
IV. Renormalization
of EPI b y Stron g
Correlations in

HTSC
¹

- Crystal structure of HTSC oxides
¹

- Electronic structure
¹

- Madelung (ionic) and covalent EPI
¹

- Strong correlations in HTSC
¹

- Self-energy due to EPI
¹

- Forward scattering peak in EPI
¹

- Resistivity of HTSC due to EPI
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¹

Ionic and Covalent EPI Coupling in
HTSC Oxides
¹

- Crystal structure (see Fig .Struc )
¹

- Layered materials with CuO2 conducting
planes
¹

- Tight binding model of conduction and
valence bands
¹

- There are 2ÝO-ionsÞ × 3(p-orbitals) = 6
p-orbitals + 5 Cu d-orbitals

= 11 orbitals per CuO2 ”unit” cell in the
plane
ø

p-orbitals (see Fig. p-orbit)
¹

Hpx = xRl=1, Hpy = yRl=1, Hpz = zRl=1

    (1)
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¹

d-orbitals (see Fig.d-orbit)
¹

Hdx2
?y2 = Ýx2 ? y2ÞRl=2, Hdz2 = Ý2z2 ? x2 ? y2ÞRl=2

Hdxy = ÝxyÞRl=2, Hdxz = ÝxzÞRl=2, Hdyz = ÝyzÞRl=2

    (2)

ø

7 ^-bands and 4 a-bands = 11 bands (see
Fig. Orbit.)
¹

Basic Hamiltonian
¹

H = H0 + Hint     (3)

¹

H0 = >
i,a

ÝOd
0 ? WÞdia

! dia +>
j,J,a.

ÝOpJ
0 ? WÞpjJa

! pjJa

+ >
i,j,J,a

tijJ
pddia

! pjJa + >
j,j v,J,K,a

tjj v,JK
pp pjJa

! pj vKa + h.c

    (4)
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¹

J,K = x,y,z

¹

- Bands for tjj v,JK
pp

<< tijJ
pd

¹

H0 = H0,̂
dxz,pz + H0,̂

dyz,pz

+ H0,̂
dxy,px,py + H0,a

dx2
?y2,dz2,px,py

    (5)

¹

^ ? BONDS

¹

2^-bonds from Hdxz and Hpz (tdxzpz = t1)
along x-axis
¹

H0,̂
dxz,pz = t1>

ia

ßpia
! Ýdi+x,a ? di?x,aÞ + c.c.à

= ?2it 1>
ka

sinSxßpka
! dka ? dka

! pkaà

    (6)

¹
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Spectrum (2 ^ ? bandsÞ (a = 1)

E1,2,k =
Op

0 + Od
0

2
± 1

2
ÝOp

0 ? Od
0Þ2 + 16t1

2 sin2kx

    (7)

¹

- Next two bands from Hdyz and Hpz bonds
(O along y-axis)

E3,4,k = E1,2,kÝkx ¸ kyÞ     (8)

¹

Three ^ ? bandsfrom bonding Hdxy with Hpy

(O along the x-axis) and Hdxy with Hpx (O
along the y-axis) ; t1 À 1 eV

¹

E5,k = Op
0     (9)

¹

E6,7,k =
Op

0 + Od
0

2

± 1
2

ÝOp
0 ? Od

0Þ2 + 16t1
2ßsin2kx + sin2kyà

    (10)

¹
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a ? BONDS

¹

- Made from Hdx2
?y2 , Hdz2 and Hpx (O along

the x-axis) and Hpy (O along the y-axis)

ø

4 a ? bands

E8,9,k = Op
0, Od

0     (11)

¹

E10,11,k =
Op

0 + Od
0

2

± 1
2

ÝOp
0 ? Od

0Þ2 + 4tpda
2 ßsin2kx + sin2kyà

    (12)

tpda
2 = tpdx2

?y2
2 + tpdz2a

2

¹

- Band width W

W = 4 2 P tpda Pu 9 eV     (13)

- Top (antibonding) band E11,k = Ea,k ì
conduction band (see Fig. AB)

6



HALF-FILLING CASE

- One hole on Cu-site (9 electrons in
d-state)

- No holes on O-site (6 electrons in p-state)
ø

- One hole per unit cell ì system
(La2CuO4) should be metallic!

- Experiment: La2CuO4 is AF isolator !
ø

Strong correlations are important
ø

INTERACTION
¹

Hint = Ud>
i

ni·
d ni¹

d + Up>
j,J

njJ·
p njJ¹

p
+ Vc + Hep.

    (14)

Ud i 10 eV, Ud i 5 eV

¹

- What happens when one hole is added ì
it goes to O intoìp-state ìmakes
(Zhang-Rice) singlet with d-hole
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ø

- The p-d singlet behaves as a hole in the
singlet Hubbard model
¹

- Effective single-band Hubbard model
¹

Hint = ?t >
i,j,J,a

cia
! cja ? t v >

i,i v,J,a

cia
! cja

+ UZR>
i

ni·ni¹ + Vc + Hep     (15)

UZR u Op
0 ? Od

0

¹

For Op
0 ? Od

0 >> t ì large U limit

¹

HtJ = ?>
i,j,a

tij Xi
a0Xj

0a +>
i,j,

Jij ÝS i 6 S j ? 1
4

ninj Þ

+ Vc + Hph + Hep     (16)

¹

¹
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EPI INTERACTION
¹

Hep = Hep
ion + Hep

cov

¹

- Ionic EPI
¹

Hep
ion = >

i,a

® iÝX! i
aa ? ÖX! i

aa×Þ     (17)

¹

® i - nonlinear lattice distortion operator
¹

Due to Eq.(17) ì < ® i >= 0

¹

® i = ?>
LU

e2ZLUßVelÝR i
0 ? RLU

0 + û i ? ûLUÞ

? VelÝR i
0 ? RLU

0 Þà,     (18)

¹

- Electron-lattixe potential Vel

¹
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- Covalent EPI
¹

Hep
cov = ?>

i,j,a

/tij

/ÝR i
0 ? R j

0Þ
Ýû i ? û jÞXi

a0Xj
0a +

+>
i,j,

/Jij

/ÝR i
0 ? R j

0Þ
Ýû i ? û jÞS i 6 S j .

    (19)

¹

- in HTSC for a number of phonons holds
¹

/Vion

/R
>>

/tij

/R
>>

/Jij

/R     (20)

¹

IONIC EPI - DETAILS

- How to derive Fep?

- To remain

gÝ1,2Þ = GÝ1,2ÞQ?1Ý2Þ     (21)

¹
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LcÝ1,2;3Þ = ? Ng?1Ý1,2Þ
NUa#a# Ý3Þ

.     (22)

¹

- Migdal theorem

FÝ1,2Þ = F0Ý1,2Þ + Fep
Ý1Þ

Ý1,2Þ + ..

    (23)

¹

F0Ý1,2Þ picks up correlation effects

Fep
Ý1Þ

Ý1,2Þ is linear w.r.t. Vep

¹

Dyson equation
¹

Ýg00
?1 ? FÞ 6 g = 1     (24)

¹

- g0 includes correlation effects
¹

Ýg00
?1 ? F0Þ 6 g0 = 1     (25)

ø

Ýg0
?1 ? FEPÞ 6 g = 1.     (26)
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Fep << F0

¹

g?1 = g0
?1 + Ng?1

Ng?1 = ?Fep     (27)

¹

From g 6 g?1 = 1 and Ng?1 << g?1

ø

Ng?1 = ?g0
?1 6 Ng 6 g0

?1     (28)

ø

Fep
Ý1Þ = g0

?1 6 Ng 6 g0
?1.     (29)

¹

From Eq.(21)
¹

Ng = NG 6 Q?1 ? g0 6 Q?1 6 NQ     (30)

¹

¹

2-nd order perturbation
ø

O(1/N) terms in EPI
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¹

NGÝ1,2Þ =

? 1
2!

ÖTbSX0aÝ1ÞXa0Ý2Þ®Ý1#Þ®Ý2#ÞNnÝ1#ÞNnÝ2#Þ×
Ö• ×

    (31)

NnÝ1Þ = Xa#a# Ý1Þ ? ÖXa#a# Ý1Þ×

ø

NGÝ1,2Þ = ? 1
2

VepÝ1# ? 2#Þ N2GÝ1,2Þ
NUa# 1a# 1Ý1#ÞNUa# 2a# 2Ý2#Þ

.

    (32)
¹

Fep
Ý1Þ = Fep

ÝdynÞ
+ Fep

ÝstatÞ + Fep
ÝQÞ     (33)

¹

- For SC is Fep
ÝdynÞ important

¹

Fep
ÝdynÞ

Ý1 ? 2Þ = ?VepÝ1# ? 2#ÞLcÝ1,3# ;1#Þ

× g0Ý3# ? 4#ÞLcÝ4# ,2;2#Þ     (34)

VepÝ1 ? 2Þ = Pe
?1Ý1 ? 1#ÞVep

0 Ý1# ? 2#ÞPe
?1Ý2# ? 2Þ.

    (35)
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Vep
0 Ý1 ? 2Þ = ?ÖT®! Ý1Þ®! Ý2Þ×     (36)

¹

- Harmonic EPI ì ®! Ý1Þ i 4Velu
ø

VepÝ1,2Þ = Pe
?1Ý1,1#Þ4VelÝ1#ÞDÝ1# ,2#Þ4VelÝ2#ÞPe

?1Ý2# ,2Þ

    (37)

¹

SELF-ENERGY FepÝk,gÞ

¹

Fep
ÝdynÞ

Ýk,gÞ = X
0

K
dIÖJ2FÝk,k v,IÞ×k vRÝg,IÞ

    (38)
¹

Ö...×k - Fermi-surface average
¹

RÝg,IÞ = ?2^iÝnBÝIÞ + 1
2
Þ

+ fÝ 1
2
+ i I ? g

2^T
Þ ? fÝ 1

2
? i I + g

2^T
Þ

    (39)
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nBÝIÞ = 1
eKI ? 1

¹

f - di-gamma function
¹

SPECTRAL FUNCTION J2FÝk,k v,gÞ

¹

J2FÝk,k v,gÞ = NscÝ0Þ>
X

P geffÝk,k ? k v,XÞ P2

× NÝg ? gXÝk ? k vÞÞLc
2Ýk,k ? k v,gXÞ.

    (40)
¹

geffÝk,p,XÞ - EPI coupling in the X-the mode
¹

geffÝk,p,XÞ = gÝk,p,XÞ
PeÝp,gXÞ

    (41)

¹

PeÝp,gXÞ - electronic dielectric function
¹

t ? t v model (J = 0)
ì NscÝ0Þ = N0Ý0Þ/q0 q0 = N/2
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¹

t ? J model
ì NscÝ0ÞÝi 1/J0Þ > N0Ý0Þ (band density of
states N0Ý0Þ)
¹

CHARGE VERTEX Lc IN O(1) ORDER
¹

Integral equation in O(1) order
¹

Lc0Ý1,2;3Þ = ?
Ng0

?1Ý1,2Þ
NUa#a# Ý3Þ

    (42)

¹

Lc0Ý1,2;3Þ = NÝ1 ? 2ÞNÝ1 ? 3Þ

+ t0Ý1 ? 2Þg0Ý1,1#ÞLc0Ý1# ,2# ;3Þg0Ý2# ,1+Þ

+ NÝ1 ? 2Þt0Ý1 ? 1#Þg0Ý1# ,2#ÞLc0Ý2# ,3# ;3Þg0Ý3# ,1Þ ?

? J0Ý1 ? 2Þg0Ý1 ? 1#ÞLc0Ý1# ,2# ;3Þg0Ý2# ,2Þ .

    (43)

¹

- In Ýk,gÞ space
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LcÝk,qÞ = 1 ?>
J=1

6

>
K=1

6

FJÝkÞß1! + e! ÝqÞàJK?1eK2ÝqÞ,

    (44)
¹

eJKÝqÞ = >
p

GJÝp,qÞFKÝpÞ,     (45)

¹

FJÝkÞ = ßtÝkÞ,1,2J0 coskx,2J0 sinkx,

2J0 cosky,2J0 sinkyà,     (46)
¹

GJÝp,qÞ = ß1,tÝp + qÞ, cospx, sinpx,

cospy, sinpyàEÝp,qÞ,     (47)

EÝk,qÞ = ?gÝkÞgÝk + qÞ     (48)

¹

q = Ýq, iqnÞ, qn = 2^nT

p = Ýp, ipmÞ, pm = ^TÝ2m+ 1Þ

>
pm

EÝp,qÞ =
nFÝYq+pÞ ? nFÝYpÞ

Yp ? Yq+p ? iqn
.

    (49)
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ø

FORWARD SCATTERING PEAK IN
LcÝkF,qÞ
ì see Fig.FSP
ø

CONCLUSION
¹

- Backward scattering q i kF is strongly
suppressed !
¹

RESISTIVITY
¹

Transport spectral function
¹

J2FtrÝgÞ =
ÖÖJ2FÝk,k v,gÞßvÝkÞ ? vÝk vÞà2×k×k v

2ÖÖv 2ÝkÞ×k×k v

.

    (50)

¹

vÝkÞ = /YÝkÞ/k - quasiparticle velocity

Boltzmann equation ì _ÝTÞ (Fig .Res)
¹
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_ÝTÞ = 4^
gp

2 @ trÝTÞ     (51)

@ trÝTÞ = ^
T X0

K
dg g

sin2Ýg/2TÞ
J tr

2 ÝgÞFÝgÞ.

    (52)

¹

- Transport EPI coupling Vtr
ep

Vtr
ep
= 2X dg J tr

2 ÝgÞFÝgÞ
g     (53)

¹

- Pairing EPI coupling

Vep = 2X dg J2ÝgÞFÝgÞ
g     (54)

¹

- For T > BD/5 (Debye spectrum)
¹

_ÝTÞ p 8^2Vtr
ep kBT
¥gpl

2 .     (55)

¹

- Plasma frequency gpl

ø
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- Due to forward scattering peak (FSP)
ø

Vtr
ep
<< Vep !!

¹

- HTSC experiments :
ø

Vtr
ep i 0.5 Vep i 1 ? 2
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