Kypc: EneKTpoHHa CTPYKTYPaA Ta BAACTUBOCTI HM3bKOPO3MIPHMX CUCTEM

Jlekmop: OnexkcaHap Kopatok

Jlekuii 8, 9: CneKkTpanbHa PyHKLA

* CTPYKTypa eNeKTPOHHOro CNeKkTpy: AMcnepcia, po3MUTTA, IHTEHCUBHICTb
* CumynAauia cnekTpanbHOT PYHKLLI

* [lOHATTA KBA3i4aCTUHOK

* @yHKUiA [piHa AK reOMeTpUYHa Nporpecis

e OaQHOYaCTYHKOBA CNeKTpasbHa QYHKLIA Ta BacHa eHepria

* KoHuenuia ®epmi-pignHun JlaHaay

e [Jliarpamu ®anHmaHa

 Kopensauia Ta ABOX4aCTMHKOBA QYHKLiA — dyHKUiA JTiHArapaa
 EnekTpoHHa CNPUNHATAMBICTDL Ta CNEKTP CAIHOBUX QAYKTYaLLin



CTpPYKTypa eNeKTPOHHOro CrneKkTpy

KiHeTnyHa eHepris (eB)

TiSe, - «ekciToHHWI i30nATOP»

IMnynbc enekTpoHa (1/A)

IMOBIPHICTb
3HAUTU eNeKTPOH
3 imnynbcom k
Ta eHeprier w

* Ancnepcia
* PO3MUTTA
* [HTEHCUBHICTb



[ncnepcia 6/10XiBCbKUX eneKTpoHiB / iHTepdepeHLia nepeckokis
- HACNiAOK KOrepeHTHOI B3aEMO/iT eN1eKTPOHIB 3 KPUCTA/IOM
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Spectral function simulation

Ak, w) =
Nr—1
B exp(—Di)
- iz_(;_l) (w — g;(k))?% + 62

gi(k) = —cos[2n(x + Gi)]

6 =0.03




Spectral function simulation

A(k ) a)) = (I;:'o.sz(:' — DisperoScope
Nr-1 | |
_ z exp(—Di)
- — o2 1 82
i=—(Nr-1) (0 —&;(k))* +6

gi(k) = —cos[2n(x + Gi)]

6 =0.3




Spectral function simulation

A(k' (1)) = Gr‘o.sar‘ S N7 S Ndeel1 |- Dipelovoope
Nr—1
_ z exp(—Di)
- — c. 2 2
i=—(N7‘—1) ((D gl(k)) + 5

g;(k) = —cos[2n(x + Gi)]

6 =0.1




Spectral function simulation

Alk, w)f (w) =
Nr—1
B exp(—Di)
; iz_;_l) (w — g;(k))?% + 62

1
* 1T+ exp(w/d)

gi(k) = —cos[2n(x + Gi)]

60 =0.1




Spectral function simulation

A(k’ (U)f((,()) — (;:)0.52O SONrl7 S Ndec1 | Jperescone
Nr—1 '
_ z (=00
B o (k)2 + 52
i=—(Nr—1) (@ =& ()53

1
* 1T+ exp(w/d)

gi(k) = —cos[2r(x + Gi)]

60 =0.1




Spectral function simulation

5(w) 1

Mk n, hv) Ak w)f (@) = MK 1, hv) o a3 5 )2 T+ expeo/kT)




Lorentzian

.




Lorentzian — Spectral function

57 @/ P

. 1{// (x—y)?*+6
7.

1 X (w)




OAHO-4aCTUHKOBA CNEeKTpanbHa GYHKLUIA =Im G

Go(w,K) =

G(w,K) =

w—e(K)+id w—&(kK) —2(w)

1
A(w,K) = —;Im G(w,K)

A(w, k) = L (@)

T(w—e(K) -2 (w)?+X"(w)?

(Glk,w) " = (C°k,w))  — E(k,w)



Quasiparticles / KBasiyacTMHKu

I.  KoHuenuia KBa3iYaCTUHOK - 4acC KUTTA
Ta ePeKTUBHA Maca

. depmi-pianHa
iii. dyHKuUia [piHa, BAAcHA eHepriA
Iv. KK
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CnekTpanbHa dyHKUiA = Im (dyHKUia MpiHa)




Po(rg, ty; 1y, 1)) = 5]:(1'2 — 1)) é ( r ) (t2 — fl)ﬂ]

P (rq, t9; £y, 1) = IlnoTHOCTE BeposITHOCTH (BEPOATHOCTH HA €IHHHUILY
o6beMa) Toro, YTo €CJH yYacTHIla B MOMEHT {; IoMe-
leHa B JaHHYKO CHCTEMY B TOUKY r; ToO oHa Gyjer
Hafijesa B Touke ry B OoJee NO3IHHH MOMEHT

BpeMeHH I,



B3AUMO- BE3 BRAUMOLENCTBNS
AENCTBME (CBOEOAHOE ABWXKEHUE)
(ry, ty) r,
1/F
r—ry==[—|(t;—- #;)?
Iz

2 \m*

(P =Ty = ! (‘E) (t2 - ty)?

l
(1‘2 — I‘1> =3 ( e ) (tg - fl)g IIsT MakCuMaapHoro 3Havenus P

‘PMHHC (rg, tg; 1‘1, tl) I~ e“":fz_fﬂa"T
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P (ry, 1)) = Py (ry, 1) + Po(r, 1) P(A) Po(ry, 1y +
+ Po(rp, 1) P(B) Py(ry, tp)+ ...

+ Po(r 4, 1) P(A) Po(rp, t4) P (B)Po(ry, rp)+ ...

) r; Iy Iy
T = 1 + + o + +
ry r | 9 ry



C.JoB0O

P(r;., r, t},—ti)

Jduarpamwa

Hr.r' IJ'
r;./,

Po(r,. Ty t;— 1)

P (A)
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S=a+aq+aq® +aqg®>+---=a/(1—q)



PiBHAHHA [JancoHa

]

G* (k, ) ~ ——
(GO) _VMkk

(Gk,w) ' = (°kw))  —E(k,w)



OAHO-4aCTUHKOBA CNEeKTpanbHa GYHKLUIA =Im G

(Gk,w) " = (kw)) — E(k,w)

Go(w,K) = G(w,K) =

w—&(K)+id w— &(kK) — 2(w)

1
Alw,K) = —glm G(w, K)

le(w)

Al k) = T(w—¢e(K)—X(w))*+2"(w)?



EneKTpoHHUU cneKTp KBasi-2D Kpucrtanis

e(kok) > Alwk,k)




CTpyKTYypa eNeKTPOHHOro CneKTpy

EHepria enekTpoHa (eB)

Z/l ((U)

m(w—e(k) =¥ (w))? + 2" (w)?

1
CnekTtpanbHa —
DYHKLA A(w’ k)
A(w,k)
0.0
0.5
1.0

-0.5 0.0

0.5

IMnynbc enekTpoHa (A1)

E(k) —"rona" eneKTpoHHa
30HHA CTPYKTypa

Z(w,k) — BJ1aCHa eHepriA

| ! | ! I
0.40 0.44 0.48
k (AT

Kordyuk PRB 2005



CnektpanbHa PyHKUIA

1 ¥ (w)
m(w—e(k) = ¥ (w))? + X" (w)?

Alw, k) =

RNl

T K X W

dx,

S"(w) = — ~PV J Rt

T e X— W




Kramers-Kronig (KK) transformation

Binding energy (eV)
o

-0.8 -0.4 0.0 0.4 0.8

Momentum (1/A)

b)

Self-energy (eV)

-0.1 —

N

-08 -06 -04 -02 0.0 0.2 0.4 0.6 0.8

Binding energy (eV)

Kordyuk PRB 2005



Kramers-Kronig transform

2'(w)=KK 2"(o)

> w) = wideh (W) for [w| < wm, ") = — a w? +(5L
o mo )

Kordyuk PRB 2005



Scattering rate: T- and x- dependence

0.10
T 0.25 7 Bi(Pb)-2212 T=25K &
:i.-}. 'y
0.08 . '..,"' m UD76 Ly
OD73 -
- 0.00t+— 77— 0.20 — .
oL 00 -01 -02 -03 [ |
; 0.06 Energy (eV) 1 UD76-FL -"""
T — OD73 -FL r
= >
G 20.15-
Q 0047 m 40K >
S B 90K o
; m 150K o)
Byt B 200K o
0.02 m 235K w
| 5 0.10
Bi(Pb)-2212 OP88 %
a
0.00 - ! ! ! !
'i -t 0.05 -
2
0.00 A
b i 1 I 1 I 1
! ! ! ! 0.00 -0.10 -0.20
0.00 -005 -0.10 -0.15  -0.20
Energy (eV) Energy (eV)

Kordyuk PRL 2004



Scattering rate:
Two channels

There are two channels:
15t electron-electron scattering and
2"d electron-boson scattering

A

Energy
O

ZH

—1
)

=

MDC FWHM (A
°
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N}
I

o

o
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1
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1
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1

Self-energy (eV)
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OAHO-4aCTUHKOBA CNEeKTpanbHa GYHKLUIA =Im G

Go(w,K) =

G(w,K) =

w—e(K)+id w—&(kK) —2(w)

1
A(w,K) = —;Im G(w,K)

A(w, k) = L (@)

T(w—e(K) -2 (w)?+X"(w)?

(Glk,w) ™! = (Ck,w)) — S(k,w)



Landau Fermi liquid

without interactions

ol \, liquid
G(k, UJ) — Gcoh(k, UJ) + Gincoh(ka w) ke //
-

7 :
Goon(k, w) = Tk z R
w—€k+Z/Tk kp k
oY —1 Z” W
W) =0 k=kp W

https://arxiv.org/pdf/cond-mat/0103393.pdf
Landau, L. D. The theory of a Fermi liquid. J. Exp. Theor. Phys. 30, 1058—1064 (1956).




Energy

Feynman’s diagrams

ZH

td
)




Dirac Delta Function and Green’s Function

6(xr —x') = lim fn(:c):{ 0, :c;éa:: , /00 defn.(x) =1, Vn.

n—00 O, T =T — 00

o~ [ " dab(z - 2')g(z) = g(o)

LG(z,2') =6(x — ')

Lu(z) = f() uw) = [ d'Gla,a) ()

https://homes.psd.uchicago.edu/~sethi/Teaching/P221-F2008/DiracandGreenNotes%2808%29.pdf




Quantum Green’s functions

‘h2+h—2v2 U(r,t) = V(r,t)¥(r,t)

ot T om Be = VAL "
8 hZ 2 ! 4! / /
(‘% V G(r,t;r',t")=6(r—1)é(t—1")

o A, !N 33/ This is why the Green’s function is
¥(r,t) = /G(r, G, ), v) dor known as the propagator

G(r,t;r',t') = (r|e  #HE) Y = (r,tY, ¢')

Green’s function is the probability amplitude of finding the
https://arxiv.org/pdf/1604.02499.pdf particle in a state (r, t| given that it started at |r, t’)




Electron Green’s function: Spectral representation

r : retarded Green’s function is
Gij (t’ t,) — —Z@(t B t,)< {Ci (t)’ C;r' (t,)} > non-zero only fort > t/

Gr(t—t)=—i0(t —t")e tent=s, {en, et} = G

1 o0 e—iw(t—t’)

Ot —t') = —— dw

271 ) _ oo w + 11
GT (t t/) B 1 /OO dw 6—’iw(t—t’)
i C2r ) w—€n+in

https://arxiv.org/pdf/1604.02499.pdf







Electron Green’s function: Feynman’s diagrams

A = A+ {\ +{ +{:} + ...

G — GO + G()ZGO + Go(ZGo)Z + Go(ZGo)g + ...




Electron Green’s function: Dyson equation

G — GO + G()ZGO + Go(ZGo)z + 60(260)3 + ... =

— GO + G()Z(G() + GozGO + Go(ZGo)Z + ) — GO + GOZG

Gq 1 1

T 1-GyX G- w-g£-23

G

G l=Gyt -2



ZH

ZH




1 particle & 2 particle spectral functions

2~ (G *X)k,w
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[1BOX4acCTUHKOBA GYHKUIA — PyHKUIA JTiHArapaa
2(€2,Q)

Yo0(Q,i(),) = # f 2 GKk,iw,)G(k+Q,iw,, +i{), )dk

Q,Q - space k,w - space

X ~GxG



Numerica I (a UtO)CO rre I ation destWaveOut[p]= E srcWave|m] - destWaveln| p + m]

m=0

1.0

Q-space
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Numerical autocorrelation




3 nonepeOHboi' nekui. .. Developed with support from NSF-IUSE #1524968.

ECY SIS [ﬂ £(1.9635, 1.9635) = 1.99671288

N

.

x=]1.963 |c

J

@

y=1.963 | .)
v X

(Add to graph: [Select... V|

z=
Number of Gridlines |30

-cos(pi*x/2)-cos(pi*y/2)

https://c3d.libretexts.org/CalcPlot3D/index;




Numerical autocorrelation




Numerical autocorrelation




Numerical autocorrelation




Numerical autocorrelation




Spin susceptibility structure

E =200 + 10 meV

01 DOS Dispersion

250 T T
a b
0.36
: 032 i
0.5 1.0 15 200f ’/
019
__150r .
5 >
=]
0.16 & [
2 E
\E S—
E 0.13 % &
t 3 100r 1
= 05 1.0 1.5 3 |
E 3 i
2 3 :
: 1 |
= 3 I
o 50F .
c
5
0

0-0.5

S (ufev)

€ F-105+8meV
245 0.5 3

1.60 0.0

La,_.Ba,CuO, (‘Zurich’ oxide)

0.60
-0.5

%5 10 1s 05 10 15 Tranquada Nature 2004

Momentum, A (rlu.



k (rdu.)

K (rhu.)

k (rlu.)

Spin susceptibility structure
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lity structure
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Spin suscept
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Looking for "fingerprints"

If 2nd order perturbation theory works

(A,2) = EE(A,2,€,X%) SC
2~ (G*X)w N

X ~ (G*G), "Iitinerant”
| * magnetism



@ Gy ~7%

(K, ) ~ j G(k +Q,0+Q)7(Q,Q)dQdO

~ T T T T
e 0.0 0.1 0.2 03
o (eV)

K, w Q, Q kK, w



@ kDRIﬁI; SO*Xexp = zi
INS

G =Gy + %

¥ (eV)

K, w Q, Q kK, w

we + Hinkov & Keimer + Dahm & Scalapino 2006



itinerant X ~GxG

Xo(Q, ) x —Qi/G(k, wW)G(k 4+ Q,w + Q)d*kdw

Q) = ) /[1+ T , §2
X(Q ) XO(Q )/[ ? XO(Q )] RPA we + Eremin 2006



X ~GxG

I
XO(Q IQH) f 2 G(k lwm)G(k + Q len + IQll)dk
7’

m

NEQ.Q) = > ﬂ C.(k.€.v) @) =i e

i=i(0) Q+v-—€e+il
i*ile)

wa<fmevy~—jnmc(kamm;m+Qv)
+Im F; (k.e)im F; (k + Q.v)] dk.

Inosov PRB 2007
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Inosov PRB 2007



x"(Q. Q) = xp " (Q.Q)/[1 - J ;X (Q. Q)]
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~ .02
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3 b - T
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