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Equations for HTSC
¹

- Self-Energy in SC state
¹

- Equations for GNÝk,gÞ and AÝk,gÞ

¹

- s- versus d-wave Pairing in HTSC
¹

- EPI beyond Migdal Approximation
¹

- EPI vs Spin Fluctuations
¹

- Effects of Impurities
¹

- ARPES spectra (see M. Kulic , O. Dolgov ,
cond-mat/0308597 v1 Aug 2003)
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SELF-ENERGY IN SC STATE
¹

- Gor’kov-Nambu Formalism

- Electron (f! ·ÝrÞ) and hole (f! ¹
!ÝrÞ) states

- Pseudospin Pauli matrices {b i , i = 0,1,2,3}
in the electron-hole space
¹

HÝrÞ =
f·ÝrÞ

f¹
!ÝrÞ

,

H!ÝrÞ = Ýf·
!ÝrÞ f¹ÝrÞÞ.     (1)

¹

H = He + Hi + Hel.     (2)

¹

¹

He = X d3rH!ÝrÞb3O0Ýp!ÞHÝrÞ +

+ 1
2 X d3rd3r vH!ÝrÞb3HÝrÞVcÝr ? r vÞH!Ýr vÞb3HÝr vÞ,

    (3)
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¹

Hel = >
n

X d3rVelÝr ? Rn
0ÞH!ÝrÞb3HÝrÞ

+ X d3r®ÝrÞH!ÝrÞb3HÝrÞ.     (4)

¹

®ÝrÞ = ?>
n,J

ûJn4JVe?iÝr ? Rn
0Þ

+ Ý1/2Þ>
n,J,K

ûJnûKn4J4KVe?iÝr ? Rn
0Þ + ®anhÝrÞ

    (5)

¹

Green’s functions
¹

GÝ1,2Þ = ?ÖTHÝ1ÞH!Ý2Þ×,     (6)
¹

D* Ý1 ? 2Þ = ?ÖT®Ý1Þ®Ý2Þ×,     (7)

¹

¹

3



- LOW-ENERGY PHYSICS (LEGEP)
¹

- Migdal theory
¹

- Similar theory as without SC
¹

- Coulomb self-energy
¹

FcÝ1,2Þ = ?Vc
scÝ1,1#Þb3GÝ1,2#Þ@cÝ2# ,2;1#Þ,

    (8)
¹

Vc
scÝ1,2Þ = VcÝ1,2#ÞPe

?1Ý2# ,2Þ     (9)
¹

- EPI self-energy (see Fig . SC)
¹

FepÝ1,2Þ = ?VEPÝ1# ,2#Þ@cÝ1,3# ;1#ÞGÝ3# ,4#Þ@cÝ4# ,2;2#Þ,

    (10)
where

VepÝ1,2Þ = Pe
?1Ý1,1#ÞD* Ý1# ,2#ÞPe

?1Ý2# ,2Þ

    (11)
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¹

@cÝ1,2;3Þ = b3NÝ1 ? 2ÞNÝ1 ? 3Þ + NFcÝ1,2Þ
NUeffÝ3Þ

    (12)

¹

- Matrix structure of G,F and @c

¹

G?1Ýk,gnÞ = ignZÝk,gnÞb0 ? ßOÝkÞ + XÝk,gnÞàb3

? ZÝk,gnÞAÝk,gnÞb1     (13)
¹

F = Fn + Fsb1 = ignÝ1 ? ZÝk,gnÞÞb0

+ XÝk,gnÞb3 + ZÝk,gnÞAÝk,gnÞb1

    (14)
¹

@c = @nc + @sb1 = @n0b0 + @n3b3 + @sb1,

    (15)
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¹

Eliashberg equations (imaginary
frequency ign) in SC state
¹

- Renormalization of the spectrum
ì ZÝk,gnÞ and XÝk,gnÞ

¹

gnß1 ? ZÝk,gnÞà =

? T
N >

k
v

,nv

VZÝk,k v,gn ? gnvÞgnvZÝk v,gnvÞ

DetÝk v,gnvÞ
,

    (16)

¹

XÝk,gnÞ =

? T
N >

k
v

,nv

VZÝk,k v,gn ? gnvÞßOÝk vÞ + XÝk v,gnvÞà

DetÝk v,gnvÞ
,

    (17)

¹

¹
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- SC pairing function AÝk,gnÞ

ZÝk,gnÞAÝk,gnÞ =

T
N >

k
v

,nv

VAÝk,k v,gn ? gnvÞZÝk v,gnvÞAÝk v,gnvÞ

DetÝk v,gnvÞ
,

    (18)
where,

DetÝk,gnÞ = ßgnZÝk,gnÞà2 +

+ ßOÝkÞ + XÝk,gnÞà2 + Z2Ýk,gnÞA2Ýk,gnÞ

    (19)

¹

- Normal-state renormalization potential VZ

¹

VZÝk,k v,gn ? gnvÞ =
VcÝk,k v,n ? nvÞ@ncÝk,k v,n,nvÞ

PeÝk,k v,n ? nvÞ

+>
J.K

P @ncÝk,k v,n ? nvÞ

OeÝk,k v,n ? nvÞ
P2

× g* JÝk,k vÞg* K
DÝk,k vÞß?DJKÝk ? k v,n ? nvÞà

    (20)
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PAIRING-POTENTIAL VA

¹

VAÝk,k v,gn ? gnvÞ =

? VcÝk,k v,n ? nvÞ

PeÝk,k v,n ? nvÞ
|@ncÝk,k v,n ? nvÞ|2

+>
J,K

P @ncÝk,k v,n ? nvÞ

PeÝk,k v,n ? nvÞ
P2

× g* JÝk,k vÞg* K
DÝk,k vÞß?DJKÝk ? k v,n ? nvÞà.

    (21)
¹

-Vector coupling g* JÝk,k vÞ

¹

g* JÝk,k vÞ = Öfk P 4JVei P fk v×.     (22)
¹

fkÝxÞ =< fk P x > solution of

h0Ýx,y#ÞfkÝy#Þ = OÝkÞfkÝxÞ.     (23)

h0Ýx,yÞ = Ý? 1
2m

4x
2 ? WÞNÝx ? yÞ + VrenÝx,yÞ.

    (24)

¹
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VrenÝx,yÞ - nonlocal excitation potential
¹

- Note, @nc/Pe vs P @nc P2 /Pe in Z and A

- Various definitions
¹

g* JÝk,k vÞg* K
DÝk,k vÞßDJKÝk ? k v,gn ? gnvÞà

= gÝk,k vÞgDÝk,k vÞßDÝk ? k v,gn ? gnvÞà,

    (25)
where

gÝk,k vÞ ¯ >
J

g* JÝk,k vÞeJÝk ? k vÞ,

    (26)
and

DJKÝk,gnÞ ¯ eJÝkÞDÝk,gnÞeDKÝkÞ.

    (27)
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ELIASHBERG EQUATIONS FOR
STRONGLY CORRELATED SYSTEMS
¹

- Replacements
@nc = Lc     (28)

¹

OÝkÞ = NO0ÝkÞ     (29)

¹

CRITICAL TEMPERATURE Tc

¹

- Linearization of Eqs.(16-18) w.r.t. AÝk,gnÞ

¹

- Spectral-function in different pairing
channels
¹

J2FiÝk* ,k*
v
,gÞ = NscÝ0Þ

8 >
X,j

P geffÝk* ,k* ?Tjk*
v
,XÞ P2

× NÝg ? gXÝk* ?Tjk*
v
ÞÞ P LcÝk* ,k* ?Tjk*

v
Þ P2 DiÝjÞ.

    (30)
¹
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J2FiÝgÞ = ÖÖJ2FiÝk* ,k*
v
,gÞ×k* ×k*

v     (31)

¹

V i = 2X dg J2FiÝgÞ
g     (32)

¹

k* and k*
v
on the Fermi line in the irreducible

(1/8) Brillouin zone
¹

Tj , j = 1, ..8, - eight elements of the
point -group of the square lattice
¹

- Five irreducible representations i = 1,2, ...5

¹

- DiÝjÞ - i-th representation matrix
¹

- For i = 1 ì s? wave SC

ø

AÝk,gnÞ u AÝgnÞ

¹

Tc
ÝsÞ i< gph > e

? 1+Vs
Vs?WÝsÞ

D

    (33)
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¹

- For i = 3 ì d ? wave SC
ø

AÝk,gnÞ u Ýcoskx ? coskyÞAÝgnÞ

¹

Tc
ÝdÞ i< gph > e

?
1+Vd

Vs?WÝdÞ
D

    (34)

¹

- Near optimal doping Nop ì Vs u Vd.
Experiments imply (i) WÝsÞ

D >> WÝdÞ
D , or (ii)

WÝsÞ
D > 0 and WÝdÞ

D < 0

ø

Tc
ÝdÞ

> Tc
ÝsÞ     (35)

¹

CONCLUSION
¹

- SC in HTSC is due basically to EPI and
triggered to d-wave by (small) residual
Coulomb interaction !
¹

V > 1 and Vtr i 0.5
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¹

EPI beyond Migdal Approximation
¹

- If ÝgD/EFÞ << 1 ì Migdal theory

- For ÝgD/EFÞ À 1 ì Non-Migdal correction
ø

- Vertex correction (see Fig . Vertex )

- Linearized Eqs.(16-21) but

VZÝk,kvÞ í V* ZÝk,kvÞ

VAÝk,kvÞ í V* AÝk,kvÞ

¹

V* ZÝk,kvÞ = VepÝk ? kvÞß1 +

+>
q

VepÝk ? qÞGÝq ? k + kvÞGÝqÞà

    (36)

V* AÝk,kvÞ = VEPÝk ? kvÞß1 +

>
q

VepÝq ? kÞGÝ?q + k ? kvÞGÝ?qÞà

    (37)

13



+>
q

VepÝk ? qÞVepÝq ? kvÞGÝq ? k + kvÞGÝqÞ.

¹

- Here, k = Ýk,gnÞ , >
q
= T>q,gn

.

¹

- Assume Einstein phonon
ì gphÝqÞ = g0

¹

- Forward scattering peak in LcÝkF,qÞ
ì LcÝkF,qÞ = 0 for q < Qc << kF

ø

- Increase of Tc ! (see Fig.Tc)
¹

Tc u 1.13g* 0ÝmÞe?
1+Vz/Ý1+mÞ

VA     (38)

g* 0ÝmÞ = g0
e

m
2Ý1+mÞ

Ý1 + mÞ e

¹

VA = Vß1 + 2VPVÝgn,gm;QcÞ

+ VPcÝgn,gm;QcÞà,     (39)
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¹

VZ = Vß1 + VPVÝgn,gm;QcÞà.     (40)

¹

- For Qc << kF and finite m = gD/EF

ì PVÝgn,gm;QcÞ > 0

PcÝgn,gm;QcÞ > 0

¹

- Vertex correction might be important in
fullerenes A3C60

¹

- Comparison of A3C60 and intercalated KC8

ì ÝgD/EFÞ i 1 in A3C60 !
¹

KC8 A3C60

Tc 0.1? 0.2K 20? 35 K

gD 2000K 2000K

V i 0.25 i 0.5

WD i 0.1 i 0.4

EF 10 eV 0.2eV

¹
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EPI vs Spin Fluctuations (SF)
¹

- For EPI well defined theory !

- For SF not well-defined theory (RPA) !
¹

- SF self-energy
¹

FsfÝk,gnÞ = ? T
N >

k v,m

gsf
2 PÝk ? k v,n ? mÞ

× b0GÝk v,gmÞb0     (41)
¹

PÝk ? k v,n ? mÞ - propagator of spin
fluctuations
¹

PÝq,n ? mÞ u eÝq,n ? mÞ.     (42)
¹

eÝq,n ? mÞ - dynamical spin susceptibility
¹

- Phenomenology for eÝq,gÞ

¹
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- Pines et al. model
¹

ImePÝq,g + i0+Þ

= g
gsf

eQ

Ý1 + YM
2 P q ? Q P2 Þ2

BÝgc ?P g PÞ,

    (43)
¹

- Fit by gc = 400meV

- From NMR ì eQ u Ý30? 40Þe0 i 100eV?1

¹

- R(ULN) model from neutron scattering for
underdoped HTSC !

ImeRÝq,g + i0+Þ = ß
C

1 + J0ßcosqx + cosqyà
à2

×
3ÝT + 5Þg

1.5g2 ? 60 P g P +900+ 3ÝT + 5Þ2 BÝg* c ?P g P

(44
where
g* c = 100meV, J0 = 0.3eV, C = 0.19eV?1

¹¹
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- Repulsive pairing potential VSFÝq,gÞ

(see Fig .SF)
¹

VSFÝq,g + i0+Þ = gSF
2 X

?K

K dI
^

ImeÝq,I + i0+Þ
I ? g ,

    (45)
¹

- Pairing spectral function in d ? wave
channel
ì YdÝkÞ i coskx ? cosky

Jd
2FÝgÞ = ? ÖÖYdÝkÞYdÝk vÞVsfÝk ? k v,g + i0+Þ××

ÖYd
2ÝkÞ×

.

    (46)
¹

- In order to get Tc i 100K Pines et al.
assume to large coupling
ì gSF i 0.64eV ! ì Vsf Á 2 !
¹

- Even for such large gSF i 0.64eVì
R(ULN) model gets much smaller Tc

¹

- For optimal doping (highest Tc) ìneutron
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scattering shows
ø

ImeexpÝQ,IÞ << ImePÝQ,IÞ     (47)

¹

- Other experiments (ARPES, _ÝTÞ)
ì gSF i 0.1eV ! ì Vsf < 0.2 !
ø

- SF pairing-mechanism ineffective in HTSC
!
¹

- Numerical calculations (see Fig.MC)

ì No HTSC in Hubbard and t -J models !
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Effects of Impurities
¹

- In HTSC d-wave pairing is realized

- Isotropic impurity scattering - with
u2ÝqÞ = u0

2 = const

suppress d-wave pairing strongly!
¹

- Experiments
(a) TcÝ_ iÞ for substitutional defects Cu ¸ Zn,
Y ¸ Pr

(b) TcÝ_ iÞ for ion (Ne+) bombardment of
HTSC

_ i - residual resistivity
ø

Tc in HTSC is robusst against impurities !!

- How to reconcile Tc robustness and
d-wave pairing

- Answer :

Forward scattering peak in impurity
scattering potential
ø
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ui,0
2 ¸ ui

2ÝqÞ = ui,0
2 Lc

2ÝqÞ

¹

- Self -energy

F = Fep + F i     (48a)
¹

- Impurity self-energy F i

F iÝp, ignÞ = ni X d2pv

Ý2^Þ2 ui
2Ýp ? p vÞGÝp v, ignÞ.

    (48b)
gn = ^TÝ2n + 1Þ - Matsubara frequencies
ni - concentration of impurities frequencies
¹

- Eq.(48) gives renormalized frequency
g* nÝSÞ and gap A* nÝSÞ

¹

g* nÝSÞ = gn +
1
2
Ö@ÝS,S vÞ g* nÝS

vÞ

g* n
2ÝS vÞ + A* n

2ÝS vÞ
×Sv

    (49)
¹
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A* nÝSÞ = AÝSÞ + 1
2
Ö@ÝS,S vÞ A* nÝS

vÞ

g* n
2ÝS vÞ + A* n

2ÝS vÞ
×Sv .

    (50)
¹

@ÝS,S vÞ = ui
2ÝS,S vÞNÝSÞ     (51a)

where

@ÝS,S vÞ = @sÝS,S vÞ +

+ @dYdÝSÞYdÝS
vÞ + @pYpÝSÞYpÝS

vÞ + ...

    (51b)

and

X
0

2^ dS v
2^

Ý...Þ ¯ ÖÝ...Þ×Sv     (52)

¹

- Self-consistent gap equation
¹

AÝSÞ = Tc>
n

ÖVÝS,S vÞ A* nÝS
vÞ

g* n
2ÝS vÞ + A* n

2ÝS vÞ
×Sv .

    (53)

¹
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- For d-wave pairing ìpairing-potential
VÝS,S vÞ

VÝS,S vÞ = VYdÝSÞYdÝS
vÞ     (54)

¹

- SC order parameter
AÝSÞ = A0YdÝSÞ = ?AÝS + ^/2Þ     (55)

A* ÝSÞ = A* 0YdÝSÞ

¹

- Note, ÖYdÝSÞ×S = 0 and ÖYd
2ÝSÞ×S = 1.

- Near Tc linearization of Eqs.Ý49,50,53Þ

¹

- Critical temperature Tc (see Fig .TcÝ_ iÞ)
¹

ln Tc

Tc
0 = HÝ 1

2
Þ ? Hß 1

2
+ Ý1 ? KÞxà,

    (56)
where

K =
@d

@s
< 1; x =

@s

4^Tc
    (57)

- For isotropic scattering K = 0 ì strong
depairing
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- In HTSC K u 0.8 (t-J model ) (see Fig .K)
ì robustness of d-wave pairing
¹

Experiments on HTSC
ì TcÝ_ iÞ for substitutional defects Cu ¸ Zn,
Y ¸ Pr

ì TcÝ_ iÞ for ion (Ne+) bombardment
¹

- Resistivity _ÝTÞ

_ÝTÞ = _ i + JT     (58)

- Residual resistivity _ i

_ i =
4^@ tr

gp
2     (59)

¹

@s = p 6 @ tr ì from _ i

@ tr = 2^Vtr
_ i
J     (60)

¹

- From _ÝTÞ experiments ì Vtr Á 0.4

- From t ? J model ì p Á 2.5 for N ² 0.2
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