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Electron-Phonon-coupling in Fe, ,Co,Si

Experimental IR-, Raman-Data and frozen Phonon-calculations
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Progress in Solid-State-Physics is based on the effort of
experimentalists and theoreticians
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Electron-phonon coupling on the energy scale
Electro-magnetic waves
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This lecture ...

O Electron-phonon coupling in
materials development

O Why FeSi

O Experimental XPS, Raman-data

@ Frozen Phonon calculations

O Thermoelectric data

O Electron-phonon coupling




Importance of electron-phonon coupling
for materials development
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Importance of electron-phonon coupling
for materials development

Prediction of Superconductivity
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Importance of electron-phonon coupling
for materials development

from specific heat
electron-phonon coupling
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y Grueneisen constant,

¢is the fractional amplitude

Tm is the melting point,

A is the mean atomic weight
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Motivation: Why FeSi?

To study electronic correlation cubic B20-Strukture
Low bandgap (along [111] Distorted NaCl)
Dia-magnet at low temperatures ~ ©C P213 @0.4470nm ____

then Paramagnet
O Single crystal
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Motivation: Why FeSi?

» Asymmetric phonon shape;
high-frequency phonon does not follow the usual temperature behavior;
softening below the gap energy
— Electron-phonon coupling

* In-gap spegtral weight comes from energies much higher than the optical
band gap (

* Photoemission spectra show full band gap (Eg,, = 30 meV)

 Experimental density of states matches self-energy-corrected single-particle
band_§tructure calculation
no Kondo physics

» Raman spectroscopy: Linewidth analysis within a classical semiconductor

model ,t\;/ives a gap of 30 meV
ore arguments against a strongly correlated Kondo system.

Magnetic properties of FeSi
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Fe, ,Co,Si — Small Angle Neutron Scattering (SANS)
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Optical conductivity is related to Lorentz oscnlatorsﬁ SO
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Single Crystal growth using
Triarc-Czochralski-Method
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Line shape analysis

i =——Lorantrian
Asymmstric Lorentzian '+
s ". Asymmelnc Lorentzian

Classical Lorentzian oscillator:
N QZ
£(0) = g(0) +ig,(0) =&, + S, ]

S, : oscillator strength

Q; : resonant frequency
. T, : damping
50 100 150
Wavenumber (cm’')
T — Lo
L s ASymmetric Lorentzian oscnlator

s(a))=£1(a))+|£2(a))—s +ZS “loo,

=1
ZO'j =0 J
j=1

o : response with coupled modes
J. Humligek, R. Henn, and M. Cardona,

100

Wavenumber (cm)

Menzel et.al.

" Phys. Rev. B 61, 14554 (2000)

PRB 79165111

2 2 H
o Q-0 -l

JQZ—a) —Ia)F

Line shape analysis

FeSi. T=7K

ET] i

WrsmmgamT (o
o=—4l

asymmetric

Asymmetry -> Electron-Phonon coupling

FeSI T=150 K

Wvrvwraant Wrymenarnbet (')
=78
symmetric asymmetric

/

5 ‘“—/| P s " /' g . 7\ R
). l“—’/ e A\ :
, ) e B - _ , 1.

Menzel et.al. PRB

79 165111




Phonon asymmetry and resonant frequency
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Line width-analysis of Raman 180cm-1 mode
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Can we learn something about electron-phonon
coupling from ab-initio frozen-phonon calculations?

cubic B20 structure
(FeSi structure)

Space group: P2,3

Lattice parameter:

~S T
a =0.4493 nm phonon-wave

ing
K=K _+K,
o electric conductivity <- electrons
& thermal conductivity <- phonons

£ =17 L=245100 %
Wiedemann -Franz law Lorenz number

Frozen-phonon Calculation
“~——__ in order to study the influence
% of phonons on bandstructure

Opposite: Influence of excited
electrons on Phonon
properties is more difficult
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Phonon-Band-structure FeSi
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Raman spectrum and

i Phonon-Band-structure
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T-Phonon modes in FeSi (2A + 2E + 5T)

(w, u,u), (%+u, % —u, —u), (—u, %+u, %— u) und (% —u, —u, % +u).
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-t Modelling in

ol - 2x2x1 supercell

E or 4x1x1

Using VASP software Version 4.5

Too weak for exp verification ->
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T-Phonon modes in FeSi

(2A + 2E + 5T)
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| Results: Bandstructure FeSi
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Bandstructure FeSi with modified lattice period a,+8,b,+8
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of bandgap with increasing (shear) stress ->unexpected
a 411.2 421.9 447.0 464.9 482.8

g-dependent phonons

Equiibium ' @ @ | ©® ©® ® ® ® ©® | ©
(Frozen) Amplitude
Phonons QQQQQQQQ&J—T
q=0
Migrating Q
Phonons
® ogsle®® ® e
0 ,_FH :
170 A= g
Computationally very demanding %

Other method: Linear-response-theory, displacement as perturbation

N

Pulay-like terms, Wannier-method h

Savrasov PRB 54, 16487 (1996) kra
(Claudla Ambrosch_Draxl) GIUStII’]O PRB 76 165108 (2007) \Rf\"‘/ /‘hf{lr‘—"‘

Sjakste, Appl. Phys. A 86 301 (2007)  *




Band-structure with phonon amplitude and wave-number dependence

Wave number cm-increase -> Higher energy Ampli-

L f Nl AT 5 ,
-> Destruction of bands with increasing amplitude, but decreasing energy

Modeling the q-dependen&g of frozer;@honons
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Frozen Phonons showing the addition of Co to FeSi

Fe0.94 C00.04 Si_
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-> Band destruction with increasing “mixing entropy” R
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Thermoelectric measurements
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Comparison of Phasediagram FeSi
with thermoelectric properties
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Electron-phonon-coupling | Electron-Magnon-Coupling

Future: Use the Electron-phonon coupling
for TE-material search

Proper crystal
structure, e.g.

Half-Heusler B N(DE))
) Bandgap
fgphorgn)-wave Large
Strong Density-of-
Electron- States at Eg
phonon- mass

coupling Figure of merit  Z=S2o/k
Seebeck coefficient S
Electric conductivity c

Thermal conductivity K

W. Wunderlich, K. Koumoto, Int. Jour. Mat. Research 97 (2006) 5 657-662




Areas of crystal structures in 3-dim. XYZ-Pettifor map

Ordering according to
Mendeleev - number

[} Faa
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!___]_ : b Amta ey —TF h . j
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Acta Mat. 54 3647 (2006) . = -
R

W.Wunderlich MRS Symp. Proc. (2009) D0i:10.1557/PROC-1128-U01-10

[
Conclusion

M Spectroscopic IR- and Raman-data of
FeSi can be explained by phonon
modes

Band-structure of frozen phonons
show energy-dependence as expected

Still no predictive power for
thermoelectric properties.
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