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Where to get more info?

1) F. Wooten, « Optical Properties of Solids »,
(Academic Press, New York, 1972).

2) M. Dressel and G. Gruner, « Electrodynamics of Solids: Optical properties of Electrons in Matter »,
(Cambridge University Press, 2002).

3) E. van Heumen and D. van der Marel, « Optical probes of electron correlations in solids »,
(Lecture notes for XI Training Course of Strongly Correlated Systems, Salerno, Italy, 2006,
available at http://optics.unige.ch/vdm/marel_files/salerno_lectures.pdf).

4) N.P. Armitage, « Electrodynamics of correlated electron systems »
(Lecture notes for Summer School on Condensed Matter Physics, Boulder, USA, 2008,
available at http://research.yale.edu/boulder/Boulder-2008/Lectures/Armitage/NPABoulder08.pdf)



« Photons only » spectroscopies
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Infrared/optical spectroscopy

Photon portrait:

energy ha) 0.1 meV-10¢eV
wavelength 2, 1 cm— 100 nm
momentum ‘k‘ 10-7 — 103 of typical Brillouin zones in solids

Selection rules:

1. The total momentum of excitations created by a photon, is zero
Z qexc,i = O
i

2. The total energy of excitations created by a photon is the photon energy

Z Eexc,i = ha)photon
i

3. In order to « couple » to photons (or to be infrared active) an excitation should
posess either own electric or magnetic dipole moment, or current

<initial state ‘Current Operator‘ final state> #= ()



Energy scales

THz time-domain spectroscopy
Fourier transform spectroscopy

Monochromator based spectoscopy

magnetic excitations

optical phonons

1eV electronic excitations (interband transitions, plasmons etc.)
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Optical conductivity

Ohm’s law (linear response approximation): J =0oF

Generalization for non-uniform and time-dependent fields and currents:

0
J(F.0) = |dt| dF'o(F, 7t EG,1')
Fourier transform: J(F,t)= J,—C»’wei(ﬁ_wt),E(F,t) _ E,;,wei(lgf_m)

J. = G(l;,a))EM

k,

Optical (or dynamical) conductivity
a(a)) = G(k — 0, a)) <: Infrared

i spectroscop
= 6,(@)+ic, () '

Note: GI(C() —> O) = O pc



Optical conductivity and dielectric function

D=¢gt J=0okF

' 4o (w
s(w) :1+4—m0(a)) &,(w) = (@)
@ or 4
(in the CGS system) £ (w)=1- 4ro,(w)
!
0,

Sometimes the total currentis splitintwo parts: J =J. +J

free bound
and another definition is given: Jfree =of
47
then  g(w)=¢, +—o0(w)
)

& - dimensionless (in all system units!)

O -s1(CGS) or most often Q-'cm-! (practical units)



Propagation of light

Plane wave
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Interface (grazing incidence)

p-polarization
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Spectroscopic approaches

- Frequency domain spectroscopy
- Fourier transform spectroscopy

- Time domain spectroscopy



Frequency domain spectroscopy

E(a))e—ia)t
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s(w) - complex transmission/reflection
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WA

coefficient of the sample
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Fourier transform spectroscopy
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Fourier transform spectroscopy

An example of FTIR spectrometer: Bruker 66 v

Beamsplitter

N
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Time domain spectroscopy
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Most typical infrared techniques

- Normal-incidence reflection
- Normal-incidence transmission

- Ellipsometry
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Intensity (a.u.)

Transmission

Normal-incidence transmission
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| Ellipsometry
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Drude-Lorentz model (classical derivation)

Model parameters

oscillator frequency @,
+—>
{ 2
P plasma frequency w = 4me
+— : —> d m
damping y = -
) « background » g,
dx eFE it dx ) contribution
dt m dt
4 ) )
« driving » friction  restoring
force (scattering) ~ force Free charges (Drude): @, =0
eE e
x(t) = — P(t) = enx(t) Bound charges (Lorentz): w, #0
m @, —o —iyw
2
P ,

ewy=¢ +4r—=¢_+
E w, - —iyw

Quantum-mechanical derivation
leads to the same result !



Drude model
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Lorentz model

2
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w, —W —1yw
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2
& * g(w,)=0
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Adding Lorentz oscillators together
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c-axis optical reflectivity of La, Sr,CuO,

X
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Drude-Lorentz fitting of reflectivity

2 2

1-+e : @,

. Rlo)=|—7F sw)=¢,+) .
Model: (@) — (w)=¢_ 2 o iy

Dataset: (@,,R, £ OR,),(w,,R, £ OR,)...(®,,R,y L IR,)

2
R, —R(w,)
OR,

N
Least-square method:  4° = Z(
k=1

An effiecient technique for minimization:

Levenberg-Marquardt method )

ox
O parameters]

(requires analytical calculation of derivatives

Numerical recipes,
W.H.Press, B.P.Flannery, S.A.Teukolsky and W.T.Vetterling,
Cambridge Univ. Press (1986).



Fitting in practice (RefFIT program)
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available online at:http://optics.unige.ch/alexey/reffit.html



Kramers-Kronig relations

o-(a)) is analytical (has no poles) in the upper complex semiplane of w
as follows from the causality principle

‘Imo’ o( a)')
Cauchy’s theorem §

C

do' =0

o' —o

R, >R, — 0 ,

§S—>o §—>¢>j",(a’)dw' §—>—iw(w)
c T -w

&

' (71(0)) — lp j 02,(50 )da)’
ma(m):?’j 0,(60)6!0)' — 7[1 —wj) —
R O e e
I 2 ( y O (a)) '
Using symmetry o () :_goj'a) 2 Ao
T 0 0)'2 —0)2
o (-w)=0c,(w ” ,
1( ) 1( ) - (w):z—ij‘ O'l((!)) o'
o,(—w) =-0,(w) 2 7 1o —a”




KK relations and Lorentz oscillators

KK relations

Gl(a))——Pj "2(”) do

2

o @ % o(w) = Pj‘al(a)){é'(a) a))+—2—w}da)’

T O —0
02(@_2“’50[ GO
C() C()
2
W 1) @ I 2w
Lorentzian o, (w)=— 5 5 — > —| d(w—w,) +— 2 2
4m @, — " —iyw 8 T W —®,
y —0
o, () total - o,(w) total

Any KK consistent function
can be decomposed into

a sum of (a large number of)
narrow Lorentzians

5L N




KK transformation for reflectivity

Normal incidence; bulk sample 7 =

1

Inr(w) = 5 In R(w) +1¢p(w)

S

1-e
1+\E

KK related
10 T T T T T T T T
2>
=
@ 05F .
©
o
OO | | ' | 1 |
0 200 400 600 800 1000
Wavenumber (cm'1)
T T T T
‘TE ]
‘_O
<} ]
o
0 [ 1 | 1 | 1 | | ]
400 600 800 1000

0 200
Wavenumber (cm'1)

M) = 1/R(a))e“”(“’)

complex phase

real reﬂect|V|ty
(usually not measured)

(measured)

1. Restore the phase numerically
2w p_[ In R(' )
—’

(o) =

(need extrapolatlons
at low and high energies!)

2. Obtain € and o
g(a)):{l—r(w)}

1+r(w)

o(w) = % [£(0)—1]

This trick is first used in:
F. C. Jahoda, Phys. Rev. 107, 1261 (1957)

Followed by thousands of papers !



Be careful with the KK transformation !

100 1000 10000
Wavenumber (cm-1)

KK transformation

Reflection and

| transmission

techniques



Probing weak excitations with transmission
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Kramers-Kronig constrained variational fitting

&, (a)) - « flexible », parametrized independently at every frequency

& (a)) - KK transform of &, (C())

T T I ' I T T

1+ R e

lorentzian i | i 1

" triangular
I shape

|
I
]
|
1 |
1 |
1 |
: |
O\ ! - _ | l
o\ | R |
. L l 1 1 1 1 }
W “ Oy & O, ON

Frequency

Generalization of the KK method to virtually any type of optical data

A.B.K., Rev. Sci. Instrum.76, 083108 (2005)



Optical phonons

Toy model of a crystal: a chain of alternating « rigid » ions connected by « spring » forces

< a >
NONOAODMON Tt e
MU o m m
m,,Ze m,,—Ze b
U u, u=u,—u,
Optical branch, g=0 B k 12 @ \ﬁg\o
mii, = ZeE —k(u, —u,) @ = 1 o
myii, =—ZeE —k(u, —u,)
. Ze/ .
i =(Ze)Ee” —ku =) u(t)= 28 H ~e " 0 q wla
Wy — W
p_ u(Ze)
C O Am(Ze) 1 Ze)® .
s(w)y=¢, + 7 (Ze) 3 3 o (w) = 7(Ze) 5((0_0)0) Vc - unit cell volume
c H a)O - c
sum rule: For arbitrary number of atoms per unit cell

7(Ze)?

T 1 1 % 2 2
Ial(w)dw = { + } e Z:
q 2V, |m,  m o, (w)dw = Z

’ '([ 2V m,

c 1 i




REFLECTIVITY {PERCENT)

REFLECTIVITY (PERCENT)

J.R. Jasperse et al. Phys. Rev. 146, 526 (1965)

Optical phonons in ionic crystals
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Optical phonons in

5000 10 K

—580K

FeSi 100K |

4000 — 150K 4
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Effective charge: Zgesi =4

much larger than the nominal valence charge

Evidence for strong coupling of lattice
vibrations to electron-hole excitations

FeSi

A. Damascelli et al.
Phys. Rev. B 55, R4863 (1997)



An example: multiple optical phonons

10 Photon energy (meV) 100
1.0 ———ry ———
0.8 |- — 300 K
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— ] —7K
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b 40
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to be published



Intraband and interband transitions

intraband (Drude)

/ GDr(w)
> - interband o, (@)
5 o]
C
L
w
Momentum
2
e 2 8f -1
Reo, (w) = > j dk \v ) [——(g .)} S(w) ) j
2 k,ii k,i = E 1
r 87 i Brillouin o€ J(&)=| exp T "
2 (bands) Zone — Fermi — Dirac distribution
e 2 f(gk,i)_f(gk,j) Ex,j ~ Ck,i
Reop(@)=— > [ dKk v, 6| o——L—= ih, |o
47 (T2 Briflouin ho h Vi = __<‘//ki _‘//kj>
(bands)  Zone m |Ox

O-functions are broadened due to scattering and many-body effects !

- velocity matrix element



Optical spectra of germanium
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H.R. Philipp and H. Ehrenreich,
Phys. Rev. B 129, 1550 (1963)



Optical conductivity sum rule

o0 2
€ N ~—— total density of electrons
o, (w)dw =
0

Zm e T bare electron mass

Forget about the ionic contribution here:
ol it is more than m /m,=2000 times
1 smaller than the electronic one




Partial sum

2m V. ¢
Vo 0)= 2L [ (o7 i
0

T S ML

= Example: Al

10+

yx
;
Lo, m

! L e s na )

o™ I 10 102 103 Tokd 0%
ENERGY, WieV)

D.Y.Smith and E. Shiles, Phys. Rev. B, 17, 4689 (1978)

rule

Drude spectral weight:

2

, 0)2 me
j 0, (a) ')dw' ===
0 8 2’/nband

. -separates Drude and
interband transitions

Drude
Bl \¥ interband




Energy (eV)
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Band structure of MgB,

Band structure Fermi surface

S,py, y - Orbitals

p, - orbitals




Optical spectra of in MgB,

Energy (eV)

1.0

Reflectivity
(=]
n

D 10000 20000 300
1
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Two colors of MgB,

Energy (eV)

V. Guritanu et al. PRB 73, 104509 (2006)



Monolayer graphene

haw
Joint density of states JDOS((O) oC )
1 a
ta
Velocity matrix element Vv, (a)) oC %
t — C-C hopping

a — C-C distance

Sheet conductance:

2 2
Re G(w) = v, ,.(@)] IDOS(w) = — = G,
0, 4h
Re G,
!
.7 infrared /
gF




Energy [eV]
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Tight binding results: monolayer graphene
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Deviations from the Drude formula

2

@ i
Standard Drude formula (energy independent scattering) 0'(0)) SR :
4T w+iy

Electron-boson scattering: photon creates an electron-hole pair and a boson (e.g. phonon)

2 . *
l _ Il m (o
o(w)=-L . w)=1"(w)-iw ( )—1
dr o+iy(w) 4 m, .
scattering 4
rate mass renormalization

o0 Q
)=y dQa’F(Q)K| —=
7/(0), ) yzmp—i__(‘: « ( ) (272'T’27Z-T)

o’ F(w)— electron —boson coupling function

y+Xx

K(x,y) =£—2iy_x [‘P(l—ix+iy)—‘l’(l+iy)]—2i
Y X X

[‘P(l—z’x —iy)—‘P(l—iy)],

¥ (z)— digamma function



Deviations from the Drude formula (example)
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Extended Drude analysis
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