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Abstract

Theoretical prediction of crystal structure is one of the most fundamental challenges in condensed
matter physics and materials science. At present, the first-principles crystal structure prediction
based on density functional theory (DFT) for weakly correlated materials has become accurate
enough to be compared with experimental results, and DFT + DMFT method combined with Kinet-
ic mean field theory (DMFT) makes it possible to predict the electronic properties of related ma-
terials for a given crystal structure. However, the current LDA + DMFT method is unable to optim-
ize the structure of the associated electronic materials due to its semi-local approximation of the
exchange correlation function. It has been demonstrated that the prediction of the structure of
Mott insulation materials and associated metals often fails. Therefore, it is necessary to develop
new efficient algorithms for crystal structure prediction of these materials. This paper mainly in-
troduces the principle and application of DFT-eDMFT, a new algorithm for crystal structure opti-
mization of related electronic materials under the unified Luttinger-Ward functional framework.
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1. 4£%; LDA + DMFT 75:3%38 % 59 %

MNER R b TN & A4 5 ) o Bt SRS BT RL R B BE AR Pk 2 —, ER BB 90 AEAR 55 S IR AL
TR B — e 3 A 5 ) OO A A A RS . il 2 A, SR PR R B SRS M I RE ) B ECR
A, BT T AR AORHR Ak I B8 2 T P A 80 /N SRR T S IR 25 52 oR KO (DF T T B 10 1 28 sk
Mo BRI, HT % BEVZ pR B F R A B SR 7 7%, 0 R 0 BE U B(LDA) B SRR FE IR EA(GGA),
TCIE R TIN5 QI FL AR G5 M RIS VR, ISR 8 M B RIOCIE & )8 55 . WE e s SRR, Xt
TR LG IRIBK HL AR ) A 45 R R L RS VE BT I TUON BT DFT 32 ek A vRERf 1T SR S B0 45 SRAT AR K i 22 o
SR, ARFJE %N, DFT v RIS /RS9 58 AR AR R TR B0 R, At m] DASRAS 5 A 10 1k &
AR, BER A E SR R R R . KRN DFT A REIZ &S0, BISREX T s
HER—SECONE . B, KRR f 7% BE R AR A 2250 SRR AR K B . S Wik, LDA M
GGA TETIMR 2 SCBRADRL 1) S AR 25 H IR BT R K, Z it Ce, 46 Pu FLIE S B A4 YI(W FeO)SE. 4
IR, AEF MR RIM R, BT R IR R R s AR A i S E, X DFT M9 &, 41 LDA +U
2072 R SR TE IR 45 0 J7 THUE 2 A MR I, AHX PR T AR R BRI RS - 2 R AR i i # A7 AE
R A Y R AT A 11 B SR 5 SR 25 SREANAE, S ok T8k 2 8 b el o ZRU0R e 3 8 K D~ T 11 5
DFT %A 17 0.15 A

N T B DFT B2 R sl oL 25 B AR ORIR AR, AT & T VF 2 i 24638 )78 . Hrbig
RRIN T 2 — 5 B2 R S(DET) 5 3 112 F 135718 (DMFT) A 45 & (1) J7 i:——DFT + DMFT J7
V(1] [2] [3]o f£ DMFT J7iE i 5 T OCHR I Rt , (RAAU — A5 € S 1 1) SR R s ek AT ih 5
‘B EE DFT 2 R 38 A 77 2 ot = 4E 75 (8] — 408 w0 SR S e BR i 26 A 2295 A4 43 22 - LDA + DMFT J7%)
VFZ RIBA R TS TR KRS, Bn Srv0o, 25, B H RIS 32 8 2 1 S oA R HL T 45
FPEJT, TXA R AR A A R U )25 e s o LR R R 22 2 HT 1) LDA + DMFT J5i 1) SE i AE 4L
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ARIETZ RIS ERSEIE SRR MRREA RAEA, 25K DMFT Hi6 7573k % Hubbard
RAPIBRFR, XL R TR RS RE, I S EUE R I REG. SRR — I Sl FEEX
MIRZE, WX T 52 A REHEAT HER RO THORL, e & S EUNHA R AL I R

2. 189 DFT + DMFT 75 35h x4t s seE)

247, f£ DFT + DMFT 753, C@AMME 1 K577 . H—KE Savrasov #1 Kotliar
M) TAE[4]. EARATR IR A E B T DFT + DMFT iZ iR A7 B 1 B S48, INMReS A 1, it —
BAFBNE %2 /1. MAh, ABA1R A Hubbard-1 28 FUR M7, 20 7ER TR AALFE DMFT H AL
A, AR IR X R A EE R . oK Leonov 8 AN LAE[S]. AT IR T 7 DFT +
DMFT w552 357539, SRIMARATI T SEAGE 5 T Az bR, T2k TR &2 i) DMFT i RE 3
A H AT TSR T R ME RS BT S, XT3 1T AR AR, DR AR HE X A R AT AE
BRI AN . DRI XS SEEBRAA R ER) 5 46 A A0 Hh e R AL ) 7

53T LA, K. Haule % Nl K DFT fil DMFT 74— ] Luttinger-Ward 32 BRHESE NEATHRE, K
THETRTHE S, B DFT + eDMFT J732, X —#r B EE D SE I 7% SEBRAT RS /AL I ks FE T H
[6]-[11]. FrEHEEEN S ESN & 7R P (CTQMC) Fikgs &, 435152 /10T LIRS Bt B A
ARG S RAGEL . X EER Y CTQMC J7E A B4 tH g B e THE R 152 SIS SRR wE i fefs
11 QMC & A ] REvH A HL HURE B HH REVZ B8 B9 AR ELAE FH 358 43 (Baym-Kadanoff 12 B ®[G]).

3. DFT + eDMFT 53X BEFZINHE

pe AR E R — AN R I e SO S — AN R 7 A AN ALRS I, el B AR O I A .
/R 2 -9k 2 (Hellmann-Feynman) & # R B, XA S5 TERER 7% Lr9Fm 7, B HF J1. (HE&HT
bR TR A R R L, DR T OO R R BRI o O R T ik, (ERE R T B iR
—/NBEINFI TR, XA I IOE AR N Pulay f1. Pulay 3SR E TRBECS NI, EAEE SR
V2 BRI R BR B A 4 T I B A

FRAIZ B FLAT 2 FE MR R B AEE JEH /NI O T, HE R AR S2hr b, iRz s 2 ks i,
FATTAT CALE 8] 5E Hfar 2 FE (IGO0 T B RS — N EEE /AN AR TF 2 7. B0, S AR B

TTGHIFHA] Lo s
or[G] :[él“[G]j +Jdrdr'(5G(rr')( oTr[G] J O
SR, SR, ) SR, \G(rr')),

B — T 7E [ 58 AR B B B 00 T 3K B B REZ s 2R (1 24, 19 BRI 7080 HF 77, 35 DU 7E
ERLTALE BT, K E HREZ R AR B w3 8. 7E8) 1A e, B B Rz Bk iR
FH| Luttinger-Ward (LW)iZ B8 7TG]

r[G]=1rn(-G)-Tr((G' =G ') G )+ ®[G]+ B, @)

FerboRa T RASR A B B AR EER . (EREE B T BN, LW Z R ITGI MM s — B 3

¥ (or[G]/oG), % T G -G, +6D[G]/6G, 1T Dyson JyRRMINAAZ o PHIL RS T3 J o T e &
AN L& TE Go M E s 1
a |G ! . . .
L =—Tr ln G aGO + aE‘nuclel =Ty P al/nuclet + aEmwlel (3)
SR, R, | R, oR, R,
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Forbt TR Voerer 73 RSN RESFEAF A BE AT o 1T Viweres 7 AT IR, FEEE — Db, JRATH A4
AR MM bR BT 8 T o B AT 0 B SR

Tr(GgK'ruclei ) = Tl” [é‘Vm{clei %Z G (lwn )j = Tr(pl/nuclei )

ji
AN
/.
an

55 HF /)

B

ov. ..l OE ..
FHF =_Tr el nuclei | nuclei (4)
oR, R

FEHiI Baym-Kadanoff 72 bR A2 T B 42 9% 2 B RSR AN, X SEBR A AR kL& A T BERE 3R 1. 78
DFT + eDMFT 777k, M EAEHZ ROEU T F1 el

o[6]- £, o)+ E. o]+ T o™ 61 ] -0 o1, )

WU —igs th T IEH ) DFT Jife. 5 =TUR X FrA 22 EERA, Hrp & —BUR e &
ThiE RAL, EREAMM AR MR, 2R ¢ RS REE G,
¥ RIS AR BRI EL Goe R BT S5 R B 508 I B AR TR Y SR (Gloe = Gip) - ST — THIEAE DFT
A DMFT H e 525 [ 55 80 BARPE I, BDWESEit &6y, BLITH BT C 2] DURS B3 (7]. #biz i
AN E HRERIA I, EEFEE MR, A E B R R NS RUE Rk, 13 BR0E KRR L G,
s G I HHAEZ R TG), FFEIRRARER T RGN BB F

F= —Trln(—ia)n —HtE, )—Tr((VH +Vn)p)
+Ey [P+ E [ 2]+ B = Tr ((EVc )(4]G|4)) 6)
£ X0 [ G ] -0 [ pp ]+ N

1

NTRERTIS, BAIFRESEABRE F A2k

0€,,, — O
SF =Tr M ~Tr(p(oV, +6V,.))
10, + H— gkw,, (7)
- TI" (G/uc (éz - 5VDC )) + 6Enuclei + Né‘/u
HRRE| HF (R 5 FE(4)) 13 3
o
SF=Trln| — 2t ~Tr(pSVys)
o, + =&, ®)
~Tr(G (6= 0V,ye ) )+ 2 F," SR,
V2
KV =V, 4V, +V,, 0 WEEEREFHZA S, WIS i PR
OF = —Z(FHHF +FﬂP“"’y)5Rﬂ )
u
M43 — AN 5[ Pulay /)
F" =-Tr ! LI p—éV’“ +Tr| G, = (10)
0, +p—&, dR, OR, OR,
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Ti#E(9)24E DFT + eDMFT JjiEmit B —RiE s, ek S5HERIEFRTRN, £ HARLIN,
BV B PE L3RBT . B AT K. Haule 2597 & MU AL B AT LLAE 1 40 9% R 3 A4 121,
H DFT #7r K AT 2 W31 Wien2K 344, #i) DFT + eDMFT J5i% Q& il SEil 1% BARM k)
MiE5, IR T — 2] LS5 Sgs nr DAL 25 5

4. DFT + eDMFT 753E89 5 F 32651

NI DA EE R AR FeSe AIskext Hb AT 45 AL . ik FeSe ZXIAIEF A P4/nmm, H MY 4
ANEF: A Fe JR 7RI Se JiF, Fe 14T —AFIH, 1M Se J ¥ 28 #54L T Fe Ji 77 E~,
1 ZEEPR. BN Se J5 78 Fe R 1FIEE 58N Zo R Z1M0ALFR) . 7E FeSe &1, Se Ji+
(I FE Zso F7™ E ISR R TR . Zo #0K, Se PRI Fe JRT 2 A4 AL/, AT fE Fe JR T
(1 JR IO R, MTTT 00 SR RE L PRI o FETF-REAY, Rk s ma o T ik . J83d DFT + eDMFT J7i%
BATT AR BIRACT) Zo A, SEFWE 1 Fim. WE 1 ARTLUES], B DMFT H ARG A,
Se JEF52 1A E B8 B A SIUL B — M 2E (E - MBI A TIE 7T LUE 2 )1 Ge it & ZE L B Re EE /D,
AT Se JR T2 /AR —NE K. A, ATETHE T Se & FA M mER 152 1160, THREER
W 2 A, WEF AT LLE 2 Se JE 732 Jibm g Zs, UKL MR R, 52 S0 1A B K
Tt Zs, = 0.27 WALE . XS 552 AT B3 200 B e s, HaiihrzZZ il 5 g A it E
MGETHRZT /N HRIELIEER, FeSe TR E S8 J, 28 0.75eV, T Zs~0.27. HT RS S5
Ty RIS R A Bk Y FEE— D L A OGRS EE, TSI FeSe /& R SR, UL,
THH Se R TR B Z, SSRGS J, B R, B EENE L @I EERN Zs
5 Iy RAMGRWE 2 HEFR. NEFRTLLEZR], LDA Ml GGA IHH A I Zs, 4155 023 # 024, H
S5 R LS aR 25 AR, MAEHT 7S, Se TR PATAL B AL T 0.26~0.29 (A, B MR
FEGEER[10].
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Figure 1. Left panel: Atomic structure of bulk FeSe. Zg, represents the height of Se atoms from the Fe plane; Right panel:
force F on Se (red line), free energy Ej.. (black line), and force times displacement F*Ar (green line) as a function of iterations
Njrer of DMFT. We set Zg.=0.25 in our calculations
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Figure 2. Left panel: force F on Se (black line), free energy Ej.. (blue line), free energy at finite temperature Ej,, + TS, (red
line), and integrated force (green line) as a function of Zg.. Right panel: the Zg, as a function of Hund coupling J;;
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S B E AL AR BE U AE Luttinger-Ward 32 BRI SE—HEZL Y S DFT A DMFT f3H5E, JF3RAGSERrM
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