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Real life is at finite temperature (I)
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Real life is at finite temperature (11)

PHYSICAL REVIEW B YOLUME 36, NUMBER 9 15 SEPTEMEER 1987-11

Temperature dependence of the dielectric function and interband critical points in silicon

P. Lautenschlager, M. Garriga, L. Vifia,* and M. Cardona
Max-Planck-Institut fiir Festkirperforschung, Heisenbergstrasse 1, D-7000 Stunigart 80, Federal Republic of Germany
(Received 30 April 1987)

The complex dielectric function elw) of 5i was measured ellipsometrically in the 1.7-5.7-¢V
photon-energy range at temperatures between 30 and 820 K. The observed structures are analyzed
by fitting the second-derivative spectrum o *¢ /d w® with analytic critical-point line shapes, Results for
the temperature dependence of the parameters of these critical points, labeled Ej, E,, E;, and E, arc
presented, The data show good agreement with microscopic calculations for the energy shift and the
broadening of interband transitions with temperature based on the electron-phonon interaction. The L. unfortunately theorists
character of the E,| transitions in semiconductors is analyzed. We find that for Si and light III-V or do not even bother to
II-¥T compounds an excitonic line shape represents best the experimental data, whereas for Ge, o-Sn, : :
and heavy III-V or II-¥1 compounds a two-dimensional eritical point vields the best representation. Compare their calculations

with low-temperature

measurements, using more
E ( X } easily accessible room
2 temperature spectra."

Ex(2) ,
/7

793 K =68 meV
QP gap is 1200 meV

At the absorption
threshold the QP
lifetime is EXACTLY
infinite

@ YES ! We do need phonons.



PL decay time(ps)

Real life is at finite temperature (111)
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There are many different
“flavours” of excitons:
polaritons, polaronic excitons...
40 80 120 160 200 @ whose physical properties are

empera influenced by the exciton-
PRL %0315@?%1 phonon interaction




Electron—phonon today

electron

analyser‘

pstrat - The non—thermal electronic
......... . _

An ulfra—short laser pulse pumps
electrons in the conduction

distribufion relaxes via e—e and
e—ph scafterings

The electronic population is
"""" B] probed atter varying delays with
K|l photoemission

reek endi
PRL 102, 087403 (2009) PHYSICAL REVIEW LETTERS 27 FEBRUARY 2000

Ultrafast Carrier Relaxation in Si Studied by Time-Resolved Two-Photon PhotoemBsion
Spectroscopy: Intravalley Scattering and Energy Relaxation of Hot Electrons
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The quantistic
zero—point
motion effect
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THE Motivation

Are purely
electronic theories
reliable 7?99



THE IiMifainWSooo
In this talk ...

s I will not extensively discuss
formal aspects (vertex,
conserving propse, ..)

s I will (try) not do extensive
and heavy math (see references

r N YOUR for that)

lT ‘ S’ s I will not talk about
ANT T superconductivity, Frohlich or
@i UK 1M

N

Holstein Hamiltonians
« I will use LDA or G6A,
nothing more complicated
(including sC—6W)

thinasweteraet blogspst .com



Qutline (1)

Ab-Initio Polarons

Finite temperature excitons

~
£
¥4 Spectral functions and the QP-approximation




thline (1)
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Ab-Initio Polarons

The Heine-Allen-Cardona Approach (static)
The Hedin-Lundqvist approach (dynamical)

The Diagrammatic approach (dynamical)

Density Functional Perturbation Theory

TTTT

-

Finite temperature excitons

The Bethe-Salpeter equation in the polaronic basis
A phonon induced kernel for the Bethe-Salpeter equation
Finite temperature optical spectra of solids

Spectral functions and the QP-approximé':rtion
Quasiparticles and spectral functions k E+zl’

e

Polarons as entangled electron-phonon states



Independent QPs

“Indirect” ( > )

exciton-phonon
scattering

A

i
e

Ab-Initio Polarons



The quasi—harmonic approximation
5,5

l Thermal
Phonon popu axpansion
Contracted by 0.06 bohr _
—— equilibrium S1

—Stretched by 0.06 bohr a(]n w - )

Frequency (car™)
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n(w,,.)
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It can be easily
calculated using DFT

K X r L X W L and finite-differences



The Heine—=Allen—Cardona Approach (1)

For a review see M. Cardona, Solid State Commun. 133, 3 (2005).

> H =T+ Vscr({R}) SH = sH'Y + sH?

R}';,- — Rf.q + Uy, Z IV, SCF
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The Heine=Allen—=Cardona Approach (11)
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By imposing an “acoustic sum rule” 0E,y [{uf.q + VH = 0F [{Uf.q}]

B
- Non-Diagonal DW
corrections can be
PV IVerp important in isolated

|m.p}] . systems like molecules

X. Gonze et al, Annalen der Physik 523, 168 (2011)

A2
i g7 A ] _ Clear dependence on the
C'Eﬂk - E E k N

temperature

nk — Eﬂrk-l-q

qAm

Polaron damping
neglected



The Heine=Allen—=Cardona Approach (111)

R. B. Capaz et al PRL 94 36801 (2005) E. Cannuccia

F. Giustino, et al.
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6reen's functions: an (over)simplified picture (1)

G. Strinati, Nuovo Cimento 11, 1 (1988)

G = (nk | (w—H)" | nk)
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Spectral Functions

4

G (x1,t1; %0, t2) = (=) (T{¥ (x1,t1) ¥}y (x1.t1)})

4

iy (x.t) = (...) +/ ax LD

o(x',t) Electronic & Nuclear density




Diagrammatic vs Hedin—Lundgvist approach (1)

LH and SL, Solid. State Phys. 23, 1 (1969); RvL, PRB 69, 115110 (2004)

Feynmann
diagrams

Equation of
motion

.




Green's functions: an (ovev)simp\ifieol picture (11)
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Hedin—Lundgvist approach (I11)
RvL, PRB 69, 115110 (2004)
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Hedin—Lundgvist approach (I11): the FAN self—energy
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Density Functional Perturbation Theory

[S. Baroni, REVIEWS OF MODERN PHYSICS, 2001, 73, 515]
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DFPT is composed by a self—consistent linear system
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By working oul the DFPT definition of the KS potential if is possible fo link
DFPT fo the static limit of the electron—phonon potential defined in MBPT



Independent QPs

“Indirect” ( > )

exciton-phonon
scattering

A

“Direct”
exciton-phonon
scattering




Excitons: the polaronic picture

@ Quasihole and
@ quasielectron

K = (n..n,.k)

:i';?l)leh)[52,3+HIQ<12,K3(T: O)]iK k,(T)

The excitons are the poles of [, 0
and eigenstates of the o 3 AR
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The dynamical BSE

L (r) | —

N\

. ?
€(iw) =1 —4nP. (iw) o Coulomb *Phonc)}C)

- | Nhe dynamical BSE [AM, R. Del Sole,
V PRL 91, 176402 (2003)] was
introduced to sum the frequency <
dependent Coulomb interaction

(0
K= (n.n.k)  Lx(7—7)




The dynamical BSE I1I: the phonon term

1+ (Ngy) (Ngx)
]—Iph ?uJ ( ) q : a
Kily Zg‘“i‘“lkl Fugok Z;: 1w+ Ar — wan [P WaA

‘&'1 — Etrgkl—q o Erlkl
Dy = €4k, — €cki—q
Partial summation of the electronic part

L (iw) = L (iw) [1 + (1 (iw) + " (iw)) L (iw)] =

e ) [14 T (iw) L (i)
The phononic part of the Bethe-Salpeter
kernel reduces to a “self-energy-like” Excitonic “Self-Energy”
operator (without introducing bosonic
coordinates)

The momenta conservation makes the
polaronic (indirect) term dominant

/Z “There is no Ab-Initio

: justification for simple
k . >—D bosonic scattering
K > k B pictures”




Excitons: the polaronic picture

) | — - ) | . Quasihole and
_ + quasielectron
. \5 - polarons
Y ) -« )

K= (n'f".' Ny, k)

Hy ' (T) = [E. (T) = By (T)] + [0 (T) = Ty, (T)] + I, x,

: : % 7 =

NOT Hermitian
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TIK]

— ey(w, T)oc ), S\ (T)w—E(T))"

Hy x (1) A (1) = Ex (1) Ak (1)




F,"m‘fe T @XOH‘OV)S AM, Phys. Rev. Lett. 101, 106405 (2008)

Temperature [K]
0 200 400 600 800

-""J'/ I L | L | I
35 4 45

™~ Theory Energy (eV)

memes EXperiment
Bright fo dark (and ...gradual worsening
vice versa) Transifions ot optical efficiency

.
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spectral Functions and QP picture
1

Guxlw) = .
k(hd) W — €k — Enk(wj + LT
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Spectral Functions

Expanding in eigenstates of the total
Hamiltonian the QP picture holds when
there is a dominant (and sharp!) pole
that collects most of electronic
charge




Spec‘hra\ Funchons m the HEG (1)
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Coupled Electron-Phonon System*
7 ELSBERG
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
AND

J. R. SCHRIEFFER
niversily of Pennsylvania, Philadelphia, Pennsylvania
(Received 26 March 1963)

Efﬂ” Z Z | g':l,h 2 [ B(wqij + 1 - frr’k—tl 4 B(wqi) + fn’k—fl ]

I k B .
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Debye Model in the HEG
At zero temperature




Spectral Functions in the HEG (11)
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Spectral Functions in the HEG (111)
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anarmoal effeofs in Diamond r

E Cannucaa Phys Rev Lett. 107, 255501 (2011)
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On-Mass shell (HAC)
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(615 meV in F. Giustino, S.G. Louie and
M.L. Cohen, PRL 105, 265501 (2010))

AE, (T—0)

Quasiparticle approximation
670 meV



C=based wnanostructures: polymers

_ rans-
. H‘t po|yacety|ene Zero-Point Motion

_ .

Integrated Optoelectronic Devices Based on Conjugated Polymers Science 280

Henning Sirringhaus,  Nir Tessler, Richard H. Friend 1741 (1998)

An all-polymer sennconductor integrated device is demonstrated with a high-mobility conjugated polymer field-effect
transistor (FET) driving a polymer light-emitting dicde (LED) of similar size. The FET uses regicregular
poly(hexylthiophene). Its pemormance approaches that of inorganic amorphous silicon FETS, with field-effect
mobilities of 0.05 to 0.7 square centimeters per volt second and ON-OFF current ratios of >10°. The high mobility is
attributed to the formation of extended polaron states as a result of local self-organization, in contrast to the
variable-range hopping of self-localized polarons found in more disordered polymers. The FET-LED device represents
a step tzward all-polymer optoelectronic integrated circuits such as active-matrix polymer LED displays.

Polyethylene




Breakdown of the QP picture [ Connucca Phys Rev.
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Polarons in an HamiHoniaw vepvesenfa’rion (1)
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Polarons in an Hamiltonian representation (11)

>
W
>
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| -
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. 2 H
| (7| 1k) | Ik|u?| Tk,
The polaronic The atomic

wave—Tfunction indetermination

IN the
polaronic state




Are polymers an isolated case ?




spectral Functions solids @ the CBM and VBM

Spectral function

Spectral function

silicon
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Yamba: an ab-initio tool for excited state calculations

Theory&approximations

Many-Body Perturbation Theory
Time-dependent density functional theory

Planewave- Pseudopotential codes:

abinitorg ()

GPL:

Quasiparticles

Optical absorption
Electron energy loss
Dynamical polarizability

Develop/pre-GPL:
magnetic properties
non-equilibrium dynamics
total energies
electron-phonon effects

Dedicated users forum
Online documentation/tutorials
Schools & workshops

Community

about 170 users
(mostly from EU, USA, China)

more than 120 publications

www.yambo-code.org



Yambo: an ab-initio tool for R&D

Material Science
Nano Science

% applications to applications to
e.g. photovoltaics, .g. nanophotonics,
lithium batteries, nanoelectronics
microelectronics

T % el § Shusics

studies of ke fundamental
photoactive - understanding

molecules 0 | ' of physical
and molecular T Puo g processes

complexes

www.yvambo-code.org



Optimal MPI (and, shortly, OpenMP) Paralellization
Improved and efficient memory distribution

Interfaced to common and well=known ground=state GPL
codes: abinit, QEspresso, CPMD

Development work=in—progress within the PRACE (Partnership
for Advanced Computing in Europe) in collaboration with the
Italian and Portughese Super—Computing centers

Yambo: an ab-initio tool for excited state calculations,

Andrea Marini, Conor Hogan, Myrta Gruning, Daniele Varsano,
Comp. Phys. Comm. 180, 1392 (2009)



- - O Polaronic—induced
O . Real Particles .& effect can be HUGE,
"('U’ ey They can even lead fo
F) - fhe breakdown of the
el @) electronic picture
— (@) . :
8 | - The weak correlation is
5 . Quasi Particles O couvﬁ(evba\aw;eol.bt{T the low—
= | - energy activalion process
C @) .
o P ("Debye enerqgy)
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LY Multi-component g | Potential ground—breaking
L particles 5| consequences on mobility,
5 optical properties,fransport,..
- 0
all b@
. 1% o \/ Crifical re—examination of ALL
http://www.yambo-co 0 e.org/

purely electronic band-—

:: project i team .2 links :: contact us

-

Iuﬂ: A

Plane-Wave Self-Consistent

Field ) > - _.‘ o S“’Vuc“'uye Ca\Cu\a‘hOV\s on C—
qrf;’ “The computer is a tool (3 '. . 2]
., eanmni Al

based nanostructures ?

http://www.pwscf.org



Peopl e and references...
PhD Thesis (2011)

P Giant polaronic etfects in polymers: breakdown of the

Eleh Cannuccia guasiparTicle picture

http://www.yambo-code.org/papers/Thesis_Elena_Cannuccia.pdf

E. Cannuccia and AM “Ab initio study of entangled electron-phonon states in polymers”, submitted to
Phys. Rev. B (2012)

E. Cannuccia and AM “Effect of the quantistic zero-point atomic motion on the opto- electronic properties
of diamond and trans-polyacetylene”, 107, 255501 (2011)

AM “Ab-Initio Finite Temperature Excitons”, Phys. Rev. Lett. 101, 106405 (2008)

T“ANK vou M. Cardona, Solid State Commun. 133, 3 (2005).

L. Hedin and S. Lundqvist, Solid. State Phys. 23, 1 (1969)

R. von Leeuwen, PRB 69, 115110 (2004)
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