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Interatomic force calculation with neural network

wavefunction for solids

Yubing Qian (Physics)
Directed by Prof. Ji Chen

ABSTRACT

Accurate first principles calculations are of fundamental importance in fields such as
physics and materials science. Recently, first-principles calculations have been developed
rapidly with the application of neural networks, especially the variational Monte Carlo
(VMC) based neural network wavefunction methods. Following molecular systems, neu-
ral network wave function methods have also been applied to model solid systems, but
most of the works focus on the energies and electron densities. In this study, we take
a step further by implementing and testing several force estimators commonly used in
traditional VMC in the solid system and exploring the interatomic forces in the the
DeepSolid neural network. Our results show that our calculations are correct and accu-
rate, which implies the power of solid neural network. We also discuss the accuracy and
computational cost of different estimators, thus providing guidance for future applica-
tions. In addition, we also discuss the limitations of the commonly used network input

feature in the calculation of interatomic forces.

KEYWORDS: Neural network; Variantional Monte Carlo; Periodic systems
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V5 DeepSolid &5 T HRMZ M2 (FermiNetBH0) BBl 77 % . FermiNet
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ETE REMTESET

2.1 DeepSolid 7%
BIF T — A [ AR ZR 10 LT A A 75 B SRR OC T R N T A FEL T R0 A B8 15 7 1
H¢<X17X27 T 7ch1cc> - E¢(X1’X2’ T ’chlcc) (2'1)

b x; = (vs,00) » 5 ¢« DNHETHZS AR RRAATR. [FEF, B AR K-k e 4t
i, BT RREL o TREHRRAE (x1, X2, -+, Xy, ) HIEH T2 RTFRE
BRI Al 1 3 - B BRI AL R 4% 2 [ € ANBh i, B 0K H
TEH RORAEAT R AR T A W X o B ANATT S A R A oL, R Jod S99k 3 5 5%
PER, REEARA TR R B 33X g e 2 5l m] DU R
. 1 1 1 Z 1 YAYA
Hg = XZ: _Evi + 5 L%i:,j r; —r; + Lg| a ng:,l lr; — RII—l— Lg| + 2 LszJ:,J R, — II{JJ+ Lg|
i T£]
(2.2)
Forp e, MRy 23l 25 ¢ AT T AR TRAEE M A B AR, Z 25 T AR
TRW A 5IFB0A R FAEANE, EREIEL AR T, AT EA S 0 M K&
{Ls} BIRAM, WgieHEHER TR T 25 ENTRR M BAEEAER, ML
AT AL S D A4 2R
Ty s A [ AR RN 73 AR B AN R, AR 58 R I 3 TR PR S0 A A o Ve vy 1)
SRR T AN ESRES . BARBR, AT BT — BB — R M R, B A
HL TR 8 — MBI R, Bk B RE i O — AL B2 U

P(rr + Ly v + Ly, oo Ty + L) = (e, ) (2.3)
b(rr + L, vo, -+, Tny, ) = S IY(ry g, - r, ) (2.4)
N SRR, BT T BIIE . 1 I ST TR TR X R
VEEESR, fHA5 — Ok U [ A4 R (R0 R B R 2 — N R X A AR R I
SEMRBAUSE I 7 HE S
— RO UL, WIS EREL o BT — 26240 0, I H R — A IRAIRII R E, 45
ATV ES MR EINEE By 1Bk BRI R B B RS

B (o] H 1) _
Bo =Xy = B (2.5)

3




EFREARVE LR S

Hort (Y g2 RIRTE [0 B0 A0 FIH I, T E, ZREHRE, & 3CN
&ﬂzzg (2.6)
RFSY AT LR SRRV VA S BB RN, XU UL VMO 7k,
DeepSolid & — M43 1 2 I P A8 5o BRI 2% A 10 SO0 R Aot 28 D) 8% 39 b 5 1) 7 5%
M AR A% G 9 eR B 84T VMC fliAb i+ 5 . DeepSolid % T4 411 Bloch # &
AT, 25 FermiNet /HF, & —> Bloch HUIEASA T R & —ANHF4k
PRITRREL, T A2 A H T AR AR IR BR 2

MMy (e {rp}) --- @M (v {r})
Ursx, () = : : (2.7)

et (rg; {ry}) o T (vn; {r)n})
Hop {r);} FoRBRE T o DAPHARITE R 7 12805, I BIRATEE R A we AT
{r/;} T ARER B EARI , R0 R w X T 0 DUAME ST R B AR FE AR . X
BEHIE wy #2 HIRE A M2 AR, X7 DeepSolid A Ml FermiNet 28
ARBR R KIERE 1o N TS IR 5, IF Hiw R R e S, X e i 1AL bR
AR B AP N, T2 75 2 e MG A\ BE S HRHE d(r)
%MAT)’ A= (an,2589) (2.8)
M,; = f2(wi)di; + g(wi)g(w)(1 = d), wi=r1-b

Hrra; A b; 73 AR RANEIRE R, T f(w) M g(w) ATRAARZFHEGE, o —F0fx

A NU AL
3
fote) =l (1= 247

oso(@) = w (1= Shoel + gl

d(r) =

(2.9)

FH—MFR N SIN FE
fSZIN(w) =2 —2cos(w)

gsin(w) = sin(w)
TXRE R I 1R R B R AIE AL BE 0 2 B B 2R, PRI S B iES s, DL
Rkt WEREARRUE, A Mg RECR A SIN BYPE BIRFE

JXE DeepSolid BAMKMEIARR Sy, ik bR EMAEM R LY, kL
PRS2 08 0F, AT S 2| mks R B B4R, (HBLSE P2 2% 1 o S AN 2R T4

(2.10)
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R, FATBA BT EAR KA, 75X B ML B R AN, & MIEi R 32
T RABEREMARER, FEA— 5 RE S R LS4 2 A 45

2.2 [FEFEIZHHETE
2.2.1 mEBEMHITE

FE AR R B e =TS, AT 75 28 Ewald SRANM R 15 HES A Ecoulomb »
AN B BT A R R EAR R, X BRAEC TR KRR ST, XA FERL - FUA [FH
R R SR AN A2 2 A, B &h B SR AR P <, Ewald =RANH 5 8 ORI, 5t
A SR A Y Ay 25 BE A A A AR A SR A, — 30 2 AR A AT S R, i B DA
RUBART A HL AR K/ INAB SR 5 A S IR s B o A I H A S B, R — S S
(1) v BT 43 AT FLAmT 7 5 A R R A0 AT o BT BRGNS, 5 — 840 AR SRORH 8 52 23 [R) 25 2 LB
T~ A8 B 43 AR A 15 5 3 o0 70481 2% 8] 25 2 W8l

VE N T H I fE T (Bare), AT DAERETHE

FI; Bare — _8R1ECoulomb (211)

BJERT T LRI,

ERUIRE, RELE BEwald SRAHAT SRk RO, (HIXIFBAT IR RO 6
ForAie FrMER TR TN, SRR r=2, KRS Fp 05 22
W ERBLRTES R, WAt RAEZ it b Bril (o iRy 22 i s 2 R7E PR3
F, WP ASEERTRZERE, FEBBRE - NERE, RZ2ENERAHEAZ
it PR B DAL T AR o TERR TS 22 1R A7 A, 43R 7 28 5 g Al BT A 1Y
G R RAT ERI RR R Ty AL EILHES, T RGN VMC, AR
TARZAFENTT SR, BATKA T R A4,

2.2.2 MHEREHEMHITE

FHBCRAE Cantithetic sampling) A& —MEUE F NG THRZE KT B, HEEAR AR
NEFAS AL RUULEC — A 52 DRSS DT IR AH SR A ANTTHRIE — B84 S ik ik s .
BARMUE AR IR — A W ZE B PR reores AHEEARFERIHF200R 1, FHREZ
AR T Ry R |, — Ry| < reorer WHF r; KT Ry P OIS E] v}, 5
W r HAREET 1o AR HUF SR ITA BT e AR R T2 T Fpaee N T IREFRK
FEMIERATE, AL Fl o I NESMNIECE

r/’r/’...’r/ 2
w = ¢( 1 2 nclcc) (212)

w(rl’ I'Q, e ’rnelec)
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e M RCEFEAS THE (Antithetic) FZRIE 2
FI; Bare T wF,I, Bare
2

FI; Antithetic — (213)

FEARTARS, BATEFEAZ BT 12 roge = 0.5 Bohr. JIAMEG—RHIZ, £
R, R RE B RO R, B R P AZA P B A — NN,
WATE w — 1 AWIRIE RS R T REH v — Ry| < reore I EA A

w — 1o

2.2.3 WEIEMNRERMBREEGITE

Assaraf Fl Caffarel 25 A\$2H LT, JRATAT DAZE A RS R Hy IR E
N T —MNHWE S\ ARG

H(\) = Hy + \O (2.14)

Hort R 7 20K B SR 45 B —FREME, X B R IRATIE O R — R B T I & O
FIHAEEME . AR HE Hellmann-Feynman 7€ ¥ 7] 5
(10| Ol o) _ dEy
(olvo) dA 2o
EIRATTCIFEAS R R IR SR B ) MRS Ey, A e SR R o 153
REEMMEME £, XS EERSLRSERME ¢, HEXMuESME r FIE
o TR Ta7 BT B A] DL EH

dB, _ , (br|H|Yr) _ /- . .
= O e (O+ 2R (ELdylog v;) — 2B, (0 logl/zT)>¢T2 (2.16)

Forlt R ORI, AN S HOT DA (i S AL H 4G B H 2, e X 3
240 0 1 PHU LT E

th pad s, Fef1EBEm bt RS R G REIREN, Rzt pad
o T AU IE T3

_dE,

= 2.1
5\ + e (2.15)

A=0

FI;Bare—ZB - FI;Bare - 2% (ELaRI log ¢;) + 2E’U§R (aRI log 1/};“> (217)

XA AZIE i 6 A b= (Bare-ZB) , HH ZB 22 zero bias 465 . [FIH, K
AT AT AZAE SCR PR TH B I E—FE B IEDL, A3 3 1B A BCR Rl T
(Antithetic-ZB)o HMEME ETE o P24 EE T o B RE, B Y AET oy B
AT LMEIEEE T op RIETTAE ¢ HRIIRE
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2.2.4 Assaraf-Caffarel {§it=

1E .16 SR L, Assaraf FI Caffarel % A H T —FgHif 80D, %
A Assaraf-Caffarel {118, 8 AC flitt&E. XAMG1HE— TG T SE P R e H
[, P B A0 R A T R

Fr.aczvze = Fr.Bare — M — 2R ELﬁ +2E,R Y1 (2.18)
Yr Yr Y

HoA 4, & Op,vor MIIERLEREL A T TR [ AHR, # 2 y T k
RO RIE. FH I EZRN TSRz, AR R 77 209 R, X
& R ZV (zero variance) HJH K.

R Assaraf-Caffarel it &R EE B REOLATFAE I, (HEFEARRAR N H
T AR R SRS — K Assaraf-Caffarel il tH & 238 2 TR A5 I R 80 S 80
L 2y AELE [ 4 P AR bR B S I AU A 25 Bz . i DA B JRAN TASAE [ 4 rpr Sl A
1 Assaraf-Caffarel flith =

2.2.5 ZEEAFRHREITE
9 L IRATET LR Rad S F L 7 Bk RiasE B
dE, o (Yr|ELldr)
dA (Urlyr)
X AMMBHURF IR ¢ BEET o, B4 By BOGHEEF— AN, 2 AGE1F
MR . B3, BT REEE TR, B & E L & (RT3 Re T o A
NRETHI R O EEAEI, 33— AN A FE R B, AT T LA JBE s th B TE B 22 11 i
XA R T AL O R (No-SWCT):

= <6,\EL—|—2(EL —EU>%(8)\ IngT»le‘z (219)

Finoswor = —Or, Er + 2 (E, — E) R (O, log¥r) (2.20)

SR RA A5 1B A0 25 Ja) AR B i (SWCT) — 555 REF A B2 T Al Sorella
L NRURFEF—B, AR R HIZA SR

BRI A P AORIE RE A AR IR TR I R B, (R RE R I S E00] REAR SR AE(E
[ o 23 [A] AL bR A T A A 2 TR A T gt . X PR Y) 2 B Umrigar 7
1989 AEFHKRY, Filippi A1 Umrigar 7E 2000 £ & 7 XM EERL, SRJ5 Sorella
Capriotti 7£ 2010 4FIH H shis s B sl 17X A~ J77kRd

7 () AR AR AL A% O JBABR XA I (R QMC WA it iR Z 88 A Ihk R, K
ATAT LA A BR 2 0 B b 552 7, B3 T SN R A% o7 B W A AS T A B 11
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REE IR . XTI AT A A WEORE T AR TSR IRIE, B4 r; AEHIH
TV RE IR TR E] T AR BA KSR T 21 AR 307 R B BV R TR 52
Fr ¥R, AR IR AR 2ARAK, 10 EL AT 8 A 55 B 5 KR 21 R B 208
R, AT RZ R 2 52 S RITHEBCR ARG B o BT LABRATTAE TH BRI BL1Z% 75 18 1) L 1A bR
At . A UE okt 2

fi =r;, + AR[W[(I‘Z‘) (221)

S AR - L)
>ns 2ot f(le — Ry — Lg])

Hp f 2O R A, BT DE bR L SRA A BURIT AR . X B3R

15 Filippi f1 Umrigar —#£EA, %8 f(r) = 4. HCA AR Bh A 11 2 k2

wr(r)

(2.22)

Nelec
Frswor = —0r, B — Zwl(ri)ar,EL

=1

+2(E, — EL)R

Nelec 1
Or, logr + Z (wf(ri)ari log Y1 + 5@#1@0)]

i=1

(2.23)

2.3 I

HATHET DeepSolid AFFEESLIL T BRI LA THE . A TAEH E R Z 0
FIF FermiNet TR 7752 3 0 TAERAMH & o N T 3T 78 70 R R RV AR, Bl
AT Z A, IR P RA T2 TR IR R Re R DLk T B TUNE, I
BT 50 P HRRFEREEFR KRG (MCMC), (FAEERASZEEN, WP R 2 AR
PR E /N e MRS R FIRATN TG 1 R e 2 - 4152 E,, HASHERAR% )
TR BATE S EIERZAT56184T 5000 £ MCMC, #HEI MCMC Fi#, kfife
SRR (AR

5 FermiNet L) TAELAM[E, 7£ DeepSolid b8 75 B} 74 G = A1 ¥ A Ewald
SRANEIES /i — & 2, 1S IRATREBE R Python JAXE (1) {25 (AD) J5ikf3
BRI E X Ee ER T IR TALKRIIBR RS o teat, X B EFERA 70468 (IQR) 1
RGBTl IQR S — U hrd (Q) FEZE=DUaArd (Qs) WIZEE. o
ART Qs+ 3IQR H/NT Q1 — 3IQR WHURE A BT V) BIX MU F F, LB —L A
EHIEAE S FR, FrAbRERZE LB 2 5 I EARFI A E R T SR 0] K H
FHOGI 3 B iR AR 25 1
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