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Lecture Summary

Carrier transport

Quantum Boltzmann equation

Semiclassical linearized Boltzmann transport equation

Mobility in real materials
EPW in a nutshell
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Carrier transport
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Figure from S. M. Sze, Physics of Semiconductor Device, Wiley (2007)
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Carrier transport: experimental evidence
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Carrier transport: experimental evidence
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Carrier transport: experimental evidence
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Figure from S. M. Sze, Physics of Semiconductor Device, Wiley (2007)
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Carrier transport

Calculated evolution of the Fermi level of Si as a function of

temperature and impurity concentration.
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Carrier transport: experimental evidence
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Carrier transport: experimental evidence
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Quantum theory of mobility (Heisenberg picture)

Fermion current density

) eh? <
jl)=—— hm(szVl)G (1,2)
2m 2—

G<(1,2) = T )P,
o (1) =(rit1)

e 1 are field operators

to = —00 to t1
-o0— o O—>
non interacting interacting interacting
no perturbation no perturbation perturbation

e o )o

}Tr[ QH(%:*O")] a GS average over the non interacting system

o ()= %Tr ﬁH(tO)] an average over the interacting system
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Quantum theory of mobility (interaction representation)

Under an external field U(1) (perturbation), the H for EOM can be split into a
non-interacting and interacting H:

H(t) =H(t) + H (t)
_ B2 R
() = [Pt )| 592+ U0
() =2 [ el (000 )V (01— r2)de2) )

A(t) is an adiabatic factor.

to = —0 to 131
non interacting A—> interacting interacting
no perturbation (®) no perturbation perturbation
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Time-evolution operators (¢; > ty)

Interacting and non-interacting time-evolution operators:

N —i [t N
U(t1,t0) £T exp {J dt2H(t2)}
N —1 t1 N
UO(t1,t0) 2T exp {? dtzHO(tQ)]
to

The operators obey Schrédinger EOM:

ih@U(tl,to)

= H(t1)U(t1,to).
ot (t1)U(t1,0)

The scattering matrix time-propagate from non-interacting to interacting H:

N N . —1 t1 N7
S(tl,to) L Uo(to,tl)U(t1,tQ) = Texp |:?Z/ dto H (tg)].

to

G. D. Mahan, Many-Particle Physics, Springer (2000)
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Time-loop contour

(1) =U(ta,to)dh(r1to)
P(1)PT(2) =U(to, t1)d(r1t0)U (1, t2)9 T (rato) U (t2, t0)

t1 ta ty
-0 > -0 >
ta
ta
-0 S -00 —\
ty to t

The real time-loop allows to write the time-ordered Green's function in terms of its GS:

i o(T98% (191 (29))0
h 0(8%)0

_; rtt ,
SCY,t§) 2 TC exp {—Z/ " aCh (tc)]
h t[c);

G(1%,29) = —

J. Schwinger, J. Math. Phys. 2 407 (1961)

L. V. Keldysh, Sov. Phys. JETP 20, 1018 (1965)
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Dyson on time loop

To evaluate G we
e Taylor expansion to infinite order
SCC,t¢) £ T exp [F f:éc d§H (1)) =
V3o, ST i g [l e fle e H )R (). 1 (1)
e Use Wick's decomposition to factorized products of v into pairs of 1) in G

e Diagram pairs can be expressed as Feynman diagrams and summed to inf. order

The resulting is called Dyson's equation:

i afc + h—v2 - (10)}0(10,20) f/dBCE(IC,ZSC)G(BCJC) =6(19,29)

e X is the self-energy which contains the infinite series of distinct diagrams

e Dyson is useful if we can approximate X by its lowest orders (weak coupling)

F. J. Dyson, Phys. Rev. 75, 1736 (1949)

G. C. Wick, Phys. Rev. 80, 268 (1950)
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Dyson on ordinary time

Transform Dyson back on ordinary time line ¢ € [—00, 00| by using a 2 X 2 matrix form

2 ~ ~
[ihi + h—v% - U(l)} G(1,2) — /d32(1,3)%3G(3, 2) = 7348(1,2),
oty 2m

where 7; are Pauli matrices and

t 12 i
~ Gi(1,2) G=(1,2) -00 -00
G(1,2) = [G>(1, 2) GE(I,Q)} », 5
. -00 -0
G 0L2) = @B ’ "on

67 (1.2) =2 @)
G'(1,2) =0(t1 — t2)G~ (1,2) + 0(t2 — t1)G=(1,2)
GH(1,2) =0(t2 — t1)G™ (1,2) + 0(t1 — t2)G<(1,2)
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Self-energies

The self-energies are expanded to second-order:

- $H1,2)  £<(1,2)
2(1,2) = {2>(1,2) 25(1,2)}

$H(1,2) =SHF(1,2) + 0(te — 61)27 (1, 2)+0(t1 — t2)2<(1,2)
$H(1,2) = — SHF(1,2) 4+ 0(t; — t2)S7 (1, 2)+6(t2 — £1)5<(1,2)

$<>(1,2) =(ih)? /d3/d4\7(1 —-3)V(2-4) [G<’>(1,4)G>’<(4,3)G<*>(3,2)
- G<’> (17 2)G<7> (31 4)G>’<(47 3)] )
V(1 —2) =6(t1 — t2)V(r1 — r2) is the 2-body interaction that could contain el-ph.

HF is the diagonal first-order of the self-energy 3(1,2) = 73 SHF

»HF — _5(1, 2)/d3\7(1 —3)ihG=(3,3) + V(1 — 2)ihG<(1,2).
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Keldysh rotation

The component of G are not linearly independent:

~ = == [GR(1,2) GE(1,2)
GK(1,2)_L73GLT_[ 0 }

GA(1,2)
where the rotation matrix is
AL L
T2 1)
where the retarded, advanced and Keldysh Green's function are

G (1,2) =0(t1 — t2)[G™(1,2) — G=<(1,2)]
GA(1,2) = — 0(t2 — £1)[G”(1,2) — G<(1,2)]
G¥(1,2) =G~ (1,2) + G<(1,2).

same for X

J. Rammer and H. Smith, Rev. Mod. Phys. 58, 323 (1986)
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First-order gradient expansion

Wigner center-of-mass representation:

G(k(.u7 r12t12) :/dgf‘lgdt_lgG(l, 2)6_i(kf12_wZ12),
where ri2 = (I‘l +I‘2)/2, t12 = (tl +t2)/2, T12 =11 —rg2 and {12 = t1 — ta.

Dyson’s equation

[G(Tl (kw, I‘12t12)i—iK(kw, r12t12)] * G’K(kw,rmtm) =1

; h2k2 .
Gyt (kw, Tiat1) =hw — o Ul(ri2ti2) + non-interacting GF
ih
DxFE=DFE + %L + (’)(h2) < phase-space product

_ODOE 0ODOE 9DOE 0D OE

= + — < Poisson bracket
or ok ot dw ok Or Ow Ot

H. Groenewold, Physica 12, 405 (1946)
J. E. Moyal, Math. Proc. Cam. Philo. Soc. 45, 99124 (1949)
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Coupled equation of motion

We use Wigner representation for the first-order gradient expansion approximation:
ih
DxE =~ DE + E{D’E}

Valid for system where the microscopic space and time length scale are much smaller
than the macroscopic inhomogeneities of the system.

The [1,1] and [1,2] components of the Dyson equation gives

—1
GR =[G61 _ ER}
C={Gyt —R2R, G} — (=<, ®wnf},

where C' is the collision matrix:

1
C= %(G>Z< - G<x%”),

T. Kita, Progress of Theoretical Physics 123, 581 (2010)
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Quantum transport equations

-1
GR :[Gal _ ER}
C={Gy" —R2R, G} - {=<,®wnf)

1
c :;(G>E< -G<x”)
v

The Schwinger-Keldysh closed real-time formalism can deal with arbitrary
time-dependent Hamiltonian in out-of equilibrium system while working at finite
temperature through state averaging.

Approximations:
e We assume that we can adiabatically turn on the interaction

o Negligible second-order terms in the gradient expansion

T. Kita, Progress of Theoretical Physics 123, 581 (2010)
Poncé, Lecture May 1 21/61



Semiclassical Boltzmann formalism

Approximation:

e Weak-coupling limit X% =0

-1
{Go' —muf G} — (<, ®uf} =C
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Semiclassical Boltzmann formalism

Approximation:

e Weak-coupling limit X% =0

GR =Gf}
(Gyh.asy=C
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Semiclassical Boltzmann formalism

Approximation:

e Weak-coupling limit X% =0

k2
GR(kw, I'12t12) = [w - — — U(l‘12t12)]
2m

0G<

9G< QU 9G< 9U 9G<
ot N

or + ot Ow or ok

k
m
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Semiclassical Boltzmann formalism

Approximation:

e Weak-coupling limit =% =0

k2 -1
G (kw,r12t12) :[w - = U(l‘12t12)]
2m
0G<+E 8G<+07U0G<707U aG<
at  m  or ot dw  Ir Ok
We define the semiclassical distribution function f:
—ih dw
k,riotin) = —— [ —G<(kw,ri2t
f(k,riat12) @i | 2 (kw, r12t12)

which gives
of [k of oU of

ot m  Or or Ok

where I = [ Cdw/27 is the collision integral.
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Semiclassical Boltzmann formalism

o1 [k 9f _oU of _,

ot m Or or Ok
The semiclassical approximation does not stem from [ w but from the weak-coupling

approximation which allows a frequency independent function f to fulfill the
quantum EOM.

Without the weak-coupling approximation, one cannot find a closed equation for f.
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BTE in a crystal

Approximations:
e Homogeneous field (independent of r)

e Direct current regime (independent of t)

_9U Ofnk _
aor nok "k
afnk
_¢E = I
Fhox Tk
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Collision integral

I=/de/27r

1
c :g(c>z< —G<%7)

We use the local approximation of neglecting the space-time derivatives and obtain:

2
I = %Z

b omuy

dq 2
[ o lgmn (e, @)1 [fasc(l = Frker @) (Ensc = Emicia + g )nas
BZ

+ k(1 = fink+q)d(Enk — Emk+q — hwqe)(1 + nqu)

—(1 = fok)fmk+q%(Enk — €mkiq — hwqu)nqu]
fmk+q fmk+a

Fui Wav

Jk Jnk

fmk+q Woqv fmkta Woqu
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The electron-phonon matrix element

Variation of the Kohn-Sham potential

I

gmn,u(ka q) = <umk+q|Aquv|unk>

>~

Lattice-periodic part of wavefunction

Incommensurate modulation

|

Aql/‘/ = Znape_iq'(r_Rp) h 9 ‘/SCF (I‘)

m Ena,l/ (q) Tw

Zero-point amplitude

x Atom in the unit cell
« Cartesian direction
p Unit cell in the equivalent supercell Phonon polarization

Displacement of a single ion
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Linearized Boltzmann transport equation

We take the derivative wrt electric field

1s] |: E. 8fnk:| _ dlnk
0

oE; < hok = 9B,
- - 8 0
o |:6E . dfnk:| nk Unk,B
OEg hok |g—o 86 ’
OI,L 27r
OF K —r Thk aEﬁfnk Z/ |gmno (k, Q)| 5(A5 +Uﬁqu)
mvrvo

X[(l+J)/2*Uf2k+nqu}aEﬁfmk+q
27
e _omeR =20 Z/—\gmnu(k q)?

mvo

x[(14+0)/2— af?nk+q +nqv]d(Aey’q — ohwqy),

where o + 1 for phonon absorption/emission and Aa{(’fg = €nk — Emk+q-

27/61
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Linearized Boltzmann transport equation

8f2 27T7—nk dq
367; Unle, Tk + h Z /Tm|gmnv(k7 q)|2§(AEQZ+UquV)

Opgfnk =€
mvo

x[(1+0)/2 — o fox + naqvlO, frkiq

r2
Current density: (1) = ~ " lim (V2 — V1)G<(1,2)
2m 21

eh [ d(hk)3

2 J (2mh)3

dry
— (1
V]()

e 1 .
= 75 zn: QiBZ /dkfnk'unk,a:

Macro current: Jo =

The electron drift mobility is:

pd Te,af _ oJ
eaf Ne BE@

—1 /dk . )
= —Unk,a0E; fnk
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Self energy relaxation time approximation (SERTA)

We can approximate IBTE by neglecting 0p,fmk+q

af°
k
8E3fn/k =e Unk,BTnk
0
‘ €nk

The intrinsic electron mobility is therefore:

DEEDY / dK Vo O, fric) Y / dk 1,

neCB neCB

= —_— v v T
neQ 5 /QBZ 85nk nk,a Unk,3 Tnk
neCB
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Intrinsic carrier mobility

and hole mobility in silicon (EPW)

10* 4

B
Ok

103 4
] OLEN

Mobility (cm?/Vs)

102 L) T T T T L) T T T T L L
100 200 300 400 500
Temperature (K)

S. Poncé et al., Physical Review B 97, 121201 (2018)
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Electron mobility in GaAs using IBTE and SERTA (dashed)
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Spectral decomposition in MAPbI;3

. m
7 ] d

ACS Energy Letters 4, 456 (2019)
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Mobility in MAPbI3

T
ocreméx Exp.
——o—— Theory
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Q l’“\\
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What is EPW?

Electron-phonon Wannier (EPW) is a free GPL Fortran software, part
of QE, that relies on MLWF to interpolate electron-phonon matrix

elements.
Cranp(Q)
Hic Real space
gmn,u(k7 q)
MLWF MLWF
Coarse k/q mesh Dense k/q mesh
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What can EPW do for you

‘BP

e Interpolate el-ph matrix element on ultra dense momentum
grids

e Compute electron and phonon linewidths, scattering rates &
lifetimes

e Electron and phonon spectral functions

e Electron-phonon coupling strength

e Superconducting properties

e Transport properties (mobility & resistivity)
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Recent EPW developments

Fully integrated into QE

64

e Optimization & scalability
e Stability: Buildbot test-farm
e SOC and USPP support 16 !
e Transport module E
4

[ ] http://epw.org.uk

http: //epwforum.uk
a‘] Pi//ep b0 480 960 1920 3840 7680 15360

V https://gitlab.com /QEF /q-e number CPUs

CsPbls on MareNostrum 4

Comput. Phys. Commun. 209, 116 (2016)
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Structure of the code

sponce@mauve :
bin epw.md
Makefile

“/program/q-e/EPW$ 1s
examples Ford License
README src tests

Poncé, Lecture May 1
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Structure of the code

sponce@mauve :~/program/q-e/EPW$ 1s
bin epw.md examples Ford License
Makefile README src tests

e bin: Contains the epw.x soft link to the EPW executable.
e examples: Contains examples from the tutorials on [Link]
e Ford: Automatic documentation [Link]

e src: Contains all the EPW source files

e tests: Deprecated — replaced by q-e/test-suite/epw_*
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http://epw.org.uk/Documentation/Tutorial
http://epw.org.uk/uploads/Ford2/

Poncé,

Structure of the code

The epw.£90 file:

CALL
CALL
CALL
CALL
CALL
CALL
CALL

epw_readin
allocate_epwq
epw_setup

wann_run ()
elphon_shuffle_wrap ()
deallocate_epw
close_epw ()

Lecture May 1
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Structure of the code

The epw.£90 file:

1| CALL epw_readin

2] CALL allocate_epwq

3l CALL epw_setup

4/ CALL wann_run() <--

5| CALL elphon_shuffle_wrap ()
¢/ CALL deallocate_epw

7| CALL close_epw ()

Restart option:

e wannierize = .false.
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Structure of the code

The wannierize.£90 file:

! write the short input file for the wannier90 code
CALL write_winfil

! run the wannier90 code to create MLWFs

CALL pw2wan90epw

--> CALL setup_nnkp

--> CALL ylm_expansion

--> CALL compute_amn_para

--> CALL compute_mmn_para

W NG W N

Files created:

Il prefix.win ! w90 input file

2| prefix.wout ! w90 output file

3| prefix.nnkp ! Contains initial projections and the nearest
neighbors of each k-points to compute M_mn(k,b) matrix
elements

4| prefix.ukk ! Contains rotation matrix U(k) for interpolation

5| prefix.bvec ! Contains next k-points if vme (wannier > v3)

6| prefix.mmn ! Contains the overlap matrix

Poncé, Lecture May 1
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Structure of the code

The epw.£90 file:

1| CALL epw_readin

2] CALL allocate_epwq

3l CALL epw_setup

4/ CALL wann_run ()

s CALL elphon_shuffle_wrap() <--
¢/ CALL deallocate_epw

7| CALL close_epw ()

Restart option:
e kmaps = .false.
e epbuwrite = .false.

e epbread = .true.
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Structure of the code

The elphon_shuffle wrap.£f90 file:

-

! compute coarse grid dipole matrix elements.
CALL compute_pmn_para

N

~

Do = i[H, 4] with matrix elements:

Umnkk/a = <wmk’ ‘@a’¢nk> = <¢mk’ ‘ﬁa + i[VNLa foz] ’¢nk>7

where po, = —1V,, is the momentum operator. In the local
approximation we neglect Vi,

f)mnk == kémn + Z ka(G)*an(G)G.
G

New: vme == .true.
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Structure of the code

The elphon_shuffle wrap.£f90 file:

! compute coarse grid dipole matrix elements.
CALL compute_pmn_para

CALL createkmap_pw2(xk_all,nkstot, xq0)

CALL createkmap ( xq )

AW N =

Files created:

1| prefix.kmap ! Store the index of k+q on the coarse k-grid.
2| prefix.kgmap ! G-vectors needed to fold the k+q grid into the
k grid
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Structure of the code

The elphon_shuffle wrap.£f90 file:

AW N e

®w ~N o o

compute coarse grid dipole matrix elements.

CALL compute_pmn_para
CALL createkmap_pw2(xk_all,nkstot, xq0)
CALL createkmap ( xq )

Find crystal symmetry
Find symmetry for the specific g-point
true., sym_smallq )

isym, xq0, .false. )

10| CALL rotate_epmat ( czl, cz2, xq, ngc, lwin,

CALL find_sym ( nat, tau, ityp, .false., m_loc )
CALL star_q2(xq, at, bg, nsym, s, invs, nq, sxq, isq,

9| CALL elphon_shuffle ( iq_irr, nqc_irr, nqc, gmapsym,

lwing )

img,

eigv,
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Unfolding from the IBZ to full BZ

L e a1) O Vo (1) [ (1))

Imn,v (k, q) =
2wqy

- \/21Wj {<¢mk+q(r>}aqvvd(r”wnk(r»

+ ) (micrq(r) [k + q + G(r))
GG’

< (et @+ Gn)| 0V 1)k + G(1) (e + G () [t (r))
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Unfolding from the IBZ to full BZ

g (, ) = —— | (Vintcr.50({S1}1) |0 V() | (S1V 1))
+ D (Ymirsq({SIVIr)[k + Sa+ G({S|v}r))
GG’

x (S 'k + q+ G(r)|0q, V()| S 'k + G'(r))
x (k+ G/({SvIn) [ {SIvIr)) |
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Unfolding from the IBZ to full BZ

Imn,v (k, Sq) =

[<¢mk+8q({5\v}r) |0 VE (1) [k ({S v 1))

1

+ > (mirsa({SIVID) |k + Sa + G({S|v}r)
GG’

x (S 'k + q+ G(r)|0q, V()| S 'k + G'(r))
x (k+ G'({S|v}r)|[tnk( {S\v}r)ﬂ

G (K, ~S) = JJT [(Ymic-sa{SVI)| (90 V@) i {SIV D)
+ 3" (Wmk—sq({SIv}r) [k — Sq + G({S|v}r))

GG’
x (S 'k —q+ G(r)|0_q V" (1)|S 'k + G(r))

x (k+ G/ ({S\V}r)wnk({s\v}r)ﬂ
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W N OO A W N

10
11

Structure of the code

The elphon_shuffle wrap.£f90 file:

! compute coarse grid dipole matrix elements.

CALL compute_pmn_para

CALL createkmap_pw2(xk_all,nkstot, xq0)

CALL createkmap ( xq )

! Find crystal symmetry

CALL find_sym ( nat, tau, ityp, .false., m_loc )

! Find symmetry for the specific gq-point

CALL star_q2(xq, at, bg, nsym, s, invs, nq, sxq, isq,
true., sym_smallq )

CALL elphon_shuffle ( iq_irr, nqc_irr, nqc, gmapsym,
isym, xq0, .false. )

CALL rotate_epmat ( czl, cz2, xq, nqc, lwin, lwing )

CALL ephwann_shuffle ( nqc, xqc ) <--

img,

eigv,

Files created:

1| prefix.epbX ! Contains unfolded matrix elements
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Structure of the code

The epw.£90 file:

1| CALL epw_readin

2] CALL allocate_epwq

3l CALL epw_setup

4| CALL wann_run ()

5| CALL elphon_shuffle_wrap ()

5| ==> CALL ephwann_shuffle ( nqc, xqc ) <--
7| CALL deallocate_epw

sl CALL close_epw ()

Restart option:
e epwwrite = .false.

e cpwread = .true.
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Structure of the code

The ephwann_shuffle.f90 file:

CALL
CALL
CALL
CALL
CALL

CALL

loadumat
hambloch2wan (...
dmebloch2wan (...
dynbloch2wan (..
ephbloch2wane (.
and Bloch ph

ephbloch2wanp (. ..
el and Wannier ph

Rotation matrix

Hamiltonian

Dipole

Dynamical matrix

Bloch el and Bloch ph -> Wannier el

Wannier el and Bloch ph -> Wannier

Files created (used for restart):

prefix.epmatwel
prefix.epmatwpl

dmedata.fmt

Deleted when the run is finished
Contains matrix element in real space

Formatted dipole (for velocities)

!
!

crystal.fmt ! Formatted crystal information
!
!

epwdata.fmt
function,

Formatted eigenenergies, zstar, dielectric
real -space Ham+dyn
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From coarse Bloch space to localized real space

The Hamiltonian CALL hambloch2wan(...)

1
mn(R R ) F Z 7Zk (R RP)U:nm/ ka’n’kUnn’,k

m/n'k
The Dynamical matrix CALL dynbloch2wan(...)

/ 1 —iq-(R,-R,/) &
Dmnna(Rp’_Rp/) = ﬁ Z € a ( p P )ena,y(q)Duna (Q)em,u(Q)
p qv

Np, N,y are the number of BvK supercells for el and ph.

F. Giustino et al., Phys. Rev. B 76, 165108 (2007)

Poncé, Lecture May 1 48/61



From coarse Bloch space to localized real space

Files created:

1| decay .H ! Real-space decay of the Hamiltonian
2| decay.dynmat ! Real-space decay of the dynamical matrix
1 2
— =
[7) E
= 08+t g
= &
2 06 —
< z
= 047} E
T g
L o2}
ok ‘
0 2 4

F. Giustino et al., Phys. Rev. B 76, 165108 (2007)
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From coarse Bloch space to localized real space

Files created:

1| decay .H ! Real-space decay of the Hamiltonian
2| decay.dynmat ! Real-space decay of the dynamical matrix
1 2
P =
2] S
£ 08 g
> &
£ 06F =
< T
= 04} =
T g
8 o2t
0k

0 2 4 6 8 10 12
o !
R@A) =Ry, — R

F. Giustino et al., Phys. Rev. B 76, 165108 (2007)

Poncé, Lecture May 1 49/61



From coarse Bloch space to localized real space

The electron-phonon matrix element

1 2Mywav —i(kR,+q R,
gomio Ry, Ryy) = kz e
7q

X Z 6:a,u(q)U:nm/,k+qgm’71,’1/(kv q)Un’nk

m/n'v

on the coarse grids (prefix.epbX files)

N,, Ny are the number of BvK supercells for el and ph.

F. Giustino, Rev. Mod. Phys. 89, 1 (2017)
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From coarse Bloch space to localized real space

1 Z 2Mwqy o~ ik Rp+q R,
- N,N, h
pb-'p k,q

X Z 67;a,1/(q)Ug@m/,k+qgm’n’y(k7 q)Un’nk

m/n'v

CALL ephbloch2wane(...)

1 ik

Inmy (va OI) = xr € iRy U;r@m/ k+qdm'n'v (k Q) Un’nk

N, k+q
k m'n’

CALL ephbloch2wanp(...)

1 2Mywqr _iaR., «
N, ; Ve Zy:em,u(q)gmm(Rp’q)

F. Giustino, Rev. Mod. Phys. 89, 1 (2017)
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From coarse Bloch space to localized real space

Files created:

1| decay.epwane ! Real-space decay of the electronic part
of the el-ph
2| decay.epmat_wanep ! Real-space decay of the el-ph

- \ z o ~ electrons
z
2 \ R
S 08 \\ s \J
g \ e 2 L,,’\
806} =3 Vi
\ s, u.“
= \ c -
B 0.4 \ 5 s
o2 \ 2 702 4 6 8 1019
= (@) \ R (A)
) % aa a.
1 =
- 1 g 0p—e phonons
\ z
2 \ E \
5 08 | og Ll e
g | & e
g 06 I Z s W .
: | a . . .i.
z 04 E .
S 02 2 02 4 6 8 10 19
= (b) \ R (A)
o |
0 2 4 6 8 10 12

R (A)
F. Giustino et al., Phys. Rev. B 76, 165108 (2007)
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Structure of the code

The ephwann_shuffle.f90 file

CALL dynwan2bloch(...)
CALL ephwan2blochp(...)

! Dynamical matrix

! Wannier el and Wannier ph ->

Wannier el and Bloch ph

CALL hamwan2bloch(...)
CALL dmewan2bloch(...)
CALL ephwan2bloch(...)

and Bloch ph

IF (prtgkk ) CALL
IF (phonselfen ) CALL
IF (elecselfen ) CALL
IF (plselfen ) CALL
IF (nest_fn ) CALL
IF (specfun_el ) CALL
IF (specfun_ph ) CALL
IF (specfun_pl ) CALL
IF (scattering) CALL
IF (.not.

! Hamiltonian
! Dipole

! Wannier el and Bloch ph -> Bloch el

print_gkk( iq )
selfen_phon_q( iq )
selfen_elec_q( iq,
selfen_pl_q( iq )
nesting_fn_q( iq )
spectral_func_q( iq )
spectral_func_ph( iq )
spectral_func_pl_q( iq )
scattering_rate_q( ... )
iterative_bte) CALL transport_coeffs

first_cycle )

(ef0,efchb)
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Fan-Migdal electron self-energy

Fan-Migdal self-energy using Kohn-Sham states and DFPT phonons

dq
2'rLk h Z/ ’gmnu k q)|

x[ - fmk+q(T) + an(T) T fmk+q(T) + an(T)
W—Emktq/h —Wq + 11 w—emkiq/h+ wqy + i1
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Fan-Migdal electron self-energy

Fan-Migdal self-energy using Kohn-Sham states and DFPT phonons

Summation over all phonon
branches and wavevectors

dq Extension to
Znk hZ/ |G (K, @)*

finite temperature

. [1 ~fuisa(T) + (D) mcralT) + nqy(D)
W_Emk+q/h — Wqv + i W_gmk-i-Q/h + wqy + in

Dynamical structure on the scale

of the phonon energy
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Fan-Migdal phonon self-energy

’2 fnk( ) fmk+Q(T)

Enk — Emk+q — W — i6

gy (w, QZ BZQ lgmnu(
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Input variables:

Structure of the code

specfun.elself
specfun_sup.else
specfun.phon
specfun_sup.phon

~N oA W N

1f !

1| elecselfen o BIE o scattering = .true.

2l nest_£fn = .true. scattering_serta = .true.

3| phonselfen = .true. int_mob = .true.

4| a2f = .true. carrier = .true.

5 ncarrier = 1E13

6| specfun_el = .true. nstemp = 3

7| wmin_specfun = -4 tempsmin = 100

8| wmax_specfun = 1 tempsmax = 500

9| nw_specfun = 20
Files created:
linewidth.phself ! Im electron self-energy = linewidths
lambda.phself ! Lambda phonon self-energy
linewidth.elself ! Im electron self-energy = linewidths

Electron spectral function

Supporting file for spectral function
Phonon spectral function

Supporting file for spectral function
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Polar divergence

Input variables:

1| lpolar = .true. ‘

In polar materials, gmn,. (k,q)diverge as 1/|q| for |q] — O
Split the electron-phonon matrix elements into a short- (S) and a
long-range (£) contribution:

gmm”(kv q) = gfln,u (k7 Q) + er£rL71,y(k7 Q)

h 1/2
qv

(a+ G e en,u(Q) i(q+G)-(r—7x)
" G;q (a+G)-e* (q+G) (Prmcrale )

S. Poncé et al., J. Chem. Phys. 143, 102813 (2015)

C. Verdi and F. Giustino, Phys. Rev. Lett. 115, 176401 (2015)
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Polar divergence

Wannier interpolation of the electron-phonon matrix elements for
anatase TiOy

700 F
600 f
500 f
400 f
300 F
200
100

|9q (meV)

T~ L

Z r X P N r

C. Verdi and F. Giustino, Phys. Rev. Lett. 115, 176401 (2015)
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Crystal acoustic sum rule

Input variables:

1| 1lifc = .true.

2| asr_typ = ’simple’ ! freq. at Gamma for 3 acoustic
modes = 0

3l asr_typ = ’crystal’ ! Lagrangian approach

Requires to run gq2r.x and to copy the prefix.fc file into
save/ifc.q2r before EPW calculation

N. Mingo et al., Phys. Rev. B 77, 033418 (2008)
N. Mounet, PhD thesis, MIT (2005) [1ink]
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Miscellaneous

Input variables:

1| £fsthick = 1.0 ! eV ! Windows around the Fermi level.
Some properties requires large values
2| eptemp =1 ' K ! Temperature at which the

calculation is performed. Not to be confused with
tempsmin\max which is used for mobility and supersedes

eptemp

3| degaussw = 0.01 ! eV ! Gaussian broadening for the delta
functions. Should be small

4| degaussq = 0.05 ! meV ! Gaussian broadening for the \

lambda and a2f phonons

Convergence must be made for:

nkl,nk2,nk3

nql,nq2,nq3
nkfl,nkf2,nkf3 or filkf
nqfl,nqf2,nqf3 or filqf
ecut

fsthick

o A W N
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