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Newton' s analysis of light
was the beginning of the

science of spectroscopy. (1814) , ILFR A Fraunhofer lines.
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During the latter half of the nineteenth century a tremendous
amount of atomic spectral data were collected. Characteristic
lines were assigned to each element and their wavelengths
were measured precisely. In 1885, 1.J. Balmer KIAJR 7116
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Optical properties of solids

1. Optical constants

2.
3.
4.

Kramers-Kronig transformation

nterband transition

ntraband transition
Drude model

Non-Drude spectra of strongly correlated
electrons

« Optical spectra of a superconductor



1. Optical constants

. . . : Y. E
Consider an electromagnetic wave in a medium I

v

i(gx—ar) io(x/v—1) "“’(n—cx—f) X
E, =Ege =FEe =Ee

where v=a@/q = c/n(w), n(w) : refractive index

If there exists absorption, — wo(%—t)

E =Eje °e
K: attenuation factor
_20Kx
o< E; =Eje ©
Introducing a complex refractive index: N(w) =n(w)+iK(w)
o N(w)x

E =Ee ¢

Intensity
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Reflectivity
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If n, K are known, we

can get R, 9; vice versa.




Dielectric function
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D(q,w)=¢€(q,w)E(q, W) —
phOtOl”l, q — O, E= 8((0, q — O) — 8(&)) q=27/A~104 Al

A E(W) = N(w)

= e(w) = €,(0)+i&, (W) = (n(w) +iK (W)’

£ (w)=n’*(w)—K*(w)
{ &, (W) =2n(w)- K(w)



conductivity

o=0,(w)+0,(w)
4mo(w)
1,

By electrodynamics, £(@w) =1+

In a solid, considering the contribution from ions
or from high energy electronic excitations

4mo(w)
W

(W) =€_A



Now, we have several pairs of optical
constants:

But only R(w) can be measured
experimentally.
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Consider the integral
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Low- m extrapolation:

High-o extrapolation:
Insulator: R~ constant

Metal: Hagen-Rubens R~ P (p~4)

Superconductor: two-fluids model
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Obviously, the density of states will be high if a band is flat.
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Drude model
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1.Hagen-Rubens regime | Atlow-frequency limit (t<<1
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3. Ultraviolet transparency regime | W > W,
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Absorption processes

(The impurities or boson
modes are needed to transfer
the momemtum of particle-hole
excitations. This is called
Impurities or boson-assisted
absorptions. )

Infrared light cannot be absorbed by
electron-hole pair creation
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.
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(a) Impurity-assisted absorption

O/X k9
k,E \
(b) boson-assisted absorption .-

e k E 4‘@ , q

Holstein process, if phonons are involved.
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The Kubo formula for the q and ® depenent conductivity



AR (i) a constant correlation time < for all states
J(G,t) = J(§,0)exp(~t V 1) =53 3O =7)+ 817
A T@=[J@exp-ig-rydi =——3 " p,
J

(ii) only zero wavevector is considered ( local limit), exp(ig-r)=1
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Non-Drude spectra of strongly correlated electrons

General feature: a sharp peak at ®w=0
+ a long tail extending to high energies

For example: cuprates

G, (W)

Two possible interpretations

G, (W)




2
, 1

(1) Drude Model c(w) =

Ar l/t—iw

Extended Drude Model

Let M(w,T)=1/7(@0,T)-iwA(®,T) v wT): Frequency dependent scattering rate
5 A:  Mass enhancement m*=m(1+ A)

@ 1
o(w, T) =~ .
4z M (0, T) - iw

"> 1

. 1/7(®,T) = (0 */47)Re(1/c(®
47:1/7((0,T)—ia)[1+/1(a),T)]‘ (@.1') = (@, 4mRe(l/o(w)

. R 1+M®) = ((np2/47t(o)lm(1/c5((o))

P

Ar 1/t (w,T)—iw

e.g. Marginal Fermi Liquid model:
M@,T)=1/t(w,T)—ioA(w,T) Where x=max(|o|,T),

= g’N*(0) (§x+ iwln a)i] or X=(2+o(wT)2)12
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Extended Drude Model

wZ
oc(w,T)=—=

1

a7 (y(w,T)—-iw)

According to Little | Y(@) = =212
and Varma, .
= 24[%, (W) +

12, (w)]

55 _F T 1/t(@) Fm*/m 8] 15K 5

v, (w)=1/7(w) =2%,
v, (@) =o(1-m" [ m)=-2%,

[l

2
H

b
!
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(2) Two component picture

Drude component + mid-IR component
Sharp peak at ®=0 Long tail at high energies
Free carriers weakly coupled Bound carriers strongly

with boson excitations coupled with phonons, etc.




Optical spectra of a superconductor

T=0, London electrodynamics gives

1 0 ) 1 8 = n s 1
0= @@ i), 14nw = —=—[ (o ~o))dw or 7

L

G, (W)

dirty limit: C>1 «m 2A<I

Absorption starts at

clean limit: E<| «m 2A>ST R \/_

Absorption starts at

2A

"." pippard coherence length E=v./TA, I'=1/t=v/l




Optical study of Culr2S4 and MgTi204: support
for orbital-Peierls transitions

 Metal-insulator transitions in Culr25S4
and MgTi204

» Orbital Peierls transition scenario by
Khomskii

» Optical data---evidence for orbital
Peierls transitions



For 1D system, Fermi surface instability
often drives a system into a symmetry-
breaking insulating state. Such instability is
not expected to develop in a 3D system.

Peierls (Metal-insulator) transition may occur
In some dimension-reduction systems
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Structure feature

A site cation has fully filled
orbital (e.g. Cu'+, Mg?+);

the physical properties are
determined by the B site
cations.

ow>

Atet[BZ] octS4

A site
tetrahedra

B site
octahedra

6 chains by three orbitals



Formation of isomorphic Ir 3+ and Ir 4+ octamers
and spin dimerization in Culr2S84  p g Ragaeli, et al.,

NATURE 416, 155 (2002)

Low-T structure

I3+ 4 2-
Culr3+lr4+§,

- Ir: 5d76s2

Ir3+ is nonmagnetic (t,;,°e,°, s=0)

Ir4+ has a local moment (t,,°e °, s=1/2) (for low spin state)



Observation of Phase Transition from Metal to Spin-Singlet Insulator
in MgTi,04 with S = 1/2 Pyrochlore Lattice

Masahiko ISOBE and Yutaka UEDA™

JPSJ 2002
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Spin Singlet Formation in MgTi,04: Evidence of a Helical Dimerization Pattern

M. Schmidt."* W. Ratcliff II.} P G. Radaelli."* K. Refson.! N. M. Harrison.™® and S.W. Cheong’

Ti: 3d%4s?

(dimerized)

The red: the shortest bond
The purple: the longest bond

The blue: the intermediate
bond
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PHYSICAL REVIEW

PRL 94, 156402 (2005)

: week ending
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B e I OW T Orhbitally Induced Peierls State in Spinels
MIT Ti3+: 3d1, s=1/2

D.I. Khomskii'** and T. Mizokawa®

Ir3+: t,,%¢,0, s=0
Ird+: tzg5ego, s=1/2

') 3+
(a) It
4+
3
4+
2t
4+ 4
3+
(b) ot
Tetragonal
xy-band .
v elongation
e - zx,yz-bands c/a=1.03

FIG. 2 (color). (a) Charge and orbital ordering in Culr,S,.
Octamer is shown by thick lines. Short singlet bonds are in-
dicated by double lines. (b) Schematic electronic structure of
Culr,S,.

BN

) ZX
(a) vz yz
’! ZX
I X ) ye
/ \
}Z.
A Y
yZ
X
}'Z
e
S
X
"\-’Z
(b)
L zx,}'z\ / Tetragonal
B s S xy-band compression

Xy
ZX.yz-bands

FIG. 3 (color). (a) Orbital ordering in MgTi,O,. Short singlet
bonds are shown by double, intermediate —single, and long—
dashed lines. yz orbitals are shown in green and zx orbitals in
blue. (b) Schematic electronic structure of MgTi,0,. Note
different orientation of coordinate axes as compared with
Figs. 1 and 2.

. e tetramerization

Electrons arranged in chains formed by respective orbitals!!



Room temperature spectra
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Temperature-dependent spectra

1.0

0.8}
0.6 [
0C g4l

B: new peak emerged only
below T,;

A is present also at high
temperatures.

N. L. Wang et al PRB (2004)
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FIG. 2 (color).

Culr,S,.

(a) Charge and orbital ordering in Culr,S,.
Octamer is shown by thick lines. Short singlet bonds are in-
dicated by double lines. (b) Schematic electronic structure of

yz, zx bands fully occupied

Xy orbital band splitted
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Four directions: [0,1,1], [0,1,-1], [1,0,1], and [1,0,-1]

T O High T
A L4 A
O,, tog €
(b) B > Low T
d,, d,, 0.
02 T /\ /XN
0 2000 4000 6000 8000
-1 O [2g Cg
® (Cm ) Zp (dyz’ dzx’ d'xy)
Xy orbital (band) empty, J. Zhou et al, PRB 2006

yz, zx orbitals (bands) quarterly filled, and splitted at low T



TRANSITION METAL OXIDES

Travels In one dimension

The discovery that electrons in TI,Ru,O, lose their three-
dimensional hature at low temperatures and arrange

iN chains, opens up a new direction in research iNnto
transition metal oxides.

Figure 1 Orbital ordering in
TI,Ru,0;. Driven by orbital
degrees of freedom, electrons
in the three-dimensional
crystal (background) self-
organize into one-dimensional
chains (foreground).

JEROEN VAN DEN BRINK

is at the Instituut-Lorentz for Theoretical Physics, Leiden
University, 2300 RA Leiden, The Netherlands.
e-mail: brink@lorentz.leidenuniv.nl

surprises and intriguing effects, ranging from
large changes of resistance in the presence of
a magnetic field (the colossal magnetoresistance),
to high-temperature superconductivity. In this
issue, Seongsu Lee and co-workers uncover yet
another revelation'. A detailed investigation ot the
crystallographic, magnetic and electronic properties
of the ruthenium oxide TLRu,O. indicates that at
temperatures below 120 K the electrons reorganize
and effectively change their dimensionality — they go
one-dimensional.

At elevated temperatures, TLLRu,O; seems to be
an unassuming three-dimensional conductor, much
like, for instance, iron. But there are startling changes
in electronic and magnetic properties when T1,Ru,0,
is cooled down. Below the critical temperature, the
electrical resistivity suddenly increases by two orders
of magnitude: the metal freezes into an insulator.

By combining neutron scattering experiments with

T he world of transition metal oxides is full of




Nature Materials (issue of June, 2006) o

Spin gap in Tl,Ru,O; and the possible |
formation of Haldane chains in e
three-dimensional crystals

u 0.0025 AK)UDMU
SEONGSU LEE!, J.-G. PARK!2*, D. T, ADROJA®, D. KHOMSKII, S. STRELTSOVS, K. A. MEWENE, U?\“
H. SAKAI, K. YOSHIMURAY, V. I. ANISIMOVS, D. MORIE, R. KANNOE AND R. IBBERSON? I A .|
E_ Uoowbl%ﬂ !
: ) ! f
Smu gﬁﬁmﬁg £ A . TR T MKBM —
e AR
a

TiK)

Neutron experiment:
spin gap ~ 11 meV

Below T,,, Ru1 and Ru2 ions exist

both Rul and Ru2 as low-spin Ru** with S=1

Zig-zap 1D Haldane chain with s=1



Croft-12-7-06 doc 1

Universality in one dimensional orbital wave ordering in spinel and related
compounds: an experimental perspective

M. Croft, V. Kiryukhin, Y. Horibe, and S-W. Cheong
Rutgers Center for Emergent Materials and Department of Physics and Astronomy,
Rutgers University, Piscataway, NJ 08854
Brookhaven National Laboratory, Upton, NY 11973
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Metal-insulator Transition in a Pyrochlore-type

Ruthenium oxide, Hg,Ru,0,

Ayako Yamamoto % *, Peter A. Sharma’, Yoshihiko Okamoto" *. Aiko Nakao',

Hiroko Aruga Katori'*?, Seiji Niitaka' >, Daisuke Hashizume', and Hidenori Takagi® *°
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Structure of high-Tc cuprates
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Neutron scattering provides a lot
information about spin excitations:

« 3D Bragg peaks at (x, «) for

parent compound (Long
range order),

* Incommensurate peaks
away from the (w, ©) point in
doped compounds— —spin
fluctuation,

* ~40 meV resonance at (w,
n) below T..
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Mode coupling effect in infrared spectra of high-T_c cuprates

Extraction the
boson (phonon)
spectral function

Mode coupling effect in ARPES
and tunneling

Mode coupling effect in IR spectra
of conventional superconductor SD

Feature in IR spectra of high-Tc
superconductors




BCS theory for conventional superconductors

_ L A Tc equation
A=VIGY e q
2N yAN®;
—3.53  Universalit = 1.43
o~ niversality T

Eliashberg Theory

Extension of BCS formalism to include dynamical
electron-phonon interaction

A(kﬁ, w) — F[Vk,k/(w7 w/)] .| A function of the

Interaction

Question: Can we invert the theory to extract the
potential uniquely from a knowledge of A(k,®) ?




I. Giaever, H.R. Hart, Jr., and K. Megerle, PRB 126, 941 (1962)

Pb/Mg0/ Mg
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Fic. 10. The relative conductance of a Ph-MgO-Mg sandwich
plotted against energy. At higher energies there are definite
divergences from the BCS density of states as can be seen from
the bumps in the experimental curve. Note that the crossover

point corresponds in energy to the Debye temperature.

requires Eliashberg theory:

® phonon dynamics (retardation) taken into account [@2 F(2)]

* gap is a function of frequency A(w) = FI{a2F ()}, 1]
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RAPID COMMUNICATIONS

FHYSICAL REVIEW B YOLUME 51, NUMBER 22 1 JUNE 1995-1I1

Phonon structure in the tunneling conductance of Bi,Sr,CaCu,Og

D. Shimada, Y. Shiina, A. Mottate, Y. Ohyvagi, and N. Tsuda™
Department of Applied Phvsics, Science University of Tokvo, -3 Kagurazaka, Shinjuku-¥u, Tokvo 162, Japan
(Received 17 March 1995)

Clear phonon structures were observed in the tunneling conductance of a Bi;Sr;CaCu;O0g-GaAs junction.
The spectral function of the electron-phonon interaction gives a value of 87.3 K for the critical temperature and
22.2 mcV for half a gap. There is no particularly large phonon structure, and the high 7. cannot be attributed
to a particular phonon mode in the electron-phonon mechanism. The gap edge structure is sharp, and an s-wave
state is probable. Howewer, if the angular distribution of the tunneling current is highly anisotropic we cannot
definitely exclude a d-wawve state.
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o | . | Vedeneev ef al ]
0 /MM \/\\’\ :
E,D_ ; Lronnells ef a.r.:
A 1t -
: L |
FPresent result |
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FIG. 2. The normalization procedure was illustrated. The sub-
tracted conductances at 4.2 and 88 K were plotted together with the

GPDS of Bi2212 (Ref. 10). These subtracted conductances were
normalized. See the text.

. . . ) ) FIG. 4. Spectral functions obtained by Vedeneev et al. (Ref. 3),
Fig. 2 together with the generalized phonon density of states Gonnelli er al. (Ref. 4), Miyakawa et al. (Ref. 5), and the present

i 10 :
(GPDS) obtained by Renker ef al. ™" The ratio of the depleted  oq1q are compared with GDPS and the atomic vibrations (Ref. 10).
area to the accumulated area in the normalized df/dV is 0.85 01; O in the CuO, plane, 02; apical O, 03; O in the Bi-O plunes.
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Nommalized Cenductance

RAPID) COMMUNICATIONS

Tunneling spectroscopy of Bi,Sr,CaCu,0g, 5:  Eliashberg analysis of the spectral dip feature

PHYSICAL REVIEW B 68, | 805040k (2003)

1. F. Zasadzinski,"? L. {.'ul'll:}.l P. Romano.” and Z. Yusof
'Physics Division, Hiinois Institute of Technology, Chicago, Nlinois 60616, USA
*High Enerey Physicy Division, Areonne National Labaratory, Aveonne, [llinois 60439, USA
YNFM and Facolta di Scienze, Universita del Sannio, Via Port' Arsa 11, 1-82100 Benevento, Italy
(Received 2 September 2003; published 14 November 2003 )

Eliashberg strong-coupling theory, extendad to a d-wave symmetric gap function, is used to At quantitatively

a published tunneling spectrum of BiySr CaCu, Oy 5 near optimal doping. The shape. location, and strength of

the high-bias spectral dip feature is adequately reproduced using a :4inu|e-|wnk a” Files) centered at 36.5 meV.
17

a“Fla) also self-consistently determines the measured gap value A =32 meV. Possible arigins of the bosonic

spectrum that give rise o high-T- superconductivity are discussed.
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Angle-Resolved Photoemission Spectroscopy (ARPES)

hy Electron detector

e

Crystal

Energy Conservation: Eg=hv —-E, —®
Momentum Conservation: K; =k;+ G,
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Direct Extraction of Electron Self-Energy: Momentum Distribution Curves

MDCs
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Manifestation of Many-Body Effects: Band Renormalization
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P. D. Johnson, et al., PRL 87, 177007 (2001)
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Universal Nodal Fermi Velocity (vg) in (La, Sr, )CuO,
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Extraction of Bosonic Spectral Function from ReX

In metals, the real part of self-energy is related to the bosonic spectral function by:

E 0,
kT kT

ReX(k,e,T) = _[da)azF(a); £,k)K( )
0)

where _ 2 \
K(y,y)=[de—="—;
Y X =Y

f(x+y)

with f(x) being the Fermi-Dirac distribution Function

Maximum Entropy Method = o?F(®)



th Known Structure

1011 W1

Comparison of the Extracted Spectral Funct

[ )

el-ph
(2). multiple
phonons

1)

7 )

Asvu_%o uoljouny jesjoads sluosog A_->mEv ()4 soq uouoyd

o o [} o
e T
i
oo | |53
oS =
o
g |l
o > )
© m Uw
g =
=) =T}
T C
o )
¢ | =
m
&
o
Asvu_%o uonoun4 [es}oeds oluosog (), X

40 60 80 100

Phonon Energy (meV)

20

60 80 100

40

20

Energy (meV)

McQueeney et al.,

Hayden et al.,

PRL 87(2001) 077001

PRL 76(1996) 1344.



Mode coupling in

optical spectra

TI-2212 thin
film T,=108 K

N. L. Wang et al.,
PRBO03
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The electron-boson (phonon) interaction

4800

At OK, based on Allen's formula

Wave number (cm’)

—4 4.5

1000 2000 3000

T=0 K
P.B.Allen 1971
6.0 2 2
CF0) =T
(@ - +yw
foo 2 ®_0=500 cm-1
v=100 cm-1

415

o p"*2=50000 cm-2

0.0



Electron-phonon coupling at finite temperature
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Inversion of reflectance is a VERY ill-defined

problem, but the “image” of «?F(£2) is in the
data.
T = 0 Holstein T heory:

normal state !

2 v 1
) — 7’/ dw— : :
Ar v o v+ -2 —w++id) - Z(w+ 1)
where

glo o)

o |l
> (w—+1i8) = / dQa?F () log | nd m/ dQa’F(Q)
0 QL+w 0

Numerical inversion is possible but

requires high precision (Pb)

“Poor man’s” inversion — use perturbation theory
Find:
2 2 1 d? 1
1 d
0P?F(v)y =L = f Re(—~)} or W(w) = ~[o—]
41 27 dy ( ) 2 dw? (W)



15

a’F(v)

(A) o?F(r) =P

1 d? 1

A7 27 dp2

(vRe ()

Pb (actual, and
numerically inverted ---
these are indistinguishable

approximate (from (A) )
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problem

the bosonic spectral function can not be
negative. The negative values are linked with

the overshoot in 1/7(w).

A mode is unable
to cause a
overshoot in 1/

At OK, based on Allen's formula
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S. V. Dordevic, et al. PRB 71, 104529 (2005)

Allen’s formula for the scattering () _ 27 po2n
rate in the superconducting state @ 90
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FIG. 9. Model spectral function o Flw) (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;05 5 (Fig. 7). However, for finite values of the gap the
calculated scattering rate resembles 1/m{w) of optimally doped
YBa,Cu;04 o0 there 1s an overshoor following the suppressed re-
gion (Fig. 7).
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E(x) is the second kind
elliptic integral



J. Hwang, T. Timusk, et al. cond-mat/0505302
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Optical data for TI-2223 crystal
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I dip OnM
or Tc=k(2A+Q) -
S e Hg1223 |
the scaling behavior means that § peak on W(w)
not only the gap amplitude is > TI2201
proportional to Tc, but the boson 8 | depeak o |
mode energy is also proportional \
to Tc. | | | L i
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T, (K
hall n .. According to Carbotte et al.,
challenge phonon origin dip - peak=A

of bosonic mode

Not reasonable!
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Y. C. Ma and N. L. Wang, challenge the established model
PRB 72, 104518 (2005).




Infrared scattering rate of overdoped TI2Ba2CuO6+0
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Y. C. Ma and N. L. Wang, cond-
mat/0511643, (PRB in-press)

Three crystals were selected for
optical study:

Tc~89 K, nearly optimal doping
Tc~70 K, mediately overdoped
Tc~15 K, heavily overdoped
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TABLE I: The spectral weight distribution ealculated from
Eq. (1) for three TI-2201 erystals. All the data has been
normalized to SW{S000) of the optimally doped sample.

Sample T. (IX) SW(600) SW(=000)-SW(600) SW (S000)

A 50 0.312 (IR 1.000
B 70 0.367 0.642 1.019
C 15 0.425 0.582 1.007
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The effective carrier density does not
increase further with doping in the
overdoped region, the major change is
the narrowing of low-w Drude-like peak,
originated from the reduction of the
scattering rate.




Low-o R(w) at low T changes significantly with overdoping
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Mode-coupling feature becomes weak as the samples become overdoped,
and disappears in the heavily overdoped Tc=15 K sample.
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The spectral feature is not consistent with a coupling with a phonon, but
could still be reconciled with a coupling to magnetic excitations.
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nodal quasiparticle peak becomes even
broader in heavily overdoped sample than
in intermediately overdoped sample

Naively, one can ascribe the reduction of the optical scattering rate to the
increase of the lifetime of antinodal quasiparticles




However, the lifetime increase of the antinodal quasiparticles is not the sole reason.

| e | v, appears as a weighted factor in the
=1L (—j integration.The larger the v, and the
t@) 4z o(®) smaller the 11, the larger contribution it
has to the transport.
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The change of the Fermi velocity arising from the shape change of Fermi

surface with doping, especially near the antinodal region, also contribute
to the transport.




