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l. Optical constants and their relations

Optical spectroscopy is a primary tool to probe the charge
dynamics and quasiparticle excitations in a material.
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The electrodynamical properties of solids
described by a number of so-called “optical constants”:

complex refractive index, or complex dielectric constants,
or complex conductivity.

Those optical constants could be probed either directly
(ellipsometry, ultrfast laser-based time domain terahertz
spectroscopy,...) or indirectly (reflectance
measurement over broad frequencies).



Optical constants
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Reflectivity
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Dielectric function
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conductivity
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By electrodynamics, e(w) =1+

In a solid, considering the contribution from ions
or from high energy electronic excitations
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Now, we have several pairs of optical
constants:

r n((D), K((D)
R(®), 0 (o)
£1(0), ()
* 6,(0), o,5(0)

Usually, only R(w) can be measured
experimentally.



Kramers-Kronig relation

-- the relation between the real and

Imaginary parts of a response function.

For optical reflectance

r(w) = R(w)e"

= Inr(w) = (1/2)In R(w) +i0

Low-m extrapolations:

Insulator: R~ constant

Metal: Hagen-Rubens

Superconductor: two-fluids model
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High-w extrapolations:
R~ oP (p~0.5-1, for intermedate region)

R~ o™ (n=4, above interband transition)
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In-situ overcoating technique

FT-IR spectrometer
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Interband transition

10+
:_ La,Cul, Calculation
| -~ (Mazin et al.)
E 5 .
D £ - i . .-. S Bl _l___.-l___ : _|__|_|._I.
10— - '
- LaEEuD,‘
— . L-ﬂ'l . E'E ST'D' ME“D‘_
) 5| f"x Experiment
E .: r'!'ll‘ cﬁ*ﬁ""\. E 1e
L A \'\\ﬂ
2 .I'Ig e h_q"‘““--_....._...—
D _._,.l"I N N . [ L 3 " 1 i 1 a4 e
9 5 10 15
M (eV)

Kubo-Greenwood formula

816
&,(w) = M0

J (ho)| By, (heo) [

o,() = iwez (@)

Intraband transition

Ak

Infrared light cannot be absorbed
directly by electron-hole excitation.

(a) Impurity-assisted absorption
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(b) boson-assisted absorption

e kE < 4,0

Holstein process, if phonons are involved.




¥4 & . Drude model

| :
o(w)=—T =% 1 =
l-ior 4z llrt—-\w i O
47
s(w)=¢, +i0'(a)) .............................. 81/800
@ <
:>gl=gw—w2+]‘i/z_2 /
dno, @it 1 /\ Im(-1/¢)
2 = w @ 1+w?c?
1 :
5 Pdc
-1 w ol [ T
{ F= 282 22 G ((D)
() (0" -w,) +o°t 1
=o I .
“o TGN (m”/m)N
00 a)Z
[ou(@)de= ?p energy



2545 . Parent compound 1T-TiSe2

e 1T-TiSe2 was one of
the first CDW-bearing

materials
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FIG. 1. Energy-band structure of TiSe, in the local exchange -and correlation model.



Excitonic Phases w. Kohn, PRL 67
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FIG. 1. The insulating side. (a) Energy bands and
exciton band of the normal insulator. (b) The new ener-
gy bands after the first excitonic transition for succes-
sive values of the external parameter (e.g., pressure).
(c) The second excitonic instability.
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FIG. 2. The metallic side, (a) Energy bands of the
normal semimetal. (b) Energy bands after the first
Overhauser transition for two different directions of k.
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FIG. 3. The excitonic phases. (a) Succession of phas-
es, at T=0°, for different values of c; m, metallic;
i, insulating. The dotted interval contains an infinity
of m and i phases. (b) Total phase diagram, showing
an infinity of nested phases.

The electron-hole coupling acts to mix the electron band and hole
band that are connected by a particular wave vector.
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c, (S/cm)
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Free carriers with very long
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ers and interband transitions. As shown in the inset of
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Simple metal
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Electron correlations reflected in optical conductivity
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Table 1| The ratio of the experimental kinetic energy K, extracted from optical
measurements, as described in ref. 27, and K, provided by band-structure calculations.

Superconductor

CusCs
Nd,,Ce,CuQ,
Pr,.Ce,CuO,
La,,5r,Cul,
Y¥Ba,Cu;0,,
Bi,Sr,CaCu,0, .,

Fe5Cs
LaFePO
Ba(Fe,,Co,),As,
Ba, K, Fe,As,

Exotic SCs
CeColn,
SroRuO,

k-(BEDT-TTF),Cu(SCNY,

Electron-phonon 5Cs
MgB,
KaCeo
RbJCED

T

o Imax

25
25
40
=5
94

23
39

2.3
1.5
12

40
20
30

Ksnp"’r KI.DA at Tc max

03
032
0.25
04
045

05
0.35-05
03

017
04
04

09
096
09

Refs

W

oW Y

27
211-1
43

44,45
27
46

27
47,48
47,48

*D, van der Marel efal,, unpublished: * *A. Schafgans etal,, unpublished,

Basov and Chubakov, Nature Physics 2011



Hubbard U physics: p()
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FIG. 30. Local spectral density wDp(w) at T=0, for several
values of U, obtained by the iterated perturbation theory ap-
proximation. The first four curves (from top to bottom, U/D
=1,22.5.3) correspond to an increasingly correlated metal,
while the bottom one (U/D=4) is an insulator.
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served. As T is lowered, there is an enhancement of the
spectrum at intermediate frequencies of order 0.5 eV
more notably, a sharp low-frequency feature emerges
that extends from 0 to 0.15 eV.



Sum rule

e’ )

— / 8
2m, P

20
f-sum rule: / o1 (w)dw =
Jo

It has the explicit implication that at energies higher than the total
bandwidth of a solid, electrons behave as free particles.

kinetic energy
e’

W : :
dew = We — Y2 e in the tight
/u 71 (w)des K 2N T“‘E;‘m‘ binding model

Kubo partial
sum-rule:

The upper limit of the integration is much larger than the bandwidth
of a given band crossing the Fermi level but still smaller than the
energy of interband transitions. For €, = k?/2m,, the Kubo sum
rule reduces to the f-sum rule.

W, depends on T and on the state of the system because of n,---
"violation of the conductivity sum rule", first studied by Hirsch.

In reality, there is no true violation: the change of the spectral weight of a given band would be
compensated by an appropriate change in the spectral weight in other bands, and the total
spectral weight over all bands is conserved.



Extended Drude Model
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The extended Drude model in terms of optical
self-energy

2
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The electron-boson (phonon) interaction
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S. V. Dordevic, et al. PRB 71, 104529 (2005)

, . B 2
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FIG. 9. Model spectral function a*F(w) (thin line) is used to
calculate the scattering rate 1/ 7,.,(w) from Eq. (13). For A=0 the
calculated scattering rate resembles 1/m{w) of underdoped
YBa,Cu;0;4 4 (Fig. 7). However, for finite values of the gap the
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Optical spectra of a superconductor

T=0, London electrodynamics gives
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Coherent factors and characteristic spectral
structures in density wave or superconductors
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Gap feature in density waves
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Gap structure in superconductors
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Coherent peak below Tc
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Optik IFS113v/ IFS66vV
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Optical measurement under magnetic field

Bruker 113v spectrometer (10 Tesla split coils from Cryomagnetic Inc.)




Josephson Plasma edge In
KO.75Fel.75Se2 from nanoscale
phase separation

R.H. Yuan et al, Scientific Reports (2012)
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Effect of magnetic field:

Magneto-Optical Reflectivity in EuB6
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Degiorgi et al., Phys. Rev. Lett. 79, 5134 (1997)



Probe

Pump-probe experiment based on
femtosecond laser
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THz time domain spectroscopy
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Optical (e.g. midinfrared) pump, THz probe!

Manipulation and control
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Light-Induced Superconductivity in a
Stripe-Ordered Cuprate

Science 2011

D. Fausti,**tt R. I. Tobey,”t§ N. Dean,™? S. Kaiser,® A. Dienst,® M. C. Hoffmann,* 5. Pyon,?

T. Takayama,® H. Takagi,>* A. Cavalleri***
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Fig. 3. (A) Static c-axis electric field reflectance (r = E.n/Eind
of LSCO, 1., measured at a 45° angle of incidence above (black
dots) and below (red dots) 7. = 38 K. Here field reflectances r=
E.cf1 /Einc are measured, as opposed to intensity reflectivities
in the near-IR, because the time domain detection scheme
for short terahertz transients is sensitive to the electric field.

In the equilibrium low-temperature superconducting state, a Josephson plasma edge is clearly
visible, reflecting the appearance of coherent transport. This edge is fitted with a two-fluid model
(continuous line). Above T, incoherent ohmic transport is reflected in a featureless cond uctivity. (B)
Static c-axis reflectance of LESCO 5 at 10 K. The optical properties are those of a nonsuperconducting
compound down to the lowest temperatures. (C) Transient ¢-axis reflectance of LESCO, 4, normalized
to the static reflectance. Measurements are taken at 10 K, after excitation with IR pulses at 16 um
wavelength. The appearance of a plasma edge at 60 cm™* demonstrates that the photoinduced state
is superconducting.
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