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Quick Repetition on Thermodynamics:



Definition 9.31 We define the heat capacity of a system in the canonical ensemble as derivative

as

G =T (5

) (T) (9.44)
V.N

Lemma 9.32 The following identities are immediate

« Cy N(T) =0, (H)y, n(T)
e« CyN(T)=-=T(0:F)(N.T.V) (9.45)

o Gy = ke ((H)y (T = (HY (1)) = kB2 ((H = CHD?) 1 20



7
v
)

<H>V (w, T)




Definition 9.31 We define the heat capacity of a system in the canonical ensemble as derivative

as

Cyn@) =T (a_T

) (1) (9.44)
V.N

Lemma 9.32 The following identities are immediate

* Cy n(T) = 0p(H )y y(T)
«  Cyn(T)=-T(0:F)(N.T.V)

(9.45)
o CNT) =k’ (<H2>N_V(T) - <H>.i.y<T>) = kef* ((H — (H))*) , + 20
Corollary 9.38 Computing the specific heat capacity in the grand canonical ensemble one finds
vl r(H) 9.53)

= (0(H)) (T, V), T, V) + (9,(H)) (W(T, V), T.V)- (dpu) (N,V,T)

whereas the particle number N is kept constant.



Quick Repetition on Material-Theory:

- Crystal with ...
volume V
number of cells N_p
r atoms in the unit-cell
temperature T

a ==t
N

- Born-Oppenheimer-Approximation (...)

- Mean Field Approximation ( . ) (“reliable” for “many” observables & materials)



Notation 20.19 Within usual approximations, we describe the union of two non-interacting gases

. Y
B+ Bys Y egpihtat Y Wbt (20.26)
keQ qeQ
ce{1.l) ve{l,...rd}
me(l,....00)

Tr, A e~ P(Ha=uNg+Hy) Ty A e~ P(Hy=uNy+Hy)

(4) = H = A ® Hy

Tr ” e_p(l’\'l_}‘N(‘v*’th) - Z

Fact 20.20 The expectation-value of the total internal energy can be computed as

(H)o= (Hg)o + (Hpo
= Z €mka F[}(emko - ”) * Z gz»(q) Bl}(Q;(Q)) (2027)
keQ q€Q
ce(1.l} ve(l....rd )

X

Sommerfeld-Approximation (1928 (?!)) + Low-Temperature Analysis of lons:

1
C’V,N,molar(T‘) = ; . CV,N(T) XY T3 A » T3



Quick repetition on Green-Functions



System (,,Cartoon*): Observable(s):

e Any arbitrary Crystal: e Electronic Density of States / Band-Structure:

Pu(@) = . Imlim G (w +ie)  (10.12)
T €0 gk

e Magnetization®:

] / (M) x # keq  Gan(@) = G u(@) (10.13)
ne(l.2....) kk kk
‘ € (=00, 40) 1T Ll

Electronic / Phononic Heat Capacity:

C(T) = d;(H) = "sum of Green-functions"’
(10.14)

e Superconductor: Order Parameter® (in Eliashberg-Theory):

ARy« n (k) (10.15)

Gul:ko\'

Kubo-Formula:

e An arbitrary observable A of a System sub-
jected to a ,,weak‘* Perturbation H':

111 Vi@)=H"-ek)

(A)(1) = (A)(t = —oo)+] dr' G™ (t,1)+O(H')?

AH'




Equilibrium Statistical Physics Quantum Many Body Physics

Canonical

Y

Quantization Quantization

- Density Matrices
von Neumann Equation
- Fundamental Postulate of Statistical Physics

Massless Massive
| Particles Particles
Microcanonical Ensemble
. Photons | |Ph0n0n8| |Fermions| | Bosons |

| Canonical Ensemble |

! | |

- Fock-Space with Occupation-Number Basis

A - Operators as Polynomial Expressions of Creation- and
| Grand Canonical Ensemblel Annhilation-Operators
—>| Combine i~
l Difficult s
lFinite Temperature Expectation-Values l— — — — — — »Observable Quantities for Systems
close to Thermodynamic Equilibrium

Diagram-Techniques, Easy
Lehmann-Identities

Green-Functions with Lifsaai Re-expressing arbitrary, Finite
- (imaginary) time domain T —>| Temperature Expectation-Values
Combinations

- (Matsubara-) frequencies domain through Green-Functions




Definition 7.26 We introduce the statistical occupation-numbers as set
R {0, 1} for{ = -1,
J {0,1,2, ...,00} for¢ =+l.

Notation 8.1 When we speak about "Green-functions” (to be introduced later), we consider one of the following
Hilbert-spaces:

Ny # =74_, =spanc{

1
v
|

d
=1
dy
J=1

2) & =,, =span {

(3) H =, ®Hu (massive-massless-mixtures),
@) A =H .00 Hy @Ay (massive-massless-massless-mixtures),
5 H = .)?‘,’"I)O ® H#, .0 ® ;o (massive-massive-massless-mixtures),

Definition 8.3 We introduce the so-called ensemble Hamiltonian = as

H for n = 0 (massless particles),
H - uN for n = 1 (massive particles),

(1
I

H,.o—UN, .o+ H,_,+V, for massive-massless-mixtures,

n
t\ .
(cj) | vac.) = |ny, ny, ... ,ny) I Ny My, .o Ny € N;} (massless particles),

1
"l - -
' (c}) |vac.) = |ny.ny, ... ny ) I"|~"2~ sy, € N{} (massive particles),
\Vn
;1

(8.2)



12.2. Pure One-Body Green-Functions without Periodicity

Definition 12.5 We consider X =¢_ and X' = cu for multi-indices A = (a,1) € & X R, with
1 1 -
Icu,ca,]: = Oy ot S(c,) =S(c,) =¢.
Then we write for the real-time-one-body-Green-function®, the lesser, greater, anti-time-ordered, retarded and

advanced Green’s-functions in their various shapes as expectation-value

*G(A,A)=G"" (A, A) =G"(A, A) = -é (T, e,k (),

. G* (A A)=G*(A A) = —-;;C (c;,(t')ca(t» :
. G (A A) =G (A A) = -% (e (el (1),
- N — T, TN L= N RIS
. G (A, A) = G (A,A) = _ﬁ (T,La(l)ta,(f )) <
: G™(A, A") = =0 = ) ([, 0. L] ).
. (A, A") = +00' 1) <[c,,(t). cZ,(!')L,).

with time-ordering-operator and ensemble-Heisenberg-time-evolution as usual.



Green's Chart

Fourier

ga,u’ (iw,,) <

G

A A 4
Analytic- Wick-
Continuation Rotation
- Leh T Fourier Y
et z ehmann- - [ AT

Go(w +i€) Identity »G e, W) »Goo(t)
Y Fourier
- G;,a’(w) % G;,a’(t)
Fluctuation-|
»Dissipation- Definition
Theorem - Fourier
Gg,a’ (w) > GZ,Q' (t)
" Q
Ceh T Fouri 3
| Lehmann- | AT ourier T
Identity 2 Gaf(,f(w) »G (1)
Fourier NP (t)
a,a’
N Fourier
G*Y (w — ie > Ga‘fY,(t)

holds for

- non-interacting systems

AND for

- interacting systems!



Lemma 14.13 For a given chemical potential x4, we can compute the average number of particles as

(N) = =1 lim$ ny(E) Im G(E + ie)

T e—=0 a€ o

E € (=co,400)

Proof 26.45 of Lemma 14.13

We re-express the average particle number as lesser Green-functions and then use the fluctuation-dissipation-
theorem

(NY= D (cle,)

aE S

=2y 6 (=0

i 5

a€ o

] G (26.77)

__C% Qo a.a( )
E € (~00,4+00)

_ __1 . ¢ ret .
= !,T)# s nﬂ(E) Im GM(E +15)

E € (~00,4)



Notation 21.1 We consider the interacting system that is described by the Hamiltonian from Definition 8.28 as

T T gmnv(k9 q) T
H= Y eulhtmet Xy hog bl by + Y 2Tl (bqv+b“_ qv> 21.1)

keQ qeQ kqeQ VNP

ce{nl} V€ {1iirdy} ce{1.l}
me{l,...,00} vell,...rdy}



Notation 21.1 We consider the interacting system that is described by the Hamiltonian from Definition 8.28 as

T gmnv(k’q)
H= Y ulhotmet 3 hogbiby+ Y 2L (bqv+biqv) 21.1)

keQ qeqQ kqeQ Nl)
ce{nl} ve(l,...rdy} ce{l}
me{l,...,00} vell,...rdy}

Theorem 18.3 The electronic self-energy of this system reads can be approximated

< 'k. nne' v’ k' B(Q‘( ))+F(h 11) B(Q»( ))+1—F(-: lll)
sz'k(i("") — 6k,k'5 Z gmm.( q)g v ( q) [ q [ €q+k1; + [ q Froq+kny

kK ' : > .
mm' qeQ Np lhwn = Sq+kny + Q;(q) 1hw" - §q+knp - Q»(q)
up’ ne(l.2....}

ve(l2,... rd.}



Notation 21.1 We consider the interacting system that is described by the Hamiltonian from Definition 8.28 as

T gmnv(k’q)
H= Y ulhotmet 3 hogbiby+ Y 2L (bqv+biqv) 21.1)

keQ qeqQ kqeQ Nl)
ce{nl} ve(l,...rdy} ce{l}
me{l,...,00} vell,...rdy}

Theorem 18.3 The electronic self-energy of this system reads can be approximated

(K D8, (. @) [Bo(R,(@) + FylGguin,)  By(Q,(@) + 1 = Fy(Equnn)
ZEQ‘:;k(i(l)") - 6klk'5“‘"' Z &y Qg q [ ‘ [ q- b €q+lu; + ﬂ. q S S qkny
: N lh(l)" - gq+kny .y Q\,(q) lha}n - éq-l-knp - Q»(‘])

m.m' qeQ P
up’ ne(l.2....}
ve(l2,... rd.}

{é’m.m’(i(‘)n‘ k) =— C : 1
aa’ h 1w, = (H().a(k) + Za(k’ 10)") - I'l) /h m.m'



Notation 21.1 We consider the interacting system that is described by the Hamiltonian from Definition 8.28 as

T T gmnv(k9 q) T
H= Y eulhtmet Xy hog bl by + Y 2Tl (bqv+b“_ qv> 21.1)

keQ qeQ kqeQ VNP

ce{nl} V€ {1iirdy} ce{1.l}
me{l,...,00} vell,...rdy}



Notation 21.1 We consider the interacting system that is described by the Hamiltonian from Definition 8.28 as

x + gmnv(k’q) ¥
H= Y enthlmet Y hogbibu+ Y 2 (bqv+b‘qu) 21.1)

keQ qeqQ kqeQ NP
ce{nl} V€ {1iirdy} ce{1.l}
me{l,...,00} vell,...rdy}

-1 .. .
(N> = Z ("mka) = ]_"n$ keQ F,;(E) Im G,:S,,(E + lb)
KEQ T o=0 ) ce(tl) a.0
ce{1.l) mefl,....c0) kk
me(l,....00) E €(~c0,+00)



Notation 21.1 We consider the interacting system that is described by the Hamiltonian from Definition 8.28 as

-‘« gmnv(k’q)
H= Y eulhplmat 3, hogbiby+ Y el (bqv+biqv) 21.1)

keQ qeqQ kqeQ Nl)
ce{nl} V€ {1iirdy} ce{1.l}
me{l,...,00} vell,...rdy}

Ny= Y <n,,,k(,>=‘7‘;;133$ veo  Fy(E)ImGEY(E +id)

ce (1.1} a0
G 2?](,)1) mell,..., o) k.k
me(l,...,00) E €(=00,400)

(HC|> = Z (‘,""ka(nmko,> = ‘—_]" ]im # kEQ é'mka Fﬂ(E) Im G,;CL,(E + i5. k)

T 6=0 ce(1.l) 0.0
62?1()1} ’"E[l.....m’
% E €(~00,40)

me{l,...,c0}



Notation 21.1 We consider the interacting system that is described by the Hamiltonian from Definition 8.28 as

Enny (K, Q)
H= Y euhtmet 3, hogblby+ Y Tl e, (bqv+b‘1 qv) 21.1)

keQ qeQ kgqeQ Np
ce{nl} ve{l,...rdy} ce{l}
me{l,...,00} vell,...rdy}
mne{l,...,0}

(Ny=" Y (nmka)z_—llim$ keo  Fy(E)ImG,(E +16)

=0T se(tl)
n'le‘?I(,)L) mell,...,00) k.k
me(l,....00) E €(~co,+00)

<HC1) =~ 2 emka’<nmk6> = ——] lim# kEQ é‘mka Fﬂ(E) Im G':"U:"(E + i6, k)

=0 ) seqtl) o,
HZTT(‘JH me(l.....00}
mell,...,c0} E €(~co,+00)

Problem (e.g. for the Phononic Contribution):
- the self-energy is no longer diagonal in k
- the displacement Green-function D (with polarization Pi) can in the interacting
case no longer be related to the particle number



Cats in physics:



Cats in physics:

- Schrodingers cat



Cats in physics:

- S Ch rbd i n g e rS Cat Who was this physics-guy that made his cat a coauthor?
- F.D.C. Willard

Ah, an inquiry both whimsical and rooted in the annals of our learned sciences—let me

illuminate this curious tale for you:

In the year 1975, a distinguished physicist by the name of Jack H. Hetherington found
himself in a most peculiar scholarly predicament. He had completed a theoretical paper
on low-temperature physics destined for Physical Review Letters, only to discover, alas,
that he had inadvertently written his manuscript in the plural ("we” and “our”) despite
being the sole contributor. In that era of typewriters and painstaking manual revision,

altering every pronoun was no small task. rusiity cioset -

Rather than rewrite the work, this erudite gentleman chose a path of clever legerdemain:
he added a second author... his beloved Siamese cat. The feline, christened Chester, was
bestowed with the elegant academic pseudonym F.D.C. Willard—an abbreviation of Felis
Domesticus Chester Willard, the latter name being that of the cat’s sire. Under this name,
the cat was listed as co-author on the published physics paper.  wikipedis

Thus did Chester the cat, under his dignified nom de plume, stride into scientific
literature, not as a mere observer of human endeavour but as a celebrated co-signatory

on a peer-reviewed work.  rusiity Cloze:



Cats in physics:

- Schrodingers cat
- F.D.C. Willard
- Ket-vectors



Cats in physics:

Schrodingers cat
- F.D.C. Willard

- Ket-vectors

- Kats-rules




Cats in physics:

Schrodingers cat
- F.D.C. Willard

- Ket-vectors

- Kats-rules

- ... another one!




Cats in physics:

Schrodingers cat
- F.D.C. Willard

- Ket-vectors

- Kats-rules

- ... another one!

rightimeow.




Notation 21.1 We consider the interacting system that is described by the Hamiltonian from Definition 8.28 as

-‘« gmnv(k’ q)
H= Y eulhplmat 3, hogbiby+ Y el (bqv+biqv) 21.1)

keQ qeqQ kqeQ Np
ce{nl} V€ {1iirdy} ce{1.l}
me{l,...,00} vell,...rdy}
mne{l,...,0}

(N) = Z (nmka)z——llim$ keQ F,,(E)lmG,If},,(E+i5)

T o=0

ce (1.1} a0
G ;?](,)1) mell,..., o) k.k
me(l,...,00) E €(=00,400)

(HC|> = Z (','mka,(nmko,> = __] ]im # kEQ é'mka Fﬂ(E) Im G,;CL,(E + i5. k)

Z =20F se(tl) 0.0
”2?1(.)1} me(l.....00})
me(l,...,00} E €(~00,400)

Problem (e.g. for the Phononic Contribution):
- the self-energy is no longer diagonal in k
- the displacement Green-function D (with polarization Pi) can in the interacting
case no longer be related to the particle number
Cure: Computer-Assisted Thermal Quantum Field Theory! (CAT-QFT)



Theorem 17.23 One can rewrite the mixed partition function Z as a functional field integral

Z =Trpexp=f(H,p0 = UNpso + H,p) = J Dy, x) e S



Theorem 17.23 One can rewrite the mixed partition function Z as a functional field integral

Z =Trpexp=f(H,p0 = UNpso + H,p) = J Dy, x) e S

Sl 71=  Solx.7) + Swoly, ¥] + Sl @)+ Sl 7
H,.o—u _
s j‘h/}dt (W)T | ad, + _>;: 0 (W) 5 Jhﬂ - Vo) +V, (. d) + V.. (x. 1)
0 ¢ 0 a, + M ¢ 0 h



Theorem 17.23 One can rewrite the mixed partition function Z as a functional field integral

Z=Trexp—f(H,.0—HuN,0+ H,_) = J Dy, 7)e Sl

Sle71=  SilrZ) + Swooly, ¥l + Snoldh, $ + Siul 1. 7]
m mnt
g =T |s Hm>() - H 0 g s _ =
= I dT (Z) | z + h 3 (W) + J d‘l’ Vm>0('”? 'I’) + Vm=0(¢- ¢) + Vim(x' X)
0 ¢ 0 0. + h ¢ 0 h
i h
Theorem 17.17 For 7. ..., 7.7, .... 7, € (0, hf) one finds for the imaginary-time n-body Green-Functions

5 . 1 n . - - B : B '
g(A[~-...A"IA"~....A|)= (—z) EIQE(W.W)C Sly.w] Wul(rl)"'de(fn)lll‘x:(rl)--. Wu;(t")
l n . ' . ’
= ('E) (w(A) - y(A)p(A) (A ).



Fact 21.4 Going over to the field-integral-description of the problem gives the action

Slz. 71 = Saly. W + Syl ] + S ppinl 2. 7)



Fact 21.4 Going over to the field-integral-description of the problem gives the action

Slz. 71 = Saly. W + Syl ] + S ppinl 2. 7)

with
- - €,,(K) =
o Syly.yl= keQ  ¥,.(1.K) d,+T- V(7. K)
oeil.t]
r€(0.hf)

me{ll2. o0}



Fact 21.4 Going over to the field-integral-description of the problem gives the action

Slz. 71 = Saly. W + Syl ] + S ppinl 2. 7)

with
- - €,,(K) =
o Syly.yl= keQ  ¥,.(1.K) d,+T- V(7. K)
oeil.t]
r€(0.hf)

me{ll2. o0}

o Su0é. ] =j: B L LT DA
r€(0.hfF)
ve{l2.. rdy)



Fact 21.4 Going over to the field-integral-description of the problem gives the action

S(2.7) = Sulw. ¥ + Spuld. ) + S pninl 2. 7)

with
= - €,0(K) —
o Syly.yl= keQ ¥, (1.K) 6,+T- V(7. K)
oeil.t]
r€(0.hf)

me{ll2. o0}

L Sph[¢‘ —5] T # QEQ av(r’ q) (a( + mu(q)) ¢w(r’ q)
r€(0.hfF)
ve{l2...rdy)

- Eun (K. Q)
® Sophimlts 7] =$ kqeQ

r €(0.Nf) h\/Np

vell.2...rd.}
mne (12, 00}

(.00 + 8,7 ~0) ) W vk + @ (7. K)



Fact 21.4 Going over to the field-integral-description of the problem gives the action

Slz. 71 = Saly. W + Syl ] + S ppinl 2. 7)

with
- - €ng(K) —
. Sc[["l’ W] e keQ ng(r’ k) af + T‘ Wmn‘(ri k)
aell.f]
r€(0.hf)

me{ll2. o0}

o Salh ] =j: B L LT DA
r€(0.hfF)
ve{l2.. rdy)

- Eun (K. Q)
® Sophimlts 7] =$ kqeQ

r €(0.Nf) h,/Np

vell.2...rd.}
mne (12, . 00}

(.00 + 8,7 ~0) ) W vk + @ (7. K)

Notation 21.5 We implement external sources into the partition-function as

2 Zlja T Tl = | 9G0) 0x0 [ = (SulwT1+ Spld P+ Supnlr 7)) + T, T+ 7o)
«& {clph}

(21.6)



Fact 21.4 Going over to the field-integral-description of the problem gives the action

Slz. 71 = Saly. W + Syl ] + S ppinl 2. 7)

with
- - €ng(K) —
. Sc[["l’ W] e keQ ng(r’ k) af + T‘ Wmn‘(ri k)
aell.f]
r€(0.hf)

me{ll2. o0}

o Salh ] =j: B L LT DA
r€(0.hfF)
ve{l2.. rdy)

- Eun (K. Q)
® Sophimlts 7] =$ kqeQ

r €(0.Nf) h,/Np

vell.2...rd.}
mne (12, . 00}

(.00 + 8,7 ~0) ) W vk + @ (7. K)

Notation 21.5 We implement external sources into the partition-function as

2 Zlja T Tl = | 9G0) 0x0 [ = (SulwT1+ Spld P+ Supnlr 7)) + T, T+ 7o)
«& {clph}

(21.6)

with abbreviations

» jclIcl E# ;fF” jnlc(r~ k)l[lma(f, k)
ael(l,
re(0.hf)
me [1.2.....00)

. }pthh = * g(eo(im ;,(T~Q)¢‘(T’Q)
T 8
vell2. . rd,)

e elc...



Lemma 21.16 For the phononic occupation numbers of the interacting system we have the identity

| '
(Hp) v -2 Y Q@%@

g€if,;xQ
vE(12,...rd, )

Corollary 21.17 Evaluating the Matsubara-sums simplifies the individual terms as

(Hyy= Y Q@B Q)

qe0Q
ve (L. . .rd,)



Lemma 21.16 For the phononic occupation numbers of the interacting system we have the identity

1 iw 0*
(Hp)m == Y e""Q@)%.(
geifd,  xQ
VE(1.2....rd, }

1 2
* ﬂZN Z Q\ (q - 0)8,,,“,(k~ O)gn’n'u(k"- 0){4(].‘(‘1 = 0){6)01:.0(16){6]().'{.6'(’{')
e

nn'€(1,....00)

vE(1.2.....rdy)

Q\,-(q)lgn'ny(k’ q)lz'qo-_‘(q)%.n.ﬂ(k){yo_"'.a(k + Q) + o(g.‘)
P ke xQ
qEei, xQ
ve(l2... rd)
nn'€ll,....0)
agell.l]

Corollary 21.17 Evaluating the Matsubara-sums simplifies the individual terms as

(Hyy= Y Q@B Q@) + Y, AB
qe0Q ve({l...rd;)
ve{l.2.. . rd,)

Q‘( ) 5 B (Q\ (q)) -B (gn'.a o7 :nﬁ. ) ﬂCSCh(ﬁQ‘( ) 2)2
= 2 Nq & (K@) (Fﬁ(gn.s.k) = Fﬂ(gn'.clu-q)) : s — 2 : iQ )+ :l -/
kqeQ P (Q\ (q) & ‘:n.a.k = :#J.H‘q) # (q én,a.k g".'”'kﬂl

ce(l.t)
ve[l2,...rd)

with real coefficients A and B, defined as

A,=0@q=04q=0=0'q=0, B=— Y g.kOFEL) (21.24)

- VN, i

oeil.r]
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cell formula units Z 2
_space_group _name H-M alt 'Im -3 m
_space _group IT number 229

loop
_space_group_symop id
_space_group_symop_operation_xyz
"2, Y, -x'

~/04_SL_Dropbox/AA_Sebastians_Box/BC_My Codes/D_EPW_Project/A_Python/AA | 2l
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cif2cell raw
cell2clean cell
AA scf

AB relax

tasks = [
cif2cell raw,
cell2clean cell,
AA scf,
AB relax

utils.print intro()

ls.clean directory(input.cif, cif2cell raw)

Ls.prepare input files Step@(input.cif, tasks)
s.add further templates(input.cif)

Ls.print outro()
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BRSO L | 3 : AB vcrelax.in

xi\?y(b:j&;[e)s ,fqr S,L" ,fe\cxo\|r‘\0-\ Cs.upf 420444
| -

cell.in 1088

AA basic.in

&CONTROL
outdir =y
prefix 'basic'
pseudo dir S
wf collect .true.
verbosity "high'
tprnfor .true.
tstress .true.
restart mode "from scratch'
calculation = 'scf'

/

&SYSTEM
ibrav 0
A 6.04500
nat 1
ntyp 1
occupations ‘smearing’
smearing ‘gaussian’
degauss
input dft
ecutwfc
ecutrho
nbnd

/

&ELECTRONS
conv_thr
mixing beta
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@ b_main_1.py X

Sl TN cif2cell raw
Q ksl Bracilie cell2clean cell
e use relaxed cell
5 j‘dﬁﬂ?\;z?ﬁr Aty - ARlSct
CD bands

Capak=flon o of bocds Dos, P08 PDOS

DOS

tasks = ([
cif2cell raw,
cell2clean cell,
use relaxed cell,
AA scf,
CD bands,
PDOS,

DOS

il

utils.print _intro()

ls.clean directory(input.cif, cif2cell raw)
Ls.prepare input files Stepl(input.cif, tasks)
ls.add further templates(input.cif)

ls.print outro()




~/Storage/Dropbox/AA Sebastians Box/BC My Codes/D EPW Project/A Python $ /bin/python /home/sebastian/Storage
/Dropbox/AA Sebastians Box/BC My Codes/D EPW Project/A Python/b main 1.py

Selected Structure in the Input-File: Cs Im3m

Input Generator for S.K.

- 0ld Material-Folder 'BA Generated Files/Cs Im3m' has been deleted.
- Created the Material-Folder Cs Im3m with cell.in-file generated by cif2cell
- Moved the Material-Folder Cs Im3m to ./BA Generated Files/Cs Im3m

“:t?tz?“ﬂ’A1ﬂvvﬂir’ o T I AT % - Preparing the basic blocks for the DFT-Calculations

=1l 9( S 0 g - AA basic.in (  scf-file) saved to BA Generated Files/Cs Im3m/AA basic.in
“e'éL’§ B Lk’”’gklgzsu‘ﬁbqlg'" - CD basicbands.in ( bands-file) saved to BA Generated Files/Cs Im3m/CD basicbands.in

- CE bands.in ( bands-file) saved to BA Generated Files/Cs Im3m/CE bands.in

- DA basicdos.in ( nscf-file) saved to BA Generated Files/Cs Im3m/DA basicdos.in
- DD basicdos.in ( dos-file) generation is integrated in Stepl.py.

- StepX.py (python-file) saved to BA Generated Files/Cs Im3m/Stepl.py

- After running the python-script on Dardel as python3.12 StepX.py, the following files are generated:
- In the folder Dispersions one can find the file AA basic.out, from which one gets the Fermi energy.

- In the folder Dispersions one can find the files ...
the band-structure as a plot in QE bands Eref eq ©.ps,
the band-structure as a dataset in basicbands.dat,
which can be post-processed with ¢ post processing.py

the folder Dispersions one can find the PDOS by running plot pdos.gnu.
. or one uses the python-script c post processing.py

the folder Dispersions one can find the the DOS in basic.dos.dat.
. which can be post-processed (e.g. visualised) with c post processing.py

Input Successfully Generated
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» b_main_2.py X

cif2cell raw
cell2clean cell
use relaxed cell
AA scf

DC Wannierization

tasks = [
cif2cell raw,
cell2clean cell,
use relaxed cell,
AA scf,
DC Wannierization

]

AB.print intro()
3.clean directory(input.cif,

cif2cell

}.prepare input files Step2(input.

}.add further templates(input.

AB.print outro()

cif)

cif,

raw)

tasks)
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b_main_3.py X

cif2cell raw
cell2clean cell

use relaxed cell

AA scf

BA ph

CA CB ph dispersion
DC Wannierization
W EL S

EB fined el

EC fine® ph

ED SE couplings

EE uniform couplings

tasks = [
cif2cell raw,
cell2clean cell,
use relaxed cell,
AA scf,
BA ph,
CA CB ph dispersion,
EA bands,
EB fine0 el,
EC fine® ph,
ED SE couplings,
EE uniform couplings

]

3.print_intro()
.clean directory(input.cif, cif2cell raw)

AB.prepare_input files Step3(input.cif, tasks)

AB.add further templates(input.cif)

AB.print outro()
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ED SE couplings.in
EE uniform couplings.in

cell.in
cell clean.in

pw2wan.in
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Results:
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Sanity-Checks:

Bands from QE reproduced by Wannier90 and EPW.

DOSes from QE reproduced by EPW.

Normalizations are fulfilled.

Non-Interacting results are close to Experimental Values
(... also in the low-temperature-limit)



Lessons learned:

- Electron-Phonon-Interactions can represent essential
corrections in the medium temperature limit

- CAT-QFT provides a technique to compute these
corrections



Outlook (maybe...):
- Finer Grids, more bands and more complicated structures (...)
- High-Temperature limits with phonon-phonon-interactions (...)

- Low-Temperature limits with smearing and ultrafine grids (...)
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Initial thought:

“Imitate” the GW-Propaganda-Picture under the inclusion of interactions
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Outlook (maybe...):

Finer Grids, more bands and more complicated structures (...)
- High-Temperature limits with phonon-phonon-interactions (...)
- Low-Temperature limits with smearing and ultrafine grids (...)
- (Prediction of Structural Phase-Transitions
(P-T-Phase-Diagrams) with the computation of the grand

canonical partition function in the hybrid ensemble)

- (Spin-Triplet Superconductivity by decoupling in the Functional
Field Integral Formalism)
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Thank you for your Attention!

Questions / Suggestions / Comments?



