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Abstract

Abstract

Strongly correlated electronic systems are often element or compounds consist-
ing of d or f-local orbital electrons. In such a system, due to the coupling of multiple
degrees of freedom, such as degrees of multi-orbitals, spin-orbit coupling caused by
relativistic effects, crystal field effects, etc., the system often exhibit many complex and
novel properties. The most common examples are the colossal magnetoresistance ef-
fect, the heavy fermion phenomenon and unconventional superconductivity. Many of
these novel quantum states, such as the local-itinerant duality in heavy fermion mate-
rials and the pairing mechanism of electrons in unconventional superconductors, have
not been well studied. On the one hand, due to the large Coulomb interaction between
electrons, often compared with the kinetic energy, the traditional perturbation theory in
theoretical approach has encountered great challenges. On the other hand, we should
consider the multi-orbitals, Coulomb interaction and temperature effects in numerical
calculations. Not only the conventional energy band theory facing severe problems, but
also most of strongly correlated numerical calculation methods themselves have many

limitations due to the large amount of calculation.

At the end of the 20th century, the dynamical mean field theory began to develop.
Compared with the single electron approximation in the traditional energy band theory,
the dynamical mean field theory takes into account the orbital degree of freedom and
can handle many body states. Thus, it was the first to succeeded in Mott metal-insulation
transition. However, the early study of dynamical mean field theory was limited to few
theoretical models. If the method is to be applied to a rich set of specific materials, the
most straightforward idea is to combine the density functional theory of first-principles
calculations with the dynamical mean field theory. This thesis introduces the related
theory of density functional theory and dynamical mean field method, and applies it to
the actual material calculations of strongly correlated electronic systems to explore its
physical properties.

In this thesis, we have studied several typical strongly correlated materials. The
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first one is the Mn-based unconventional superconductor MnP, because of the non-
collinear magnetic order of this system and the superconductivity emerging at the edge
of non-collinear magnetic order at high pressure. Therefore, the non-collinear magnetic
fluctuation may relate to the superconducting pairing symmetry. We studied the mag-
netic ground state of the system and the magnetic transition under pressure. We found
the magnetic transition consistent with the experiment and explained the mechanism
of magnetic phase transition by magnetic interaction with the change of crystal struc-
ture. We also studied the electronic structure and transport properties of this material
and found two types of Fermi surfaces with quasi-one and quasi-three dimensionality,
corresponding to carriers with very different lifetime measured by optical conductiv-
ity, respectively. The long lifetime carriers correspond to the quasi-three dimensional
Fermi surface, contributing to the transport properties and the short lifetime carriers cor-
respond to the quasi-one dimensional Fermi surface, contributing to the magnetic prop-
erties. The two-fluid like behavior provides a theoretical basis for the superconducting
pairing. Secondly, we studied the heavy fermion spin triplet superconducting material
UTe,. Through magnetic calculation, we found that the system is a two-leg ladder sys-
tem coupled by magnetic interaction. From the calculation from electronic structure,
it is found that there are two quasi-two dimensional Fermi surfaces in the system. The
formation of quasi-two dimensional Fermi surfaces may be related to the structure of
ladder type. Finally, we analyze the superconducting energy gap nodal structure as point

nodes from the symmetry of the material and it is a topologically trivial superconductor.

Keywords: Strongly correlated system, Heavy fermion electron, Unconventional su-

perconductor, Density functional theory, Dynamical mean field theory
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Figure 1.1 Schematic diagram of Mott insulator formation™'. At half-filling, we can get Mott
insulator due to big Coulomb interaction between electrons to prevent the electrons mov-

ing between the sites when there are two electrons at the same site.
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to a Coulomb interaction U. The amplitude of electronic hopping is t!>*!.
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Figure 1.3 The different superconductor and its critical temperature with years. The critical
temperature of Cu- and Fe-based superconductor has broken through the MacMillan

limit 3],
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Figure 1.4 (a) The fermi surface of LiFeAs. (b) The fermi surface of BaFe,As,. The topology

of the Fermi surfaces determine the strong nesting in these systems!3!,
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Figure 1.5 (a) Diagram of resistance minimal**, (b) The local magnetic and the sea of con-

duction above Kondo temperature. (c) Formation of Kondo screening below Kondo tem-

perature“",
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Figure 1.6 The RKKY interaction between local magnetic and conductive electron'®, It is a

indirect interaction between local moment modulate by the the conduction band.
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Figure 1.7 The schematic diagram of the hybridizaiton between the flat band and conduction
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band. The heavy quasi-particle energy band will open a gap after hybridization.

FAEAEH,  IXHE A S 20K BT AT 1) SRy 3 A 0B 2R k2 ok, Wn &l 1.6 . RKKY AH
BAEH AT LR 5 can T~ e

Hggxy = D, S Sy (IR, = R,|) . (1.14)
n,m’
Hrp
9 J? cos2k-R  sin2krR
J(R) = 7” <E_> { F - - L : } (1.15)
F/ \ (2kgR)”  (2kpR)

A LA, RKKY fHEAEH & — N HIRG &85 MM E/ER . 75 RigiE
ZH RKKY STE— MR Trekyr ERKIN—/N:

Trexy ~ J°0, (1.16)

RKKY BEFF Trxxy /ebnEMVERT, LIRS T /2Bt mi ey, — B
2 M H 34, SBE %K T Doniach AHEI 401 24 T /NT Trgry M, 4K
AR RBMEED; M Ty KT Trixy B, AR
BJEBARH, RKKY BEFEE SR AR AEH EE. EHEICK TR
H, AR Z AR R R A Sy JR U R G K . — B REPE SR T AL
B30 R TR A Tt XAERR RN N RKKY AHEAE SR T i@E . Bt
EHEIET, RZHEFKTHRERI BN, aE WA SRS £k
T BRI WL GAA AR AEIR 9 ) B Tk vg , X Ahikvk 2 S EE
THHIEFAT N, XAl TSGR A RS EON T2 IRATIRE AR H M

11



SRR R — 1 R 5

Spin liquid Heavy

electron

B 1.8 B AEARE A Y . L EKNRREERARERERN KB Bk, TRE#HES S
BT R G R TR B E BT R A

Figure 1.8 Illustration of the two-fluid model”). The local moment represented by red color
will form spin liquid at low temperature and the local moment hybridize with conduction

electrons will form heavy electron Kondo liquid.
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Figure 1.9 The proposed T-P phase diagram using two-fluid model®*. When f, < 1, due to
the complete hybridization, the system form magnetic region. When f,, = 1, the complete
hybridization only occur at zero temperature, the system correspond to quantum critical
region. When f, > 1, the complete hybridization occur at finite temperature, the system

correspond to Fermi liquid region.
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Figure 1.10 The superconductivity phase diagram of some heavy fermion systems'**, (a) The
phase diagram of CeIn, 55 CeRhIng. The superconductivity emergy at the border of
anti-ferromagnetic order. (b) The two different superconductivity phase of CeCu,Si, at
different pressure. (c) The ferromagentic heavy fermion superconductor UGe,. There

exist ferromagnetic and superconductivity at the same time.
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Figure 2.1 Illustration of one eletron approximation. (a) Describe a many body system to a
individual electrons moving in a effect field, only related to the charge density. (b) The

total electron wave function can be as the product of many one-electron wave functions®’!,
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Figure 2.2 Illustration of local density approximation. Using the homogenous electron gas
model, we let the exchange-correlation energy only related to the charge density of this

point. The picture comes from the internet.
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plane waves in the interstitial [,

fieJr 45 R Aif It Kohn-Sham J7 2/ —SBOP IR, A0 SRR R B — 4L R
JEIT, Al AR 3.

|6 >= ) dilp, > . 2.9)
XTI EAME TR, A
Hlp; >=¢|p; >, (2.10)
¥ BN, K132
> Hy,a,=¢ Y Oy ,a,. 2.11)

Hrh H,, AW EEAEXHETREMETT, Oy, = (@ |@,) N B,

X0 b e U )z B D b i R A S PRI AT H Sk B BT
AR BR AR, o 35 JE (R e AT AT AFAE — M BT o ERLHGSR BURT 4% 28 12 5 1) 22 3t mT
PUR K 4 /NS B £, IR KRG/ 1 it R . H TR SE — 1 R i S A7
EA NSRRI, ENSERE. X B R EA 4 WIEN2K 727 H 5 H
(fkE, RIZRPEZINTT 3% (LAPW)OOTI. a2 35178, LAPW 1 SR I 2 153 25
JR %A B BT, OB R EUR BONF 2R, B P T BTl 2688 7. =
AL R TR B 7, LR3I A2 AR5 R 2L, an 58K B~ T
&I, BRI ECKR SRR K. F, 7B Xk e 17— MeE, —
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Compute V

{

LAPW1

Solve eigenvalue problem

y

LAPW2

Determine E;
Calculate p

!
Yes

No
Mix poutpin € Converged ? ——> Done

MIXER

& 2.4 DFT E:H— K EHB TR 274K R WIEN2K 255 R KIER

Figure 2.4 The general self-consistent of DFT program. The red color test means the corre-

sponding part in WIEN2k.

MN—ANEK, KON Muffin-tin 3k, 7E Muffin-tin Bk B KBRS RBUR . 2
PRSP Thn B ) B AR T a0 F

= Y (AR U N + Bl i EN)Y,,, (). (2.12)

FAEG TGN, T DAASH B ¥ 00 23R A2 ) ek oot B 1 RE i B, R AT
B —MIEH) Ey i B RN B —Br Tk s B3k, KRN T i H &

DFT [— M5 VA RAR 6 5 RO B2 AR . B e BRATIRAE VI 46 S i
FE 52 S HOH AT G617 F A S R o b e S P TS DFT 25 3041 34
Y (WIEN2k F2 /7 % B lapw0, T Rl): @I 8 S Jim R34 SR g o o 20 AL 7 e
SETS TR (lapwl), REIAMEE S ALMER: ZFRATHARMEENAGE R TR AA R
(¥ 2R oK BRAFIHT IR FELGT 85 B (lapw2)s  FIWTRT 1H FLfer 25 BE R A WAC8I. & ANURER, TR
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B IH AT L (mixer), 5208000 AT BEE SR AUSL MR HIEIA.
212 BEZREBILT K

EBIRE I PR B E AR SR IS TARK D, (H21Esm K T &
girb, T O EAE ARSI RE AL 1 SR IR, TR E RAR 2 IR A =
M. N DRI R h R BRSO TR R, FEE AR BB T s
A, 8 AT DA SE 4 A P DG BB AR o (L S Ao ] P SO R o 2 e 0 SR
)0 3K FLAR NN 67 22 A48 F A LA V2 (1) LDA+U 5908990 Tt B 3
I 85 B ) A LA P AT 259 37 30 B B 3 e M2 e IRt e, 24T DAAS )
LDA+U A EAE I B et BAF TR E SCan R PR

Hy= Y Ut @y Gy 1 Gt (2.13)

mm”m/mﬂl
Horb U 5E XA
— 1 3 4.3 * AN ’ ’
Ui m! mm = 5 dridr-y, (r) y,, ()V(r—r )u/m,, T y,,m (')
(2.14)

=2 (mm" Welm'm")

Rk 22 70 B — AL RIBR AR 70 F p s LR, T 9 S BBk 0 0 D) DR 3 B0 & m 2
ANFLAERT, CRHZ RS R A

ELDA"'U[p, n] = ELDA[p] + EU[I’I] - Edc[n]' (215)

Hrp E,, RAGHEIL, R B A BAE H IS 2 BT LDA #2288 1 Gk
REXB X M E B 0o SOOI — H A REM A RIS, H -5 s e
s — AR R -
Edc[n] = %Und(nd - 1) (216)
wJE, PFECHEAER IS K
BVl =2 3 (o Wil m" g, %
{m}o 2.17)

+ ((m’ m” |I/ee|m” m”’> - (m’ m” |I/ee|m/”’ ml>) n;m/nfnumm s

Sty BT RN, = (eh e ) BT BB 5 S

mm’

FITHEAR RN, PROSAS MR ok B e 85 A S A Ok, R B EAT AR 0 i it LA A5 £
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E ) E
i C
T_‘) A
SN U
— \\_ _\
\( /
N k N k N k
<A LDA+DMFT =
0 U/w -

& 2.5 LDA+U J7#%:5 LDA & DMFT %t 7", LDA+U 3&H| MR RIS E T Ra £, #
KT fHEAR T DFT+DMFT B A2 R H .

Figure 2.5 The comparison of LDA+U with LDA and DMFT methods'”. Due to LDA+U
method force to shift the local orbitals, we can’t get the Kondo physic near the Fermi

level compared to DFT+DMFT.
RT3 H R FHUE LDA+U BRI & —EH .

. R A
n = —— SG ,(E)YdE. (2.18)

, oo
mm . ilm,ilm
T in ?

F 98 LDA+U X} LDA #T T K&, H2WER2. 507w, XFEMARIAHEAEH
SEERONERAS AR AR, A s G T A BRI ROR, HIg A R R
T BRI BRI, PRt B BRI RR M . OB 2, 5T
RSO, SOCER TR R IR ) B A Rt LDA+U B3, &
b, N TAREIEIE R S ERSRCHEUA LS R, A3 2 R e R BB Tk
AU N E

22 EHEFEFG

IE2 TR G O s BRI 2 IR, 2R 8 T AR R IR SR B K Jie
K. BUEALE S OCHR I SEAR R 2 2 I BAE AW A R =7, 3 152 T 13l
RHPZ — FER T, R EA R SRR R R EE T AR
e B E TSR J LR A S BB 0 T 3 B UL R B T
AT FEAT B 55 2% o T RS AR L A o5
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22.1 SBEBRBETESELREN

o LAUE T T ik

FERXT AL RIS P L B (M v 2 — U e SR A R 2 T
FE 70 R R P AR SR AR ) 8 1) AR BE RO RN R B RS E
o RGBT A LA B mT DA ] R AR P ARRE B, PHE— 14D ) RAE T B T A 40 11
B8 A1 R 1) R/ g BRI T T AR R R KN o SRS AE AR ) R, THERL A A
JiE B A K IR EON BT e DRI — R LR, A B A A T A 5
Ak 10 MES. FFHK, THEARR/NEUR T BRHRS B A 40 S 1 — A 21
E

Wilson [FI5UfE BB 575, 15 (K B AR 3L st & b U2 sk
PRETESE G, B % o 2 AR AR A T S B — AP E PR BE . AR
BRI RE S, K RS MO RN AR 4, SR B R R AR 4 . X MR IE
T AT e R R I (KN, IRARIEAT SR A R 28T LAAS MG e 1) 2 2350 43 1)
VI, EEBACEER 9ok T RS ST I )RR 2 44 . H & NRG A S A7 LGk
. BEEZRZHIER I, THEREREW RPN BT RUAE L 2 3
SERTOE LN AT =P e i g

PLTE AL ARV B 48 5 AR SR e BB i ok i 2 . S RE AR
B B AL RS H P BN R k2 — P S e R R N R GRIIR B
ANFRGY o TEIREI R AEAR RGOS £, BRGNS SRS, TR R I RS AR
PIAELIEE S, WA B RGBS B BT AL, 2 R AR B N B SR AR AR 1)
BENRGHIFEIR . X HIEIEEG — DAY TR TR PRER R M A
TENB A, RS i E LB IR U R o (H 2 % B B E AL Bt A7
TEH ORI, SRR R B AR — 4R R, DRI TE A B OR &S R i 4 1) i
RATAEARKI A . TEIRZ IR, %7 R E AL T SRR SR 4k R 1K
WP i)

BYERWINEAIRZ M, 5 WA 70 B AU () & 5 5k R D L)
TSRS . BN R T SR BT Hirsch-Fye J7i& U4 f147 51 X S5
B LY A R A AR AR I [R] ) . i i Hubbard-Stratonovich
AR, g2 P A A A O — AN B I Tsing 370 2R IRAMPEAUAE
XA I BN N AR AL o SRR 0 T VR I TR AR 2% B 5 ) D T R
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AR Fr AR EIRMCAI s, 7520 BRIt a k2, 251Z07 75k 1 IR
HELEI (B &1 SR R Y R AR TR R ), —Bokyi AT BLN A LA H
T B A S AT AT AR B U0 W — AR 1 IR ) A5 — S B X
THRE R R 2 BT o H 2 SR 2 0 1 i e 2 P (A R T B, i T
WRTMRAN ZREFR, B TLERR S, KR 2 1R

B ] B — N HAB R B R o BN LI IE 2 T R 18 10 9 =2 B e T 45
Ao FATEFAR R IR B B e 5 — LR i 3 = . —BORUAIRRIT 1) 3%
SR AREAFIRE 2, BT DLEZEEUER G 5 EA R A IE AR
% (IPT), JAHAZIE AL (NCA) LS MR B [ B 223 L (OCA). NCA if
BETARBY B JC 28 SCHE, H R TSR &5 SR 3 W A5 21 1 30 R T B2 AT AT B IR EAR L
ANEL, K™ B T, OCA Hh NCA B R —LL, Al Lif5 3]
BN B REFNUT R IEAE . T JE U, QMC BUEFERA R H Re A B AL
FRIRRR,  FRATTI AT A4S 3 50 TER P 2

o FJ1% I L

BRI BT i JATAT BLE Y RO R A ORI R PR o B g
(0 B A J7 V2 BT e AL 3L ) 8B 2 (W 7R B R R 1T . 3 77 2% P 3537 1 H Lk
TR T IXFERJRITH » 158 0 3503 B8 2 KGN Y, FETIRRE 1 B 1 AL
N, AR ERAETERAE MR BB, T DFT JLSEgt
FEX AL AR . Bl )5 I A EE TP 3835 S IR A, AU ] 5 — S F
THEHPIRES, TR T RS HUE RS, KA S By — 4
ISR . FT DL % 0T ) R P LA SR AR A it b R I AN 2 R R R ) 52 B i
ANFT R I A E BRI . XL BF AL 52 AT CAEES) ) - 3 AR ZE TR
J Iz AL AN ) S ) O AT RE S SEBR M BHEES & o R AT AR FE I A 2
KRR

IR 1989 4E, AATZERT 7T B Hubbard FE7Y (K%, RITE 480 AR,
WA EEEAT LB T LRI, RRSA AR IRIIERT . RN 7S A 4E R
IRE I, T A RS, TATKEETE SR/ &5 Metzner 55 A
R, FEAYE L T T 75 s, & EORFEA S A KHEL Hubbard B4 5] fE
TR R IE R E ¢ 0T AR L (b i A 45 178, AR 5C RO

(2.19)
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(a)
B 2.6d - o R BRESEE. TUERENERESR RAL4NRHBATERD,

Figure 2.6 The schematic of self-energy in d — co. We can see they only have purely local

interaction in high dimensional ®",

FELLZ )5, Metzner A3 Hubbard BEALTETE 75 4 (IS5 791, [ REAE S m 2 [H] Hh 2
XA, K26, WAt B RIS RS C a2l R, BRE ki
WA, IXFERCR KT T A% ) 2 0 52 P P37 AR SRR IR il A Je ok
T 1801

222 THHFFHIHHIRKERE

PRAE S ATV A n] D A% A5 28 B 5 ol AR BB Y, T A 49 Tl A e A A2 1Y
A TR AT, 05 22 3R R R ISR R B S X R R R 2 )5
FEAE L IR b B A 2 FR6E N

o FHFEAEAY (Lattice Model)

BB LR AR 2 A A, TR A SRR AR B B B e AR R A A R B
HAYE I RS o B 1T BRI 5 DA A T Hubbard B AU 2449, ' (I PE ST A 2f — = 04
M7, XEHE—IX:

H = Z t,-jc;;cjc + Z Unjn) . (2.20)
ijo i
FEIX B 5] N B4 AR R 0 ) — AR 3K
(171, iyTy) = — <TTcl-16(’L'1)cj26(T2)> . 2.21)
KEREAR R R T, 1T LAsRAS
- g7 =Xt = 7) = <T,§ci(f)cj(f')> = 5(r—1'). (2.22)
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iz SRR B2 B T R, T LAfS 2.
CM(T) Z 1,i¢jo(7) = Uniz()c; (7). (2.23)

B $ACN BN, e

a o / o
<—£ —,u>g (x;—x;,7—7 )_Ztij,g (xjr =xj,7—=1")
J' (2.24)

+U <Trni5ci6(r)c;6(r’)> =6(r — 7).

R FH o8 BEL P A4, g i 2 1) A e A8 0 1) 3 e s TR MR PR |25, A AR ek 1
i HL I TN

gx—x',t—1")=

ﬁ(zl E 2 / B ke DT (k). (2.25)
T n

RAER, A

(iw,—p)g° (x;—x;, ia)n)—z 11 8° (Xj1 =X, i0,) =% (x; =X, i0,)g° (X; =X, iw,) = 1,
j/

(2.26)
2], ATLMR R
(iw, — ng°(k,iw,) —e(k)g’(k,iw,) — Z°(k, iw,)g° (k,iw,) = 1. (2.27)
L SIS
g% (k,iw,) = ! . (2.28)

io, — u — e(k) — Zo(k, iw,)

XFE N AR AR R A L, A9 3 T A BT A PR R B IR AR PR R B

— AL, For e(k) R an g BIEEOS R, AR SRS 0T B 1A [\ 1) . 2R
W AR Z IRy 75, AT LA AR A 5 ) — A 5L tight-binding A7 R]
Ao WSRO, I T pR EAS A DS, AT DA B4R R R A
MEECR R RERMIZERED], HEEAFBERRIELIR, K —ahEK
T PR, T ERTE SR A AN [F) ()b i TR A b O IR o (FL 7 2 ) 4 8 IX 3k
LT, HERTEAG SRR AN, FUERRE TR ERE. XE—MiEel, H
R E 2 ) 4 P X 3T 55 KB A B

S(k, iw,) = S(iw,), (2.29)
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FERXFERIE AT, AT BT k22 (B AR AR SR AN, 45 21 85 i PR il s A o

1 1
Gliw) = zk: i, — i — e(k) — X(iw,)’ (2.30)

AL B, A R RS AR R BOH LE T B TR S, 2 17—
HiE Z(iw,) KEIE. W\YHE EE, W23EF TR . B AEHE £ & Bl
UL E BeBIINige,  H AR SRR LA B JFEOR I (1 e(k) BLIT 2%, AH S THEREY

HEW T — T HAER N2 448 MR R B AR AR IO TS — MR FE, RoR
AR R N ERL T B 5 e A R E

o ZRJFi5A! (Impurity Model)

X L SE AN G An ) DA AR ABE R GE B B R AR Y, AN SR 2 L R B A ) — 2
FEARVERT . A BB R RG B di AR 22 . Wolff 15 BY sl 2 JE 5 i B i —
Pl B AL, & LT

Hypr = Y €15a),01 + Unyn, . (2.31)

lo

Wolff B8 78 H— AN F L S — N AR i . (H/2 Wolff 181 FE AV
I e B B AR o IXAMEARYAE b — B R B AT T, X
B R i e R A G B S — X
H=Ytyct e+ Y [Vcwd(, +Vidie 16] teg Y did, +Ungngy.  (2.32)
ijo ic c

[FIRE FH RS R oR BRI B T R, B2 T UG 21

-1
2
G (iw,) = [ia)n —eqtu— Y _Vor de(ia)n)] : (2.33)

= i, — € +

MEERFTUVE H, B RS AR R B S R RE R e, AR, HRBUMES
FE AR BN A RE Xy (io,) A WAMNEH —T15 V AR, X—IHk
VR SR R g B 5 S AR ELAE A AR, BRI R SRR R AL E R, A
T BUE I AN & 3R e AR FLAE B TG AH AR P A AR B BB IE, 17 2 U A
ek I L IUE SCA:

2
Aliw,) = )’ _V®OF (2.34)

o W, — €t 1
IXRE R AT AT oA 2 g A% R e S Bt B 2K
Gyyliom,) = |iw, — e+ 1 — Aliw,) — Zd(ia)n)]_l : (2.35)
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SN = o TER

B 2.7 BRETERS SRR ARETHEIERBRREZ RFXR.

Figure 2.7 The Dyson equation represents the relationship among the full Green function, self-

energy and the non-interaction Green function.

AL R AR AL T AT (AR, A RS AR BR B B R AR R K 1)
AN ZE—AERE, X2 Dyson 712, W2, 7fR:

Niw,) = Gy (iw,) — G (iw,). (2.36)

[FAEE 2R B B T A, AR AT LA Dyson J7REsR i Gy, B IE N
T
-1

Gylim,) = [ia)n —€;+u— A(ia)n)] (2.37)

ERERRE, XM, Glio,) —IFECHEAF SR, HiT
B T RN, NSEAGES B BT iAo IR - IXBAFER Y Golim,)
MBI R BIATE ) 1 P38 Gyli,) FHE Wiess BELRIIEH . B HUAH
ATAEGR I h SN A AN . BRI Gylio,) BLE T A HoAt g w1
XA R IR . XEWRE, ERFEIEF, Glin,) —HE4E, R
BRI E oK 1o IXIGAE G RE N A1) DMFT Hig e B30y E .
223 MRIRIEE SR B XS

ASHIAE_ BT A 2EAS B, R T SRR R S R SRR ) O AR o HL SR I
o, SRS SO P A R R R Y o A T R [ AR B 1 T R —
R L, 11 4% R ) A S I PR TR R A% o Z BT RABH A0 5 23 RE
ok, REIREATT I &7 mAHRIT AR .

N T AR RE A RIS B AT, A B AR 5 Pl o A A AT e B ] 40
VERS R 80—, SR JE B BRI B AR R 7 (105 2R HAR p i AR 3, dJE A
F& R ] DAAS 2 R E R

B B B
Serr=-— ;/0 dr/o dt’ ZU: CZU(T)gal(T —17")e,x (7)) + U/o dtny(7)n, (1),
(2.38)
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0) 1) [11)
o= D 0
‘ii —: DMFT / | / )
= =0
Electron reservoir

2.8 B 1% FE95 h SRR 5 2R B Y A3 R R B P2 R AR L R G AR B AR TR
. &FUR BRI TEE Wiess BT IERZER . BASENALS.

Figure 2.8 The schematic of the correspondance between lattice model and impurity model

[82]

The lattice model map to a single impurity model. The electrons of impurity can form

empty, single occupy and double occupy state from the Wiess field.
X HR U B AR, BRI E T EIRE 5 5 B T

Simp = — ; /Oﬁ dr /Oﬂ dr’' ; di(0)G3 (r - )d,(z) + U /Oﬁ dengy(v)ng, (),
(2.39)
Heh i) Gy XTI Goli,) = i, — €4+ 1 — Aliw,)| ™ 16 BAR T 22 AR o,
AAE R, EATE BRI WS, SR AR R A% S
AU AR S, LR FLAE R 00T B Sk AR FE KT IR 5 A R A R
55 A IR REAR S5
Zimp(i0,) = Zygrsice(i@y). (2.40)

IXAEME— 75 BRI R A SRR Y Gy AT, T 2% U R ) G H A%
LR B R R e(k) FIZRMLIRIE V SLFRIBE . FERMIZE, XET ek)
AR V 2 % T RS TR K S5, ASBEAT b kg A5 20 i 2 i v 1) 2 2
TRV AEA A, XSRS R R A . BRI A SR H B 77 20K
B iR AR R R Aok . R IR Gy RN Wiess HRAHIIMEM, BA
ANREHAARHE A TR AR (k) 5V BIEARME, H2 T LIS 3] E A A4 A0 R 2L
A(iw,)o

ME2. 8 AT LUE H, (ES) AP IELE T, HEs 4R 2% a, R
oK R I R B AH SR R e A Dy T AR R R SR A . AEZR U, T RLE
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Go(iw,) T w G (tr—-1")=- <TTC(T(T)C:;(T’)> . G(iwy,)

SEn:p

DMFT LOOP \
\ 4

G5 (iwn) = G~ (iwn) + Z(iwn) X(iwn) = Gy ' (iw,) = G (iwy)

\ Y,

-~ . 1 1
G(Ew”) - ﬁ Zf.\ f“r_,_)n+)u—£k—2(f‘l’.t)”)

& 2.9 3 1% B IR RAER .

Figure 2.9 The schematic of DMFT self-consistent.

B, WA DR RS B2 TBR BIERIE M, W IESUE B Eads. S
MG HERS o IR BT AR 5 b — A 2RI . KT B, EARa)
TIPS BB VRS TR A A 2 Talik v, (ELRE L1 B S I TR AR SR A AR 2 25 ik
V&, XN T T B A G T

I PR AT R AR AR RS AR R 805 SR I ) A O 8 SRR EE, mlign t T DMFT
SREPIPEER

-

Simp = = X L dv [Ld" Y, cbo()G5 (& = T)eoo@) + U [ denyy(2)ny, ()
G,(r—7') == (T, ,(t)ci(z))

< < > imp

Siw,) = G5 \(iw,) — G (iw,)

o1 1
LG(lw”) "N Zk iw,+pu—e—Z(io,)’

(2.41)

A R4 HE DMFT [ H GRS . A SR IR A 55 A% 7] BE 2 47 4L DMFT ff)

7718, HANTE Bethe ftg Y, DMFT Hig iAEgin] AR fifl, (H2X Hl
gt — R AE . BT E 2.9k .

1. 4578 — MR Wiess B Gyliw,), — M4 E T Gylio,), HUFTLAF

M Goliw,) HRHREL Aliw,) KRR, RBIZRERE X = THE 1 285U

HMZH
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2. V2R PR MR AR T A AR R AT SR, XA — el T AAS B 2% 5 1 H fE
Zimp(i®,) o

3. X T EERY, BE BRI TR MR I B REA AR RS S B REAH AR,
IERE B R A

Zartice(i0,) = Zimp(iwn)' (2.42)

K B BEARN SR R (AR R B KL, 13 2 RS A LR 2 G i) o

4. K ISR AL Glio,) 5 AKE K B BE Z) 400100 (i,) AU Dyson J7 %,k
LRI Wiess PRIEL Gyi,)o XFE—ANEEHEK 1o FIWTHIIH Wiess b
Hot Bk, inRANSL, iR e 1.

224 BFEFOKMHESS

£ DMFT Bigr, SRAFA 5T iR AU 12 5 R A% Qo i fE o X T 2% o I, % fee
HH SR T AR 22 SRR o e rh AR A AL R ] Sy R B I R BB
J U2 R A 3 2 — TTO8385T AR Rl 430 1 SR A2 45 45 SRAMUT S 4 7 R4S 31 5
ST I B, Kot SR s M (e B AT B (B AR A7 7 — i R AN o 1 180871
AR SR o — PR g as TARAE I b, HARXE T — B SR F B e SO
M —LE, XTI OCA IS8, "Rt Wi ZEA 218 N AR T T

o ELMFZKFRY (CTQMC)

SRR Z TR O AR R — Gt R LT R A St
FER VAT SR S BRI, X — MR A, AT BB AR
P BEASHE 22 18145 BUAR 25 18] AL x AL p(x) PAKGZ AL x AP & Ax)
WEBRIR], SRl R

(Ay= L / dx A(x)p(x). (2.43)
Z Jc

T e 45 2136 2 SEBRGE o3 A B R % 2 (A S0 T, — AT DU By 7R RFR
#% (Markov chain) ARUEW Z HINITE, WU ZEARI LU M A

1. %&1% (Ergodicity): it FEA LN, — & v] PAMH PR IR TS /R B R it
e, M—MEBAITRAZ BN 2 51— MEEALTE, Mk 7 5 A AH 23 [H]

2. MECFHT (Detailed balence): Friff FLH & — ML T-FHESH R 5, Hit
N T ORI R IR S, N — AT 25 ML 2 5 B 2R gE N I 26 35 B AH 45
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X BLANECT M 2 T
Wy px)

5 5 7T LK F] Metropolis 53, SR B IALTE i, sz MR A X M AR %
FN: min[1,R, ], HH:

(2.44)

_ pWR”

T pow e

Tt 2 A0 JE T T2 B SR A S, 1 S 10 40 R —
30T B T B34

(2.45)

S =8,+AS, (2.46)
XFEZA R R W B T PLR RN
(A) = % / D [y y] e 507854, (2.47)
X AS WRIT, LSRR RIIKRZE, TR

:/D [yy] e85

—Z/wa]% s,

FEIX B FE I MRS TR B 0, DT o e S 7 925 MM i 482 B[] 2 S
R B a bR BRI SR S AR A £ 7E Hubbard-Stratonovich 48 4 ) £ 37
H e EASR), T2 B X L T AR 0T BRI BT AR AR Y, T T,
X HTIZ LEFR L NS, B B

(2.48)

H = Z € cwcoa +Unyn, + Z [ co(7 v T cpacoa] + Z cp(,cp(7 (2.49)
PRI, 0T o PR A IS i i, AT
p
9
So = /0 dz [Z Wi (52— u+ ) vo(0) + Uy, (r)wT(f)wfu/l(r)] . (250)
o
AR oAb 101 5 i T
¢ i (9 i

AS = /0 dry [c,,(, (a_f —u+ ep) Cpo + VipWribe, + V*c,,(,%] . @5

po

HI IRy AR 00 s I B 0 AR 93 B AR A A B Pt A 4

¢,(r) = % Y eonte (@,), (2.52)
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HH ¢ liw,) RIE ¢,y ATEAFGE]:

as=Yy [C;M (i, = 1+ €,) Cpno + VoplWiiaCons + V[;;cjmww] . (253

PO,
W AT, AT AR — AN S — AN 5 e A A RO T, At R B
5E SUA:
o VorVop
Aliw,) = ; Py (2.54)
BRl, Al AR 3
ViV,

i op’ op
AS = Z l//no—._'_—_llfng
P, io+p—e,

p p
=/ d dz’' T@AG@ = ).
/O r/o f;wr) (r — ")y, (")

2%, AT PR 2 A TR N JE T (RIS 50 BRI BN -

k
p p
z:/D[wTw] 6—502% [Z/O dr/o dr’wa,(r’)wi(rmm,(f—T’)]
|

aa’

(2.55)

k

Bk Bk
= / Dly'y]e o ) % / [1¢= / [Tesm 2 11 [Wa; (T[/)W(II(TI')]
kT J0 = 0 =1

aa’ i=1

X ﬁ At (T 7)),
i=1
(2.56)
XFERALHEC 7 BRI B T ARGy, — IS ARG, XEHE v HRIER
Fom. H—IEFWHEE, XHEHRMERE A RER, BEAHEE—KIEL,
e BN T, BT ROKR TR 58 R, AT DA e AR B RS IR
BTG, f it nT DA B SR [ SRR B 5 B O O I A 3K

P P p P
Z =27, E 1 dr, dr| - dry | dt] E
k!
& - Jo 0 0 0 alallv“',aka,

k

X (T (e, (21) Wy (5w (7))

local

Dol (T1,T)) Dy ot (71,7)) o (2.57)

X Ldet
k!

Aakall(fk,rl’) Aaka,’c(fk’fl;)
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it Tit Tap T3t 31 T3t
e— e— e o
d d! d dﬂ d ‘ﬂ
.'r:f .’Tl | .'rf | T i .TE | T3
0 Ié]
(b) | ©
max /-7

0 Jé] _ __: —

& 2.10 (a) B ZERERRUBRITBER AR E . (b) Bk HABRKTRERE. () Hitfh
AR, WEsHB. A anti-segment®,

Figure 2.10 (a) The segment configuration in hybridization expansion of the single-orbital An-
derson model. (b) The schematic of insert or remove a segment. (c) Some other algorithm,

such as move a segment of insert of anti-segment!’%),

RAUAN LLBER R A, nE2.1007R . KA B gt bric —4 flavor, iX
RENe 7= ARV K A P HEBILE B b, 7= AR T K AR 2 ) (R R R
TEZ KR I [ B AT 4%, FRON— AN B (segment) , WIE2.10(a) FiR. A
[ [T 2 I8, SR ] e B B 6 B N A R o 40, o AR O HE R A LA
H, AETRREE GE s BRIE, AT LR I (] 5 10 REK v SAS [F) A% AL
SR . BAh, BT DT RN — A B MR — A B R,
K12.10(b) Fizs e WEAMA T IEIEE, AT — S A A . LLanfezh BL, 4
N5 #HER anti-segment &, 411&12.10(c) Frax. X BALLE i A AR 1852
S

L fBA— B

D ) 7
Py = min [ —* Plinax max olu=SovertapU 1 | . (2.58)
D, k+1
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2. kR —AN B

e_l_ﬂ+6overlapU’ 11. (259)

max

Hrb D NFWEDBATINI 10, R AT A B E 2 )5, KA

DABARITEE o T i AN BRI .
XA XA S AR A, SO B AL o S I X I Rl 5 2

(EEN Y INTEAE
k
G(r) = <l 3 M, A - T;)> , (2.60)
s oy
Horp:
o(r—1') ' >0
A(r, ") = (2.61)
{—5(1 - -p) /<0
e OCA J7i%

ML TSR AR F5R R, A AR N EUE RS B LB X T e A 2y
PR RIE AR SRR o AR NG SR 1 028 AL (NCA) 382 1% B i
(R ERAZ SGEAL (OCA), SRR AHL. 4 NCA 5 CTQMC Xf b, 251
I I AR I . OCA SEAZRTUM Mt AL e T . NCA TovER SRR Y
PORMBAEAT Ny, BB T BN ebrfgl. 35 R Em—m i EE
EI733] OCA, OCA FHELT NCA R BRI B (Al v KA B . T sk 22/
“H—F NCA 5 OCA HI3EAMES .

ESRBNRIIRC T, — XK U R T B8 R, A £, xR
MNOKRTFHEFE FAFHACH b, LA HIEEB, ABOTHER. Uika, %
AR, R ETFEM . XN RN T, SRR T X
A df = fib+oa fp . WANTARIT I SR EOL S L LT X A&,

O=da+blb+s flf, =1, (2.62)
FOREAER —ADZ], 588, 2 588 DRSS 38 B AL A% 9 — o IXFE LR
Jo 2 A ARASE Y Y e % B Ak ] DA S O R T R K

H = 2 ekc]—io'cka + E,; <2a7a + Z f,;rf6> +Ud'a
o

ko (2.63)

+ 2V (elb fo+ocl, flsat he.).
ko
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& 2.11 NCA 5 OCA HEFER.,

Figure 2.11 Diagrammatic representation of the NCA and OCA ®”,

TR E, FT{EMTERGEIE QO =1 4h, B Ntk 1, 4
H =Hy+ 10, ZF2 1 - oo B, FLIE QHFEEI T Q=1 K7 Al, XFAFEE—
APy BT LLR IR A :
o)
(0)
EFEGINERL T2 )5, BRI LAor 0 5 & A4 BRI RS AR ek 28, 7T DA U
TG —, AR FAUH WA K ok H T 2K

(A) =lim,_,, (2.64)

G oliw,) = |iw, — A — Ey = X (iw,)] ™"
Gyliw,) = [im, — 4 — Zy(iw,)] 065
G,(iw,) = iw, — A =2E; - U - X (iw,)] "
G oliw,) =[G (i)™ = e (i)
KT — N E LRI AR R RS SRR, BEIE TR S
T FERE, REA:

: 1. .
Gy,lio,) = Whm e i, A), (2.66)

Forb pONIRIRFE, 55 JR s MR R 0SS AR Z AR N 12K & -
V2G,,(io,)
1+ V2G5 (i0,)G 4, (i)
Forb, BZ 01 0] gk 7 2 B Re an ik RE . AT Luttinger-Ward A2 B2 B
B SR, 2 & &S EHREI. HIATZ R O MHEARRECK S,

X liw,) =

(2.67)
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AT LA BIA . Y E e -

5D
3, ==, 2.68
"8G, (2.68)

P, MEAR AT/ E] 7 NCA I H fE. I BB, wieti245 3 OCA MH
AE, K211, MA B RM RIS EC R, i BiakE, RmZ&uthe
52 R RS PR R 2

2.3 EHEZEBRESHHFEFGEIE

TERGTH LA T, AN E T %z MBS 530 1% P8 07 . WNEEZ
BRI AT DUE B, B SR AR SERR A RE T A (R B T3, (B2 A B R O IEK [v) RN
SUBBIH A BN S35 I A RERTE , ERAUF AL TSGR, fH 2 KR
G SR PR TR TR . PR PRy R 45 G ile ke — M B AR AR . 2 TR 2
T ARSI R ) — e B AR, 5 SRk LA B R A S e IS S L T % iU
FERIBUE T 7k (HR A — N TR UG, R EIR 2 A A e B 1 7
TR, HARTESUETHE T, 315 P @ — Mo i f#ionis, JadG
TREIRIEONON, 5 — 055l 1) 28 V383 56 0% B2 R B8 (DFT) (45 &

AR T KRS, T UG 3R O 1 A R T TS g 70818289910
T THIAR T 5050 SN S A e B 0 5 7 R S 5 R A T B P B A T
J7 A — A TR AUR

2.3.1 WANNIER E##E0

DFT %54 DMFT (%0 A 17 & B NEBH A E, mREDms—. &
fI1%NiE, DFT TAERIE AR Z M. (HZ TR 7%, AbPE & E I SR 2
FH B2 AULF 1 T 38 5 T B K i R B . 1T L DFT (19 45 S 55 282 75 A7 V5
Tl g, XA RS2 A A RIA BT i DFT & 7] LA
FE RS 83 S 1 PR P 0 e T 53— 7 T, SRR SR TR AR A UTE S 4 4 1
REF BTG 28 o PR 240 B DMFT W AH O< 0] R L0 Z0AE SR 3B ENTE b 5e hide 765 HA R
TAES, R ASRMKLAEE])R % DFT+DMFT T # Wannier 5%2°>°% . Wannier
R K5 A1 5 R B A e R W0 B12.12(a) TR, AT LAIAE Wannier 5% 52 X
N:

Wor(r) = (ZV)3 /BZ dle™ <Z Uéﬁ?wnkm) . (2.69)
T

n
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((1) Bloch functions Wannier functions (b)

\Il() Wo(X)

Wi

i

x%“%

W,(X)

QF

& 2.12 (a) Bloch K%t %] Wannier ERE 12 #: . (b) Si 5 GaAs K5 /5 4r. Wannier F %",

Figure 2.12 (a) Transformation from Bloch functions to Wannier functions. (b) The Maximally

localized Wannier functions of Si and GaAs.”,

% T WIEN2K F& 5 1001, 75 #H)Ri ] Wien2wannier [#14% C #2519 5 Wannier90
F& 72K s3I Wannier B R 8 °9) . Wannier bR UM 8 (0 AN 8 YEAE TAEAE 1)
U™ A2 46 . Wannier90 7 #5 Ja 35k Wannier 5% 58 -

Q=Y [(WaoP10,5(r)) = | WD, () ] . (2.70)

MR AT T 5, X AR TEFSIA . 383 Wannier 5R 508k 7T LUK G 2500 & 5 7
Wannier pRE(7E[H] . 7E/5 DMFT B, PE-CoAH BAE F SN e J5 3807 Wannier & 051
i E, S3EIERPGER B RE, BT R RS A% AR R

BRI IEAFAE LA W, — 2385 Wannier B8 502 BUE & X B
BEGE . AR AN R 2 A B AR SRS, Wannier BREUR) OO A RVETE
RIS b, AR T b AR O A IME | A2 IER FEsuE
wnE2.12(b) fizx, £ Si 5 GaAs B, FATTA I Wannier #8200 H 0BT
BRI R SR T B o 5 — 5T, K Wannier90 15 Wannier B
HORMELLEUE 2, REFIIPOER MR THOE, HARYE SR R8T 17 Ik 5
AR T SURA T o I LT 4 B VG 1) DFT+DMFT &2 — i FH R
] R B . RN, EAESR K. Held UREIZH 45 A TE Wannier (3ERE |, I8
ERIR T — BRI W2dynamics T AEPT8,
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2.3.2 eDMFT ;ZRiBip

G. Kotliar 5 K. Haule %5 \ %] Luttiger-Ward 32 ¥ [{1i& = , ¥ DFT 5 DMFT
BERAE T — 21, 7F Haule (71594, SAFIKIRR A LAPW RAab# . @it #
ST OB R IR PUE TR A R . R TE RN R PR B ST S, XLk
S Ie n] A JRIE 2 [0 37547 2448 . FrEA Haule $41% /57044 DFT+embedded
DMEFT funcional (eDMFT functional ). 5k FH 1% 77 ¢, AMX ] LA 4= H ¥ 1) DFT+DMF
TiHE, HBEERTHERE T DUA S ffr 2 BE R [ /NE, [ e SORS FE T
DAIA 21 Jey 38 b bR ok 5 — B/ U000, AT FT LAYE R (0 6 B k47 SR 7 A7 1 it
SO Ak, SE4ESK Haule i57E eDMFT HEZE LAY B, ST HIDOSR K BN
RO EIEAT TR AL, 28 T — BB A AT AR R RS X0
HEOE R, 556 Hx b B EUS T RS s R 102

X HLU5 H Littinger-Ward 72 bR ) — i
I'[G] = Trlog[G] - Tr((G}' — G™HG) + @y [G], (2.71)

Hor, A EAEH AR Gy (7€ LR
Go(r,r) ' =6(r =)+ u+ V2 = Vy_n(). (2.72)
XAMZ RRAFEE BRI, ERESKM 3o = 0 IR R A ke, [ AT

Z B @ XTAE B EL G AR EI TR H -

y = 22091 @.73)
oG

i F DFT 5, A4 T4 M TR IR @, (G % #ehl Hatree T 545 i 510
W, BRI
O[G] = Eyy(p) + Eylpl. (2.74)

X2 R SR E AR R AT 45 2] KS T7RE R

G =Gy = (Vylp) + Vi [pDs(r — r)é(z — 7). (2.75)

Xt DMFT 105, KA ELAT 300 = 3 AR ek 2 5 12 B o HLAE FH 35 U
KB E -

®[G] — dPM TG

local)" (2.76)
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K 7E DMFT J2feL R, Littinger-Ward 72 B8 °] 5 fi{ :
I(G] = Trlog[G] - Tr(Gy' - G™HG) + ). @pMIT[GE

Reatom
b @PMFTIGR 1[5 ), [G] MR, KRR FTA B4R ERA. HR

7_‘ DMFT EP’ Glocal j‘j:

local] (277)

Glocal = PRG’ (278)

J&— N B SR BUIE A% 1] () — MR . XK R @ DMIT[GR
AN B2 5T 05 SR AR 1R 8, ) R 5 SR AR SR A 24 o i) AR T
225 & DFT+DMFT i), W55 E¥AH BEEHZ R ®[G], B ik:

local

@, [G] = OLPAG] + PMET[G] — ®PC[G]. (2.79)

R RIRARZ R A

I[G] =Trlog[G] — Tr(G;' — G™)G) + Eglp] + Exclpl

(2.80)
+ ), OPMFTIGR 1= D0  pjgea].

Reatom

TEIXEINEM SR |, K. Haule 5 NSE 54k £E0E4T T B HAEROTHE. Juiit
B L B R B A U B0 A i B e K 5 VR T S R T, SRS AR AR
E il S

BeJa, AT FHEERUR T Z 75 e E B — AR, B frRE i Ak ek 5L
M—ADRGEHEN AN RS 1E eDMFT J7vkh, @il #HEA P ¥ bR 5L
WA 5 2 () P 5 B SR B 2 (), AR AL 3 S R I RN, SCECHRE R AR 3
FNIE 3 ) embedded AT IS A . XA HFT I B R B BI2.135%
INe ZEBIRULEAE AR EL G(r, ') FTLLS Bl R

G(r,r'; o) = (rllo+pu— H;py — Z(@)] ). (2.81)
s 8] FR R S ATl T DA | R 3R T EE R Y () -
P@r’,zmm’) = (r' |7, W p|7)- (2.82)

FERS SR Per’, rmm’) 0 T M7 0 B BRI (A e (v, e’ — (mym')o 12
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Y

‘ G( . r’) Truncate:’Project"‘ Grr

Solution of |the auxiliary
impurity'y problem

| E B 5e[g]
!E(ra r,) ~ Embed L = 5gL’L

DMFT-SCC:

-1
gzp(w+;L+VQ—VKS — Aé?—g[,/g})

& 2.13 eDMFT I SHRASEE . BB RRBEH I RBIEERZE, 7 heit
ITIRBURMRSRHITHE . FEACER A B, SOR RIS B RE R A BB E1A] .

Figure 2.13 The schematic of the projection-embedding step in eDMFT "), We can only solve
the impurity problem after projecting the full Green function to the local orbitals. When

solving the lattice problem, we also should embed the local self-energy to the bloch space.

15 P EREI SRR S GO, ') Wit T XS o7 .

T =/drdr'P(rr',rmm')G(rr')

mm’

=/ drdr’(r' |G Y dulr)(rllow + u— Hy ps — E(@)]7!r")
(2.83)

- / drde' (P (rllw + 1 =y ps — S@) 17 ) I
=(pullo+pu— Hyps — Z(@)] ).
PR R R embedding, FIEF E 5. AT EAE RS

r,r')y= ) E@'r,em'mXf . (2.84)

tmm' €H
— M IR RS AT 7 S 2 LR LR SR AT
o AEMEIS 2 1L I T AL

pr(®) = [d (@) = Gy (@)] = pEPA (o). (2.85)

o DMFT Jj F2i /& R R A

1
® = Ejpy—Z— A

=Y Plo+u-HYT - Ex)7. (2.86)
k
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XAER NIRRT E RE, JEIE B A AT BAS 2I5 2 RRAER 2 R E

start: lapwoO: mixer:
PLDA (1") — . ( p\f:?#'r (r) + p;nrr(r)s po.‘a‘(r)
E(:x:) = EDC p (?’) —— VXS(r)'! Ve.u(r) n}w
| FT (r)
lapw1: DFT LOOP core:
VsV, (r) == ey 2" V(Y. (r) = P, ().E.,,.
dmft2:

DFT DFT 3 DMFT
E(a)) 3 ekj ’w#.( pvm‘ (r)"Eva!’ﬂr('e

t

DMFT'LOOP
v
dmftl:
Sw).e v —> G, . Aw),E,

imp

& 2.14 eDMFT /Pt H HIR TR R . LEBLKHRT DMFT KE loop, TISELK
¥4 DFT KB loop. — KK DFT+DMFT ¥ B ¥ loop A AT DFT M
DMFT ] loop £H-& T .

Figure 2.14 The schematic of the self-consistant calculation in eDMFT code. The red line part
represents the DMFT self-consistant loop and the green line part represents the DFT
self-consistant loop. The one whole DFT+DMFT loop usually contains of several DFT
and DMFT loop.

o JRAVBREL LSRG -
A(w) = @ — E,,, — (PGy)™". (2.87)

DMEFT 75 3 (1) 2% 40 bR AN 5 A 22 HATAE A R 1) DFT 2558 — 20
o W LLRWEUF IR B RE S FE AT 2 B R K o KD e DMFT 13 ] )52 WIEN2k
REHFE R, RIS AT E AR A
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SEFRIBE IR R R, BT
P(rr’, zLL") = Y, (r)u) (r Jul, (r)Y [, (). (2.88)

IR T A EERUE AR IR0 L T R E A5 E 1 T AR AR R R BOE . R e
{6 b2 & Muffin-tin [8]BHSBIE, BEATIH—AL T4

eDMFT ) Bia A 2. 1407 . B SG@E R W16 1 Fafef %5 B, /E DFT )2
1 _E 575 3] DFT FIAMEE 590 R 3. fEsbsent FIRATR A, B3R5
T BT BB S A R B . i8I 2R PR AR AR EAT SRS B B . AT AE
REFF2HTH) DMFT H A& Mk e 20 56 H BB IE A R %5 . 84k 7T /)y DFT
IIEIR S5 DMFT MIIEFR . e 2 B Ay 2 FE WSV E ok RS E IR bR A

24 KRB

ARBEESENH T EZ REIR ALY . IRJE 4R 1 AB SR I R AT
TSN 15V 3 7 iR AR AR DL R L B A% O BB R 2% R 4% . CTQMC
FEEN T2 P B ) 2 N SR T RS . I OCA MO8 ELBOR i Y 2 2
PS50 BE AL SEA 2 [ 15 B BON R E IS5 R BUR AR EAN 4 1% L2 R AR 4
EINN PG RIR LB IR, A5 LU 2 1 A 21 %A 58 5 B A
TS £,
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£38 FERNBIE MoP HR

AN RS 3R MnP [R5 RETT S5 M BEAT I 7T . A B8 IS MnP AR
TEERY S REE A, Ok HARR T 5 B ARV IR R B — R 48
AV SCERE 1A R R R BENE S5 A A2 YR DL R G AR R S Ao RSN AR TR 2 &
JGHL SIS 5 58 — MR S A R AT XS B M. B el I SEEG 5 BAR A B
KRBT G R A P AR AE SR SRAR A 4T D, ] BEXT B S BC X LA (10 R 2 kS 21
e tEM .

3.1 MiRE=

3.1.1 WEAMEIRZE

MnP & —MRFAT T Z A TR R,  BAE 20 A 60 FAVE HUT IR 1
WF9E, FBAE T Eh & R MR EAR E U100 3 1R, 7% K T hE
B REAC, Bt IR 2 NS . B e i, BRI . £ 292
K30 A A ihs B kAR AR A o BEE IR A3 — D AR, FEIRJE 47 K IR
PR IR B BT IR R P T 1 A AR L0108

1E J5 SR B PR FBIUR 9256, Felcher 26 XCHEAT T S8 VRO & U1, 4
KI3.2, FEERIARHZAPR I Mn 5 ERRFERTE b J7 R X BLIRATTR A
a=5.236 A, b=3.181 A, c=5.986 A, J5 K Yamazaki ¥fFRZH SRS A () f 15236008
P )L RS AR AR AS /2 =k 5 b 5 1 i 1O, B T4k R A7 4E Dzyaloshinsky-
Moriya(DM) M BAEH, FEWLFIEE b J7 1A AN/ . 72 KR 1) 12 e
M FFATS, Mn [ HBELE ab P NS, JF HIRE ¢ Tk, LHRE
Q =1(0,0,0.117), VEEAEFHEHTTIN, (ARG 0.4 A EEHE K FE PN A ) Mn 5
T BT A LREF—E, MaIRE 0.1 A A& BEPIAST 1 A 1Y Mn R+ B3 Bié 7
BN LI T 20 FEo XA B IESEIHRMEAE 8.5 Mabts R A L. HHET
AR IR e e 7R I 7 b e e e 7, AR KI5

fEm3 F, MnP FITEA BB AEE AR 108, fEMRIER N, MnP RILH —F
TR IYE, W3R FUHHEAS XA S R R S A B %
) S 1 R AR BB A, AR X 25 ) S 12 M 2 T 2 () R Al B S e B AT T AR
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H(kOe) MAGNETIC PHASE DIAGRAM

409‘\‘k (H # b-axis )

& 3.1 MnP 7517 T RIBARE " . 2R BTSN, BEEEBERIRER, 1R E IR
H3 DL R Bk - MR R PP 5 3E

Figure 3.1 Magnetic phase diagram of MnP in the external field'"!. At ambient pressure
and no external field, the system undergo para-ferromagnetic phase transition and ferro-

screw magnetic phase transition with decreasing temperature.

HIBIEFE o PRI R AR AL SZ A o ) A6 R S A7 s I il DONTEIZ AR
H, Mn WREFEAEACIR N 1 R 1.7uB it , PR3 H AR 58 E AT Sl ik P 11
Frfibe Ha RS VEEE U S TR RDL, £ JOKT L MoP AR AT REAFAEIR
%/ van Hove %3 st tnE(3.3(a) s, SR ML AR A — AN UK 2R
e, RO — LR TR (EAEE AR, KD RIS Tk
AP AR A AR 2 o DAL SR A 3 mh 3 B3O S 36 i 1045 Min
JRF 2 A ARG AR LA F U214 s s 3 R A AR ELAE FHREAT 3004, G fE13.3(b)
7R, Yano 56 N15 2 T St S . — Lo e 4808 Bk E B REAR AR - BT
AT AR TLAT 5 SRR REAT LA R 18] ) 56 40 7l e A2 85 1 7 A ) S A

3.1.2 HBESBEMEAI

TR P ARRIRR b, FETu s IR R T Cu 2k Fe S-S AAHS A
SRR M. 7E 2014 4F, FEEGCIRBAORIL T Cr S8 4P, # ik
4d JEA Mn 2 E—BOR BORBLE T I R £E 2015 5, FEEOCIREALE X
MnP MR E R, 7E 7-8 GPa M K IL T M B S, SRR
£ 1K ML, anfE3.4fmR B0, BRI AR S AL o) Bt A 5
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1IN0 4/10 I/IO 4/10 I/IO 4/10 a,
\/|0 4/10 1/|D 4/1Q |f|G 4/10

& 3.2 MnP [ B BeHRAESRBAH SIRIE T (a>b>c) '™ FERRIEFH, BHRABRENRE a
Ti k&%, EREFE be “FIE M.

Figure 3.2 The spin configuration under ferro or spiral magnetic state in MnP!"%!, In spiral

case, the spin propagate vector along the a-axis and the spin rotates in the bc-plane.
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5R Z B WU AR AR B R R 28, MnP (18 S AR R AE T KRR
A R0 5 . BRI REVERR I R EC LR B SR m st B — R Rl e 7 2. M
&5 HALE SR F R Z, 5 MnP B FARF AR BT 745 AN (] 5 ) Ak g AN
SR, TR HERET . BARNHZ R R NI IERT I AR SRR, (H 2
WETE Tl W 5 T 0T PR SE A AR SR 2 K KA B i T 1) . AR B, B IX
I BURTE RIS A b g PR S ARG T, A R R AR R Y
174. 1B 2016 4 Chong ZH i) —F 5 —VEF I HFLE T E G i) BCS BiR R T
HLA AR LA 3] 7 55256 — 800 T BEE D p0Zs th g2 U7, Rk 55i%
PR S BN 0 FR P B 7T AT SN
3.1.3 SEEMEREIY

FIRREIE AR RS . R T RIS TIEZ G, MHEE
NETR T @R NN Eo BEAR S A 2N S BT E A EE
BB AR G i — A T BRI R . 53— 7T, SR A RN B R R
5 UL A 1
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(a)
T ]
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100F 2
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=05 10
(b) J Jo,
A 00 g
ho@
b It %
L’ a J,
c 6 6
Im J1 Jo J3 Ja J5 Js D

E(meV) 11.30 1.67 899 —5.27 —-348 255 0.24

& 3.3 (a) MnP EFE TRIEHE, FKEHTEER M i d JUERE"". (b) Mn KL
WAHEAEFME, ARFENFERE S R KB RAEER T,

Figure 3.3 (a) The density of states for MnP at ambient pressure. The weight near the Fermi

level is mainly Mn d-orbital'!!l, (b) The magnetic interaction of Mn neighbor which

there exsit ferro- and anti-ferromagnetic interaction at the same time'!?,
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Figure 3.4 The T-P phase diagram of MnP"*"!, There is a superconductivity phase at 7 GPa
and there is an anti-ferromagnetic like phase at high pressure which the detail magnetic

order is not confirm.
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Figure 3.5 (a) The change of crystal parameter under pressure.!!'® (b) The different spiral

order under pressure 1",
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Figure 3.6 (a) The defination of some important mangetic interactions. (b) The phase diagram
of magnetic state and magnetic interaction''?”!, The magnetic ground state of this system

is determined by the relative magnitude of three magnetic interactions.
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Figure 3.7 (a) Illustration of ome important exchange interactionns. (b)The theoretical R-R’
phase diagram. (c) Our results in the R-R’ phase diagram. With increasing pressure, we

can get spiral-ferr-spiral magnetic phase transition in our calculations.
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Table 3.1 The table of magnetic interactions vary with pressure.

P (GPa) Order J(meV) J 1/ (meV) J>(meV)
0.0 Spiral 83.664 -14.022 66.311
0.5 Spiral 84.855 -13.929 66.249
1.0 FM 86.620 -13.783 65.790
1.5 FM 88.290 -13.606 65.245
2.0 Spiral 92.099 -15.269 59.515
2.5 Spiral 94.045 -15.128 58.899
3.0 Spiral 96.250 -15.306 63.791
4.0 Spiral 102.568 -13.628 60.899
5.0 Spiral 109.868 -14.139 57.675
6.0 Spiral 85.068 -16.684 44.559
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Figure 3.8 (a)-(¢) The energy differences between three spiral states and the ferromagnetic
state as a function of propagation vector q. (f) The calculted pressure-dependent q for

the ground state.
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Figure 3.9 (a)-(b) The band structures for ferromagnetic and Spi-c state at 0 PGa. (c)-(d)The

band structures for ferromagnetic and Spi-b state at 6 PGa.
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Figure 3.10 (a)-(b) The two spin component of ferromagnetic Fermi surfaces at 0 GPa. (c) The
Spi-c Fermi surfaces at 0 GPa. (d)-(e) The two spin component of ferromagnetic Fermi

surfaces at 6 GPa. (f) The Spi-b Fermi surfaces at 0 GPa.
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Figure 3.11 (a) The Mn chain at ambient pressure from cystal structure. (b) The orbital char-

acter of band structure in MnP.
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Figure 4.1 The sample and crytal structure of UTe,*”). UTe, is orthorhombic structure with

a<b<ec.
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Table 4.1 The effect moment and Wiess temperature of UTe, from experiment!'*",

H//[100] H//[010] H//[01]

Heosr(UB) 3.46 3.66 3.27
0p(K) -78.0 -107.4 -126.3
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Figure 4.2 (a) The temperature dependence of magnetic susceptibility of UTe,. (b) The recip-

rocal susceptibility with temperature of UTe, '*"!.
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Figure 4.3 (a) The superconductor phase diagram of UTe,. (b) The resistivity at low tempera-

tures. (c) The H, value as function T. (d) The Knight shift below T (41,
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Figure 4.4 Low temperature electronic thermal conductivity of UTe, and we can see the carrier

density tend to zero at low temperature'>*,
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Figure 4.5 Magnetic field-induced superconducting and polarized phase of UTe,">*,
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Figure 4.6 (a) The crystal structure of UTe, with two-leg U-ladder surrounded by face-shared
Te-prisms. (b) Four chosen magnetic configuration for calculations of the exchange in-
teraction J,. (c) The calculated magnetic moment of U-ion and the relative energy of

different magnetic configuration with U. (d) The derived values of J, with interaction U.
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Figure 4.7 (a)-(b) The band structure and density of states with DFT+SOC calculation. (c)-(d)
The band structure and density of states with DFT+SOC+U calculation (U=7 eV).
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Figure 4.8 (a) The density of states with DFT+DMFT at 200 K and 10 K. (b) Temperature
evolution of the peak height, the imaginary part of the self-energy and its temperature

derivation. (c)-(d) The spectral function at 200 K and 10 K.
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Figure 4.9 (a) The calculated Fermi surfaces with quasi-2D cylinders. (b) The predicted quan-
tum oscillation of the Fermi surfaces. (c) Real part of the RPA susceptibility. (d) Illus-

tration of the point nodal properties of the strong SOC pairing state.
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Table 4.2 The odd-parity pairing states for all irreducible representations of the point group

D2h

SOC reps d-vector node
A, kykyk.dy lines
Blu kZdO lines

weak
B2u kydo lines
B3u kxdo lines
A, mk X +mk,§ + n3k, 2 none
By, nk, X+ mk,§ + nskk k.2 none

strong R R R '
B,, mk X+ mkk k. y+nk,z points
Bs, mkykyk X +mk.§ + n3k 2 points
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