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Isotropic Migdal-Eliashberg Equations on the Imaginary Axis

mass renormalization ) T wjr eliashberg = .true.
function Z(iwj) =1+ o 5 - Awj —wj1) liso = .true.
T wj"i'A(ij) limag = .true.

superconducting A(iwj)
. Z(iw;j)A(iw;) = ———Nw;—wj) — ]
gap function JZ/ o.) A2 (i) c
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Isotropic Migdal-Eliashberg Equations on the Imaginary Axis

mass renormalization ) T wjr eliashberg = .true.
function Z(iw;) =1+ o > — \(w; —wj) liso = .true.
T wj"i'A(ij) limag = .true.

superconducting Aliw;r)
. Z(iw;j)A(iw;) = ———Nw;—wj) — ]
gap function JZ/ o.) A2 (i) c

isotropic e-ph dq  2wqy 9
coupling strength Z/QBZ Qpz w? + w2, [9mrs (k, Q)I0(€ntc—er)d{emicta—er)
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Isotropic Migdal-Eliashberg Equations on the Imaginary Axis

mass renormalization ) T wjr eliashberg = .true.
function Z(iw;) =1+ o > — \(w; —wj) liso = .true.
T wj"i'A(ij) limag = .true.

superconducting ) )  Afiwy)
gap function /74;.) A2(iw) )

isotropic e-ph - dq  2wqy P
coupling strength Np Z QBZ QBZW?-Fw?l |gmnw (K, @) |70 (€nk—€r) S (Emutq—€r)

|gmnw (K, q)|?| — write e-ph matrix elements to file: ephwrite = .true.
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Isotropic Migdal-Eliashberg Equations on the Imaginary Axis

mass renormalization 7T

wjr eliashberg = .true.
function (iw;) =1+ o —_)\(Wj_wj’) liso = .true.
7 wJQ-,—I—A(zwj)

limag = .true.
superconducting

) .  Afiwy)
gap function 2(iw;) Aieo;) = WT \/W—FTM ~ el
isotropic e-ph _ 1 dk quu
coupling strength Mws) = Ng Z Opy,

QBZ % +w2 |gmm/ k q 6nk 6F

(Emk+q—€F)

|Gy (K, Q)

| 2 =

— write e-ph matrix elements to file: ephwrite = .true.

— use crystal symmetry on fine k grid: mp_mesh k = .true.
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Isotropic Migdal-Eliashberg Equations on the Imaginary Axis

mass renormalization ) T wjr eliashberg = .true.
function Z(iw;) =1+ o > — \(w; —wj) liso = .true.
T wj"i'A(ij) limag = .true.

superconducting

(twjr
gap function /w +A2 (iwy7)

isotropic e-ph _ 1 dk [[dq | 2wq > B B
coupling strength M= NF7;, Qpz )| OBz jv? + w3 [9rmn (K QP (€nt—€r )0 (€micta—er)

|gmnw (K, q)|%| — write e-ph matrix elements to file: ephwrite = .true.

— use crystal symmetry on fine k grid: mp_mesh k = .true.

— consider k and k + q states within an energy window around ep: fsthick = 0.4 eV
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Isotropic Migdal-Eliashberg Equations on the Imaginary Axis

mass renormalization ) T wjr eliashberg = .true.
function Z(iw;) =1+ o > — \(w; —wj) liso = .true.
T wj"i'A(ij) limag = .true.

superconducting

(twjr
gap function /w +A2 (iwy7)

isotropic e-ph 2wqy | 2
coupling strength Z QBZ QBZ ?—kwél'gmm/(h Q)|70(enk—€r )0 (Emktq—€r)

|gmnw (K, q)|?| — write e-ph matrix elements to file: ephwrite = .true.

— use crystal symmetry on fine k grid: mp_mesh k = .true.

5| — consider k and k + q states within an energy window around ep: fsthick = 0.4 eV

0(€nk — €r))— use Gaussian smearing of width: degaussw = 0.1
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Isotropic Migdal-Eliashberg Equations on the Imaginary Axis

mass renormalization ) T wjr eliashberg = .true.
function Z(iw;) =1+ o > — \(w; —wj) liso = .true.
T wj"i'A(ij) limag = .true.

superconducting Aliw;r)
. Z(iw;j)A(iw;) = ———Nw;—wj) — ]
gap function JZ/ o.) A2 (i) c

isotropic e-ph dq  2wqy 9
coupling strength Z/QBZ Qpz w? + w2, [9mrs (k, Q)I0(€ntc—er)d{emicta—er)
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Isotropic Migdal-Eliashberg Equations on the Imaginary Axis

mass renormalization ) T wjr eliashberg = .true.
function Z(iw;) =1+ o > — \(w; —wj) liso = .true.
T wj"i'A(ij) limag = .true.

superconducting Aliw;r)
. Z(iw;j)A(iw;) = MW —wjr) —{ e}
gap function ;Z' w A2 (i)

isotropic e-ph dq  2wqy 9
coupling strength Z/QBZ Qpz w? + w2, [9mrs (k, Q)I0(€ntc—er)d{emicta—er)

wk — Coulomb parameter: muc = 0.1
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Isotropic Migdal-Eliashberg Equations on the Imaginary Axis

mass renormalization ) T Wi eliashberg = .true.

function Z(iwj) =1+ — T \(wj —wj) liso = .true.

w; 2 ;
T wj"i'A(ij) limag = .true.
superconducting ) )  Aliwy)
. Z(iw;j)A(iw;) = 7TT wj—wjr) — el
gap function - \/m
isotropic e-ph dq  2wqy 9

coupling strength Z/QBZ Qpz w? +w(2w|9mnv(k’ Q)"0 (enkc—er)d(€muctq—er)

wuk — Coulomb parameter: muc = 0.1

—> upper limit over Matsubara frequency summation: wscut = 0.1
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Isotropic Migdal-Eliashberg Equations on the Imaginary Axis

mass renormalization ) T wjr eliashberg = .true.
function Z(iw;) =1+ o > — \(w; —wj) liso = .true.
T wj"i'A(ij) limag = .true.

Superconductil g A . / S(Z'(Uj/)
f J J . J J @
gap function A « Zj/ sz 2 (iwsy) Wj—w K

isotropic e-ph dq  2wqy 9
coupling strength Z/QBZ Qpz w? + w2, [gmne (ke @) 0 (emc—er)O(emicta—er)

wuk — Coulomb parameter: muc = 0.1

—> upper limit over Matsubara frequency summation: wscut = 0.1
—> temperatures at which the Migdal-Eliashberg equations are solved: temps = 1.0 2.0
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Isotropic Migdal-Eliashberg Equations on the Imaginary Axis

liso = .true. and limag = .true.

Isotropic case in Pb

1.20
0.8
0.4

A (meV)

0.0

-04 . L : ! ;

0 20 40 60

io (meV)

superconducting gap edge Ay is
defined as Ay = A(iw = 0)

Figures adapted from Margine and Giustino, Phys. Rev. B 87, 024505 (2013)
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! XX = temperature
prefix.imag_iso_gapO_XX
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Isotropic Migdal-Eliashberg Equations on the Imaginary Axis

Isotropic case in Pb

1.20
»>~O.8

> i
£ 04
p I

0.0

o4l ..

0 20 40 60
io (meV)

superconducting gap edge Ay is
defined as Ay = A(iw = 0)

liso = .true. and limag = .true.

! XX = temperature
prefix.imag_iso_gapO_XX

12— —er, =011
— [ . ]
%J \.\o

£ 0.8 N Ny ]
£ [ \, |
o F o
< 04} T 2
[ AR Y
0.0L - ' N

0 2 4 6

T (K)
T. is defined as the temperature at
which Ag =0

Figures adapted from Margine and Giustino, Phys. Rev. B 87, 024505 (2013)
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Linearized Isotropic Migdal-Eliashberg Equations on the Imaginary Axis

Isotropic case in Pb

tc_linear = .true.
tc_linear_solver

Near T¢, A(iw;) — 0 and the system of equations
reduces to a linear matrix equation for A(iw;):

1
A(
(i) Z 125" + 1]

*5jj/ > Mewswin)sjsi ] Aliw;)

Vi

where s; = sign(w;)

= power

[Mwj—wjr ) —pe

Roxana Margine, Binghamton University - SUNY

liso = .true. and limag = .true.

! XX = temperature
prefix.imag_iso_gapO_XX

1.2 '_o—o—o—o—o\.\.\ 1=0.1
— [ *e
%J \.\o
g 08r N ]
£ [ \, |
< 04l .
: Tc\:‘,:
0.0L - ' L8]
0 2 4 6
T (K)
T. is defined as the temperature at
which Ag =0
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Linearized Isotropic Migdal-Eliashberg Equations on the Imaginary Axis

Isotropic case in Pb

tc_linear = .true.
tc_linear_solver = power

liso = .true. and limag = .true.

! XX = temperature
prefix.imag_iso_gapO_XX

6 T T T T T

o *
R _\ =0.1
@®© L
2 4% 1
&3
B O[T, T, ]
X 2r ..'o. c ]
© F ....
E g ) O — ’!!!!....

0 2 4 6

T(K)

T. is defined as the value at which the
maximum eigenvalue is close to 1
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Analytic Continuation from Imaginary to Real Axis

. : : : : lpade = .true. and lacon = .true.
12
| ! XX = temperature
prefix.pade_iso_XX
; 08 prefix.acon_iso_XX
1 L
E04

P I
0.0

04—
0 10 20 30 40 50 60

io (meV)

Isotropic case in Pb

Figures adapted from Margine and Giustino, Phys. Rev. B 87, 024505 (2013)
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Analytic Continuation from Imaginary to Real Axis

. : : : : lpade = .true. and lacon = .true.
12 -
| ] ! XX = temperature
prefix.pade_iso_XX
; 08 T prefix.acon_iso_XX
1 L
E04 ]

P I
0.0

4 2 1 2 1 1 1 2 1 L 1 2
0 10 20 30 40 50 60
io (meV)

wj — W+ 1

Imaginary axis

Real axis

Isotropic case in Pb

Figures adapted from Margine and Giustino, Phys. Rev. B 87, 024505 (2013)
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Analytic Continuation from Imaginary to Real Axis

. : : : : lpade = .true. and lacon = .true.
1.2 ] ! XX = temperature
I 1 prefix.pade_iso_XX
; 0.8 b prefix.acon_iso_XX
1) L
E04 -
< L
0.0 -
-04 - L T T T T T
0 10 20 30 40 50 60 30 r MRS ReA - Pade approx. -

— — -ImA - Pade approx. 1

io (meV) iwj — w i1

Imaginary axis

0 10 20 30 40 50 60

o (meV)
Figures adapted from Margine and Giustino, Phys. Rev. B 87, 024505 (2013)

Real axis

Isotropic case in Pb
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Analytic Continuation from Imaginary to Real Axis

. : : : : lpade = .true. and lacon = .true.
12 -
| ] ! XX = temperature
prefix.pade_iso_XX
; 08 T prefix.acon_iso_XX
1 L
E04 ]

P I
0.0

"0 10 20 30 40 50 60 30} 3
io (meV)

T T T T

ReA - Pade approx. -
— — -ImA - Pade approx. 1
ReA - analytic cont. ]
ImA - analytic cont. __

wj — W+ 1

Imaginary axis

0 10 20 30 40 50 60
o (meV)

Figures adapted from Margine and Giustino, Phys. Rev. B 87, 024505 (2013)

Real axis

Isotropic case in Pb
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Analytic Continuation from Imaginary to Real Axis

1.2

io (meV)

Isotropic case in Pb

4l -
0 10 20 30 40 50

Imaginary axis

lpade = .true. and lacon = .true.

! XX = temperature
prefix.pade_iso_XX
prefix.acon_iso_XX

wj — w+ i1

Real axis

structure in the real axis solutions
on the scale of the phonon energy

T

Pade approx. -
Pade approx. 7
analytic cont. ]
- analytic cont. __

0 10 20 30 40 50 60
o (meV)

Figures adapted from Margine and Giustino, Phys. Rev. B 87, 024505 (2013)
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Anisotropic Migdal-Eliashberg Equations on the Imaginary Axis: FSR

Znk(iwj) =1+ / = Ankmictq(Wj —wj )0 (€mkrq — €F)
ijF Z Qpz \/w +Amk+q(MJ /)
mass renormalization
function
W]’ JAN Wi %
Znke(iw; ) An (iw; ) Z/ ferq (i) [Ank,mk+q(wj —wjr) = 1] 6(€mutq — €r)

{1z \/w +A?2 (iw;r)
superconducting ' mictal !

gap function

eliashberg = .true.
laniso = .true.
limag = .true.
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Anisotropic Migdal-Eliashberg Equations on the Imaginary Axis: FSR

Znk(iwj) =1+ / = Ankmictq(Wj —wj )0 (€mkrq — €F)
ijF Z Qpz \/w +Amk+q(MJ /)
mass renormalization
function
W]’ JAN Wi %
Znke(iw; ) An (iw; ) Z/ ferq (i) [Ank,mk+q(wj —wjr) = 1] 6(€mutq — €r)

{1z \/w +A?2 (iw;r)
superconducting ' mictal !

gap function

eliashberg = .true.
anisotropic e-ph | _ 2wqu laniso = .true.
) kmk+qWj) = Nr ) —5——— k, ~ -
coupling strength ™" +alws) Zw +w |gmm'( a)l’ limag = .true.
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Anisotropic Migdal-Eliashberg Equations on the Imaginary Axis: FSR

wj/

\/w + Arrtk+q(LwJ )

Ank 7nk+q( —Wwj )5(6mk+q - GF)

Zliw;) = 1
(i) +%NF Z /Q

mass renormalization

function
_ T k+q(iw)’)
Zxc(iw;) A (i) Z / 9 Brmicra (i) Anie,mietq (@5 —w;0 )~ 155] 8 (€mictq — €F)
myj’ BZ \/w +Amk+q(zwj )
superconductmg
gap function .
eliashberg = .true.
anisotropic e-ph 2wqu J laniso = .true.
w;)|= N k .
coupling strength ke micta(5) FZ w? |gmanw (k, ) limag = .true.
|gmnw (K, q)|%| — write e-ph matrix elements to file: ephwrite = .true.
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Anisotropic Migdal-Eliashberg Equations on the Imaginary Axis: FSR

wj/

\/w + Arrtk+q(LwJ )

Ank 7nk+q( —Wwj )5(6mk+q - GF)

Zliw;) = 1
(i) +%NF Z /Q

mass renormalization
function

. 7TT dq mk+ Zw ) *
Zaelio;) i) ZZQBZ J+ 2) e e 12] S (emicrq — )

iw;r)
superconducting Alncralie
gap function

eliashberg = .true.
anisotropic e-ph 2wqu J laniso = .true.
; k,mk+q(Wj) = Nr g k,q . ~
coupling strength ("™ +alws) Z w? |gmanw (k, ) limag = .true.

| 2

|gmny (K, @)|?| — write e-ph matrix elements to file: ephwrite = .true.

— use crystal symmetry on fine k grid: mp mesh k = .true.

— consider k and k + g states within an energy window around ep: fsthick = 0.4 eV
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Anisotropic Migdal-Eliashberg Equations on the Imaginary Axis: FSR

Znk(iwj) =1+ / = Ankmictq(Wj —wj )0 (€mkrq — €F)
ijF Z Qpz \/w +Amk+q(MJ /)
mass renormalization
function
W]’ JAN Wi %
Znke(iw; ) An (iw; ) Z/ ferq (i) [Ank,mk+q(wj —wjr) = 1] 6(€mutq — €r)

{1z \/w +A?2 (iw;r)
superconducting ' mictal !

gap function

eliashberg = .true.
anisotropic e-ph | _ 2wqu laniso = .true.
) kmk+qWj) = Nr ) —5——— k, ~ -
coupling strength ™" +alws) Zw +w |gmm'( a)l’ limag = .true.
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Anisotropic Migdal-Eliashberg Equations on the Imaginary Axis: FSR

Znk(iwj) =1+ / = Ankmictq(Wj —wj )0 (€mkrq — €F)
ijF Z Qpz \/w +Amk+q(MJ /)
mass renormalization
function
7TT Ay, Wy "
Znke(iw; ) An (iw; ) Z/ ferq (i) [Ank,mk+q(wj —wjr) =) 6(€metq — €r)

{1z \/w +A?2 (iw;r)
superconducting ' mictal !

gap function

eliashberg = .true.
anisotropic e-ph | _ 2wqu laniso = .true.
) kmk+qWj) = Nr ) —5——— k, ~ -
coupling strength ™" +alws) Zw +w |gmm'( a)l’ limag = .true.

(e — Coulomb parameter: muc = 0.1
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Anisotropic Migdal-Eliashberg Equations on the Imaginary Axis: FSR

wj/

\/w + Amk—&—q(wjj )

Ank 7nk+q( —wy )5(6mk+q - 6F)

Zoeiw;) = 1
(i) +%NF Z /Q

mass renormalization
function

. . T d Am Wi o
Zni(itog) Anic(ig) = N Qq > kzq( - ) [Anie,mictq(w; —wjr) = pte) 6 (€mictq — €F)
F 3’ Bz \/wj’ +Amk+q(zwj')

superconducting
gap function

eliashberg = .true.
anisotropic e-ph | _ 2wqu laniso = .true.
X k,mk+q(wj) = Ng — k, . _
coupling strength ™" +alws) Zw +w |gmm'( a)l’ limag = .true.

(s — Coulomb parameter: muc = 0.1

—> upper limit over Matsubara frequency summation: wscut = 0.1
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Anisotropic Migdal-Eliashberg Equations on the Imaginary Axis: FSR

wj/

\/w + Amk—&—q(wjj )

Ank 7nk+q( —wy )5(6mk+q - 6F)

Zliw;) = 1
(i) +%NF Z /Q

mass renormalization
function

. JAN Wi "
Znk(iwj) A (iwy) @ ketq(iy) [Ank,mk+q(Wj —wj) = pe) 6 (€mktq — €F)
QBZ \/w +A2, 4 (iw;r)

superconducting
gap function

eliashberg = .true.
anisotropic e-ph | _ 2wqu laniso = .true.
X k,mk+q(wj) = Ng — k, . _
coupling strength ™" +alws) Zw +w |gmm'( a)l’ limag = .true.

(s — Coulomb parameter: muc = 0.1
—> upper limit over Matsubara frequency summation: wscut = 0.1
—> temperatures at which the Migdal-Eliashberg equations are solved: temps = 1.0 2.0
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Anisotropic Migdal-Eliashberg Equations on the Imaginary Axis: FSR

wj/

\/w + Amk—&—q(wjj )

Ank 7nk+q( —wy )5(6mk+q - 6F)

Zliw;) = 1
(i) +%NF Z /Q

mass renormalization
function

. A, Wi "
Zpi(iw;) A (iw;) @ kta(fiy) [Ank,mk+q(wj —wjr) — 1) |0(Emictq = €R)
QBZ \/w +A2, 4 (iw;)

superconducting
gap function

eliashberg = .true.
anisotropic e-ph | _ 2wqu laniso = .true.
X k,mk+q(wj) = Ng — k, . _
coupling strength ™" +alws) Zw +w |gmm'( a)l’ limag = .true.

(e — Coulomb parameter: muc = 0.1
—> upper limit over Matsubara frequency summation: wscut = 0.1
—> temperatures at which the Migdal-Eliashberg equations are solved: temps = 1.0 2.0

d(enk — €r))— use Gaussian smearing of width: degaussw = 0.1
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Anisotropic Migdal-Eliashberg Equations on the Imaginary Axis: FBW

mass renormalization T da w. i
function Znx(iw;) = 1+ / 4 mk+q.( 7) nk,mk-+q(Wj —wj)
WjNF QBZ 6mk+q(le’)
energy Yok (0 Z/ Emk+q —e€p) +erlk+q(7wj ))\ ok ( —wir)
shift n J NF QBZ karq(,ij ) nk,mk+q\W i
superconductlngZ (iw, /dq Zyke+q(1wj ) Amictq(iw;) Nk
ka)AkLw " P\k k+(w OJ/) [L]
gap function o / Z Qpz O mktq(iw;) A ¢
eliashberg = .true.
laniso = .true.
limag = .true.
fbw = .true.

Roxana Margine, Binghamton University - SUNY 11 of 23



Anisotropic Migdal-Eliashberg Equations on the Imaginary Axis: FBW

mass renormalization o T dq wj Zomiesqiw;:)
function nk(iw;) =1+ ijF /QBZ O qics;r) nk,mk-+q (Wj —w;j’)
energy Emk+q — eF) + ka+q(7w1 )
shift Xoae(15) ~ Np Z/QBZ Omic+q(iw;r) Ak mctasj =051)
superconductin A9 Zmktq(iwjr) Amicig(iw;)) %
gap function ® Zonci) B Z/QBZ Omictq(iw;’) Aot (10; =) =]
eliashberg = .true.
electron —1_oT Z/ emk.:,.q €r) + ka+q(7wJ ) laniso = .true.
number Qpz mk+q(lw] ) limag = .true.
fbw = .true.
muchem = .true.
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Anisotropic Migdal-Eliashberg Equations on the Imaginary Axis: FBW

mass renormalization T d ) "y
. q W) Zmk+q(iw;)
i Z )=1 A
function nk (iw;) + wJNp /QBZ O qics;r) nk,mk-+q(Wj —wj)
energy €Emk+q — €F) + ka+q(7% )
shift Xae(83) = ~ Ng Z/QBZ Omk+q(iw;) Ankmicra () —wy7)
d Z LW i A Wi
superconducting 7 k(wj) ok M] @ Z q mk+q(le ) 7-nk+q(ij ) [)\nk,mk—o—q(wjfwj’)aﬂz]
gap function Opz Omktq(iw))
eliashberg = .true.
electron 4 QTZ (Emk+q — €F) + Xmk4q(iw;7) laniso = .true.
number o QBZ Omiktq(iw;) limag = .true.
fbw = .true.
muchem = .true.

(s — Coulomb parameter: muc = 0.1
—> upper limit over Matsubara frequency summation: wscut = 0.1
—> temperatures at which the Migdal-Eliashberg equations are solved: temps = 1.0 2.0
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Isotropic and Anisotropic Electron-Phonon Coupling Strength

eliashberg = .true.

prefix.lambda_pairs ! (iverbosity = 2)
prefix.lambda_k_pairs
prefix.a2f

2Wqy
)\nk,mk+q(wj) = Nr Z %‘gmnu(k CI)‘

dq 0(emx F)
Ank(w;) Z/QBZ +q Ank,mk-+q(W5)

m

E'rLk F)
w] Z/QBZ )‘nk(wj)
a NF Z/QBZ/ ‘gmnu k q)‘

nmrv

X 0(w—wqu)0(€nk — €7)I(€mkt+q — €F)
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Isotropic and Anisotropic Electron-Phonon Coupling Strength

eliashberg = .true.

prefix.lambda_pairs ! (iverbosity = 2)
prefix.lambda_k_pairs
prefix.a2f

2Wqy
)\nk,karq(wj) = NF Z %‘gmnu(k q)‘

dq 6(€emx €r)
) = ¥ [ 2B

m

fnk F)
w] Z/QBZ )‘nk(wj)
a NF Z/QBZ/ ‘gmnu k q)‘

nmrv

X 0(w—wqu)0(€nk — €7)I(€mkt+q — €F)
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P e mirq) Anisotropic case
in MgBs
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Isotropic and Anisotropic Electron-Phonon Coupling Strength

eliashberg = .true.

prefix.lambda_pairs ! (iverbosity = 2)
prefix.lambda_k_pairs
prefix.a2f

2Wqy
)\nk,karq(wj) = Nr Z %‘gmnu(k CI)‘

dq 6(€emx €r)
) = ¥ [ 2B

m

fnk F)
w] Z/QBZ )‘nk(wj)
a NF Z/QBZ/ ‘gmnu k q)‘

nmrv

X 0(w—wqu)0(€nk — €7)I(€mkt+q — €F)
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Isotropic and Anisotropic Electron-Phonon Coupling Strength

eliashberg = .true.

prefix.lambda_pairs ! (iverbosity = 2)
prefix.lambda_k_pairs
prefix.a2f

2Wqy
)\nk,karq(wj) = NF Z %‘gmnu(k q)‘

dq 6(€emx €r)
) = ¥ [ 2B

m

fnk F)
w] Z/QBZ )‘nk(wj)

of " Ne Z/QBZ/

nmrv

X 0(w—wqp)0(enk — €

|G (K, @)

F)O(€mktq — €F)
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P e mirq) Anisotropic case
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Anisotropic Migdal-Eliashberg Equations

25 Anisotropic case laniso = .true. and limag = .true.
;%P in hAgBQ ! XX = temperature, YY = band index
20 Iiiii;‘, prefix.imag_aniso_XX
< I ”H”H'“ prefix.imag_aniso_gapO_XX
15 | "“W"“I“” prefix.imag_aniso_gapO_XX_YY.cube
B [T [T

||||||||IIII|II|||I|||||l||I||||||m!”!!!!!!!!!!!!!!!!!!!!!!!!!”””!”'m'

10 i

0 100 200 300 400 500
o (meV)

0 100 200 300 400 500
o (MmeV)
Margine and Giustino, Phys. Rev. B 87, 024505 (2013)
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Anisotropic Migdal-Eliashberg Equations

laniso = .true. and limag = .true.

temperature, YY = band index
imag_aniso_XX
imag_aniso_gapO_XX

imag_aniso_gapO_XX_YY.cube

25 Anisotropic case
iii==,h .n M B g =
20 "Iuiiiiii,l I b2 prefix.
<My
N | ”m” prefix.
15 b | |
. |||!||||II||||||||||||||||||||||m|
I
10

0 100 200 300 400 500
o (meV)

o . , . _ o & k } } P } } 1=0.16 7]
[ v 6L } -
> 6 mell £ }
% 4 ”””” Z 3t b T
N Tlerre ‘
; |||||||||||IIIIIII ||I|||qu|..,,,,””” . F <4 F EE e,
) | llluluuuluuuni:: e 0 10 20 30 40 50

0 100 200 300 400  50(
o (MmeV)

Margine and Giustino, Phys. Rev. B 87, 024505 (2013)

T(K)
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Anisotropic Migdal-Eliashberg Equations

25 Anisotropic case laniso = .true. and limag = .true.
Hiiih in Mg82 ! XX = temperature, YY = band index
2.0 Iliiii‘. prefix.imag_aniso_XX
= “H”'"' prefix.imag_aniso_gap0_XX
N . HHH"”"I”", prefix.imag_aniso_gapO_XX_YY.cube
Mg

||I|I|||||||||muuun||m|.m....!!!!!!!!!!!!!!!m!!”!!!!!!!!!!!“”"

10 it

0 100 200 300 400 500 An(0) [mmeV]

|

® (meV)

SN # } ';;=o.16'_

i 3
ntFlFtFLFLL

0
0 10 20 30 40 50

0 100 200 300 400 50( T (K)
® (meV)
Margine and Giustino, Phys. Rev. B 87, 024505 (2013)

Ay (meV)

Poncé et al, Comput. Phys. Commun.

200, 116 (2016)
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Anisotropic Migdal-Eliashberg Equations

9 T T T ] lpade = .true.
_ II||||| ! XX = temperature
S 6 | |||II - prefix.pade_aniso_gapO_XX
(] ||I
§; 3j|||| lll by )

< || |||||,lII
< 0t |||||I llllll"""l.|, 4

-3 P R T S|
0 40 80 120 160

io (meV)

Anisotropic case in MgBy

Margine and Giustino, Phys. Rev. B 87, 024505 (2013)
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Anisotropic Migdal-Eliashberg Equations

9 T T T ] lpade = .true.
II||||| ! XX = temperature
% 6 |||II - prefix.pade_aniso_gapO_XX
||I
é 3j||| lll e ]
= )
I
< 0 ||||||||||'||I||||.,|,_
3 P T T TR |
0 40 80 120 160
i (meV) | tw; s wHin
>
@
£
)
©
E
Anisotropic case in MgB, Real axis

Margine and Giustino, Phys. Rev. B 87, 024505 (2013)
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Anisotropic Migdal-Eliashberg Equations

9 II T T T ] lpade = .true.
||||| ! XX = temperature
; 6 || - prefix.pade_aniso_gapO_XX
[} ||||
|
é 3+ jlll Ill' Iy 4
x || IIIIII"I|
< ol ||||||||II|||||||||II _
-3 P T T
0 40 80 120 160 30 T T
. " - . A - ReA-Pade approx.
i (meV) | tw; s wHin : :
>
]
£
&
E
Anisotropic case in MgB, Real axis S . :
0 40 80 120 160

o (meV)
Margine and Giustino, Phys. Rev. B 87, 024505 (2013)
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Anisotropic Migdal-Eliashberg Equations

T T T T lpade = .true.

9 -
II||||| ! XX = temperature
; 6 |||II - prefix.pade_aniso_gapO_XX
Q |
E 3k |I||| _ . . .
- j||| I||I| structure in the real axis solutions
<« oL |||||||I|||||I R on the scale of the phonon energy
T,
-3 N 1 . 1 . 1 1
0 40 80 120 160 30 T T
. = A - ReA-Pade approx.
10 (IMe 2 . .
(meV) S Wy — w+1n < :
z ()
z E
2 *
= <
Anisotropic case in MgB, Real axis —— ' '
0 40 80 120 160

o (meV)
Margine and Giustino, Phys. Rev. B 87, 024505 (2013)
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Superconducting Quasiparticle Density of States

Y L e DNENE]
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Superconducting Quasiparticle Density of States

Y L e DNENE]

o (meV)

Anisotropic case in MgBy

Margine and Giustino, Phys. Rev. B 87, 024505 (2013)
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Superconductivity Calculations: Input Variables

1| mp_mesh_k
2| nkfl = 60
3| nkf2 = 60
4| nkf3 = 60
5/ nqfl = 20
6| nkf2 = 20
7| nkf3 = 20

.true.

! irreducible k-points

Roxana Margine, Binghamton University - SUNY

The fine k and q grids need to be uniform and
commensurate such that the k' = k + q grid maps
into the k grid.
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Superconductivity Calculations: Input Variables

1| mp_mesh_k = .true. ! irreducible k-points The fine k and q grids need to be uniform and

§ itii - gg commensurate such that the k' = k + q grid maps
4| nk£3 = 60 into the k grid.

5/nqfl = 20

6| nkf2 = 20

7| nk£3 = 20

8 The ephmatXX (one per CPU), freq, egnv, and

9| ephwrite = .true. ik il itt . fi h t di t

10| fsthick = 0.4 ! eV Fermi window thickness IKmap filés arv_e written I-I"I pre |x_.ep ma Irec .Ol’y
11| degaussw = 0.1 ! eV smearing (used for solving the Migdal-Eliashberg equations).
12
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Superconductivity Calculations: Input Variables

1| mp_mesh_k
2| nkfl = 60
3| nkf2 = 60
4| nkf3 = 60
5/nqfl = 20
6| nkf2 = 20
7| nkf3 = 20

9| ephwrite
10| fsthick
11| degaussw

13| eliashberg

true. ! irreducible k-points

.true.

0.
0.

4 ! eV Fermi window thickness
1 ! eV smearing

.true.

Roxana Margine, Binghamton University - SUNY

The fine k and q grids need to be uniform and
commensurate such that the k' = k + q grid maps
into the k grid.

The ephmatXX (one per CPU), freq, egnv, and
ikmap files are written in prefix.ephmat directory
(used for solving the Migdal-Eliashberg equations).

Calculate isotropic and anisotropic e-ph coupling
strength.
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Superconductivity Calculations: Input Variables

1| mp_mesh_k = .true. ! irreducible k-points The fine k and q grids need to be uniform and

. EEE - gg commensurate such that the k' = k + q grid maps
4| nk£3 = 60 into the k grid.

5/ nqfl = 20

6| nkf2 = 20

7| nk£3 = 20

8 The ephmatXX (one per CPU), freq, egnv, and
9| ephwrite = .true. ik il itt . fi h t di t

10| fsthick = 0.4 ! eV Fermi window thickness IKmap filés arv_e written I-I"I pre |x_.ep ma Irec .Ol’y
11| degaussw = 0.1 ! eV smearing (used for solving the Migdal-Eliashberg equations).
12

13| eliashberg = .true. . . . . .
L Calculate isotropic and anisotropic e-ph coupling
15 laniso = .true. strength.

16| limag = .true.

17| lpade = .true. Solve the anisotropic FSR ME egs. on imaginary
18 . -

19| wscut = 1.0 ! eV Matsubara cutoff freq. axis at_ SpeCIf_IC terTlperatures and p.erform aln

20| muc = 0.16 ! Coulomb parameter analytic continuation to real axis with Padé

2 approximants.

22| temps = 10.0 20.0 ! K

23

24| conv_thr_iaxis = 1.0d-4

25| nsiter = 100
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Superconductivity Calculations: Input Variables

1| mp_mesh_k = .true. ! irreducible k-points The fine k and q grids need to be uniform and

§ itii - gg commensurate such that the k' = k + q grid maps
4| nk£f3 = 60 into the k grid.

5/nqfl = 20

6| nkf2 = 20

7| nk£3 = 20

8 The ephmatXX (one per CPU), freq, egnv, and

9| ephwrite = .true. ik il itt . fi h t di t

10| fsthick = 0.4 ! eV Fermi window thickness IKmap filés arv_e written I_n pre |x_.ep ma Irec pry
11| degaussw = 0.1 ! eV smearing (used for solving the Migdal-Eliashberg equations).
12

13| eliashberg = .true. . . . . .

L Calculate isotropic and anisotropic e-ph coupling
15 laniso = .true. strength.

16| limag = .true.

17| lpade = .true. Solve the anisotropic FBW ME eqs. with chemical
1 L . . . .
1o wscut = 1.0 | eV Matsubara cutoff freq. potentl.al. fixed at the Fermi level on imaginary axis
20| muc = 0.16 ! Coulomb parameter at specific temperatures and perform an analytic
21 continuation to real axis with Padé approximants.
22| temps = 10.0 20.0 ! K

23

24| fbw = .true.
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Superconductivity Calculations: Input Variables

1| mp_mesh_k = .true. ! irreducible k-points The fine k and q grids need to be uniform and

. EEE - gg commensurate such that the k' = k + q grid maps
4| nk£3 = 60 into the k grid.

5/ nqfl = 20

6| nkf2 = 20

7| nk£3 = 20

8 The ephmatXX (one per CPU), freq, egnv, and

9| ephwrite = .true. ik il itt . fi h t di t

10| fsthick = 0.4 ! eV Fermi window thickness IKmap filés arv_e written I_n pre |x_.ep ma Irec .ory
11| degaussw = 0.1 ! eV smearing (used for solving the Migdal-Eliashberg equations).
12

13| eliashberg = .true. . . . . .

" Calculate isotropic and anisotropic e-ph coupling
15 laniso = .true. strength.

16| limag = .true.

17| lpade = .true. Solve the anisotropic FBW ME eqs. with variable
18 . . . . . .

1o wscut = 1.0 | eV Matsubara cutoff freq. chemical potential on imaginary axis at spe.aflc_
20| muc = 0.16 ! Coulomb parameter temperatures and perform an analytic continuation
2 to real axis with Padé approximants.

22| temps = 10.0 20.0 ! K

23

24| fbw = .true.

25| muchem = .true.
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Superconductivity Module in EPW: Workflow

epw.£90 file:

1| mp_mesh_k = .true. ! irreducible k-points
2| nkfl = 60 1| CALL elphon_shuffle_wrap ()

3| nkf2 = 60 2 --> CALL ephwann_shuffle(nqc, xqc)
4 3

5

nkf3 = 60 --> CALL write_ephmat(iqq, iq, totq)

5/ nqfl = 20
6| nkf2 = 20
7| nkf3 = 20

9| ephwrite = .true.
10| fsthick = 0.4 ! eV Fermi window thickness
11| degaussw = 0.1 ! eV smearing
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Superconductivity Module in EPW: Workflow

1| mp_mesh_k
2| nkfl = 60
3| nkf2 = 60
4| nkf3 = 60
5/ nqfl = 20
6| nkf2 = 20

nkf3 = 20

9| ephwrite =
10| fsthick
11| degaussw

13| eliashberg

.true. ! irreducible k-points

.true.

0.
0.

4 ! eV Fermi window thickness
1 ! eV smearing

.true.

Roxana Margine, Binghamton University - SUNY

N oo s W N e

© 0 N OO AW N e

—
=

epw.£90 file:

CALL elphon_shuffle_wrap ()

--> CALL ephwann_shuffle(nqc, xqc)

IF (eliashberg) THEN

CALL
ENDIF

eliashberg_eqs ()

--> CALL write_ephmat(iqq, iq, totq)

eliashberg.£90 file:

IF (.NOT. liso .AND. .NOT.

CALL
CALL
CALL
CALL
CALL
CALL

eliashberg_init ()
read_frequencies ()
read_eigenvalues ()
read_kqmap ()
read_ephmat ()
find_a2f ()

laniso) THEN

-->CALL evaluate_a2f_lambda ()

CALL
CALL
ENDIF

read_a2f ()
estimate_tc_gap ()
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Superconductivity Module in EPW: Workflow

1| mp_mesh_k = .true. ! irreducible k-points
2| nkfl = 60

3| nkf2 = 60

4| nkf3 = 60

5/ nqfl = 20

6| nkf2 = 20

7| nkf3 = 20

8

9| ephwrite = .true.

10| fsthick = 0.4 ! eV Fermi window thickness

11| degaussw = 0.1 ! eV smearing

12

13| eliashberg = .true.

14

15| laniso = .true.

16| limag = .true.

17| lpade = .true.

18

19| wscut = 1.0 ! eV Matsubara cutoff freq.
20| muc = 0.16 ! Coulomb parameter
21

22| temps = 10.0 20.0 ! K

24| conv_thr_iaxis = 1.0d-4

25| nsiter = 100

Roxana Margine, Binghamton University - SUNY

N o O s W N e

epw.£90 file:

CALL elphon_shuffle_wrap ()
--> CALL ephwann_shuffle (nqc,
--> CALL write_ephmat (iqq,

IF (eliashberg) THEN
CALL eliashberg_eqs ()
ENDIF

xqc)

iq,

totq)

eliashberg.£90 file

IF (laniso) THEN
CALL eliashberg_init ()
CALL read_frequencies ()
CALL read_eigenvalues ()
CALL read_kgmap ()
CALL read_ephmat ()
CALL find_a2f ()
-->CALL evaluate_a2f_lambda ()
CALL read_a2f ()
CALL estimate_tc_gap ()
IF (gap_edge > 0.d0) THEN
gap0 = gap_edge
ENDIF
CALL eliashberg_aniso_iaxis ()
ENDIF
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Superconductivity Module in EPW: Output Files

eliashberg = .true.

prefix.a2f

prefix.a2f_proj

prefix.lambda_k_pairs
prefix.lambda_FS
prefix.phdos
prefix.phdos_proj

Eliashberg spectral function as a function of frequency (meV) for
various smearings

columns 1 and 2 same as .a2f; remaining columns contain the mode-
resolved Eliashberg spectral functions corresponding to 1st smearing
in .a2f (no specific information on atomic species)

\lambda_nk distribution on FS

k-point Cartesian coords, n, E_nk-E_F[eV], \lambda_nk

Phonon DOS (same as .a2f)

Phonon DOS (same as .a2f_proj)

eliashberg = .true. and iverbosity = 2

prefix.lambda_aniso
prefix.lambda_pairs

prefix.lambda.frmsf

prefix.lambda_YY.cube

E_nk-E_F[eV], \lambda_nk, k, n

\1ambda_nk,mk+q distribution on FS

Same as *.lambda_FS for VESTA; YY = band index within Fermi window
Same as *.lambda_FS for FermiSurfer; all YY band indices

liso = .true., limag = .true., lpade = .true., and lacon = .true.

! XX = temperature
prefix.imag_iso_XX
prefix.pade_iso_XX
prefix.acon_iso_XX
prefix.qdos_XX

! w_jleV]l, Z_nk, \Delta_nk[eV]

! Re[\Delta_nk(0)][eV] distribution on FS

! Re[\Delta_nk(0)][eV] distribution on FS

! Quasiparticle DOS in the superconducting state

Roxana Margine, Binghamton University - SUNY
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Superconductivity Module in EPW: Output Files

laniso = .true., limag = .true., lpade = .true., and lacon = .true.

! XX = temperature
prefix.imag_aniso_XX
prefix.imag_aniso_gapO_XX
prefix.imag_aniso_gap_FS_XX

! w_jleV]l, E_nk-E_F[eV], Z_nk, \Delta_nk[eV]
! \Delta_nk (0) [meV] distribution on FS

! k-point Cartesian coords, band index within Fermi window,
! E_nk- E_F[eV], \Delta_nk(0)[eV]

! Re[\Delta_nk(0)][eV] distribution on FS

! Re[\Delta_nk(0)][eV] distribution on FS

! Quasiparticle DOS in the superconducting state

prefix.pade_aniso_gap0O_XX
prefix.acon_aniso_gapO_XX
prefix.qdos_XX

laniso = .true., limag = .true., lpade = .true., lacon = .true., and iverbosity= 2

! XX = temperature, YY = band index within the Fermi window
prefix.imag_aniso_gapO_XX_YY.cube ! Same as prefix.imag_aniso_gap FS_XX for VESTA plotting
prefix.imag_aniso_gapO_XX.frmsf ! Same as prefix.imag_aniso_gap_FS_XX for FermiSurfer plotting
prefix.pade_aniso_XX ! wl[eV], E_nk-E_F[eV], RE[Z_nk], Im[Z_nk], Re[\Delta_nk][eV],

! Im[\Delta_nk][eV]
prefix.acon_aniso_XX ! wleV], E_nk-E_F[eV], RE[Z_nk], Im[Z_nk], Re[\Delta_nk][eV],

! Im[\Delta_nk][eV]
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Additional Notes

e ephwrite requires uniform fine k or q grids and nkf1,nkf2,nkf3 to be multiple of nqf1,nqf2,nqf3
e ephmatXX, egnv, freq, and ikmap files need to be generated whenever k or q fine grid is changed

e wscut is ignored if the frequencies on the imaginary axis are given with nswi

e laniso/liso requires eliashberg

e lpade requires limag

e lacon requires limag and lpade

e muchem solve the anisotropic FBW ME eqgs. with variable chemical potential.

e gridsamp = O generates a uniform Matsubara frequency grid (default).

e gridsamp = 1 generates a sparse Matsubara frequency grid.

e Allen-Dynes T, can be used as a guide for defining the temperatures at which to evaluate the ME egs.
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Additional Notes

e imag read requires limag and laniso

e imag read allows the code to read from file the superconducting gap and renormalization function on the
imaginary axis at specific temperature XX from file .imag _aniso_XX. The temperature is specified as temps
= XX or temps(1) = XX.

e imag read can be used to: (1) solve the anisotropic ME eqgs. on the imag. axis at temperatures greater than
XX starting from the superconducting gap estimated at temperature XX; (2) solve the anisotropic ME egs. on
the real axis with Ipade or lacon starting from the imag axis solutions at temperature XX; (3) write to file the
superconducting gap on the FS in cube format at temperature XX for iverbosity = 2.
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