd (equiatomic+pure)
12
10 -
8 4
6 -
4 -
2

33 35 39 41 49 56 64 72 80 88 92 96
Concentration Al %
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VACF value

PesynbTtaTtbl VACF

AI170Cul70Nil70

1.0 4

0.8 1

0.6 -

0.4 -

0.2 -

0.0 -

_02_

MTP (equatomic)

MTP (equiatemic+pure)
MTP (full)

DeePMD (equatomic)
DeePMD (equiatomic+pure)
DeePMD (full)

50

100

150

200 250 300

Time, femtoseconds

mtp centre
mtp corners
mtp full
deepmd centre
deepmd corners
deepmd full

AI330Cu90Ni90

1.0

0.8 -

0.6 1

0.4 -

0.2 1

0.0

—0.2 4
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MTP (equatomic)

MTP (equiatomic+pure)
MTP (full)

DeePMD (equatomic)
DeePMD (equiatomic+pure)
DeePMD (full)

50

100

150

200 250 300

Time, femtoseconds

Al490CulONil0

1.0 1

0.8 1

0.6 1

0.4 1

0.2 1

0.0

_0.2'

—-0.4

MTP (full)

MTP {equatomic)
MTP (equiatomic+pure)

DeePMD (equatomic)
DeePMD (equiatomic+pure)
DeePMD (full)

50

100 150 200
Time, femtoseconds

250

300
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Difference %

PesynbTtaTtbl VACF

Max AE First Extr VACF
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| = DeepMD (equiatomic) 3.5 -

——— MTP (equiatomic+pure)

= DeepMD (equiatomic+pure)
3.0
2.5
2.0
1.5 1
1.0 -
0.5+
0.0+

—— MTP full/centre
——— MTP full/corners
—— DeePMD full/centre
—— DeepMD full/corners

Max AE Second Extr VACF

= MTP (equiatomic)

= DeepMD (equiatomic)

—— MTP (equiatomic+pure)
—— DeepMD (equiatomic+pure)

33 35 39 41 49 56 64 72 80 88 92 96 100
Concentration Al %

33 35 39 41 49 56 64 72 80 88 92 96100
Concentration Al %

1.8 1

1.6 1

1.4 1

1.2 1
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0.8 -

0.6 1

0.4 1

0.2 1

RMSE f RDFE VACF

= MTP (equiatomic)

= DeepMD (equiatomic)
—=—= MTP (equiatomic+pure)
—— DeepMD (equiatomic+pure)

33 35 39 41 49 56 64 72 80 88 92 96100
Concentration Al %
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Pe3ynbTaTbl NNOTHOCTEN

B pacueTe nNnoTHOCTEN NPOSABUSIUCE CYLLIECTBEHHbIE OTNNYKMA, noTeHumnan MTP HecTabunbHo
PacCUYNTbIBAET NIOTHOCTU MPU BbICOKNX KOHLIEHTPALUUAX artoMUHUSA, B CBA3U C 3TUM BbINo 0by4eHo elle
no 4 noteHuynana MTP.

. —— mtp corners
= MTP (equatomic)
== MTP (equiatomic+pure) mtp full
6 - —— MTP (full) —— deepmd centre
= DeePMD (equatomic) d d
= DeePMD (equiatomic+pure) eepmd corners
—— DeePMD (full) — deepmd full
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33 35 39 41 49 56 64 72 80 88 92 96100
Al concentration, %



BbiBOAbI

* [lepeHoCcMMOCTb MO COCTaBy NoATBeprKAeHa ANnsa 0bomnx nakeToBs. MoTeHUWanbl, 06y4YeHHble Ha
OrpPaHMYEHHbIX KOHLEHTPaUMsaX, NpeacKasbiBaloT CBOMCTBA MOANDULIMPOBAHHbIX CM/1aBOB.

 RDF n VACF o6a MOI1 aatoT KauecTBeHHOE cor/siacue, OLMOKN He NPeBbILLAtT HECKONbKUX
NPOLLEHTOB.

* [lpu BbICOKMX KOHUeHTpauusax Al MTP tepset ctabunbHoctb B NPT, DeePMD ocTaéTtcs yCTOM4YnBbIM.

e DeePMD HapéxHee ana skctpanonaumu, MTP npouie n bbicTpee Ana MHTEPNoasaunmM B U3BECTHOM
obnactn.

e [lpaKTnyeckasa 3HaYMMOCTb: PaboTa AAET KOIMYECTBEHHbIE KPUTEPUU, KOTAA MOXKHO aosepaTb MOT
npu An3amHe HOBbIX CMN/1aBOB.
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a) Locality of interatomic interactions

Atomistic system {r;, Z;} N

Interactions within Rgu¢
e Environment of an atom
{ria Zi') {rj’ Zj}jeRcut }

e Environment beyond R
implicitly fitted-in
(mean-field-like approach)
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b) Building an equivariant (rotations) representation /

MTP

Invariant polynomials z%y®z¢

-
common representation (up to f)

cut

Z f Tz] rzy® ®rz]
J# |

radial part angular part

GM-NN
Cartesian GTOs zl=ylvzl=e

—a(m2+y2+22)

:]\.



c) Building a rotationally invariant representation
contraction

®

/[ ~

2-body

[
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radial f 9 V4

—\
3-body

= E

° e

5-body

e Select by rule levB, = (2u1 + v1) + - - < leVmax

\ e Fewer radial functions for higher-body terms

MTP / GM-NN

~
[

X I‘%L contraction

2

radial f

[

L=0 1 1
o e&—e

9o

3-body

2-body 4-body

[
/
[

e Select by symmetries of generating graphs (number of legs)

e Same amount of radial functions for N-body terms

N

4

d) Selecting a machine-learning technique

MTP

—

linear (id) mapping non-linear mapping

&

Total energy E = ZiV:‘{ E;

Atomic forces F; = —VR, E*"

Stress tensor o (depends on the model)

Train on ab-initio data (E*ef, Fref, gref)

Minimize combined loss function
Ntrain

L(6)= ) C.||AE;|?+ C¢||AF;|)?

i=1

N s
7

linear regression +Cs||Ao;]|?

~

_
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