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I. Theor y of EPI

- Quasiparticle self-energy ì general many
body theory of EPI (GEP)

¹

- Low-energy physics (LEGEP)

small gD/EF, 1/kFl, Tc/Ef ì simplification
of GEP theory

¹

- Limitations of Fröhlich Hamiltonian ì
phonon spectra incorrect; bare vs
renormalized coupling

¹

- LDA (DFT) approach to EPI

¹

- Inadequacy of LDA for HTSC ì local vs
nonlocal potential
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Quasiparticle Self -Energy
¹

- Hamiltonian of the system
ì electrons + lattice

¹

H = He + Hl + Hel     (1)

¹

- Electrons
¹

He = X d3rf! !ÝrÞO0Ýp!Þf! ÝrÞ +

+ 1
2 X d3rd3r vf! !ÝrÞf! ÝrÞVcÝr ? r vÞf! !Ýr vÞf! Ýr vÞ,

    (2)

¹

áf! ÝrÞ,f! !Ýr vÞâ = NÝr ? r vÞ     (3)

¹

O0Ýp!Þ = p! 2/2m - kinetic energy of electron

VcÝr ? r vÞ = e2

Pr?r vP
- Coulomb e-e interaction
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- Lattice Hamiltonian
¹

Hl = Hl
harm + Hl

anh

¹

Hl
harm = 1

2 >
n

MÝ
dûn

dt
Þ2 + 1

2 >
n,m,J

Vii ÝRn
0 ? Rm

0 Þ

+ 1
2 >

n,m,J

ÝûJn ? ûJmÞ4JVii ÝRn
0 ? Rm

0 Þ

+ 1
2 >

n,m,J,K

ÝûJn ? ûJmÞÝûKn ? ûKmÞ4J4KVii ÝRn
0 ? Rm

0 Þ

    (4)

¹

Vii ÝRn
0 ? Rm

0 Þ = Z2e2

PRn
0?Rm

0 P
- bare ion-ion

interaction

¹

ûn = Rn ? Rn
0 - displacement operator

¹

Hl
anh - anharmonic terms with respect to ûn

K.

¹
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- Electron -lattice (ion ) interaction
¹

Hel = >
n

X d3rßVelÝr ? Rn
0Þ + ®! ÝrÞàf! !ÝrÞf! ÝrÞ

    (5)
¹

VelÝr ? Rn
0Þ = ? Ze2

Pr?Rn
0P

- electron-ion potential

®! ÝrÞ - distortion operator nonlinear in ûn

¹

®! ÝrÞ = >
n

ßVelÝr ? Rn
0 ? ûnÞ ? VelÝr ? Rn

0Þà

= ®! harmÝrÞ + ®! anhÝrÞ

= ?>
n,J

ûJn4JVe?iÝr ? Rn
0Þ

+ 1
2 >

n,J,K

ûJnûKn4J4KVe?iÝr ? Rn
0Þ + ...

    (6)
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Dynamical equations
for electrons and lattice
¹

How to determine electron and lattice
dynamics ?

Answer : Baym-Kadanoff method ì
external potentials UÝ1Þ, U®Ý1Þ

¹

X dbHext = X d1ßUÝ1Þf! !Ý1Þf! Ý1Þ + U®Ý1Þ®! Ý1Þà.

    (7)

¹

- introduce an effective potential UeffÝ1Þ

¹

UeffÝ1Þ = UÝ1Þ + VH + VelÝ1Þ + Ö®! Ý1Þ×,

    (8)

¹

VH = VcÝ1 ? 1#ÞßÖn!Ý1#Þ×U ? Ön!Ý1#Þ×U=0à,

    (9)

¹
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VH
0 Ý1Þ = VcÝ1 ? 1#ÞÖn!Ý1#Þ×U=0 - Hartree potential

n!Ý1Þ - electron density operator

Ön!Ý1Þ×U - average for UÝ1Þ ® 0

¹

VelÝ1Þ ¯ >
n

VelÝr ? Rn
0Þ.     (10)

¹

- electron (G) and phonon (D) Green’s
functions

¹

GUÝ1,2Þ = ?ÖTf! Ý1Þf! !Ý2Þe
?X dbHext

×

= ßG0
?1Ý1,2Þ ? F! Ý1,2Þà?1

    (12)

¹

D* Ý1,2Þ = ?ÖT®! Ý1Þ®! Ý2Þe
?X dbHext

×

= ßD* 0
?1Ý1,2Þ ? E* Ý1,2Þà?1

    (13)
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¹

G0Ý1,2Þ, D* 0Ý1,2Þ - bare Green ’s functions
¹

G0
?1Ý1,2Þ = ßÝ? /

/b1
? O0Ýp1Þ + WÞ

? UeffÝ1Þ ? VH
0 Ý1ÞàNÝ1 ? 2Þ

    (14)

¹

F! Ý1,2Þ, E* Ý1,2Þ - electron and phonon
self -energies
¹

How to calculate FÝ1,2Þ, EÝ1,2Þ ?

¹

- vertex function @eff

¹

@effÝ1,2;3Þ = ? NG?1Ý1,2Þ
NUeffÝ3Þ

    (15)

¹
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@eff - electronic screening beyond the ”RPA”

- ”RPA” screening is due to NVH/NUeff

¹

- electronic self-energy ì (see Fig Ý1Þ.F)

¹

- put UÝ1Þ ¸ 0

¹

FÝ1,2Þ = ?VeffÝ1,1#ÞGÝ1,2#Þ@effÝ2# ,2;1#Þ.

    (16)

¹

VeffÝ1,1#Þ - effective retarded electronic
potential

¹

VeffÝ1,2Þ = VcÝ1 ? 1#ÞPe
?1Ý1# ,2Þ

+ Pe
?1Ý1,1#ÞD* Ý1# ,2#ÞPe

?1Ý2# ,2Þ,

    (17)

¹

PeÝ1,2Þ - electronic dielectric function
¹
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Pe
?1Ý1,2Þ = NÝ1 ? 2Þ + VcÝ1 ? 1#ÞPÝ1# ,2#ÞPe

?1Ý2# ,2Þ,

    (18)

¹

PÝ1,2Þ - irreducible electronic polarization

¹

PÝ1,2Þ =
NnÝ1Þ
NUeffÝ2Þ

= GÝ1,2#Þ@effÝ2# ,3# ;2ÞGÝ3# ,1+Þ

    (19)

¹

- functional equation for @! effÝ1,2;3Þ

¹

@effÝ1,2;3Þ = NÝ1 ? 2ÞNÝ1 ? 3Þ

+
NFÝ1,2Þ
NGÝ1# ,2#Þ

GÝ1# ,3#Þ@effÝ3# ,4# ;3ÞGÝ4# ,2#Þ

    (20)

¹

ì see Fig .@

¹

- total dielectric function P totÝ1,2Þ
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¹

P tot
?1Ý1,2Þ =

NUeffÝ1Þ
NUÝ2Þ

= Pe
?1Ý1,2Þ + P l

?1Ý1,2Þ

    (21)

¹

- self-energy via P totÝ1,2Þ

¹

FÝ1,2Þ = ?VcÝ1,3#ÞP tot
?1Ý3# ,1#ÞGÝ1,2#Þ@effÝ2# ,2;1#Þ

    (22)

¹

- quasiparticle spectrum gk

¹

G?1Ýk,gÞ = 0

gk ? Ý k 2

2m
? WÞ ? FÝk,gkÞ = 0     (23)
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LATTICE DYNAMICS
¹

- assume harmonic phonons
(1 ¯ áb1,Rn,1â)

¹

- non-standard definition of phonon Green’s
function

¹

D* Ý1,2Þ = 4J#VelDJ#K#4K#Vel     (24)

¹

- standard phonon Green’s function

¹

DJKÝ1,2Þ = ?ÖTûJÝ1ÞûKÝ2Þ×.     (25)

¹

DYSON EQUATION ì see Fig .D
¹

DJK
?1Ý1,2Þ = D0,JK

?1 Ý1,2Þ ? EJKÝ1,2Þ.

    (26)

¹
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D! 0
?1 - inverse bare phonon Green’s function

¹

D! 0
?1Ý1,2Þ = ßM /2

/b1
2 + U®

J Ý1ÞàNÝ1 ? 2Þ1! ? CÝ1 ? 2Þ

    (27)

CJKÝ1 ? 2Þ = NÝb1 ? b2Þ
/2Vii ÝRn1

0 ? Rn2
0 Þ

/RJ,n1
0 /RK,n2

0

? NÝ1 ? 2Þ >
n3®n1

/2Vii ÝRn1
0 ? Rn3

0 Þ

/RJ,n1
0 /RK,n3

0

    (28)

¹

- phonon self -energy EJKÝ1 ? 2Þ

¹

EJKÝ1 ? 2Þ =

X dr 3d4eÝr 3b,4Þ4JVelÝr 3 ? Rn1
0 Þ4KVelÝr 4 ? Rn2

0 Þ ?
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Nn1n2 >
n3®n1

X dr 3dr 4eÝr 3b,r 4b
+Þ4J ×

VelÝr 3 ? Rn1
0 Þ4KVelÝr 4 ? Rn3

0 Þ

    (29)

¹

- charge susceptibility ecÝ1,2Þ

¹

ecÝ1,2Þ = PÝ1,2#ÞPe
?1Ý2# ,2Þ     (30)

¹

- phonon spectrum (and life-time)

detDJK
?1Ýk,gÞ = 0.     (31)

¹

Discussion
- Functional equations for G, @eff, D, P

- Practically impossible solution

- How to simplify the problem?
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LOW-ENERGY PHYSICS
(LEGEP)
¹

- small gD/EF, 1/kfl)

¹

- adiabatic approximation due to gD

EF
<< 1

ø

MIGDAL THEOREM ì F is linear in D

¹

@effÝ1,2;3Þ r @cÝ1,2;3Þ + N@epÝ1,2;3Þ

    (32)

¹

N@epÝ1,2;3Þ =
NFEPÝ1,2Þ
NueffÝ3Þ

    (33)

¹

ì see Fig . Migdal
¹

- pure electronic vertex @cÝ1,2;3Þ

¹
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@cÝ1,2;3Þ = NÝ1 ? 2ÞNÝ1 ? 3Þ + NFcÝ1,2Þ
NueffÝ3Þ

    (34)

¹

- total self -energy FÝ1,2Þ

¹

FÝ1,2Þ = FcÝ1,2Þ + FepÝ1,2Þ     (35)

¹

- electronic part of self-energy FcÝ1,2Þ

¹

FcÝ1,2Þ u ?Vc
scÝ1,1#ÞGÝ1,2#Þ@cÝ2# ,2;1#Þ,

    (36)

¹

Vc
scÝ1,2Þ - screened Coulomb interaction

¹

Vc
scÝ1,2Þ = VcÝ1,2#ÞPe

?1Ý2# ,2Þ     (37)

¹

- EPI self-energy FepÝ1,2Þ

16



¹

FepÝ1,2Þ = ?VepÝ1# ,2#Þ@cÝ1,3# ;1#ÞGÝ3# ,4#Þ@cÝ4# ,2;2#Þ,

    (38)

¹

VepÝ1,2Þ - screened EPI interaction

¹

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

?1Ý2# ,2Þ

    (40)

¹

- Low energy physics ì high energy
processes should be integrated out
ø

renormalized parameters g, V, mD

¹

GÝk,gnÞ = 1
ign ? Ýk 2/2m? WÞ ? FÝk,gnÞ

¹

= GlowÝk,gnÞ + GhighÝk,gnÞ     (41)

= OÝs?1Þ + OÝs0Þ
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¹

gc and Nkc separate small s ¸ 1 from s0

¹

- definition small

¹

s ¸ Nkc/kF ¸ 1

s ¸ gc ¸ 1     (42)

¹

- analogous separation for phonons

¹

DlowÝk,gnÞ i s0, DhighÝk,gnÞ i s2.

    (43)

¹

- note M i mÝEF/gphÞ2 i s?2

D00 i 1/Mgn
2 i s2 , gn i gc and D00 i 1 ,

gn ¸ gc

¹

- further simplification:Coulomb part FcÝ1,2Þ

¹
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FcÝ1,2Þ = Fc
Ý0ÞÝ1,2Þ + Fc

Ý1ÞÝ1,2Þ,

    (44)

¹

Fc
Ý0Þ i s0 and Fc

Ý1Þ i s.

¹

- for further purposes define F0

¹

F0Ý1,2Þ = áUÝ1Þ + VelÝ1Þ

+ VHÝ1ÞâNÝ1 ? 2Þ + Fc
Ý0ÞÝ1,2Þ.

    (45)

¹

- note U, Ve?i , VH i s0

¹

- Fourier transform with respect to time (and
for small gn) ì F0

¹

F0Ýx,y,gnÞ p F0Ýx,y,0Þ + F0
v Ýx,y,0Þ 6 ign.

    (46)

¹
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- note F0
v 6 gn i s1 because gn i s1

¹

- note Fc
Ý1ÞÝ1,2Þ contains GlowÝ1,2Þ

¹

- similar analysis holds for FepÝ1,2Þ i s

¹

- separations o f terms s0 and s1

ø
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LOW-ENERGY DYSON EQUATION

¹

ßignZcÝx,x# Þ ? H0Ýx,x# Þ ? Fc
Ý1ÞÝx,x# ,gnÞ

? FepÝx,x# ,gnÞà × GlowÝx# ,y,gnÞ = NÝx ? yÞ,
    (47)

¹

high -energy processes in ZcÝx,yÞ, H0Ýx,yÞ
¹

ZcÝx,yÞ = NÝx ? yÞ ? F0
v Ýx,y,0Þ,

    (48a)

¹

ZcÝx,z#ÞZc
?1Ýz# ,yÞ = NÝx ? yÞ     (48b)

¹

H0Ýx,yÞ = Ý? 1
2m

4x
2 ? WÞNÝx ? yÞ + F0Ýx,y,0Þ

    (49)

¹

- renormalized Green’s function Gren

¹
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GrenÝx,y,gnÞ = Zc
1/2

Ýx,x# ÞGlowÝx#,y# ,gnÞZc
1/2

Ýy# ,yÞ
    (50)

¹

- ideal band -structure Hamiltonian
h0Ýx,yÞ
¹

h0Ýx,yÞ = Zc
?1/2

Ýx,x# ÞH0Ýx#,y# ,gnÞZc
?1/2

Ýy# ,yÞ

h0Ýx,yÞ = Ý? 1
2m

4x
2 ? WÞNÝx ? yÞ + VrenÝx,yÞ.

    (51)

¹

- many -body excitation nonlocal

(crystal ) potential VrenÝx,yÞ
¹

VrenÝx,yÞ = F0Ýx,y,0Þ + NTÝx,yÞ
    (52)

NTÝx,yÞ = ZcÝx,y#ÞT0Ýy# ,z#ÞZc
?1Ýz# ,yÞ ? T0Ýx,yÞ

    (53)

¹
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- electron ”kinetic energy” T0Ýx,yÞ
¹

T0Ýx,yÞ = Ý? 1
2m

4x
2 ? WÞNÝx ? yÞ

    (54)

¹

- VrenÝx,yÞ meaningful for Nk ¸ kF

¹

- LDA potential VS?HÝx,yÞ ® VrenÝx,yÞ ! (see
latter )

¹

- define quasiparticle vertex function @ren

¹

@renÝ1,2;3Þ = Zc
?1/2@cZc

?1/2     (55)

¹

- renormalized self-energies Fc,ep
ren

¹

Fc,ep
ren Ýx,y,gnÞ = Zc

?1/2
Ýx,x# ÞFc,ep

ren Ýx#,y# ,gnÞZc
?1/2

Ýy# ,yÞ.

    (56)
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DYSON EQUATION FOR GrenÝx,y,gnÞ

¹

ßignNÝx ? x# Þ ? h0Ýx,x# Þ ? Fc
Ý1ÞrenÝx,x# ,gnÞ

¹

? Fep
renÝx,x# ,gnÞàGrenÝx# ,y,gnÞ = NÝx ? yÞb! 0,

    (57)

¹

Fc
Ý1Þ,ren, Fep

ren look like Fc, Fep in Eqs.Ý36? 38Þ

¹

but with G, @c replaced by Gren,@c
ren
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LEGEP method
¹

- project high-energy into low-energy
sector

¹

- find the ideal band structure spectra Y iÝpÞ
¹

h0Ýx,y#ÞH i,pÝy#Þ = Y iÝpÞH i,pÝxÞ.
    (58a)

¹

- expand GrenÝx# ,y,gnÞ, @ren, Pe, 4Vel

in basis H i,pÝxÞ
¹

- write down Eliashberg equations

in basis H i,pÝxÞ
¹

- LEGEP is never realized for strongly
correlated systems !

¹

- vertex @renÝ1,2;3Þ and PeÝ1,2Þ are unknown
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¹

-D LEGEP is partly realized in t-J-EP model

¹

- Y iÝpÞ different from LDA spectrum

¹

Y iÝpÞ ® Y i
LDAÝpÞ     (58b)

¹

- in weakly correlated s,p-metals Na, Mg, Al
ø

Y iÝpÞ u Y i
LDAÝpÞ
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Limitations of the Fröhlich
model
¹

- most papers treat EPI in the Fröhlich
model!

- assume monoatomic (with mass M ) unit
cell (with 1e/cell)

- case T=0 K
¹

unÝ0Þ = i>
q,V

Ý ¥

2NMgq,V
Ý0Þ

Þ1/2eq,VÝbqV + b?qV

! ÞeiqRn
0

    (59)

¹

HFr = >
k,a

Y0,k fka
! fka +>

q,V

g0ÝbqV

! bqV +
1
2
Þ

¹

+ >
k,a,q,V

gk,k+q
0 fk+qa

! fkaÝb?qV

! + bqVÞ

    (60)
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¹

ASSUMPTIONS (to simplify calculation)

¹

- bare” isotropic spectrum Yk = Ok ? W

- ” bare ” dispersionless phonons gq,V
Ý0Þ = g0

- no explicit Coulomb interaction

- ”bare” EPI coupling gk,k+q
0 u g0

¹

- Renormalized phonon Green’s function
DÝqV,gÞ

¹

DÝqV,gÞ = ?i < 0 P TÝBqVÝtÞBqV

! Ý0Þ P 0 >g

    (61)

BqV = bqV + b?qV

!

¹

- ”bare” Green’s function D0Ýk,gÞ

¹

D0ÝqV,gÞ =
2g0

g2 ? g0
2 + iR

    (62)
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¹

- Eqs.(28-31) for D?1ÝqVÞ = D0
?1 ? E

but Vc = 0

¹

-define q ¯ Ýq,gÞ

DÝqÞ =
2g0

g2 ? g0
2ß1 + V0P0ÝqÞ/NÝ0Þà

    (63)

¹

- ”bare” EPI coupling constant V0

¹

V0 = 2NÝ0Þ
g0

2

g0
    (64)

- polarization operator P0ÝqÞ

¹

P0ÝqÞ = ?2i X d4p
Ý2^Þ4 G0ÝpÞG0Ýp + qÞ

    (65)

¹

limq¸0,g¸0 P0ÝqÞ = ?NÝ0Þ
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¹

- phonon spectrum grenÝqÞ for q ¸ 0

gren = g0 1 ? V0     (66)

¹

- lattice stability ì gren
2 ³ 0 ì V0 ² 1 !

¹

- electron Green’s function for g ¸ g0

¹

GÝk,gÞ =
Ý1 + VÞ?1

g ? Yk ? iNsignÝk ? kFÞ

    (67)

¹

- renormalized quasiparticle spectrum Yk

¹

Yk =
Y0,k

1 + V
    (68)

¹

- effective mass mD = mÝ1 + VÞ

¹

- for weekly q-dependence P0ÝqÞ i P0Ý0Þ
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ø

V u V0

1 ? V0
    (69)

¹

- the renormalized coupling V is measurable
quantity

- note for V0 ¸ 1 one has V ¸ K ì no
limitations on V !!

¹

CONCLUSIONS
¹

- the ”bare” EPI coupling V0 is undefined
quantity ì Coulomb interaction is not
taken into account

¹

- phonon spectra can not be calculated in
the Fröhlich model

- most conclusions in the Fröhlich model on
the limiting value of V < 1 are unfounded
- in PbBi alloys V = 2.5 !
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LDA (DFT) approach to EPI
¹

Há_eÝrÞâ = T + Vc + Vel     (70)

¹

Vel = >
i=1

Ne

VelÝr iÞ, VelÝr iÞ = >
J

VelÝr i ? RJÞ

    (71)

¹

- Há_eÝrÞâ with non -degenerate ground
state P Hg×

¹

P Hg× =P Hgá_eÝrÞâ×     (72)

¹

- Ground state functional Eá_eÝrÞ;VelÝrÞâ
¹

Eá_eÝrÞ;VelÝrÞâ

= ÖHgá_eÝrÞâ P Há_eÝrÞâ P Hgá_eÝrÞâ×.
    (73)
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¹

- Hohenberg-Kohn theorem (at T = 0 K)

¹

ì P Hg× and Eá_eÝrÞ;VeiÝrÞâ unique
functionals on _eÝrÞ for given VelÝrÞ
¹

¹

Eá_eÝrÞâ = Fá_eÝrÞâ + X d3r_eÝrÞVelÝrÞ.

    (74)

¹

- Fá_eÝrÞâ is unknown functional

ø

APPROXIMATIVE SCHEME

¹

- Kinetic energy functional of free electrons

¹

T0á_eÝrÞâ = ÖH0gá_eÝrÞâ P T P H0gá_eÝrÞâ×,
    (75a)

¹

¹
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- Free-electron ground state

P H0gá_eÝrÞâ× = detßHkÝr iÞà,

    (75b)

¹

_eÝrÞ = >
k

P HkÝrÞ P2     (75c)

- the exchange-correlation term EXCá_eÝrÞâ
picks up correlations beyond Ha

¹

Fá_eÝrÞâ = T0á_eÝrÞâ + 1
2 X d3r X d3r v

_eÝrÞ_Ýr vÞ
P r ? r v P

¹

-Minimum of Eá_eÝrÞ;VeiÝrÞâ
¹

NT0á_eÝrÞâ
N_eÝrÞ

+ VeiÝrÞ + VHÝrÞ + VXCÝrÞ = W,

    (77)

¹
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VHÝrÞ = X d3r v
_Ýr vÞ

P r ? r v P
, VXCÝrÞ =

NEXC

N_eÝrÞ
    (78)

¹

W - chemical potential

¹

- HkÝrÞ solution of the Kohn-Sham equation

¹

ß
p! 2

2m
+ VgÝrÞàHkÝrÞ = OkHkÝrÞ,     (79)

¹

- The ground state potential VgÝrÞ
¹

VgÝrÞ = VelÝrÞ + VHÝrÞ + VXCÝrÞ     (80)

¹

¹

¹

- The unknown exchange-correlation
energy EXCá_eÝrÞâ nonlinear and nonlocal
quantity of _eÝrÞ
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LOCAL DENSITY APPROXIMATION
(LDA)

ø

ø

EXC is local
¹

EXCá_eÝrÞâ u X X d3r_eÝrÞPXCÝ_eÝrÞÞ,

    (81)

¹

- Hedin-Lundquist interpolation formula for
VXCÝrÞ
¹

VXCÝrÞ u ?1.5JÝ_eÝrÞÞÝ3_eÝrÞ/^Þ1/3,

    (82)

¹

- Ground -state energy
EgáVelÝrÞâ = minEá_eÝrÞ;VelÝrÞâ
¹

EgáVelÝrÞâ = >
k=1

Ne

Ok
LDA +
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+ 1
2 X d3r_eÝrÞß?VHÝrÞ ? 2VXCÝrÞ + 2PXCÝ_eÝrÞÞà

    (83)

¹

- The spectrum Ok
LDA is an auxiliary

quantity by which Eg is calculated

¹

- Ok
LDA is in principle not quasiparticle

excitation energy

¹

- Ideal band -structure is due to h0Ýx,yÞ
(see Eqs.51-58)

¹

- EPI is dynamical effect due to excited
squasiparticles

¹

- In practice the LDA band structure is
calculated and used for EPI

¹

How to calculate EPI in LDA ?
¹

- ”Phonons” ì Vg ¸ Vg + NVg
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¹

NVgÝrÞ = >
n

NVgÝr ? RnÞ

NRn
un     (84)

¹

NVgÝr ? RnÞ

NRn
= 4VeiÝr ? RnÞ

+ ß
NVHÝrÞ
N_eÝr#Þ

+
NVXCÝrÞ
N_eÝr#Þ

à
N_eÝr#Þ
NRn

.

    (85)

¹

- linear response theory

¹

PnÝrÞ =
N_eÝrÞ
NRn

= ecÝr, r#Þ
NVeiÝr# ? RnÞ

NRn

= ec
0Ýr, r#Þ

NVgÝr# ? RnÞ

NRn
,     (86)

¹

- (Non)interacting ec
0 (and ec) charge

susceptibility

¹
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- static LDA ”vertex” function @LDA

¹

@LDAÝr, r vÞ = NÝr ? r vÞ + NVXCÝrÞ
N_eÝr#Þ

ec
0Ýr#,r#1Þ@LDAÝr#1,r vÞ

  (87)

¹

NVgÝr ? RnÞ

NRn
= @LDAÝr, r#ÞPe

?1Ýr#,r#1,0Þ4VeiÝr#1?RnÞ.

    (88)

¹

The LDA static PeÝr,r v,0Þ
¹

Pe
?1Ýr,r v,0Þ = NÝr ? r vÞ + VcÝr ? r#ÞecÝr#,r vÞ,

    (89)

¹

ecÝr,r vÞ = ec
0Ýr,r vÞ + ßVcÝr ? r#Þ

+
NVXCÝrÞ
N_eÝr#Þ

àec
0Ýr#,r#1ÞecÝr#1,r vÞ     (90)

¹

¹
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- LDA EPI coupling constant g
J,ll v

ÝLDAÞ

¹

g
J,ll v

ÝLDAÞÝk,k vÞ = >
n

g
J,nll v

ÝLDAÞÝk,k vÞ

= Öfkl P >
n

NVgÝrÞ
NRnJ

P fk vl v×     (91)

¹

- g
J,ll v

ÝLDAÞÝk,k vÞ is due to the ground state
properties

- Note, real gJ,ll vÝk,k vÞ is determined via the
excited states and nonlocal VrenÝx,yÞ!

- What to do with g
J,ll v

ÝLDAÞÝk,k vÞ ?

- In practice one uses Eliashberg equations
and replaces gJ,ll vÝk,k vÞ ì g

J,ll v

ÝLDAÞÝk,k vÞ

- LDA is good for phonons which are due
to ground state spectra

¹

Linear -response method for
g
J,ll v
ÝLDAÞ

Ýk,k vÞ

¹
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- Instead of calculating @LDAÝr, r#1Þ and
Pe
?1Ýr#1,r#2,0Þ (difficult job)

¹

use the Kohn-Sham equation with phonons

¹

ß
p! 2

2m
+ Vg

0ÝrÞ +>
n

NVg
0ÝrÞ

NRn
unàHkÝrÞ

= ÝOk
0 +>

n

NOk
0

NRn
ÞHkÝrÞ     (92)

- The solution in the form

¹

HkÝrÞ = Hk
0ÝrÞ +

+>
n

NHk
0ÝrÞ

NRn
un     (93)

¹

ß
p! 2

2m
+ Vg

0ÝrÞà
NHk

0ÝrÞ
NRn
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= ß
NOk

0

NRn
?
NVg

0ÝrÞ
NRn

àHk
0ÝrÞ     (93)

¹

NnÝrÞ
NRn

= >
k

nF,káHk
0DÝrÞ

NHk
0ÝrÞ

NRn
+ Hk

0ÝrÞ
NHk

0DÝrÞ
NRn

â

   (94)

¹

- nF,k the Fermi function at T=0 K
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