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Infrared and optical spectroscopy has been applied to study both the normal state 

and superconducting state electronic properties of cuprate superconductors. Two 

important parameters used in our experiments are the applied field and substitutional 

doping. 

The ab-plane optical responses of Ca-doped YBa2Cu3O7-δ films were studied from 

optimally doped region to overdoped regimes. The temperature dependent reflectance 

spectra were measured from far infrared (20 cm-1) to ultraviolet (43,000 cm-1). The 

spectra were analyzed by a two component model and marginal Fermi liquid model. The 

result indicates a further increase of plasma frequency which is consistent with the study 

of BSCO samples by other groups. Another interesting result is the decreased superfluid 

density in the overdoped region. This result is consistent with decreased superconducting 

transition temperature with increasing the doping level within the overdoped region. 

 



xiv 

Magnetic field dependent, low temperature infrared transmittance was used to 

study the vortex dynamics in high temperature superconductors. Optimally doped 

YBa2Cu3O7-δ and YBa2Cu3O6 samples were used for the measurements. We saw no 

significant field-sensitive features in the far infrared transmittance spectra at low 

temperature. 

The temperature dependence of the reflectance of cubic bismuth pyrochlores 

Bi3/2ZnTa3/2O7 (BZT), Bi3/2MgNb3/2O7 (BMN), Bi3/2MgTa3/2O7 (BMT) and 

Bi3/2Zn0.92Nb1.5O6.92 (BZN) has been investigated by infrared spectroscopy. Spectra were 

collected from 30 to 3300 cm-1 between 50 and 300 K, and the optical constants were 

estimated by Kramers-Kronig analysis and classical dispersion theory. In addition, BZN 

was studied by terahertz technique at lower frequencies (3 cm-1 to 60 cm-1) between 300 

K and 50 K. Infrared-active phonon modes have been assigned to specific bending and 

stretching vibrational modes. A previously unassigned infrared mode at about 850 cm-1 is 

discussed. A splitting of the B-O stretching phonon modes and O-B-O bending modes is 

assigned to mixed cation occupancy. The temperature dependence of the phonon 

frequencies and the damping coefficients are consistent with a decrease of lattice constant 

and with orientational disorder at low temperatures. 
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CHAPTER 1 
OPTICAL THEORY 

The optical properties of materials arise from the characteristic of their interactions 

with electromagnetic waves. Different classes of materials will, in general, differ in their 

response to optical radiation. In this chapter, we will provide a general background of the 

theory of the optical properties of materials. The first part is a review of the principle of 

optics and some phenomena that occur when light propagates through a medium. Then, 

we will introduce the famous Maxwell’s equations which describe the behavior of 

electromagnetic fields. Following this part, several techniques and equations will be 

introduced to explain how to get quantitative optical parameters from the experimental 

spectrum. Finally, we will give the microscopic models to describe the interaction 

between light and the atoms of the materials. Details of the subject of this chapter can be 

found in most books on optics and electromagnetism [1-7]. 

1.1 Light Phenomena 

Light propagates as electromagnetic waves. Therefore, there are certain 

characteristics of waves, and in particular electromagnetic waves, that must be reviewed 

in order to understand the behavior of light and its interaction with matter. 

Traveling waves can be either longitudinal or transverse. The electromagnetic field 

wave is transverse. If light incident on the source is absorbed and the only light emitted 

by the source is the light generated by the oscillators of the source material, then the 

source is named a black-body. Planck’s equation for spectral intensity as a function of 

wavelength R(λ) (in J/cm3 etc.) for the black-body radiation spectrum is  
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where T defines the temperature in degree Kelvin (K), h is Planck’s constant (6.63x10-34 

J.s) and kB is Boltzman’s constant 

The wavelength corresponding to the peak emission intensity for each temperature 

can be derivied from equation 1.1.  

Km1028978.0 o2−×=Tmλ                                                     (1-2) 

Equation 1.2 is Wein displacement law.  

When light is shining onto a medium, some of it will be reflected and the rest of the 

light is going to transmit and propagate in the material. As the light propagates in the 

medium, part of the light will be reduced by the absorption or scattering by the material. 

If we assume the optical properties such as refractive index, absorption coefficient, 

and reflectivity are independent of light intensity, this is called linear optics. All the 

discussion of this thesis will be restricted to the linear optics. 

Within linear optics, the refractive index of a material is defined by the ratio of the 

velocity of light in free space to the velocity of light as it passes through the materials. 

v
cn =                                                                  (1-3) 

The group velocity of light traveling through a material is less than the velocity in 

free space. It is also true that light with different wavelength travels at different speed 

through the same material. This leads to the fact that the refractive index of any matter 
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has the same wavelength dispersion or a variation in value as a function of wavelength or 

frequency 

)(ωnn =                                                               (1-4) 

The absorption of light in the matter can be quantified by absorption coefficient α 

defined as the fraction of the power absorbed in a unit length of the material. 

xeIIxIdxdI αα −=⋅−= 0     and     )(                                              (1-5) 

The response of a material to the external electric field E can be characterized by a 

few macroscopic vectors: polarization P
r

, electric displacement and current density J
r

. For 

weak electromagnetic field and in local limit, the response of the medium is linear and 

can be written by the constitutive relations (all the equations are written in c.g.s unit). 
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The parameter ε~  is a complex dielectric constant and σ~  is the complex 

conductivity of the medium. The real parts of ε~  and σ~  are the frequency-dependent 

dielectric function and conductivity, respectively, of the medium. For simplicity, we take 

µ = 1; this is the case for most of non-magnetic materials. Thus, we can set HB
rr

= . 

The propagation of the electromagnetic wave can be described by a set of four 

differential equations known as Maxwell’s macroscopic equations.  
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where E
r

and H
r

are the electric and magnetic fields, D
r

and B
r

are the displacement field 

and magnetic induction, ρf  and fJ
r

are the free charge and free current density 

respectively. 

If the medium is isotropic and homogenous, ε~ and σ~  are scalar quantities rather 

than tensors and have no space variation. In the absence of external charges and free 

current density, Maxwell equations are given by 
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assume the fields have the plane-wave form 
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where the vector 0E
r

, 0H
r

and qr  are in general complex and independent of space and 

time, then t∂
∂  and ∇  can be replaced by  -iω and qir respectively. Then, Maxwell’s 

equations can be changed into 
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Equation (1-10) indicates qr , E
r

, H
r

 are mutually perpendicular with each other, if 

we assume ε~  is a scalar, the case for isotropic materials. The solution for the above 

Maxwell’s equations is 

εω ~
2

2 ⎟
⎠
⎞

⎜
⎝
⎛=

c
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The conclusion provides that light is a transverse electromagnetic wave. One can 

define a complex refractive index Ñ, yielding the very useful dispersion relationship 
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Comparing equation (1-11) and (1-12), we find 
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Considering the case of normal incidence and q parallel to x, then equation (1-9) 

has the form 

⎟
⎠
⎞

⎜
⎝
⎛ −−⎟

⎠
⎞

⎜
⎝
⎛ −

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

=
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

=
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧ tnx

c
ikx

c
tNx

c
i

ee
H

E
e

H

E

H

E ω
ωωω

ω

0

0

0

0
r

r

r

r

r

r

                              (1-16) 

This solution is an attenuated wave with a skin depth δ = (c/ω)k or a power 

absorption coefficient α = 2/ δ = (2 ωk)/c, the phase velocity is vp = c/n. 

The optical response of a material can be described by various quantities (called 

optical “constants”) which are not independent and can be interrelated by 

σ
ω
πε ~41~~

~
1 2

2
iN

Z
+==≡                                                     (1-17) 

where the complex surface impendence Z = R + iY , with R and Y being the impendence 

and reactance, has been introduced. Note all the optical “constants” introduced are (in 

general) frequency dependent. 

For our experiment, the most interesting thing is the real part of the optical 

conductivity, σ1, because it is directly proportional to the power dissipation of the 

electromagnetic field unit volume by the medium. 

2

12
1*])Re[(

2
1*)Re(

2
1 EEEEJ

dV
dPdissip rrrrr

σσ =⋅=⋅=                       (1-18) 

EJJJ Pf

rrrr
σ~=+=  is the total charge current induced by the electric field E

r
. The result 

indicates that only the in-plane conduction current EJ f

rr
1σ=  dissipates power. While the 



7 

 

displacement current EciJ d

rr
)/(ω−= and the polarization current EiJ P

rr
2σ= do not, 

because they are π/2 out of phase with E
r

; thus time average of energy flow is zero. 

1.2 Determination of Optical Constants 

The purpose of our experiment is to find the optical conductivity. But, 

unfortunately, in most situations, optical conductivity cannot be measured directly. 

Information about the materials is often obtained by studying the electromagnetic waves 

reflected from and/or transmitted across interfaces between materials with different 

optical properties. In the experiment, the transmittance T(ω) and reflectance R(ω) are 

usually measured in a special frequency range. And the optical constant, such as σ1(ω) 

and σ2(ω), will be deduced from R and T. 

1.2.1 Fresenel’s Equation 

In Figure 1-1, light incident upon the smooth surface will be reflected and 

refracted. The incident, reflected and refracted rays lie in the same plane of incidence. 

The reflected beam from a flat, polished surface will propagate at an angle (θr = θi) that 

which equals the angle of incidence. The refracted or transmitted beam will propagate at 

an angle θt that obeys 

ttii nn θθ sinsin =                                                    (1-19) 

At the interface, the reflected and refracted beam intensities must satisfy the 

requirement that the parallel to the interface components of the total electric and 

magnetic fields be continuous across the boundaries. This relationship leads to the 

Fresnel formulae. For normal incidence (θi = θt = 0) the boundary condition can be 

written as the following equations 
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                                                    (1-20) 

where the subscripts i, r and t denote the incident, reflected and transmitted light 

respectively at the interface. 

The relation between E
r

and H
r

can be simplified as ENH
rr ~= . Thus, a plane wave is 

propagating across the interface between medium a and medium b, and it satisfies 

⎪
⎪
⎩

⎪⎪
⎨

⎧

=

=

=

tbt

rar

iai

ENH

ENH

ENH

~

~

~

                                                       (1-21) 

where Ña and Ñb are the complex refractive indices in medium a and medium b. The 

complex amplitude coefficients of the reflected r and transmitted t electric field are 

ba

ba

i

r

NN
NN

E
E

r ~~
~~

+
−

==                                                     (1-22) 

ba

a

i

t

NN
N

r
E
E

t
+

=−==
2

1                                                  (1-23) 

If we assume medium a is vacuum, then we can take Na = 1 and Nb = N = n + ik. The 

reflectance of medium b is simply given by 

22

22
*

)1(
)1(~~

kn
knrrR

++
+−

==                                                  (1-24) 

The reflectance R and phase change φ of the reflected electric field wave are related to n 

and k by 

221
2tan   and

)1(
)1(

kn
k

ikn
iknreR i

−−
−=

++
−−

==

ϕ

ϕ

                                             (1-25) 
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In the single-beam optical measurement, only the reflectance R can be measured. 

Thus, n and k cannot be determined alone. Therefore, we need another equation to relate 

n and k. The Kramers-Kronig relation offers a practical solution to the problem. 

1.2.2 Kramers-Kronig Analysis 

The Kramers-Kronig technique makes use of the optical functions, such as 

reflectance, transmittance or other linear response functions. This analysis is based on the 

causality requirement on the response function, i.e., that the response of the system 

cannot occur until an external driving force is applied. These equations relate a dispersive 

process to an absorptive process due to the requirement of causality for linear response 

function. The Kramers-Kronig relation for the complex refraction index and the complex 

dielectric function may be stated as follows, 

∫

∫
∞

∞

−
−

−=

−
=−

0
22

0
22

'
'

1)'(2)(

'
'

)'('21)(

ω
ωω

ω
π
ωω

ω
ωω
ωω

π
ω

dnPk

dkPn
                                           (1-26) 
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∫
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=

−
−
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0
22

1
2

0
22

2
1

'
'

1)'(2)(

'
'

1)'('21)(

ω
ωω

ωε
π
ωωε

ω
ωω
ωεω

π
ωε

dP

dP
                                     (1-27) 

where P is the Principal value of the integral. For the reflectance at a plane interface, the 

amplitude reflection coefficient given in equation (1-24) is a complex quantity. One   

commonly used technique is to measure the reflectance over a wide frequency range, and 

we get 
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                                   (1-28) 

An obvious drawback of the Kramers-Kronig technique is the requirement of large 

frequency range measurement. Extrapolations to zero and infinite frequencies are 

required. One typical extrapolation [3] is that above the highest frequency (37,000 cm-1) 

measured, the reflectance is usually expressed as ω-s with 0 < s < 4. The reflectance is 

due to interband transition in this region and can be expressed as 

s
f

fRR ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

ω
ω

ω)(                                                          (1-29) 

At low frequency, the reflectance is assumed to be constant if the sample is an 

insulator. In the case of a metal, the reflectance is expressed in term of the Hagen-Rubens 

law [3] and is written as 

ωω AR −= 1)(                                                           (1-30) 

1.2.3 Reflectance and Transmittance at a Thin Film on a Thick Substrate 

A thin film has a thickness d<<λ and d<<δ, and δ is the penetration depth. If light 

incident onto this system, some part of it will be reflected and some will be transmitted. 

In the film, we can expect multiple reflections. This can be clearly described by the 

following model. As shown in Figure 1-2, medium 1, medium 2, and medium 3 constitute 

this two interface system. The first and third media are assumed to be non-absorbing and 

to span semi-infinite space with their complex refractive index N1 and N3 respectively. 

The second medium has its thickness d with refractive index Ñ2. For simplicity, only 
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normal incidence will be considered. The general transmission and reflection can be 

expressed as 

δ

δ

δδδ
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where rij  and tij are the amplitude reflection and transmission coefficients between 

medium i and j. δ~  is the complex phase depth of the second medium which is defined by 

didn
c

dN
c 2

~~
22

αωωδ +==                                              (1-33) 

where α is the absorption coefficient. The resultant transmission and reflection are 

obtained 
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21232
2 φφωθ ++= dn
c

                                               (1-36) 

where øij is the phase shift upon reflection at the interface. The cosine term leads to 

interference fringes in the spectrum which is due to multiple internal reflections in the 

second medium.  
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When the second medium is thick (d>>λ) or wedged, there is no coherence among 

multiple reflections. For a thick sample of thickness d with complex refractive index ñ 

being measured in a vacuum, it is straightforward to find the average transmittance and 

reflectance 

d
s

d
s

ave eR
enkR

T α

α

22

222

1
)/1()1(

−

−

−
+−

=                                          (1-37) 

and 

)1( d
avesave eTRR α−+=                                                  (1-38) 

where Rs is the single bounce reflectance given by equation (1-24). 

Let us consider the structure of a thin film with thickness d deposited on a thick 

substrate, as shown in Figure 1-2. Take N1 = 1; then from equation (1-31) and (1-32) with 

the following approximations, 

⎪
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                                                    (1-39) 

Here, we have applied the long wavelength limit and assumed that film is thin enough 

such that δ<<1. 

It can be shown that the transmittance across the film into substrate and the 

reflectance from the film are given by Glover-Tinkham equations [8, 9]. 

2
2

2
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=                                       (1-40) 

and 
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=                                                (1-41) 

where n is the refractive index of the substrate, y1 and y2 are real and imaginary part of 

the complex admittance of film y~  respectively. y~  is related to the complex conductivity 

21
~ σσσ i+=  of the film by dZy σ~~

0=  where Z0 is the impendence of free space. 

In reality, the substance has a finite thickness and it is a four medium problem with 

medium 4 being vacuum. For a nearly opaque metal film, the overall reflectance of film 

plus substance in this 4-medium system is 

x
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x
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f eRR
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+=                                                 (1-42) 

Equation (1-40) gives the transmittance across the film into substrate. The 

measured transmittance T  is given by 

fx
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x
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eRR
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−
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=                                                 (1-43) 

where x is the thickness and α the absorption coefficient of the substrate. The other terms 

of equation (1-42) and (1-43) are substrate-incident (backside) reflection of the film. 
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=                                                 (1-44) 

and for a weakly absorption substrate such that k = (cα)/(2ω)<<n. The single boundary 

reflection of the substrate may be approximated as 

2

1
1

⎟
⎠
⎞

⎜
⎝
⎛
+
−

=
n
nRs                                                            (1-45) 

From the measurement of the transmittance and reflectance of the substrate, we can 

get the index of refraction n and the absorption coefficient α of the substrate using 
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equation (1-37), and (1-38). The term k2/n2 in equation (1-37) can be neglected for a 

weak absorbing substrate. 

With the knowledge of substrate’s optical properties, σ1, σ2 and all other response 

functions can be expected by inverting equation (1-40) ― (1-44), after measuring both 

transmittance and reflectance of the film-on-substrate system. For a structure with more 

layers, the analysis becomes progressively more complicated. 

1.2.4 Microscopic Models 

Up to this point, we have not described the optical phenomena from a microscopic 

point of view. There are various microscopic models which explain the optical behavior 

observed experimentally. The classical theory of absorption and dispersion is due mainly 

to Lorentz and Drude. The Lorentz model is applicable to insulator; its quantum 

mechanical analog includes all direct interband transitions, i.e., all transitions from which 

the final state of an electron lies in a different band, but with no change in K-vector in the 

reduced zone scheme. The Drude model is applicable to free-electron metals; its quantum 

mechanical analog includes intraband transition, where intraband transition is taken to 

mean all transitions not involving a reciprocal lattice vector. Both the Lorentz and Drude 

model are useful as starting points and for developing a feeling for optical properties. 

Many features of these classical models have quantum mechanical counterparts which are 

easily understood as generalizations of their classical analogs. 

1.2.4.1 Lorentz model 

The Lorentz model is a simple, yet very useful classical model dielectric function 

that can be derived for a set of damped harmonic oscillators. The motion of an electron 

bound to the nucleus is described by 
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−=++ ω                                        (1-46) 

The field E(t) is the local electrical field acting on the electron as a driving force. 

The term 
dt
rdmr
r

 represents viscous damping and provides for an energy loss mechanism. 

The actual loss mechanism is radiation damping for a free atom, but it arises from various 

scatting mechanisms. The term rm r2
0ω  is a Hooke’s law restoring force. 

In the classical model, there are two approximations in equation (1-46). The 

nucleus has been assumed to have infinite mass; otherwise the reduced mass should have 

been used. We also have neglected the small force cBVe /
rr

×− arising from interaction 

between the electron and the magnetic field of the light wave. It is negligible because the 

velocity of the electron is small compared with c (c is the speed of light in vacuum). 

Inserting a solution of the form tierr ω−= 0  into equation (1-46), yields  

E
im

er
γωωω −−

= 22
0

1                                                 (1-47) 

and the induced macroscopic polarization is 

E
im

NeNerP
γωωω −−

== 22
0

2 1                                         (1-48) 

Assuming there are N oscillators per unit volume, the resonant contribution to the 

macroscopic polarization is 

E
im

NeNerP
γωωω −−

== 22
0

2 1                                        (1-49) 

For isotropic matter, the susceptibility arising from the oscillator is 

γωωω
χ

im
Ne

−−
= 22

0

2 1~                                               (1-50) 
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the total polarization is 

EEP e )~(~
total ∞−== χχχ                                              (1-51) 

where χ∞ is the background susceptibility that arises from the polarization due to all the 

other oscillators at higher frequencies. 

The dielectric function can be determined 

γωωω
ω

εωε
i

p

−−
+= ∞ 22

0

2

)(~                                          (1-52) 

plasma frequency can be defined by 

m
Ne

p

2
2 4π

ω =                                                     (1-53) 

where N, q and m are the number density, effective charge and effective mass of the type 

j oscillator respectively. If the system has several oscillators and Nj is number density of 

jth oscillator, Nj should satisfy the following equation. 

∑ =
j

j NN                                                        (1-54) 

A corresponding quantum mechanical version of equation (1-52) can be written as  

∑ −−
⋅+= ∞

j jj

j
p i

f
ωγωω

ωεωε 22)(~                                      (1-55) 

fj is introduced as the notion of oscillator strength. The oscillator strength fj is related to 

the probability of a quantum mechanical transition which can be calculated using Fermi’s 

golden rule. It satisfies a sum rule. 

∑ =
j

jf 1                                                            (1-56) 

The oscillator strength allows us an explanation for different absorption strength of 

different transitions. 
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1.2.4.2 Drude model 

The Drude model describes the optical response of free carrier in good metals. It is 

just a particular case of Lorentz oscillator with 0ω  in equation (1-46) being zero. 

ωτω
ω

ε
i
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D +

−= 2

2

1~                                                       (1-57) 

where ωpD is the Drude plasma frequency defined by 

*
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The real and imaginary parts are 
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The conductivity based on the Drude mode is 

ωτ
σ

ωσ
i−

=
1

)(~ 0                                                      (1-60) 

where σ0 is the DC conductivity defined as  

*

2

0 m
Ne τσ =                                                            (1-61) 

The real and imaginary parts are  
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The relation betweenε~ andσ~ is 

)(~4)(~ ωσ
ω
πεωε i

+= ∞                                                (1-63) 
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in the limit of low frequency where ω << τ-1 is satisfied, we can obtain the following 

relations 
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From the above equations, we can find the absorption coefficient 

cc
k ωπσωα 082
≈=                                              (1-65) 

or the skin depth 

ωπσα
δ

02
2 c
≈=                                                 (1-66) 

So, the skin depth is inversely proportional to the square root of the DC conductivity and 

frequency. This implies that a material with higher DC conductivity allows shorter 

penetration of AC fields. 

Considering the special case with Drude width τ-1= 0, the dielectric functions are 

given by 

)0(    012

2

2

1

≠==
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ωσε
ω
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εε

DD

pD
D                                            (1-67) 

For superconductor, the super-fluid part of dielectric contribution is satisfied with 

the above equation. This equation tells us that εD < 0 for frequencies below the plasma 

edge ∞≤≤ εωω pD( ). Then, the complex refractive index Ñ is purely imaginary and 

thus the reflectance R is 1 in this frequency range and system suddenly becomes 

transparent above plasma edge. 
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1.2.4.3 Drude-Lorentz model 

When both the Drude and Lorentz types of dielectric response are observed in a 

spectrum, we can model the dielectric function by a sum of these terms. 
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22
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)(~                                 (1-68) 

This relation is called the Drude-Lorentz mode. In the optical spectrum of the high 

Tc superconductors, the Lorentz part of contribution is used to describe the mid-infrared 

contribution. The Drude part is used to describe the free carrier or quasi-particle 

contribution. All these terms plus the superfluid term will be used to describe the 

dielectric function of the optical properties of the high Tc superconductor. 

Unlike Kramers-Kronig relation, fitting data with model function can be employed 

in a finite frequency range as long as we have a well-defined background contribution ε∞ 

beyond the measured frequency range. 

1.2.4.4 f-Sum rule 

For f-sum rule. It states that the area under the conductivity σ1(ω) is conserved. 

∫
∞

⋅==
0

22

1 28
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m
Ned p πω

ωωσ                                             (1-69) 

where m and e are the bare mass and electric charge of a free electron. This sum rule 

means that area, or oscillator strength, is independent of factors such as the sample 

temperature, the scatting rate, phase transition, etc. The sum rule has an important impact 

on a superconductor, in which an energy gap develops between the transition temperature 

Tc. The spectral weight at ω < 2∆ shifts into the origin (δ function), causing an infinite 

DC conductivity. 
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Figure 1-1 Light incidents upon smooth surface. 
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Figure 1-2 Light incidents onto a thin film with thickness d. 
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CHAPTER 2 
INSTRUMENTATION AND TECHNIQUES 

This chapter describes the experimental equipment and technique used  to perform 

our near-normal incidence reflectance and transmittance measurement, as well as the 

various techniques used to characterize our samples. The first section is a description of 

Fourier spectroscopy. We then discuss the terahertz measurements and the diffraction 

grating spectrometer.  Then, we will introduce the instruments used in my experiments 

which are Bruker 113V FT-IR spectrometer, TPI Spectra 1000 spectrometer, and the 

Perkin-Elmer Mid 16U monochromator. In the final part, we will discuss the cryogenic 

system used to take the temperature dependent measurement for the YBCO films and 

electronic dielectric samples. 

2.1 Far Infrared Techniques 

2.1.1 General Principles 

Let us consider the basic experiment shown in Figure 2-1, which is a simplified 

Michelson interferometer. All the theories are general and will hold for any type of 

interferometer. 

Without losing generality, we can consider that a monochromatic plane wave of the 

forum 

)..(
0),( trqieEtrE ω−=
rrr

                                           (2-1) 

is incident on the beamsplitter from the source. Here qr is the wave vector, rr is a position 

vector, ω is the angular frequency, t is the time and 0E
r

is the amplitude of the electric 
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field. The light travels a distance S to the beamsplitter which has a reflection coefficient 

rb (light will be reflected to mirror M1) and a transmittance coefficient tb at a given 

frequency. The reflected beam goes a distance x1 to a fixed mirror with a reflection 

coefficient ry and a phase φy and transmitted beam goes a variable distance x2=(x1+x) to a 

moving mirror with a reflection coefficient rx and phase φx in term of frequency. The two 

beams return to the beam splitter and are again transmitted and reflected with coefficient 

tb and rb. Some proportions of the beam go back to the source and the rest of the beam 

travels a distance D to the detector. At the detector, the electric field is a superposition of 

the fields of the two beams. Both qr and rr are parallel to each other. For our discussion, 

we will assume the end mirrors are near perfect reflectors such that rx≈ry≈-1. And we 

define the angular frequency ν  by the relation, 

v
c
vq π

λ
ππ 222
≡==

                                                 (2-2) 

The resulting field from the interferometer toward the detector is 

][ )2()2(
0

21 txitxi
bbD eeEtrE ωνπωυπ −− +=
rr

                               (2-3) 

Thus, the light intensity at the detector is 

)2cos(1)[(
2
1

0
* xIEES DDD νπνε +==
rr

                          (2-4) 

where x is the optical path difference, x=x2-x1, ε is the beam splitter efficiency 24 rt=ε , 

and the source intensity is I0(ν ) (equals to 2
02 E ). SD(x) is the intensity of light at the 

detector for a single given frequency. In general, the following equation holds for the 

practical beam splitter. 

1=++ tra                                                  (2-5) 
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where a is the absorption of the beam splitter. For an ideal beam splitter, it has a=0, and 

t=r. This expression can be simplified to 

)]2cos(1)[(),( xvvfxS πν +=                                      (2-6) 

)(vf (equals to )(
8
1

0 νI ) is spectral input that depends only on v . S(x, ν) is the detector 

signal for a monochromatic source. The cosine term gives the modulation on the detector 

signal as a function of x. 

However, in FT-IR spectrometer, we measure the intensity of light, ID(x) for all 

frequencies ( ) ( )[ ]vxSxS DD ,→  as a function of the optical path difference x. 
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                                              (2-7) 

At x=0, the detector signal reaches its maximum value, 

∫
∞

=
0

)(2)0( vdvfS                                                       (2-8) 

This position corresponds to zero optical path difference where all frequency 

components interfere constructively. As x→∞, on the other hand, the coherence of the 

modulated light is completely lost. The detector signal is around an average value. 

∫
∞

==∞
0 2

)0()()( SvdvfS                                               (2-9) 

The interferogram is the difference between the intensity of each point and the average 

value. 
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)2cos()()()()( vdxvvfSxSxF π                                 (2-10) 
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)(vf  is the cosine Fourier transform of F(x). The )(vf can be written as 

∫
∞

=
0

)2cos()(4)( dxxvxFvf π                                      (2-11)   

2.1.2 Apodization 

In practice, the interferogram cannot be measured to infinite optical path 

(retardation), and it must be within finite range or truncated. This type of truncation can 

be obtained by multiplying the complete interferogram with a truncation function G(x), 

which vanishes outside the range of the data acquisition. The actual function which is 

transformed is the product of the interferogram and the truncation function. 

To explain the effect of the truncation function, consider the truncation function 

described by a boxcar function G(x). 
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where L is the maximum retardation. The Fourier transform (FT) of F(x) is the 

spectrum )(vf . The FT of G(x) is the sinc function 
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This Sinc function has a center maximum at 0=ν and several oscillations. The width of 

the function is 1/L. If a single wave of frequency 1v  is convolved with a boxcar 

truncation with maximum length L, the resultant spectrum would be a sinc(x) function 

centered at 1v  with width 1/L. Thus, the resolution is limited to Lv 1≈∆ , The side-lobes 

(oscillations) may be reduced by using an apodization function different from boxcar but 
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this will come at the cost of a further reduction of resolution. Some of other popular 

apodization functions are Happ-Genzel [10], Norton-Beer (weak, medium, strong) [11], 

and Blackman-Harris (3-term, 4-term) [12]. A nice discussion about the apodization 

function can be found in Griffiths [13]. 

2.1.3 Phase Correction 

Up to this point in our discussion, the interferogram, F(x), is perfectly symmetric 

about the zero point (F(x) = F(-x)). In a real experiment, because of the existence of a 

phase error, that must be included to describe the actual measured interferogram. The 

phase error mainly stems from optical path difference. Phase error could lead to a 

negative spectrum or to a slight shift of sharp frequencies. When the system has a phase 

error, the interferogram given by equation 2.10 is modified to 

∫ ∫
∞

−
∞

==
0

2

0

)2( ])([)()( vdeevfvdevfxF xviivi πθθπ                                   2.14 

where θ is the phase error. This error leads to an asymmetric interferogram. In order to 

correct the phase error, we first take an interferogram between –L<x<L (x=0, 

corresponding to zero point). The phase spectrum can be found from 
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After calculating θ, the complex spectrum )(~ vf may be corrected by multiplying it by 

θie−  so 

)()()(~
corrected vfeevfvf ii =⋅= − θθ                                           (2-16) 
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There are several phase correction modes available. In my experiments, Mertz phase 

correction [12] is used. More detailed discussion of phase correction methods can be 

found in other papers [14, 15]. 

2.1.4 Sampling 

 Another error occurs in the practical measurement or sampling the interferogram. 

The analog signal must be converted to digitized data sets before any sort of manipulation 

can take place. For this reason, the interferogram is sampled at small, equally spaced 

discrete retardations. This discrete nature can be handled mathematically by using the one 

dimensional Dirac Delta Comb 
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where n is an integer. In a real experiment, there is always an error x∆  between the 

measured point and zero point. 

The real sampled interferogram is given by F’(x) 
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Then, the spectrum derived from FT of F’(x) will be 
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when xv ∆=∆ 1  and [ ])()( xFFTvf =  

This sampling of the interferogram causes two effects. First, it introduces an 

additional phase term vie ∆ω− (ω is the frequency of the light wave) into the spectrum. This 

term can be used as another kind of phase error, to be handled in part of the phase 
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correction. The second effect is that it makes the spectrum periodic. This effect leads to 

the possibility of aliasing or “folding”. This effect can be prevented by insuring that, 

2
or       
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≤ xvv                                                   (2-20) 

These conditions state that the highest frequency needs to be sampled at least twice 

per-wavelength. This is called the Nyquist sampling criterion. It is experimentally 

important either to ensure digitizing an interferogram at a high enough sampling rate or to 

limit the range of frequency input to the detector using optical and/or electronic filters. 

Following the above arguments, it is quite obvious that the measurement of a 

narrow frequency range requires a smaller number of data points. But if the number of 

points is too small, the spectral may not be defined. In such case, we can add extra zero-

valued data points at the end of the interferogram keeping the same sample spacing. This 

technique known as zero filling effectively produces a larger number of spectrum points 

per resolution element. Since the points added are zero, the actual spectral resolution will 

not increase. It merely provides a smoother spectral line shape. More detailed information 

about infrared spectroscopy can also be found in other papers [16].  

2.2 Terahertz Technique 

2.2.1 General Principles 

The Terahertz technique is the marriage of microwave and optical techniques. By 

its very nature, terahertz radiation bridges the gap between the microwave and optical 

regimes. Much of the research in the terahertz has been based on the melding of the ideas 

in both areas. 

Terahertz Time-Domain Spectroscopy (THz-TDS) is a new spectroscopic 

technique. It is based on electromagnetic transients generated opto-electronically with the 
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help of femtosecond (1 fs=10-15 s) duration laser pulses. These terahertz transients are 

single-cycle bursts of electromagnetic radiation of typically less than 1 ps [17] duration. 

Their spectral density spans the range from below 100 GHz to more than 5 THz [18]. 

Optically gated detection allows a direct measurement of the terahertz electric field with 

a time resolution of a fraction of a picosecond. From this measurement, both the real and 

imaginary part of the dielectric function of a medium may be extracted. Furthermore, the 

brightness of the terahertz transients exceeds that of conventional thermal source and the 

gated detection is order of magnitude more sensitive than bolometric detection. 

Figure 2-2 is a schematic diagram of a THZ-TDS spectrometer. It consists of a 

femtosecond laser source (1). A beam splitter divides the laser beam into two. An 

optically-gated THz transmitter (2), focusing and collimating optics (3), the sample (4), 

an optically-gated THz detector (5), a variable delay line (6) that varies the optical delay 

between the pulses gating the THz transmitter and detector, a current amplifier (7) and a 

Lock-in amplifier (8). A computer (9) controls the variable delay line and displays the 

detector photo current versus path length. In the following sections, we will describe each 

of these components. 

2.2.1.1 Laser 

A solid-state laser, Ti-sapphire laser delivering pulses with a wavelength near 800 

nm, is used in the instrument. The typical repetition rate of these lasers is about 100 

MHz. 

2.2.1.2 Terahertz transmitter and detector 

Both the source and the detector consist of the same building blocks [19, 20] which 

are based on a photo conductive (Auston) switch. It consists of a semiconductor bridging 

the gap in an antenna line structure. The current through the switch rises very rapidly 
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after injection of photo carriers by the optical pulse, and then decays with a time constant 

given by the carrier life time of semiconductor. The transient photocurrent J(t) radiates 

into free space according to Maxwell’s equation, )(
)()( t

tJtE ∂
∂∝ . Because of the time 

derivative, the radiated field is dominated by the rising edge of photocurrent transient, 

which is invariably much faster than the delay. Long tails of the photocurrent decay are 

largely irrelevant to the radiated field. While the structure of the receiver is close to the 

structure of the detector, more efficient transmitter structures have since been devised 

[21, 22, 23]. 

To convert the Auston switch for use as a detector of short electrical pulses, an 

ammeter (or current-to-voltage amplifier) is connected across the photoconductor, 

replacing the voltage bias. The electric field of an incident terahertz pulse now provides 

the driving field for the photo-carriers. Current flows through the switch only when both 

the terahertz field and photo-carrier are present. Since electronics is not fast enough to 

measure the THz transients directly, repetitive photoconductive sampling is used. If the 

photo-carrier life time τ is much shorter than the terahertz pulse, the photoconductive 

switch acts as a sampling gate which samples the terahertz field for a time τ. Because the 

laser pulses which trigger the transmitter and gate the detector originate from the same 

source, the photoconductive gate can be moved across the terahertz wave form with an 

optical delay line. Using this technique, the entire terahertz transient is mapped without 

the need for fast electronics. 

There are a number of ways in which this measurement can be performed. In the 

most common, the optical beam exciting the transmitter is mechanically chopped and the 

voltage from the current amplifier is synchronously detected using a lock-in amplifier. 
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The optical delay is slowly scanned and the photocurrent acquired into a computer. 

Another technique is “rapid scan”, in which the time-delay is scanned at a rate of tens to 

hundreds of Hz using a shaker with an optical retro-reflector. To enhance the signal-to-

noise ratio, each scan is co-added using an averaging digital oscilloscope. Rapid-scan can 

significantly reduce the noise due to 1/f laser power fluctuations. In many applications, 

the photocurrent signal is so large (nA level), that the output from the current amplifier 

can be directly digitized for further processing without using a lock-in amplifier [24]. 

2.2.2 Some Important Issues with THZ-TDS Technique 

2.2.2.1 Frequency Limit of Terahertz Detector 

The beam width of the detection process is determined by two factors, the 

photocurrent response and the frequency dependence of the antenna structure. In general, 

the low-frequency cut-off of the detectors results from the collection efficiency of the 

dipole, while the upper frequency limit is determined by the photo carrier response. We 

focus first on the photocurrent response which is the convolution of the transient 

photoconductivity σ(t) and the electric field E(t) across the photoconductor 

''' )()()( dttEtttJ ⋅−= ∫σ                                               (2-21) 

where J(t) is the photocurrent transient. E(t) is faithfully reproduced by J(t) when the 

photocurrent transient becomes much shorter than the THz waveform. 

The photocurrent decay time in the Auston switch must be less than roughly 0.5 ps 

in order to resolve transients in the THz regime. Recombination in a semiconductor with 

low defect density tends to be far slower; therefore the carrier lifetime has to be reduced 

below its intrinsic value. This reduction is commonly accomplished by introducing defect 

states that have a fast carrier capture rate. An example of the first case is low-temperature 
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grown GaAs (LT-GaAs), which has been shown to have carrier lifetime as short as 280fs 

when properly annealed. An example of the latter is radiation-damaged silicon-on-

sapphire (RD-SOS), in which dislocations are formed by implanting argon, silicon, or 

oxygen ions [25, 26]. 

The electric field across the photoconductor can differ from the THz pulse in free 

space due to the frequency-response of the antenna structure. Using the reciprocity 

principle, the collection efficiency of the detector is identical to the radiation efficiency of 

the transmitter. For a Hertzian dipole, where the antenna dimension is much less than the 

wavelength, the radiation efficiency (and thus the collection efficiency) is proportional to 

ω (corresponding to the first derivative of the current). For “real” dipoles, the frequency 

response will be more complicated [27]. 

2.2.2.2 Signal to Noise Ratio and Dynamic Range 

The estimated average power of the THz beam is about 10nW. The peak power is 

much higher, by a factor 104, because the energy appears in 1ps bursts every 10ns. The 

energy per burst is about 0.1fJ, corresponding to roughly 50,000THz photons. The reason 

for the large S/N ratios is the use of gated detection. The detector is off for most of the 

time between pulses. Hence the average resistance of the switch is high and the Johnson 

noise is negligible. In addition, gated detection discriminates effectively against thermal 

background noise. In fact, van Exter [20] has shown that the thermal background noise 

usually exceeds the average power of the THz radiation by a factor of ten, and that the 

minimum detectable THz signal (amplitude) can be 160 times smaller than the incoherent 

thermal background radiation. 

Because THz-TDS measures electric field rather than intensity, the measurements 

typically have a greater dynamic range than more conventional technique. 
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2.2.2.3 Phase sensitivity 

In many applications, the most important advantage of THz-TDS is direct 

measurement of the electric field E(t). Fourier transformation of E(t) yields both 

amplitude and phase of both the propagation or transmission coefficient. Measurement of 

both amplitude and phase in THz-TDS yields real and imaginary parts of the dielectric 

function over the frequency range spanned by the THz pulse. This is a crucial difference 

in comparison with conventional FT-IR spectroscopy. 

2.2.2.4 Resolution and Time-Window of Data 

In THz-TDS, the spectral resolution is the inverse of the optical delay time 

provided by the moving mirror. Because the measurement is performed in the time-

domain, substrate reflection can be windowed out of the raw data without much loss in 

spectral resolution and little influence on the accuracy of the data. 

2.2.2.5 Time-Domain Data Analysis 

Linear spectroscopy requires that the radiation interacts with the medium under 

study by either reflection or transmission. As with most spectroscopic technique, THz-

TDS requires two measurements: one reference waveform Eref(t) measured without the 

sample or with a sample of known dielectric properties, and a second measurement 

Esample(t), in which the radiation interacts with the sample. For spectral analysis, E(t) can 

directly be Fourier-transformed to yield the complex amplitude spectrum E(ω) in both 

amplitude and phase. In my experiment, I measured thick pellet samples. Figure 2-3 

shows a typical measurement. The curve shows the THz transient after propagation 

through a 0.2mm thick BaTeO3 pellet. In addition to the main transmitted pulse, there is a 

secondary, time-delayed pulse. This second transient is the first of the infinite series 

which appears due to multiple reflections. The detail information about data analyzing 
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has been talked in chapter one. More detailed description of THz-TDS technique can also 

be found elsewhere [27,28]. 

2.3 Grating Spectrometer 

The grating spectrometer consists of several parts including the source, chopper, 

high pass and low pass filters, grating for prism monochromator, sample or reference 

stage, and detector. All parts are very important. But the core of the grating system is 

monochromator. 

In the grating monochromator, as shown in Figure 2-4, the reflecting grating 

diffraction equation is satisfied 

...)2 ,1 ,0(       )sin(sin ==+ nna λβα                                          (2-22) 

where α is the grating constant (cm/line), α and β are angle of the incident and diffracted 

light respectively, and n is the order of diffraction. When equation (2-33) is satisfied, the 

interference is constructive. One can then rewrite equation (2-33) as 

θδλ sincos2an =                                                           (2-23) 

where δ=(α-β)/2 and θ=(α+β)/2. In practice, δ is fixed (2δ = 4o) regardless of the grating 

position because the incident and diffracted light paths are predetermined by the physical 

geometry, where θ changes as the grating (or its surface normal) is rotated. It can be seen 

from equation (2-34) that at θ = 0, it will give a zero-order diffraction (white light) for all 

frequencies. Therefore, θ is the rotation angle of the grating surface normal, N(θ), with 

respect to the zero-order position, N(0). 

The first order is the desired one and the high orders (n ≥ 2) are removed by the 

proper optical filters. Taking n = 1, one gets 

)csc(/1 θλ Cv ==                                                  (2-24) 
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with C=1/2acosδ being a constant. Equation (2-35) indicates that the frequency is linearly 

related to csc(θ). As the grating is rotated, a single component at frequency ν satisfying 

equation (2-35) is selected and emerges through the exit slit into the sample chamber. 

The monochromator is mechanically designed such that the grating, driven by a stepping 

motor, is moved linearly with cscθ, thus the scanning is linear in wavenumber. The 

rotation angle has been designed in the range 15o ≤ θ ≤ 60o, the optimum quasi-linear 

range in the cosecant function. To find the resolution of the monochromator, one simply 

needs to take the derivative of equation (2-35) in its logarithm form 
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where dθ is the angle subtended by the slit (with a width s) at the collimator with a focal 

length f = 26.7 cm, i.e., dθ = s/f. Equation (2-37) implies that a larger θ will give a better 

resolution. Dispersion which is a measure of the separation between diffracted light of 

different wavelength is given by the following equation. Angular dispersion, D, is 
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Linear dispersion is dependent of the effective focal length of the system, i.e., F · D, 

where F is the effective focal length of the system. 

2.4 Instrumentation 

2.4.1 Bruker 113v FT-IR Spectrometer 

The Bruker 113V, as shown in figure 2-5, is a Fourier transform interferometer 

with rapid scan (one of the working state of the scan mirror). With proper choice of 

source, beam splitter and detector, it can cover the full spectral range from the very far 

infrared (≥ 20 cm-1) up to the mid-infrared. The friction-free air bearing scanner makes it 
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possible to achieve very stable rapid scan. Digital signal processing electronics provide 

precise scanner control and instrument automation for source, aperture and detector 

selections. The beam-splitter is changed automatically during measurement. Combing the 

fast scan rate capability with superior precision spectroscopy, a high signal to noise ratio 

(S/N) is possible even in the far infrared (20 cm-1). The instrument operates under 

vacuum (<3 mbar) to record spectra free from absorption from H2O and CO2 vapor in the 

far and mid infrared. 

A He-Ne laser (633nm, normal 17 mw) is used to control the position of the 

moving mirror (the scanner) and to control the data acquisition process. The 

monochromatic beam produced by this He-Ne laser is modulated by the interferometer to 

produce a sinusoidal signal. A photodiode detector is placed at outputs of the 

interferometer. Signals from these detectors are monitored with an oscilloscope and the 

amplitudes of signals are used to optimize the alignment of the beam-splitter. When the 

beam splitter is not aligned properly, the amplitude can become too small to control the 

scanner and then data acquisition will be interrupted. The sample chamber contains two 

channels. One of the channels is designed for reflectance and the other for transmittance 

measurements. For the reflectance sample chamber in figure 2-5, a mercury (Hg) arc 

lamp is used as the source for far infrared (20~700 cm-1) and a globar source is used for 

mid infrared (400 ~ 5000 cm-1 ). 

The detector used for far infrared region is a liquid Helium (He) cooled 4.2K 

silicon (Si) bolometer and that for mid infrared is a room temperature pyroelectric 

deuterated triglycine sulfate (DTGS) detector. The liquid He cooled detector has much 
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better S/N ratio as compared with the DTGS. The bolometer system consists of three 

main parts: detector, liquid He dewar with liquid nitrogen dewar jacket, and preamplifier.  

In Table 2-1, we show measurement parameters for the Bruker 113V. In the table, 

the scanner speed is in unit of kHz. This is the frequency at which light of He-Ne laser is 

modulated 

)cm(
Hz)(cm/s)(
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fv
ν

                                               (2-28) 

where laserν  is the wavenumber of the He-Ne laser, which is 15,798 cm-1. For example, 

f(Hz) = 25 kHz is converted into ν(cm/s) = 25,000 Hz/15,798 (cm-1) = 1.58 cm/s. 

Table 2-1  Bolometer 113V measurement setup parameters: Bolom. Stands for the 
bolometer detector; Bm.Spt is the beam splitter; Scn.Sp. stands for the scanner 
speed; Sp.Rn stands for the spectral range; Phs.Crc.Md stands for the phase 
correction mode; Opt. Filter stands for the optical filter; BLK.Ply. Stands for 
black polyethylene; Apd. Fctn. Stands for the apodization function; Bk-Hrs 3 
stands for the Balckman-Harris 3 term; and Hp-Gng stands for Happ-Gengel. 

 

Setup FIR1 FIR2 FIR3 FIR4 MIR 
Source Hg Lamp Hg Lamp Hg Lamp Hg Lamp Globar 

Detector Bolom. Bolom. Bolom. Bolom. DTGS/KBr 
Bm.Spt(µm) Metal Mesh Mylar 3.5 Mylar 12 Mylar 23 Ge/KBr 

Scn.Sp.(KHz) 29.73 25 29.73 29.73 12.5 
Sp.Rn.(cm-1) 0-72 9-146 9-584 10-695 21-7,899 
Phs.Crc.Md Mertz Mertz Mertz Mertz Mertz 
Opt.Filter Blk.Ply Blk.Ply Blk.Ply Blk.Ply Open 
Apd.Fctn Bk-Hrs 3 Bk-Hrs 3 Bk-Hrs 3 Bk-Hrs 3 BK-Hr 3 

 

2.4.2 TPI 1000 Terahertz Spectrometer 

TPI spectra 1000 spectrometer is the transmittance spectrometer produced by 

Bruker and Teraview companies. It covers from 1.3 cm-1 to 133.32 cm-1 (40GHz ~ 4THz) 

with spectral resolution about 0.1 cm-1. Laser-gated photo conductive semiconductor 

emitter is used as the THz source. The spectrometer can be operated in both step scan and 
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rapid scan mode. The whole system can be used in both the nitrogen purged state and 

vacuum state. 

2.4.3 Perkin-Elmer Grating Spectrometer 

Spectra spanning the midinfrared through the UV region (800-40,000 cm-1) were 

measured using a Perkin-Elmer 16U grating spectrometer. A schematic diagram of the 

instrument is shown in Figure 2-6. The spectrometer is enclosed in a vacuum tank, which 

is evacuated to pressures of about 100 millitorr. This reduces the absorption by water 

vapor and carbon dioxide. 

The three light sources that are used are glowbar source for midinfrared, a quartz 

tungsten lamp for near infrared and a deuterium arc lamp for visible and UV region. The 

system contains three detectors: thermocouple for midinfrared (0.12 ~ 0.9 eV), lead 

sulfide (PbS) detector for near infrared (0.5 ~ 2.5 eV), and Si photoconducting detector 

(Hamamatsu 576) for visible and UV (2-2 ~ 5.5 eV). For getting less noisy data we use a 

phase sentative amplifer. The light from the source passed through a chopper and a series 

of filters: high frequency filters in a big wheel and low frequency filters installed inside 

the grating monochromator. The chopper generates a square wave signal for lock-in 

detection. The filter diminishes the unwanted higher order diffraction from the grating, 

which occurs at the same angle as the desired first-order component. 

The light beam passing through the entrance slit of the monochromator is collimated into 

a grating in the littrow configuration where the different wavelengths are diffracted. The 

angle of incidence is changed at predetermined intervals consistent with the necessary 

spectral resolution by rotating the grating; it is driven by a lead screw that is turned by a 

stepping motor. This allows access to different wavelength sequentially. The steps in 

angle of rotation together with the exit slit width determine resolution of the 



39 

 

monochromator. Increasing the slit widths increases the intensity of the emerging 

radiation [higher signal to noise (S/N) ratio] at cost of lower resolution. The electrical 

signal from the detector is sent to a lock-in amplifier (Ithado model 393). The output 

signal from the lock-in system is then averaged over a given time interval and converted 

into digital data by an integrating digital voltmeter (Flike 8520A). The data are finally 

transmitted through the IEEE-488 Bus and a general purpose interface box to a PDP 11-

23 computer and recorded on the hard disk for subsequent analysis. The table 2-2 shows 

the Perkin-Elmer grating monochromator parameters. 

Table 2-2  Perkin-Elmer grating monochromator parameters. GB stands for globar. W 
stands for tungsten. D2 stands for deuterium arc lamp. TC stands for thermo 
couple. Pbs stands for lead slifide. 576 standsfor Si photoconducting detector 
(Hamamatsu 576). 

Frequency 
(cm-1) 

Grating 
(line/mm) 

Slit width 
(micron) 

Source Detetor 

801-965 101 2000 GB TC 
905-1458 101 1200 GB TC 
1403-1752 101 1200 GB TC 
1644-2612 240 1200 GB TC 
2467-4191 240 1200 GB TC 
4015-5105 590 1200 GB TC 
4793-7977 590 1200 W TC 
3829-5105 590 225 W Pbs 
4793-7822 590 75 W Pbs 
7511-10234 590 75 W Pbs 
9191-13545 1200 225 W Pbs 
12904-20144 1200 225 W Pbs 
17033-24924 2400 225 W 576 
22066-28059 2400 700 D2 576 
25706-37964 2400 700 D2 576 
36386-45333 2400 700 D2 576 

 

For reflectance, single beam spectra are obtained for both the sample and a 

reference aluminum mirror placed at the same position. The mirror and sample mounted 

on the same sample holder are rotated into the beam to allow each single beam spectrum 
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to be recorded. The reflectance spectrum is then calculated by taking the ratio of the 

single beam spectrum of the sample to that of the mirror and correcting with the 

reflectance of aluminum. 

2.4.4 Low Temperature Apparatus 

The cryogenic system consists of three major parts: Hansen High-Tran refrigerator 

(cryostat), transfer line, and helium supply dewar [29]. The sample temperature can be 

varied from 4 K to 450 K by a controlled operation of liquid helium transfer. Figure 2-7 

illustrates the flow diagram of he experimental set-up. The sample holder is attached to 

the cryo-tip end of the refrigerator. An optical spectroscopy vacuum shroud is used to 

isolate the cold tip from the outside environment. Optical windows can be installed on the 

vacuum shroud to allow the reflection and transmission measurements. The sample 

temperature is sensed by a calibrated silicon diode thermometer (Si-410A) buried into the 

cold finger. The accuracy of the diode is 1K. The sample can be warmed by adding 

electrical heat to the tip heater and the temperature is controlled automatically and 

monitored by a temperature controller (Hansen & Associates 8000). A thermal radiation 

shield is attached to the second cold stage to project the sample and to absorb the 300K 

black body radiation from the vacuum shroud; hence the heat load near the cold tip can 

be reduced. All these steps are necessary in order to minimize the systematic error in 

temperature recording. Before the helium flow is started, the cryostat is evacuated to a 

pressure of 10-4 torr or less in the vacuum shroud. By pressuring the He dewar, the liquid 

helium is transferred from the dewar through the transfer line to the cryostat. The flow 

rate can be regulated by two flow meters with hoses and shut off values which control the 

tip flow and shield gas flow. 

 



41 

 

 

 

Figure 2-1 A simplified Michelson interferometer diagram. Light travels distance S from 
source to the beam-splitter. Partially reflected travels to the fixed mirror (M1) 
and partially transmitted beam travels a variable distance toward the movable 
mirror (M2). The beam is recombined at the beam splitter and half of the 
beams returns to the source, and the other proceeds to a detector. 
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Figure 2-2 Schematic diagram of a THz-TDS spectrometer using a femtosecond laser 
source and photoconductive THz transmitters and receivers. Partially reflected 
laser light was used as the gate signal for the THz detector. Partially 
transmitted light reaches THz transmitter to excite the THz pulse. Sample is 
placed in the beam focus point. 
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Figure 2-3 Curve shows the THz transient after propagation through a BaTeO3 pellet. The 
main pulse is followed by a series of pulse of decreasing amplitude that 
originate from multiple reflections within the pellet. 
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Figure 2-4 Diagram of grating spectrometer showing the incident and diffracted rays and 
the operation of grating.  
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Figure 2-5 Schematic diagram of Bruker 113 V FTIR spectrometer. The lower channel 
has the specially designed reflectance optical stage for reflectance 
measurement in the sample chamber. 
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Figure 2-6 Schematic diagram of Perkin-Elmer monochromator spectrometer. 
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Figure 2-7 High-Tran system flow diagram. 
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CHAPTER 3 
OPTICAL PROPERTIES OF SUOPERCONDUCTING YBCO FILM IN THE 

OPTIMALLY DOPED AND OVERDOPED REGION 

After the discovery in 1911 of superconductivity in mercury at 4 K by Kamerlingh 

Onnes [30] the search for new superconducting materials led to a slow increase in the 

highest known transition temperature Tc over the decades. Alloys and compound [31] 

such as Nb3Ge held the record for the highest transition temperatures from 1954 to 1986. 

After 13 more years, the path to radically higher transition temperatures was opened by 

the discovery in 1986 of superconductivity at ~ 35 K in “LBCO” (a mixed oxide of 

lanthanum, barium, and copper) by Bednorz and Muller [32], for which they were 

awarded the Nobel prize in 1987. 

The discovery was surprising and exciting, not simply because of the large increase 

in Tc, but also because it revealed that the oxides formed an unsuspected new class of 

superconducting materials with great potential. Another big jump to Tc ~ 90 K followed 

quickly with the discovery made of “123” class of materials, exemplified by YBa2Cu3O7-δ 

(“YBCO”) [33]. In this structure, the Y (yttrium) can be replaced by many other rare 

earth elements, e.g. Yb, Nd, Sm, Eu, Gd, Ho, Er, and Lu, with similarly high Tc [34,35]. 

Shortly after, still high Tc values were found in the “BSCO” [36] system (mixed oxides of 

bismuth, strontium, calcium, and copper) and the “TBCO” [37] system (mixed oxides of 

thallium, barium, calcium, and copper). 

In this chapter, we are going to discuss the general background of the high Tc 

superconductor materials, such as the structure and the phase diagram. Then we will 
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describe the sample preparation, and finally focus on the optical properties of the 

optimally doped and overdoped YBa2Cu3O7-δ films. The basic theory of 

superconductivity can also be found elsewhere [38-41]. 

3.1 Introduction 

3.1.1 Fermi Liquid (FL) and Marginal Fermi Liquid model 

Conduction electrons obey Fermi-Dirac statistics. The corresponding F-D 

distribution function (3-x1) can be written in term of the energy E as. 

1
1)( ]/)[( +

= − TkE be
Ef µ                                               (3-1) 

where µ is the chemical potential which corresponds to the Fermi temperature (Tf) by 

equation, 

FBF TkE =≈µ                                                    (3-2) 

TF is typically about 105 K. This means that the distribution function f(E) is one for E<EF 

and zero for E>EF and assumes intermediate values only in a narrow energy range kBT 

wide near EF. 

The electron kinetic energy can be written as  
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In the reciprocal space, each Cartesian component of K can assume discrete values, 

xx Ln /2π in x direction of length Lx, and likewise for y and z direction of length Ly and LZ, 

respectively. For simplicity, we will assume Lx=Ly=Lz=L. Hence the total number of 

electrons N is 

3

3

)/2(
3/42

L
kN F

π
π

=                                              (3-4) 



50 

 

The electron density 3// LNVNn == at Fermi energy is, 
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and the density of states (DOS) D(E) per unit volume can be get 
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Despite the success of Fermi liquid theory in describing the conventional metals, 

high temperature superconductor materials cannot be totally described by the FL theory. 

Varma et al. [42] proposed a phenomenological model for the oxide superconductors to 

explain many of the anomalous behavior in cuprates. This idea was that the electron 

interacts with a spectrum of bosonic excitation that is flat over T<ω<ωc, where ωc is a 

high energy scale that cut off the spectrum. 

According to this theory, the real and imaginary part of the quasi-particle self-

energy  goes as 
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where Σ is the quasi-particle self energy, m* is the frequency dependent renormalized 

mass and mb is the band mass which appears in the frequency ωp=4πne2/mb. 
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3.1.2 Optical Measurement of High Temperature Superconductor 

In all of the high Tc superconductor systems, copper oxide planes form a common 

structural element, which is thought to dominate the superconducting properties. 

Depending on the choice of stoichiometry, the crystallographic unit cell contains varying 

number of CuO2 planes. In addition, the 123 compounds contain CuO “chains”, which 

are thought to serve largely as reservoir to control the electron density in the planes. The 

exact Tc depends on these particulars but, roughly speaking, the highest Tc achieved in the 

YBCO [43], BSCCO [44], and TBCCO [45] systems are 93, 110, and 130 K, 

respectively. 

These very high transition temperatures are of obvious technical interest because 

they opens the way to applications which require only liquid N2 cooling (77 K) rather 

than liquid helium. They also pose intriguing fundamental questions: what is the 

mechanism responsible for the high Tc? Whatever the mechanism is the nature of the 

superconducting state basically the same Cooper-paired state as in BCS [46], or is it 

fundamentally different? 

Spectroscopic studies of electrodynamics are emerging as the premier experimental 

tools of high Tc superconductivity. In combination, THz and infrared (IR)/optical 

methods enable experimental access to the optical constants in the frequency range 

critical for the understanding of physics underlying strongly correlated phenomena in 

solids. Optical spectroscopy of metals or semiconductors has provided invaluable insights 

into the electronic band structure and elementary excitations. The validity of theoretical 

descriptions of electronic bands in solids as well as of electron dynamics is routinely 

verified against optical data. Moreover, in situations where the theoretical guidance for 

data interpretation is insufficient, quantitative information still can be extracted from the 
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spectroscopic measurements through model-independent analysis of optical constants 

based on a variety of sum rules. This latter forte of the IR/optical approach is 

indispensable for high Tc research, since properties of these novel superconductors signal 

a breakdown of standard theories of metals. Therefore, knowledge of the optical 

constants establishes an experimental foundation for the crucial tests of proposed models 

and also motivates the development of novel theoretical constants. THz-IR/optical results 

generated by many research teams worldwide facilitate inference of universal patterns in 

the electromagnetic response of high Tc cuprates that are not specific to a particular 

family of materials but instead, are along with genuine features of the interplane 

conductivity.  

The parent, undoped, compounds of high Tc cuprates are Mott-Hubbard (MH) 

insulators [40]. When a moderate density of charge carriers is introduced in a MH 

system, all of its physical properties are radically modified. This leads to complex phase 

diagrams that have been methodically studied in many materials using THz/IR optics. 

This work [47] has uncovered common attributes of the cuprates and other classes of MH 

insulators.  

As of today, there is no generally accepted picture of the electromagnetic response 

of the CuO2 planes in superconducting phase of the cuprates. Significant progress in the 

understanding of the carrier dynamics, particularly in the overdoped region, has been 

achieved. 

The normal state of high Tc cuprates is anomalous and is not compatible with the 

standard treatment of excitations in term of Landau quasi-particles. This property 

challenges the applicability of the Bardeen, Cooper and Schrieffer (BCS) [46] scheme 



53 

 

describing superconductivity in terms of paring instability of an ensemble of quasi-

particles. Spectroscopic experiments indicate that the origin of high Tc superconductivity 

may be related to lowering of the electronic kinetic energy and not of the potential energy 

as in the conventional BCS scheme. This conclusion is inferred from subjecting the 

optical constants of several classes of high Tc materials to the scrutiny of sum rules. 

Numerous advances in both the spectroscopy of micro-samples and in the 

preparation of high quality single crystals have facilitated studies of the interlayer 

electrodynamics in many families of cuprates. These measurements provide 

straightforward experimental access to properties directly related to the quasi two-

dimensional nature of the electronic transport.  

Many groups have presented measurements of ab-plane infrared spectra of 

YBa2Cu3O7-δ [48, 49, 50]. The first complete (in terms of wavelength and temperature 

coverage) study of the a-b plane infrared properties of YBa2Cu3O7-δ was reported by 

Schutzmann et al. [51, 52]. Romero et al. [53] and later Gao et al. [54] measured both 

transmittance and the reflectance of the ab-plane oriented YBa2Cu3O7-δ films. Their data 

showed that the quasi-particle relation rate 1/τ had a fast decrease below Tc and then 

saturated well below Tc. Above Tc, 1/τ exhibited a linear temperature dependence, in 

accord with the linear DC resistivity in the normal state. The fast decrease of 1/τ was 

unique and intrinsic to the high Tc cuprates; it did not occur in conventional BCS 

superconductors, where the scattering from impurity or phonons. The low frequency 

conductivity σ1 inferred from the far infrared transmittance and reflectance measurements 

exhibited a peak just below Tc. The peak in σ1 was attributed to the rapid drop in 1/τ 

combined with a decreasing of normal fluid density. Kamaras et al. [55] studied the 
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frequency dependent conductivity of laser deposited YBa2Cu3O7-δ thin films. Their 

experiment showed an onset of the mid-infrared absorption at ~ 140 cm-1 and structure in 

400 ~ 500 cm-1 region. This low energy absorption occurred both above and below Tc, 

making them unlikely to be the super conducting gap in the usual BCS sense. The 

absorption across the gap was weak because the high Tc materials were in the clean limit; 

this weak absorption is masked by the mid-infrared absorption. 

Thomas et al. [48], Cooper et al. [56] and Orenstein et al. [57] have studied a series 

of high-quality of YBa2Cu3O7-δ crystals which have different vales of δ. The measured 

reflectance drops steadily throughout the infrared, with a sort of plasmon minimum 

around 10,000 cm-1. As oxygen is removed, reducing the carrier concentration on both 

CuO2 plane and b-axis Cu-O chain, the reflectance in the midinfrared is substantially 

reduced. At low frequencies, the reflectance is high, being above 90% for all four 

samples, as expected for a conducting materials. The reduced Tc samples show a break or 

shoulder in the normal state reflectance at 500 cm-1. The reflectance of a “fully-

oxygenated” YBa2Cu3O7-δ with Tc= 93 K has been reported by Collins et al.[50]. Their 

data show a noticeable dip or minimum in the 45 K reflectance around 800 cm-1. They 

interpret it as a result of the collapse below Tc of the free carrier component ε(ω) to a 

delta function. 

To study the intrinsic properties of CuO2 plane, several investigations have been 

done for the Br2Sr2CaCu2O8 (Bi-2212) crystals. Comparing with Y-123 material, Bi-2212 

provides a better opportunity to study the issue of the electronic structure of the CuO2 

planes because there are no chains in these Bi-based compounds. Quijada et al. [58] did 

the polarized reflectance measurement. Their room temperature optical conductivity 



55 

 

suggested a scattering rate for the free carriers that showed ab anisotropy in both 

magnitude and temperature dependence. In the superconductivity state, the penetration 

depth λD was also found larger along b-axis than a-axis :( λD
b > λD

a). Liu et al. [59] 

studied the Pb doped Bi-2212 single crystals over a wide frequency range. His result 

indicated the a-axis reflectance was higher than the b-axis reflectance in the far infrared 

region. However, in the visible to ultraviolet region, the b-axis reflectance was higher. 

After analyzing their data by Kramers-Kroning method, they found the anisotropy in the 

normal state conductivity was about 10%, with the far infrared conductivity higher in the 

a-polarization while higher frequency conductivity is higher along b-axis.  

In the overdoped region, only a few measurements have been done in the c-axis. 

Katz et al. [60] reported the infrared study of c-axis electrodynamics of Tl2Ba2CuO6+δ 

crystals. A sum rule analysis revealed spectral weight shifts. Their calculated the ratio of 

the spectral weight difference (between normal state and superconductor state) to the 

superfluid density. Their result showed the difference of these two values is about 40% in 

the overdoped Tl2Ba2CuO6+δ and 10% in the optimally doped Tl2Ba2CuO6+δ. They 

interpreted the result as a kinetic energy change at the superconducting transition. In 

optimally doped crystals, the kinetic energy was lowered at T < Tc, but no significant 

change was found in the overdoped samples. Basov et al. [61] also expressed the similar 

idea. Their analyses of the interlayer infrared conductivity of the cuprates in high 

transition temperature superconductors resulted an anomalously large energy scale 

extending up to mid infrared frequencies that could be attributed to formation of the 

superconducting condense. They indicated one possible interpretation of these 

experiments was in terms of a kinetic energy change associated with the superconducting 
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transition. Other groups, such as Deutscher et al., [62] investigated the c-axis of Bi-2212 

system. The experiment showed the change of kinetic energy from a fully compatible 

conventional BCS behavior to an unconventional behavior as the free carrier density 

decreases. Unlike the result of Katz et al., they found the kinetic energy almost had no 

changing in the optimally doped cuprate system and an increasing of kinetic energy in the 

overdoped region. They also suggested if a single mechanism was responsible for super 

conductivity across the whole phase diagram of high critical temperature 

superconductors, this mechanism should allow for a smooth transition between such two 

regimes around optimally doping. Hwang et al. [63] studied the overdoped Bi-2212 

system. They found the evidence of increasing the spectral weight in the overdoped 

region.  

3.1.3 The Crystal Structure of YBCO 

The YBa2Cu3O7-δ compound comes in tetragonal and orthorhombic varieties. It is 

the latter phase which is ordinarily superconducting. In the tetragonal phase the oxygen 

sites in the chain layer are in a random or disordered manner, and in the orthorhombic 

phase are ordered into –Cu-O- chains along the b direction. The oxygen vacancy along a 

direction causes the unit cell to compress slightly so that a < b, and the resulting 

distortion is of the rectangular type. 

Hauck et al. [64] proposed a classification of superconducting oxide structures in 

term of the sequence (1) superconducting layers, (2) insulating layers, (3) hole donating 

layers. The high-temperature superconductor compounds have a horizontal reflection 

plane called σh at the center of the unit. Every plane of atoms in the lower half of the cell 

at the height z is duplicated in the upper half at the height 1-z. Such atoms, of course, 

appear twice in the unit cell, while atoms right on the symmetry planes only occur once 
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since they cannot be reflected. Figure 3-1 shows a Cu-O plane at the height z reflected to 

the height 1-z. A particular interesting feature in the figure is that the puckering (Cu-O 

plane) preserves the reflection symmetry operation. Superconductors that have this 

reflection plane, but lack end-centering and body centering operations are called aligned 

because all of their copper atoms are of one type; either all on the edge in E position or 

all centered at C sites. 

3.1.4 Phase Diagram 

High Tc superconductivity is achieved when a moderate density of charge carrier is 

introduced into the parent antiferromagnetic phases of the cuprates. This “doping” is 

realized either by chemical substitution or significant deviations from stoichiometry. 

The hole-doped sides of the phase diagram displayed in Figure 3-2 shows a number 

of common elements. One finds: 1) antiferromagnetism of the undoped parent compound 

is transformed by doping into a fairly good conducing system in the carrier density range 

of n = 1020-1021; 2) a critical doping level that is needed to trigger superconductivity; 3) a 

transition temperature that first increases with doping (the underdoped region) reaches a 

maximum value for a given series (the optimally doping) but is suppressed with further 

increase in doping level (the overdoped regime); 4) a superconducting state is preceded 

by the formation of the enigmatic pseudogap with an onset temperature that decreases 

with doping. 

3.1.5 Pseudogap Phase 

As shown in the phase diagram of Figure 3-1, the high temperature cuprates have a 

pseudogap phase at the low doping level. One general class of theories proposed that the 

pseudogap phase represents pre-formed pairs [65]. Transport measurements revealed hat 

resistivity was dead linear in temperature over a large range. Lobo et al. [66] measured 
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the ab-plane resistivity of Y1-xPrxBa2Cu3O7. Their experiment indicated below ~ 195 K, 

the resistivity no longer showed a linear thermo dependence in the x=0.4 sample. The 

result suggest that non-coherent cooper pairs are the origin of the pseudogap. 

As we know, undoped cuprates should be thought of as Mott insulators. In the low 

doping level, the number of carriers is small and the phase fluctuation could play an 

important role in the underdoped side of the phase diagram. Anderson et al. [67] 

proposed that the doped holes would only be phase coherent below a temperature which 

scaled linearly with doping. The main debate of the origin of pseudogap is whether 

pseudogap represents a state with true long range order or simply some precursor phase 

[65]. 

3.1.6 d-wave Character of High Temperature Superconductor 

A BCS superconductor has an isotropic superconducting gap which leads to an 

exponential temperature dependence of the penetration-depth λ(T). However, ab-plane 

penetration depth measurements of high temperature superconductor do not find 

exponential behavior. The linear variation of penetration depth with temperature was first 

observed by Gao et al. [68]. In their experiment, the surface impedance of superconductor 

YBa2Cu3O7 films as a function of temperature at 10 GHz was measured. The penetration 

depth λ (T) was also determined. Their result exhibited a linear dependence down to 6 K. 

the following theory by Hirschfeld et al. [69] indicated that a penetration depth which 

varies linearly with temperature is expected for superconductor with d-wave symmetry.  

Other experiments, such as angle-resolved photoemission spectroscopy (ARPES), 

have been done. Shen et al. [70] did an ARPES measurement in the ab-plane of 

Bi2Sr2CaCu2O8+δ samples and found that the superconducting gap anisotropy is at least 
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an order of magnitude larger than that of conventional superconductors. All these 

experiments indicate a d-wave nature of the high temperature superconductors. 

3.1.7 Two-Component Mode for the Dielectric Function 

Common to all high Tc superconductors is the presence of a non-Drude mid-

infrared absorption that shows very little temperature dependence. In contrast, the far-

infrared reflectance exhibits a definite temperature dependence, with the far-infrared 

conductivity above Tc in good agreement with the DC conductivity. There are several 

ways to explain this difference between far-infrared and mid-infrared behavior. In our 

experiment, both two component model and Marginal Fermi liquid model are used. 

In this approach, the infrared conductivity results from the combination of two 

types of carriers: free carriers which give rise to a Drude-like component at ω = 0, with a 

strongly temperature dependent scatting rate, and bound carriers with a nearly 

temperature independent broad midinfrared band. In this approach, the free carriers 

condense into the superfluid below Tc, while the midinfrared carriers remain unaffected 

by the superconducting transition. The total dielectric function is 

∞++= εεεωε MIRD)(                                                (3-10) 
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where the first term describes Drude carriers with a plasma frequency ωpD and a 

relaxation rate 1/τ. The second term describes the broad mid-infrared component and 

interband components as a sum of oscillators where ωj, ωpj, and γj are the center 

frequency, strength, and width of the jth oscillator, respectively. Finally, ε∞ represents the 
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high frequency limit of ε(ω) which includes interband transition at frequencies higher 

than measured frequency. 

3.1.8 Marginal Fermi Liquid Model for the Dielectric Function 

Another very commonly used method is the marginal Fermi liquid model due to 

Varma et al. [42, 71]. The model assumes that the charge carriers interact with a fairly 

flat spectrum of excitation over the interval T<ω< ωc where ωc is high frequency cutoff. 

The dielectric response for this model can be written as 
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where Σ is the quasiparticle self energy, given by 
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here T is the temperature λ is a coupling constant and ωc is the cutoff frequency. The 

limiting forms of this expression go as 
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Since the imaginary part of the self energy is effectively the scattering rate, Equation (3-

14) predicts the linear variation of the DC resistivity, which is observed in most transport 

studies of the cuprates. In a similar way the real part of the self energy gives the mass 

enhancement carrier 
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where m* is the frequency dependent renormalized mass and mb is the band mass which 

appears in the plasma frequency ωp=4πne2/mb. 
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3.1.9 Motivation of Experiments for Overdoped Cuprates 

Despite extensive experiment effort, there is not many experiments done for the 

overdoped high temperature superconductors. As yet, there is no report about the ab-

plane property in the overdoped region for YBCO superconductor.  In order to get the 

complete information of high temperature cuprates, experiments for the overdoped 

samples are necessary. We explored the optical spectra of the optimally doped and 

overdoped Y-123 thin film from the far infrared to the ultraviolet region. Our result 

indicates although the carrier density increase with increasing the doping, the superfluid 

density will decrease in the overdoped region. 

3.2 Experiments and Results 

3.2.1 Sample Preparation 

Various high Tc superconducting samples have been used in this experiment. In this 

chapter, we will only focus on the optimally doped YBCO/SrTiO3 thin films and the 

over-doped YBCO/SrTiO3 thin films. Other samples, such as the YBCO/sapphire etc., 

will be introduced in the following chapters. 

Two YBCO thin films are prepared at the Center for Electronic Correlation and 

Magnetism, institute of physics, Augsburg University, Germany [72, 73]. Both of these 

samples are deposited on the SrTiO3 substrate with dimension 5 mm × 5 mm. The 

substrate has a perovskite structure which makes a good lattice match with the films. The 

optical study of the substrate is needed in order to get the parameters of the YBCO thin 

films. And this part of the work will be introduced in the next section. 
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The optimally doped YBa2Cu3O7-δ thin film is deposited on the 1mm thick SrTiO3 

substrate by pulse-laser ablation from a stoichiometry YBa2Cu3O7-δ target. After 

deposition at ≈ 760 oC the sample is cooled within one hour to ≈ 400 oC in an oxygen 

atmosphere of 0.4 bar and, after holding this temperature for 20 minutes, further to room 

temperature. The over-doped sample is prepared by the similar way described before. The 

only difference is the target. Instead of YBa2Cu3O7-δ, Y0.7Ca0.3Ba2Cu3O7-δ is used as the 

target for sample deposition. The film thickness for both samples is 1500 Å. In order to 

measure the critical temperature, the resistivity measurement is done in the Center for 

Electronic Correlations and Magnetism. The critical temperature (Tc) for the optimally 

doped samples is 90 K; it is 79 K for the overdoped samples. 

3.2.2 Optical Measurement of the Substrate — SrTiO3 

SrTiO3 was the subject of several studies in the early 60’s. At T = 110K, it is 

known to undergo a phase transition of second order. The cubic high-temperature 

structure undergoes a tetragonal distortion at the transition characterized by an unstable 

or soft phonon at the R corner of the Brillouin zone. The phonon mode has a frequency 

that decreases substantially as the transition temperature is approached from above or 

below. This structural phase transition corresponds to a rotation of BO6 octahedra around 

the cubic axis. 

SrTiO3 crystallizes in the simple cubic perovskite structure (Oh) at room 

temperature and tetragonal (D4h
18) at low temperature. Its lattice constant 3.91 Å, nearly 

matches the basal plane lattice constant of YBa2Cu3O7-δ. Superconducting films grown on 

SrTiO3 exhibit high current densities and sharp resistive transitions. Unfortunately, the 

high frequency properties of SrTiO3 limit its use in technological applications. The static 

dielectric constant is orders of magnitude higher than the typical values for dielectric 
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material. At microwave frequencies, the loss is extremely high and would result in a poor 

performance for any microwave devices fabricated from a high temperature 

superconductor film on SrTiO3. 

Figure 3-3 shows the room temperature reflectance (normal incidence) and the 

fitting result (by the Lorentz model) of SrTiO3 crystal in the spectral range between 25 

cm-1 and 40000 cm-1. The temperature-dependent reflectance between 25 cm-1 and 4000 

cm-1 is shown in Figure 3-4. With decreasing temperature, the reflectance of the SrTiO3 

increase a little. Prominent phonon features occur at 90, 170 and 540 cm-1. Perry et al. 

[74] assigned the lowest mode at 90 cm-1 to a Sr-TiO3 lattice mode, the mode at 170 cm-1 

to a Ti-O-Ti bending mode, and the mode at 540 cm-1 to Ti-O stretch mode. Just above 

the plasma edge, which is about 800 cm -1, the reflectance becomes flat without any 

significant features. In the visible and ultra-violet region, two inter-band absorptions are 

shown clearly in the reflectance spectrum. The details of these high frequency bands have 

been studied by Cardona et al. [75]. 

3.2.3 Optical Measurement of the YBCO Thin Films 

Figure 3-5 shows the room temperature ab-plane reflectance of the optimally doped 

and overdoped YBCO thin films on SrTiO3 substrates over the spectra range (25 cm-1 ~ 

40,000 cm-1). The reflectance of each samples drops steadily (but not quite linearly) 

throughout the infrared, with a sort of plasma minimum around 15,000 cm-1 in all cases. 

Both films show high values of reflectance (over 85%) at low frequencies, ω ≤ 300 cm-1, 

as expected for conducting materials. The optimally doped sample shows a higher 

reflectance in the visible to ultraviolet frequency range than the overdoped sample. After 

the plasma minimum (which is about 15,000 cm-1), the optimally doped sample shows a 

clear charged transfer band (around 20,500 cm-1) and inter-band transition (around 
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33,600 cm-1). The overdoped sample spectrum does not show these features as strongly 

as the Ca2+ replaces the Y3+ ions. The concentration of carrier, holes in YBCO, increases 

in the Cu2O-plane. However, as in other doping studies [48, 56], this increasing in the 

carrier concentration has little effect on the frequency minimum. Both spectra show a 

plasma minimum around 15,000 cm-1. 

Figure 3-6 shows the temperature dependent reflectance spectra for the optimally 

doped YBCO film between 25 cm-1 and 4000 cm-1. At 30 K, only far infrared data was 

measured from 25 cm-1 to 600 cm-1. In the low frequency region, there is a kink in the 

reflectance spectra of each temperature, which is especially significant in the higher 

temperatures. This effect is due to the soft mode in the SrTiO3 crystal substrate, which 

was discussed above. The reflectance spectra show a systematic increase with decreasing 

temperature. There is a noticeable dip around 800 cm-1 in the 50 K and 70 K reflectance, 

which is similar to the data from other groups [48, 51, 56]. As discussed in the next 

section, this structure can be qualitatively understood as a result of the collapse of the free 

carrier component of ε(ω) to a delta function below Tc. Below 100 K, the spectrum shows 

a “shoulder” or “knee” around 500 cm-1. This phenomenon is also seen in other data [55]. 

Plausible arguments had been made for superconducting gaps in YBCO at 500 cm-1. 

However, Kramaras et al. [55] measured YBCO films. They fitted the reflectance by the 

two component model. After subtracting the Drude component, the conductivity spectra 

in all temperatures show a clearly decrease around 500 cm-1. Their conclusion indicates 

that the “shoulder” at 500 cm-1 in the reflectance of YBCO samples is the sign of the 

condensation of the Drude part contribution to the conductivity instead of the appearance 

of the superconducting gap. 
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The temperature dependent reflectance of the overdoped YBCO sample is shown in 

Figure 3-7. The spectra show similar features as the optimally doped samples. Around 

800 cm-1, the dip or minimum which is shown obviously in the optimally doped samples, 

is not significant comparing with the optimally doped samples. This probably indicates 

that comparing with the optimally doped YBCO, the superfluid condensation in the 

overdoped samples is not as strong as in the optimally doped samples. 

3.3 Discussion 

3.3.1 Dielectric Function Analysis 

Because of the effect of the substrate, the Kramers-Kronig method cannot be used 

directly to the measured reflection data. In order to analyze the ab-plane optical spectra 

of the YBCO film, two component analyses is used. According to this picture, the 

cuprates are viewed as consisting of two types of carriers: free carriers which track the 

DC conductivity above Tc and bound carriers which are responsible for the broad mid-

infrared excitation (The detail information has been talked in chapter 1). 

Below Tc,  two fluid model was used. The dielectric function is made up to four 

parts 

∞+++= εεεεωε MIRDsup)(                                       (3-16) 
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where εsup is the superfluid part contribution, εD is the free carrier or normal Drude 

intraband contribution; εMIR is the bound-carrier contribution, and ε∞ is the high frequency 

contribution. After getting all the oscillator information, optical conductivity and other 

parameters can be calculated.  
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 Figure 3-8, shows the measured spectra and the fitting result for the optimally 

doped and overdoped samples at room temperature between 25 cm-1 and 40,000 cm-1. 

Figure 3-9 and 3-10 show measured and fitting spectra at room temperature and 50 K for 

optimally doped sample and overdoped sample respectively. Table 3-1 shows the high 

frequency oscillator parameters of the SrTiO3, YBa2Cu3O7-δ (optimally doped) and 

Y0.7Ca0.3Ba2Cu3O7-δ (overdoped). Table 3-2, 3-3 and 3-4 show the far infrared and mid 

infrared oscillator parameters of the SrTiO3, YBa2Cu3O7-δ (optimally doped) and 

Y0.7Ca0.3Ba2Cu3O7-δ (overdoped) samples at different temperatures respectively. 

Table 3-1 The charge transfer band fitting parameters* (obtained from Lorentz model) for 
the SrTiO3, optimally doped YBa2Cu3O7-δ and overdoped Y0.7Ca0.3Ba2Cu3O7-δ 

 

 
 

ST** OP** OD** 

ωp1(cm-1) - 9418 9750 
ω1(cm-1) - 11503 12205 
1/τ1(cm-1) - 9985 7746 
ωp2(cm-1) 18792 20568 19028 
ω2(cm-1) 32990 20997 21959 
1/τ2(cm-1) 2950 14211 17015 
ωp3(cm-1) 45450 33353 33127 
ω3(cm-1) 38313 38173 43046 
1/τ3(cm-1) 10976 18376 26522 

ε∞ 2.9 2.2 2.8 
 
* All the parameters are used to fit reflectance and then to calculate conductivity. 
** ST means SrTiO3 substrate 
** OP means optimally doped YBCO 
** OD means overdoped YBCO 
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Table 3-2 Parameters (obtained from Drude Lorentz model) giving the best fit to the 
reflectance  (between 25 cm-1 and 4000 cm-1) of SrTiO3 at different 
temperatures. 

 

 300 K 200 K 100 K 70 K 50 K 30 K 
ωp1 1419 1501 1508 1510 1494 1506 
ω1 87 71 47 33 22 3 
1/τ1 15.3 12.5 10.5 10.4 10.4 8.6 
ωp2 341 268 222 200 179 172 
ω2 176 174 172 171 171 171 
1/τ2 5.7 2.5 1.7 1.5 1.4 1.3 
ωp3 571 615 616 600 597 605 
ω3 544 546 547 546 547 547 
1/τ3 22.7 16.7 10.9 12.5 8.9 7.7 
ε∞ 4.6 4.8 4.8 4.8 4.8 4.8 

 
Table 3-3 Parameters (obtained from Drude Lorentz model) giving the best fit to the 

reflectance  (between 25 cm-1 and 4000 cm-1)of YBa2Cu3O7-δ (optimally 
doped) 

 

 300 K 200 K 100 K 70 K 50 K 30 K 
ωpS - - - 7452 7957 10903 
ωpD 10420 11453 11748 8933 8753 1756 
1/τD 405 296 187 123 84 77 
ωp1 3785 2042 3733 3587 3812 3747 
ω1 281 301 301 303 295 295 
1/τ1 835 868 663 660 730 239 
ωp2 11548 10878 11369 13810 14664 - 
ω2 720 726 712 787 865 - 
1/τ2 1813 1621 1684 1760 1718 - 
ωp3 13645 14640 14414 13551 17036 - 
ω3 3412 3219 3461 3286 3075 - 
1/τ3 9310 9083 9288 6241 7594 - 
ε∞ 4.1 3.3 4.0 3.2 3.0 - 
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Table 3-4 Parameters (obtained from Drude Lorentz model) giving the best fit to the 
reflectance  (between 25 cm-1 and 4000 cm-1)of Y0.7Ca0.3Ba2Cu3O7-δ 
(overdoped) at different temperatures. 

 

OD 300 K 200 K 100 K 70 K 50 K 30 K 
ωpS - - - 1215 3581 4854 
ωpD 12580 13206 12705 13060 12039 11682 
1/τD 436 282 126 120 95 93 
ωp1 5157 5957 7311 6794 6444 8842 
ω1 302 310 308 272 273 273 
1/τ1 878 652 844 771 767 1223 
ωp2 12427 10287 15919 14042 15439 - 
ω2 748 760 806 778 781 - 
1/τ2 2177 2323 2770 2366 2343 - 
ωp3 13674 14058 17430 19444 11418 - 
ω3 3284 3303 3281 3285 3258 - 
1/τ3 9052 8717 9302 10898 11064 - 
ε∞ 3.4 3.5 3.3 3.1 2.8 - 

 

3.3.2 Charge Transfer Band and Interband Transition 

The room temperature optical conductivities of both optimally and overdoped 

YBCO films are shown in Figure 3-11. At higher frequencies, we observed the onset of 

the charge transfer absorption at about 20,000 cm-1, which corresponds to the optical 

transitions between the occupied O-2p band and the empty Cu-3d upper Hubbard band. 

Other interband transitions also appear around 35,000 cm-1. In the overdoped samples, as 

suggested by the data in Figure 3-11, there is a spectral weight lost in the infrared region. 

The number of carrier participating in optical transition per Cu is plotted in Figure 3-12. 

The weight lost below the charge transfer absorption band is roughly equal to the increase 

of the spectral weight at the lower frequencies. The spectral weight is proportional to the 

square of the plasma frequency. We can calculate the difference of the square of the 

plasma frequency to know the spectral weight changing. According to table 3-1 and table 

3-2, the spectral weight lost is about (7x107 cm-2). While in the mid infrared spectral 
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weight increase in the overdoped sample is about (8x107 cm-2). The ratio of the decrease 

of spectral weight in the charge transfer band to the increase of spectral weight in the 

midinfrared absorption band is about 0.9. This is not an unreasonable value; these two 

values are close to each other. The difference of the two values may be due to the 

contribution of higher frequency band which is beyond our measured high frequency 

range. 

3.3.3 Temperature Dependent Optical Conductivity 

The real part of the conductivity σ1(ω) is shown in Figure 3-13 (a) and (b). The ab-

plane optical conductivity spectra of the optimally doped and overdoped samples have a 

lot of common features. There is a peak around ω=0 and a long tail extending to higher 

frequencies in the infrared region where σ1(ω) falls as ω-1, slower than ω-2 decay of a 

Drude spectrum. In the far infrared region, both optimally doped and overdoped sample 

spectra are very sensitive with the temperature. For the optimally doped sample, above 

Tc, the conductivity increase with decreasing the temperature. While, just below Tc, the 

conductivity drops significantly comparing with the value above Tc. This is due to part of 

the spectra weight transfer to the δ function. There is an obviously minimum at 430 cm-1. 

Some papers indicate this is probably the sign of the superconductor gap. Kamaras et al. 

[55] measured a series of YBCO films. After analyzing the reflectivities by two 

component model, their data indicate the minimum appeared in the optical conductivity is 

the result of the superfluid condensation instead of the “gap” effect. 

In comparison with the conductivity of optimally doped sample, the conductivity of 

the overdoped sample does not show the minimum. Just like the optimally doped 

samples, above Tc, in the far-infrared region the conductivity increases with decreasing 

the temperature. But just below Tc, instead of a big “drop” as in the optimally doped 
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sample, the conductivity just decrease a little. This is because the overdoped sample 

shows only a small fraction of the Drude component oscillator strength condensed into 

the δ(ω) super fluid condensate. The Drude and superfluid fitting parameters are shown 

in table 3-1, are agreed with this point. At 50 K, in optimally doped sample, about 45% 

Drude oscillator strength transfer to the δ function. But in the overdoped sample, only 8% 

of the oscillator strength transfers to the superfluid part (δ function). Same result can be 

gotten in the 30 K. In the optimally doped sample, about 97% of Drude part oscillator 

strength goes into δ function. While, in overdoped sample, this value is only 21%. It 

should be noted below Tc, there remains a pronounced conductivity at low frequencies 

suggesting no sign of a superconducting gap. 

Comparing with far infrared, the conductivity in the mid-infrared region does not 

show much temperature dependence. As shown in figure 3-13, the temperature 

dependence at frequencies above 1000 cm-1 is relatively modest. It is in fact mostly due 

to a narrowing of the Drude like peak at zero frequency. We used three Lorentzian 

oscillators to model the mid-infrared contribution to the dielectric function. As being 

expected, in the mid-infrared, the conductivity decreases steadily as it reaches the plasma 

minimum [48]. 

Finally, weak phonon modes, which are completely screened by the free carriers, 

cannot be seen in the ab-plane conductivity spectra. 

3.3.4 Quasi-Particle Scattering Rate 

Figure 3-14 (a) and (b) show the temperature dependent scattering rate of the 

optimally and overdoped samples. When T > Tc, 1/τD varies linearly with temperature for 

all the doping level studied. Such a temperature linear behavior in 1/τD above Tc has also 

been observed in other cuprates. We write ħ/τD = 2πλDkBT + ħ/τ0 where λD is the 
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dimensionless coupling constant that couples the charge carriers to the temperature-

dependent excitations responsible for the scattering. Table 3-5 shows the width of the 

Drude part oscillator (1/τD). Both samples show a normal state 1/τD linear with T, with all 

about the same slope, giving λD ~ 0.2 - 0.3. In our measurement, the optimally doped 

YBCO has λD = 0.25 while in the overdoped YBCO sample this value is 0.31. Taking vF 

= 2×107 cm/sec and using our relaxation rate of 1/τ = 183 cm-1 (optimally doped YBCO), 

160 cm-1 (overdoped sample at 100 K). We can estimate the mean free path l = vFτ = 58 

Å and 66 Å. Because the ab-plane coherence length is less than 20 Å, the values of the 

mean free path also prove that the high Tc superconductor is in the clean limit. 

Table 3-5 The scattering rate (obtained from Drude Lorentz model) of optimally doped 
and overdoped YBCO films in different temperature. 
 

 OP* OD* 
Temperature 

(K) 
1/τD 

(cm-1) 
1/τD 

(cm-1) 
300 405 436 
200 296 282 
100 187 126 
70 123 120 
50 84 95 
30 77 93 

 

* OP means optimally doped YBCO 
* OD means overdoped YBCO 

 

Below Tc, in the optimally doped sample, the scattering rate 1/τ exhibits a sudden 

drop with saturation at T ≤ 50 K. This result suggests a strong suppression of the 

scattering channel at the superconducting transition. Presumably, the carrier-scattering 

process that is responsible for the temperature linear resistivity in the normal state is 

suppressed when the free carrier condense. Other experiments that found a similar fast 
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drop in 1/τ include infrared measurements of Br2Sr2CaCu2O7-δ [77, 78] and time resolved 

transition-absorption measurements of YBa2Cu3O7-δ [79]. This striking feature seems to 

be a unique property of the copper-oxide superconductors because ordinary phonon or 

impunity scattering, which dominate conventional superconductors, does not change 

dramatically at Tc. It is evidence that the quasi-particles interact with some spectra of 

excitation which is affected by the onset of the superconductor. While scattering rate of 

the overdoped sample also shows drop below Tc, but comparing with the optimally doped 

sample, the drop is not that dramatic. 

3.3.5 Frequency-dependent Scattering Rate (MFL) 

Another approach, based on the marginal Fermi Liquid (MFL) theory [42, 71], can 

be used. The dielectric function can be written as  
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where pω is the plasma frequency, Σ is the quasi particle self energy of the charge carrier; 

and the imaginary part of the Σ is given by 
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The room temperature spectra of both optimally doped and overdoped samples 

were fitted MFL theory. The plasma frequencies ωp is 24,900 cm-1 and 28,100 cm-1 for 

optimally doped and overdoped sample respectively. The imaginary part of the 

quasiparticle self energy is shown in Figure 3-15. Clearly, there is a region of negative 

slope below100 cm-1 in both films. This behavior suggests that at low frequency the 

carrier mobility is strongly suppressed at low frequency. A negative slope has been 

theoretically predicted for disordered two dimensional conductors [76]. Above 100 cm-1, 
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the linear behavior of the scattering rate exists. According to the MFL prescription, we 

calculate the slope of –Im Σ(ω) above 100 cm-1 at 300 K, which yields a coupling 

constant λ ~ 0.5. Later we will discuss that the coupling constant obtained from the Drude 

contribution is about 0.3, which is smaller than the value of MFL theory. This may 

indicate that besides the free carrier band other absorption may also contribute to the 

absorption. 

3.3.6 Superfluid Density 

A superconductor has a low frequency σ1(ω) that is a δ function at ω = 0; in turn 

this δ function gives a contribution to ε1(ω) = ε∞ - ωps
2/ω2. Table 3-6 shows the Drude 

part of plasma frequency and the superfluid part plasma frequency for all the samples 

below Tc.  

Table 3-6 The Drude part and superfluid part plasma frequency below Tc in the optimally 
doped and overdoped samples. 

 

 50 K 
ωpD (cm-1) ωps (cm-1) fs OP* 

8753 7957 0.45 
ωpD (cm-1) ωps (cm-1) fs OD* 

12039 3581 0.08 
 
 
* OP means optimally doped YBCO 
* OD means overdoped YBCO 

 

The superfluid fraction fs increases with decreasing the temperature. It is interesting 

to note at the same temperature the overdoped sample shows higher total plasma 

frequency which indicates the overdoped sample has more charge carrier than the 

optimally doped sample. This is agreed with Hwang et al.’s [63] BSCO-2212 

measurement result. However, the overdoped sample shows lower superfluid plasma 
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frequency and lower super fluid fraction (fs), which directly related to the superfluid 

density. The BCS theory predicates a lower Tc with lower superfluid density. And the 

overdoped sample does show lower Tc (79 K) comparing with the value of the optimally 

doped sample (90 K). The µSR measurement of overdoped Tl2Ba2CuO6 (Tl2201) [80] 

system also found both Tc and ns decrease with increasing doping level. Farber et al. [81] 

measured the penetration depth of the optimally doped YBa2Cu3O7-δ, and overdoped 

Y0.9Ca0.1Ba2Cu3O7-δ samples. Comparing with the optimally doped sample, overdoped 

sample does show longer penetration depth. Fukuzumi et al. [82] measured in plane 

resistivity of the Zn dope single crystals of YBa2Cu3O7-δ and La2-xSrxCuO4 with various 

hole densities. They indicated a radical change of the electronic state for in highly doped 

regime. And they also suggested that these might be due to some inherent inhomogeneity 

such as phase separation. 

Using the partial sum rule, the effective carrier density (ρeff) can be gotten from the 

effective carrier (Neff) by the following equations 
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where m is the mass of the electron and m* is the mass of the coopers. 
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At the low temperatures, if we assume that the superfluid dominates the low 

frequency part of the imaginary part of the conductivity, the superfluid density is 

proportional to ω·σ2(ω). Then in the low wavenumber we have 
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In the ideal situation (London condition), at low temperature, both ρs(ω)  and ρs
’(ω) 

will be a constant in the low frequency region. By comparing ρs(ω)  and ρs
’(ω), the kinetic 

energy changing discussed by Katz et al.’s [60] paper can be explored. 

Figure 3-16 shows both ρs  and ρs
’ in optimally doped and overdoped samples 

respectively. For the optimally doped sample, both ρs  and ρs
’ show the value close to each 

other. This result is agreed with Deutscher et al.’s [62] result and other previous work. 

However for the overdoped sample, the ρs
’, which is calculated from the sum rule, is 

significantly smaller than the optimally doped sample. There is no “flat part” in the 

spectrum of ρs
’. This make it is impossible to compare with the spectrum of ρs. Thus, we 

cannot tell if there is any kinetic energy change for the sample above and below Tc. The 

absence of the “flat part” can be easily explained in the spectrum of the imaginary part of 

conductivity (σ2). Figure 3-17 shows the imaginary part of the conductivity for both 

optimally doped and overdoped sample. At 50 K, the imaginary part of conductivity (σ2) 

shows a relation linear in 1/ω. But in the overdoped sample, this relation is not 

significant. As indicated in table 3-4, at 50 K, the superfluid fraction is about 41% in the 

optimally doped sample but only 8% in the overdoped sample. At lower temperature, the 

superfluid will dominate the system in the optimally doped sample. While in the 

overdoped sample, Drude part may still be important in the conductivity. Equation (3-23) 

is not valid for the overdoped system. This may explain why there are so much paradox 

conclusions in the previous work. Due to the substrate effect, our data cannot be analyzed 

model independent. Further single crystal experiments and model independent analyzing 

in different doping levels are needed to confirm the result. 
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3.4 Summary 

In this chapter, we present the temperature and frequency-dependent optical 

functions of Ca doped YBa2Cu3O7-δ from the far infrared through the ultraviolet region. 

The data are analyzed by the two component model and marginal Fermi liquid model. 

With an increasing of the carrier concentration in the CuO2 planes, spectral weight lost in 

the high frequency charge transfer band is observed. The weight lost below the charge 

transfer absorption band is transferred to lower frequencies. With increased the doping 

level into the overdoped region, the plasma frequency increases correspondingly because 

of the charge density increase. However, the superfluid density decreases in this regime 

and the Drude part still dominant the low frequency part of the optical conductivity. This 

property makes it difficult to calculate the changing of the kinetic energy in the 

overdoped YBCO system above and below Tc.  

The quasi-particle scattering rate is derived from the two component model. Above 

Tc, the scattering rate is linear with the temperature. Below Tc, the scattering rate drops 

and becomes saturate at the lower temperature. More measurements with different doping 

level samples are needed in order to get completed picture in this area. 
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Figure 3-1 The unit cell of YBa2Cu3O7-δ (Ca substitute for Y in the overdoped sample) 
[83]. 
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Figure 3-2 Schematic phase diagram of the hole-doped cuprates (x is the doping level). 
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Figure 3-3 Room temperature reflectance of SrTiO3 and the fitting spectrum. 
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Figure 3-4 Temperature dependent reflectance spectra of SrTiO3 substrate. 
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Figure 3-5 Room temperature reflectance spectra of the optimally doped and the 
overdoped samples. 
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Figure 3-6 Temperature dependent reflectance spectra of the optimally doped 
YBa2Cu3O7-δ film. 
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Figure 3-7 Temperature dependent reflectance spectra of the overdoped 
Y0.7Ca0.3Ba2Cu3O7-δ film. 
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Figure 3-8 The measured and fitted room temperature reflectance of both optimally 
doped and overdoped films. 
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Figure 3-9 Measured and fitted reflectance of optimally doped YBa2Cu3O7-δ at room 
temperature and 50 K. 
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Figure 3-10 Measured and fitted reflectance of overdoped Y0.7Ca0.3Ba2Cu3O7-δ at room 
temperature and 50 K. 
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Figure 3-11 Optical conductivity (obtained from Drude Lorentz model) of the optimally 
doped and overdoped samples at room temperature. 
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Figure 3-12 Number of carrier participating in optical transition  per Cu atom, Neff, as a 
function of frequency. 
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Figure 3-13 Temperature dependent optical conductivity obtained from Drude Lorentz 
model of optimally doped and overdoped samples. 
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Figure 3-14 Temperature dependent scattering rate (obtained from Drude Lorentz model) 
of the optimally doped and overdoped samples. 
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Figure 3-15 Imaginary part of quasi-particle self energy (obtained from Marginal Fermi 
liquid model) of both optimally doped and overdoped samples. 
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Figure 3-16 Superfluid density calculated from sum rule and imaginary part of the optical 
conductivity in both optimally doped and overdoped samples. 
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Figure 3-17 Temperature dependent imaginary part (obtained from Drude Lorentz model) 
of the optical conductivity in the optimally doped and overdoped samples. 
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CHAPTER 4 
FAR-INFRARED PROPERTIES OF SUPERCONDUCTING YBCO FILMS IN ZERO 

AND HIGH MAGNETIC FIELDS 

4.1 Introduction 

4.1.1 Background 

A superconductor is a material that exhibits two characteristic properties, namely 

zero electrical resistance and perfect diamagnetism [83], when it is cooled below the 

critical temperature Tc. At high temperatures it is a normal metal, and ordinarily is not a 

very good conductor. In the normal state some superconducting metals are weakly 

diamagnetic and some are paramagnetic.  

Perfect diamagnetism, the second characteristic property, means that a 

superconducting material does not permit an externally applied magnetic field to 

penetrate into its interior. Those superconductors that totally exclude an applied magnetic 

flux are known as type I superconductor. Other superconductors, called type II 

superconductors, are also perfect conductors of electricity, but their magnetic properties 

are more complex. They totally exclude magnetic flux when the applied field is low 

(H<Hc1), but only partially exclude it when the applied field is higher (Hc1<H<Hc2). In 

the region of higher magnetic fields their diamagnetism is not perfect, but rather of a 

mixed type. These kinds of superconductors constitute the subject matter of this chapter.  

The property of perfect diamagnetism which means that the susceptibility χ = -1.  
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There is no B
r

field inside a perfect diamagnet because the magnetism M is directed 

opposite to the H
r

 field and thereby cancels it 

HM
rr

−=π4                                                      (4-2) 

When a superconductor is placed between the pole pieces of a magnet, the B
r

field 

lines from the magnet go around it instead of entering, and its own internal field remains 

zero. This field distribution is the result of the superposition of the uniform applied field 

and a dipole field from the oppositely magnetized superconducting sphere. 

There are two aspects to perfect diamagnetism in in both type I and type II 

superconductors. The first is flux exclusion: If a material in the normal state is zero field 

cooled (ZFC), that is, cooled below Tc to the superconducting state without any magnetic 

field present, and is then placed in an external magnetic field, the field will be excluded 

from the superconductor. The second aspect is flux expulsion: If the same material in its 

normal state is placed in a magnetic field, the field will penetrate and have almost the 

same value inside and out side because the permeability µ is so close to the free-space 

value µ0. If this material is then field cooled (FC), that is, cooled below Tc in the presence 

of this field, the field will be expelled from the material, a phenomenon called the 

Meissner effect. Although ZFC and FC lead to the same result (absence of magnetic flux 

inside the sample below Tc), nevertheless the two process are not equivalent. 

Thompson [84] found that for a “defect-free” high-purity niobium sphere the ZFC 

and FC susceptibilities were almost identical. A second high-purity sphere of similar 

composition that exhibited strong pinning was also examined and the same ZFC results 

were obtained. However, no Meissner flux expulsion following field cooling (FC) was 

observed. To further clarify the magnetic field configurations inside a superconductor, 
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consider a long cylindrical sample placed in a uniform applied magnetic field with its 

axis in the field direction. Since there are no applied currents, the boundary condition at 

the cylindrical surface is 

"
//

'
// HH

rr
=                                                        (4-3) 

The above equation shows that the H field is uniform inside with the same value as 

the applied field 

inapp HH =                                                          (4-4) 

The B field has only a z component with value Bapp = µ0Happ outside and zero 

inside, Bin = 0. There is, however, a transition layer of thickness λ, called the penetration 

depth, at the surface of the superconductor where the B field drops exponentially from its 

value Bapp on the outside to zero inside, in accordance with the expression 

]/)(exp[)( 0 λrRBrB −−≈                                       (4-5)      

Thus the B field exits only in the surface layer, and not in the bulk. Since  

     )](4[)( rMHrB inin πµ +=                                            (4-6) 

with Hin = Happ, we have for M(r) 
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again subject to the assumption that λ << R. 

This exponential decay process arises naturally in the Ginzburg-Landau and 

London theories, and that these theories provide an explicit formula for what is called the 

London Penetration depth λL, namely 
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where n is the carrier number, e is the electron charge, m is the electron mass and µ0 is 

the permeability. 

In the absence of any applied transport current we set J
r

= 0 (also ∂D
r

 / ∂t = 0) in 

Maxwell’s equation, to obtain  

shin J
c

B π4
=×∇

r
                                                 (4-9) 

where shJ
r

is called the shielding or magnetization current density 

MJ
c sh

rr
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1                                                   (4-10) 

Since Bin has only a z or axial component, the curl, expressed in terms of cylindrical 

coordinates, gives the following shielding current density which flows along the cylinder 

in the negative ø direction 
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where  

0JB app

rr
λ=                                                  (4-12) 

The vectors B
r

and shJ
r

do not exist in the bulk of the superconductor but only in the 

surface layer where they are perpendicular to each other, with B
r

oriented vertically and 

shJ
r

flowing around the cylinder in horizontal circles. It may be looked upon as a 
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circulating demagnetizing current that shields or screens the interior of the 

superconductor by producing a negative B
r

 field that cancels appB
r

so that 0=inB
r

 inside. 

Thus we see that the superconducting medium reacts to the presence of the applied 

field by generating shielding currents that cancel the B field. The reaction of the medium 

may also be looked upon as generating a magnetization M that cancels the interior B 

field, as was explained above. These are two views of the same phenomenon, since the 

shielding current density Jsh and the compensating magnetization M are directly related 

through equation (4-10). The negative B field that cancels Bapp is really a magnetization 

in the negative z direction. 

4.1.2 Type I and Type II Superconductors 

Type I superconductors are superconductors that exhibit zero resistance and perfect 

diamagnetism. They are also perfect diamagnets for applied magnetic fields below the 

critical field Bc, and become normal in higher applied fields. Their coherence length 

exceeds their penetration depth so it is not energetically favorable for boundaries to form 

between their normal and superconductor phases [83]. Superconducting elements, with 

the exception of niobium, are all type I. 

When the penetration depth λ is larger than the coherence length ξ, it becomes 

energetically favorable for domain walls to form between the superconducting and 

normal regions. When such a superconductor, called type II, is in a magnetic field, the 

free energy can be lowed by causing domains of normal materials containing trapped flux 

to form with low energy boundaries created between the normal core and the surrounding 

superconducting field which exceeds a value referred to as the lower critical field, Bc1. 

The magnetic field inside a type II superconductor is strong in the normal cores of the 
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vortices, and becomes very small far away from the cores. For much higher applied fields 

the vortices overlap and the field inside the superconductor becomes strong everywhere. 

Eventually, when the applied field reaches a value called the upper critical field Bc2, the 

material becomes normal. Alloys and compounds exhibit type II superconductivity, with 

mixed-type magnetic behavior and partial flux penetration above Bc1. Type II 

superconductors also have zero resistance, but their perfect diamagnetism occurs only 

below the lower critical field Bc1. The superconductors used in practical applications, 

which have relatively high transition temperatures, carrying large currents and often 

being operated in large magnetic fields, are all of type II. The typical optimal doped 

YBa2Cu3O7-δ materials with Tc about 92.4K, have lower critical field Bc1 (in ab-plane) 

smaller than 5mT. The higher critical field Bc2 (in ab-plane) is much larger. It is about 

240 Tesla. 

4.1.3 Superconducting Response in High Magnetic Field 

The electronic properties of high Tc superconductors are affected by the application 

of magnetic fields. The simple picture of the high Tc materials, in the mixed state, is the 

sample penetrated by an array of magnetic vortices each of which contained a quantized 

magnetic flux. In the applied current density extJ
r

and the average magnetic flux density B
r

, 

there will be a Lorentz force density BJf ext

rrr
×= on the vortices. If the vortices are at rest, 

the resistance will be effectively zero. If the vortices are moving with a mean velocity v, 

an electric field BvE
rrr

×= appears. However, the behaviors of the complex dynamics of 

vortex motions in the presence of viscous, pinning forces and the function either of 

thermal origin or due to the influence of defects in the sample becomes complicated and 

are not yet well understood. 
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Far-infrared spectroscopy has been widely applied to investigate the vortex 

dynamics in the high Tc superconductors. Historically, microwave experiments have been 

widely used to study the vortex dynamics in type II superconductor. Microwave 

measurements can sense the fluctuations about the pinning site. Measuring the complex 

surface impedance provides information related to the pinning force constant and vortex 

viscosity. At higher frequencies, far-infrared spectroscopy has been applied to investigate 

the vortex dynamics in the high Tc superconductors. 

Shimamoto et al. [85] observed a large (20%) and field-dependent change in far-

infrared transmission in both YBCO and Ba2Sr2Ca2Cu3Ox films at field up to 100T; the 

behavior was explained by a flux-flow model. Terahertz measurements [86] over 

frequencies from 100 to 1000 GHz (3-3-33.3 cm-1) found a non-linear dependence of the 

complex conductivity on the magnetic field strength. Karrai et al. [87, 88] measured the 

transmittance of the YB2C3O7-δ thin films. Their data showed an increase in transmittance 

below ~ 125 cm-1 with increasing field. This effect was attributed to dipole transitions 

associate with bound states in the vortex cores. Evidence from magneto-optical activity 

was also found, interpreted as cyclotron resistance in the mixed state. These effects 

occurred at a temperature as low as 2.2 K and in magnetic fields between 2 and 15 T. The 

experiments prompted several theoretical calculations of the optical response of the 

vortex core states. Measurements of the far-infrared reflectivity R of a superconducting 

YBa2Cu3O7-δ thin film by Eldridge et al. [89] found a strong dependence on magnetic 

field, suggesting that the increase in transmission at low wavenumber in the experiment 

of  Karrai et al. [87] was mainly due to a decrease in reflectivity. In their experiment they 

also observed the far-infrared phonon mode in the high magnetic field, which was usually 
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not expected in the ab-plane films at zero field. The Kramers-Kronig analysis then, gave 

the field dependent conductivity, which showed a broad resonance between 50 cm-1 and 

250 cm-1 whose shape, but not magnitude, could be fitted by a theory involving vortex 

motion with pinning. In contrast, Brunel et al. [90] reported the reflectance of 

Bi2Sr2CaCu2O8 (BSCCO) at several far-infrared frequencies as a function of temperature 

and field (up to 17T). They found a field-induced drop in the reflectance, which 

correspond to the onset of a resistive state and thus only occurred at higher temperatures. 

Gerrits et al. [91] reported practically no influence of the magnetic field up to 15.5 T in 

the far-infrared reflectance of a YBCO thin film at 1.2 K. Liu et al. [92] measured the 

YBCO film in the different temperatures in the magnetic field up to 30 T. Their data 

clearly indicated that in the low temperature (below 50 K) there was no significant field 

dependence in both the reflectance and transmittance. But at higher temperatures, such as 

72 K and 95 K, their data showed that with increasing the magnetic fields, there was a 

clearly increasing of the transmittance in far infrared region spectrum (below ~120 cm-1).  

In this chapter, we will report the far-infrared transmittance measurement of YBCO 

films at 4.2 K in magnetic field up to 18 Tesla. However, as the magnetic field (with H 

perpendicular to the ab – plane and with unpolarized light) varying, at constant 

temperature (4-2 K), the transmittance spectrum shows no discernible field dependence 

up to 18 T. This result is the same as Liu’s et al. [92] result. 

4.2 Experiment and Results 

4.2.1 Sample Preparation 

We have studied three types of optimally doped films on three different substrates. 

The substrates used are MgO, sapphires and silicon. The samples were made by the PLD 

method. The detailed sample preparation processes were already described in Dr. Wint’s 
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Ph.D. thesis [93]. The substrate thickness was about 0.2 mm and films are about 400 Å 

thick with Tc around 92 K. 

Our experiment was done in the National High Magnetic Field Lab, Tallahassee 

FL. The experiments used a Bruker 113V spectrometer and light pipe sample probe in 

conjunction with the 18-Tesla superconducting magnet and a 4.2 K bolometer detector. 

The sample probe allows alternate sample and reference measurement [94]. Compared 

with the resistive magnets, the superconducting magnet has less vibrational noise, which 

is important especially to the far infrared measurement. Because of these advantages for 

the superconducting magnet, the final result showed a high signal to noise ratio. 

 4.2.2 Sample zero field properties 

Figure 4-1 (a), (b) and (c) show the transmittance of the YBCO/silicon, 

YBCO/sapphire and YBCO/MgO film respectively taken at 4.2 K and at several 

magnetic fields. Note that for the two superconducting samples (Figure 4-1, panels a and 

b) the low frequency transmittance tends to zero, as expected for a sample where the far 

infrared properties are dominated by the inductive response (σ2). Were the loss (σ 1) 

significant, there would be finite transmittance at low frequencies. The YBCO/MgO film 

transmittance spectra was fitted by the two-fluid model. Figure 4-2 shows the fitting 

result. Due to the multiple internal reflection, the reflectance show strong fringes. Table 

4-1 shows the fitting parameters for both the substrate and YBa2Cu3O7-δ films. Figure 4-3 

shows the real and imaginary part of conductivity of the sample film. As dicussed before, 

imaginary part of conductivity (σ2) dominates the far infrared optical properties. The 

sample show high reflectance and low transmittance [95]. 

It is necessary to point out that the temperature dependent transmittance and 

reflectance measurement of all these films in the zero magnetic field had already been 
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finished by Dr. Wint [93] and Dr. Boychev [96]. The spectra were already fitted by 

different models and all the parameters were already published. The detailed information 

can be read Dr. Wint’s (2004, University of Florida) and Dr. Boychev’s (2002, 

University of Florida) Ph.D. thesis. 

Table 4-1 Oscillator parameters of both the MgO substrate and YBa2Cu3O7-δ at 4.2 K. 
 

 YBCO MgO 
ωpS(cm-1) 8900 - 
ωpD(cm-1) 1000 - 
1/τD(cm-1) 87 - 
ωp1(cm-1) 3672 7.206 
ω1(cm-1) 290 66.950 
1/τ1(cm-1) 100 86.935 
ωp2(cm-1) 9800 1.764 
ω2(cm-1) 740 146.518 
1/τ2(cm-1) 1550 23.671 
ωp3(cm-1) - 0.306 
ω3(cm-1) - 121.868 
1/τ3(cm-1) - 2.273 
ωp4(cm-1) - 0.002 
ω4(cm-1) - 183.998 
1/τ4(cm-1) - 171.081 
ωp5(cm-1) - 0.002 
ω5(cm-1) - 243.173 
1/τ5(cm-1) - 194.192 
ωp6(cm-1) - 9.670 
ω6(cm-1) - 292.180 
1/τ6(cm-1) - 19.942 

ε∞ 25 3.01 
d 400 Å 0.3 mm 

 

4.2.3 Optical Measurement in the High Magnetic Field 

As shown in Figure 4-1, for different samples taken at 4.2 K and at several 

magnetic fields, we observe practically no influence of magnetic field on the far infrared 

transmittance spectra of the film. To investigate further, the magneto-transmittance 

measurements taken at several magnetic fields for YBCO/silicon, YBCO/sapphire and 
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YBCO/MgO is showed in figure 4-4 (a), (b) and (c) respectively. Similarly, we do not 

find any evidence for changes in the transmission ratio for all samples in this temperature 

and field range. Here it is necessary to point out that typical noise variations of our 

measurements in the magnetic field are on the order of 8%. On the other hand, we are 

unable to pursue our studies at lower frequency (ω < 25 cm-1) on these films due to the 

low transmitted intensity in the superconducting states. And because of the technique 

limitation at this point, we cannot measure the sample in higher temperatures. Thus, we 

can conclude that with the external field perpendicular to the superconducting YBCO 

film, no far infrared magneto resistance is detected at 4.2 K and in the high field regime. 

We observe practically no influence of the magnetic field on the far infrared 

transmittance spectra of any of the films. The noise around 140 and 230 cm-1 is due to 

poor beam-splitter efficiency at these frequencies. Outside of these two regions, the 

variation in transmission with field is ∆T/T < ±8%, set by the signal to noise ratio in the 

data. We can conclude that with the external field perpendicular to the superconducting 

YBa2Cu3O7-δ film, no far-infrared magneto resistance is detected at 4.2 K and in the high 

field regime. The non-superconducting sample (Figure 4-1, panel c) also shows no field-

dependent absorption. (The oscillations in this sample are due to multiple internal 

reflections in the Si substrate.) 

4.3 Discussion 

In the presence of magnetic field the electrodynamic response of Type-II 

superconductor is affected by vortex dynamics. We are going to discuss the magneto-

optics data at 4.2 K show in Figure 4-4. Our spectra do not show any significant changes 

within the applied field range, which is agree with Liu et al. [92] and other group’s result 

but in contrast to several other groups’ reports. To acquire a better understanding, we 
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consider the simple picture at T << Tc: The vortex can be driven either by an ac electric 

field or by super-flow. Because our high frequency field oriented perpendicular to ab 

plane, the vortices oscillate within their pinning potential. The area of the vortex cores is 

in the normal state and the outside of them is the superconducting state. The fraction area 

of the cores is H/Hc2(T) and Hc2 is the upper critical field. The dielectric function of this 

system at low temperature may be written as 
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Here, 1/τs is the damping constant inside the vortex. The entire change in the dielectric 

response will be attributed to pair-breaking effect and to quasiparticle excitations inside 

the vortex cores.  

In order to explain the absence of changes in our optical spectrum, consider the 

change of optical conductivity σ as the vortex density is increased: σs(ω)=ωps
2[1-

H/Hc2]/4πiω; σn(ω)=ωps
2[H/Hc2]S(ω)/4π. Here, S(ω) is the frequency dependence of the 

vortex conductivity and is initially dominated by 1/( iω– 1/τs). The change in σ(ω) due to 

a conversion of super to normal fluid is given by ∆σ(ω) = ωps
2 (H/Hc2)[S(ω) – i/ω]/4π. 

Specifically, ∆σ(ω) is maximum at zero frequency and decreases rapidly with frequency 

for ω > 1/τs. In our experiment, the measurements are limited to ω > 25 cm-1 and the 

quasi-particle scattering rates 1/τs of our film are smaller than 50 cm-1 for T<50 K at zero 

field. Moreover, the change in ∆σ(ω) is expected to be not big for fields up to our 

maximum field of 18 T when Hc2 is about 240 T. Thus, it is possible that any change in 

the spectra should be relatively small in our far-infrared frequency and magnetic field 

range. 
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Many studies [97, 98] have focused on the quasi-particle local density of states 

inside a vortex core. The physics of the vortex core for a type II superconductor is usually 

described by Bardeen-Stephen model [99]. However this model is based on the dirty limit 

description (l << ξ), in which the motion of the quasi-particle gets well randomized 

within the core. The first calculation of the electronic vortex structure in the clean limit (l 

>> ξ) and for H<<Hc2 were performed by Caroli et al [95]. Subsequently, Kramer [97] 

and Pesch [98] discussed the spatial structure of a vortex in a type II superconductor in 

the clean limit and for s-wave symmetry of the order parameter. In the quasi-classical 

limit we have ξkF >> 1 and the energy of the lowest bound state (minigap) ∆2/EF ~ 1/ξ2 is 

very small. This picture is well established in the classical superconductor. But, for the 

high Tc superconductors the situation is quite different, since ∆ is large and EF is smaller 

than in the classical superconductors. Hence, only a few bound states in the vortex core 

are expected for the high Tc superconductors. Recent spectroscopic experiments appear to 

have confirmed this expectation. A characteristic resonance has been observed by Karrai 

et al. [87] in the mixed state of YBCO thin film at ~65 cm-1. They interpret their spectra 

as the vortex core resonance frequency. Based on the microscopic theory of vortex 

dynamics, this feature corresponding core levels spacing ħΩ0 = E1/2 – E-1/2 is about 40 

cm-1 Evidence for a large core spacing has also found in scanning tunneling spectroscopy 

(STS) on YBCO single crystals. In contrast, such dipole transition between the quasi-

particle levels in the vortex core is not present in our high field measurements. 

4.4 Summary 

In summary, we present the magnetic field dependence of the far infrared optical 

data of YBCO films on different substrate where the transmittance spectra have been 

measured at the liquid helium temperature 4.2 K. Varying the magnetic field at constant 
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temperature (4-2 K) allow us to study the vortex dynamics in the high temperature 

superconductors. In our current work, we do not see any field dependent features in far 

infrared transmittance spectra of YBCO films at 4.2 K. This observation suggests that the 

pair-breaking effects could be too small to be seen in our frequency and field range. And 

the anisotropic pairing effects in the high temperature superconductors might lead to the 

complexity of excitations inside a vortex core. We hope that this work will stimulate 

more completely experimental and theoretical work for understanding the 

electrodynamics of cuprates in a high magnetic field. Future work can be done in higher 

temperatures and higher fields and, if possible, in the lower frequency range. 
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Figure 4-1 Transmittance of different YBCO film samples. YBCO/sapphire (a), 
YBCO/MgO (b), YBCO/silicon (c) samples in different magnetic fields. 
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Figure 4-2 Measured and fitted spectra of YBa2Cu3O7-δ/MgO sample. 
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Figure 4-3 Real and imaginary part of optical conductivity of optimally doped YBCO. 
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Figure 4-4 Magneto resistance of different YBCO film samples. YBCO/sapphire (a), 
YBCO/MgO (b), YBCO/silicon (c) samples in different magnetic fields. 
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CHAPTER 5 
TERAHERTZ AND OPTICAL STUDY OF ELECTRONIC DIELECTRIC 

MATERIALS 

5.1 Introduction 

5.1.1 Background 

The telecommunication technology industry today requires high-volume and low-

cost circuit fabrication, while at the same time demanding excellent electrical 

performance, reliability, circuit miniaturization and surface mounting techniques. Low-

temperature co-fired ceramics (LTCC) provide a module technology capable of dramatic 

volume saving over individual integrated circuit (IC) mounting, by stacking several 

ceramic substrates each only several µm thick, and building-in passive components 

(resistors, capacitors, insulators, etc.) and other ICs. The filters and other components 

used in a radio frequency (RF) circuit come to about dozen in all, and LTCC makes it 

possible to pack all components into a package only a few mm square. 

Compared to a conventional multi-layer laminated structure, LTCC offers a number 

of advantages: low dielectric loss (low tanδ), better controlled dielectric properties, well 

suited to producing modules in low-cost packages. Although some of these features are 

also available from some conventional thick film ceramic processes, a multi-layer format 

is not so readily available. The multiple layer structure of LTCC allows the realization of 

innovation printed structures, such as filters and baluns, and facilitates miniaturization. In 

addition to this, the fact that the layers are produced in parallel results in shorter 

fabrication time, reduced cost, and increased yields. Figure 5-1 shows the basic 
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multilayer LTCC process. A distinguishing feature is that LTCC technology allows 

parallel processing of the individual layers. 

One of the important areas for LTCC technology is the development of novel 

dielectric materials for LTCC system. The electrical and thermo mechanical demands are 

obvious for enabling the production and usage of reliable components. The dielectric 

properties such as low dissipation factor, appropriate permittivity, and near zero 

temperature coefficient of the resonance frequency (Tf) are important. These values 

enable the construction of RF devices with convenient size, low insertion loss, and stable 

operation at ambient temperatures. 

Bismuth-containing compositions have recently been reported with sintering 

temperatures around 920oC. Since the firing temperature is below the melting 

temperature of silver, pure silver electrode materials can potentially be used. The general 

objective of this chapter is to investigate Bi-based pyrochlore materials. More detailed 

description of the application of LTCC materials can be found elsewhere [100]. 

5.1.2 Crystal Structure 

Pyrochlores typically have a nominal composition A2B2O7 and adopt a cubic 

structure with space group Fd3m. The crystal structure can be described as consisting of 

interpenetrating networks of BO6 octahedra and A2O´ chains [101]. Pyrochlores allow for 

a broad range of atomic substitutions at the A, B and O sites; therefore, compounds with 

the pyrochlore structure exhibit a wide variety of very interesting physical properties. 

Figure 5-2 shows the structure of cubic bismuth pyrochlores. Recently, bismuth-based 

pyrochlore compounds have demonstrated excellent properties for use in capacitor and 

high-frequency filter applications: low-loss, high-permittivity, and good temperature 

stability [102]. Golovschikova et al. [103] and Jeanne et al. [104] first investigated 
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bismuth-based pyrochlore materials for dielectric applications in the early 70’s. Detailed 

studies by Levin et al. [105] determined the stoichiometry of single-phase cubic bismuth 

zinc niobium to be Bi3/2Zn0.92Nb1.5O6.92 (BZN) in the pyrochlore structure (A2B2O6O´) 

with partial Zn occupancy of both A and B sites. Table 5-1 shows the lattice parameters 

of cubic BZN in different temperatures. In addition, displacements from the ideal 

crystallographic positions were identified for both A and O´ ions. Figure 5-2 shows the 

ideal crystal structure without considering the displacement of the ions. The 

displacements of the ions are shown in Figure 5-3. The A-site cations were found to be 

randomly displaced from the ideal eightfold-coordinated positions along the six <112> 

directions, perpendicular to the O´-A-O´ links. The O´ ions were found to be randomly 

displaced along the <110> directions. It will be shown that this displacement disorder is 

required to explain the infrared vibrational spectroscopy. Based on the crystal chemical 

considerations, Withers et al. [106] found the bond length of A-O´ is different. Their data 

indicated the length of the longer A-O´ bond is 2.351Å while the shorter A-O´ bond 

length is 1.961Å. The experiment and subsequent Monte Carlo simulation results did 

provide a good representation of the local short range order and associated structural 

relaxation in the A2O´ sub-structure. 

Table 5-1 Lattice parameters and atomic positions at 298 K and 12 K for the cubic BZN 
pyrochlore [105]. (The upper and lower entries in each site correspond to the 
position at 298 K and 12 K respectively.) 

 

Unit T=298 K T=12 K 
Cell a= 10.56156(7) Å 10.55668(6) Å 

Fd3m, Vol= 1178.11(1) Å3 1176.47(1) Å3 
227  

Atom Site x y z Occupancy Ux100 Å 
0.34403(27) 0.34403(27) 0.3776(5) 2.05(21) O’ 96g 
0.34361(23) 0.34361(23) 0.3761(4) 

0.0767 
1.19(18) 
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Table 5-1 Continued 
0.31984(7) 1/8 1/8 2.28 O 48f 
0.31965(6) 1/8 1/8 

1.000 
1.79 

0.46731(34) 0.51499(35) 0.51499(35) 1.62(5) Bi/Zn 96g 
0.46800(31) 0.51671(31) 0.51671(31)

0.125/0.035 
1.20(5) 

0 0 0 1.37(2) Nb/Zn 16c 
0 0 0 

0.75/0.25 
1.02(2) 

 

Vibrational spectroscopy can provide unique information about materials, including 

phonon modes, the presence of impurities or defects, ordering, and the orientation of 

dipoles. Infrared spectra of pyrochlores were reported by Brisse and Knop [107]. The 

vibrational modes of stannate pyrochlores were identified, site occupancy was discussed, 

and trends were analyzed. Later McCauley [108] studied the general characteristic of 

infrared absorption in the pyrochlore structure. Factor group analysis was employed, 

vibrational modes were classified, and infrared-active lattice modes were assigned to 

either a bending or stretching modes. More recently, Kamba et al. [109] measured the 

reflectance of BZN material and Nino et al. [110] assigned each infrared-active mode to a 

bending or a stretching mode. However, until now only the spectra of BZN have been 

reported. There have been neither studies of the phonon modes in other bismuth 

pyrochlores nor detailed investigations of the temperature-dependent trends of the 

infrared absorption in pyrochlores. Here, we report temperature-dependent reflectivity 

measurement for four cubic pyrochlore ceramics Bi3/2ZnTa3/2O7 (BZT), Bi3/2MgNb3/2O7 

(BMN), Bi3/2MgTa3/2O7 (BMT) and Bi3/2Zn0.92Nb1.5O6.92 (BZN). 

5.2 Experiment and Result 

5.2.1 Sample Preparation 

All the samples were made by Dr. Nino at the Pennsylvania State University [100]. 

The starting materials were reagent grade oxide powders of Bi2O3, ZnO and Nb2O5 
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(Aldrich Chemical Company Ltd). A stoichiometric mixture of powders of the cubic 

pyrochlore phase with nominal composition (Bi1.5Zn0.5)(Zn0.5Nb1.5)O7 was added to 

deionized water and dispersant to form a 60 vol% solids slurry and milled for 24 h in 

zirconia media. The powder was then dried at 120°C and calcined at 800°C for 4 h in 

closed alumina crucibles. The initial calcination step between ZnO and Nb2O5 to form the 

columbite ZnNb2O6 was performed at 1000°C for 4h. Columbite formation was 

confirmed through XRD. 

After the final calcination, powders were remilled for 24 h in water and dispersant, 

forming a 60 vol% slurry. The powder was then dried at 120°C for 16 h. Approximately 

2wt% Acryloid binder was added to assist in forming. Pellets were uniaxially pressed, at 

approximately 120 MPa, into discs 6 mm in diameter and 2 mm thick. 

Binder burnout and sintering were performed in a single heating run under flowing 

air (500 cm3/min) and 950°C for 4 h. 

The detail information of sample preparation has been described elsewhere [111]. 

5.2.2 Experimental Procedure 

Temperature-dependent reflectivity was obtained using a Fourier Transform 

Spectrometer (Bruker IFS 113v) in conjunction with a liquid Helium-cooled Si bolometer 

(over 30-700 cm-1) and a room temperature DTGS detector (over 650-3300 cm-1). The 

reflection stage provided an angle of incidence of about 15o for the light. Temperatures 

between 50 and 300 K were obtained in a Hanson flow cryostat with polyethylene (far 

infrared) or KBr windows (mid-infrared). Temperature-dependent terahertz transmission 

spectra of BZN were measured with a TPI Spectra 1000 spectrometer and a Hanson flow 

cryostat with polyethylene windows. 
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5.2.3 Optical Measurement 

5.2.3.1 Reflectance spectra 

The temperature dependent reflectance of BZT, BMN, BMT, and BZN between 30 

and 1500 cm-1 is shown in Figure 5-4. The reflectance is not shown above 1500 cm-1 

because it is flat at these frequencies, approaching the value given by the high frequency 

permittivity ε∞. Strong structure due to the vibrational modes is seen over much of the 

range. The low frequency reflectance is very large, consistent with the large static 

dielectric constant observed in these materials. The reflectivity spectra do not change 

significantly with temperature, which implies there is no phase transition within the 

temperature range investigated. This is in agreement with earlier infrared measurements 

in BZN [100]. There is a slight increase in the maxima of the vibrational features at lower 

temperatures.   

5.2.3.2 Kramers-Kronig analysis 

The real and imaginary parts of the dielectric constant in the infrared range can be 

estimated from the reflectance R(ω) via Kramers-Kronig analysis [3]. In calculating the 

Kramers-Kronig integral, we extrapolated the reflectance as constant at low frequencies, 

appropriate for an insulator. At high frequencies we also took the reflectance to be 

constant up to very high frequencies (10,000,000 cm-1; 12,000 eV) and then used free-

carrier behavior, R ~ ω-4, above that. Figures 5-5 and 5-6 show respectively the 

temperature dependence of the real and imaginary parts of the dielectric function for 

BZT, BMN, BMT, and BZN. The imaginary part shows a number of peaks due to 

phonon modes and becomes very small above ~800 cm-1.  The real part is quite large (50-

60) at low frequencies, shows derivative-like features in the vibrational region, and falls 

to a high frequencies value of about 5.  
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5.2.3.3 Terahertz spectra 

Terahertz transmission spectra of BZN and BMN were measured at both room 

temperature and cryogenic temperature between 3 cm-1 and 60 cm-1. The absorption 

coefficient was estimated from the transmittance, and combined with the infrared 

Kramers-Kronig results to give the absorption coefficient spectra shown in Figure 5-7 (a) 

over 3-1500 cm-1. Figure 5-7 (b) shows another optical function, the optical conductivity 

σ1(ω). At low frequencies, the optical conductivity decreases, consistent with the small 

dielectric loss in these materials. 

5.2.3.4 Oscillator-model fits 

The complex dielectric function )(~ ωε  in the infrared range can also be obtained by 

fitting the reflectance R(ω) using a model dielectric function that consists of the sum of 

several damped oscillators plus a high frequency permittivity ε∞ originating from the 

electronic polarization 

∑
=

∞∞ +
−−

=+=
n

i ii

ii
ph j1

22

2
~)(~ ε

ωγωω
ωε

εεωε
∆

                           (5-1) 

where ωi, γi, and ∆εi denote respectively the eigenfrequencies, the damping 

coefficient, and the contribution to dielectric permittivity from the ith polar phonon mode 

and phε~  is the phonon contribution to the complex dielectric function. The infrared 

reflectivity spectra and the oscillator fit for BMN measured at room temperature and 

cryogenic temperature are shown in Figure 5-8. The oscillator fits for the other samples 

are of similar quality. Tables 5-2, 5-3, 5-4 and 5-5 show the fitting parameters for the 

reflectance spectra.  
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Table 5-2 Parameters from the dispersion analysis of the phonon modes in the infrared 
spectra of BZT pyrochlore at 300K and 50K. * indicates mode splitting. 

 

300K BZT 50K 
 
 

Mode 

Resonant 
frequency 
ω (cm-1) 

Oscillator 
strength 
∆ε 

Damping 
coefficient 
γ (cm-1) 

Mode 
assignment

Resonant 
frequency 
ωn (cm-1) 

Oscillator 
strength 
∆ε n 

Damping 
coefficient 
γ (cm-1) 

 
 

Mode
ω7

* 52 15.1 47 (O´-A-O´) 
Bend* 

50 16.1 43 ω7
* 

ω7 86 2.1 29 (O´-A-O´) 
Bend 

90 2.9 29 ω7 

ω6 145 13.3 32 (O-A-O) 
Bend 

144 14.8 24 ω6 

ω5 192 6.0 68 (A-BO6) 
Stretch 

191 9.2 73 ω5 

ω4 268 3.6 62 (O-B-O) 
Bend 

268 3.8 46 ω4 

ω3 303 4.7 47 (A-O) 
Stretch 

303 5.1 38 ω3 

ω2 499 1.2 81 (A-O´) 
Stretch 

496 1.3 72 ω2 

ω1
* 570 0.78 64 (B-O) 

Stretch* 
571 0.86 53 ω1

* 

ω1 639 0.12 40 (B-O) 
Stretch 

640 0.12 30 ω1 

ε∞ 5.24    5.67    
ε 

(sum) 
 47.0    54.2   

 

Table 5-3 Parameters from the dispersion analysis of the phonon modes in the infrared 
spectra of BMN pyrochlore at 300K and 50K. * indicates mode splitting.  

                  ** indicates split A-O´ mode described in the present work. 
 

300K BMN 50K 
 
 

Mode 

Resonant 
frequency 
ω (cm-1) 

Oscillator 
strength 
∆ε 

Damping 
coefficient 
γ (cm-1) 

Mode 
assignment 

Resonant 
frequency 
ω n  (cm-1)

Oscillator 
strength 
∆ε n 

Damping 
coefficient 
γ (cm-1) 

 
 

Mode
ω7

* 41 12.4 31 
 

(O´-A-O´) 
Bend* 

42 21.6 40 ω7
* 

ω7 83 19.1 94 (O´-A-O´) 
Bend 

108 18.5 126 ω7 

ω6 178 15.2 84 (O-A-O) 
Bend 

173 16.0 73 ω6 

ω5 211 3.7 79 (A-BO6) 
Stretch 

208 4.6 75 ω5 
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Table 5-3 Continued 
300K BMN 50K 

 
 

Mode 

Resonant 
frequency 
ω (cm-1) 

Oscillator 
strength 
∆ε 

Damping 
coefficient 
γ (cm-1) 

Mode 
assignment 

Resonant 
frequency 
ω n  (cm-1)

Oscillator 
strength 
∆ε n 

Damping 
coefficient 
γ (cm-1) 

 
 

Mode
ω4 291 2.0 95 (O-B-O)  

Bend 
292 2.3 90 ω4 

ω3 367 3.6 79 (A-O) 
Stretch 

368 3.9 73 ω3 

ω2 483 0.82 68 (A-O´) 
Stretch 

477 0.69 48 ω2 

ω1
* 556 0.89 108 (B-O) 

Stretch* 
548 0.84 99 ω1

* 

ω1 599 0.35 97 (B-O) 
Stretch 

595 0.40 91 ω1 

ωn
** 850 0.01 34 (A-O´) 

Stretch 
851 0.01 33 ωn

** 

ε∞ 5.44    5.52    
ε 

(sum) 
 58.0    68.9   

 
Table 5-4 Parameters from the dispersion analysis of the phonon modes in the infrared 

spectra of BMT pyrochlore at 300K and 50K. * indicates mode splitting. 
 

300K BMT 50K 
 
 

Mode 

Resonant 
frequency 
ω (cm-1) 

Oscillator 
strength 
∆ε 

Damping 
coefficient 
γ (cm-1) 

Mode 
assignment 

Resonant 
frequency 
ω n  (cm-1) 

Oscillator 
strength 
∆ε n 

Dampi
ng 

coeffici
ent 

γ (cm-1) 

 
 

Mode 

ω7
* 56 18.8 60 (O´-A-O´) 

Bend* 
54 18.0 53 ω7

* 

ω7 108 4.7 62 
 

(O´-A-O´) 
Bend 

110 6.4 54 ω7 

ω6 149 3.2 35 (O-A-O) 
Bend 

145 3.6 27 ω6 

ω5 178 10.8 71 (A-BO6) 
Stretch 

177 12.1 64 ω5 

ω4
* 259 3.9 81 (O-B-O) 

Bend 
262 5.0 80 ω4

* 

ω4 295 1.5 50 (O-B-O)  
Bend 

299 1.4 42 ω4 

ω3 336 3.0 79 (A-O)  
Stretch 

337 3.1 74 ω3 

ω2 495 0.73 64 (A-O´) 
Stretch 

492 0.77 55 ω2 

ω1
* 536 0.36 54 (B-O) 

Stretch* 
534 0.37 47 ω1

* 
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Table 5-4 Continued 
300K BMT 50K 

 
 

Mode 

Resonant 
frequency 
ω (cm-1) 

Oscillator 
strength 
∆ε 

Damping 
coefficient 
γ (cm-1) 

Mode 
assignment 

Resonant 
frequency 
ω n  (cm-1) 

Oscillator 
strength 
∆ε n 

Dampi
ng 

coeffici
ent 

γ (cm-1) 

 
 

Mode 

ω1
* 578 0.60 65 (B-O) 

Stretch* 
577 0.64 55 ω1

* 

ω1 642 0.11 47 (B-O)  
Stretch 

644 0.11 36 ω1 

ε∞ 4.98    5.18    
ε 

(sum) 
 47.8    51.5   

 

Table 5-5 Parameters from the dispersion analysis of the phonon modes in the infrared 
spectra of BZN pyrochlore at 300K and 50K. * indicates mode splitting. ** 
indicates split A-O´ mode described in the present work. 

 

300K BZN 50K 
 
 

Mode 

Resonant 
frequency 
ω (cm-1) 

Oscillator 
strength 
∆ε 

Damping 
coefficient 
γ (cm-1) 

Mode 
assignmen

t 

Resonant 
frequency 
ω n  (cm-1) 

Oscillator 
strength 
∆ε n 

Damping 
coefficien

t 
γ (cm-1) 

 
 

Mode 

ω7
* 45 30.8 46 (O´-A-O´) 

Bend* 
42 48.8 50 ω7

* 

ω7 81 10.0 48 (O´-A-O´) 
Bend 

88 12.8 57 ω7 

ω6 142 16.3 41 (O-A-O) 
Bend 

142 18.9 34 ω6 

ω5 178 10.9 84 (A-BO6) 
Stretch 

181 10.2 76 ω5 

ω4 259 2.3 86 (O-B-O)  
Bend 

263 2.8 82 ω4 

ω3 340 4.9 96 (A-O)  
Stretch 

341 5.3 88 ω3 

ω2 482 0.84 73 (A-O´) 
Stretch 

480 0.87 62 ω2 

ω1
* 551 0.88 90 (B-O) 

Stretch* 
550 0.84 74 ω1

* 

ω1 624 0.08 64 (B-O)  
Stretch 

615 0.13 59 ω1 

ωn
** 850 0.01 38 (A-O´) 

Stretch 
849 0.02 38 ωn

** 

ε∞ 5.24    5.50    
ε 

(sum) 
 77.0    100.7   
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5.3 Discussion 

5.3.1 Infrared-active modes 

We now turn to assignments of the vibrational features. If the ions in A site and O´ 

site are ordered in their ideal positions, the factor group analysis yields [108]. 

guuggguu FFIRFRFRERAEA 121212 24)(8)(4)()(33 +++++++=Γ         (5-2) 

Only seven F1u infrared-active modes are infrared allowed. (One F1u  mode is an 

acoustic mode.) However, since in BZN the atoms in the A sites occupy one of six 

possible positions and each O´ atom is disordered among 12 possible positions [105], the 

factor group analysis of BZN yields the following phonon modes at the center of the 

Brillouin zone [109] (assuming some occupancy of all the sites simultaneously, which 

gives the largest estimate of the expected mode numbers), 

guuggguguu FFIRFRFRERAEAAA 12121221 1011)(15)(13)(7)(58262 +++++++++=Γ     (5-3) 

The modified irreducible representation is the result of performing factor group 

analysis of the pyrochlore structure with the refined atomic positions (from Levin et al. 

[105]) for BZN.   The overall symmetry of the BZN pyrochlore remains as Fd3m. 

 However, as the neutron diffraction experiments show, the A and O´ sites are displaced 

from their ideal pyrochlore positions (16d and 8b, respectively) to off-center ones (96g 

and 96g respectively).  While these displacements affect the local symmetry of the atoms 

and lead to mode splitting due to cation and anion partitioning, the overall unit cell 

symmetry is kept i.e. the structure remains a pyrochlore Fd3m.  Further details are 

provided in Levin et al. [105]. In modified irreducible representation, 14 F1u modes are 

infrared active (one F1u is an acoustic mode). Ten oscillators are required to fit the 

infrared reflectivity spectra for BMN and BZN (in agreement with previous work on 
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BZN [109]) and nine modes are needed for BZT and for BMT. Furthermore, similarities 

in the spectra also suggest possible analogous A-site cation and O´ anion displacements 

to those observed in BZN [105, 106 and 109]. Assignments of the phonon (lattice) modes 

are presented in Tables 5-2, 5-3, 5-4 and 5-5 following the classification of McCauley 

[108] and Nino et al. [110]. Modes identified with an asterisk (*) show a splitting that is 

inconsistent with the ideal pyrochlore structure, as discussed in more detail below. 

5.3.2 Mode at 850 cm-1 

Both BMN and BZN exhibit a phonon mode around 850 cm-1, identified as ωn
** in 

Tables 5-3 and 5-5. This feature is seen as a weak structure near the reflectance minimum 

in Figure 5-4 (b) and (d). In contrast, the spectra of BMT and BZT do not show this 

feature. The room temperature fits, reported in Table 5-3 and Table 5-4, put the ωn
** 

mode in BMN and BZN at very similar frequencies (850 cm-1). This ωn
** mode shows no 

significant difference in resonant frequency, oscillator strength (∆ε), or damping 

coefficient (γ) as temperature changes between room temperature and cryogenic 

temperature. The oscillator strength of this mode (ωn
**) is the smallest among all the 

lattice modes of both BZN and BMN. McCauley [108] measured the infrared absorption 

spectra of several pyrochlore-structure materials. The data showed a number of very 

weak absorption bands in the 800-1100 cm-1 region, leading to the suggestion that this 

lattice mode is an indication of an additional structural complexity. Wither et al. [106] 

indicated the bond-length difference for the A-O´ bond in the A2O´ sub-structure. Their 

data show the longer bond length is 2.351Å and the shorter bond length is 1.961Å, about 

a 20% difference. Hector and Wiggin [112] showed that the displacements of both the O´ 

anion and the A site cation must be cooperative within domains and this may lead to one 
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A-O´ bond being shortened and the other being lengthened. According to this picture, the 

vibration of the shorter A-O´ bond may correspond to the phonon mode around 850 cm-1 

and the vibration of the longer bond may lead to a phonon mode around 483 cm-1. 

 It has been recently proposed that the disorder of A and O´ ions is due to static 

displacements in all pyrochlores in which the A cation has active lone pairs [113]. And, it 

has been noted [114, 115] that in some pyrochlores the lone pair character of Bi3+ is 

reduced by mixing of the Bi 6s electron pairs and the d orbitals (of B-site cations). In 

BMT and BZT, because of the low electronegativity of Ta5+ ions, it can be expected that 

the Bi3+ 6s electron and d orbital mixing is stronger in BZT and BMT than that in BZN 

and BMN. This suggests that in BMT and BZT, the displacement from the symmetrical 

position of the A site cation and the O´ anions is not as large as in BZN and BMN. In this 

way, in BMT and BZT, the distinction between the long and short A-O´ bonds disappears 

or it is greatly reduced and as a consequence, the ωn
** mode is no longer clearly 

observed.  

Furthermore, the phonon mode ω2 (483 cm-1 in BMN and 482 cm-1 in BZN), which 

corresponds to the vibration of the longer A-O´ bond, shifts to higher frequencies (495 

cm-1 in BMT and 499 cm-1 in BZT). At the same time, the ωn
** mode would shift to lower 

frequencies in both BMT and BZT; however, due to its low oscillator strength, the ωn
** 

mode cannot be detected in the infrared spectrum when it is close to the ω1 mode.  

5.3.3 Mode Splitting 

Not counting the ωn
** mode, BZT, BMN and BZN have in total nine observed 

infrared modes whereas BMT shows eleven oscillator modes. This difference suggests 

some additional effects in BMT. The splitting in principle could be due to force constant 
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or mass effects. Table 5-6 shows the mass ratio (the ratio of the mass of the heavier B site 

ions divided by the mass of the lighter B site ions) of the B site ions for all the 

compounds investigated.  

Table 5-6 The mass ratio of the B site ions in different pyrochlores. 
 

Materials BMT BMN BZT BZN 
Mass ratio  7.444 3.823 2.767 1.421 

 

Ta5+ has the largest mass of all the B site ions whereas Mg2+ is the lightest of all the 

B site ions. The significant mass difference in BMT leads to a splitting of the B-O 

stretching mode and O-B-O bending mode that is large enough to separate the single 

normal mode into two distinct modes. If we assume that ω4
* (259cm-1) and ω4 (295cm-1) 

are the O-B-O bending modes in BMT, correspond to the vibration frequency of Ta5+ and 

Mg2+ respectively, the mass difference induced phonon mode splitting can be explained 

as follows. We write 

µ
πω

ωεω
2

2

0

)(4 ZeN
P

p

=

⋅∆=
                                               (5-4) 

where ωp is the plasma frequency, ∆ε is the oscillator strength, µ is the reduced 

mass of the ions and (Ze) is the charge of the ions. From the above equations, 

2
0
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εω

µ
∆

∝
Ze                                                   (5-5) 

so that the reduced mass ratio becomes 
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In the octahedral structure, the reduced mass can be calculated directly. 

oMg

oMg
Mg

oTA

oTa
Ta

mm
mm
mm
mm

⋅+

⋅⋅
=

⋅+
⋅⋅

=

6
)6(

6
)6(

µ

µ

                                                (5-7) 

where mTa, mMg, and mo are the mass of Ta5+, Mg2+, and O2- respectively, making 

the reduced mass ratio be 

23.3=
Mg

Ta

µ
µ

                                                  (5-8) 

This result is in agreement with the reduced mass ratio estimated from the oscillator 

strength. Using this simple spring model, the ratio of the bond strength between different 

B site ions can be calculated. 

µω ⋅∝ 2K                                                   (5-9) 

49.2
4

2
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4 ==⇒

Mg

Ta

Mg

Ta
K

K
µω

µω                       (5-10) 

This result is reasonable. Comparing the radius of the B site ions (sixfold 

coordinated), one sees that Mg2+ and Zn2+ have similar radii (0.72 Å and 0.74 Å 

respectively) whereas Ta5+ is smaller (0.64Å) [114]. The smaller radius of Ta5+ will result 

in a shorter bond distance and higher bond strength. Thus, KTa is larger than KMg. In 

BMN, the material which has the second largest mass ratio, the width of B-O stretching 

mode and O-B-O bending mode is rather broad. The large γ values may indicate the 

contribution by several phonon modes, modes which are too close to appear as individual 

features in the infrared spectra. In both BZT and BZN, the mass difference at the B site is 
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smaller than that of the BMN; correspondingly, the width of O-B-O and B-O modes is 

smaller than that of BMN. 

The analysis of the B-O stretching mode in BMT requires additional 

considerations. BMT shows only three B-O stretching modes instead of the four modes 

that are expected from the mass-difference-induced mode splitting. Figure 5-9 shows this 

situation. One begins with a single B-O stretching mode. The first splitting is due to 

partial occupancy as well as to the local distortion of the [BO6] octahedra. The second 

splitting is due to the mass difference. The two phonon modes which have the central 

frequencies (midway between 536 cm-1 and 642 cm-1) are very close to each other and are 

not separated in the spectrum. Thus, the spectrum of BMT only shows a single mode at 

578 cm-1 with a slightly larger damping coefficient (65 cm-1) than the damping of the 

other two modes (54 and 47 cm-1, respectively). 

5.3.4 Low-frequency Behavior 

 The reflectance rises slowly below 100 cm-1 (Figure 5-4). As made clear by the 

result of our terahertz transmission measurements (Figure 5-7), as well as from the fits to 

the reflectance, there is a broad vibrational absorption in the range between ~10 and ~100 

cm-1. This has been studied in some detail for BZN by Kamba et al. [109]. At lower 

frequencies, the optical conductivity decreases to a very small value. These samples are 

insulators; there is no free carrier contribution to the conductivity in the measured 

frequency range. Our estimates of the phonon contribution to the static dielectric constant 

are in Tables 5-2—5-5. Including the high-frequency electronic contribution of around 5, 

the low-frequency dielectric constants of our samples are between 52 and 106.  



128 

 

5.3.5 Temperature Effects 

In BZT, the ω7 mode shifts to higher frequencies at low temperature. In BMN, 

frequency of ω7 increases significantly at low temperatures. In BZN, ω7 and ω4 shift 

significantly to higher frequencies. In BMT, there is also an increase of the phonon 

frequency for the ω4 mode at low temperatures. Figure 5-10 show these processes. These 

phenomena are due to the decrease of the lattice constant on cooling and are consistent 

with X-ray and neutron diffraction measurements of BZN [105]. 

The ω1
*, ω1, ω2, and ω6 modes in BMN and the ω1 mode in BZN behave 

differently, shifting to lower frequencies with decreasing temperature. The same is 

observed in BMT for the ω6 phonon mode. This behavior probably indicates a more 

complicated situation controlling these phonon modes. Other phonon modes in these 

samples do not show significant changes in frequencies at low temperatures. 

The widths of phonon modes ω1, ω1
*, ω2, ω3, ω4, ω4

* and ω6, decrease with 

decreasing temperature for all of the samples. The broadening of the phonon mode can be 

accounted for by structural disorder, orientational disorder, and anharmoncicity. Because 

the widths of these modes are temperature dependent, orientational disorder may play a 

very important role. Orientational disorder was also found in titanate pyrochlore materials 

[116] and in bismuth oxide and its derivatives [117] using Raman spectroscopy. The 

widths of the O-B-O (ω4) and the B-O modes (ω1
* and ω1) may be due to orientational 

disorder in the BO6 octahedra. The width of the A-O the A-O´ stretching modes may be 

due to the randomization of the orientation of the nonbonding lone pair orbital of Bi3+ on 

the A site. This conclusion is in agreement with other experiments [117].  
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The variation of the widths for O´-A-O´ modes (ω7
* and ω7) is not easy to 

understand. For BMN and BZN, the widths of the ω7
* and ω7 modes increase as 

temperature is reduced. In BMT, the widths of ω7, and ω7
* decrease as the temperature is 

reduced. In BZT, the widths of ω7
* decrease while the width of the ω7 mode does not 

change at cryogenic temperatures. The bending of O´-A-O´ bonds, which leads to the 

separation of the positive and negative charge center, creates the dipoles in these 

materials. The displacement of A-site cations and O´ anions might increase the 

orientation disorder of these dipoles. The displacement-induced dipole orientational 

disorder does not decrease at low temperatures. With the present data, there are no 

discernable trends in the widths of the ω7, and ω7
* modes; consequently additional 

spectroscopy in the THz region is needed. This part of work is beyond the range of this 

paper. Finally, the width of the A-BO6 (ω5) stretching mode depends on both the 

orientation of the non-bonding lone pair of A-site Bi3+ and the orientation of the BO6 

octahedra, and therefore its analysis is not trivial. While, the width of ω5 increases in 

BZT as the temperature decreases, in BMN, BMT and BZN it decreases.  

5.4 Summary 

Dispersion analyses of the infrared reflectance of BZT, BMN, BMT, and BZN 

show behavior of the phonon modes which confirms the A site cation and O´ anion 

displacement. The assignment of the ωn
** mode indicates the existence of a complex 

structure induced by the displacement which is influenced by the mixing of Bi3+ 6s 

electron with d orbital in the B site ions. The splitting of phonon modes due to cation 

mass difference is also found in our data. The temperature dependence of resonant 

frequencies and damping coefficients confirms the decreasing of both the lattice constant 
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and provides further confirmation of the orientational dipolar disorder in the bismuth 

pyrochlores. 
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Figure 5-1 Low temperature cofired ceramics (LTCC) multilayer manufacturing process 
[100]. 
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Figure 5-2 The 
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vacancy
crystal structure of the
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 bismuth p
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yrochlore [100]. 
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Figure 5-3 The displacement of A site cation and O’ anion [100]. 
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Figure 5-4 The reflectance of different bismuth samples. (a) BZT, (b) BMN, (c) BMT, 
and (d) BZN. 
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Figure 5-5 The real part of the dielectric function (ε´) of different bismuth samples. (a) 
BZT, (b) BMN, (c) BMT, and (d) BZN. 
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Figure 5-6 The imaginary part of the dielectric function (ε´´) of different bismuth 
samples. (a) BZT, (b) BMN, (c) BMT, and (d) BZN. 
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Figure 5-7 The absorption coefficient and conductivity of BZN at room temperature and 
at cryogenic temperature. (a) absorption coefficient, (b) conductivity. 
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Figure 5-8 Measured and calculated reflectivity of BMN at different temperatures. (a) 
300 K and (b) 50 K.  
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Figure 5-9 The splitting of the B-O stretching mode in BMT. 
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Figure 5-10 Temperature dependence of the phonon mode frequencies in BZT, BMN, 
BMT, and BZN. 
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CHAPTER 6 
SUMMARY AND CONCLUSION 

6.1 High Temperature Superconductor 

6.1.1 Doping Dependent Measurement 

The temperature and frequency dependent optical properties of YBa2Cu3O7-δ and 

Y0.7Ca0.3Ba2Cu3O7-δ have been studied from the far infrared through the ultraviolet 

region. The data are analyzed by a two component model. With an increasing of the 

carrier concentration in the CuO2 planes, there is spectral weight lost in the high 

frequency charge transfer band. The weight lost below the charge-transfer absorption 

band is transferred to lower frequencies regime. With increasing doping, in the overdoped 

region, the plasma frequency increases correspondingly because of the higher charge 

carrier density. However, superfluid density decreases in this regime and the Drude part 

may still be important at the low frequency region of the optical conductivity. This 

property makes it difficult to calculate the changing of the kinetic energy in the over 

doped YBCO system above and below Tc.  

The quasi-particle scattering rate is derived from the two component model. Above 

Tc, the scattering rate is linear with the temperature. Below Tc, the scattering rate becomes 

saturate at the lower temperature.  

The data were also analyzed by marginal Fermi liquid (MFL) model. The 

frequency dependent imaginary part of quasi-particle self energy shows negative slope in 

the low frequency region (below 100 cm-1) because the carrier mobility is strongly 
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suppressed at low frequency. Above 100 cm-1, the linear behavior of the scattering rate 

exists, which yields a coupling constant λ ~ 0.5. 

More measurements with different doping level samples and model independent 

analyzes are needed in order to get completed picture in this area. 

6.1.2 Field Dependent Measurement 

The far infrared transmittance spectra of different samples (YBCO/MgO, 

YBCO/Sapphire and YBCO/Si) were studied at 4.2 K at high magnetic field in the 

National High Magnetic Field Laboratory. One sample spectrum (YBCO/MgO) was 

analyzed by the two fluid model. All the superconductor samples (YBCO/MgO sample 

and YBCO/Sapphire) show very low transmittance in the far infrared region. This is 

because, at 4.2 K, imaginary part of conductivity (σ2) dominates the far infrared optical 

properties. The spectra also show fringes which is due to the multilayer reflection. 

Varying the magnetic field at constant temperature (4-2 K) allows us to study the vortex 

dynamics in the high temperature superconductors. Currently, we do not see any field 

dependent features in transmittance spectra of YBCO films at 4.2 K within our measured 

spectrum range. This observation suggests that the pair-breaking effects could be too 

small to be seen in our frequency and field range. And the anisotropic pairing effects in 

the high temperature superconductors might lead to the complexity of excitations inside a 

vortex core. We hope that this work will stimulate more completely experimental and 

theoretical work for understanding the electrodynamics of cuprates in a high magnetic 

field. Future work can be done in higher temperatures and higher fields and, if possible, 

in the lower frequency range. 
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6.2 Dielectric Materials 

The temperature dependence of the reflectance of cubic bismuth pyrochlores 

Bi3/2ZnTa3/2O7 (BZT), Bi3/2MgNb3/2O7 (BMN), Bi3/2MgTa3/2O7 (BMT) and 

Bi3/2Zn0.92Nb1.5O6.92 (BZN) has been investigated by infrared spectroscopy. Spectra were 

collected from 30 to 3300 cm-1 between 50 and 300 K and the optical constants were 

estimated by Kramers-Kronig analysis and classical dispersion theory. In addition, BZN 

was studied by terahertz techniques to lower frequencies. Infrared-active phonon modes 

have been assigned to specific bending and stretching vibrational modes. A previously 

unassigned infrared mode at ~850 cm-1 is discussed. A splitting of the B-O stretching 

phonon modes and O-B-O bending modes is assigned to mixed cation occupancy. The 

temperature dependence of the phonon frequencies and the damping coefficients are 

consistent with a decrease of lattice constant and with orientational disorder at low 

temperatures. In the future, more temperature dependent terahertz measurement can be 

done to explore the properties of A site cation related phonon modes. 
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APPENDIX  
TERAHERTZ MEASUREMENT OF YBCO FILMS 

The temperature dependent terahertz transmittance spectra of optimally doped 

YBa2Cu3O7-δ, YBa2Cu3O6 and sapphire substrate are measured by the terahertz 

spectrometer TPT1000. Temperatures between 10 and 300 K are obtained in a Hanson 

flow cryostat with polyethylene windows. 

The samples are grown by the PLD method with thickness of the films about 600 

Å. The dimension of the sample is 5mm by 5mm. The whole spectrometer is purged with 

the dry nitrogen gas in order to get rid of the water vapor influence. 

Figure A-1 (a), (b) and (c) shows the temperature dependent transmittance spectra 

of YBa2Cu3O6/sapphire, YBa2Cu3O7-δ/sapphire and sapphire substrate respectively within 

the frequency range from 3 cm-1 to 80 cm-1. All the spectra show strong interference 

fringes due to multiple internal reflections. The transmittance of the YBa2Cu3O6/sapphire 

sample does not show significant change within the measured temperature range. While, 

the transmittance of YBa2Cu3O7-δ/sapphire shows significant decrease when the 

temperature drops from room temperature to 10 K. The sapphire substrate transmittance 

does not have significant change when the temperature was lowered from 300 K to 10 K. 
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Figure A-1 The temperature dependent transmittance of the YBa2Cu3O6/sapphire (a), 
YBa2Cu3O7-δ/sapphire (b), and sapphire (c). 



 

146 

 
LIST OF REFERENCES 

1. M. Fox Optical Properties of Solids, Oxford University Press Inc., New 
York, NY (2001). 

2. E. Hecht Optics, Addison-Wesley Inc., 3rd edition, Boston, MA (1988). 

3. F. Wooten Properties of Solids, Academic Press, New York, NY (1972). 

4. D. Jackson Classical Electrodynamics, 2nd edition, John Wiley & Sons Inc., 
New York, NY (1975). 

5. G. R. Fowles, Introduction to Modern Optics, Second Edition, Holt, Rinehart 
and Winston, Inc. New York, NY (1975). 

6. M. Born and E. Wolf, Principle of Optics, 7th expanded edition, Cambridge 
University Press, New York, NY (1999). 

7. M. Dressel and G. Gruner, Optical Properties of Electrons in Matter, 
Cambridge University Press, New York, NY (2002). 

8. M. Tinkham, Physical Review 104, 845 (1956). 

9. S. S. Mitra and S. Nudelman, editors, Farinfrared Properties of Solids. 
Plenum Press, New York, NY, (1970). 

10. H. Happ and L. Genzel, Infrared Phys. 1, 39 (1961). 

11. R. H. Norton and R. Beer, J. Opt. Soc. Am. 66, 259 (1976). 

12. L. Mertz, Infrared Phys 7, 17 (1967). 

13. P. Griffiths and J. Haseth, Fourier Transform Infrared Spectroscopy, John 
Wiley & Sons Inc., New York, NY, (1986). 

14. C. D. Porter and D. B. Tanner, Int. J. Infrared and Millimeter wave 4, 273 
(1983). 

15. B. Bowie, P. Griffiths, Applied Spectroscopy 54, 1192 (2000). 

16. D. B. Tanner, R. McCall, Appl. Opt. 23, 2363 (1984). 

17. W. H. Knox, Optical Photon, News 3, 10 (1992). 



147 

 

18. G. Gruner, Millimeter and Submillimeter Wave Spectroscopy of Solids 74, 
Springer, New York, NY (1998). 

19. P. R. Smith, D. H. Auston, M. C. Nuss, Subpicosecond photoconducting 
dipole antennas, IEEE QE-24, 255 (1988). 

20. M. Van Exter, D. R. Grischkowsky, Characterization of Optoelectronc 
Terahertz Beam System, IEEE Trans. MIT-38, 1684 (1990). 

21. N. Katzenellenbogen, D. Grischkowsky, Appl. Phys. Lett. 58, 222 (1991). 

22. B. B. Hu, J. T. Darrow, X. C. Zhang, D. H. Auston, Appl. Phys. Lett. 56, 
886(1990). 

23. D. You, R. R. Jones, P. H. Bucksbaum, D. R. Dylcaar, Optics Letter 18, 290 
(1993). 

24. B. B. Hu, E. A. de Souza, W. H. Knox, J. E. Cunningham, M. C. Nuss, A. V. 
Kuzenetsov, S. L. Chuang, Phys. Rev. Lett. 74, 1689 (1995). 

25. P. R. Smith, D. H. Auston, M. C. Nuss, IEEE J. QE-24, 255 (1988). 

26. F. E. Dpany, D. Grischkowsky, C. C. Chi, Appl. Phys. Lett. 50, 460 (1987). 

27. G. Grruner, Millimeter and submillimeter Wave Spectroscopy of Solids, 
Springer Inc., New York (1998). 

28. A. Pashkin, E. Buixaderas, P. Kuzel, M. Liang, C. Hu, I. Lin, Ferroelectrics 
254, 113 (2001). 

29. Technical Manual of High-Tran Cooling System, R. G.Hansen & Assciates, 
Santa Barbara California (1986). 

30. H. Kamerlingh Onnes, Leiden Comm. 120b (1911). 

31. K. Maki, Phys. Rev. Lett. 23, 1223 (1969). 

32. G. Bednorz and K. A. Muller, Z. Physik 189, 1364 (1986). 

33. W. K. Wu, J. R. Ashburn, C. J. Torng, P. H. Hor, R. L. Meng, L. Gao, Z. J. 
Huang, Y. Q. Wang, and C. W. Chu, Phys. Rev. Lett. 58, 908 (1987). 

34. R. Beyers and T. M. Shaw, Sol. State Phys. 42, 135 (1989). 

35. J. T. Market, Y. alichaouch, and M. B. Maple in Physical Properties of High 
Temperature Superconductors I, D. M. Ginsberg, editor, World Scientific, 
Farrer Road, Singapore (1989). 



148 

 

36. M. Maeda, Y. Tanaka, M. Fukutomi, and A. Asano, Jpn. J. Appl. Phys. 27, 
L209 (1988). 

37. Z. Z. Sheng, and A. M. Hermann, Nature 332, 55 (1988). 

38. F. London and H. London, Z. Physik 96, 359 (1935). 

39. V. L. Ginzburg and L. D. Landau, Soviet Phys. JETP USSR 20, 1064 (1950). 

40. M. Tinkham Introduction to Superconductivity, Krieger Publishing Co. 
Malabar, FL (1980). 

41. G. Rickayzen Theory of Superconductivity, Inter. Science Publishers, New 
York, NY (1965). 

42. C. M. Varma, P. B. Littlewood, S. Schmitt-Rink, E. Abrahams, and A. E. 
Ruckenstein, Phys. Rev. Lett. 63, 1996 (1989). 

43. C. W. Chu, P. H. Hor, R. L. Meng, L. Gao, Z. J. Huang, Science 235, 567 
(1987). 

44. C. W. Chu, P. H. Hor, R. L. Meng, L. Gao, Z. J. Huang and Y. Q. Wang, 
Phys. Rev. Lett. 58, 405 (1987). 

45. R. M. Hazen, L. W. Finger, R. J. Angel, C. T. Prewitt, N. L. Ross, H. K. 
Mao, C. G. Hadidacos, P. H. Hor, A. C. Meng and C. W. Chu, Phys. Rev. B 
35, 7238 (1987). 

46. J. Bardeen, L. N. Cooper and J. R. Schrieffer, Phys. Rev. 108, 1175 (1957). 

47. F. Gao, G. L. Carrr, C. Porter, D. B. Tanner, G. Willims, C. Hirschmug, B. 
Dutta, X. Wu, S. Etemad, Phys. Rev. B 54, 700 (1996). 

48. G. A. Thomas, J. Orenstein, D. H. Rapkine, M. Capizzi, A. J. Millis, R. N. 
Bhatt, L. F. Schneemeyer and J. V. Wasczczak, Phys. Rev. Lett. 61, 1313 
(1988). 

49. T. Timusk, S. L. Herr, K. Kamaras, C. D. Porter, D. B. Tanner, D. A. Bonn, 
J. D. Ganet, C. V. Stager, J. E. Greedan and M. Reedyk, Phys. Rev. B 38, 
6683 (1988). 

50. R. T. Collins, Z. Schlesinger, F. Holtzberg, P. Chaudhari and C. Field, Phys. 
Rev. B 39, 6571 (1989). 

51. J. Schutzmann, W. Ose, J. Keller, K. F. Renk, B. Roas, L. Schultz and G. 
Saemann-Ischenko, Europhys. Lett. 8, 679 (1989). 

52. U. Holffmann Solid State Communication 70, 325 (1989). 



149 

 

53. D. B. Romero, C. D. Porter, D. B. Tanner, L. Forro, D. Mandrus, L. Mihaly, 
G. L. Carr, G. P. Williams, Phys. Rev. Lett. 68, 1590 (1992). 

54. F. Gao, Temperature Dependence of Infrared and Optical Properties of High 
Temperature Superconductors, Ph.D. Dissertation, University of Florida, 
Gainesville, FL, (1999). 

55. K. Kamaras, S. L. Herr, C. D. Porter, N. Tache, D. B. Tanner, S. Etemad, T. 
Venkatesan, E. Chase, A. Inam, X. D. Wu, M. S. Hegde and B. Dutta, Phys. 
Rev. Lett. 64, 84 (1990). 

56. S. L. Cooper, G. A. Thomas, J. Oenstein, D. H. Rapkine, M. Capizzi, T. 
Timusk, A. J. Millis, L. F. Schneemeyer and J. V. Waszczak, Phys. Rev. B 
40, 11358 (1989). 

57. J. Orenstein, G. A. Thomas, A. J. Millis, S. L. Cooper, D. H. Rapkine, T. 
Timusk, L. F. Schneemeyer and J. V. Waszczak, Phys. Rev. B 42, 6342 
(1990). 

58. M. A. Quijada, D. B. Tanner, R. J. Kelley, M. Onelion, H. Berger and G. 
Margaritondo, Phys. Rev. B 60, 14917 (1999). 

59. H. Liu, G. Blumberg, M. Klein, P. Guptasarma, D. Hinks, Phys. Rev. Lett. 
82, 3524 (1999). 

60. A. Katz, S. Woods, E. Singly, T. Li, M. Xu, D. Hinks, R. Dynes, D. Basov, 
Phys. Rev. B 61, 5930 (2000). 

61. D. Basov, S. Woods, A. Katz, E. Singley, R. Dynes, M. Xu, D. Hinks, C. 
Homes, M. Strongin, Science 283, 49 (1999). 

62. G. Deutscher, A. F. Santander-Syro, N. Bontemps, Condensed Matter, (in 
press) 

63. J. Hwang, T. Timusk, A. V. Puchkov, N. L. Wang, G. D. Gu, C. C. Homes, J. 
J. Tu, and H. Eisaki, Phys. Rev. B (in press). 

64. J. Hauck, S. Denker, H. Hindriks, S. Ipta, and K. Mika, Z. Phys. B 84, 31 
(1991) 

65. M. R. Norman, C. Pepin, Rep. Prog. Phys. 66, 1547 (2003). 

66. R. P. S. M. Lobo, N. Bontemps, D. Racah, Y. Dagan, G. Deutscher, 
Europhys. Lett. 55, 854 (2001). 

67. P. W. Anderson, G. Baskaran, Z. Zou, T. Hsu, Phys. Rev. Lett. 58, 2790 
(1987). 



150 

 

68. F. Gao, J. W. Kruse, C. E. Platt, M. Feng, M. V. Klein, Appl. Phys. Lett. 63, 
2274 (1993). 

69. P. J. Hirschfeld, W. O. Putikka, D. J. Scalapino, Phys. Rev. B 50, 10250 
(1994). 

70. Z. X. Shen, D. S. Dessau, B. O. wells, D. M. King, W. E. Spicer, A. J. Arko, 
D. Marshall, L. W. Lombardo, A. Kapitulnik, P. Dickinson, S. Doniach, J. 
DiCarlo, A. G. Loeser, C. H. Park, Phys. Rev. Lett.70, 1553 (1993). 

71. P. B. Littlewood and C. M. Varma, J. Appl. Phys. 69, 4979 (1991). 

72. G. Hammerl, A. Schmehl, R. R. Schulz, B. Goetz, H. Bilefeldt, C. W. 
Schnelder, H. Hilgenkamp, and J. Mannhart, Nature 407, 162 (2000). 

73. S. Leitenmeier, H. Bielefeldt, G. Hammerl, A. Schmehl, C. W. Schneider, 
and J. Mannhart, Ann. Phys. 11, 497 (2002). 

74. C. H. Perry, B. N. Khanna and G. Rupprecht, Phys. Rev. 135, A408 (1964). 

75. M. Cardona, Phys. Rev. 140, A651 (1965). 

76. P. B. Allen, Phys. Rev. B 3, 305 (1971). 

77. D. B. Tanner, D. B. Romero, K. Kamaras, G. L. Carr, L. Forro, D. Mandrus, 
L. Mihaly and G. P. Williams, in Electronic Structure and Mechanism for 
High Temperature Superconducting, edited by G. C. Vezolli et al. Plenum 
Press, New York (1991). 

78. D. B. Tanner, T. Timusk, Optical Properties of High-Temperature 
Superconductors III, World Scientific, Farrer Road, Singapore (1992). 

79. J. M. Chwalek, C. Uher, J. F. Whitaker, G. A. Mourou, J. Agostinelli and 
Lelental, Appl. Phys. Lett. 57, 1696 (1990). 

80. Y. J. Uemura, A. Keren, L. P. Le, G. M. Luke, W. D. Wu, Y. Kubo, T. 
Manako, Y. Shimakawa, M. Subramanlan, J. L. Cobb, and J. T. Markert, 
Nature 364, 605 (1993). 

81. E. Farber, G. Deutscher, B. Gorshunov, and M. Dressel, Europhysics Letters 
67, 835 (2004) 

82. Y. Fukuzumi, K. Mizuhashi, K. Takenaka, and S. Uchida, Phys. Rev. Lett. 
76, 684 (1996). 

83. C. P. Poole, H. A. Farach, R. J. Creswick, Superconductivity Academic Press 
Inc. San Diego, California (1995). 

84. R. S. Thompson, Phys. Rev. B 1, 327 (1970). 



151 

 

85. Y. Shimamoto, T. Takamasu, N. Miura, M. Natio, N. Kubota, and Y. 
Shiohara, Physica B 201, 266 (1994). 

86. B. Parks, S. Spielman, J. Orenstein, D. T. Nemeth, F. Ludwig, J. Clarke, 
P.Merchant, and D. J. Lew, Phys. Rev. Lett. 74, 3265 (1995). 

87. K.Karrai, E. Choi, F. Dunmore, S. Liu, H. Drew, Phys. Rev. Lett. 69, 152 
(1992). 

88. K. Karrai, E. Choi, S. Liu, X. Ying, Q. Li, T. Venkatasan, H. Dew, D. 
Fenner, Phys. Rev. Lett. 69, 355 (1992). 

89. J. Eldridge, M. Dressel, D. Matz, B. Gross, and W. Hardy, Phys. Rev. B 52, 
4462 (1995). 

90. L. C. Brunel, S. G. Louie, G. Martinez, S. Labdi, and H. Raffy, Phys. Rev. 
Lett. 66, 1346 (1991). 

91. A. M. Gerrits, T. J. B. M. Janssen, A. Wittlin, N. Y. Chen, and P. J. M. Van 
Bentum, Physical C 235-240, 1114 (1994). 

92. H. Liu, A. Zibold, D. B. Tanner, Y. Wang, M. Burns, K. Delin, M. Li, M. 
Wu, Solid State Communication 109, 7 (1999). 

93. A. C. Wint, Search for an Infrared Electro-Optic Effect in Thin High 
Temperature Superconductor Films, Ph.D. Dissertation, University of Florida 
(2004). 

94. H. K. Ng, Y. J. Wang, in: Z. Fisk et al. (Eds.) Proceedings of Physical 
Phenomena at High Magnetic Fields-II, World Scientific Press, Farrer Road, 
Singapore, 729 (1996).  

95. C. Caroli, P. G. de Gennes, and J. Matricon, Phys. Rev. Lett. 9, 307 (1964). 

96. V. Boychev, Far-Infrared Studies of Superconducting Thin Films and Fabry-
Perot Resonators Made of Such Films, Ph.D. Dissertation, University of 
Florida (2002). 

97. L. Kramer and W. Pesch, Z. Phys. 269, 59 (1974). 

98. W. Pesch and L. Kramer, J. Low Temp. Phys. 15, 367 (1973). 

99. J. Bardeen and M. J. Stephen, Phys. Rev. 140, A1197 (1965). 

100. J. C. Nino, Ph. D. Thesis, The Pennsylvania State University, 2002. 

101. A. W. Sleight, Inorg. Chem. 7, 1704 (1969). 



152 

 

102. M. Lanagan, D. Anderson, A. Baker, J. Nino, S. Perini, C. A. Randall, T. R. 
Strout, T. Sogabe, and H. Youn, Proceedings of the International Symposium 
on Microelectronics 155 (2001). 

103. G. I. Golovshchikova, V. A. Isupov, A. G. Tutov, I. E. Mylnikova, P. A. 
Nikitnia and O. I. Tulinova, Sov. Phys. Solid State 14, 2539 (1973). 

104. G. Jeanne, G. Desgardin, and B. Raveau, Matt. Res. Bull. 9, 1321 (1974). 

105. I. Levin, T. G. Amos, J. C. Nino, T. A. Vanderah, C. A. Randall, and M. T. 
Lanagan, J. Solid State Chem. 168, 69 (2002). 

106. R. L. Withers, T. R. Welberry, A.-K. Larsson, Y. Liu, L. Noren, H. Rundlof, 
and F. J. Brink, J. Solid State Chem. 177, 231 (2004). 

107. F. Brisse and O. Knop, Can. J. Chem. 48, 859 (1968). 

108. R. A. McCauley, Journal of the Optical Society of America 63, 721 (1973). 

109. S. Kamba, V. Porokhonskyy, A. Pashkin, V. Bovtun, J. Petzelt, J. C. Nino, S. 
Trolier-McKinstry, M. T. Lanagan, and C. A. Randall, Phys. Rev. B 66, 
054106 (2002). 

110. J. C. Nino, M. T. Lanaguan and C. A. Randall, Appl. Phys. Lett. 81, 4404 
(2002). 

111. J. C. Nino, M. T. Lanagan, and C. A. Randall, J. Mater. Res. 16, 1460 (2001). 

112. A. L. Hector and S. B. Wiggin, J. Solid State Chem. 177, 139 (2004). 

113. M. Avdeev, M. K. Hass, J. D. Jorgensen, R. J. Cava, J. Solid State Chem. 
169, 24 (2002). 

114. R. D. Shannon, Acta Crystallogr. Sect. A 32, 751 (1976). 

115. B. J. Kennedy, Mater. Res. Bull. 32, 479 (1997). 

116. B. E. Scheetz, W. B. White, Optical Engineering 22, 302 (1983).  

117. R. J. Betsch and W. B. White, Spectrochim. Acta.  34A, 505 (1978). 



 

153 

 
BIOGRAPHICAL SKETCH 

I was born in the southwest part of China. After completing my high school 

education, I went to the southeast part of China and started my undergraduate study in 

Nanjing University. In 1997, I got my Bachelor of Science degree. I enter Professor An 

Hu’s group and studied the metal multilayer, magnetic junction device and colossal 

magnetic materials (CMR) for my graduate degree. In 2000, I got my Master of Science 

at Nanjing University. 

Then I decided to study aboard. I came to the University of Florida in August 2000. 

I joined Professor Tanner’s research group as a research assistant. My research included 

the optical properties of high temperature superconductor, electronic dielectric materials, 

energetic materials and polymer materials and devices. I focused on studying the 

terahertz and optical properties. 

 

 

 


	ACKNOWLEDGMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	OPTICAL THEORY
	1.1 Light Phenomena
	Determination of Optical Constants
	1.2.1 Fresenel’s Equation
	1.2.2 Kramers-Kronig Analysis
	1.2.3 Reflectance and Transmittance at a Thin Film on a Thic
	1.2.4 Microscopic Models
	1.2.4.1 Lorentz model
	1.2.4.2 Drude model
	1.2.4.3 Drude-Lorentz model
	1.2.4.4 f-Sum rule



	INSTRUMENTATION AND TECHNIQUES
	Far Infrared Techniques
	2.1.1 General Principles
	2.1.2 Apodization
	2.1.3 Phase Correction
	2.1.4 Sampling

	Terahertz Technique
	2.2.1 General Principles
	2.2.1.1 Laser
	2.2.1.2 Terahertz transmitter and detector

	2.2.2 Some Important Issues with THZ-TDS Technique
	2.2.2.1 Frequency Limit of Terahertz Detector
	2.2.2.2 Signal to Noise Ratio and Dynamic Range
	2.2.2.3 Phase sensitivity
	2.2.2.4 Resolution and Time-Window of Data
	2.2.2.5 Time-Domain Data Analysis


	Grating Spectrometer
	Instrumentation
	2.4.1 Bruker 113v FT-IR Spectrometer
	2.4.2 TPI 1000 Terahertz Spectrometer
	2.4.3 Perkin-Elmer Grating Spectrometer
	2.4.4 Low Temperature Apparatus


	OPTICAL PROPERTIES OF SUOPERCONDUCTING YBCO FILM IN THE OPTI
	Introduction
	Fermi Liquid (FL) and Marginal Fermi Liquid model
	3.1.2 Optical Measurement of High Temperature Superconductor
	3.1.3 The Crystal Structure of YBCO
	3.1.4 Phase Diagram
	3.1.5 Pseudogap Phase
	3.1.6 d-wave Character of High Temperature Superconductor
	3.1.7 Two-Component Mode for the Dielectric Function

	Experiments and Results
	3.2.1 Sample Preparation
	3.2.2 Optical Measurement of the Substrate — SrTiO3
	3.2.3 Optical Measurement of the YBCO Thin Films

	Discussion
	3.3.1 Dielectric Function Analysis
	3.3.2 Charge Transfer Band and Interband Transition
	3.3.3 Temperature Dependent Optical Conductivity
	3.3.4 Quasi-Particle Scattering Rate
	3.3.5 Frequency-dependent Scattering Rate (MFL)
	3.3.6 Superfluid Density

	Summary

	FAR-INFRARED PROPERTIES OF SUPERCONDUCTING YBCO FILMS IN ZER
	4.1 Introduction
	4.1.1 Background
	4.1.2 Type I and Type II Superconductors
	4.1.3 Superconducting Response in High Magnetic Field

	Experiment and Results
	4.2.1 Sample Preparation
	4.2.2 Sample zero field properties
	4.2.3 Optical Measurement in the High Magnetic Field

	Discussion
	Summary

	TERAHERTZ AND OPTICAL STUDY OF ELECTRONIC DIELECTRIC MATERIA
	5.1 Introduction
	5.1.1 Background
	5.1.2 Crystal Structure

	Experiment and Result
	5.2.1 Sample Preparation
	5.2.2 Experimental Procedure
	5.2.3 Optical Measurement
	5.2.3.1 Reflectance spectra
	5.2.3.2 Kramers-Kronig analysis
	5.2.3.3 Terahertz spectra
	5.2.3.4 Oscillator-model fits


	Discussion
	5.3.1 Infrared-active modes
	5.3.2 Mode at 850 cm-1
	5.3.3 Mode Splitting
	5.3.4 Low-frequency Behavior
	5.3.5 Temperature Effects

	Summary

	SUMMARY AND CONCLUSION
	6.1 High Temperature Superconductor
	6.1.1 Doping Dependent Measurement
	Field Dependent Measurement

	Dielectric Materials

	TERAHERTZ MEASUREMENT OF YBCO FILMS
	LIST OF REFERENCES
	BIOGRAPHICAL SKETCH



