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Abstract 

This thesis presents a detailed study of structural and optoelectronic properties of Hg-

based high temperature superconductors (HBCCO). The optical and terahertz 

characterization techniques used include time-resolved pump-probe spectroscopy, 

photoimpedance measurements, transmission terahertz time-domain spectroscopy 

(THz-TDS), and optical-pump and THz-probe (OPTP) spectroscopy.  

   We used atomic force microscopy, X-ray diffraction, and scanning electron 

microscopy to characterize the surfaces and structures of the studied HBCCO thin 

films and microbridges.   

   In optical pump-probe spectroscopy, we measured the temperature- and power- 

dependent transient reflectivity signals. In the superconducting state, the amplitude 

and rise time of the signals followed BCS-anisotropic energy gap dependence. The 

rise time in the normal state was faster than that in the superconducting state. The 

relaxation time of the superconducting components just below Tc followed 1/∆(t) 

dependence since it was decided by the phonon anharmonic decay process. Below 0.8 

Tc, instead of being limited by the “phonon bottleneck” effect, typical for 

conventional superconductors, the relaxation time was decided by the quasiparticle 

recombination process, and was in a single-picosecond range. The latter shows that 

HBCCO is a good candidate for ultrafast photodetectors.  
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   In photoimpedance measurements, we characterized the voltage-current property of 

our microbridge structures. The temperature dependence and laser fluence 

dependence of photoresponse signals were measured. At low temperatures, and under 

low bias and low excitation conditions, we observed ~90-ps (system-limited), bi-polar 

shape, kinetic-inductive response, associated with Cooper-pair breaking and 

quasiparticle recombination processes. At high temperatures, close to Tc, the 

photoresponse was a superposition of the fast kinetic-inductive and much slower 

resistive signals, with the fast part essentially the same as the one observed at low 

temperatures and under low bias. The slow resistive component (bolometric effect) 

corresponded to the heat transfer from the film to the substrate.  

   In the transmission THz-TDS experiments, we measured and derived temperature-

dependent complex conductivity of the HBCCO material. We observed that σre 

showed a peak below Tc which shifted to lower temperatures with lower frequencies. 

At the same time, σim had a sharp increase below Tc, due to the increase of Cooper-

pair density and formation of a superconducting condensate. The time-resolved 

quasiparticle relaxation of HBCCO measured by the OPTP technique also exhibited 

an intrinsic single-picosecond dynamics and confirmed the lack of the phonon-

mediated rebreaking of Cooper pairs in HBCCO (the phonon-bottleneck effect).  
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Chapter 1   Introduction  

 

1.1   Motivation and Background 

In 1911, Dutch physicist Heike Kamerlingh Onnes discovered superconductivity in 

mercury, when he was able to liquefy helium by cooling it to 4.2 K [1.1]. Many 

superconducting materials have been found since then. Figure 1.1 shows the history 

of superconductors. One of the big breakthroughs was the discovery of 

superconductivity in the La-Ba-Cu-O conducting oxide system by Bednorz and 

Müller in 1986 [1.2], since it opened a new era of so-called high-temperature 

superconductors (HTSs): a family of cuprate-perovskite ceramic materials. Since 

1986, many efforts have been devoted to investigations of the basic physical 

properties and applications of HTSs. The very high superconducting transition 

temperatures Tc’s of those materials are of obvious technical interest, since they open 

the way to applications that require only liquid-nitrogen (77 K), rather than 

liquid-helium (4.2 K) cooling. In 2008, the discovery of LnOTMPn (Ln, Y or 

rare-earth metal; TM, transition metal; Pn, group V element) showed that 

transitional-metal-based, layered oxypnictide superconductors are yet another, the 

newest group of HTSs. Clearly, they provide another platform to explore the 

phenomenon of superconductivity [1.3, 1.4], although the cuprates are still the only 

superconductors with the Tc well above 77 K.   

Among HTSs, the family of HgBa2Can–1CunO2n+2+δ (Hg-based, or HBCCO) 
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compounds have been of special interest since the 

HgBa2Ca2Cu3O8+δ material exhibits the highest Tc of 134 K at ambient pressure [1.5]. 

The same compound in the epitaxial thin-film form has a record-high critical current 

density Jc > 106 A/cm2 at 100 K [1.5]. Superconducting quantum interference devices 

(SQUIDs) made from HgBa2Ca2Cu3O6+δ operate at temperatures as high as 112 K 

[1.5].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Like the other members in the HTS family, the very basic question of the origin of 

the microscopic pairing mechanism in the Hg-based superconductors needs to be 

determined. In order to have a deep knowledge of Hg-based superconductors and 

 
 

Figure 1.1: The history of superconductors. 
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develop new applications, we need to be familiar with their structural characteristics 

and electronic transport properties. Using a THz time-domain spectroscopy (TDS), 

both real and imaginary parts of the optical constants can be determined 

simultaneously, without resorting to the Kramers-Kronig analysis [1.6], while in 

femtosecond optical pump-probe TDS, electronic nonequilibrium states are excited 

using femtosecond optical pulses and, subsequently, the relaxation dynamics of 

excited carriers is monitored by time-delayed, coherent probe pulses through the 

change of transient reflectivity or transmissivity. In addition, we can study the 

transient photoresponse of HBCCO microbridges embedded into coplanar strip (CPS) 

transmission lines through time-resolved photoimpedance measurements. By directly 

observing transient voltage signals generated in a current-biased microbridge exposed 

to a femtosecond-in-duration laser excitation, we can study the time-resolved 

Cooper-pair and quasiparticle (QP) dynamics in our Hg-Ba-Ca-Cu-O structures. 

 

1.2 Superconductivity 

1.2.1 BCS Theory and Two-Fluid Conductivity 

The BCS theory was proposed in 1957 by John Bardeen, Leon Cooper, and Robert 

Schrieffer to explain the microscopic origin of superconductivity [1.1]. The theory 

quantitatively predicts the basic electronic and magnetic properties of 

superconductors. The key element is the concept of a Cooper pair, i.e., a pair of 

electrons near the Fermi surface that is formed through virtual interaction with the 

crystal lattice, or phonon. A moving electron in the lattice causes a slight increase of 
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the positive charge around it, and this positive charge, in turn, attracts another 

electron which has the opposite momentum and spin. Unlike single electrons, which 

are fermions and must obey the Pauli exclusion principle and follow the Fermi-Dirac 

energy distribution function, Cooper pairs act like bosons and condense into the same 

energy level [Fig. 1.2(a)]. The BCS theory also predicts that there is a minimum 

energy (energy gap Eg) needed to break a Cooper pair into two independent electrons, 

or QPs. As shown in Fig. 1.2(b), Eg is temperature-dependent and is the highest when 

T = 0. cBg TkE 528.3)0(2)0( =∆= , where ∆ is the coupling energy per electron [1.1]. 

In the superconducting state, at T = 0, all the electrons near the Fermi surface form 

Cooper pairs, and occupy a single energy level separated by 2∆(0) from the 

continuum of excited QP states [see Fig. 1.2(a)]. As the temperature increases above 

zero, Eg decreases and some Cooper pairs are thermally excited into QPs. Finally, ∆(T) 

vanishes at the critical temperature Tc (determined by the Debye phonon energy) with 

all the electrons representing the normal state.  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.2(b): Temperature-dependent reduced 
energy gap according to the BCS theory. 

 
 
Figure 1.2(a): A schematic diagram of BCS 
superconductor energy versus density of state. 
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The BCS theory also successfully predicts the Meissner effect (the expulsion of a 

magnetic field from the superconductor) and the temperature dependence of the 

London penetration depth (the distance an electromagnetic field may penetrate into a 

superconductor). 

  In a phenomenological two-fluid model, which was developed well before the BCS 

formalism, the conduction electrons are separated into two parts [1.1]: a fraction of 

electrons is in the lowest energy superconducting state (superfluid) and their motion 

is determined by the London equations, while the remaining electrons (normal fluid) 

are in the excited state (normal state) and their motion is determined by the Drude 

resistive model. Therefore, the total complex conductivity of the superconductor can 

be taken as being composed of the real and imaginary parts, and expressed as 

imre iσσσ −= ,  

 

where 
2

2 2 ,
(1 )

n
re

n e
m

τσ
ω τ

=
+

                                           (1.1)   

 

and 
)1(

)(
22

222

τωω
ωτ

ω
σ

+
+=

m
en

m
en ns

im ,                                      (1.2) 

 
nn and ns are the carrier densities in the normal and superconducting states, 

respectively, m is the electron mass, and τ is the momentum relaxation time. The σre 

component involves only the normal fluid, and the imaginary σim part includes 

contributions from both fluids [1.1]. Based on the two-fluid model, we can define the 

normal fraction of carriers fn: 
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( ) .n
n

n s c

n Tf
n n T

α= =
+

                                               (1.3) 

 
For low-temperature superconductors (LTSs), 4≈α  and for HTSs, 2≈α  [1.1],  

and we always have 
 

1,s nf f+ =                                                        (1.4) 
 
where fs is the superconducting fraction of electrons.    

Finally, the temperature dependence of the London penetration depth is given by: 

 
1/ 2( ) (0)[1 ( / ) ] ,L L cT T T αλ λ −= −                                         (1.5)  

 where λL(0) is the penetration depth at T = 0.  

          1.2.2 High-Temperature Superconductivity 

The HTS compounds are a group of materials with a common perovskite structure, 

characterized by well-separated, quasi-two-dimensional copper-oxide planes, 

therefore, they are commonly called as perovskite, or cuprate superconductors.  

The BCS theory predicts that based on the phonon exchange mechanism, a 

theoretical maximum of Tc is around 40 K, since above it, high thermal-energy 

fluctuations would not allow a stable formation of the phonon-mediated Cooper pairs. 

Therefore, the BCS theory is not directly suitable for HTSs with Tc’s far above 40 K. 

The comprehensive reason why superconductivity arises in HTSs is a hot research 

topic and is still open for discussion. It has been accepted that the cuprate planes play 

a crucial role in the HTS superconductivity mechanism, but Dow et al. [1.7] 

challenged this idea and proposed that the superconducting elements of 
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YBaCuO/BiSrCaCuO are not the CuO planes, but the BaO/SrO layers. In addition, 

Varma [1.8, 1.9] pointed out in 1996 that in HTSs, superconductivity was associated 

with the formation of a new state of matter in which the electric-current loops were 

formed spontaneously, going from copper sites to oxygen atoms and back to copper, 

and recently, Fauqué et al. [1.10] directly observed such current loops. Finally, 

Mclaughlin et al. [1.11] studied the crystal structure of a new chemical compound 

containing copper and ruthenium and showed that the mechanism of cuprate HTS was 

actually coupled to the crystal lattice. Under high pressure (HP), cuprate HTS shows 

higher Tc, since HP favors lattice shrinkage that increases the carrier state density. 

Besides, the crystallographic direction normal to the CuO2 layer (c-axis) is more 

compressible than the direction parallel to CuO2 (ab-plane), which changes the charge 

distribution inside the cuprate HTS. The discovery of LnOTMPn oxypnictide HTS 

surprised those scientists who thought that the magnetic property of iron would not 

favor pairing of electrons, and this latest discovery brings the new opportunity to 

finally understand the HTS phenomenon. In LnOTMPn’s, the electrons flow among 

the TMPn layer, which is stacked between the LnO layers. Both the F--ion doping and 

creation of oxygen vacancy induce the shrinkage of both the c and a axes, and 

increases Tc [1.3, 1.12].    

  Below, we summarize the basic properties of metal LTSs and cuprate HTSs 

(LnOTMPn HTS is still under investigation) and demonstrate that indeed HTSs are a 

distinct class, very different from traditional LTSs [1.13]:      

  (1) Both 2∆ and Tc of HTS are higher by at least an order of magnitude. 



                                                                            8                                                                             
 

  (2) The penetration depth of HTS is much larger, and the coherence length is much 

smaller. Both parameters show strong anisotropy in the c-axis direction and in the 

direction parallel to the ab-plane. The anisotropy parameter is given 

by
c

ab

ab

c

ab

c

m
m

ξ
ξ

λ
λγ === 2/1)( , where ξab and ξc are coherence lengths in the ab-plane and 

along the c-axis, respectively; mab and mc are the effective masses of quasiparticles. 

For type II superconductors, the Ginzburg-Landau (GL) parameter ξλκ /=  is 

greater than 1/ 2 . For HTS, κ is much larger, therefore, HTSs are the extreme 

type-II superconductors. 

  (3) Unlike “s-wave symmetry” of the LTS order parameter ∆, the superconductivity 

wave function in HTS has d-wave symmetry, which means that 2∆ is not uniform in 

space and disappears at some points on the Fermi surface. 

  (4) In underdoped HTS, there appears to exist an energy gap well above Tc, called 

the pseudogap. The pseudogap is not directly related to the superconducting transition 

and can be taken as a partial gap (some regions of the Fermi surface are gapped, 

while the other parts show conducting properties). By some interpretations, opening 

of the pseudogap corresponds to the Cooper-pair formation, but those pairs are not 

correlated until the superconducting transition, when the macroscopic 

superconducting condensate forms. With the increase of the oxygen doping, the 

partial gap diminishes and the material becomes more metallic [1.14].  

  The characteristic parameters of different superconductors are shown in Table 1.1 

[1.15]. 
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 Critical 
temperature 

Tc (K) 

Energy gap 
parameter  
∆ (meV) 

Coherence 
length  
ξ (nm) 

Penetration 
depth  

λ (nm) 

The GL 
parameter 

κ = λ/ξ 
Sn 3.72 0.59 180 42 0.23 

Pb 7.2 1.33 87 39 0.48 

NbN 14 2.56 5 200 40 

PbMo6S8 12 2.4 2.2 215 98 

YBa2Cu3O7 92 20 ξab = 1.2 
ξc = 0.3 

λab = 89 
λc = 550 

 

HgBa2Ca2Cu3O8+δ 134 75 ξab = 1.3 
ξc = 0.05 

λab = 130 
λc = 3500 

 

 

1.2.3 Nonequilibrium Superconductivity 

Understanding nonequilibrium QP dynamics in superconductors exposed to external 

excitations is very important for the superconducting theory and applications. For 

most materials, including metals and superconductors, excitation by a femtosecond 

laser pump pulse leads to formation of hot carriers that, subsequently, rapidly 

thermalize via electron-electron (e-e) and electron-phonon (e-ph) collisions, reaching 

within several hundred femtoseconds, the state near the Fermi energy. Further 

relaxation and recombination (in case of QPs in superconductors) dynamics can be 

studied either by measuring photoexcitation-induced time-domain changes in 

reflectivity or transmissivity at optical frequencies [1.16], or by measuring the 

complex conductivity dynamics, with the probe beam in the THz (far-infrared) 

Table 1.1: The characteristic parameters of different superconductors. 



                                                                            10                                                                             
 

wavelength range [1.17]. Independently, one can study the nonequilibrium QP 

relaxation/dynamics by using an optical-pulse excitation of current-biased samples 

(typically in the form of microbridges) and then measuring an induced transient 

voltage signal. These, so-called photoimpedance studies, allow for direct verification 

of applicability of a given material/structure for photodetectors. 

  The dynamics of the nonequilibrium superconductivity is most often analyzed 

using one of the two simple phenomenological approaches, namely, the 

two-temperature (2-T) [1.18] or Rothwarf-Taylor (RT) model [1.19]. 

 
1.2.3.1   Two-Temperature Model 

The two-temperature model is generally used to describe normal state photoexcitation, 

and it is suitable for the superconducting state when the temperature is near Tc, and 

the thermal-equilibrium QP density is dominant. As shown in Fig. 1.3, after 

femtosecond laser excitation, the electrons absorb the photon energy and thermalize 

through e-e scattering until the electron subsystem reaches a high temperature; then, 

the energy is transferred to phonon subsystem through the e-ph interaction. Finally, 

the excess energy is removed from the sample with phonons decaying anharmonically 

or escaping to the substrate. Assuming that electrons and phonons are in their 

respective local equilibria, we can get two coupled time-dependent equations that 

describe the dynamics of the electron and phonon subsystems [1.18, 1.20]: 

 
( ) ( )( ),e in e e

e e ph
e ph ph e

dT P t C CC T T
dt V

α
τ τ− −

= − − −
                            (1.6)  
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( )( ) ( ),ph phe e
ph e ph ph b

e ph ph e

dT CC CC T T T T
dt γτ τ τ− −

= − − − −
                        (1.7) 

 
where Ce and Cph are specific heats of electrons and phonons, Te, Tph, and Tb are 

temperatures of the electron subsystem, phonon subsystem, and the substrate/sample, 

α is the optical absorption coefficient, V is the volume of the sample, Pin(t) is the 

incident optical power, and phe−τ and eph−τ are the e-ph and reversed ph-e processes 

time constants. γτ  is the phonon escape time. From the steady-state condition of the 

2-T equations, we can also derive the thermal balance equation, under the assumption 

that phe−τ << eph−τ : 

 
/ / .e e ph ph ph eC Cτ τ− −=                                                (1.8) 

 
 

 

 

 

 

 

 

 

 

 

  
 
         Figure 1.3: A schematic diagram of two-temperature model.   
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The time scales for Te and Tph are very different for most superconductors. Te 

usually evolves on a sub-picosecond scale, and its time evolution describes the kinetic 

inductance response process in the superconducting state and the resistive response in 

the switched state. On the other hand, Tph usually changes on a nanosecond scale and 

represents the bolometric photoresponse. Therefore, from this point of view, the 

photoresponse speed is limited by τγ, although, sometimes, this slow response may 

not be a dominant process. For small excitations, the maximum Te change ∆Te is 

much larger than the maximum Tph change ∆Tph, and, then, Te time evolution is 

dominant in the whole photoexcitation process.   

Lindgren et al. [1.21] used the 2-T model to fit the photoexcited voltage transient 

of the current-biased YBCO microbridge. Figure 1.4 shows the voltage transient 

when the bridge is biased in the resistive state. In this case, the peak differences ∆Te 

and ∆Tph are 6 K and 0.3 K, respectively, and the photoresponse transient is 

dominated by a picosecond-scale, hot-electron response on top of a nanosecond-level 

phonon/lattice response (magenta dotted line, also see inset in Fig. 1.4). The fitted 

τe-ph and τph-e are 1.1 ps and 42 ps, respectively, and the ratio of eph CC /  is 38. 
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1.2.3.2   Rothwarf-Taylor Model 

The RT model describes the final stages of the QP and phonon dynamics, after the 

initial e-e and e-Debye-phonon relaxation have been completed and the QPs have 

reached the 2∆ band edge. Mathematically, the RT model uses two coupled, 

time-dependent equations describing the changes in QP and phonon densities [1.19]:  

 
2( ) 2 ,dN I t N RN

dt ωβ= + −
                                           (1.9) 

 
2 ( ) ,

2
TdN N NRN N

dt
ω ω ω

ω
γ

β
τ
−

= − −
                                     (1.10) 

 

       
 
Figure 1.4: The photoexcited voltage transient (dot) and the fitted nonequilibrium 
electron temperature (solid line), when the bridge is biased into the switched state 
[1.21]. The magenta dotted line is the bolometric part of the photoresponse, which is 
also shown in the inset. 
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where I(t) is external excitation, N is the QP density, R is the QP recombination 

coefficient, Nω is the density of phonons with energy larger than 2∆, β is the transition 

probability for breaking Cooper pairs by such phonons, 1/τγ is the net transition 

probability for phonons either to be lost out of the energy range 2∆ by processes other 

than pair excitation or to be diffused into the substrate, and NωT is the 

thermal-equilibrium phonon density. 

Figure 1.5 describes the superconductor photoexcitation and relaxation processes 

schematically. After laser excitation, each photon first breaks one Cooper pair into 

two quasiparticles. Then the highly-excited quasiparticle continues breaking Cooper 

pairs through e-e and e-Debye phonon scatterings on a sub-picosecond time scale, 

until all the photoexcited quasiparticles relax to the edge right above the 

superconducting energy gap [Fig. 1.5(a)]. In our case (HBCCO), the Cooper pair 

coupling energy per QP ∆ is 50-75 meV, therefore, we can roughly estimated that one 

800-nm photon finally excites / 20 30ω ∆ ≈ −  QPs. Then, within the framework at 

the RT model, two QPs recombine into one Cooper pair and, at the same time, emit 

one phonon with the energy equal to or higher than the energy gap 2∆ [Fig. 1.5(b)]. 

The 2∆-phonons, subsequently, can either rebreak other Cooper pairs, or 

anharmonically decay to phonons that have the energy lower than 2∆ [Fig. 1.5(c)], 

then diffuse into the substrate [Fig. 1.5(d)]. Usually, the phonon diffusion and 

anharmonic decay processes are in a nanosecond time range. Therefore, in 

conventional superconductors, the QP relaxation process is limited by the phonon 



                                                                            15                                                                             
 

rebreaking Cooper pairs. The effective recombination slows down as it is decided by 

τγ. The latter effect is often called the phonon bottleneck. 

As we will show later, uniquely for the HBCCO materials, the phonon anharmonic 

decay process is very fast at low temperatures due to the HBCCO’s large energy gap, 

therefore, there is no phonon bottleneck and the QP relaxation corresponds to the 

intrinsic Cooper-pair formation (QP recombination) process.     

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

   
               
 
                Figure 1.5: A schematic diagram of Rothwarf-Taylor model.   
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1.2.3.3   Photoresponse of Current-Biased Superconductors 

Generally, there are two types of photoresponse signals induced by laser excitation in 

a current-biased superconducting microbridge: a kinetic inductive photoresponse, 

which leads to a fast bipolar voltage signal and can be observed at temperatures well 

below Tc, when the global superconductivity of the bridge is maintained even during 

excitation [1.22], and a resistive photoresponse, which is a pulse-shaped voltage 

transient, related to the Te and/or Tph time evolutions, when either/both of them 

transiently exceed Tc. Generally, when ∆Te is larger than ∆Tph (2-T model), the 

voltage signal is decided by the Te(t) evolution and is called the hot-electron process 

[1.21]. In the opposite case, the resistive response is limited by Tph(t), meaning that 

the superconductor is in equilibrium [Te(t) = Tph(t)], and the process is bolometric 

(heat is removed from the sample when its temperature returns to Tb). 

 
a.  Kinetic Inductive Response  

The kinetic inductive response is inherent in the superconductivity theory. The 

superconductors show zero resistance with a dc bias, but when ac signal is applied, 

the kinetic inductance (Lkin) appears due to the inertia of the superconducting 

condensate. The photoexcitation changes Lkin, and, therefore, for a current-biased 

sample, induces the kinetic-response voltage signal. Hegmann and Preston [1.22] 

introduced a set of equations to derive the photoresponse voltage signal Vkin after the 

excitation:   
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,Kin
Kin b Kin b

LdV I L I
dt t

∆
= ≅

∆
                                            (1.11) 

 
 

2
0

1 1 1 ,
'Kin

P s s

lL
wd f fε ω

  ∆ = −     
                                         (1.12) 

 
 

2
02 2

0

1 1 ,Kin L
s p s

m l l lL
n e wd wd f wd

µ λ
ε ω

      = = =             
                       (1.13)  

 
where l, w, and d are the length, width and thickness of the superconducting bridge, 

respectively, µ0 and ε0 are the permeability and permittivity of free space, respectively, 

and Ib is the bias current.  

Subsequently, Lindgren et al [1.21] extended the Lkin model into the 

nonequilibrium superconductor case, by expressing fs as a solution of either the 2-T 

[Eqs. (1.6) and (1.7)] or RT [Eqs. (1.9) and (1.10)]. The results are shown in Fig. 1.6. 

We note that the nonequilibrium kinetic inductive model predicts a positive voltage 

signal while the superfluid fraction is decreasing with the increase of the transient 

temperature, followed by a negative component as the superfluid density relaxes to its 

equilibrium value after optical excitation. The positive transient is related to the 

photoexcitation rise time process, and the negative response is related to quasiparticle 

relaxation dynamics.   
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b.  Resistive Hot-Electron and Bolometric Photoresponse 

When T is near to Tc, or the bias current Ib is near to the sample critical current Ic, 

after optical excitation, the superconductor transient temperature (Te, Tph) can exceed 

Tc, and the transient photoresponse signal is then caused by the resistance increase 

due to the temperature increase [1.22]:  

 

( ) ,b
dRV I T
dT

∆ = ∆                                                   (1.14) 

 
where dR/dT is the temperature derivative of the resistance versus temperature curve, 

and ∆T is the transient temperature generated in the microbridge by the incident laser 

pulse. The 2-T model is the most suitable to theoretically describe the photoresponse 

 
 
Figure 1.6: The kinetic inductive photoresponse transient observed by Lindgren et al. 
[1.21]. The solid line is the RT model fit, and the dashed line is the 2-T model fit. 
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in this case. As was shown earlier in Fig. 1.4, depending on whether we deal with the 

hot-electron or bolometric photoresponse mechanism, the rise time of the induced 

resistive signal is related to the Te(t) [Tph(t)] subsystem thermalization process, while 

the fall time is related to τe-ph or τγ, respectively.    
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Chapter 2   Structural Characterization of 

            HBCCO  

 

2.1   Fabrication Process 

Our Hg-based HTS samples were fabricated at Prof. S. Chromik’s laboratory at the 

Institute of Electrotechnics of the Slovak Academy of Sciences in Bratislavia, the 

Slovak Republic. The Hg-based thin films were synthesized from 500-nm-thick 

Re-Ba-Ca-Cu-O precursors. First, the precursor films with nominal compositions of 

Re:Ba:Ca:Cu = 0.25:2:2:3 and Re:Ba:Ca:Cu = 0.15:2:2:3 were RF-magnetron 

sputtered from a single target on LaAlO3 substrates at room temperature in argon 

atmosphere under a pressure of 10 Pa. The achieved deposition rate with an 80-W 

magnetron power was around 0.3 nm/s. Then, the mercuration process was performed 

ex-situ in a sealed, evacuated quartz ampule, using an unreacted (Hg, Re)-1223 pellet 

as a mercury source. The precursor films were placed on top of the pellet, and they 

were wrapped together using a gold foil. The filling factor (the ratio between the mass 

of the sample and free volume inside the quartz ampule) was ~0.7 g/cm3. Pure Hg 

was also added inside an evacuated quartz tube to promote the displacement of the 

equilibrium solid-gas reaction. The ampule was placed inside a furnace, and the 

samples were kept at 800 °C for 180 min. Finally, they were cooled at a rate of 120 

°C/h to the ambient temperature. Figure 2.1 shows a resistance versus temperature 
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(R-T) curve of one of our films. We can see the superconducting transition is rather 

broad, with the onset Tc,on at 123 K and the zero-resistance Tc,0 at 110 K. Our other 

tested films exhibited similar characteristics, with the best ones reaching Tc,on ∼130 K 

and Tc,0 115 K. 

 

The microbridge structures for photoimpedance experiments were patterned by a 

standard lift-off technique and the basic steps are illustrated in Fig. 2.2. We note that 

the patterning was done on the RF-magnetron-sputtered precursor films, before the 

final mercuration and annealing process. As shown in Fig. 2.3, our patterned 

microbridges were 20 µm wide and 30 µm long, and were incorporated into the 

center part of the 0.1-mm-wide signal line of a coplanar stripline (CPS). The length of 

      
 Figure 2.1: The resistance-temperature (R-T) curve of one HBCCO thin film. 
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the CPS was around 8 mm, and the gap between two coplanar strips was either 10 µm 

or 20 µm, depending on the design. The post-annealing, ex-situ mercuration process 

was similar to that of the plain films, except that there was no contact between the 

bridge structure and the pellet in order to avoid a possible adhesion and damage of the 

CPS structure. The final superconducting CPSs had the same HBCCO composition as 

our plain films prepared under the same conditions, although, as we will show later, 

the dominant phase was Hg-1212. The bridges under test had Tc,on = 110-120 K and 

reached zero resistivity at Tc,0 ≥ 98 K. The resistivity ρ at 130 K was around 10 

mΩ·cm. 

              
 
 

           Figure 2.2: Basic steps of the lift-off fabrication process. 
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2.2  Crystalline Structure of Hg-Ba-Ca-Cu-O  

The structures of all HTS cuprates are related to that of a perovskite crystal and have 

a layered characteristics [2.1]. There are four kinds of layers in HTSs: XO2 (such as 

CuO2) layer, regarded as the conducting plane where the superconductivity originates, 

B separating layer such as Y, Ca, La, or other rare-earth atoms, MO bridging layer, 

such as BaO, LaO, or SrO (typical M atoms are large, ionized, and spherical), and, 

finally, ZO additional layer, such as BiO, HgO, or TlO, which can have different 

oxygen content (Z atoms are usually the main group elements, such as Tl, Pb, Bi, C, 

Cu, or Hg).  

There are several stacking rules for superconducting cuprates [2.1]: 

(1) XO2 layers cannot be directly near to each other. 

(2) B layer must be inserted between XO2 layers; therefore, oxygen atoms 

around each B atom form a tetragonal prism.   

(3) MO layer must be directly in contact with the XO2 layer.  

  The basic HTS structure must contain at least one XO2 layer and one MO layer. 

Based on the stacking rules introduced above, we know that ZO never directly 

 

 
 
        Figure 2.3: Design of the coplanar stripline structure. 
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contacts with XO2, and MO and ZO layers are never in contact with B layers; thus, it 

is easy to understand the crystal structure of HgBa2Ca2Cu3O8+δ shown in Fig. 2.4(a). 

In addition, by deleting one CuO2 layer and one Ca layer from HgBa2Ca2Cu3O8+δ, we 

will get the crystal structure of HgBa2CaCu2O6+δ as shown in Fig. 2.4(b). The Tc 

value of the Hg-based cuprate depends on the oxygen content, and the optimal value 

of δ increases with the number of CuO2 layers [2.1]. The superconducting 

intercoupling between CuO2 layers is much weaker than the intracoupling within 

CuO2 layers, but it is stronger than the Josephson coupling between 

HgO/BaO/CuO2/Ca/CuO2/Ca/CuO2/BaO stacks. This quasi two-dimensional layered 

structure of Hg-based HTSs determines their anisotropic properties, with much higher 

supercurrent flowing along the CuO2 planes than in the perpendicular direction. For 

HBCCO, the anisotropy parameter γ �24 [2.1].   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

           
 

(a)                           (b) 
           
   Figure 2.4: Crystal structures of (a) HgBa2Ca2Cu3O8+δ and (b) HgBa2Ca1Cu2O6+δ. 
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2.3  Atomic Force Microscopy 

Atomic force microscopy (AFM) operates by measuring attractive/repulsive forces 

between a tip of an AFM “cantilever” and the sample. Generally speaking, there are 

three modes of AFM operation: contact, non-contact, and tapping mode.  

In our measurements, we used the contact mode. When a cantilever tip is in direct 

contact with the surface to be imaged, electron-cloud repulsion from the surface 

bends the cantilever upwards. By sensing the deflection of the cantilever while doing 

a raster scan, we can get an image of the sample [2.2]. The scan size was 50 µm × 50 

µm, and the scan rate was 0.2 Hz. Figure 2.5(a) shows an AFM surface plot of one of 

our Hg-based bridges. We chose a relatively flat region on the sample surface and did 

the height section analyses along the light blue line AB shown in Fig. 2.5(a), getting 

the profile results shown in Fig. 2.5(b). The heights of A and B positions are 509.5 nm 

and 557.6 nm, respectively. From the profile results, we can see that the surface is 

rough as it is typical for any post-annealed HTS films. In order to get a better 

understanding of the roughness, we did the roughness analysis and the result is shown 

in Fig. 2.6. For the whole image, the maximum height (Rmax) is around 1.75 µm, the 

root-mean-square roughness (Rq) is around 281 nm, and the mean roughness (Ra) is 

around 250 nm. When choosing a relatively flat area (red box), we got the Rmax 

776.4 nm, Rq 101 nm and the Ra 81 nm.  

We must state that due to present limitations in fabrication techniques, for HTSs 

films in general, and ex-situ post-annealed samples in particular, it is very difficult to 

control the accuracy of the film thickness. However, one should realize that the rough 
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sample surface did not influence our optoelectronic experimental results presented in 

the following chapters, since the optical beam diameter was 50-60 µm for both 

optical pump-probe and photoimpedance measurements, and in the case of THz 

spectroscopy, it was as large as 1-2 mm. Since sizes of our HBCCO grains were in the 

micrometer range, we were measuring the “bulk effect” of the sample. Besides, for 

superconductors, below Tc, when most regions show superconducting properties, the 

whole sample represents the superconducting macroscopic state.  

            

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

   

                 
 
 

   
                                      
Figure 2.5: AFM study of one of our devices: (a) surface plot; (b) section analysis 
along the AB line. 

(a) 

(b) 
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2.4 Scanning Electron Microscopy 

We also performed surface measurements of our HBCCO microbridges using a 

scanning electron microscope (SEM), another very popular materials characterization 

method. SEM uses electrons instead of light to form an image. In a typical SEM, 

electrons are thermionically emitted from a cathode [tungsten/lanthanum hexaboride 

(LaB6)] and are accelerated towards anode; electrons can also be emitted through 

field emission. The primary electron beam is focused and interacts with the sample 

surface to be imaged, while electrons scattered (primary backscattered electrons, 

secondary electrons, X-rays etc.) from the surface are detected and produce a SEM 

image [2.3].  

  Figure 2.7 shows a SEM image of one of our bridges, while Table 2.1 shows the 

summary of our study and a comparison of the AFM and SEM methods. 

 

       

 

Figure 2.6: AFM roughness analysis of the same device as shown in Fig. 2.5. 
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 AFM SEM 

Image Three-dimension 
surface profile 

Two-dimension 
image/projection 

Sample treatment 
requirement 

No conducting 
treatment need 

Need conducting treatment 

Working environment Air/liquid Vacuum 

Maximum imaging range 
(length × width × thickness) 

150 µm × 150 µm × µm mm × mm × mm 

Operating time Slow scanning rate Fast, near real-time scanning 
 

 

2.5 X-Ray Diffraction Analyses  

X-ray diffraction (XRD) is a very important non-destructive technique that gives 

Table 2.1: Comparison of AFM and SEM methods. 

 

 
          Figure 2.7: A SEM image of one of our microbridges. 
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detailed information about the chemical composition and crystallographic structure of 

materials. X-rays have typical photon energies in the range of 100 eV - 100 keV. For 

diffraction applications, only short-wavelength X-rays in the range of a few Å to 0.1 

Å (1 keV - 120 keV) are used, since the wavelength in this range is comparable to the 

size of the atoms and therefore those X-rays are suitable for probing the atoms’ and 

molecules’ structures in a variety of materials [2.4].  

Interaction of X-rays with a given sample creates secondary diffracted beams of 

X-rays, which are closely related to the interplanar spacing in the sample according to 

the Bragg’s Law [2.4]: θλ sin2dn = , where n is an integer, λ is the wavelength of 

the X-ray, d is the interplanar spacing causing the diffraction, and θ is the diffraction 

angle. In a polycrystalline material, the diffraction peak intensities vary with θ and 

are decided by the crystal lattice. A plot of the angular positions and intensities of the 

diffracted peaks of radiation is used to characterize a sample. When the sample is a 

mixture of different phases, the diffraction result is a superposition of the each 

individual plot pattern.  

In our measurements, we were interested in identifying the crystalline compound 

phases of our Hg-based HTS thin films. To characterize thin-film samples, usually a 

reflection mode is considered, as the substrates are generally too thick for 

transmission. Also, to avoid the sharp intensity peaks, high angular resolution is 

required if there are very low defect densities in the material. Figure 2.8(a) shows the 

XRD analysis of one of our Hg-based thin films; only (00l) Bragg-peaks are visible, 

suggesting an epitaxial structure in the c-direction. Compared with the Power 
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Diffraction File databases provided by the International Center for Diffraction Data 

(ICDD), we can see that our thin film is predominantly composed of a c-axis-oriented 

Hg-1212 phase, plus a Hg-1223 phase and other intergrowths. The maximum peak 

intensity of Hg-1212 to Hg-1223 is around 3:1. Figure 2.8(b) shows the XRD result 

of one of our microbridges, which has only a c-axis-oriented Hg-1212 phase, and the 

purity estimated from the maximum peak intensity is higher than 99.5%. From XRD 

results, we know that thin films have multiple phases, while microbridges exhibit 

only the Hg-1212 phase. The latter is most likely caused by somewhat different 

mercuration processes established for the bridges and presented earlier. Besides, it is 

very difficult for the Hg-1223 phase to cover the substrate homogeneously [2.5]; 

therefore, there are better chances to have the Hg-1212 phase dominating in our very 

long CPSs.    

  

 

 

 

 

 

 

 

 

 

 

          

 
                        (a)                                        (b) 

 
 Figure 2.8: XRD results of (a) a Hg-based thin film and (b) a microbridge device. 
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2.6 Summary 

The HBCCO samples tested in this thesis include 4 thin films and 12 microbridges. 

All samples used ReBaCaCuO as the precursor film and LaAlO3 as the substrate. The 

films were mainly composed of a Hg-1212 phase, plus a Hg-1223 phase. Tc,0 was 

110-115 K, and Tc,on was 123-130 K. The CPSs were composed of Hg-1212 phase 

only. Tc,0 was 98-110 K, and Tc,on was 110-120 K. The dc resistance depended on the 

crystalline quality of our samples, mainly on the connection of individual grains. 

Therefore, Tc,0 of the bulk material was higher than that of the thin film, however, the 

relatively narrow transitional region and the XRD analysis indicated a good crystal 

growth quality of our samples. The mercuration process without the direct contact of 

Hg source and the precursor film turned out to be more reproducible and created more 

homogeneous HTS films. Overall, the HBCCO fabrication process was complicated 

due to the toxicity of Hg and the chemical and thermal instability of the compound. 

The samples were very sensitive to the ambient atmosphere, especially, oxygen and 

humidity. J. Z. Wu et al. used the cation exchange method to fabricate Hg-1212 HTS 

with Tc,on around 120 K, the best reported data [2.6]. Note that our pure Hg-1212 

samples (bridges) showed Tc, on ≥ 110 K, a very respectable result.   
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Chapter 3   Optical Pump-Probe Spectroscopy 

 

Time-resolved investigations of nonequilibrium carrier dynamics in superconductors, 

including HTSs, were enabled by the advent of femtosecond lasers. Femtosecond 

optical pump-probe measurements allow detection of pump-induced normalized 

reflectivity change transients ∆R/R and are very useful in time-resolved investigations 

of the carrier relaxation in superconducting materials and devices [3.1]. These 

relaxation processes provide unique information about temporal evolution of the 

nonequilibrium dynamics of the superconducting state, allowing to study interactions 

between Cooper pairs, quasiparticles, and phonons. The analysis of such interactions 

also represents the most-interesting channel through which we can assess the 

usefulness of a given material for optical sensing applications.  

In femtosecond optical pump-probe experiments, electronic nonequilibrium states 

are generated using femtosecond-in-duration laser pulses. The subsequent 

nonequilibrium carrier relaxation dynamics is monitored by time-delayed, coherent 

probe pulses through the change of transient optical properties of the studied material, 

such as its reflectivity or transmissivity. The ∆R/R change of the probe beam, which is 

measured in our experiments, reflects the photoexcited quasiparticle density ∆N [3.2].  

 

3.1  Experimental Setup 

Our time-resolved, femtosecond, optical pump-probe measurements were performed 
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at temperatures ranging from 4 K to 300 K. Figure 3.1 shows a schematic diagram of 

our experimental setup. Our 100-fs-wide, 800-nm-wavelength (1.5 eV) optical pulses 

were generated at a repetition rate of 76 MHz using a commercial MIRA 900F, 

Ti:sapphire laser. The main pulse train was split into the pump and probe beams. The 

pump beam was intensity modulated using an acousto-optical modulator (AOM) at a 

reference frequency ranging from 230 KHz to 2 MHz to enable lock-in detection, and 

was focused directly on the test sample. The time-delayed probe beam was also 

focused on the sample, overlapping with the pump beam. The change of the 

difference of optical paths was realized by a retro-reflector mounted on top of a 

translation stage. The stage could be moved stepwise with an adjustable waiting time. 

The mechanical precision of the stage was 1 µm, corresponding to 6.6 fs time delay, 

considering the difference caused by the round trip. The reflected probe signal was 

collected by a photoreceiver. The two beams were cross-polarized to eliminate the 

coherence artifact and the polarizer in front of the photodetector was implemented to 

reject the light scattered from the pump beam. To minimize the heating effect due to 

the optical pump excitation, we typically used the pump-beam fluence as low as 0.5 

µJ/cm2 (average power 1 mW), while the probe-beam intensity was at least ten times 

lower, so that its impact could be completely neglected. The overlap of the beams on 

the sample was monitored by a CCD camera, and the function generator provided the 

modulation (reference) signal for AOM and the trigger for the lock-in amplifier. 
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The ∆R signal was measured dynamically from the ac output of the photoreceiver 

using the lock-in amplifier, and the R value was collected from the photoreceiver’s dc 

output. A computer with a LabVIEW program was used to control the whole 

measurement process and collect the experimental data. 

 

3.2  Data Fitting Method 

Physical interpretation of our femtosecond pump-probe measurements can be based 

on the analysis of the relaxation of photoinduced carriers, taking into account that 

their dynamics are different for the normal and superconducting states. 

In the normal state, photoexcited electrons first thermalize through e-e scattering, 

and then relax through e-ph scattering (subpicosecond range), followed by a much 

 
 
 

Figure 3.1: A schematic diagram of our optical pump-probe spectroscopy experimental setup. 
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slower, at least nanosecond, thermal process. We can fit this normal-state 

photoresponse relaxation process with an exponential decay, derived as a solution of a 

simple differential equation [3.3]: 

 
( / ) /( ) ,

R

d R R R RI t
dt τ
∆ ∆

= −                                             (3.1)  

 

where )2ln4exp()( 2

2

0
p

tItI
τ

−=  is the Gaussian-shaped excitation due to the pump 

pulse with full-width-at-half-maximum (FWHM) τp and amplitude I0, and τR is the 

process relaxation time. The solution of Eq. (3.1) is 
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where k is the normalization constant (in general, k = k1: single exponential decay; k = 

k1 + k2: bi-exponential decay), A(t) is related to the excitation process and described 

by an complementary error function  
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                                        (3.3) 

 
and tr is 10%-90% rise time. 

  In the superconducting state, the presence of the energy gap 2∆ near the Fermi 

surface significantly changes the carrier dynamics. The incoming photons break 

Cooper pairs and disturb the distributions of both QPs and phonons. As we discussed 

in Sec. 1.2.3, optical photons induce a QP avalanche until all the photoinduced QPs 
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are relaxed to the energy state right above the edge of the energy gap. Then, following 

the RT model (see Sec. 1.2.3.2), the QPs recombine into Cooper pairs, releasing, at 

the same time, acoustic phonons with ω ≥ ∆2 . As we presented in Sec. 1.2.3.2, 

such 2∆-phonons break Cooper pairs again, anharmonically decay into low-energy 

phonons, or leave the superconductor into the substrate (phonon escape process). The 

time evolution of both QPs and 2∆-phonons can be described by the RT equations 

Eqs. (1.9) and (1.10), which now are rewritten to show the dynamics of photoexcited 

(excess) QP and phonon densities ∆N and ∆Nω, respectively:  

 
2( ) ( ) 2 ( ) ( ) 2 ( ) ,T

d N I t N R N R N N
dt ωβ∆

= + ∆ − ∆ − ∆                         (3.4) 

 
2

1( ) ( )( ) ( ) ( ) ,
2T

d N R NR N N N N
dt

ω
ω ω γβ τ −∆ ∆

= ∆ + − ∆ − ∆                      (3.5) 

 
Equations (3.4) and (3.5) are our starting point in performing both the physical 

interpretation and numerical fits of our experimental results. We will discuss them 

under specific experimental conditions (mathematical simplifications). 

 
a.    γβ τ −1  

 
The condition γβ τ −1  physically means that photoexcited phonons rebreak Cooper 

pairs with a rate smaller (much slower in time) than the phonon anharmonic decay 

rate or the diffusion into substrate process. In other words, photoexcited phonons 

would decay instead of rebreaking Cooper pairs and causing “phonon bottleneck”. 
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When γβ τ −1 , the term involving β in Eqs. (3.4) and (3.5) can be ignored, and Eq. 

(3.4) can be decoupled into: 

 
2( ) ( ) ( ) 2 ( ) ,T

d N I t R N R N N
dt
∆

= − ∆ − ∆                                   (3.6) 

 
Equation (3.6) shows that, under such condition, the QP relaxation time is related to 

the intrinsic QP recombination process only.  

  For small photoexcitations, and/or at moderate-to-high temperatures (T close to Tc), 

when the thermal-equilibrium QP density NT is much larger than photoexcited ∆N, 

Eq. (3.6) can be linearized and simplified to Eq. (3.7): 

 
( ) ( ) 2 ( ) .T

d N I t R N N
dt
∆

= − ∆                                           (3.7) 

 
We note that Eq. (3.7) has a single-exponential solution, and in this case, the QP 

relaxation time is simply 1/(2 )R TN Rτ = .  

  On the other hand, for large photoexcitations ( TN N∆ ) and/or at low temperatures 

( cT T ), Eq. (3.6) can be simplified by neglecting the linear ∆N term, resulting in a 

“bimolecular recombination” process: 

 
2( ) ( ) ( ) .d N I t R N

dt
∆

= − ∆                                              (3.8)  

 
If we consider I(t) as a Gaussian excitation described in Eq. (3.1), we cannot get the  

analytical solution for ∆N(t), therefore, they are two ways we can fit the parameter R 
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in this case. One way is to simplify Eq. (3.8) by changing I(t) to I0, then the analytical 

solution of ∆N(t) is 0
0 0 max 0[ [ ]]

I
Tanh I Rt I Rt ArcTanh I R

R
− + , and we can use 

this to fit the relaxation process. The other approach, based on Eq. (3.8) and 

experimental data, is to apply the regression analyses method using a Matlab software 

and get, this way, the best fit value of R.  

 
 b.   γβ τ −1  

 
The condition γβ τ −1  physically means that 2∆−phonons efficiently rebreak 

Cooper pairs due to the slow phonon anharmonic decay, resulting in the slow 

effective QP relaxation.  

For small photoexcitation and T not too far below Tc, TN N∆  and Eqs. (3.4) 

and (3.5) can be simplified as: 

 
( ) ( ) 2 ( ) 2 ( ) T

d N I t N R N N
dt ωβ∆

= + ∆ − ∆                                  (3.9) 

 
1( ) ( ) ( ) ( ) ,T

d N R N N N N
dt

ω
ω ω γβ τ −∆

= ∆ − ∆ − ∆                              (3.10) 

 
Equations (3.9) and (3.10) have no simple analytical solution, so we solved them 

using a Mathematica software. It turns out that ( )N t∆ can be expressed with a 

bi-exponential decay process, with the fast relaxation time of 



                                                                                42 

1 2

2 ,
2 8 ( 2 )T T TN R N R N Rγβ τ β−+ + − + +

and the slow relaxation time of 

1 2

2 .
2 8 ( 2 )T T TN R N R N Rγβ τ β−+ − − + +

 The slow decay is always dominant in this 

case so that the fast process can be ignored. When 12 ,TN R γβ τ −   τR ≥ τγ, while 

when 1 2 ,TN Rγβ τ −   τR ≥ 1/(2NTR). In the latter case, we note that τR is a strong 

function of T, through the NT(T) and R(T) dependence. 

  Finally, for large photoexcitation, the RT solution is unphysical and is not 

presented here since our HBCCO experiments did not belong to this case. 

 

3.3    Experimental Results and Discussion 

In Fig. 3.2(a), the time evolutions of the measured ∆R/R signals at different 

temperatures below and above Tc are shown. The empty symbols are experimental 

data, and the solid lines are the fitting curves. We observed a dramatic change in the 

recorded waveforms as the temperature approached and crossed Tc. The ∆R/R 

transients showed a sign change, as the sample switched from the normal state to the 

superconducting state, which was observed earlier in the case of YBCO thin films 

[3.4].  

At high temperatures ( cT T ), after photoexcitation, electrons absorb photons and 

thermalize through e-e scattering. Then, the carrier relaxation dynamics of our 

Hg-based films follows the e–ph interaction mechanism. We observed positive ∆R/R 
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transients, which is typical for metallic compounds. At low temperatures (T � Tc), the 

∆R/R transient follows the behavior observed earlier in, e.g., MgB2 [3.5] and is 

typical for the superconducting state signal. The ∆R/R sign change is due to the 

dominance of Cooper pairs in the superconducting state. Photons break only a 

fraction of Cooper pairs into quasiparticles and the avalanche process is on a 

sub-picosecond time scale, followed by quasiparticle relaxation dynamics. However, 

the global superconducting state in the film is conserved. In physical terms, we 

observe that in the normal state, optically induced ε∆


 < 0 and, subsequently, ∆R/R 

> 0, while in the superconducting state, ε∆


 > 0 and ∆R/R < 0 [3.4]. In the 

transitional region ( cT T ), we observed a mix of both the normal and 

superconducting responses. In contrast to the MgB2 data [3.5], however, the 

relaxation time of the superconducting ∆R/R signal, in our case, is strongly 

temperature-dependent and not simply limited by τγ. In addition, in this range, the 

amount of intermix between the normal and superconducting components in a given 

∆R/R waveform depends very strongly on the pump-beam power, as shown in Fig. 

3.2(b). For intense excitations, the normal-state response clearly dominates, as all 

Cooper pairs are broken and the film is dynamically transferred into the normal state. 
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Figure 3.3 summarizes our experimental results.  

Figure 3.3(a) presents the amplitude of the negative component of the ∆R/R signal 

versus temperature, which reflects the superconducting state. The experimental 

behavior (black dots) is very “BCS-like” and, indeed, can be well fitted (red solid line) 

by the dependence describing the energy-gap behavior: 

 
( ) 1 ( ) ,
(0)

p

c

T T
T

∆
= −

∆
                                                 (3.11) 

 
with the best-fitting parameter p equal to 2.5. However, the 2.5p = value is different 

from the standard BCS one 3.3p = , which proves that in the Hg-based HTS, the 

                                                                
                 (a)                                   (b) 
 
Figure 3.2: Transient differential reflectivity ∆R/R of Hg-based HTS thin films: (a) at 
different temperatures with a laser fluence of 0.5 µJ/cm2 (1 mW average power); (b) at 
different pump powers at 105 K near Tc.    
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energy gap opens more slowly around Tc and varies more strongly at very low 

temperatures than it does in the classic BCS superconductors, indicating a non-BCS, 

anisotropic energy gap, consistent with HTS theories based on the d-wave 

superconductivity [3.6]. 

Figure 3.3(b) shows the temperature-dependent rise time. The red solid line is the 

fitted temperature-dependence curve using the same dependence as the energy-gap 

dependence in Eq. (3.11) too. In the normal state, the rise time (magenta squares) is 

governed by the e-e scattering process, and we measured it to be 0.28 ps. We assume 

this normal-state rise time is actually our pump-probe system resolution as the e-e 

process should be below 100 fs. The measured 280 fs value is the time overlap of our 

pump and probe pulses. In the superconducting state, the rise time (blue squares for 

sample 1 and black circles for sample 2) is measurably longer and it corresponds to 

the direct pair-breaking dynamics (∼ 0.43 ps at T ≪ Tc). One incident photon can 

break 10-15 Cooper pairs for the pump-photon energy of 1.5 eV and the HBCCO 

2∆(0) of approximately 100 meV for Hg-1212 and 150 meV for Hg-1223 [3.7]. The 

cascaded pair-breaking process takes place within hundreds of femtoseconds for HTS 

materials [3.8], and after that, all the photoinduced quasiparticles are in the lowest 

possible energy state right above the edge of the energy gap. Our fitting shows that, 

similar to the temperature dependence of /R R∆ signal amplitude for T < Tc [red 

solid line in Fig. 3.3(a)], the temperature-dependent rise time of HBCCO also follows 

BCS-anisotropic ∆(T)/∆(0) temperature dependence, which, again, confirms the 

d-wave properties of HBCCO.  
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Figure 3.3: Temperature dependence of the ∆R/R signal in the superconducting 
state: (a) reduced amplitude, (b) rise time, and (c) relaxation time. 
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  Finally, Fig. 3.3(c) presents the temperature dependence of the photoexcited QP 

relaxation time τR, obtained by fitting the experimental /R R∆ data with the 

exponential decay. In the 0.25 Tc < T < 0.85 Tc range, the experimental data can be 

fitted with the single exponential decay. At T < 0.25 Tc, the best fit corresponds to the 

bi-exponential decay, and only the fast decay time component is shown in Fig. 3.3(c) 

in this case. We note that τR in the superconducting state is significantly slower in 

comparison to the ~0.6-ps normal-state relaxation time (magenta squares). Near Tc, 

we observe a very pronounced 1/∆(t) divergence. When the temperature decreases to 

below 0.8 Tc, the ∆R/R relaxation time follows phBTkTe /)(∆
 trend. Tph is expected to 

be lower or equal to Te, therefore, the value of Te indicates an upper limit for Tph. Te 

can be calculated from [3.9]: 

 

2

( ) ,
ln{ / [2 (0) (0)] exp[ ( ) / ( )]}B e

B

Tk T
N T k Tε

∆
≈
− ∆ + −∆

                     (3.12) 

 
 
where ε is the incident energy density of the pump pulse per unit cell, N(0) is the 

electron density of states at EF. The τR time increases exponentially as e∆(T ) kBTph  

with the decrease of the temperature due to the exponential decrease of NT [3.10]. The 

saturation of the τR(T) dependence below ~0.2 Tc reflects the fact that at very low 

temperatures, both ∆ and Tph become temperature-independent [3.9]. 

  One may ask why the relaxation time follows this temperature trend. We used the 

RT model to fit the experimental data to explain it. The fitting method is similar to the 

idea of the regression analyses and we wrote our programs using a Matlab software. 
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Using the RT model, we got the temperature dependence of phonon rebreaking 

Cooper pair rate β (blue triangles), phonon anharmonic decay rate τγ-1 (green dots), 

and QP recombination coefficient R (red dots), as shown in Figs. 3.4 and 3.5.  

  Figure 3.4 presents the fitted phonon rebreaking Cooper pair rate β (blue triangles) 

and phonon anharmonic decay rate 1
γτ
− (green dots) at different temperatures using 

the Matlab software based on the RT model. Based on the results in Fig. 3.4 and 

according to our analyses in Sec. 3.2, we can further explain the 

temperature-dependent behavior of the relaxation time shown in Fig. 3.3(c). Figure 

3.4 shows that, below 0.85 Tc, 1
γβ τ − . Therefore, the QP relaxation is dominated by  

 

 

 

 

 

 

 

 

 

 

 

 

 

      
 
Figure 3.4: Temperature-dependent phonon rebreaking Cooper pair rate β (blue triangles) 
and phonon anharmonic decay rate τγ-1 (green dots) fitted based on the RT model. 
 



                                                                                49 

the direct QP recombination process only. Assuming weak photoexcitation (the 

pump-beam fluence is 0.5 µJ/cm2), the experimental /R R∆ data can be fitted with a 

single exponential decay, and τR = 1/(2NTR). Figure 3.5 presents the fitted results of 

QP recombination coefficient R at different temperatures. The calculated 

temperature-dependent 1/(2NTR) is shown in the inset of Fig. 3.5, with 

2
0 ( / )T cN N T T=  and N0 = 2.16 × 1021 /cm3. 

   

 

 

 

 

 

 

 

 

 

 

 

   

  In Fig. 3.6, we compare the temperature-dependent, 1/(2NTR) behavior shown in 

the inset of Fig. 3.5 with the experimental τR dependence obtained from the 

single-exponential (blue triangles) and bi-exponential (olive triangles) decay fits, as 

  

      
 
Figure 3.5: Temperature-dependent QP recombination coefficient R fitted from RT 
differential equations. The inset shows the corresponding τR defined as 1/2NTR. 
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shown in Fig. 3.3(c). We note that the experimental data in the temperature range 

0.25 0.85c cT T T< <  (blue triangles) agree very well with the RT 1/(2NTR) prediction 

(red circles). According to the analyses in Sec. 3.2, we know that the latter means that 

our assumption of the small photoexcitation is valid when T > 0.25 Tc. When T < 0.25 

Tc, the concentration of thermally-equilibrium QPs decreases exponentially and the 

NT equilibrium value is extremely low; therefore, thermal-equilibrium QP 

concentration is much smaller than photoexcited QP concentration, and the same 

pump fluence must be considered as the large photoexcitation. In this situation, we 

have to take into consideration the nonlinear process, where two photoexcited 

quasiparticles recombine into one Cooper pair during the relaxation process. The 

experimental data could not be fitted well with the single-exponential decay, and, 

correspondingly, the fast decay time from bi-exponential decay fit (olive triangles) 

shown in Fig. 3.6 also does not agree with the 1/(2NTR) dependence. At those low 

temperatures, the photoexcited QPs relaxation clearly follows the “bimolecular 

recombination” process described by Eq. (3.8).  

  In conclusion, we can state that the overall temperature dependence of τR fits well 

our model in which the ∆R/R signal follows the re-pairing mechanism of Cooper pairs 

in d-wave superconductors [3.6, 3.11]. 
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  Above 0.85 Tc, β > 2NTR 1
γτ
− , and according to the standard RT model, the 

photoexcited QPs recombining into Cooper pairs emit high-energy (2∆) phonons that 

rebreak Cooper pairs and form QPs again (“phonon bottleneck”), due to the slow 

phonon anharmonic decay process. Therefore, the whole relaxation process and τR are 

limited by the τγ dynamics, which is proportional to 1/∆(T) [3.12], as it was observed 

in MgB2 [3.5]. The difference is that the phonon anharmonic decay time for MgB2 is 

generally much longer than that for HBCCO since 2∆-phonons in the cuprate 

superconductors have very high energies and, therefore, short lifetimes [3.2]. In Fig. 

3.7, we compare τγ fitted from the RT model with experimental single-exponential 

      
 
Figure 3.6: Comparison of RT-predicted 1/2NTR and the experimental relaxation time fitted 
from the exponential decay shown in Fig. 3.3(c) when T < 0.85 Tc. The red circles are 
1/2NTR; the blue triangles are from the single-exponential decay fit; and the olive triangles 
are the fast relaxation time from the bi-exponential decay fit. 
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decay time τR [shown in Fig. 3.3(c)] when 0.85 c cT T T< < , and find that those two 

values are in the similar time range, which proves that our conclusion that at cT T≈ , 

τR is decided by τγ is valid. When T approaches Tc, τR and τγ are both much longer and 

difficult to fit in our case since the /R R∆  signal has a complicated bipolar shape as 

shown in Fig. 3.2.  

   

 

 

 

 

 

 

 

 

 

 

   
  Finally, Fig. 3.8 shows the power-dependent superconducting /R R∆  component 

at 30 K (T � Tc). The inset shows the corresponding power dependence of the 

relaxation time of /R R∆ and the RT model fit. We can see that the superconducting 

amplitude increases with the increase of the excitation, and τR (see the inset) is 

proportional to 01 I , as predicted by the RT model (red solid line) [3.13].  

     
 
Figure 3.7: Comparison of τγ (red circles) fitted from the RT model and τR (blue triangles) 
fitted from the single-exponential decay as shown in Fig. 3.3(c), when 0.85 Tc < T < Tc. 
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3.4    Summary 

In this chapter, we have presented a detailed study of the nonequilibrium carrier 

dynamics in Hg-based HTS thin films, performed using femtosecond pump-probe 

spectroscopy. In femtosecond experiments, it is possible to concentrate on the 

nonequilibrium carrier dynamics and neglect the much-slower, bolometric process. 

The amplitude of the superconducting ∆R/R component follows a BCS-like fit, but 

with the fitting parameter p = 2.5, which indicates that the energy gap opens slower at 

Tc than it does in classic BCS superconductors. The rise time of the superconducting 

∆R/R component is longer than that of normal state due to different excitation 

         
 
Figure 3.8: Power-dependent superconducting ∆R/R component at 30 K. The inset 
shows the corresponding power-dependent relaxation time and the RT model fit. 
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dynamics. It turns out that the temperature-dependent rise time follows a 2∆(T), 

BCS-anisotropic fit, the same as the superconducting ∆R/R amplitude [also the same 

temperature dependence as the reduced energy gap described in Eq. (3.11)]. We have 

also observed a very pronounced, 1/∆(T) divergence for the relaxation time of the 

superconducting component just below Tc and the exponential, proportional to 

phBTkTe /)(∆
behavior below 0.8 Tc, with the saturation below ~0.2 Tc. We have used the 

RT model to fit the temperature-dependent rate parameters β, R, and τγ-1 in order to 

further explain the temperature behavior of the experimental τR dependence, fitted 

from the exponential decay. We have proved that in Hg-based superconductors, the 

QP dynamics is not limited by the phonon bottleneck in a wide range of temperatures 

below Tc. Besides its physical significance, the lack of the phonon bottleneck has a 

pronounced practical importance, since it will allow us to design ultrafast 

photodetectors based on Hg-based superconductors. Such devices should be able to 

operate as efficient and inexpensive photon counters with counting rates exceeding 

100 GHz. 
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Chapter 4   Photoimpedance Character ization 

 

In this section, we present our transient photoresponse studies of HBCCO 

microbridges embedded into a coplanar strip transmission lines (CPS), using both 

real-time and sampling oscilloscope measurements. By directly observing transient 

voltage signals generated in a current-biased superconducting microbridge exposed to 

a femtosecond-in-duration laser excitation, we could determine the time-resolved 

Cooper-pair and QP dynamics in our HBCCO microbridges.  

 

4.1   Exper imental Setup 

The experimental setup for our photoresponse measurements is shown in Fig. 4.1. 

Our test samples were mounted on a cold finger inside an Oxford Instruments optical, 

continuous-flow, liquid helium cryostat and tested at temperatures ranging from 10 K 

to 160 K. A train of 100-fs-wide, 800-nm-wavelength optical pulses used for bridge 

excitation was generated by a commercial Ti:sapphire laser at a 76-MHz repetition 

rate. The beam was uniformly focused on the bridge and the laser fluences incident 

on the microbridge ranged from 3 µJ/cm2 to 15 µJ/cm2. They would not cause any 

significant heating effect, because ~10 µJ/cm2 fluence would result in < 0.5-K 

permanent bridge heating, which was estimated by observing that the bridge Ic 

suppression was almost negligible when the structure was illuminated with the 10 

µJ/cm2 light illumination.  
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  The bridge was current-biased through the CPS, which was connected to a bias-tee 

via a semirigid coaxial cable. A second semirigid cable connected the bias-tee to a 

Lucix broadband (0.1 to 10 GHz) amplifier and either a 15-GHz sampling 

oscilloscope (Tektronix TDS 8000) or a 6-GHz single-shot oscilloscope (Tektronix 

TDS 6604). We note that with the read-out electronics used, the effective bandwidth 

of our entire apparatus limits the temporal resolution of our measurements to around 

100 ps.   

 

 

 

 

 

 

 

 

 

4.2   Exper imental Results and Discussion 

Figure 4.2 presents a family voltage–current (V–I) curves of one of our microbridges, 

collected at different temperatures using a four-point measurement. The inset shows 

the Jc versus T data that follow the Jc = J0(1–T/Tc) dependence, typical for 

anisotropic-gap HTSs with the fitting parameter J0 ≈ 2.11 × 105 A/cm2. The latter 

value confirms high quality of our HBCCO samples. 

   
 

Figure 4.1: A schematic diagram of our photoresponse measurement setup. 
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  Figure 4.3 demonstrates the actual photoresponse transient, measured at 15 K using 

the 15-GHz-bandwidth oscilloscope, with a 0.7Ic bias current, and a laser fluence of 

13 µJ/cm2 hitting the bridge. We note that the waveform is actually a superposition of 

five main pulses separated by an interval of 124 ps and corresponds to the actual 

photoresponse signal (the first pulse) and its, subsequent, reflections. We managed to 

confirm the above conclusion by observing that when we modified our experimental 

configuration by changing, the distance between the coaxial cable and the bridge by, 

e.g., increasing the length of the wire bonds (rewiring the test sample), the repeated 

measurements still resulted in the multi-peak waveforms, but with the increased, 

correspondingly, peak-to-peak time separation. Simultaneously, the very long 

wire-bonds led to a very dispersed double-peak or triple-peak transients. 

   

 

 

 

 

 

 

 

 

 

   
 

 
Figure 4.2: V–I curves measured at different temperatures. The inset shows the 
temperature-dependent critical current density Jc. 
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  Following already published research on the transient photoresponse of optically 

excited YBCO microbridges [4.1-4.3], for our data analysis, we used the 

kinetic-inductive photoresponse model [4.4] and the RT equations [4.5] to fit our 

experimental signals. Since the observed photoresponse was limited by our 

experimental system and the RT model does not include the early thermalization of 

highly-excited quasiparticles [4.3], we adjusted the excitation pulse-width parameter 

in the RT equations [Eq. (3.1)] to account for the system bandwidth limitation. The 

resulting best fit is shown as the dashed line in Fig. 4.3. 

Next, we superimposed the identical pulse but delayed it by 124 ps. The result is 

shown as a solid line in Fig. 4.3 and we can see that our combined fit reproduces the 

first two peaks of the experimental transient well, further confirming that the second 

peak, as well as the others, in the transient in Fig. 4.3 is indeed reflections. The negative 

components predicted by the kinetic-inductive model are, of course, not represented in 

the later time experimental data, but when we shifted the negative part of the dashed 

line by 4 × 124 ps, it coincided very well with the negative segment of the experimental 

transient. Thus, the intrinsic photoresponse of our HBCCO structures is indeed 

governed by the nonequilibrium kinetic-inductive mechanism with the positive part of 

the transient representing optically induced breaking of Cooper pairs, while the 

negative part is the QP relaxation process. 

Since the 90-ps-wide initial peak in Fig. 4.3 corresponds to our system’s temporal 

limitation, we can set only an upper, ~300-ps limit, on the QP relaxation time (the fall 

time of the negative part of the dashed line in Fig. 4.3). From our earlier all-optical 
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pump–probe experimental results in Chap. 3, we know, however, that in HBCCO 

superconductors, the QP dynamics is within a single-picosecond time scale; therefore, 

our intrinsic photoresponse signal should also be within a single-picosecond range 

and the signal measured is limited by the bandwidth of our experimental system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

We have measured transient photoresponses of our bridges at three different laser 

fluences incident on the device and at three different temperatures at the biasing 

points Ib = 0.75 Ic and 0.85 Ic, respectively. We chose Ib ~ 0.8 Ic, because it gave us 

the good signal-to-noise under tested experimental conditions. The results of the 

above measurements are shown in Figs. 4.4(a) and 4.4(b), where we present the 

   
 
Figure 4.3: HBCCO photoresponse signal (circles) measured at 15 K with a 0.7Ic bias 
current and a laser fluence of 13 µJ/cm2. The dashed line is the fitted single pulse using 
the kinetic-inductive RT model. The solid line is the simple superposition of two fitted 
kinetic-inductive pulses, indicating that the experimental secondary pulses are 
reflections, each delayed by 124 ps. 
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amplitude of the first photoresponse peak of the transient; measured versus laser 

fluence and temperature, respectively. The dashed line in Fig. 4.4(a) represents 

theoretical prediction of the transient QP concentration change, based on the RT 

equations and the kinetic-inductive model, while in Fig. 4.4(b), we fitted the data with 

the superconducting BCS-anisotropic energy-gap temperature dependence (dashed 

line) obtained in Fig. 3.3. In both cases, we have a satisfactory fit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              
 
Figure 4.4: The transient photoresponse amplitude versus (a) the incident laser fluence 
measured at 15 K and at 0.85 Ic; (b) the reduced temperature measured at 13 µJ/cm2 and at 
0.75 Ic. The dashed lines in (a) and (b) correspond to the RT fit and the Hg-Ba-Ca-Cu-O 
BCS-anisotropic energy-gap temperature dependence (see Fig. 3.3), respectively. 
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  Finally, in order to better understand the nature of the bolometric-heating 

component of the Hg-Ba-Ca-Cu-O photoresponse, we performed measurements of a 

bridge maintained at temperatures close to Tc and excited it with relatively high 

optical fluences. The representative waveforms obtained with the help of a 

6-GHz-bandwidth oscilloscope are shown in Fig. 4.5. We note that the overall shape 

of the signal is quite different, compared to the one observed earlier (Fig. 4.3). Now, 

the transients consist of a fast initial peak, followed by slow resistive shoulders. The 

initial peak amplitude increases linearly with the current-bias Ib increase (see the inset 

in Fig. 4.5), which confirms that it has the kinetic-inductive origin [4.3], but it is 

followed by a several-nanosecond-long shoulder. The shoulder was the most 

pronounced when the bridge was biased near Ic in the flux-flow regime. 

 

 

 

 

 

 

 

 

 

 

       
Figure 4.5: Hg-Ba-Ca-Cu-O photoresponse signals measured at 70 K at three different bias 
currents with a laser fluence of 15 µJ/cm2. The inset shows the photoresponse peak 
amplitude versus the bias current Ib. 
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We associate the long shoulder with the thermal heating, as shown in Fig. 4.6, 

where we fit it (dashed line) as a thermal, ~5-ns-long exponential decay. The value of 

τslow corresponds well to the value of the phonon escape time given in [4.6]. In order 

to confirm the kinetic-inductive origin of the initial peak, we subtracted the 

exponential decay fit from our experimental data points and, as a result, we obtained a 

fast, ~300-ps-wide transient, as seen in the inset in Fig. 4.6. The successful fit of the 

latter pulse using the kinetic-inductive RT model (solid line in the inset) 

unambiguously confirms that the intrinsic photoresponse of optically excited HBCCO 

thin films has the nonequilibrium kinetic-inductive origin. 

   

 

 

 

 

 

 

 

 

 

 

 

 

   
 
Figure 4.6: A photoresponse signal at 70 K when the bridge was biased with Ib = 2 mA (see 
Fig. 4.5) and excited with the laser fluence of 11 µJ/cm2. The slow shoulder is fitted by a 
single-exponential decay (dashed line). The inset shows the same transient, but with the 
exponential shoulder subtracted and the kinetic-inductive RT fit (solid line). 
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4.3   Possible Photodetector  Design 

Our optical pump-probe spectroscopy results in Chap. 3 have shown that the QP 

relaxation dynamics for HBCCO is in a single-picosecond range and it represents 

intrinsic QP recombination process with no “phonon bottleneck” influence. This fast 

relaxation is directly related with the large superconducting energy gap of HBCCO, 

which makes this material very unique from other superconductors. Therefore, 

HBCCO has an excellent potential as ultrafast photodetector material. As a 

comparison, Fig. 4.7 shows the transient differential reflectivity ∆R/R in the 

superconducting state for BiSrCaCuO [4.7] and Nb [4.8] superconductors. Both of 

them show hundreds of picoseconds time range relaxation dynamics, therefore, 

photodetectors made from those two materials would have much slower response 

compared with HBCCO.   

 

 

 

 

 

 

 

 

 

  From the photoimpedance experimental results shown in Sec. 4.2, we know that 

        

   
 

(a)                                       (b) 
 
    Figure 4.7: Transient differential reflectivity signals ∆R/R of (a) BiSrCaCuO and (b) Nb. 
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our current design of CPS shown in Fig. 2.3 needs some improvements, so that we 

can eliminate the multiple reflection signals shown in Fig. 4.3 and also ensure better 

signal transmission. The new CPS design should follow these rules: 

1) Make the characteristic impedance of the CPS 50 Ω to decrease the reflection 

caused by the impedance mismatch with external circuitry (e.g., an 

oscilloscope).  

2) Use the substrate with a good lattice epitaxial match with HBCCO, low 

dielectric constant ε, and low dielectric loss tangent tanδ to speed up the 

transmission line signal propagation and also decrease its RF loss. Besides, 

the substrate dielectric constant should not change with the temperature 

change, electric field, and magnetic field.   

Based on the above rules, for the future photodetectors, we most likely should use 

MgO instead of LaAlO3 as a substrate. MgO substrate has a much lower dielectric 

constant and much smaller RF loss, as compared with LaAlO3 (ε and tanδ of MgO are 

9.7 and 3.3×10-7 at 77 K, while ε and tanδ of LaAlO3 are 25 and 6×10-5 at 77 K). On 

the other hand, we need to admit that LaAlO3 has a better epitaxial match with 

HBCCO since MgO lattice constant is 4.21 Å and LaAlO3 lattice constant is 3.86 Å. 

Both substrates are not temperature sensitive.  

  The proposed designs of CPS and photodetector are shown in Fig. 4.8 (a), (b), and 

(c). In Fig. 4.8(c), we propose to use a meander-type structure instead of a 

microbridge as a photodetector since the large-area structure is much more sensitive 

and ultimately could be used for single-photon detection.  
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  The HBCCO devices can be immersed into the liquid nitrogen tank. The bias 

current is applied through a semirigid coaxial cable, which is directly connected with 

the signal line of the CPS, instead of using the wire-bonds, in order to eliminate the 

reflection. As for the optical input, a single/multiple mode fiber should be used to 

implement photoexcitation of our detectors [4.9]. Of the three proposed designs 

shown in Fig. 4.8, Fig. 4.8(c) is the most suitable for ultimately detecting the single 

photons. However, such vision is still very difficult (impossible?) to realize, since the 

                      
 

(a)                                       (b) 
 

                   
                                   (c) 
 
 
   Figure 4.8: Proposed designs of CPS and superconducting photodetectors.   
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detectors suitable for photon counting would require deeply submicron meander 

dimension and nanometer-thick HBCCO strips. Both, at the present stage of the 

HBCCO fabrication technology (post-annealed, rough films), are completely 

impossible to achieve.  

 

4.4   Summary 

In this chapter, we have presented our detailed study of the photoresponse dynamics 

in Hg-based thin films by observing the transient photoimpedance signals, induced by 

the photoexcitation of the current-biased microbridges. At low temperatures, and 

under low bias and low excitation conditions, we observed the fast, ~90-ps 

(system-limited), kinetic-inductive response, associated with the Cooper-pair 

breaking and quasiparticle recombination processes. At high temperatures, close to Tc, 

the photoresponse was a superposition of the fast kinetic-inductive transient and a 

much slower resistive signal, with the fast part essentially the same as the one 

observed at low temperatures and under low bias. The bolometric (resistive) 

component corresponded to the heat transfer from the film to the substrate. The 

observed fast kinetic-inductive relaxation dynamics in our HBCCO devices makes 

this material very promising for ultrafast photodetector applications. Photoimpedance 

measurements proved the feasibility of using HBCCO as ultrafast photodetectors 

from device point of view. We also proposed some possible photodetector designs for 

the future applications.  
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Chapter 5   Terahertz Spectroscopy     

            Characterization 

 

5.1   Terahertz Spectroscopy 

Terahertz radiation has been used in such diverse fields as astronomy and analytical 

sciences for very long time [5.1]. Recent innovation in photonics and nanotechnology 

expanded THz applications into novel fields, such as information and communication 

technologies, biology and medical sciences, non-destructive evaluation, homeland 

security, and global environmental monitoring [5.1]. There are two most widely 

known mechanisms for the generation of THz pulses: transient photoconductivity and 

optical rectification in crystals with large second-order nonlinearity such as ZnTe or 

DAST. In our experiments, we used optical rectification in ZnTe as a THz generator. 

One milestone of THz applications is development of THz time-domain 

spectroscopy (THz-TDS). THz-TDS is an ultrafast optical technique in which 

free-space electric-field transient is used to measure the complex optical constants 

(conductivity, refraction index, etc.) of a material. This technique is far superior to 

conventional far-infrared Fourier transform spectroscopy for analyzing a wide variety 

of materials [5.2]. The main advantages of THz-TDS are: 

(1) The complex optical constants are deduced without resort to the   

Kramers-Kronig analysis. 

(2) Carrier dynamics after photoexcitation can be investigated through optical 



                                                                            72                                                                             

pump–THz probe (OPTP) spectroscopy. 

(3) The coherence of THz generation and detection beams helps to eliminate the 

effect of background thermal radiation. 

(4) The THz radiation can be tightly focused on a test sample to avoid 

diffraction, since the emitter can be taken as a point source. 

(5) A very wide range of frequencies (300 GHz to 4 THz typically, and 

potentially down to 30 GHz and up to 30 THz) is covered with this technique. 

(6) It is possible to obtain high-resolution images of even hidden objects using 

time-domain spectroscopy methods. 

  We have performed transmission THz-TDS on our HBCCO samples. The basic 

idea can be described as following: a generated sub-picosecond burst of 

electromagnetic radiation passes through a sample, and its time-domain shape 

changes compared to the reference pulse, which can be either a free-space 

propagating signal or a pulse transmitted through a medium of known properties. 

Properties of the material under test can be obtained through an analysis of changes in 

the complex Fourier spectrum. Namely, after performing the fast Fourier transform 

(FFT) of the time-domain transient, the frequency-dependent magnitude and phase 

components of the signal are obtained. By comparing the obtained data to the 

reference signal, either the frequency-dependent complex index of refraction n(ω) or 

conductivity σ(ω) of the sample’s material can be deduced without resorting to 

Kramers-Kronig analysis. The beam size of THz studies is larger than that of optical 

pump-probe measurements, and the THz radiation wavelength is much larger in size 
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than the sample granularity, thus, the measurement results are insensitive to the 

sample roughness or granularity. The latter is important in the case of our ex-situ 

grown HBCCO films, which have a rough surface and are to some extent 

multi-phased specimens, as shown in Chap. 2. The experiments performed on our 

HBCCO samples were conducted in collaboration with the group of Prof. Hayden 

from the University of Maryland at Baltimore County, Baltimore, MD. 

Various pairing theories predict different temperature behaviors of the complex 

conductivity σ = σ' - iσ" in HTSs [5.3], therefore, by measuring the temperature- and 

frequency-dependent σ' and σ" components, we should be able to shed a new light on 

the pairing mechanism in the HBCCO material. Besides, the spectral and dynamic 

studies of σ at frequencies below the superconductor energy gap provide the direct 

information about low-lying excitations in the superconducting state. 

  For ZnTe THz emitter, the obtained THz frequency spectrum range is within 3 THz, 

which is far less than 2∆ of HBCCO, therefore, we are not able to detect the 

gap-related HBCCO features directly, however, since we can get re imiσ σ σ= − , we 

can study the carrier dynamics after optical excitation through the σ dynamics. As we 

stated in Chap. 1, in the superconducting state, σim is dominated by the Cooper-pair 

density, while σre is a measure of the QP density and the e-ph scattering time [5.4].  

Independently, THz emission itself can also be used for spectroscopy study, since 

THz waves can be generated through ultrafast modulation of photoexcited carriers in 

the electronic materials including HTSs [5.1]. 
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5.2   Experimental Setup 

Figure 5.1 shows our experimental setup, which was used for both the transmission 

THz-TDS and OPTP measurements. A commercial Ti:sapphire amplifier system 

(Spectra-Physics, Spitfire), used as our laser source, was characterized with 1-kHz 

repetition rate, 800-nm wavelength, 50-fs pulse duration, and a total output power of 

~500 mW.  

  The output from the laser was split into three beams. Beam 1 after chopper 1 and a 

computer-controlled delay line went through a hole made in parabolic mirror 2 (PM2) 

and was used to pump (excite) our HBCCO sample and generate photoexcited QPs. For 

static transmission THz-TDS, we simply used the optical pump beam for the alignment 

purpose and then blocked it. Beam 2 was focused onto a 1-mm-thick <110> ZnTe 

emitter crystal through an Au-coated 90º off-axis parabolic mirror (PM5) to generate 

THz radiation via optical rectification. The THz radiation was then collimated and 

focused onto our HBCCO sample through PM1 and PM2. The THz beam size was 

around 1 mm in diameter, which was smaller than the 2-mm optical pump beam size, 

so that the probed area was uniformly pumped. The THz beam transmitted through the 

HBCCO sample, and was then collected and focused by PM3 and PM4 onto a 

2-mm-thick <110> ZnTe detector crystal. Beam 3 (very weak) was used to detect the 

THz transmission through the HBCCO film via a free-space electro-optic (EO) 

sampling effect in the ZnTe detector. Namely, the linearly-polarized optical probe 

beam (beam 3) gained elliptical polarization due to the induced birefringence by the 

THz pulse, when passing through the ZnTe detector. In details, the electrical field of a  
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THz pulse (beam 2) induced a small change of the refractive index in the ZnTe sensor 

through a non-linear Pockels effect, which, subsequently, generated the change of the 

elliptical polarization of beam 3. The ellipticity of beam 3 was proportional to the THz 

field applied to the ZnTe crystal by beam 2. The computer-based data acquisition 

system included two balanced photodetectors and a lock-in amplifier. The time-domain 

THz pulse was mapped out by measuring the difference of the two balanced detectors 

at different time delays. Finally, the HBCCO film was mounted on a cold finger inside 

an optical, continuous-flow, liquid-helium cryostat with the temperature controlled 

between 8 K and 293 K.  

 

5.3   Experimental Results and Discussion 

5.3.1   THz-TDS Experimental Results 

We have performed our transmission THz-TDS experiments in the temperature range 

between 293 K and 8 K on both a HBCCO thin film and a bare LaAlO3 substrate. 

Figure 5.2 shows the transmitted THz signals for a nominally (before annealing) 

500-nm-thick HBCCO film at different temperatures and Fig. 5.3 shows FFT spectra of 

the time-domain THz signals in Fig. 5.2. The THz transient amplitude decreased and the 

peak position shifted slightly as the temperature dropped below Tc, indicating that 

Cooper pairs contributed to both the increased reflectivity and the phase shift via σim 

part of the conductivity. We stress that the observed temperature-related changes in the 

THz transient are solely due to the change in the HBCCO superconducting properties 

since, as shown in Fig. 5.4, the reference THz-TDS studies performed on the bare 
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LaAlO3 revealed no THz transmission changes with the temperature, indicating no 

substrate absorption. The refractive index of LaAlO3 remained constant in the test 

temperature range and was ~4.85 for frequencies below 1 THz, which agrees with the 

result reported by Zhang [5.5]. As shown in the inset in Fig. 5.2, above Tc, the amplitude 

of the transmitted electric field decreased slowly with the temperature decrease, due to 

the progressive increase of the film conductivity. When the temperature dropped below 

Tc, there was a sharp drop in the THz transmission, as we will show later, directly related 

to the strong increase in σim. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       
Figure 5.2: Time-domain transmitted THz field through an HBCCO film at different 
temperatures. The inset shows temperature dependence of the THz field amplitude.  
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Figure 5.3: Fast Fourier transform (FFT) of transmitted THz field through our HBCCO 
film at different temperatures.  

  
Figure 5.4: Time-domain transmitted THz field through a bare LaAlO3 substrate at 
two extreme temperatures.  
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5.3.2   THz-TDS Experiments – Complex Conductivity Analysis 

Our HBCCO film on the LaAlO3 substrate was put in the experimental THz optical 

path at the normal incidence to the THz beam [5.6], as is schematically illustrated in 

Fig. 5.5(a); therefore, the transmitted waveform can be expressed as 

 
31 3 3( ) exp[ ( / ) ],sam subE Et t in c dω ω+ =                                (5.1) 

 
with the transmission coefficient t of the air/HBCCO/LaAlO3 system equal to [5.7]: 

 
12 23 2 2

12 23 2 2

exp[ ( / ) ]( ) ,
1 exp[2 ( / ) ]

t t in c dt
r r in c d

ωω
ω

=
+

                                   (5.2)  

 

where ( )2 ,ij i i jt n n n= +  ( ) ( ),ij i j i jr n n n n= − +  E is the incident THz field, d2 

and d3 are thicknesses of the thin film and substrate, respectively, and ni and nj are 

complex refraction indexes. In general, we should consider a Fabry–Pérot effect due to 

multiple reflections from the sample interferences [5.8]. However, since the thickness 

of LaAlO3 was ~0.5 mm, even the first-reflection signal would be outside the time 

window of interest associated with the transmitted signal; therefore, reflections caused 

by the substrate were ignored, but we still took into consideration the multiple 

reflections of the HBCCO thin film in Eq. (5.2). 

  In the case of the bare LaAlO3 substrate illuminated with the THz radiation 

[Fig. 5.5(b)], the transmitted waveform can be expressed as 

 
213 31 3 3exp[ ( / ) ]exp[i( / ) ].air subE E t t i n c d c dω ω+ =                         (5.3) 

 



                                                                            80                                                                             

Thus, dividing Eqs. (5.1) and (5.3), we get 

 

213( ) /( exp[ ( ) ]) ( ) exp( ( )),sam sub

air sub

E t t i c d A i
E

ω ω ω ϕ ω+

+

= / =                   (5.4) 

 
where A(ω) is the frequency-dependent magnitude of Esam+sub divided by that of Eair+sub, 

and ϕ(ω) is the frequency-dependent phase of Esam+sub subtracted by that of Eair+sub. 

Since, in our case, ( )2 1n c dω   and 2 3 1,n n   therefore [5.7]: 

 
3

2
23 0

1 ( ) exp( ( / )),
1 ( )

n A i d c
n Z d

ω ϕ ω ω
σ ω

+
= ( ) +

+ +
                       (5.5) 

 
where Z0 is the impedance of free space. Equation (5.5) shows that now we can directly 

relate the experimentally measured THz-TDS spectra [Eq. (5.4)] to the complex σ(ω) 

of our sample. 

 

 

 

 

 

 

 

The complex σ(ω) of superconductors can be described by the two-fluid model [5.9] 

and is composed of two parts: an imaginary part that is dominant below Tc and related to 

 

21 3E 1 Esam+sub

  

E Eair+sub1 1
3

31

 
                   (a)                                       (b) 
 
Figure 5.5: Schematics of THz wave transmission through (a) an HBCCO thin film sample + 
LaAlO3 substrate (sam + sub) and (b) air + a bare LaAlO3 substrate (air + sub). The number 1, 2, 
and 3 correspond to air, HBCCO sample, and LaAlO3 substrate, respectively.  
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the superfluid fraction fs of electrons and a Drude component proportional to the normal 

electron fraction fn [5.3]: 

 

( ) ( )
( )

( )2

re im 1, ,
,

n sf T f TneT i
im T i

σ ω σ σ
ωτ ω ω∗ −

 
 = + = −
 − 

                      (5.6) 

 
where fn + fs = 1 and τ(ω,T) is the QP scattering time.  

  Finally, we can express σre(ω) and σim(ω) with A(ω) and ϕ(ω): 

 
2 3

0

(cos( ( ) / ) ( ))(1 )( )
( )re
d c A n

A Z d
ϕ ω ω ωσ ω

ω
+ − +

=                           (5.7) 

 

and 2 3

0

sin( ( ) / )(1 )( ) .
( )im

d c n
A Z d

ϕ ω ωσ ω
ω

+ +
=                               (5.8) 

 
The temperature dependences of σre and σim are presented in Fig. 5.6. Figure 5.6(a) 

shows that σre increases with the decrease of temperature, exhibits a small cusp at ~Tc, 

and reaches the main peak below Tc, which is due to a competition of the decrease of 

the density of QPs and the simultaneous increase of their scattering rate. The main σre 

peak shifts to lower temperatures with lower frequencies and its amplitude becomes 

larger. On the other hand, Fig. 5.6(b) demonstrates that the σim component increases 

dramatically below Tc, which is due to the presence and increase of the 

superconducting condensate (Cooper pairs). There is a small nonzero σim in the normal 

state, apparently, due to a residual kinetic-inductive effect. The latter can be speculated 

as an evidence of the pseudogap state, but more systematic studies are needed. 
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Figure 5.6: (a) Temperature-dependent real conductivity σre at different frequencies; 
(b) Temperature-dependent imaginary conductivity σim at different frequencies. 
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5.3.3   Time-Resolved OPTP Experiments – Two Methods  

Optical excitation of a superconductor induces its own ∆σre and ∆σim changes that, 

subsequently, result in a change in the transmitted transient THz electric field ∆E(t). As 

we mentioned before, the ∆σim component contains information about the photoexcited 

superconducting condensate density, while the photoexcited QP (normal electron) 

density is probed by ∆σre.  

  There are two methods to get carrier dynamics from OPTP spectroscopy 

experiments. One method (Method 1) involves measuring transient conductivity by 

first measuring and calculating the static conductivity of the HBCCO thin film 

without an excitation as described in Sec. 5.3, then getting the transient conductivity 

at different time delays between the optical pump and the THz probe after the optical 

excitation, and finally, deriving the time-domain transient change of complex σ. This 

method is generally suitable for all kinds of situations, but it involves taking 

time-domain THz signals at different time-delays to get the dynamics curve after 

excitation, therefore, it is very time-consuming, and would bring errors caused by the 

laser and temperature fluctuations associated with the long measurement period.  

  The other method (Method 2) is relatively simple. First, we fix the optical-delay 

line associated with the THz probe and detection at the position where the positive, 

maximum peak of the THz electric-field waveform occurs [ )( maxttE =∆ ], then scan 

the optical pump beam. The photoinduced dynamics of Δσ(t) and the corresponding 

carrier dynamics can be extracted more efficiently with high temporal precision. 

However, the latter method has some limitations, since it is suitable in the case when 
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only the time-domain position/phase (peak position t = tmax in our case) of the THz 

transmission signal shifts at different delays after optical excitation, or when only the 

amplitude shifts, but not when both the position and amplitude have obvious changes 

simultaneously.  

  From Sec. 5.3, we know that, for our HBCCO samples, at different temperatures, 

only peak-amplitude of THz transmission field changes. This indicates that the 

femtosecond optical excitation in our OPTP measurements mainly increases the 

amplitude of the transient THz field. Therefore, when we fix the optical-delay line 

associated with the THz-probe-signal (adjust the delay stage of beam 2 in Fig. 5.1) at 

the position where the positive, maximum peak of the THz electric-field waveform 

occurs [∆E(t = tmax )] and vary the arrival time of our optical pump pulse (beam 1 in 

Fig. 5.1), we would obtain the time-resolved ∆σ(t) dynamics and the corresponding 

photoexcited QP dynamics.  

  We have performed OPTP measurements on our HBCCO sample at 65 K using 

Method 2. First, we did the THz-TDS measurement at 65 K (beam 1 blocked), and 

fixed the delay-line between beam 2 and beam 3 (see Fig. 5.1) at the position E(t = 

tmax). Next, by moving the delay stage of beam 1, we got the ∆E(t = tmax) dynamics after 

photoexcitation, which are shown in Fig. 5.7 (solid line). In order to further confirm 

that Method 2 is suitable for our HBCCO sample, we also measured the ∆σim dynamics 

using Method 1 (empty circles in Fig. 5.7). First, we blocked beam 1 and did THz-TDS 

measurement on our HBCCO sample and the LaAlO3 substrate at 65 K. Then we 

moved the delay stage of beam 1 to 15 separate positions right after the zero-delay 
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between beam 1 and beam 2. And, at each delay position, with beam 1 unblocked, we 

did THz-TDS measurements on the HBCCO sample (LaAlO3 is transparent to 

800-nm-wavelength light). Finally, we derived the ∆σim (see Sec. 5.3.2) and got 

photoexcited ∆σim dynamics. The comparison result confirmed that both methods 

presented the corrected photoexcited QP dynamics of our HBCCO sample. 

    

 

 

 

 

 

 

 

 

 

 

 

5.3.4   Time-Resolved OPTP Experimental results 

Following OPTP results obtained in the previous section, we, subsequently, 

exclusively used Method 2 for the experiments. Figure 5.8 shows our OPTP results at 

different temperatures below Tc with an optical fluence of the pump beam of 2 µJ/cm2. 

     
Figure 5.7: Normalized OPTP signals at 65 K presenting the carrier dynamics, obtained 
using two different methods: measuring time-resolved THz transients )( maxttE =∆ and 
the optically-induced ∆σim component, respectively. 
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The measured THz ∆E(t) transients have decay times of the order of 2 ps and 

represent the photoexcited QP relaxation (Cooper-pair formation) dynamics. We note 

that contrary to the common, slow relaxation process in photoinduced 

superconductors, which we referred earlier as the phonon-bottleneck effect (see Sec. 

3.3) and which is due to the secondary pair-breaking by the 2∆ phonons emitted 

during the process of two-QP recombination into a Cooper pair, our ∆E(t) transients 

presented in Fig. 5.8 (see also Fig. 5.7) are only ∼2-ps long and represent the intrinsic 

QP recombination process. The latter observation is in direct agreement with our 

earlier, all-optical, pump–probe spectroscopy studies (see Chap. 3) and confirms that 

far below Tc, phonon contribution is negligible in the relaxation dynamics of the 

nonequilibrium HBCCO superconductors. 

 

 

 

 

 

 

 

 

 

 

 
   
Figure 5.8: Normalized transmitted THz transients )( maxttE =∆  at different 
temperatures below Tc obtained from OPTP experiments using Method 2. 
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5.4   Summary 

In this chapter, we have presented our complex conductivity studies of HBCCO HTS 

thin films using the THz-TDS and OPTP techniques. Terahertz studies are the 

bulk-type measurements considering the 1-mm diameter of the THz beam, thus, they 

are insensitive to the sample roughness, granularity, or inhomogeneity, which is 

typically much smaller in size compared to the THz radiation wavelength. The latter is 

important in the case of our ex-situ grown HBCCO films, which have a rough surface 

and are, to some extent, multi-phased specimens. From the THz-TDS measurements, 

we observed that σre showed a peak below Tc, and the peak shifted to lower 

temperatures with lower frequencies. At the same time, σim  had a sharp increase, when 

temperatures decreased and crossed Tc, due to the increase of Cooper-pair density and 

formation of a superconducting condensate. Both findings in general agree with the 

complex σ model for low-energy excitations (far below the material’s 2∆) in the 

superconductors. The time-resolved QP relaxation of HBCCO, measured directly by 

the OPTP technique, exhibited an intrinsic single-picosecond dynamics with no 

phonon bottleneck, nor a substantial bolometric signal plateau. Both OPTP and optical 

pump-probe spectroscopy detect the same photoexcited QP relaxation dynamics. In 

optical pump-probe spectroscopy, the probe beam energy is far above 2∆. The 

reflectivity signal changes due to the change of transient absorption of the probe beam, 

which represents the transient QP density change. In OPTP spectroscopy, the probe 

beam energy is far below 2∆. The pump beam induces transient change of QP and 

Cooper pair concentrations, which correspondingly changes the complex conductivity 
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of HBCCO, and then causes the change of the transmitted THz waveform. Our 

experimental results showed that both techniques demonstrated the single-picosecond 

relaxation dynamics of HBCCO, which further confirms this unique feature of 

HBCCO system among all, both LT and HT, superconductors, and makes this material 

unique for ultrafast photodetector applications. 
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Chapter 6   Conclusions 

 

6.1   Thesis Summary 

Hg-based HTSs have attracted much attention since they exhibit the highest 

superconducting transitional temperatures and allow for coexistence of 

superconductivity and magnetic field. In this thesis, we used optical and THz 

spectroscopy experiments to shed new light on the carrier dynamics in Hg-based HTS, 

as well as get a better understanding of the phenomenon of high temperature 

superconductivity in general.  

  With the help of optical pump-probe experiments, we have demonstrated that 

unlike in other LTS and HTS materials, the photoexcited carrier dynamics of HBCCO 

is limited only by QP relaxation and is within a single-picosecond range at most 

temperatures below Tc. In optical pump-probe spectroscopy, we measured the 

temperature- and power- dependent transient reflectivity signals. The signals changed 

their sign from negative to positive, when the system was transferred from the 

superconducting state to the normal state. In the superconducting state, the amplitude 

and rise time of the transient photoresponse signal followed the same temperature 

dependence as that of a BCS-anisotropic energy gap, which can be interpreted as a 

direct pair-breaking process. The relaxation time of the superconducting 

photoresponse just below Tc followed 1/∆(t) dependence, since it was decided by the 

phonon anharmonic decay process. Below 0.8 Tc, the relaxation time was not 
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influenced by the “phonon bottleneck” effect, and was in a single picosecond range, 

which was limited only by the direct recombination of QPs into the Cooper pairs. The 

ultrafast dynamics of the Hg-based HTS well below Tc demonstrates that HBCCO is 

an excellent candidate for ultrafast photodetectors. 

  Our photoimpedance measurements together with the proposed photodetector 

designs confirmed the feasibility of using Hg-based HTS microbridges as ultrafast 

radiation photodetectors, although we could not properly time-resolve the real 

photoimpedance signals due to the bandwidth limitations of our electronics. In the 

photoimpedance measurements, we characterized the voltage-current property of our 

microbridge structures. Both the temperature and laser-fluence dependences of the 

photoresponse signals were measured. At low temperatures far below Tc and under 

low-bias and low-excitation conditions, we observed ~90-ps (system-limited), 

bi-polar, kinetic-inductive response signals, associated with the Cooper-pair breaking 

and QP recombination processes. At temperatures close to Tc, the photoresponse was 

a superposition of the fast, kinetic-inductive transient and the slow resistive 

background, with the fast component essentially the same as the one observed at low 

temperatures and under low bias. The bolometric (resistive) component corresponded 

to the heat transfer from our microbridge sample to the substrate.  

  Finally, using the transmission THz-TDS spectroscopy, we measured, for the first 

time, the temperature dependence of the complex conductivity of Hg-based HTS. In 

the transmission THz-TDS experiments, we observed that σre showed a peak below Tc 

which shifted to lower temperatures with lower frequencies. At the same time, σim had 
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a sharp increase below Tc, due to the increase of Cooper-pair density and formation of 

the superconducting condensate. We have introduced two methods to perform the 

OPTP spectroscopy measurements. The time-resolved QP relaxation of HBCCO 

measured by the OPTP technique demonstrated again the intrinsic, single-picosecond 

photoexcited QP dynamics with no phonon bottleneck. The latter makes Hg-based 

oxide superconductors truly unique in their intrinsic recombination mechanism of 

QPs into Cooper pairs. 

 

6.2   Future Work 

6.2.1   Hg-Based HTS Anisotropy 

In the transmission THz-TDS, we have studied the superconducting properties of 

HBCCO along the c-axis (perpendicular to CuO2 layers) and we have determined the 

complex conductivity and the penetration depth. In the future, it would be interesting 

to study the HBCCO anisotropy, as this material is a truly two-dimensional 

superconducting system. Instead of being parallel to the c-axis, the incident angle of 

the THz beam should be as large as possible (> 45º). As a result from this proposed 

experiment, we should be able to get the complex conductivity and penetration depth 

in the ab-plane; therefore, we can get the complete, anisotropic parameters of our 

HBCCO thin films. The other possible approach would be to obtain a-axis oriented 

HBCCO thin films.  

 
 
    



                                                                            93                                                                       

6.2.2   Josephson Plasma Resonance 

Besides the scientific interest, applications for superconducting materials have been 

the driving force for superconducting electronics. Superconducting coils with 

persistent currents are used to generate very high magnetic fields. Type II 

superconductors are the most useful, since they allow for the coexistence of the 

superconductivity and magnetic field. The Hg-based materials are extreme type-II 

superconductors and the magnetic field penetrates them in a form of vortices. The 

physics of vortices in HTS materials in general, and HBCCO in particular, is very 

complex and needs to be further explored in order to successfully develop, e.g., 

extremely, high magnetic field magnets, or current storage devices. 

  C-axis Josephson plasma resonance (JPR) originates from tunneling of Cooper 

pairs between the CuO2 layers, and allows electromagnetic waves in a narrow 

frequency range above JPR to have very high transmission. In anisotropic HTSs, the 

plasma frequency in the ab-plane is close to the optical (1.5 eV) range, while the JPR 

along the c-axis is in the THz range [6.1], therefore, the THz-TDS transmission 

method, introduced in Chap. 5, can be used to detect the JPR. In order to excite the 

JPR, an electrical field component of the THz pulse has to be along the c-axis. 

Therefore, instead of normal incidence as in Chap. 5, one needs to apply the THz 

radiation signal at the large incidence angle, e.g. 45º. The JPR will be detected as an 

oscillation following the main pulse in the time domain, which corresponds to a 

narrow peak in the frequency domain. The oscillation frequency and the JPR 

amplitude behavior change with the temperature and the applied magnetic field. 
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  Under the zero magnetic field condition, the temperature-dependent JPR peak 

frequency position should reveal information on the c-axis penetration depth 

temperature dependence. The temperature-dependent JPR linewidth in the frequency 

domain, on the other hand, can be directly related to the QP scattering rate [6.2]. 

  Under certain magnetic field along the c-axis, the two-dimensional “pancake” 

vortices are weakly coupled by the Josephson coupling and magnetic interactions. At 

low temperatures and under weak magnetic fields, the pancake vortices along the 

c-axis keep a straight alignment, but this alignment can be disturbed by either thermal 

fluctuations or random pinning variations. Finally, we note that the c-axis correlation 

of the pancake vortices is directly related to the interlayer phase coherence; therefore, 

the distortion of the vortices alignment can be detected, correspondingly, by the 

change of JPR frequency and linewidth. Also, the JPR studies could provide 

information on phase transitions in the vortex state, e.g., from the vortex solid to the 

vortex liquid, since there appears a sudden change of vortices alignment during the 

phase transition [6.3, 6.4].  

 

 

References: 

 

[6.1] V. K. Thorsmølle, R. D. Averitt, M. P. Maley, L. N. Bulaevskii, C. Helm, and 

A. J. Taylor, “C-axis Josephson plasma resonance observed in Tl2Ba2CaCu2O8 

superconducting thin films by use of terahertz time-domain spectroscopy,” 



                                                                            95                                                                       

Opt. Lett., vol. 26, pp. 1292-1294, 2001. 

[6.2]  V. K. Thorsmølle, R. D. Averitt, M. P. Maley, L. N. Bulaevskii, C. Helm, and 

A. J. Taylor, “Josephson plasma resonance in Tl2Ba2CaCu2O8 in a magnetic 

field measured using THz spectroscopy,” Physica B, vol. 312-312, pp. 84-85, 

2002. 

[6.3]  V. K. Thorsmølle, R. D. Averitt, M. P. Maley, M. F. Hundley, A. E. Koshelev, 

L. N. Bulaevskii, and A. J. Taylor, “Evidence for linelike vortex liquid phase 

in Tl2Ba2CaCu2O8 probed by the Josephson plasma resonance,” Phys. Rev. B, 

vol. 66, pp. 012519, 2002. 

[6.4]  M. B. Gaifullin, Yuji Matsuda, N. Chikumoto, J. Shimoyama, and K. Kishio,  

“Abrupt change of Josephson plasma frequency at the phase boundary of the 

Bragg glass in Bi2Sr2CaCu2O8+δ,” Phys. Rev. Lett., vol. 84, pp. 2945-2948, 

2000. 

 


	Hg-Based High-Temperature Superconductors
	by
	Supervised by
	Professor Roman Sobolewski
	Materials Science Program
	Arts, Sciences and Engineering
	School of Engineering and Applied Sciences
	University of Rochester
	Rochester, New York
	2009


	Cross_Chapter 1.pdf
	Chapter 1   Introduction 
	1.1   Motivation and Background
	1.2 Superconductivity


	Cross_Chapter 2.pdf
	Chapter 2   Structural Characterization of
	            HBCCO 
	2.1   Fabrication Process
	X-ray diffraction (XRD) is a very important non-destructive technique that gives detailed information about the chemical composition and crystallographic structure of materials. X-rays have typical photon energies in the range of 100 eV - 100 keV. For diffraction applications, only short-wavelength X-rays in the range of a few Å to 0.1 Å (1 keV - 120 keV) are used, since the wavelength in this range is comparable to the size of the atoms and therefore those X-rays are suitable for probing the atoms’ and molecules’ structures in a variety of materials [2.4]. 


	Cross_Chapter 3.pdf
	Chapter 3   Optical Pump-Probe Spectroscopy

	Cross_Chapter 4.pdf
	Chapter 4   Photoimpedance Characterization

	Cross_Chapter 5.pdf
	Chapter 5   Terahertz Spectroscopy
	Characterization

	Cross_Chapter 6.pdf
	Chapter 6   Conclusions


