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BB AR AR, FRBET — L7 RO BRI F kR S . 3T B T & St 3 5 5F
At EASREK, ARERXBETRBEASHEIRERGCH. FEEEEFLEDMRG). TL2AXMEfEHE
FEHFZ(FCIQMC). #ENLETANQ)E MM I AL T . XKW FATE RN KRN MR I E %4
A=EEE, RGBT AT AT HEFTUREAGAE. bXVLARFTES 55 EHAMENEAMRCY. % 5EH
HIIB(MRPT). %5 F A EEIBMRCCO)EE L S 5% 7 k& AEH, T U — P AR 2| F M = 0 4k 7 5 v
B AR PR A S AR EK, AT X PR XKD FHREASONERAE)NAEGHE T EWA. AXERT
HETHFEFXTERRKL)THRAE TEMN KRB HRE R FENT LR, BETEAMH T ENRS BN, FHxt
CATRKW L RBHHAT T HW

K] EXE, BET(F, F5F, R TEM, TEAEREEMH

EAJUER, fhe. YW, MPRRFEE AR IR B IR MEC TR BE AR R O N A8 HOC A g

HASE, i EAREFRERAR] TR, WE T
WEHARER, WA IESER. HiraZE. A
AR, XA P B T B E AT R
o DGR TR, AEAR] PUA R TR R e (]
(BN R (S CAV-AiSE 0 1S YTARME (o e A =X
Sk, o IR N AR AR o S B A HL T OCHR AN A L
SIRPL Horh, BT OCHE T RIS S5 R A
Ary 4 RE TR AR I, IR A RO R I T 25 | 5 R
2RI, RBCF R T R, (A TR
AP BTN R BT, TS T OCIBOR IR T AR
ZHTZ o TR R BE L RO 2 i TS 2 B
TREMET, 2% B Z2 405 VAR, Tl A BT A

). BRI, o T ORI R IR i 2 e ) sh A S5 S
L OCIR, FORSHE R 25 M5 R o TR, 2 Y RT e
A A S AU — R BB AR RS 5 1]

HATH TS5 Rk 2 s —J5 R
FEF 0 FHUE S M PRI )% PR A IS (wave  func-
tion theory, WFT), 7 —J& BT H % E NS R
Hi (density function theory, DFT).

TEWFTHY, iR By 218 R & T ] I3 i
AOCHK, 27 GO K i o e i Y DG I 0 B H:
HEA B R R 5 4 i 25 (8] (complete  active
space, CAS), 7ECASH AT 58 4 AR T7 i (full
configuration interaction, FCI)I14., TMiXJCASHMIHE4>
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AT gk, R ZHEITE AT TG (A
PR FAE B HEA,  AEASAR AT HOA A R A RS TR,
TR PR 23 [ S0 Y S A ST N XE DAL B, PR b 5
45 225 A B AE H (multi-reference configuration
interaction, MRCI). ZZZHILHEIE (multi-reference
perturbation theory, MRPT). £Z% & Blif (multi-
reference couple cluster, MRCC)5:£ 2% ik, L
CASHMUBIA IR, HifHbAb BEsE OCIR A R . X Fp e
1t Z AT AL i 2 A S PR BUR BUGERAS OCHR, A
T2 AP RBOBCR T HEBOR AR, RIS R
PEAR C AR R SR RO IR R S . ER, XA
(1) 4 ey o) B PR RIME, — 2 7EiG VRS RN R 1T
FCUH M3 S BHCAS IR R M TS BT, dnfey e
S0 A PR 3% P 2 1) PN ) S DR S — A IR 0 e T 1Y)
[B)@. o5 — 5 R, EEHC TGS mls, anfarit—0
THEE M2 AN SIS R FOCHR, AL SH TN
£, ARBOE Z 1 ZhA8 08K, FERX A7 TH, AERAR
TV, oA PR R e TR A 4.

DFT 5% HER 2 a5k,
T 3CH A OGIZ MR, DFT AT LA i S0 i b fi 48 55
FIRAR R A B FE5 I RRAE. H B RTS 6= BEARYZ PRk
HERR 1 1 52 280 OCHRAR R A DFT A A LA FH iR 25 Fl
S OCIC IR 22, W/ R G D4R RS B A e
TR, T = PO R A I & A R PkAR. )
n, FEFAEIREREIGW-BSE(GW plus Bethe-Salpeter
equation) J7IEFEAL PR R AR AFEJRIFR; 8 J124°F
Y37 (dynamical mean-field theory, DMFT) ik 7EHiiA
AL AT AR BT AL TTBREALAH T (M (ran-
dom phase approximation, RPA)Jy ¥ UIuE AERG A
SRAHDCHIG:. X Jry B (i A5k 2L 7 VA iR
RO OCIR A R 1Y FL TS5 A RRAE I 32 B RR ). AHOC AR
O A 0 S AT TIEZE kD™, X B 1 R 1
IR,

AR S EA AR TR OIS R g R A
WHL TS5 RS k. AT A —2e9h e T
ARG MY Z A, AR EEAS
AHE A H (selected CI, sCT). %% FE4E B4 T 1F AL (density
matrix renormalization group, DMRG). 5S¢ 44HAAHH.
e TS5 K% (full configuration interaction quan-
tum Monte Carlo, FCIQMC). %/ %% & T2 (neural-
network quantum states, NQS)%%, T4 [#)3iA H & SR k.
WG, BN L2 E RSG5 LS5 Tk

FIRH, 8T 0 R A9 PR 2 [ R AL BR BN S OCHE, LAGRAS
HEAEE AR, R, RO LT T B,
Jf- T2 R BB AT Y A R A K.
1 RIEPEZE R %
PiHartree-Fock(HR)THI S %3, il 5] A
RS UCE D RN Y, RS R RE 5L (%) 7 12 B
RSEITE. WIS AR RS S H S
Y 7 (single-reference CI, SRCI). #i-& % 112 (cou-
ple cluster, CC)LA M Moller-Plessetfi{L Bl (MPn)ixX =
K. XT 55 RHRIA L, B an-F- s R ik &, X
S8 PRS2 Ty R AR X R i S A TR A R H
XF TR oCHR IR, i BA 2 1 H AR 5
KA N AMZENRE . ZELESRN
S TS SN )T A, X R SE I R
MELA e PR IER Y 4551
BLERAF IR M5 OCHR IR, — AT —Fh U
— BREEIEE 2R, R AR,
TR R THIA 2 SR, ARME A TR A s A4
#, MAYREONEZ . Rl A R A% Rk
B Z A H OGR4 40 R I BR M4 HF (unrest-
ricted HF, UHF)J{REIERNSER, fiffa. BRFIHL
R IR, AR — S HLE L, g
WERAR AR AR sy, {H i FUHFIE RECR & 6 A
ES “RAF AL bR AR, TS5 RAFAE A TS gy, R
THREUORAS . 3R A A A PE BT 2 R AR K A )
R, MELA AR TR G S IGO0, 5 = A B A
P T RS EATH AR MM &, i Hol Ty =0
T ZMBARAR, BIanET SRR FECAS T TFCI
T, XFHEFRZ N Z BT ZHS LN
O [AIEUE U] BRI R e A AR RN E R
—FURAUR I 1 — A BN, &RHERAE
B, AR TR ORTE, fFAEsCL. FCIQMCA%
Jride. Gy — AR R R b Dk pR R, 9 B
RSS2 M 5278, HIDMRG. NQS:
Jrik. FIHIRA T LI G 2 2 4 8T IRk 1Y
5T .

1.1 sCI

i 2ok Ty R S B FCIZH 4525 [R] v 8 2 1Y
HE, HEA WIS (perturbation theory, PT)Jyikik
FrAbsEBIE, RIZsCT iy 32 2 AR (&), kb EAE
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Figure 1 (Color online) Schematic illustration of sCI. A single point in the figure represents a determinant, and the lines between points represent

correlation

T FCIA S (A K /- A R BEFAEE /N, X T
A RE A DTBRA OX —Ff i, AR A PR B 3,
NIDCIRY N Y R e S O 1R (35 i (A =
L RZAEAPTROE, #b7e AR A7 Ab R 2H 2857 Rk
ABER SR, B ITFCIAGE.

sCUTEHRE A, 19734E, HuronZE A v il
T —FhE A4 A (configuration  interaction by
perturbatively selecting iteratively, CIPSD)AY 77, %
FH TR ORI PR B, 19834F, EvangelistiZs A"
TEAH AR T CIPSU i A R B, 1207 AR — B i &
BO U A HEATI S, JFE AUk A5 58
IR PR (o), BJm 2 TOLALSE A R BT —
AL IERE. A AN

WY, caldn)
Ey- (¢‘m¢>

Sewsi () = > (D

R, pRARERTE IS, Y, cpld ) FIEH L
— AR OUAL IS AR B pR BRI B I, H R IS 2 i A
W, WTLAE 2, A CIPSIAY B K f] B EL sz, (R AR
WA 24 T —IRZ S HPTIHE., THE A K. Hitin
ol EAT 8, ARG T F A AN D 2 2 5 )
PEATPTI L R M s CI 12 % JRE A RE A5

UTAER, Tubman NP (440 18 &, 1ECIP-
ST A TR RE D, $&H T H &N RAECI
7% (adaptive sampling CI, ASCI). HAZ.OJERIE: K
Wig, [ FHc,, FTUTEHET Z B Pk ) — 8 o> E 2
G AUE RS HATAERIE BT B A AL g, X
TG THERE . AT RE Y vA TR S i e b — oy
AR, Wb THATHE R RS, AL TR, TR

3078

otk 7B B R T R, ASCIRERS

TAESLHGX B &34 12 RIAR.
ZHR T CIPSIYHIHE, HolmesZg A" FHAF AR

A BRI KT RS L, 482 H AT DA B4y 100

2 WHE BRI — T E R IR, TS, ey, FE

AFH

fua($) = max|c, (¢|H|$,)|- )

A 145 & ISRk (heat-bath sampling) /72, AR ¥
WL PRV AT T BUGHE, WA e M g, S i 2 nl
REMEE RN R A, &5 T R AE LA,
PFF TSR, HI, Holmes A 42 H (43 Fibit
W CIJT % (heat-bath CI, HCD)REWSFEVDZILA R 5E Rk
TEPEZS (A (CAS(48e, 420))Cry/r FHYEASHER A, H
ZE R 5DMRGIHEAUHZE mH. IT4E%, HCIE APk
Ve HRERE B DL RO AL A 3 sC LR HE L ] T |-
WA T HIRE B > % i T 2R BEHLBTHC I (semisto-
chastic HCI, SHCI). HCI-SCF%5)5 1%, 52 1 Kidtkzs
A1) N A S BE R B (ANO-L-pVDZH:4H T CAS(32e,
1180)f T =), #iJ& T HCIJ7 i 14 157 FH FEl.

AL FCIPSI, HCIF A /> T8 &, {HZhang
2 Nz B S R W, HCLHHR 8 F 2 A&
B LA PR B A, BT T ISR AR T i
VNG, PG AES A CIPSIHIHCLR, X SCigL g !>
P2 T B A IE Y 3 S 2 A A A A ELAE H (itera-
tive CI with selection and second-order PT, iCIPT2) 5%,
Pl TSRS, WS PR I, R
ST, R T R T S SRR
(K93 BE TG (G| H | @) T3 A Tl i, S8R 1 3 H30kG 1
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Sicpr2(¢) = max W‘H\‘@

. 3)

i e DA 2 Y A U e AR HURE A 4 A s (] P
BB, sCUNMARMABIRE T ] LI A M
23 [ RS, 2 I L T HERf ST E AR,
SRR T —Fh RIS LU B BE DT k.

1.2 DMRG

19924F, White! 42 tH T LU 1K R 929 fL 35
JE % (reduced density matrix, RDM)AYATIE I 2508,
Wi B 523 (A (I DMRG 775,  DMRGIE i &7 58 73 i
4 FCL PRI R 35 BT T JR 38R P 1) R B (ma-
trix product states, MPS)JEX, 1] LICKEI1 R0 =0 250 4,
RIS ph B A A% s L A Mo K X i a e L
PERSK UL < d x M(dJEHs 5 il B, MOZAE IR %K).
UE— 25 A4k, DMRG RSB — 45 5
KA R 1) R SR A, 4 HTDMRGHL F25# )7k 3=
B WA K RIS, — BRI FHDMRGAR B 123 [
WIS CER, SRE M4 GO ANEZSE T, &
FITEPEAS R AMA ShASCHE, XT3k A e o AT
PSS ks Sy — Bl R K R S R e] £ 4k
DMRGHEAS B, K e 20 A 5 R 1) 95 4 4 ).

Ren’ A" 554307 % 3, DMRG 152 6 40 32 2
SEAE A BT AR B, RO AT LA AR %A
AR, LRI E A DMRG-isPT(DMRG
inner space PT)Jyik. HFEREKIE: EFLILLATiE
B DT m A SRR, SO A AR 6 PR 25 1],
XA THE AT AL E Ry, ShehE, PRl PTAIER
TR AR WA TE RE Bt DA M — B RS I pR B, e PO P
RUM,ASET SEAEXT R 5L, R sl b T BB ik i it
Bk W TRIBEAERS, Chaniffizh " di g b T2
() 7 DM R G A 33 4 25 B8 b 5| A G Pt JEL A8 A8 fl B
DMRG(perturbative DMRG, p-DMRG)J71%, 588, T cc-
pVDZ-DKIEL T Cr, 43 B K iE P25 B 19 (CAS(28e,
760)) T, FRECT AHIRI L 5 0 M A 18] T o b A
FE IR EDMRGHE .

A 20 W\DMRG I H AR BEO(K M) + O
(KM, i AR AR T Sk 1 [
PRI A R A KRR, SR RRARM. X T E 2
PUBREIM, SRR BEREAR, (0 anAoR i #1 7
X3, X FEZERAPUEMEHRM, T AT PE

/NG M, WeT LS8 T A TFRY, AP KA R,
BT IR, FRATTHE N T 2 JZ2KDMRG(multi-level
DMRG, ML-DMRG)/ ik, #itBmMHELSH RS T
60~807: 47

LarssonZ APV REBRAR, 3 3k FH— R A7 5 3
TN IE, HEIE PR R AR GE AR PGE A T
DMRGHF AR R, ™ KT ISR
2, WA T KT EAE S MR KA S R 24
BUE Y AL TT DL 7E ParkerfllShiozaki > 4t 3 23
] 73 f#DMRG(active-space decomposition DMRG,
ASD-DMRG) } 5 & 2, il [m—2 7 Ea e %
TN — RS, HRFER NG MR BEAEH R 43 - [ 3555
A EAER, A5 SRS R 22 1 mHAYREEAE B, 1
1R AE 2] LI 5 T 2 E R .

AR, MR R L, &R,
WA FFDMRGITHE A%, XiangZE N4 DMRGH
MR AR R R B ST v kA0 3R 3 Bl e 21 R AL R A%
(graphic process unit, GPU) L #ATIFAT#RE, S28 748
ANGPU EM = 14000/CAS(114e, 730)KRIAZRIT4EL,
AT Z B I Ab R LS (central process unit, CPU)R
AP FERIH R M BRI T3 ARSI T
DMRGIERER AR AR, FF XA [R5 SR 5
XK FE B EHR BAG B R HAR, 80D TS R RS, XF
TM = 50008 S 12 3145 BT .

1.3 FCIQMC

FCIQMC & —Fifti 1 %) 22 Ht i JRAF1 4525 i) 5%
FEARBGEE S R . Fal i L— RN 55 i
F(walker)#EF77H  k, KRG EITAE ST, ZLadhy
FE FET-RITEBR3 MRS, B A (R RE R (U 3A(E
RIGIAS e

(X NAD JH|D) >,
(No),

K, Dov DAY IIFIRSHATHN M EATII, 1M
Nov NZIRBER 20 LA B R L .
FCIQMCiH i 7 Slaterf 751 2023 [6] N EAT R FE, 14
TE T U PREL R AC IR SO FR P, W T B TFSER Ry
% (QMO) A5 5 [ 8l (sign problem). {HH T
FCIQMC/2 D) BEAILRAE 14 77 R AR IR 3 19 LA % o
B, —Si /RN T BGE T T RE S PG al, flif
B G AT AN SOR A B2 A S, B AP S AT

(E) = E,+ 4)
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Mars, JERURZE. R A T A 31 (initiator) i {RLAY -
FCIQMC" " L J 2K B HLEIFCIQMC V45 75 v 9 A

i-FCIQMCI & T — ™ [H{En, GEE R3), FHifE T
otk ton, RATHIIE NG 7. RARSIFILIA
A A B ATH S, mEER s HagAE e A 1751150, X
Rk A 0 AR AR R P e i AT 4. (Hh
FRRE TR shF, whai R SR 37T 25 (initia-
tor bias). A T IU/DIXFEMIHAE, $RIISMERE, S
FCIQMCEEM I FH TR RAMARR, BN T HIENALIE
(adaptive shift)fJAS-FCIQMC i 4 . Hoim it He ik
Y= R P o A 10 a8 (B = Y& A (OE [ =
BT EE AR, FEARUEE T 8B 69 R T
FCIQMCHJ 8.

i-FCIQMC 5% 2t Bl AIL R A 3K i CTI pR A
[, 2B ML FCIQMCAH x4 2H 452 [B] DX 43 Ak ff oK At
DX 3 5 LR i X 8, 7 08 3 AR 2 SR B A L1 22 114 [
BHg /D T H ARG E 1. ok, 3RE X 4 R AR i 25 1]
5, BeRSfif3 - 4TFCIQMCHYRL R T &, BT
FCIQMC 7 kIR 23 (Rl v 7.

1.4 NQS

AR R B 2 PR VR T PR B 2 B, I PR
RS TERNYIGEE. REBENE, WsCI,
DMRG UK FCIQMC ik firzr, ] LA i % 52 5 1 7
IRAAFEA AT R AR R AR, eI —/ N 2
KFTR AR RGN pREL, BB RG R SRR Y £y
JEF, SRR TS 7 R AR IBOR B I PR AR R X B 57 3
A5 B, AT ARG A R % LU eR R A T A S5 Rk 2 R AR
FEH, DI HAH R E.

(@) (b)

O 0O O

@\ @ Input node
D

(- I~ @ Hidden node
. P
@/ functio

®©®®

O O O O

1t CarleoFITroyer" Wi 725 5] 1T 4F ke ek & J 14
N TG M FI T IR A5 B R 48 Fi I BE
e TNQS, fiHanE 2(c) iR 52 BR 3 /R 25 2 Hl(re-
stricted Boltzmann machine, RBM)FazC 2~ i R
), RBMYhgE KA LG 1E:

Em.h|a,b,W)==Yva,~y hb,~2 > vWh, (5
i J rJ

Kb, aZomERTER] W2y, FRRE, bontEHITER
TRy RO, W ARy A B) AR

ML MK SR IO B 2 ) AT Ak, il
if Hy R AT R4 52 KRR WU i (Markov-chain MC,
MCMC)RAEIH ESE, BRI RIIEARE
it NQSHUIIKR R | — e Ising AR —4E. 4
SRR AR AR, ARG — B RBAE 7R X L I R A1
Mg, ERFAGERE, HARYIAE] T QMCHHE
B, WE] T 5 A A

T o6l FH 240 24 -4 A% 4 28 4 (Jordan-Wigner transfor-
mation) LS vk, TR SEBR TR R T 2ok
(] R SF A S5A50 F BETR] A, (i FHRBM 240k /R HA
BB, VEATORALSR AR, Choos APPSR FHiscRE Aty S sk
717 FIR R FEITTHE, SRS T 6-31GH4
264 A HERE (H,0)H 5.

M T2 HAINQST kRl TMCMCRFE, fEHELE
00T 250 1 BB 50, SharirE APV
25 H [nl )35 F A )5 ¥ (neural autoregressive QS, NAQS).
LA AR 2, 2 RS LSRR Y
FEAGE WA TRAE, A5 S0 AMTHAS, #2717
PR L8 (R RAFRCR, i TNQS T vA I S HYE.

DM, TEMRPCRESCRAIR S WS 18 T 1,

(c)
o Visible node

O Hidden node 0 6 0
\ctivatio @ Visible node

O Hidden node
\ tion

O 0O 0 O

B 2 (MR E)NQSHlFH AR M2 M2 45Ky 3 TS, (a) A THRIZERIZ (b) BURIZEHL; (o) BURIMEBIR 2 SHL. IR N, 4R

ZNANTR] Y A B A, [ TR e s P R

Figure 2 (Color online) Schematic illustration of different neural network structures used in NQS[m. (a) Artificial neural network; (b) Boltzmann
machine; (c) restricted Boltzmann machine. Circles represent nodes, lines represent connections between different nodes, and wavy lines on circles

represent activation functions
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Li% NP MINQS 5sCIZs 4, 7 T ARBENLINQS J7 i
LRI\ FsCHRIL A LA A ZS [0], XTIk BB IR
HUSNAQSHI T # 2= LAY IS e i, R KRBT
BBFE], R EINQSHTTREACR.

AP, Zhao® NP HIIEATIISE, RIHT
AT ROHERS B 4D #8(masked autoencoder for dis-
tribution estimation, MADE)UE1 7 REEITAT, HE15 T RAE
BeR, BEETREMERY KES2AHBF. 760 ATES
B (Na,COs), {UAED HLCCSDRE 2315 HAY, sthE
PG EHHAFCIZS AR mRe &, I T HATX FNQS ik
ERPIIPERES

2 ZBE)iE

AT B S AR AT DA R AN A S
2 FCU RS TR AR 0 ik, @il 1]
AR RSB B AR, IR T Rl R R AR, (2
BRI RS R, P EIZ A A A A
AIBHAS TR, X EITAE SR I TR R R R
A—AEEREI . B AL UR 2 ST
FMESIMRCI. MRPTLL SMRCC T #E, T4 P
TAREEHA T RS TR EZ Sk, MET
KRR ) SE PR AL 27 (] g T oA 3] 1 AR K3
B, BATICAL FRTEEA 23R AR .

2.1 MRCI

MRCIJTEAESE T SRCIUT % 5 % A AT i
WO P A R AR RS A5 R], FEX A S
23 A TR AR BB, S A IS MRS Rl Y
FrAAA, Pt A: B A 22, MELA T
KA P2 RISROCHRAR R . SEBRitaa e, At ] DR EUL
AL, K — Ao RS L R S G R — 2175
PR B, PR AR R 24> 2475 ik ek K]
VELH & 28, SRS R, MR 5 A LA AR
B 4a % AR, MRCLIA M AR U4 MRCI (uncon-
tracted MRCI, UC-MRCI). 54N IZEMRCI(fully in-
ternal contraction MRCI, FIC-MRCI). #43HUL4s
MRCl(partially internal contraction MRCI, PC-MRCI)
FNZMEAEMR Cl(externally contracted MRCI, EC-MRCI).
{HEPER I T Wi bl, B RTHZSEMRCI A WAL RE
THE20MEMERUE LN IR R, 15 FHE FE LA

RDMJE— 7§ HITE N A8 MR CIHH s 5 R T B
ROUHAR T H, BT n Dhsh ik MRk

%, fif3DMRG5MRCUPT T k454 &1 5 Ji . Him
I RDMA:FE S RAR K AT HE ARG, Flnaly
RDM A S A RGP PE 8Ty, BRItk an
Ay 42 H 5 Sk G i B RDMITY) BB HAT—
ZERESE T ).

SaitowZ A P74 H Y DMRG-cu(4)-MRCI 7 s 3l 33
XT4HrRDM AT B EIEML, MY FIC-MRCLS
DMRGZ G, NHTE T 6-31G* 540 N CAS(26e,
240)MTHAA. BRI URE WS WL DD AT & S 04
JE77, HXWGIATEEDRRZE, XFIC-MRCIFAE 73 4F
TR TR,

HiR 1.2 i Larsson s A B i K 5 1
DMRGTEE GEDMRG M 3 43 s T — 4~ KA i, H
PLor SRR 2 E MR PE, vT LLSEE Ak
ZMDMRGHE /. TEXFERIHELET, ik BR il PR o K A7
MR, RS SLIIEITUC-MRCIUE 1 £ 5%
7k, AATFRZ AMPS-MRCI. 3% 7 75 S FHAE T
cc-pVDZEELL . CAS(30e, 300)HIFES> TAR R4 . B
T KM EAER AR, MPS-MRCUT TG i
2 B — B BB A TG PR 2 [R] 0 T DMR G (1) g 4
BE, R T BARH A, AR R T e
PR, 20 T — BT E IE LR FE MR CIHE
28 (renormalized residue based MRCI, RR-MRCI), 15§
T E] T CAS(38e, 360) WAk 24 .

TE20174F, AR TR Vit 0 AR 9 50 F A5 3
% (entanglement-driving genetic algorithm, EDGA)M
DMRG PRECRAE, FETsCIREAR, PRk Hrp i E
(94551 SR T I R, HEFTEC-MRCIH3. 1kt
#sCl. DMRGS5EC-MRCIZA )74, #JF TRDM
HTHE,  SEEL T A 402 NS M IE i S M )AL
B, BT PR RSB eV AL A DMRG-sCI-EC-
MRCIL A, AR A3 o e — 2R T %07
HHTERE. YA, Mahajan A2Vl AR 4 524
% (variational MC, VMC)RFALILIRILAEMRCI(strong
contraction MRCI, SC-MRCI)I#J3i% k%%, $2HLT 5 —p
i FsCTa B = B R DM ) i 42

MBS R R, WeserZE NI T
—FhBEHL) ™ SCI% %5 [8] (generalized active space, GAS)
Ji¥k, HAd FHFCIQMCRA¥: Slater 151 525 ] 57 GAS
W R, RENSH I T CAS(32e, 340)RY ik ME2s ).
P I B A A RIGASZS [ L T4, 1% IR i S8t
T96MHL T 159 HLE R ERUC-MRCIHHA.
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2.2 MRPT

1 T 325 HL P OB BE 5 4T R AR SC I R = 14 L 31
BN, AT DLE i R SR A Rl . JE e
FHZ 250 B My, FE T RIRIBH IR 57,
BIAC LRI T ZFMMRPTHE(E3). Hrf, &
Rz W SE AN YRS 8] I R B (CAS with sec-
ond-order PT, CASPT2)J7 &M BN AL EE
& (second-order n-electron valence state PT, NEVPT2)
Tk

CASPT25DMRGHI 454 1 it H Kurashige #l1 Ya-
nai IS, H BB T RURAS (Y DMRG-cu(4)-CASPT2
I R A WA . [RIREHD, T LS DMRGEE I 2
FHREE MR AS 19 sc-NEVPT2h i Zgid 25 A5 i, 1t
Ah, Fp) RRURITRL, BT BT 7T LA
DMRG-NEVPT2H (I E yRDMAYH AU, B gE—
Hi, 3 3R TR HEAT Cholesky 23 %", DMRG-
sc-NEVPT2 Ik 11 1000 JE pR 5 FL A4
MBI R, B2, GuodE A I NEVPT2H I RDM

@) Vo S D ®) Vo S D
Vo Vo
S S
D + D
CASPT LCC
© v s D @ W s b
VO Dya Vo
s ! S
D Dya D
NEVPT ENPT

B3 (MAHUE @) A FRMRPTI LA MER. (a) CASPT; (b)
LCC; (c) NEVPT; (d) ENPT. P &/RCASZE ], S\ DFRIRHHA G
Wk 23 ], 23 SRR A T E R0, ROKEFETCHE A B i (AR

Figure 3 (Color online) Schematic illustration of H o in different
partitions of MRPT. (a) CASPT; (b) LCC; (c) NEVPT; (d) ENPT. Here,
170 is the CAS space; S and D represent the single and double excitation

spaces, respectively. The zero elements are shown in blank blocks and
the non-zero elements are displayed in blue
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TR SEER LR, BRI &S8R
AHHIE, (fi£DMRG-sc-NEVPT2 5 CASPT2—#E i
ZMZASBRA]. F34h, AT LR A, (i ik
AT LA = AR GE I AS RO 8 A TR .

EDMRG-sCI-EC-MRCIfY & & B, ALt
V8 FHEDG A B Hi DMR G I 5REC P i1 B L4175,
H LLFS i ) ENPT2(second-order epstein—nesbet PT)
My, MIMIEHAFENPT2EEMS 516 TE2 RS K. -8
BB LZHDMRGE; &, HENPT2HR{IE—A~mRG L
SRR, WD HAR R BB B R —EE A
TETERE AN AR PE BT R I S TR R, 7K T N L
HHl, DMRG-sCI-EC-MRCI5DMRG-sCI-ENPT2 5%
R E AR AL 2 e <7 T %2 1 ARG K ylin o 52 31,
AT A A BB 8 P

YE 57— )51, SharmaFfIChan® 42 T —FMPS-PT
HEZE, 38 ok FHHylleraas pR 85, K PTIR] RS AL A8 44k
Il pREC Ty — B PR, FIMPSZR, kR
RERS 25 HDMRG R 7 g AL A5 2
H{y\] = (y|Hy= Ey,) +2(w|Q(H — Hy)|wo)- (6)

X FHAE SR A T RDMAYME FH, Jf HLaEd BeFEAS
FH, "LRASHSNEVPT2, Lt 22 A%
WARPS (MR linearized coupled-cluster, MRLCC)5%
MRPT /7 ¥: 454, 8% MPS-NEVPT2P* | MPS-
LCC[21,53,55]%7\§?£.

N RE Y R, YA IR 2 T ELE B H i £
MPS-PTHEAL B 25 T e 5 F AR B B A& . Sharma
i N AR AT DU 45 18035 15 MPS-P TR & 18 FH A
%, T S T RDM Y I FIMPS-PTZE /R, T
HATH N =R, FBAGTE R

% TDMRG, FCIQMCHr] UIAVEA—Fhili B F B,
B IMRPT ) ¥E 1 % J&. AndersonZs A PO7E sk 45
NEVPT2(SC-NEVPT2) i HFCIQMCRAEE T BAKEY
RDM, 454 RBEIT, #6 T mBRDMAYTT, St
T CAS(24e, 240)H 3G, JeanmairetZE A P74 AT
PIFECASCI-MRLCC 532 H v FHFCIQMCHE Bh /12 18
wol SR AR AR, {8 FHFCIQMCHA JB T 344 1 3 PR 23 )
FIURL; e AR i RE , FCIQMOEAS R fif 2k
N RIS, XA Sh AR FPLCCQMC Ty 74
FEAS B 4 AR B S RS A G BE, FEm-2K —HIER
B = S REBRAG IR R AR B T L CASPT2 B B -4
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AN, H—T HE T VMCREEDL A bR B B
U1 HE Y FI7ESC-NEVPT2H1, Mahajans ALt & J
TSC-NEVPT2(s)j i, Zadfmumi#t 5, sc-
NEVPT2(s) Jy i REME W JH F ANO-RCC-VQZPHA T
[Cu,0, VT I P23 1] (CAS(28e, 320))31H5E, &
7N T B T .

2.3 MRCC

PEE ki, SMRCIHIMRPTZE, 1554 eR L
AT 5 2 1 2 2 25 U pR R D R S IR & R B
WS H R 222 . (HIPR EXOIFARRIRAR
AR, RO A RIS E A s
A, BWS R IIE AR B s, i H, TS
MRCCH7 ks M By s AR R 2 4%, IRMEE 2 ik, &
B NSRRI A g B AR, BT RIS R
BAEK, HAMNARNRKEAXWRMERE— P17
faift, IFAFMRCCHEFARMESAL. I HATMRCC vk
(N FHIE LT e pess, R T/ IMA R RG# 1T
HLAh, MRCCyi: 5 KGR ik A6 ik
EAIE /> TMRCIPT, FATHAMUA 2 EILBIAHE
WY,

SE RIS 7 (tailored CC, TCC)E—FpEAL
MRCC(alt-MRCC) J7 1, X FMRCCH5 ik 15 T 5%
HEZLR AL 22 22 [n) 5, I T Z 240 8 R g i
— ANBME N TSR E X KRR TRAT, RIFk
PRGN 5 RG2S M N AN 4), 255 % A%
PRI 2 YR

|5”ch> = eT|*//o> = eTCX‘+T°“S|‘//0>' @)

5DMRGZE A A, v LMEFHMPSI1S CLR £ ik
SRR IR, TR MR iR AR v CCHEZR AL
J1E15%]. DMRG-TCCSDP )y T4 & HrRDM [ ]
SCH, 5DMRGEE A A HAT L FE 5 CCSD T ik
b5 ST MR IR AR R B S A S RS OCHE, A5 mRE Y
RO, SR, PR FHSEE A S S HESL NS, X
FHRA R FIRAR RN = T, (AT LIAEA—FPCCSDT
7 EEME LA A A T

AN IE A CC (externally corrected CC, ecCC)J& %3
—FHMRCC 7 ¥, X FFMRCCHEE T LI pREAE Ry NS IR
RIS M AR, SRXTCCSDIEMKLIE, RIGH £
KIKRE.

|chccc> = e?|y/0> = eTl+?2+T;C+T:C|‘//0>- )]

T 1o 3 EOAN [] 9 SRR AT AL 8 PR, A TR T]
fllecCCHT . Deustuay AUTE 5 $1 H wT L fdi ]
FCIQMC=A: = FIUBY i &, VE A CCSDIYSMIBEL IE,
FEAE IR AR, TS HO K 1 B e AR
Fi-FCIQMCH @R i I FCIRE HE. BJS, LeeZ A1
SCPL T DMRG. HCIHlecCCHIZHE, LMkl ik
BB ASMBIIE S, BB AR E IR T BRG .

2.4 PMIRT5i:

BRIT 1k =R 2% 05k, BRBEifpa LR
(A HRORE S BRE S — i (0 3R A5 sh A5 S S TS SR Y
FEZR. (L4800 i T 2540 7k LUV AR BT, (HER
AHOCTT R WA T HUIE 4 G E B (block), #E#E
W LA AR OTR T B O, ST X A LA
FTLAACK, 362 TR — AN KR, BANIE 2 e M B
B, SEMEGE . BPGE . PR A B sk T
IR SH 2 [ i He CEE, T LB & 7R
THIR.

M FHeda] A BT o P AT BBV LT A
JIT LA LA HRAE SR 51, o R ] F A G T DA IR s
SCHK, T P S b ] A DGR IR T S A SCHK,
I AN A S B B g, BRI SRR MEZR N SEEL T
YRR SCHR . ShAS BRI AR I

L AR X7 LR T CASHEFT Y, (H il T
CASZS Al BR ], EREBCCCHT 4 R R KK R 5
B AN B R R C AST PR Rl ot £ 4 25
PRELVE NS, | UM E#1IA (generalized valence bond,
GVBY2—F MRS &, 1 R b s i i A 2R
BUIE RN S B A SR FE AR G RO PR (pair function),
TR FARL A A T . T e R0 X o
B 2 8 T e RO A, SRR AT PR AT DL IE A
Hi R PR 2R O ) L R T4 R S DG B
AR 7346, GVBIE PREL A HIE A A2 Rk H—— B Xt
M, BAERNEWAEE L. TR BRI
IR GVBIE BREUE NS, K& T GVB-BCCC
ZAJ7¥E, FEGVB-BCCC2/3/4LL B AN [ B e g
KA GVB-BCCC2b/3b%:, REMESIMIEGVB-
BCCC2b/KF-F755(150 M%) GVB-BCCC3b/K -
25850 i) GVB-BCCC4/KF- T 198 (38141
)T
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SRR, A T B A RN — B L K g g
FEIR—HELL TGRS . ShA BN, I H Bl
EL B I BCCC T EEFR EE# A 55 T CCSDIYFRIE O(N®),
A EE A P2 [ SR IR AR 2R S R AR T AR AL

3 EgihER

R = G R i S B B E H TFR R AL
AW 2E R R R ) T I R R RR
ML CE S, AR, — RIS HBINE,
] 4nsCI. DMRG. FCIQMCHINQSE, B4 inH7E
Qb PR M 23 (] (22 351 A AN TG TR BILEE ) PN 1) A5 ORI
i EA W R, ALY R T B AT
2R RLRE. G5B RM£Z 2% ik, WIMRCI,
MRPTHIMRCC, 33 £ 75 R A% XoF S B o Ay 7 Ngi oG

BRI F RGN 50 F MR PILIE ) BEA T i R
BEADL, TR AT RE SE TR 2 M PR A G5 2 IR A 0
BRI g i T S i IR R G P B T B GL.

SR, FAMFRINRE, HFHFZER 50T
PR 2R A L T4 A 5 v Ak 1 e o S s )R Ay
DX S RN 0GR, JFEAT B3 A
JUART A ZRY 6 A 225 ) g — Bk L S S e T 5 A i 2
PERDGCHE, T3R0S — DM FRR A BOARPRERL. tEAh, &
i T A SRR AL S L AR . TR
JOER, HARRERONA 3. Al ix e & AR
PR BRSNS BS54 AR TH A3 RN T
M SCHEPTE. fea, PLassa I TET T A A U i
H i) 12, SRR LA 7 ) H 73 4R a3 o S B
I P LA RSO SIS R R, AU H 2

it
RPN

RRAE K R AL B X A U AT 2 R B e R A

Dagotto E. Complexity in strongly correlated electronic systems. Science, 2005, 309: 257262

Mok D K W, Neumann R, Handy N C. Dynamical and nondynamical correlation. J Phys Chem, 1996, 100: 6225-6230

Kirkpatrick J, McMorrow B, Turban D H P, et al. Pushing the frontiers of density functionals by solving the fractional electron problem. Science,
2021, 374: 1385-1389

4 Zhang 1Y, Xu X. On the top rung of Jacob’s ladder of density functional theory: Toward resolving the dilemma of SIE and NCE. WIREs Comput
Mol Sci, 2020, 11: ¢1490
5 LuY, Gao J. Multistate density functional theory of excited states. J Phys Chem Lett, 2022, 13: 7762-7769
6 Sharma S, Holmes A A, Jeanmairet G, et al. Semistochastic heat-bath configuration interaction method: Selected configuration interaction with
semistochastic perturbation theory. ] Chem Theor Comput, 2017, 13: 1595-1604
7 Huron B, Malrieu J P, Rancurel P. Iterative perturbation calculations of ground and excited state energies from multiconfigurational zeroth-order
wavefunctions. J Chem Phys, 1973, 58: 5745-5759
8 Evangelisti S, Daudey J P, Malrieu J P. Convergence of an improved CIPSI algorithm. Chem Phys, 1983, 75: 91-102
9 Tubman N M, Lee J, Takeshita T Y, et al. A deterministic alternative to the full configuration interaction quantum Monte Carlo method. J] Chem
Phys, 2016, 145: 044112
10 Tubman N M, Freeman C D, Levine D S, et al. Modern approaches to exact diagonalization and selected configuration interaction with the adaptive
sampling CI method. J Chem Theor Comput, 2020, 16: 2139-2159
11 Holmes A A, Tubman N M, Umrigar C J. Heat-bath configuration interaction: An efficient selected configuration interaction algorithm inspired by
heat-bath sampling. J] Chem Theor Comput, 2016, 12: 3674-3680
12 LiJ, Otten M, Holmes A A, et al. Fast semistochastic heat-bath configuration interaction. J Chem Phys, 2018, 149: 214110
13 Yao Y, Giner E, Li J, et al. Almost exact energies for the Gaussian-2 set with the semistochastic heat-bath configuration interaction method. J Chem
Phys, 2020, 153: 124117
14 Chien A D, Holmes A A, Otten M, et al. Excited states of methylene, polyenes, and ozone from heat-bath configuration interaction. J Phys Chem
A, 2018, 122: 27142722
15 Zhang N, Liu W, Hoffmann M R. Iterative configuration interaction with selection. ] Chem Theor Comput, 2020, 16: 2296-2316
16 Liu W, Hoffmann M R. iCI: Iterative CI toward full CI. J] Chem Theor Comput, 2016, 12: 1169-1178
17 White S R. Density matrix formulation for quantum renormalization groups. Phys Rev Lett, 1992, 69: 2863-2866
18 Ren J, Yi Y, Shuai Z. Inner space perturbation theory in matrix product states: Replacing expensive iterative diagonalization. J] Chem Theor

Comput, 2016, 12: 48714878

3084


https://doi.org/10.1126/science.1107559
https://doi.org/10.1021/jp9528020
https://doi.org/10.1126/science.abj6511
https://doi.org/10.1002/wcms.1490
https://doi.org/10.1002/wcms.1490
https://doi.org/10.1021/acs.jpclett.2c02088
https://doi.org/10.1021/acs.jctc.6b01028
https://doi.org/10.1063/1.1679199
https://doi.org/10.1016/0301-0104(83)85011-3
https://doi.org/10.1063/1.4955109
https://doi.org/10.1063/1.4955109
https://doi.org/10.1021/acs.jctc.8b00536
https://doi.org/10.1021/acs.jctc.6b00407
https://doi.org/10.1063/1.5055390
https://doi.org/10.1063/5.0018577
https://doi.org/10.1063/5.0018577
https://doi.org/10.1021/acs.jpca.8b01554
https://doi.org/10.1021/acs.jpca.8b01554
https://doi.org/10.1021/acs.jctc.9b01200
https://doi.org/10.1021/acs.jctc.5b01099
https://doi.org/10.1103/PhysRevLett.69.2863
https://doi.org/10.1021/acs.jctc.6b00696
https://doi.org/10.1021/acs.jctc.6b00696

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36
37

38

39

40

41

42

43

44

45

46

47

Guo S, Li Z, Chan G K L. A perturbative density matrix renormalization group algorithm for large active spaces. ] Chem Theor Comput, 2018, 14:
4063-4071

Ma Y, Wen J, Ma H. Density-matrix renormalization group algorithm with multi-level active space. J Chem Phys, 2015, 143: 034105

Larsson H R, Zhai H, Gunst K, et al. Matrix product states with large sites. ] Chem Theor Comput, 2022, 18: 749-762

Parker S M, Shiozaki T. Active space decomposition with multiple sites: Density matrix renormalization group algorithm. J Chem Phys, 2014, 141:
211102

Xiang C, Jia W, Fang W H, et al. Distributed multi-GPU ab initio density matrix renormalization group algorithm with applications to the P-cluster
of nitrogenase. J Chem Theor Comput, 2024, 20: 775-786

Li Z, Guo S, Sun Q, et al. Electronic landscape of the P-cluster of nitrogenase as revealed through many-electron quantum wavefunction
simulations. Nat Chem, 2019, 11: 1026-1033

Tian Y, Xie Z, Luo Z, et al. Mixed-precision implementation of the density matrix renormalization group. J Chem Theor Comput, 2022, 18: 7260—
7271

Booth G H, Thom A J W, Alavi A. Fermion Monte Carlo without fixed nodes: A game of life, death, and annihilation in Slater determinant space. J
Chem Phys, 2009, 131: 054106

Cleland D M, Booth G H, Alavi A. A study of electron affinities using the initiator approach to full configuration interaction quantum Monte Carlo.
J Chem Phys, 2011, 134: 024112

Ghanem K, Lozovoi A'Y, Alavi A. Unbiasing the initiator approximation in full configuration interaction quantum Monte Carlo. ] Chem Phys,
2019, 151: 224108

Blunt N S, Smart S D, Kersten J A F, et al. Semi-stochastic full configuration interaction quantum Monte Carlo: Developments and application. J
Chem Phys, 2015, 142: 184107

Deustua J E, Magoulas I, Shen J, et al. Approaching exact quantum chemistry by cluster analysis of full configuration interaction quantum Monte
Carlo wave functions. J Chem Phys, 2018, 149: 151101

Carleo G, Troyer M. Solving the quantum many-body problem with artificial neural networks. Science, 2017, 355: 602—-606

Dey M, Ghosh D. Machine learning the quantum mechanical wave function. J Phys Chem A, 2023, 127: 9159-9166

Choo K, Mezzacapo A, Carleo G. Fermionic neural-network states for ab-initio electronic structure. Nat Commun, 2020, 11: 2368

Sharir O, Levine Y, Wies N, et al. Deep autoregressive models for the efficient variational simulation of many-body quantum systems. Phys Rev
Lett, 2020, 124: 020503

Li X, Huang J C, Zhang G Z, et al. A nonstochastic optimization algorithm for neural-network quantum states. ] Chem Theor Comput, 2023, 19:
8156-8165

Zhao T, Stokes J, Veerapaneni S. Scalable neural quantum states architecture for quantum chemistry. Mach Learn-Sci Technol, 2023, 4: 025034
Saitow M, Kurashige Y, Yanai T. Multireference configuration interaction theory using cumulant reconstruction with internal contraction of density
matrix renormalization group wave function. J Chem Phys, 2013, 139: 044118

Cheng Y, Ma H. Renormalized-residue-based multireference configuration interaction method for strongly correlated systems. J Chem Theor
Comput, 2024, 20: 1988-2009

Luo Z, Ma Y, Liu C, et al. Efficient reconstruction of CAS-ClI-type wave functions for a DMRG state using quantum information theory and a
genetic algorithm. J Chem Theor Comput, 2017, 13: 46994710

Luo Z, Ma Y, Wang X, et al. Externally-contracted multireference configuration interaction method using a DMRG reference wave function. J
Chem Theor Comput, 2018, 14: 47474755

Song Y, Huang W, Liu C, et al. Spin-adapted externally contracted multireference configuration interaction method based on selected reference
configurations. J Phys Chem A, 2024, 128: 958-971

Mahajan A, Blunt N S, Sabzevari I, et al. Multireference configuration interaction and perturbation theory without reduced density matrices. J
Chem Phys, 2019, 151: 211102

Weser O, Guther K, Ghanem K, et al. Stochastic generalized active space self-consistent field: Theory and application. J Chem Theor Comput,
2021, 18: 251-272

Kurashige Y, Yanai T. Second-order perturbation theory with a density matrix renormalization group self-consistent field reference function:
Theory and application to the study of chromium dimer. J] Chem Phys, 2011, 135: 094104

Kurashige Y, Chalupsky J, Lan T N, et al. Complete active space second-order perturbation theory with cumulant approximation for extended
active-space wavefunction from density matrix renormalization group. J] Chem Phys, 2014, 141: 174111

Zgid D, Ghosh D, Neuscamman E, et al. A study of cumulant approximations to n-electron valence multireference perturbation theory. J Chem
Phys, 2009, 130: 194107

Roemelt M, Guo S, Chan G K L. A projected approximation to strongly contracted N-electron valence perturbation theory for DMRG

3085


https://doi.org/10.1021/acs.jctc.8b00273
https://doi.org/10.1063/1.4926833
https://doi.org/10.1021/acs.jctc.1c00957
https://doi.org/10.1063/1.4902991
https://doi.org/10.1021/acs.jctc.3c01228
https://doi.org/10.1038/s41557-019-0337-3
https://doi.org/10.1021/acs.jctc.2c00632
https://doi.org/10.1063/1.3193710
https://doi.org/10.1063/1.3193710
https://doi.org/10.1063/1.3525712
https://doi.org/10.1063/1.5134006
https://doi.org/10.1063/1.4920975
https://doi.org/10.1063/1.4920975
https://doi.org/10.1063/1.5055769
https://doi.org/10.1126/science.aag2302
https://doi.org/10.1021/acs.jpca.3c05322
https://doi.org/10.1038/s41467-020-15724-9
https://doi.org/10.1103/PhysRevLett.124.020503
https://doi.org/10.1103/PhysRevLett.124.020503
https://doi.org/10.1021/acs.jctc.3c00831
https://doi.org/10.1088/2632-2153/acdb2f
https://doi.org/10.1063/1.4816627
https://doi.org/10.1021/acs.jctc.3c01247
https://doi.org/10.1021/acs.jctc.3c01247
https://doi.org/10.1021/acs.jctc.7b00439
https://doi.org/10.1021/acs.jctc.8b00613
https://doi.org/10.1021/acs.jctc.8b00613
https://doi.org/10.1021/acs.jpca.3c07526
https://doi.org/10.1063/1.5128115
https://doi.org/10.1063/1.5128115
https://doi.org/10.1021/acs.jctc.1c00936
https://doi.org/10.1063/1.3629454
https://doi.org/10.1063/1.4900878
https://doi.org/10.1063/1.3132922
https://doi.org/10.1063/1.3132922

M43 E B 2024F7TH $£69% 218

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64
65

66

67

wavefunctions. J] Chem Phys, 2016, 144: 204113

Freitag L, Knecht S, Angeli C, et al. Multireference perturbation theory with Cholesky decomposition for the density matrix renormalization group.
J Chem Theor Comput, 2017, 13: 451-459

Guo Y, Sivalingam K, Neese F. Approximations of density matrices in N-electron valence state second-order perturbation theory (NEVPT2). 1.
Revisiting the NEVPT2 construction. J Chem Phys, 2021, 154: 214111

Guo Y, Sivalingam K, Kollmar C, et al. Approximations of density matrices in N-electron valence state second-order perturbation theory
(NEVPT2). II. The full rank NEVPT2 (FR-NEVPT2) formulation. J] Chem Phys, 2021, 154: 214113

Song Y, Cheng Y, Ma Y, et al. Multi-reference Epstein—Nesbet perturbation theory with density matrix renormalization group reference
wavefunction. Electron Struct, 2020, 2: 014002

Xie Z, Song Y, Peng F, et al. Kylin 1.0: An ab-initio density matrix renormalization group quantum chemistry program. J Comput Chem, 2023, 44:
1316-1328

Sharma S, Chan G K L. A flexible multi-reference perturbation theory by minimizing the Hylleraas functional with matrix product states. ] Chem
Phys, 2014, 141: 111101

Sharma S, Knizia G, Guo S, et al. Combining internally contracted states and matrix product states to perform multireference perturbation theory. J
Chem Theor Comput, 2017, 13: 488-498

Sharma S, Alavi A. Multireference linearized coupled cluster theory for strongly correlated systems using matrix product states. J Chem Phys,
2015, 143: 102815

Anderson R J, Shiozaki T, Booth G H. Efficient and stochastic multireference perturbation theory for large active spaces within a full configuration
interaction quantum Monte Carlo framework. J Chem Phys, 2020, 152: 054101

Jeanmairet G, Sharma S, Alavi A. Stochastic multi-reference perturbation theory with application to the linearized coupled cluster method. J Chem
Phys, 2017, 146: 044107

Blunt N S, Mahajan A, Sharma S. Efficient multireference perturbation theory without high-order reduced density matrices. J] Chem Phys, 2020,
153: 164120

Veis L, Antalik A, Brabec J, et al. Coupled cluster method with single and double excitations tailored by matrix product state wave functions. J
Phys Chem Lett, 2016, 7: 40724078

Lee S, Zhai H, Sharma S, et al. Externally corrected CCSD with renormalized perturbative triples (R-ecCCSD(T)) and the density matrix
renormalization group and selected configuration interaction external sources. J Chem Theor Comput, 2021, 17: 3414-3425

Li S. Block-correlated coupled cluster theory: The general formulation and its application to the antiferromagnetic Heisenberg model. J Chem
Phys, 2004, 120: 5017-5026

Fang T, Li S. Block correlated coupled cluster theory with a complete active-space self-consistent-field reference function: The formulation and
test applications for single bond breaking. J Chem Phys, 2007, 127: 204108

Fang T, Shen J, Li S. Block correlated coupled cluster method with a complete-active-space self-consistent-field reference function: The formula
for general active spaces and its applications for multibond breaking systems. J Chem Phys, 2008, 128: 224107

Wang Q, Duan M, Xu E, et al. Describing strong correlation with block-correlated coupled cluster theory. J Phys Chem Lett, 2020, 11: 75367543
Zou J, Wang Q, Ren X, et al. Efficient implementation of block-correlated coupled cluster theory based on the generalized valence bond reference
for strongly correlated systems. J Chem Theor Comput, 2022, 18: 52765285

Zhang H, Zou J, Ren X, et al. Equation-of-motion block-correlated coupled cluster method for excited electronic states of strongly correlated
systems. J Phys Chem Lett, 2023, 14: 6792—6799

Ren X, Zou J, Zhang H, et al. Block-correlated coupled cluster theory with up to four-pair correlation for accurate static correlation of strongly
correlated systems. J Phys Chem Lett, 2024, 15: 693-700

3086


https://doi.org/10.1063/1.4950757
https://doi.org/10.1021/acs.jctc.6b00778
https://doi.org/10.1063/5.0051211
https://doi.org/10.1063/5.0051218
https://doi.org/10.1088/2516-1075/ab72db
https://doi.org/10.1002/jcc.27085
https://doi.org/10.1063/1.4895977
https://doi.org/10.1063/1.4895977
https://doi.org/10.1021/acs.jctc.6b00898
https://doi.org/10.1021/acs.jctc.6b00898
https://doi.org/10.1063/1.4928643
https://doi.org/10.1063/1.5140086
https://doi.org/10.1063/1.4974177
https://doi.org/10.1063/1.4974177
https://doi.org/10.1063/5.0023353
https://doi.org/10.1021/acs.jpclett.6b01908
https://doi.org/10.1021/acs.jpclett.6b01908
https://doi.org/10.1021/acs.jctc.1c00205
https://doi.org/10.1063/1.1646355
https://doi.org/10.1063/1.1646355
https://doi.org/10.1063/1.2800027
https://doi.org/10.1063/1.2939014
https://doi.org/10.1021/acs.jpclett.0c02117
https://doi.org/10.1021/acs.jctc.2c00445
https://doi.org/10.1021/acs.jpclett.3c01474
https://doi.org/10.1021/acs.jpclett.3c03373

Summary for “HREHK I8 R BTG5 Sk

Advances in electronic structure methods for strongly
correlated molecular systems

Wei Huang', Yifan Cheng' & Haibo Ma®

' School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210023, China;

? Qingdao Institute of Theoretical and Computational Science, School of Chemistry and Chemical Engineering, Shandong University, Qingdao 266237,
China

* Corresponding author, E-mail: haibo.ma@sdu.edu.cn

In recent years, numerous novel materials have emerged in fields such as high-temperature superconductivity and quantum
communication, including unconventional superconductors, topological insulators, and spin liquids. These materials
exhibit significant quantum phenomena such as quantum interference, tunneling, fluctuations, and entanglement, often
arising from strong correlation effects among electrons within molecules.

In the community of quantum chemistry, strong correlation effects are typically classified into dynamic electron
correlation and static electron correlation. Dynamic electron correlation, caused by the instantaneous movement of
electrons leading to charge density fluctuations, presents computational challenges due to the necessity of introducing a
multi-particle form of the wave function. This departure from the mean-field single-particle perspective results in a
substantial increase in the computational cost for calculating electron correlation levels. On the other hand, static electron
correlation arises from the near-degeneracy of numerous frontier molecular orbitals, resulting in a quantum superposition
of electron configurations. It requires the use of multi-configuration methods and faces the well-known “exponential wall”
challenge, where computational complexity exponentially grows with the system size. Therefore, due to the involvement of
both dynamic and static electron correlations in strongly correlated systems, achieving precise electronic structure
calculations is exceptionally difficult, representing a significant challenge in theoretical chemistry and computational
physics.

Traditionally, to describe the static correlation, quantum chemists often define crucial correlated orbitals and their
electrons within the complete active space (CAS). Full configuration interaction (FCI) calculations are performed within
the CAS, while the region outside the CAS is described by mean-field methods. While these multi-configuration methods
allow for arbitrary electron arrangement within the CAS, effectively capturing the static correlation of the system, they
struggle to handle the dynamic correlations beyond the CAS. Therefore, combining them with multi-reference
configuration interaction (MRCI), multi-reference perturbation theory (MRPT), multi-reference coupled cluster theory
(MRCC), and other multi-reference methods becomes essential to accurately handle strong correlation systems.
Constructing multi-configuration wave functions to obtain static correlation by multi-configuration methods, and then
generating excitation configurations based on these multi-configuration wave functions to obtain dynamic correlation has
become the mainstream of the development of current wave function methods. Challenges in this direction include the
exponential growth in computational complexity with an increase in CAS size and the precision of multi-reference methods
affecting the accuracy of capturing dynamic correlations beyond the active space.

Over the last decade, various multi-configuration methods, such as selected configuration interaction (sCI), Density
matrix renormalization group (DMRG), full configuration interaction quantum Monte Carlo (FCIQMC), and neural-
network quantum states (NQS), have successfully expanded the computable active space by explicitly or implicitly
extracting and compressing complete configuration space information. Furthermore, combining these multi-configuration
methods with traditional multi-reference approaches, such as MRCI, MRPT and MRCC, enables capturing dynamic
correlations caused by electronic instantaneous interactions beyond the active space. This achieves higher precision and
quantitative descriptions for mid-sized strongly correlated molecular systems (around 50 active orbitals). Additionally,
novel methods like Block-Correlated Coupled Cluster Theory (BCCC) have made progress in attempting to discuss static
and dynamic correlations within a unified framework.

This article primarily introduces the advancements in wave function theory electronic structure methods for strongly
correlated molecular systems in recent years. The first section details multi-configuration methods that have expanded the
CAS size, including sCI, DMRG, FCIQMC, NQS, and outlines their developmental trajectories. The second section delves
into the combination of these multi-configuration methods with traditional multi-reference approaches, leveraging larger
active spaces to address dynamic correlations and achieve higher precision results. Finally, the article discusses the
prospects of these methods in three directions: Handling static and dynamic correlations within a unified framework,
integrating with relativistic effects, and combining with machine learning.

strongly correlation, quantum chemistry, multi-reference, electronic structure, density matrix renormalization
group
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