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Abstract

The recent discovery of superconductivity in MgB2 , with its BCS-like Cooper
pairing mechanism and the 40-K critical temperature, and the demonstration of
efficient single-optical-photon detection in superconducting NbN nanowire meanders inspired an interest in the development of superconducting radiation detectors
based on MgB2 .
We report the results of our experimental and theoretical studies of a photoresponse mechanism in superconducting MgB2 thin films and microbridges. We
demonstrate that despite the two-gap nature of this material, the nonequilibrium
superconducting recovery dynamics in MgB2 is similar to conventional one-gap,
both low- and high-temperature superconductors and is governed by quasiparticle
recombination, limited by the phonon bottleneck mechanism.
Our measured 100-ps-wide responses in MgB2 superconducting microbridges,
operated at temperatures above 20 K, make this material promising for superconducting photodetector applications.
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Introduction

The purpose of my work is to provide a better understanding of the photoresponse mechanism of magnesium diboride (MgB2 ), via extensive studies of the
nonequilibrium Cooper-pair and quasiparticle dynamics in this unique, two superconducting energy-gap system. We have performed both all-optical, femtosecond
spectroscopy studies and time-resolved photoimpedance measurements, aimed at
the experimental manifestation of the two-gap structure in the energy spectrum of
MgB2 , as well as to compare MgB2 with other superconducting materials such as
NbN or YBa2 Cu3 O7−d (YBCO) and, finally, to directly determine the parameters
important for its implementation in superconducting photodetectors.

1.1

Motivation

Superconductivity in MgB2 was discovered in 2001 [1]. Its critical temperature
Tc = 40 K makes it a promising material for superconducting applications. MgB2
is expected to find extended practical applications, ranging from superconducting electronics [2] to various radiation and/or particle sensors [3, 4, 5]. In recent
years, superconducting detectors, based on both low- and high-temperature superconductors (LTS and HTS), have been proposed and implemented in applications
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ranging from THz-broadband mixers for deep-space radioastronomy to fiber-based
single-photon telecommunications and single-particle detection [6, 7, 8, 9, 10, 11].
Superconducting single photon detectors (SSPDs), based on NbN two-dimensional,
meander-type nanostructures, are regarded as one of the most-promising devices
for efficient and ultrafast single optical (visible and near-infrared) photon counting [8, 12]. At the same time, tungsten-based superconducting transition edge
sensors (TESs) are the best optical photon-number and x-ray energy-resolving
devices [9]. The SSPDs are currently finding applications requiring ultrafast photon counting in areas such as quantum key distribution [13], or testing of VLSI
integrated circuits [14], and are expected to be the devices-of-choice in such diverse areas as infrared single-molecule imaging and quantum telecommunication.
The TESs sensors have been implemented as x-ray detectors in commercial scanning electron microscope systems [15] and represent a high promise for all-optical
quantum information systems [16].
The relatively simple chemical and crystallographic structure of MgB2 enabled
researchers to very rapidly (only a few years after its discovery) establish a solid
theoretical understanding of its basic superconducting properties [17]. On the
other hand, the high Tc value of 40 K makes it a very important material for superconducting devices that can operate either at liquid hydrogen, or, alternatively,
using inexpensive cryocoolers.

1.2

MgB2

MgB2 has a simple crystal structure consisting of hexagonal Mg layers alternating
with honeycomb-like B layers, as shown in Fig. 1.1(a). Mg ions donate electrons
to the conduction bands, but the Mg atomic orbitals play only a small role in the
conduction process. It is the honeycomb planes of B that determine the material’s
electronic properties [18].

3

Figure 1.1: Structure of MgB2 . (a) Crystal structure, (b) electron density, and
(c) Fermi surface.
Density function calculations and other theoretical treatments demonstrate
two types of bands in MgB2 : the two-dimensional (2D) σ-band and the threedimensional (3D) π-band. The 2D σ-band consists of two hole-like sheets, and
the 3D π-band consists of two light-hole-like and an electron-like honeycombs [19].
The geometry of the electron densities associated with these bands is depicted in
Fig. 1.1(b). The band structure can be represented compactly in momentum space
by its Fermi surface, i.e., the energy contour separating the filled electron states
from empty ones, as shown in Fig. 1.1(c). These two nearly noninteracting bands
of different dimensionality are important elements in MgB2 superconducting state.
The other important property is the bands’ special sensitivity to phonons. In conventional superconductors, the electron-phonon interaction creates Cooper pairs
of approximately equal pairing strength, distributed evenly over the Fermi surface.
In MgB2 , there are high energy optical phonons, denoted E2g for their symmetry,
associated with in-plane motion of the B atoms that couple very strongly to the
electrons in 2D σ-band.
The two superconducting energy gaps in MgB2 arise naturally from the different strengths of the electron-phonon coupling in the σ and π bands. If the two sets
of electrons were independent, the physics would be straightforward: two noninteracting superconducting condensates share the same crystalline framework, but
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Figure 1.2: Superconducting properties of MgB2 .(a) Temperature dependences of
the two energy gaps and (b) penetration depth calculated for limiting cases of
impurity scattering. Adopted from Golubov et al. [20],[21].
have different transition temperatures and distinct superconducting properties. A
large interaction, in contrast, would mix the two bands thoroughly and wash out
the distinctions of their energy gaps and dimensionality. In MgB2 , the two sets
of electrons actually do interact, albeit weakly, through scattering from state in
one band to states in the other and through Coulomb repulsion. This small interaction provides richness and subtlety that permeates all the properties of MgB2 .
For example, this small interaction causes both bands to become superconducting
at the same Tc .
The two bands in MgB2 with two very differently sized superconducting gaps
are quite distinct and manifest themselves clearly [22], as shown in Fig. 1.2, which
presents calculated superconducting energy gap ∆(T ) [Fig. 1.2(a)], experimentally
measured and calculated magnetic penetration depth λ(T ) [Fig. 1.2(b)], and
compares them to the ”orthodox” BCS values [21].
Phenomenological α-model has been used to predict T -dependence of the heat
capacity and other thermodynamic properties of MgB2 [23, 24, 25, 26]. This model
is applicable when the ratio 2∆(0)/kb Tc deviates from the BCS value of 3.53 and
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the ∆(T ) dependence is given by the renormalized BCS gap, defined as
∆α (T ) = α[∆BCS (T )/∆BCS (0)],

(1.1)

where α is the non-BCS gap value at zero temperature. All other properties can
be estimated in the α-model using Eq. (1.1). We need to state that the first principle calculations based on the linear response theory of electron-phonon coupling
(Eliashberg function) provide more accurate results [27], as the Eliashberg formalism allows to include the effect of impurities and interband interactions [26, 28].
However, the α-model energy gap calculations, thermodynamic properties, and
penetration depth are found to be in agreement with experiments as was shown
by Golubov et al. [20, 21, 29]. Supporting theoretical studies based on two-energy
gaps in MgB2 were verified by the following experimental studies: measurement
of the specific heat [24, 30], point contact spectroscopy [31, 32, 33, 34, 35, 36],
photoemission spectroscopy [37] and penetration depth measurements [25, 38].
Table 1.1 summarizes some of the important two-band properties of MgB2 that
will be used in our theoretical modeling.
Table 1.1: MgB2 two band parameters [20, 22].
property

1.3

π-band

σ-band

unit

Density of states Nπ (0) = 0.41

Nσ (0) = 0.30

eV−1 per cell

e-p coupling

λππ = 0.448

λσπ = 0.213

λπσ = 0.155

λσσ = 1.017

energy gap

∆π (0) = 2.70

∆σ (0) = 7.09

energy gap

2∆π (0)
kb Tc

2∆σ (0)
kb Tc

= 1.59

meV

= 4.18

Scope of the thesis

My thesis is mainly an experimental work devoted to time-resolved studies of the
optical and electrical transient response of the MgB2 superconductor subjected
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to pulsed (100 fs in duration) optical irradiation. Two experimental procedures
were used, namely, femtosecond optical reflectivity measurements in the all-optical
pump-probe configuration and transient photoimpedance studies of the currentbiased and optically excited MgB2 superconducting microbridges. The transient
reflectivity signals were, in general, interpreted in terms of the transient quasiparticle concentration change, whereas the photo-induced voltage transients were
associated with either the kinetic-inductive or resistive response, or with their
combination.
In the next Chapter, I present the current theoretical models that are used to
describe the nonequilibrium dynamics of the superconducting state. These models include the Rothwarf-Taylor (RT) model, the two-temperature (2T) model,
and the excess quasiparticle concentration (EQC) model. Then, I present our
approach to calculation of the MgB2 superconducting properties by extending the
EQC-model to the two-energy-gap scenario and extracting the extended-model
predictions. In Chapter III, we list technical details of our experimental procedures. Our experimental results of the transient-reflectivity-change measurements,
and their analysis and modeling based on the EQC-model are presented in Chapter IV, while Chapter V shows our experimental results of the photoimpedance
measurements and their analysis and modeling of the voltage transients within
the framework of the RT and 2T equations. Finally, conclusions of my work are
presented in Chapter VI.
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2

Superconducting
Photoresponse Mechanism

In this chapter, the physics of the carrier dynamics in a photoexcited superconducting material is described. First, a qualitative picture of quasiparticle generation via photoexcitation, their recombination into Cooper pairs, and phonon
bottleneck are presented. Then, measurable physical quantities, such as the thinfilm reflectivity and the voltage across a current-biased microbridge are discussed.
Thermodynamics of the superconducting state and a method to calculate the excess quasiparticle concentration are reviewed. Finally, two quantitative models
that are generally used to describe the above mentioned picture are introduced,
and their approach to the dynamics of the superconducting state recovery is described. We also introduce our extension of the above models, intended to incorporate the two-energy gap scenario, known to exist in the MgB2 superconductor,
our tested material.

2.1

Superconducting recovery dynamics: nonequilibrium superconductivity

According to the Bardeen, Schrieffer, and Cooper (BCS) theory [39, 40], superconductivity takes its origin from the pairing mechanism of electrons into Cooper
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pairs. It is the concentration of Cooper pairs and their long-range order that
determine the superconducting properties of a material. The energy gap 2∆ that
separates the excited normal electrons (quasiparticles) from the superconducting
(paired) electrons is the key element in the BCS theory. The value of 2∆ is only
on the order of few meV, thus, it is 2-3 orders of magnitude smaller than typical
energy of optical photons, suggesting that the efficiency of quasiparticle generation upon absorption of an optical photon is very high. The process by which the
quasiparticles are generated and how they relax back to Cooper pairs is crucial in
understanding the nonequilibrium superconductivity.
As schematically shown in Fig. 2.1, photon arrival breaks a Cooper pair and
excites one of the electrons into a very high energy level. Subsequently, this electron looses its energy via electron-electron (e-e) scattering, followed by electronphonon (e-ph) interaction [Fig. 2.1(a)]. Quasiparticles can recombine back to form
Cooper pairs via emission of the so-called 2∆-phonons, i.e., phonons with the energy of at least 2∆ [Fig. 2.1(b)]. Obviously, the 2∆-phonons have enough energy
to break another Cooper pair and form two new quasiparticles [Fig. 2.1(c)]. This
nonlinear pair formation and breaking process results in the so-called ”phonon
bottleneck” mechanism that continues until all phonons reach equilibrium either
via anharmonic decay to low-energy phonons, or by escaping out of the region of
interest [Fig. 2.1(d)] [11, 41]. Quantitatively the above picture is described by
the RT equations [42] that will be introduced in Sec. 2.4.
Quasiparticle recombination into Cooper pairs is the intrinsic factor limiting
the superconducting recovery dynamics (SRD), but the presence of the phonon
bottleneck clearly affects SRD, effectively slowing down the recovery process. In
fact in all BCS-type superconductors, it is the phonon bottleneck that governs
the time evolution of SRD.
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(a) Thermalization process

(b) Quasiparticle recombination

e-e
e-ph
phonon
> 2∆

hω >> 2∆

(c) Breaking of pairs by phonons

phonon
> 2∆

(d) Phonon dissipation

phonon
dissipation

Figure 2.1: Schematics of carrier dynamics in the superconducting state under
optical excitation.
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2.2

Observation of superconducting carrier recovery dynamics

In the experimental part of this work, we focus on two macroscopic physical
properties that determine time evolution of the SRD process in superconducting
MgB2 :
1. All-optical transient reflectivity change induced under femtosecond optical
excitation.
2. Transient photoimpedance signal generated by an optically-excited currentbiased superconducting microbridge.

2.2.1

Transient reflectivity change

Time scales that govern the SRD can be as fast as femtoseconds to few picoseconds
[43, 44, 45, 46]. Thus optical light sources with the pulse width as short as 100 fs
are needed as the probe and excitation sources for time-resolved measurements of
the fast SRD dynamics, and, actually, various optical pump-probe techniques have
been implemented. The details of this experimental approach will be presented
in Sec. 3.2, and here we only mention the physical properties that can influence
the transient reflectivity change ∆R.
In general, reflectivity R depends on the incident optical radiation wavelength
and the electron and crystalline structure of the material. In metals, R is described
in terms of the Drude model [47]. The extension of the Drude model to two fluids
provides the simplest model for R(t) evolution in superconductors [48]. More
accurate description based on the complex conductivity in superconductors was
derived by Mattis and Bardeen [49]. In superconductors, R has the strongest
dependence on incoming radiation, when the excitation has the frequency on the
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order of 2∆, which corresponds to the THz regime. Nevertheless, in most of the
current studies, the material is actually excited using optical pulses, characterized
by photons with energies two-three orders of magnitude larger than 2∆. In the
optical regime, R weakly depends on the superconducting properties, however,
the observed ∆R transients contain features that can only be interpreted if SRD
is considered, thus, allowing to conveniently study the SRD using optical sources.
In the optical regime, one can assume that normalized ∆R, ∆R/R, linearly
depends on the quasiparticle concentration change ∆nq [44]:
∆R/R ∝ ∆nq .

(2.1)

Thus, the experimental ∆R/R transients are interpreted, in the majority of cases,
as ∆nq transients. Alternatively, using similar assumptions one can interpret the
∆R/R signal in terms of the temperature change of the electron ∆Te and lattice
subsystems ∆Tp , present in the nonequilibrium superconductor:
∆R/R = a∆Te + b∆Tp ,

(2.2)

where a and b are constants.
In the sections to follow, models to describe the nonequilibrium carrier concentration (Sec. 2.4) and/or its temperature evolution (Sec. 2.6) will be described.

2.2.2

Voltage response

Photoexcitation of a current-biased superconducting microbridge results in a voltage response if the resistance or inductance of the microbridge are modified. Those
are called the resistive or kinetic-inductive voltage responses, respectively, and are
the focus of our work. Simultaneously, we are going to ignore other phenomena
that may also lead to the potential difference between the ends of a superconducting constriction, such as flux motion, as they usually require a substantial
magnetic field.
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As we described in the previous section, the equilibrium quasiparticle and
Cooper pair concentrations are modified due to absorbed radiation. At low temperatures far below Tc and for bias currents well below the microbridge critical
current Ic , the fully superconducting state with the zero voltage across the device
is preserved even at low external excitation powers, as only a small number of
Cooper pairs is broken. However, any transient change in the Cooper-pair concentration results in the change of the microbridge’s kinetic inductance and, thus,
appearance of a transient voltage response.
As the excitation power, ambient temperature, and/or bias current are increased more pairs are broken until they are completely depleted at least in some
regions of the microbridge. In such case, superconductivity vanishes and the
normal-resistance state is formed, resulting in the resistive voltage across the
microbridge. When superconductivity is destroyed only locally, the latter phenomenon is known as a hot-spot formation [11]. Hot spots are typically precursors to the resistive transition of superconducting microbridge. In the remaining
of the section, the resistive and kinetic-inductive voltage responses, later used
in the modeling of our experimental voltage transients recorded during transient
photoimpedance measurements (Chapter 5), are described.

Simple resistive voltage response
In general, resistivity of a superconducting microbridge is a function of temperature ρ(T ) and changes abruptly from the zero value at low temperatures to the
normal-state value ρn at the transition temperature Tc . This transition can be
characterized by midpoint of transition Tc and the width of transition ∆Tc , i.e.,
the temperature range within which resistivity changes its value from 10% to 90%
of ρn . If the result of the microbridge optical excitation is simple heating, its
resistivity R, when the sample is initially kept at T0 below Tc , will be modified
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upon excitation, resulting in a resistive voltage response given by
Vr (t) = Ib [R(T ) − R(T0 )],

(2.3)

where Ib is the DC bias of the microbridge and T is sample temperature. The
R(T ) curve can be experimentally measured and, for the modeling purposes, theoretically predicted, or, most often, numerically fitted. In this work, the following
simple mathematical fitting R(T ) dependence of R(T ) is implemented:
R(T ) = Rn / (1 + exp [−(T − TcI )/∆TcI ]) ,

(2.4)

whose fitting parameters Rn , TcI , and ∆TcI are extracted from the experimental
data. Figure 2.2(a) shows the model voltage vs. temperature dependence across
the microbridge. The corresponding resistive voltage transients based on Eqs.
(2.3) and (2.4) are demonstrated in Fig. 2.2(b). For simulation, the following
temporal shape for the temperature change ∆T characterized by the fast rise
time τr and an exponential decay τd was employed:
∆T (t) = A[1 − exp(t/τr )] exp(−t/τd ).

(2.5)

From Fig. 2.2(b) we see clearly that both the amplitude and the shape of the
voltage transient depend on the final temperature, that microbridge achieves, as
well as on the R(T ) profile.
The above model is applicable only for slow time-varying excitations, when
superconductor remains in equilibrium (or quasiequilibrium). Under nonequilibrium conditions, more advanced models, described in Sec 2.6, are used to model
the time evolution of sample temperature and experimentally observed voltage
transients.
Kinetic inductive response
The origin of the kinetic-inductive response comes from the inductive nature of
Cooper pairs. Kinetic inductance of a superconducting microbridge of a length l,
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Figure 2.2: Resistive voltage response modeling: (a) voltage versus temperature
curve, (b) resistive voltage transients.
width w, and thickness d is given by [41, 50]
l m 1
wd e2 ns
l 1 1
=
wd ǫ0 ωp2 fs

Lk =

where ωp2 =

ne2
ǫ0 m

(2.6)

is the normal electrons plasma frequency, ns is concentration of

superconducting electrons, and fs is the ratio of ns to the total number of electrons
n0 and equals fs = ns /n0 . m and e are the mass and charge of the electron.
Photoexcitation of a superconducting microbridge modifies the equilibrium fs
ratio and, thus, leads to the transient kinetic inductance across the microbridge.
The impact of photoexcitation can be detected as an induced voltage response Vk
given by:
Vk = Ib

dLk
.
dt

(2.7)

Combining Eqs. (2.6) and (2.7) and using the identity n0 = ns (t) + nq (t), that
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relates ns and nq to n0 , one can obtain:
Vk

 
1
l md
= Ib
,
wd e2 dt ns
l m n′s (t)
= − Ib
,
wd e2 n2s
n′q (t)
l m
= Ib
.
wd e2 [n0 − nq (t)]2

(2.8)

The RT equations [42], to be described in Sec. 2.4, are typically used to model
the time evolutions of nq (t) and ns (t) concentrations [51, 52].
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2.3

Thermodynamics of the superconducting state

In this section, some of the useful expressions required for our modeling are summarized. Temperature-dependent thermal quasiparticle concentration nq (T ) and
energy Eq (T ) are given by

nq (T ) = 4N (0)
Eq (T ) = 4N (0)

∞

Z

0
Z ∞

f (ξ, T )dǫ,

(2.9)

ξf (ξ, T )dǫ,

(2.10)

0

where N (0) is the electron density of states at the Fermi level, ǫ is the quasiparticle
kinetic energy, and f (ξ, T ) is the Fermi-Dirac distribution function:
f (ξ, T ) = [1 + exp(ξ/kB T )]−1 ,

(2.11)

with ξ being the excitation energy
ξ = [∆(T )2 + ǫ2 ]1/2 ,

(2.12)

and ∆ = ∆(T ) is defined by the BCS relation
1
=
N (0)Vep

Z

tanh 2k1B T (ǫ2 + ∆2 )1/2

~ωc

(ǫ2 + ∆2 )1/2

0

dǫ,

(2.13)

where Vep is e-ph coupling strength. Thus, the thermal 2∆-phonon concentration
Np (T ) and energy Ep (T ) can be calculated from
Z ωD
Np (T ) = ν
F (ω)n(ω)dω,

(2.14)

2∆(T )

Ep (T ) = ν

Z

ωD

~ωF (ω)n(ω)dω,

(2.15)

2∆(T )

where ν is the ion density and F (ω) is the Debye phonon density of states:
F (ω) =

9ω 2
,
3
ωD

(2.16)
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and, finally, n(ω) is the Bose-Einstein distribution function:
n(ω) = [exp(~ω/kB T ) − 1]−1 .

(2.17)

Next, I present expressions for the recombination and Cooper-pair breaking
times derived by Kaplan et al. [53] using the Eliashberg formulation [27]. Since
the Eliashberg function α2 F (Ω) summarizes the e-ph interaction, it is the key
parameter to calculate the physical properties of the superconductor.
The quasiparticle recombination time τR is given by Kaplan et al as
2π
×
~Z1 (0)[1 − f (ω)]
Z ∞




∆2
Ω−ω
2
1+
[n(Ω) + 1]f (Ω − ω)
dΩα F (Ω)Re
[(Ω − ω)2 − ∆2 ]1/2
ω(Ω − ω)
ω+∆
(2.18)
τR−1 (ω) =

and the pair-breaking by phonons time τβ is
4πN (0)α2 (Ω)
×
~N
Z ω−∆



Ω(ω − Ω) + ∆2
dΩ
dΩ 2
Re
[1 − f (Ω) − f (ω − Ω)] ,
×
[ω − ∆]1/2
[(ω − Ω)2 − ∆2 ]1/2
∆
(2.19)
τβ−1 (ω) =

where Z1 (0) is renormalization function. In Eqs. (2.18) and (2.19), the Debye
approximation of Eliashberg function [53]
α2 FD (Ω) = bΩ2

(2.20)

was used to simplify the calculations, but without loosing the physical picture.
To calculate the thermodynamic properties in MgB2 , such as concentrations
and energies of quasiparticles and 2∆-phonons, and rates based on Kaplan’s expressions, we use the parameters tabulated in Table 2.1 and following simplified
expressions:
Z(0) = 1 + λ,

(2.21)
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λ=2
α2 (ω) =

Z

ωc
0

α2 F (ω)
dω = bωc2 ,
ω

α2 F (ω)
1
1
= bωc3 = λωc .
F (ω)
9
9

(2.22)
(2.23)

These values and the above expressions provide the single energy gap, BCS-like,
description for MgB2 .
Table 2.1: Single band parameters for BCS-like MgB2 [22].
Electron density of states

N (0) = 0.71 /eV uc

Phonon density of states

ν = 3 /uc

Electron phonon coupling λ = 1.01
Debye temperature

2.3.1

ωc = 800 K

Excess quasiparticle concentration

We continue with a method to calculate the excess quasiparticle concentration ∆nq
after the establishment of the phonon bottleneck based on the energy conservation
and the T ∗ -model [54, 55].
A simple model can be used to estimate the ∆nq generated during photoexcitation of a superconducting material that only assumes that all of the absorbed
energy is transfered to quasiparticles and results in the following expression
∆n =

Pa 1
1
2
f πr d ∆(T )

(2.24)

However, this model would require the ∆nq to diverge as one approaches Tc and
does not account for the fact that some of the excitation energy is absorbed by
phonons and ∆ itself depends on nq . The improved model was developed by
Kabanov et al. [54] and later refined by Nicol et al. [55]. The details of their
excess quasiparticle concentration (EQC) model are described below.
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Nonequilibrium thermodynamics can be described by the T ∗ model introduced
by Parker [56], which assumes that under nonequilibrium conditions electrons can
be described by the Fermi-Dirac distribution, but at an effective temperature T ∗
larger than the ambient temperature. The resulting distribution function can be
written as
f (ξ ∗ ) = [1 + exp(ξ ∗ /kB T ∗ )]−1 ,

(2.25)

with ξ ∗ = [∆2 (T ∗ ) + ǫ2 ]1/2 and where ∆(T ∗ ) is the modified superconducting
energy gap and must satisfy the BCS relation given by (2.13)
1
=
N (0)Vep

Z

~ωc

tanh 2kB1T ∗ (ǫ2 + ∆∗2 )1/2

0

(ǫ2 + ∆∗2 )1/2

dǫ.

(2.26)

Using (2.24), all nonequilibrium properties can be described in terms of the modified distribution function f ∗ , temperature T ∗ , and energy gap ∆∗ .
Assuming that shortly after the incoming optical radiation is absorbed, energy
is redistributed only between quasiparticles and 2∆-phonons (phonon bottleneck
scenario), the energy conservation requires:
Z ∞
∆E = 4N (0)
[ξ ∗ f (ξ ∗ , T ∗ ) − ξf (ξ, T )]dǫ +
Z ωc 0
+ν
~ωF (ω)[n(ω, T ∗ ) − n(ω, T )]dω.

(2.27)

2∆

or, alternatively, slightly modified version of 2.27
Z ∞
∆E = 4N (0)
[ξ ∗ f (ξ ∗ , T ∗ ) − ξf (ξ, T )]dǫ +
Z ωD0
Z ωD
∗
+ν
~ωF (ω)n(ω, T )dω − ν
~ωF (ω)n(ω, T )dω, (2.28)
2∆∗

2∆

Equation (2.28) should be numerically solved self-consistently together with
(2.13) expression for the BCS energy gap. The excited quasiparticle concentration
is then calculated using
∗

nq (T ) = 4N (0)

Z

0

∞

f (ξ ∗ , T ∗ )dǫ,

(2.29)
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and the latter results in ∆nq given by
∆nq = nq (T ∗ ) − nq (T ).

(2.30)

The above model was successfully used to model ∆nq in YBCO [54] and Nb [55].
Additionally, Kabanov et al. [54] obtained an analytical expression for the ∆nq
in the limit when kB T ≪ ∆.
∆nq modeling
We performed our own numerical modeling based on the EQC-model and parameters that match the properties of MgB2 with the assumed single BCS energy gap
corresponding to Tc = 40 K (Table 2.1), Eqs. (2.9)-(2.17) and (2.25)-(2.30) were
solved using MATLAB [57], and integration in Eqs (2.28) and (2.29) was done
using the QUAD function [57] with the frequency cut-off of ω = 5∆(0). Finally,
Eqs. (2.13) and (2.28) were solved using the FSOLVE function [57]. Both the
QUAD and FSOLVE routines are available in a standard package of MATLAB.
Figure 2.3 summarizes the details of our modeling. Initial (thermal) and final
(after excitation) quasiparticle and 2∆-phonon concentrations are shown in Figs.
2.3(a) and 2.3(b), respectively. It is clear that at low temperatures we obtain
the final quasiparticle n(T ∗ ) and 2∆-phonon N (T ∗ ) concentrations independent
of temperature, because thermal concentrations at those ambient temperatures
nq (T ) and Np (T ) are much smaller than the photoexcited concentrations n(T ∗ )
and 2∆-phonon N (T ∗ ), respectively. Under this conditions, Eq. (2.28) effectively
reduces to ∆E = Eq (T ∗ ) + Ep (T ∗ ), which results in same T ∗ independent of T .
Figure 2.3(c) shows how the absorbed energy is redistributed between the
quasiparticle and 2∆-phonon subsystems. At low temperatures, more energy is
stored in the quasiparticles than in the 2∆-phonons, however, as the temperature
increases, larger portion of energy becomes stored in phonons. Finally, the effec-
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tive temperature of the system, compared to ambient temperature T is plotted in
Fig. 2.3(d).
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Figure 2.3: MgB2 EQC modeling based on the BCS energy gap. (a) thermal and photoexcited quasiparticle concentration, (b) thermal and photoexcited 2∆-phonon concentrations, (c)
absorbed energy redistribution between quasiparticles and 2∆-phonons, and (d) effective temperature T ∗ .

The final result of our ∆nq modeling is plotted in Fig. 2.4(a). It can be seen
that at low temperatures the number of excess quasiparticles generated remains
constant. This is due to the fact that initial thermal concentration is very small
compared to that of photoexcited. The ∆nq decreases as temperature is increased,
because more energy is deposited into the phonon subsystem [Fig. 2.3(c)]. How-
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Figure 2.4: EQC modeling based on the BCS energy gap. (a) excess quasiparticle concentration, (b) excess 2∆-phonon concentration.

ever, at temperatures very close to Tc , where the energy gap rapidly decreases,
∆nq becomes constant and even starts to increase, as more quasiparticles can
be generated when the value of ∆ approaches zero. For comparison, the excess
phonon concentration ∆Np is shown in Fig. 2.4(b) and we see that its value
steadily increases with T .
Another noticeable observation from our modeling is that under certain temperatures one would expect nearly temperature independent dynamics, because
effective average quasiparticle concentration is independent of temperature and
the excitation results in the same ∆nq . This threshold temperature is determined
by the amount of the absorbed optical energy. Therefore at low temperatures, the
observed kinetic-inductive response is expected to be temperature independent,
while at high temperatures should be strongly temperature dependent. Unfortunately, at high temperatures an appearance of the resistive response typically

23

prevents verification of the latter.
Figure 2.5 demonstrates the temperature dependent ∆nq for various ratios of
the thermodynamic constant β3 /γ [Fig. 2.5(a)], various values of the absorbed
power [Fig. 2.5(b)], and energy gap ratio to Tc ∆(0)/kb Tc [Fig. 2.5(c)]. β3 /γ ∝
1/[N (0)ωd3 ] can be obtained from the specific heat studies. It is clear that at

high temperatures relatively low number of quasiparticles are photoexcited, as
the Debye frequency and the absorbed optical power are increased, implying that
more energy is absorbed by the 2∆-phonons. Under the same temperature, smaller
∆(0)/kb Tc [Fig. 2.5(c)] results in the smaller normalized value for ∆nq (T )/∆nq (0).

24

(a)

(b)

(ñ)

Figure 2.5: Number of excess quasiparticles as described by the EQC-model: (a) thermodynamic β3 /γ ratio dependence, (b) absorbed energy dependence, and (c) ∆(0)/kb Tc ratio.
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2.4

Rothwarf-Taylor equations

The phenomenological RT-model [42] is generally used to describe the dynamics
of the density nq and phonons Np that have enough energy to break Cooper
pairs (2∆ phonons). During the relaxation process the RT model assumes that all
quasiparticles are near the edge of the energy gap and two quasiparticles recombine
with a recombination rate R to form a Cooper pair via emission of a 2∆ phonon
that, independently, can break another pair to create again two quasiparticles
with the rate β. Such a nonlinear process continues until phonons are depleted
from the region (e.g., transferred to the substrate) with the rate 1/τγ (where τγ is
the phonon escape time). Mathematically, the RT model is presented as the set
of two nonlinear differential equations:
dnq
= A(t) − Rn2q + 2βNp ,
dt
Rn2q
1
dNp
= B(t) − βNp +
− (Np − NT ),
dt
2
τγ

(2.31)

where A(t) and B(t) are the temporal shape of the external excitation pulses for
quasiparticles and 2∆ phonons, respectively, and NT is the equilibrium concentration of 2∆ phonons.
Note that following relation must hold to satisfy equilibrium conditions:
Rn2T = βNT ,

(2.32)

τR = 1/RnT .

(2.33)

and τR is related to R through

Traditionally, the RT equations are used to analyze the response of nonequilibrium superconductors, however, more extensive modeling can be done through
the kinetic equation approach in which quasiparticle and phonon kinetic equations
govern the energy distributions of quasiparticles and phonons [58].
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In this thesis, the RT-model is suitable to describe the dynamics of the kineticinductive photoresponse of our MgB2 superconducting microbridges, which depends on the time evolution of the superconducting fraction of electrons, as mentioned in Sec. 2.2.2.

2.4.1

Source terms

Modeling of the kinetic-inductive response used in case of the YBCO superconductor has been done using the RT equations with the electron A(t) source term
only, i.e., by simply assuming that the phonon excitation term B(t) = 0 [51, 52].
However, many early papers devoted to metallic superconductors [58] claim that
during the photoexcitation significant numbers of phonons are generated already
prior to the onset of quasiparticle recombination, suggesting that B(t) should be
kept in RT equations. To determine the relative amplitude of the A and B terms,
corresponding to both subsystems, the EQC-model can be used to determine the
∆n and ∆N values. Then the RT equations are solved and the result is used to
model the kinetic-inductive response. Nevertheless, in our modeling we use the
former approach with electron source term only.
Table 2.2 below summarizes the values used by us for the single-gap, BCS-like
MgB2 , necessary to model the kinetic-inductive response based on the approach
described above.

2.4.2

Kinetic inductive response modeling

We performed the modeling of the photoexcitation dynamics based on the RT
equations (2.31) using the values listed in Table 2.2. All parameters were calculated using the expressions given in Sec. 2.3 for MgB2 at T = 20 K. Equations
(2.31) were numerically solved using MATLAB’s ODE45 function, implementing
Runge-Kutta method to solve ordinary differential equations. The result of the
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Table 2.2: Parameters for kinetic-inductive response modeling in MgB2 at T =
20 K.
Parameters

Value

quasiparticle concentration nT = 1.1 × 10−3 uc−1
2∆ phonon concentration

NT = 0.19 × 10−3 uc−1

electron concentration

n0 = 5 × 10−3 uc−1

source term

An = 4 × 10−3 uc−1 ns−1

recombination rate

R = 25 ucns−1

pair breaking rate

β = 81 ns−1

phonon escape time

τγ = 0.5 ns

modeling is shown in Fig. 2.6. Figure 2.6(a) and 2.6(b) depict typical evolutions of
nq (t) and Np (t), while Fig. 2.6(c) demonstrates n′q (t), the time derivative of nq (t).
Finally, the resulting kinetic-inductive voltage transient [Eq. (2.8)] is shown in
Fig. 2.6(d). The plots are for the fixed arbitrary phonon escape time τγ = 0.5 ns,
as we needed only to assure that τγ was much longer than excitation pulse width
and τR .
Calculated nq (t) transients [Fig. 2.6(a)] show strong dependence on the width
of the excitation pulse. For long excitations, e.q., τ0 = 100 ps, SRD is described
by a smooth pulse whose relaxation is governed by τγ . On the other hand, for
τ0 = 10 ps, we additionally observe a fast picosecond peak on top of the slow
response, a signature of the initial recombination dynamics. The presence of this
fast peak results in a negative dip in of n′q (t) [Fig. 2.6(c)], and, consequently,
determines the oscillatory Vk response [Fig. 2.6(d)]. On the other hand, the Np (t)
transients remain smooth for different values of τ0 with only the rise time affected
[Fig. 2.6(b)].
In our model, we used A(t) = An exp(−t2 /τ02 ) and τ0 ≪ τγ . The plot of a
general n(t) solution will always consist of an initial peak and a slower shoul-
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Figure 2.6: Kinetic inductive response based on the RT equations for parameters based on
the single energy gap MgB2 at T = 20 K listed in Table 2.2. The RT modeling is presented
for various excitation pulse widths shown in the legend. (a) Quasiparticle concentration, (b)
2∆-phonon concentration, (c) time derivative of quasiparticle concentration, and (d) kinetic
inductive response.

der. The initial peak is determined by τR , while the shoulder is governed by the
combination of R, β, and τγ . The rise time of the initial peak in n(t) appears
as the peak in n′ (t) and Vk (t) dependencies, while the transition from the initial
peak to the shoulder in n(t) appears as a negative peak in n′ (t), resulting in the
overall bipolar shape of the Vk (t) signal. The negative part of the Vk response
becomes less pronounced when the transition from the initial recombination to
the quasiequilibrium state is smooth (takes longer).
Next, we present the numerical modeling of the photoexcitation response for
different values of 1/Rnq ranging from τ0 to τγ , at low excitation nT + A ≪
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Figure 2.7: Kinetic-inductive response based on the RT equations. We use nT = 1, NT = 0.2,
n0 = 5, τ0 = 0.1 ns, τγ = 10 ns. Ratio between R and β is fixed by β/R = 1/2n2T /NT = 10.
A = 0.5.

n0 and see how the Vk transient shape changes. The result of our numerical
solution is shown in Fig. 2.7 calculated for parameters listed in Table 2.2. Figure
2.7(a) demonstrates the nq (t) transients. Our inductive Vk response [Fig. 2.7(b)]
has a bipolar shape when R falls in the range 1/τ0 ≪ nt R ≪ 1/τγ . Closer to
the boundaries of the region negative part becomes less visible. For nT R ≈ τ0
recombination process is complete within the excitation pulse so the quasiparticle
and phonons subsystems reach quasiequilibrium value almost instantaneously. For
nT R ≈ τγ recombination is weak and the process of quasiparticle and phonon
relaxation reach quasiequilibrium.
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Amplitude of the signal for different β/R ratios was calculated and is shown
in Fig. 2.7(c). For small perturbations, the amplitude scales linearly with the
excitation amplitude. Even though the maximum nq number and its time derivative scale linearly with excitation source amplitude, the number of Cooper pairs
is reduced, which appears in the denominator of the kinetic response expression
Eq. (2.8) resulting in a nonlinear response. The response diverges according to
this model when ns goes to zero.
For larger R values, the amplitude of the signal increases slower with the
increasing excitation, due to the fact that quasiparticles recombine as soon as
they are generated and their number remains low.
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2.5

Two gap nonequilibrium superconductivity

The presence of two energy gaps in MgB2 superconductors has been theoretically
predicted [22, 20, 28, 26, 59] and verified by experimental techniques [24, 25, 31,
32, 33, 34, 38]. Here, we present our expressions to calculate the two energy gap
parameters and describe our two-gap excess quasiparticle concentration (2GEQC)
model. 2GEQC is an extension of the EQC single-gap model described in Sec.
2.3.1.

2.5.1

2-band gap model

The α-model for the energy gap calculations [23] has been implemented as a
method to calculate the two-band-gap properties of the MgB2 system [24, 25, 26].
To calculate the thermodynamic properties of the superconductor with non-BCS
energy gap the following renormalized energy gap value ∆α (T ) is used:
∆α (T ) = α[∆BCS (T )/∆BCS (0)],

(2.34)

where α is the renormalization factor as we mentioned earlier in Sec. 1.2.
Alternative to the α-model, in this work, we also use an approach used in the
work of Belogolovskii et al [59], that allows us to control the value of interband
impurity scattering. Extension of the BCS equation (2.13) to two bands [60, 22]
including the finite lifetimes effects [61] can be written as




Z ~ωc
∆j (ξ)
ξ
,
Re  q
∆ij = Λij
dξ tanh
2kB T
2
2
0
ξ − ∆j (ξ)


P
√ ∆2 j (E)2
j=π,σ ∆ij + iΓij
E −∆j (E)


∆i (E) =
,
P
iΓij
1 + j=π,σ √ 2 2
E −∆j (E)

(2.35)
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where Λij = Nj (0)Vij is the band coupling, Γij are the intraband and interband
scattering factors, and i, j run over σ, π. Γij must satisfy
Γ = Γσπ = Γπσ Nπ (0)/Nσ (0).

(2.36)

Equations (2.35) are a simplified version of the ∆(E) equations based on the full
Eliashberg formulation [28, 26], however, the main features are reproduced with
this simplified model.
The results of the energy gap modeling based on Eq. (2.35) are used to calculate the quasiparticle density of states (QDOS) given by
"
#
∆i (E)
Ni (E) = Ni (0)Re p
E 2 − ∆2i (E)

(2.37)

and, consecutively, other superconducting properties, including ∆nq in the two
gap scenario.
The following values were extracted from the literature for Λij and are used
by us to model the two-gap properties of MgB2 : Λ11 = 0.3, Λ12 = 0.15, Λ21 = 0.1,
and Λ22 = 0.1 [59].
The two-gap expression (2.35) in the absence of the interband scattering leads
to energy independent energy gaps. The set of two coupled nonlinear equations
(2.35) were solved for ∆π (T ) and ∆σ (T ) for a set of temperatures using the MATLAB’s FSOLVE function. The result of the two-energy-gap calculation with zerointerband scattering is shown in Fig. 2.8 (solid line) and corresponding electron
density of states N (E) is plotted in Fig. 2.9(a).
If the interband coupling is present, the energy gap parameters become complex and energy dependent. In this latter case, the energy dependent superconducting gaps ∆(E) are calculated using iteration. The superconducting energy
gap value ∆ = Eg is defined by the solution of Eg = ∆(Eg ). Figure 2.8 shows the
calculated ∆σ,π for different values of Γ = Γσπ . The curves defined by solid lines
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Figure 2.8: Calculated superconducting energy gaps in MgB2 for various values of the interband scattering Γ.

are for Γ = 0 meV, dashes are for Γ = 1 meV, and dots are for Γ = 2 meV. It is
clearly seen that when Γ increases, ∆σ decreases, while ∆π decreases.
Figures 2.9(a) and 2.9(b) demonstrate how the interband coupling modifies
the QDOS associated with the two energy gaps. The presence of the subgap σband quasiparticles in the DOS is the main implication of interband scattering.
Similarly, the π-band DOS is enhanced by an additional peak slightly shifted
from the main peak towards higher energies. The calculated QDOS suggests that
thermodynamic properties must be modified as well. We stress that our QDOS
(Fig. 2.9) and the ∆σ,π dependencies (Fig. 2.5.1) obtained using the energy gap
parameter defined by Eq. (2.35) are consistent with those presented in the works
of Dolgov et al. [26] and Nicol et al. [28], where the full Eliashberg formulation
with the numerically calculated Eliashberg functions was implemented.
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Figure 2.9: Calculated quasiparticle density of states in MgB2 (a) in the clean limit, Γ = 0
(b) strong interband coupling, Γ = 2 meV.

2.5.2

Two-gap excess quasiparticle model

Here, we describe the 2GEQC-model, our extension of the EQC-model to two gaps
and use it to calculate ∆nσ and ∆nπ , associated with the σ-band and π-band,
respectively. For energy-independent gaps, such as in the case of the α-model, the
following energy conservation expression was solved to extract T ∗ :
Z ∞
∆E = 4N (0)
[ξπ∗ f (ξπ∗ , T ∗ ) − ξπ f (ξπ , T )]dǫ +
Z0 ∞
4N (0)
[ξσ∗ f (ξσ∗ , T ∗ ) − ξ2 f (ξσ , T )]dǫ +
Z ωD 0
Z ωD
∗
+
~ωF (ω)n(ω, T )dω −
~ωF (ω)n(ω, T )dω.
2∆∗

2∆

(2.38)
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In the case of energy-dependent gaps defined by Eqs. (2.35), the following
energy conservation was solved:
Z ∞
∆E = 4
[ξNπ∗ (ξ)f (ξ, T ∗ ) − ξNπ (ξ)f (ξ, T )]dξ +
0
Z ∞
4
[ξNσ∗ (ξ)f (ξ, T ∗ ) − ξNσ (ξ)f (ξ, T )]dξ +
Z0 ωD
Z ωD
∗
+
~ωF (ω)n(ω, T )dω −
~ωF (ω)n(ω, T )dω,
2∆∗

(2.39)

2∆

where

"

∆∗i (E)

#

Ni∗ (ξ) = Ni (0)Re p
.
E 2 − ∆∗2
(E)
i

(2.40)

Here, we assume that only the phonons with the energies in excess of 2∆π are
generated as the result of the Cooper-pair recombination.
Then, the excess quasiparticle in each of the bands is calculated using:
Z ∞
Z ∞
∗
∗
∗
nk (T ) = 4N (0)
f (ξk , T )dǫ = 4
Nk∗ (ξ)f (ξ, T ∗ )dξ,
(2.41)
0

0

where k is either π or σ.
Below, we present the results of our 2GEQC modeling based on the above
equations. Performing numerical modeling based on Eqs. (2.35),(2.37), and (2.40)
becomes very time consuming, since each iteration step of the FSOLVE function,
while solving Eq. (2.39), involves long iterative computation of the 2-gap expression defined by Eqs. (2.35). To overcome this difficulty two simplification can be
employed. The first one involves using the ∆ values defined by the α-model and
the simplified expression for the BCS gap:

 p 
T
,
∆(T )/∆(0) = A 1 −
Tc

(2.42)

where A = 1.004 and p = 3.387 are extracted from the best fit to BSC ∆(T ). This
approach reduces the problem to the solution of Eq. (2.38) taking into account
(2.12) and (2.42).
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Second approach is to tabulate the values for the thermal concentrations nσ (T )
and nπ (T ), and energy Eq (T ) = Eσ (T ) + Eπ (T ) + Ep (T ), for certain values of T
using the QDOS defined by the energy dependent ∆(T, ξ) values and define the
corresponding interpolation functions N and E, that estimate the concentrations
and the energy for unknown temperature using interpolation of the tabulated
values. Then T ∗ is determined by the solution
∆E = E(T ∗ ) − E(T )

(2.43)

and, finally, the ∆n is calculated from
∆n = N (T ∗ ) − N (T ).

(2.44)

The latter approach is computationally less expensive, but still allows us to study
the effect of interband scattering rate on ∆n.

∆n modeling based on α-model
Figure 2.10 presents the details of the 2GEQC modeling based on the first approach mentioned above [Eqs. (2.42), (2.30), (2.38), and (2.41)], with the simplified energy gap deifined by (2.42), the α-model, parameters tabulated in Table
1.1, and ωD = 800 K. The energy gap values and Eq. (2.38) are solved for T ∗ using
the MATLAB code, and results are used to deterimine ∆nσ and ∆nπ with the
help of Eqs. (2.41) and (2.30). As already mentioned this approach significantly
simplifies the computation time necessary to solve the main Eq. (2.38).
Figure 2.10(a) clearly shows that the temperature dependence of ∆nπ follows
the single-gap ∆nq dependence already presented in Fig. 2.3 in Sec. 2.3.1. On
the other hand, the temperature dependence of ∆nσ in the σ band is dramatically
different. However, due to the larger ∆σ value its contribution is very low; thus,
the overall impact of the σ band is very limited. Other features are also quite
similar with the case of a single-band approach discussed in Sec. 2.3.1. The
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Figure 2.10: MgB2 2GEQC modeling results based on the α-model energy gaps in MgB2 .
(a) Calculated ∆nπ (dashes) and ∆nσ (dots). (b) Thermal nπ (T ) (solid) and photoexcited
nπ (T ∗ ) (dots). (c) Thermal nσ (T ) (dash dot) and photoexcited nσ (T ∗ ) (dashes). (d) Energy
redistribution between π (dashes) and σ-band (dots) quasiparticles and 2∆π -phonons (dash dot).
(e) Calculated T ∗ dependence.
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thermal and photoexcited nπ and nσ concentrations are shown in Fig. 2.10(b-c)
that were used to calculate ∆nπ and ∆nσ . The redistribution of the absorbed
energy between the π (dashes) and σ-band (dash dots) quasiparticles and 2∆π phonons (dots) is depicted in Fig. 2.10(d). The contribution of the σ-band to
energy redistribution is negligible making the 2-gap case similar to the singleband one. Finally, the calculated T ∗ , the key parameter extracted from the energy
conservation and used to calculate the rest of the data in this figure, is depicted
in Fig. 2.10(e).
We can conclude that, in general, the contribution of the σ-band quasiparticles
to ∆n is negligible, especially at low (far below Tc ) temperatures. Therefore, one
can naturally claim that excess quasiparticle effects in MgB2 can be adequately
described within the framework of 1-gap model, using ∆π (T ) for ∆.
∆n modeling in the clean limit
Figure 2.11 summarizes the details of excess quasiparticle modeling for MgB2 in
the clean limit when the interband coupling is zero. The energy gaps are extracted
from the solution of Eq. (2.35) and as already mentioned, they are single valued.
Then, the solution is obtained by the iterative method defined by Eqs. (2.43) and
(2.44). The general features of ∆nq are very similar to ones presented in Fig. 2.10.
Again, the only significant contribution comes from the π-band, whereas σ-band
quasiparticles appear to be temperature independent.

∆n modeling with interband coupling
Figure 2.12 demonstrates the details of 2GEQC modeling for MgB2 when the
interband coupling is equal to Γ = 1 meV, the typical value extracted from experiments. The energy gaps are extracted from the solution of Eq. (2.35) and
are found to be complex and energy dependent. The ∆nq is obtained solution
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Figure 2.13: Interband scattering dependence of the ∆nq based on 2GEQC modeling in MgB2 .
is obtained by solving Eqs. (2.39) using the iterative method defined by (2.43)
and (2.44). Clearly, the general features are once again very similar to ones when
using the α-model energy gaps (Fig. 2.10) and the clean limit (Fig. 2.11). The
significant contribution comes from the π-band, while the σ-band impact is negligible.

∆n comparison at various Γ
Figure 2.13 summarizes the calculated ∆nπ using our 2GEQC modeling for different values of Γ and α-model. It is clear that the normalized ∆nπ (T )/∆nπ (0)
dependencies are distinct for different Γ’s. As Γ is increased, the ∆nπ (T )/∆nπ (0)
value increases, suggesting that the interband scattering influences ∆nπ (T ). Therefore, at constant temperature, for a sample with strong interband scattering we
expect to see larger ∆nq (T )/∆nq (0) value as compared to the sample with low Γ.
This fact was experimentally verified by our transient reflectivity measurements
and will be shown in Sec. 4.3.
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2.6

Two temperature model

The two temperature model is based on the energy-balance equations between
the electron and phonon subsystems, described by two, coupled linear-differential
equations [62]:
dTe
Ce
= A(t) −
(Te − Tp ),
dt
τep
dTp
Cp
Cp
Cp
= − (Tp − Te ) −
(Tp − T0 ),
dt
τpe
τγ
Ce

(2.45)

where Te and Tp are the electron and phonon temperatures, Ce and Cp are the
electron and phonon specific heats, A(t) is an excitation pulse shape, generally
assumed to be a Gaussian signal characterized by a width τ0 , and, finally, τep and
τpe are the e-ph and ph-e scattering times, respectively.
The 2T-model was derived based on the assumption, that during the course
of excitation, electrons and phonons are described by the equilibrium Fermi-Dirac
and Bose-Einstein distribution functions, respectively, but at different temperatures [62].
Therefore, in the case of most conventional pump-probe experiments on metals
at room temperature and high excitation powers, τep and τpe are related through
[63]
Ce
Cp
3~λhω 2 iγ
=
=
,
τep
τpe
πkb

(2.46)

where
α2 F (ω) 2
ω dω,
(2.47)
ω
0
where λhω 2 i is second moment of α2 F (ω), resulting in τep ∝ Te at high tempera2

λhω i = 2

Z

∞

tures.
It was pointed out by the authors of the 2T model that at low temperatures,
τep ∝ 1/Te3 [62]. Therefore, at low temperatures, a slow electron thermalization dynamics is expected. This has been verified in some metals [64], however,
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most metals demonstrate temperature independent relaxation [64, 65], which is
attributed to the nonthermal electron distribution.
In a typical metal, whose electrons are described by the equilibrium FermiDirac distribution, e-e scattering τee is on the order of 10 fs. Assuming that 100fs-wide excitation pulse is used to excite the system, one would expect the electron
subsystem to respond to excitation immediately. However, numerical calculations
based on the Boltzmann kinetic equations have shown that a non-thermal elec∗
tron distribution can result from photoexcitation and effective τee
increases to the
∗
extent that it becomes τee
> τep and the post-excitation thermalization is actually

governed by the nonthermal e-e process rather than the e-ph process, and has
been found to be temperature independent [64, 65]. This nonthermal electron
effect will be used to explain some of the features of our experimental results in
Sec. 4.1.1.
Next, we present parameters and useful expressions to be used in the application of the 2T equations to the analysis of our experimental data related to MgB2 .
The Ce and Cp are estimated using classical expressions [47]

Ce = γT,

(2.48)

Cp = β3 T 3 ,

(2.49)

where the values for γ and β3 are extracted from literature [66] and are listed in
Table 2.3. Note that some of the parameter’s units were converted to suit our
analysis. The original data reported in the literature is displayed in Table 2.4.
The final process in 2T model is phonon cooling. In case of a thin film,
the governing mechanism is phonon escape to substrate, similar to the RT-model,
whereas in bulk samples or thick films, it is out-diffusion of electrons and phonons.
The phonon escape time τγ can be determined by the phonon transparency at
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Table 2.3: MgB2 parameters used in our 2T modeling
Name

symbol

Value

units

γ

0.14

mJ cm−3 K−2

β3

0.28 × 10−3

mJ cm−3 K−4

beam radius

r

50

µm

film thickness

d

100

nm

average power

Pa

2

mW

repetition rate

f

76

MHz

pulse width

t0

100

fs

the film- substrate interface:
τγ = Cp dRB ,

(2.50)

where RB is the thermal boundary resistance between the film and the substrate.
At the same time, the thermal diffusion time τdif f is given by
C
,
κ

(2.51)

κ = Cvℓ/3,

(2.52)

τdif f = d2
where κ is thermal conductivity given by

where v is either the Fermi velocity vF for electrons or the speed of sound for
phonons.
The analysis of experimental data using the 2T model reveals such parameters as τee , τep , λhω 2 i, τγ , RB , and κ. Traditionally, the 2T model has been used
to analyze the transient ∆R measured in thin metal films using the pump-probe
spectroscopy [67, 68, 69, 70]. Allen’s work [63] allowed to extract the λhω 2 i parameter in various metals [71], and later was used to study superconducting materials
[45, 72, 73]. Currently, the 2T model finds novel applications in modeling ablation
in laser micromachining [74].
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Table 2.4: MgB2 thermodynamic parameters as reported in the literature.
Name
heat capacity

Symbol Value units

source

γ

2.6

mJ mol−1 K−2

[66]

β3

5.1

10−3 mJ mol−1 K−4

[66]

TD

1050

K

[66]

density

ρ

2.55

g cm−3

[75]

molecular weight

M

45.9

g mol−1

[75]

carrier density

N

6.7

1022 cm3

[75]

Fermi velocity

vF

48

cm µs−1

[19]

Debye temperature
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3

Experimental Methods

In this work two experimental methods, corresponding to observation of two
photoresponse phenomena described in Sec. 2.2, are implemented to study the
nonequilibrium dynamics of superconducting MgB2 . They are:
1. Transient optical reflectivity under femtosecond laser excitation.
2. Transient electrical photoimpedance signal from a current-biased microbridge excited by femtosecond optical pulses.
We have discussed the physical phenomena responsible for observation of the above
photoresponse types in Chapter 2. In this chapter, we present the details of our
experimental methods and briefly discuss fabrication of our samples.

3.1

Laser system and cryogenic setup

In the heart of all our experiments is an ultrafast laser generating 100-fs-wide
pulses. Such short pulses allow us to excite nonequilibrium effects and observe
them. We used a commercial Coherent Mira, Kerr mode-locked Ti:Sapphire oscillator, pumped by a Nd:YAG Coherent Verdi laser. The system delivers 100-fs-wide
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optical pulses at a repetition rate of 76 MHz, with the 710-950 nm wavelength
tunability, and an output power of up to 1 W.
Our experiments were performed at cryogenic temperatures. Our samples were
mounted inside, an Oxford Microstat He, continuous-helium-flow cryostat with
quartz mirrors for optical access. First, our samples were attached to a specially
designed copper cold finger having electrical and RF connections using a highthermal conductivity adhesive. Then, electrical contacts to the sample were done
using wire bonds or indium pressing. Temperature sensor was attached to the
cold finger close to the sample. Finally, the cold finger was attached to a cryostat
insert using silver paste and placed inside the Oxford cryostat. The temperature
was monitored and controlled by an Oxford ITC-503 temperature controller.
Electrical transport measurements were performed on each sample to characterize their superconducting properties, such as R-T and I-V characteristics, and
test thermal stability of our system. Keithley 220 and Keithley 2480 instruments
were used as a current source and voltmeter, respectively, and were controlled
by a computer program written in LabView. Both 2-point and 4-point contact
methods were used as electrical terminals to characterize the samples.

3.2

Transient optical reflectivity setup

The most utilized ultrafast optical technique is a time-resolved optical pump-probe
spectroscopy, in which photoinduced changes in the optical reflectivity or transmissivity of a sample under test are measured in the visible or near-IR region of the
electromagnetic spectrum and is shown in Fig. 3.2. The pump beam was focused
to a diameter that was somewhat larger than the probe beam size to ensure spatially homogeneous excitation. The pump-to-probe intensity ratio was typically
greater than 10:1 to minimize self-induced nonlinearities generated by the probe
beam. Lock-in detection was employed with the pump beam modulated using
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Figure 3.1: Schematics of our pump-probe experimental setup for transient reflectivity measurement.
a mechanical chopper or an acousto-optic modulator. The latter technique provides a greater sensitivity since acousto-optic modulation can provide considerably
higher frequencies than mechanical chopping (e.g., 100 kHz versus 1 kHz), thus,
reducing the 1/f noise of our system. It was possible to detect changes in ∆R/R
≈ 10−6 in optimized experiments. For degenerate (one color) pump-probe spectroscopy, polarization discrimination was typically employed to minimize pump
scatter on the detector.

3.3

Transient photoimpedance setup

Our transient photoimpedance measurements were performed on MgB2 microbridge structures with typical dimensions of 20× 30 µm2 embedded into the signal
line of a coplanar stripline. Striplines were typically 20 µm apart, 50 µm wide,
and 3.5 mm long. The setup schematics is shown in Fig. 3.2. The two ends of the
bridge-carrying stripline were attached to a semirigid coaxial cable. The bias-T
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Figure 3.2: Schematics of our photoimpedance setup
element was used for biasing and readout. The Keithley current source was used
for supplying the bias current via inductive end, while the capacitive end of the
bias-T was connected via a coaxial cable to a 20-GHz-bandwidh Tektronix sampling oscilloscope. The other end of coplanar stripline was grounded, so the entire
configuration served as a high frequency transmission waveguide.

3.4

Description of tested samples

We have studied several types of MgB2 samples in this work. They were fabricated
by three different research groups: amorphous and granular films were fabricated
at the Comenius University in Bratislava, Slovakia, epitaxial films were grown at
the Pennsylvania State University, University Park, and, finally, single crystals of
MgB2 were synthesized at ETH, Zurich, Switzerland.

3.4.1

Epitaxial films

High-quality, epitaxial 150-nm thick MgB2 films were grown by a hybrid chemicalphysical-vapor deposition method on sapphire (Al2 O3 ) and 4H:SiC substrates [76]
at the Pennsylvania State University in the group of Professor X. X. Xi. A di-
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Figure 3.3: A magnified image of a typical microbirdge structure patterned from
an epitaxial MgB2 thin film.
borane gas (B2 H6 ) was used as a boron precursor and heated Mg melt was used
as a magnesium source. Conventional photolithography and Ar-ion etching was
used for patterning. The films fabricated at Penn State exhibited exceptional
superconducting properties with Tc = 40 K and ∆Tc = 0.1 K. Bulk of the films
used in this work were fabricated during my working visit at Penn State.

3.4.2

Amorphous films

Our MgB2 amorphous films were prepared by RF magnetron co-deposition of Mg
and B components on unheated sapphire substrates at the Comenius University in
the group of Professor A. Plecenik. The Mg-B precursors were about 120-nm-thick
and were ex-situ annealed using a computer-controlled, halogen-lamp heater [77].
The resultant films were amorphous with nanocrystal inclusions and exhibited
optically smooth surfaces. They exhibited the Tc onset at 35 K and ∆Tc <
3 K. The relatively narrow and smooth superconducting transition excluded the
existence in our films of phase-separated regions with different Tc ’s.
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3.4.3

Granular films

Our granular MgB2 thin films were prepared at the Comenius University by codeposition from two magnetrons and in-situ annealing in an argon atmosphere
[78]. The vacuum chamber was evacuated to overall pressure of 5 × 10−6 Pa
and filled with argon to working pressure 7.4 × 10−1 Pa. The deposition process was realized by two circular magnetrons with the diameter of 5 cm. The
substrates were placed on a rotating holder in front of the B magnetron fed by
RF supply with 250 W power and Mg magnetron fed by DC supply with 20 W
power, resulting in homogenous MgB precursor films. After deposition, the MgB
films still maintained inside the fabrication chamber were annealed in argon atmosphere (atmospheric pressure) at 680◦ C for 2.5 minutes to re-crystalize to the
superconducting MgB2 phase. Microstructures were fabricated by positive optical
lithography with Xe light source and Microchemicals-AZ 6624 photoresist. The
exposed photoresist was removed by developer Microchemicals-AZ 826 MIF. After
the photolithography process, Ar+ ion etching with ions energy of 500 eV was used
for pattering of the MgB2 microstructures. After complete photoresist removal,
additional Ar+ ion beam etching was applied to remove the processing-damaged
surface layer, resulting in 200-nm thickness of the thin-film microstructures.

3.4.4

Single crystals

Our single crystals of MgB2 (Fig. 3.4) were grown using high-pressure cubic anvils
at the ETH Zurich in the group of Dr. J. Karpinski. A mixture of Mg and B was
put into a BN container and kept under a pressure of 25-30 kbar. The temperature
was raised during a 1-hour ramp up to the maximum of 1850–1900 ◦ C, kept for
0.5–3 hours, and decreased to room temperature during the next 1–2 hours. The
crystals had a plate-like geometry with sizes up to 1 × 2 × 0.1 mm3 and shiny
surfaces. Their Tc onset was typically 37–39 K and ∆Tc was 0.3–0.5 K [79].
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Figure 3.4: A magnified image of typical single crystal MgB2 .

53

4

Transient Reflectivity
Measurements

The time-resolved all-optical pump-probe method is a useful technique to study
the nonequilibrium carrier dynamics in metals, semiconductors, and superconductors. In general, it allows to extract such parameters as the e-ph scattering
time, position of the Fermi level, quasiparticle recombination time, phonon escape
time and/or excess quasiparticle number. In this work, this technique has been
implemented to study the photoresponse mechanism of superconducting MgB2
via transient ∆R measurements, which is governed by the quasiparticle nonequilibrium dynamics. Another goal was to investigate how the two-gap structure,
known to exist in MgB2 , influences the SRD process.
As was mentioned earlier, the superconducting properties of MgB2 depend on
the interband scattering between the π- and σ-band electrons [26]. The interband scattering directly influences DOS and, thus, any nonequilibrium effects in
MgB2 are expected to be different (or modified) than that in ordinary superconductors. We have studied three types of MgB2 samples, each having different
crystalline structure and impurity levels. Properties of the samples used in our
pump-probe experiments, such as the film thickness, crystalline structure, Tc ,
fabrication method and facilities are summarized in Table 4.1. The details of
fabrication methods were described in Sec. 3.4.
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Table 4.1: Properties of samples used in pump-probe experiments.
Sample Description

Tc

Type
A

100-nm-thick

35 K

amorphous thin

Fabrication

Fabrication

method

Facility

RF co-sputtering FMFI
of Mg and B [77]

film deposited

Comenius University
Bratislava, Slovakia

on sapphire
B

Single crystal

39 K

High pressure

ETH

and temperature

Zurich, Switzerland

cubic anvil [79]
C

100-nm-thick

39.0 K

Hybrid physical-

Pennsylvania State

epitaxial thin

chemical vapor

University

film deposited

deposition

University Park, PA

on sapphire

(HPCVD) [76]

It is expected that single crystals (type-B samples) should exhibit the smallest
impurity scattering rate Γ and belong to superconductors in the so-called clean
limit, whereas amorphous films (type A) are likely to belong to the dirty limit,
where the impurity scattering is the highest. Along these lines of reasoning,
epitaxial films (type C) should fall in between of the above two types.
The details of our experimental pump-probe setup were presented in Sec. 3.2.
Here, we only mention that the bulk of the collected experimental data allowed us
to analyze the nonequilibrium dynamics within 25 ps time window after the arrival
of the excitation pulse. Since it was hard to keep pump and probe beams aligned
at the same point over the whole time-window range of 700 ps, recording of lownoise data for longer time delays was, consistently, experimentally challenging.
At the same time, in all our experiments careful attention was given to keep the
optical excitation power low enough, in order to avoid any simple heating effects.
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The pump power was kept at P = 2 mW and probe was at P = 0.2 mW. Both
beams were focused to a spot size of 50 µm.

4.1
4.1.1

Experimental results
Type-A samples

The temperature dependent ∆R/R transients observed from a type-A sample
are presented in Fig. 4.1. At high, above T = 86 K, temperatures the ∆R/R
waveforms are characterized by the rise time τr = 180 fs and a single exponential
decay with the characteristic decay time τd = 160 fs (upper trace in Fig. 4.1). As
the temperature was decreased, the ∆R/R transient started to be characterized
by a double exponential decay with time constants of τd1 = 160 fs and τd2 = 3 ps
(middle trace in Fig. 4.1). Finally, at low temperatures, when the film was
kept below Tc , ∆R/R exhibited a negative offset, which was actually a very long
exponential decay with the time constant τd3 = 400 ps (lower trace and the inset
in Fig. 4.1). This negative component, was only observed when the sample was
superconducting, we, thus, associate with the SRD process. At the same time,
τd1 can be associated with the initial electron thermalization, and τd2 is related to
the initial e-ph interaction.
Our experimentally observed ∆R/R waveforms below Tc were numerically decomposed into a superposition of three separate single exponential decays. A very
good (solid line in Fig. 4.2) fit was obtained when the signal was decomposed
into: subpicosecond fast decay (dashed line), slower few-ps decay (dotted line),
and offset (dash-dotted, long relaxation). The best fit to the ∆R/R waveform
measured at T = 11 K was obtained for the values: τd1 = 160 fs, τd2 = 3 ps,
τd3 = 400 ps, and is shown in Fig. 4.2.
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SRD process
In principle, the superconducting recovery decay should be governed by τR . However, as suggested by the RT model (Sec. 2.4), the simple quasiparticle recombination is typically hindered by the phonon bottleneck. Estimates of τR based
on Kaplan’s expression Eq. (2.18) suggest that the value for MgB2 should be on
the order of 50 ps. Comparing this to our experimental value of τd3 = 400 ps, we
confirm that SRD in our amorphous MgB2 films is governed by τγ , i.e., either by
phonon diffusion into the substrate or, equivalently, anharmonic decay of phonons.

R/R

T = 11 K

R/R (au)

T = 86 K

Time ( 50 ps/div)

T = 41 K

T = 11 K

Time(ps/div)

Figure 4.1: Time resolved ∆R/R waveforms observed in a A-type sample. At T = 86 K, the
∆R/R signal is characterized by a single exponential decay (upper trace). At T = 41 K, the
transient is characterized by a double-exponential decay (middle trace). Finally, at T = 11 K,
when the sample was superconducting, a negative offset (lower trace) is present and associated
by us with the superconducting state recovery. Inset shows that a negative (superconducting)
component is, actually, another long decay.
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As we mentioned earlier, systematic measurements at the long time delays
between the pump and the probe beams were not performed, but the available
data suggested that τd3 was temperature independent. It was, however, found to
be substrate dependent [46], confirming that it represented phonon escape to the
substrate.
In another work [80], published by the Los Alamos National Laboratory group,
similar ∆R/R waveforms with the negative offset at low temperatures have been
reported for an epitaxial-type MgB2 film prepared by laser pulsed deposition [81].
In their work, the ∆R/R transients were consistently recorded for the time delays
as long as 1 ns, and the temperature-dependent τd3 was extracted from the experimental results. The divergence in the fitted τd3 at Tc was observed, suggesting
that SRD in their case was actually governed by the anharmonic phonon decay
time [54]. The latter is consistent with our own data collected for epitaxial films
(type-C samples).

T

= 11 K

R/R (au)

electron-acoustical phonon interaction

electron thermalization

superconducting recovery

Time delay ( 2 ps/div )

Figure 4.2: Typical signal decomposition for a ∆R/R waveform observed in an amorphous
MgB2 film (A-type sample). ◦ - experimental data points, dashed line – fast subpicosecond
component, dotted line – few-ps decay, dash-dotted line– superconducting offset, and solid line
– superposition of all three components.
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Nonthermal thermalization effects
The appearance of the second decay only at temperatures below T = 86 K is puzzling, as this temperature is not associated with any thermodynamic transition in
MgB2 . We propose the following explanation. The initial sub-ps relaxation was
actually a nonthermal electron relaxation described in Sec. 2.6, which turned up
to be slower than τep at high temperatures. As the temperature was decreased
the τep increased and at T = 86 K we had a cross-over at which τep became larger
than the initial nonthermal relaxation and an the ”true” few-ps-long τep decay
component emerged. As the temperature was further decreased the sample became superconducting and 3rd process started to dominate. The above scenario
is consistent with the fact that the nonthermal relaxation is temperature independent, and indeed, in our experiments we measured temperature-independent τd1 ,
followed by τd2 that had some temperature dependent features. Below Tc , τd2 became modified due to the modified electron DOS and reversed its trend, diverging
5
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Figure 4.3: Temperature dependence of τd2 for ∆R/R waveforms observed in an amorphous
MgB2 film (A-type sample). At T > Tc , τd2 is decreased as T is decreased and is characteristic
of e-ph interaction at low T ’s. However below Tc , τd2 trend changes due to modified electron
DOS.
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as T approached Tc . The latter trend is, generally, associated with the modified
electron DOS at the superconducting-normal transition and the divergence at Tc
is attributed with the opening of superconducting energy gap [45].

4.1.2

Type-B samples

Figure 4.4 demonstrates a typical temperature dependent ∆R/R signal observed
in a MgB2 single crystal (type-B sample). Similarly to amorphous films, the ∆R/R
transient is characterized by a biexponential decay with offset. Unfortunately, in
our single crystals measurements, the signal-to-noise ratio was consistently very
low and, in order to obtain clear waveforms shown in Fig. 4.4, extensive signal
averaging and curve smoothing was necessary. The decay time for the superconducting offset in the sample B exceeded the maximum limit of our experimental
window of 700 ps, so we attribute it to the volume cooling of 2∆-phonons. The

37K
33K
28K
25K

R/R

20K
15K

Time ( 2 ps/div )

Figure 4.4: ∆R/R transients observed from single crystal MgB2 (sample B) at low temperatures. Signal is characterized by a double-exponential decay and an offset. The amplitude of
the offset is temperature dependent.
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latter is expected, as single crystals are bulk samples and are very thick, as compared to thin films. Note that in sample B the position of the superconducting
part changes its sign. It is negative for T ’s below 25 K and is positive at higher
temperatures. The latter must be related to the crystal surface versus bulk states,
as in epitaxial (as we show in the next Sec.) the offset is always positive and in
A-type samples was negative.
In single crystals, the dynamics at T = 15 K is characterized by a 300-fs rise
time, 200-fs initial decay, followed by a second-1.4 ps decay, and finally reaching
the offset value (nondecaying within our time windows) [82]. The resulting signal
decomposition of the observed ∆R/R waveform is shown in Fig. 4.5 and we note
that the agreement (solid line) is excellent.

15K
1st decay
2nd decay
offset

R/R (au)

total

Electron acoustical phonon interaction

Electron thermalization

Superconducting recovery

Time (2 ps/div)

Figure 4.5: Typical signal decomposition for observed ∆R/R waveforms at T = 15 K in a single
crystal MgB2 (B-type sample). ◦ - experimental data points, dashed line – fast subpicosecond
component, dotted line – few-ps decay, dash-dotted line– superconducting offset, and solid line
– superposition of all three components.
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4.1.3

Type-C samples

Temperature-dependent ∆R/R transients observed in Sample C are shown in Fig.
4.6. As in the case of two previous examples, the waveforms collected for epitaxial
films are characterized by a biexponential decay and an offset whose amplitude
is temperature dependent. In contrast to samples A and B, the superconducting
component (offset) is always positive.

20K
30K
35K

R/R

38K

Time ( 1 ps/div )

Figure 4.6: Time resolved ∆R/R signal transients observed in a C-type sample at low temperatures below Tc . Waveforms are characterized by a double-exponential decay and a positive
offset, whose amplitude is strongly temperature dependent.

Type-C samples are high-quality epitaxial films and have exceptional superconducting properties, high Ic , Tc , and sharp ∆Tc . Unfortunately, they were very
sensitive to ambient atmosphere and for extensive studies should have a protection
layer. Therefore, we were not able to perform systematic pump-probe studies for
the type-C epitaxial samples due to fast degradation without the protection layer.
The decay time τd3 remained unmeasured in those samples, but it is expected to
be limited by τγ . We only measured at T = 30 K a rise time of 250 fs, τd1 = 100 fs,
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30 K
offset
1st decay
2nd decay

R/R (au)

total
Superconducting recovery

Electron acoustical phonon interaction

Electron thermalization
Time (2 ps/div)

Figure 4.7: Typical signal decomposition for observed a ∆R/R waveform at T = 30 K in
an epitaxial MgB2 film (C-type sample). circ - experimental data points, dashed line – fast
subpicosecond component, dotted line – few-ps decay, dash-dotted line– superconducting offset,
and solid line – superposition of all three components.

and τd2 = 1.9 ps and the resulting decomposition is shown in Fig. 4.7.

4.2

Sample comparison

As we presented above, our experimentally observed ∆R/R waveforms were numerically decomposed into the superposition of separate single exponential decays,
as was shown in Figs. 4.2, 4.5, and 4.7. Below Tc , a good fit was obtained when
the ∆R/R signals were decomposed into three elements: sub-ps fast decay, slower
few-ps decay, and a very slowly decaying offset. It is clear that in all three measured sample types, we identified the same three relaxation processes with similar
τd ’s, which are summarized in Table 4.2. It was found that the extracted time
constants were temperature independent, at least, within our experimental error.
The small differences in the τd values can be attributed to differences in the sam-
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Table 4.2: Comparison of characteristic times extracted from the fitting of the
observed ∆R/R transients in various samples.
Amorphous Epitaxial

Single

film

film

crystal

Rise time

180 fs

250 fs

300 fs

1st Decay

160 fs

100 fs

200 fs

2nd Decay

3 ps

1.9 ps

1.4 ps

ples’ DOS caused by distinct impurity levels and crystalline structure variations.
We associate the initial fast decay with the cooling of hot electrons, which was
found to be the same under both the normal and superconducting conditions. The
second, slow relaxation is associated with the electron-acoustic phonon relaxation.
Finally, the offset, actually, a very long relaxation, e.q., a few-hundred-ps-long relaxation in the case of amorphous films, has a temperature-dependent amplitude
and is associated with the superconductivity. The time relaxation of this process
is attributed to the SRD. For amorphous films the superconducting component
remained negative, although relatively short, for epitaxial films it was positive,
whereas in single crystals it changed its sign at some intermediate temperature
below Tc . As we mentioned earlier, this sign flip in crystals is, most likely, attributed to the fact that nonequilibrium SRD in single crystals was not confined
to a thin surface layer and the diffusion effects should be taken into the account.
Slow thermalization time in these samples can be attributed to their bulk nature
and volume-type (diffusion) effects.

4.3

Superconducting offset analysis

As has been pointed out the offset in ∆R/R transients exists only below Tc and its
amplitude is strongly temperature dependent. Thus, it is natural to associate it
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with SRD. Figure 4.8 demonstrates the temperature dependent superconducting
offset positions for the three types of samples we measured. In each case, the
dependences have a BCS-like behavior, but there are clear differences between
measured dependencies that require detailed analysis. To demonstrate this, the
normalized BCS energy gap ∆(T )/∆(0) and the normalized BCS London magnetic penetration depth λ2 (0)/λ2 (T ) are plotted in Fig. 4.8 together with the
normalized experimental data.
The superconducting component of ∆R/R is a result of the phonon bottleneck
and its amplitude is related to the change in the superconducting electrons, which
is complementary to ∆nq . Therefore, we implement EQC-modeling described in
Sec. 2.3.1 to analyze the amplitude of the ∆R/R offset. Figure 4.9 presents the
results of our ∆nq fitting based on the single-gap, EQC modeling (see Sec. 2.3.1).
Experimentally measured normalized offset amplitudes for samples A and B are
shown as  and

, respectively, and the corresponding fits are plotted as dashed

and solid lines. To obtain the fit shown on Fig. 4.9, the α-model for the singleenergy gap was used [Eq.(1.1)], where ∆/kB Tc , the total absorbed energy per unit
cell ∆E, and β3 /γ were used as fitting parameters. The energy absorbed per unit
cell ∆E can be expressed as
∆E =

Pa M 1
,
f ρNa πr2 d

(4.1)

where the parameters were given in Tables 2.4 and 2.3.
One of the implications coming from Fig. 4.9 is that the measured ∆nq requires
the ∆(0)/kb Tc value to be larger in amorphous films than in single crystals. This
is consistent with the prediction based on the energy gap modeling and, actually,
is in full agreement with the extension of the BCS theory to two gaps and the
inclusion of life-time effects (see Sec. 2.5.1 for details).
The best fit parameters are summarized in Table 4.2 together with their estimates based on literature. Our fitting results return the high ∆/kb Tc ratio and
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Figure 4.8: Temperature-dependent ∆R/R component related to superconductivity in MgB2 .
(a) amorphous films (sample A-type), (b) single crystals (sample B-type), and (c) epitaxial films
(sample C-type). - experimental data points, solid line - the BCS ∆(T )/∆(0) dependence, and
dashed line - λ2 (0)/λ2 (T ) curve.
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Figure 4.9: Fit of the ∆R/R superconducting component amplitude by the EQP-model based
on the single-gap α-model. Squares and circles are experimental points extracted from the
experiment for samples A and B, respectively. Dashed and solid lines are their corresponding
excess quasiparticle model fits.

low TD , as compared to the value of TD = 800 K extracted from the specific
heat studies [66]. However, there is a number of reports that tend to use lower
values for TD to fit their experimental results. In particular, Parlato et al. uses
TD = 442 K [83] and Belogolovsky et al. TD = 580 K [59]. The larger value for
∆/kb Tc was used by Kabanov et al. [54] in their modeling as well.
Finally, we note that the 2GEQC model in Sec. 2.5.2 predicts different temperature dependencies for ∆nq (T ) for different interband coupling strengths (Fig.
2.13). At high temperatures, the normalized ∆nq (T ) value, ∆nq (T )/∆nq (0), is
larger for larger Γ, meaning that a relatively large number of quasiparticles is
excited when the interband scattering gets stronger. The latter is consistent with
our experimental observation (Fig. 4.9), that the normalized superconducting offset amplitude in amorphous films is larger as compared to single crystals, as Γ
must be larger in dirty amorphous films.
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Table 4.3: Summary of the excess quasiparticle model fitting to the superconducting offset amplitude extracted from transient reflectivity measurements
amorphous film single crystal
Tc

36.5 K

39.5 K

1/4N (0)

4.4

estimation

8106 K

∆/kB Tc

5.21

4.31

1.5 − 4.2

β3 /γ (au)

4416

12221

222

ωD (K)

390

280

800

∆E/4N (0) (Tc2 )

0.059

0.1224

0.22

Conclusion

MgB2 samples obtained by three different fabrication techniques have been a subject to our temperature-dependent ∆R/R measurements and each sample is representative for a different impurity-scattering level. Overall, the observed ∆R/R
waveforms from each sample are similar and are characterized by the three-stage
relaxation. The first process is associated with the initial electron thermalization and present at all temperatures. The second stage is associated with the
electron-phonon interaction time and, again, appears well-above Tc . Finally, the
last process is due to nonequilibrium superconducting recovery as its amplitude
is temperature dependent. The time scale of first two process are same for all the
samples with small differences related to different DOS’s caused by different impurity scattering strengths. The time scale for the superconducting recovery (SRD
process) is found to be governed by the phonon bottleneck, whose dynamics is
limited by either phonon escape time, anharmonic decay time, or phonon volume
(diffusion) cooling. In each case, the phonon bottleneck hinders the extraction of
the intrinsic recombination rate of quasiparticles in MgB2 .
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5

Transient Photoimpedance
Measurements

Monitoring time evolution of voltage transients across a current-biased microbridge excited by optical pulses is another experimental method to study the photoresponse mechanism in superconducting materials. This technique has also a
direct applied implication in superconducting photodetectors. In this chapter, our
experimental results of the transient photoimpedance measurements performed on
various MgB2 microbridge structures are presented.
The details of our experimental technique were provided in Sec. 3.3. Table 5.1
summarizes 6 structures that were fabricated from granular and epitaxial films.
Sample fabrications were described in Secs. 3.4.1 and 3.4.3.
We start with the presentation of our experimental results, then, provide the
analysis of the photoimpedance pulse shapes together with their characteristic
rise/decay times, and amplitudes. Finally, the modeling of the observed pulse
waveforms using the kinetic-inductive and resistive responses is discussed.

5.1

Epitxial films–structure E1-type

Figure 5.1 shows results of electrical-transport measurements for the sample E1
patterned from an epitaxial (C type) MgB2 film. This structure had Tc = 39.0 K,
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Table 5.1: Sample dimensions and electrical transport parameters: w, l,d are
bridge dimensions, t and s are transmission line strip width and line separation,
Rn is the normal state resistance of the whole device, Tc is the critical temperature,
and Ic is the critical depairing current.
Sample
E1
E2
G1
G2
G3
G4

w×l
20 × 30 µm2

10 × 30 µm2
4 × 30 µm2

20 × 30 µm2

20 × 30 µm2
8 × 30 µm2

d

t/s

150 nm 50/10 µm

Rn
34 Ω

Tc

Ic

40 K > 100 mA

50 nm

50/20 µm

40 K

75 nm

46/20 µm 4200 Ω

24 K

1.1 mA

200 nm 96/20 µm

500 Ω

28 K

10 mA

400 nm 96/20 µm

64 Ω

31 K

66 mA

25 K

2.9 mA

75 nm

46/20 µm 4000 Ω

∆Tc = 1.0 K, an onset resistivity ρ0 (45 K) = 3.9 µΩ·cm, and ρ(300 K) =
28.2 µΩ·cm [Fig. 5.1(a)]. The voltage-current (V – I) characteristics, shown in
Fig. 5.1(b) is typical for a long superconducting constriction [84] and exhibited a
wide flux-flow region, followed by the depairing transition, which is defined as the
bridge critical current Ic . Electrical transport measurements were performed with
or without optical excitation and no measurable change in V – I characteristics was
observed leading to the conclusion that the film-substrate-dewar configuration had
a very good thermal exchange, and simple-laser-heating effects were negligible.
Figure 5.2 depicts typical examples of time-resolved photoimpedance waveforms obtained using a fast oscilloscope, when the structure E1 was photoexcited
at two distinct optical excitation powers, but maintained at the same ambient temperature T0 = 20 K and the bias current of Ib = 62 mA, corresponding to 0.9 Ic .
In general, the waveforms acquired at low-optical excitation (below 70 µW) exhibited a sharp peak with the full width at half maximum (FWHM) of about
130 ps [Fig. 5.2(a)]. At high-excitation powers, on the other hand, an additional
slow response appeared with the decay time τd of above 500 ps [Fig. 5.2(b)]. The
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Figure 5.1: Electrical-transport measurements of our E1-type MgB2 microbridges. (a) Temperature dependence of resistivity taken under constant bias current Ib = 10 µA. The inset
shows the superconducting transition in detail. (b) V – I characteristics measured at various
temperatures listed in the figure legend.

oscillatory structure seen after the main peak in Fig. 5.2(a) is associated with
reflections, most likely, from the end of our transmission line and the connection
to the coaxial cable. The other possibility might be a weak resonator structure
formed between the ends of the transmission line.
The long tail on the waveform shown in Fig. 5.2(b) was observed when we
kept increasing Ib while keeping the incident power and T0 constant. Once the Ib
exceeded Ic , the signal disappeared. This threshold, of course, corresponds to a
complete transition of the microbridge to the normal state, as the Ic on the V – I
curve represents the depairing current. Overall, our photoresponse signals were
quite similar to those observed earlier in Ya-Ba-Cu-O microbridges, studied by
Lindgren et al. [85] and Hegmann et al. [86], which confirms the general nature
of the photoresponse phenomenon in superconductors.
Figure 5.3 shows the dependencies of the photoresponse signal rise time τr
[Fig. 5.3(a)], amplitude [Fig. 5.3(b)], and the decay time τd [Fig. 5.3(c)] on the
absorbed optical power. The two different regimes can be clearly identified from

Voltage (200 μV/div)

(a)

Voltage (500 μV/div)
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(b)

E15363J1

Time (200 ps/div)

Figure 5.2: Time resolved photoimpedance signals generated by an optically excited E1 MgB2
bridge at T0 = 20 K and under Ib = 62 mA. (a) The low excitation power P = 40 µW response
signal exhibits a sharp peak of FWHM of 130 ps. (b) The response signal observed at high
excitation power P = 400 µW: in addition to the fast peak, the response contains a slower tail
having τd ≈ 500 ps.

these plots. In the low-power excitation range, both τr and the amplitude increase
steadily and rapidly. However, at P ≈ 70 µW, a transition to the high-power
excitation regime, characterized by a nearly constant τr and slowly increasing
photoresponse, is observed. The transition point deduced from Figs. 5.3(a) and
5.3(b) coincides very well with the value of the excitation power at which we
started to observe the slowly decaying component [Fig. 5.2(b)] on our timeresolved photoresponse waveforms (Fig. 5.2) and, as we will show later, represents
the transition point between the kinetic-inductive photoimpedance response and
the mixed kinetic resistive photoresponse signal. The shoulder becomes longer as
the excitation power increases [Fig. 5.3(c)].
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Figure 5.3: The dependence of the photoresponse-signal (a) rise time, (b) amplitude, and (c)
decay time on the absorbed optical power of a photoexcited microbridge biased at Ib = 62 mA
and T0 = 20 K. Two regimes can be identified from the plots (a) and (b) with the transition
point at the excitation power P ≈ 70 µW.

5.1.1

Data Modeling

The measured dynamics of the photoimpedance in epitaxial MgB2 microbridges
clearly shows that the overall photoresponse is directly related to the Cooperpair-breaking and quasiparticle-relaxation processes, and in its functional form,
analogous to that observed earlier in other superconducting materials. Thus, in
this discussion, the kinetic-inductive model for the low-power excitation regime
and the resistive electron-heating model for the high-power excitation case will
be applied, both earlier developed in our group by Lindgren et al. [85], [87] and

73

Hegmann et al. [86], [88] and described in Sec. 2.2.2.
As we discussed earlier (see Sec. 2.4), the phenomenological RT-model [42]
is generally used to describe the dynamics of nq in superconductors. Equations
(2.31) can be used to model the time-dependent nq (t) and the superconducting
electron’s concentration ns (t) obtained from ns (t) = n0 − nq (t). In our model
we assume A(t) = A0 exp (−t2 /τ02 ). In principle, τ0 should be equal to the width
of our optical pulse; however, the RT model does not account for the initial
thermalization and multiplication of quasiparticles via e-e and e-ph interactions.
Thus, τ0 is actually a fitting parameter corresponding to the measured τr of our
photoimpedance signal.
The model formed by (2.8) and (2.31) predicts the observed signal shown
as a solid line in Fig. 5.4, where the open circles are our experimental data
points. Note that we obtained a very good fit, short of the secondary transient,
which is, as we earlier mentioned, due to the reflections. The main peak of the
photoimpedance signal corresponds to the Cooper-pair breaking process, while the
negative recovery can be associated with the quasiparticle recombination process.
Using Eqs. (2.10) and (2.34) and MgB2 parameters provided in Tables 1.1
(page 5) and 2.3 (page 44), it can be estimated that for MgB2 at T0 = 20 K the
concentration of thermally excited quasiparticles nqT ≈ 6.7 × 1019 cm−3 and total

density of carriers n0 ≈ 1.0 × 1020 cm.−3 Based on the approximate value of the

optical absorption coefficient η = 0.14, the density of quasiparticles generated per
100 µW of the incident laser power, nb ≈ 0.37 × 1019 cm−3 and the temperature
increase is ∆T ≈ 0.28 K. Our best fit shown in Fig. 5.4 was obtained using the
parameters described above and R = 12 ± 4 × 10−20 cm3 ns,−1 β = 10 ± 2 ns,−1

τ0 = 100 ps, and τγ = 0.5 ns. Finally, the rates R and β can be expressed
as approximate ”decay-time” constants (RT equations are nonlinear, so, strictly
speaking, there are no decay constants); namely, the quasiparticle recombination
time τR = 125 ps and the phonon-pair breaking time τβ = 100 ± 2 ps [5].

Voltage (200 μV/div)
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Figure 5.4: Kinetic inductive response modeling. Experimental waveform (circles) was measured at low optical excitation P = 55 µW, Ib = 62 mA, and T0 = 20 K. This response can
be fit very well the with the kinetic-inductive response model based on the RT equations (solid
line). The secondary experimental peak is due to the reflection

To describe the slow-photoresponse component observed at high-excitation
power [see, e.q., Fig. 5.2(b)], we use the hot-electron resistive model. This analysis
is somewhat similar to that used by Hegmann et al. [88] and briefly outlined in Sec.
2.2.2, but in our case, since the sample remains in the nonequilibrium state, we
follow the dynamics of Te of the system [87], rather than the sample temperature,
as was used in Eq. (2.3) in case of simple heating. At high-excitation powers,
the microbridge electron system absorbs enough energy to break all Cooper pairs.
Thus, the sample is transferred into a transient resistive state, resulting in an
induced voltage signal.
Figure 5.5 shows the high-excitation response and the model fit (solid line) for
the combined kinetic-inductive (dotted line) and the hot-electron resistive (dashed
line) responses Vc = Vk + Vr . The kinetic-inductive fit curve, obtained from the
low excitation case (Fig. 5.4), was renormalized and combined with the Te (t)
solved from Eq. (2.45) and inserted into the modified Eq. (2.4):
ρ(Te ) = ρn / (1 + exp [−(Te − TcI )/∆TcI ])

(5.1)

Voltage (500 μV/div)
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Figure 5.5: Combined kinetic-inductive and resistive response modeling. Experimental waveform (circles), acquired at P = 550µW, Ib = 62 mA, and T0 = 20 K, corresponds to the high
power regime. The model photoresponse is decomposed into the kinetic inductive response (dotted line) and the resistive response (dashed line). The combined kinetic-inductive fit is shown
as a solid line.

and modified Eq. (2.3):
Vr (t) = Ib g[ρ(Te ) − ρ(T0 )],

(5.2)

with τep , τγ , and g as fitting parameters. At T0 = 20 K, the MgB2 heat capacities
are Ce = 2.7 mJ·cm−3 ·K−1 and Cp = 2.9 mJ·cm−3 ·K−1 obtained from [66], and at
Ib = 62 mA, we independently measured TcI = 25 K and ∆TcI = 2 K. We note
that our combined kinetic-resistive model fits the experimental data (circles) very
well. The value of τγ = 0.3 ns agrees reasonably with the result of the RT fit and
we can use it to estimate the thermal boundary resistance RB = 6.9 K·cm2 ·W.−1
between the MgB2 film and the 4H:SiC substrate using Eq. (2.50) [5].
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5.2

Granular films–structure G1-type

Figure 5.6 shows the R–T characteristics of a G1-type bridge under the bias
currents of Ib = 1 µA and Ib = 500 µA. The sample is characterized by the onset
resistivity of ρn = 2000 µΩcm and the critical current density of jc = 105 Acm−2 .
Parameters extracted from the electrical transport measurements of this sample
are summarized in Table 5.2.
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Figure 5.6: Resistivity versus temperature characteristics under bias currents Ib = 1µA and
Ib = 500µA for a G1-type microbridge.

Table 5.2: Sample G1-type: summary of transport measurements.
Property
R-T

I-V

Value

ρn at T = 30 K

ρn = 2000 µΩcm

Tc at Ib = 1 µA

Tc = 25.0 K

∆Tc at Ib = 1 µA

∆Tc = 0.3 K

Tc at Ib = 500 µA

Tc = 22.6 K

∆Tc at Ib = 500 µA

∆Tc = 0.3 K

Ic at T = 15 K

Ic = 2.4 mA

Ic at T = 20 K

Ic = 1.2 mA
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Excitation power dependence
Transient photoimpedance response waveforms obtained from a structure G1 under T0 = 15 K and Ib = 0.5 mA, corresponding to 0.2Ic are shown in Figure 5.7.
We have identified three types of the photoresponse signals, based on the photoimpedance pulse shape demonstrated in Fig. 5.7(a). At low excitation power,
P = 200 µW, the voltage response [bottom trace in Fig. 5.7(a)] exhibits a fast
peak with FWHM τw = 125 ps followed by a negative afterpulse, resulting in
a bipolar-type response, immediately suggesting that this as a kinetic-inductive
signal. As we stated before, the secondary positive peak is a reflection artifact
due to the impedance mismatch from the end of the transmission line containing
the device. In the low excitation power regime, the signal amplitude depends
linearly on power and sensitivity is low and equal 0.5 V/W [Fig. 5.7(b)]. At
an intermediate excitation power, P = 600 µW [middle trace in Fig. 5.7(a)], in
addition to the 170-ps-wide peak, a slow shoulder arises that has an exponential
decay time τd = 400 ps. In this regime, the signal amplitude varies nonlinearly
with the excitation power and we associate this region with the combined kineticresistive voltage response. Finally, at high excitation power P = 2 mW [top
trace in Fig. 5.7(a)], the slow resistive response dominates with a decay time of
τd = 460 ps. This high power regime has a linear dependence of the signal amplitude on the excitation power and has the highest 10 V/W sensitivity. Figure
5.7(b) summarizes the amplitude dependencies of our signals on the excitation
power. The above mentioned three regimes are clearly seen. We have to point out
that at P = 0.6 mW the signal amplitude switches from the linear into nonlinear
regime, which, simultaneously coincides with the point at which the slow resistive
shoulder starts to be observable, and the negative component of the kinetic signal
disappears.
Similar sets of excitation power dependent data were recorded at other temperatures. Here, we only show the parameters extracted from the voltage transients.
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Figure 5.7: Photoresponse signal observed for a G1-type microbridge at T = 15 K, Ib =
0.5 mA, and various excitation powers. (a) Photoimpedance response waveform at 2 mW (top),
0.6 mW (middle), and 0.2 mW (bottom). (b) Signal amplitude versus excitation power. The
dashed line is a guide to the eye.

The plot of the signal amplitude versus the excitation power for three different
temperatures: 12.5 K, 15 K, and 20 K is shown in Fig. 5.8(a). The same plot
but on a log-log scale is depicted in Fig. 5.8(b). The three, already mentioned,
regimes can be identified. In both the low and high power ranges, the amplitude
increases linearly with power, but at different rates.
In addition, we have extracted the excitation power-dependent signal rise time
τr [Fig. 5.8(c)] and decay time τd [Fig. 5.8(d)] from our experimental voltage
transients. We see that τr steadily increases with the excitation power with a
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Figure 5.8: The waveform amplitude vs. the excitation power for a G1-type sample extracted
from data obtained under Ib = 0.5 mW and T = 12.5 K (), T = 15 K ( ), and T = 20 K (⋄).
(a) Signal amplitude, (b) signal amplitude on a log-log scale, (c) rise time τr , and (d) exponential
decay time τd . The dashed lines intended to show the three power regimes are guides to the eye
and were plotted over 15-K data only.

slower increase in the low-power regime (below P = 0.4 mW), whereas τd is
independent of P (within the range of our experimental error). In general, the
characteristic times τr and τd are longer at higher temperatures.

Temperature dependence
Transient photoimpedance responses measured for a G1 device under the same
conditions (Ib = 0.5 mA and P = 0.3 mW), but at various temperatures are shown
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Figure 5.9: Temperature dependent voltage response for a G1-type sample, measured for
Ib = 0.5 mA and P = 0.3 mW. (a) Photoimpedance response signals measured for T = 21 K
(top), T = 16 K (middle), and T = 13 K (bottom). (b) Signal amplitude versus temperature.

in Fig. 5.9. The three distinct waveform shapes, very similar to those shown in Fig.
5.7(a), have been recorded, when T was varied. The low-temperature response at
T = 13 K exhibits the bipolar kinetic-inductive shape with the fast peak having
τw = 100 ps. At intermediate temperature T = 16 K, in addition to the fast,
140-ps peak, a slow shoulder arises that has an exponential decay τd = 390 ps.
Again, we associate this latter region with the combined kinetic-resistive voltage
response. Finally, at T = 21 K, a slow resistive shoulder dominates the signal
with τd = 410 ps.
Figure 5.9(b) shows the amplitude versus temperature of our photoresponses.
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Figure 5.10: Temperature dependent characteristic times for G1-type sample extracted from
data obtained under Ib = 0.5 mA and P = 0.3 mW. (a) rise time and (b) decay time. Dashed
line are guides to the eye.

At low temperatures, the signal initially slowly increases with the temperature,
but later diverges as T approaches Tc . Of course, the signal disappears once the
ambient temperature is above Tc .
Temperature dependent τr and τd extracted from the measured voltage transients are depicted in Fig. 5.10. Both time constants increase as T increases. τr
has a quasi-linear dependence, suggesting that the rise time is limited by diffusion
(electron thermal conductivity linearly depends on temperature [47]). τd is nearly
constant at low temperatures and increases rapidly as temperature approaches Tc .
This fact suggests that SRD in this device is governed by the anharmonic phonon
decay.

Bias current dependence
The similar transition from the kinetic-inductive response to the resistive response
is observed when Ib is increased, while other bias parameters are kept constant.
Figure 5.11 summarizes the results observed from our structure G1, biased at
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Figure 5.11: Bias current dependent of the photoimpedance signal for a G1-type microbridge,
measured at T = 15 K and P = 0.3 mW. (a) Voltage transients under Ib = 2.2 mA (upper),
Ib = 1.0 mA (middle), and Ib = 0.4 mA (lower). (b) Signal amplitude versus bias current.

various currents, and maintained at T = 15 K and illuminated with P = 0.3 mW.
At low-bias current, Ib = 0.4 mA, the photoimpedance response is characterized
by the kinetic-inductive response with τw = 110 ps [Fig. 5.11(a)]. At intermediate bias Ib = 1.0 mA, the voltage transient is, again, combined kinetic-resistive
response with the initial peak τw = 150 ps and the shoulder decay τd = 340 ps.
Resistive response dominates at high bias current Ib = 2.2 mA and has a decay
time τ = 380 ps. The signal amplitude versus Ib is summarized in Fig. 5.11(b).
The amplitude gradually increases with current, with a faster increase at higher
bias currents, but the signal vanishes for Ib > Ic .
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5.2.1

Data Analysis

We have successfully fitted a series of our experimental photoimpedance transients recorded under same T and Ib , but varying P , using the RT-model kineticinductive response described in Sec. 2.4.2, with the same set of fitting parameters
for all our experimental curves.
Figure 5.12 demonstrates experimental waveforms recorded at T = 15 K and
Ib = 0.5 mA, together with the results of our fitting. To obtain a set of kinetic
inductive responses over a broad range of excitation powers without the resistive
tail, the bias current was kept low and a broadband amplifier was used to amplify
the signal. Optical excitation power varied from 20 µW to 200 µW.
The fits shown on Fig. 5.12 are based on the solution of Eq. (2.31) inserted
into Eq. (2.8) with fitting parameters R, τ0 , A0 and Vk0 . The absorbed power
factor A0 was defined through the excitation pulse shape (gaussian shape):
A0 P
exp[−t2 /τ02 ].
A(t) = √
πτ0

(5.3)

The kinetic inductive response factor Vk0 summarizes properties of our microbridges:
Vk0 = Ib

l 1
.
wd ǫ0 ωp2

Assuming that MgB2 is described by the one-gap model, Eqs. (2.9), (2.14)
and (2.18) were used to estimate thermal concentrations nT , NT and τR using the
values listed in Table 2.1. Then R was estimated through (2.33). Finally, β was
calculated with the help of Eq. (2.32).
The best fit for the set of the kinetic-inductive response waveforms was obtained using the parameters summarized in Table 5.3. The overlap of our modeling
with the collected experimental data is remarkable. Figure 5.12(g) shows the photoresponse signal amplitude versus excitation power and its model fit. Overall,
Fig. 5.12 clearly validates the applicability of our modeling approach.
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Figure 5.12: Kinetic inductive response waveforms (dots) obtained from G1-type sample at
T = 15 K, Ib = 0.5 mA and various excitation powers. Solid lines represent the model fits based
on the RT equations as described in Sec 2.4.2. The best fit was obtained using the parameters
summarized in Table 5.3. (a)-(f) various photoimpedance transients, (g) signal amplitude versus
excitation power.
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Table 5.3: Kinetic inductive response RT-model fit parameters
Property

Value

Unit

Temperature, T

15

K

Bias current, Ib

0.5

mA

Equilibrium quasiparticle concentration, nT

0.25 × 10−3

1/uc

Total electron concentration, N0

0.55 × 10−3

1/uc

Recombination rate, R

1.8 × 103

uc/ns

Pair breaking rate, β

14

1/ns

Excitation pulse width, τ0

.15

ns

Absorbed power factor, A0

9.0 × 10−3

1/uc 1/mW

Voltage response factor, Vk0

0.21

mV ns

Phonon escape time, τγ

0.15

ns

Temperature dependent combined response
In this section, we present our analysis of the combined (kinetic-inductive and
resistive) response of a series of voltage transients measured over a range of temperatures under the same bias current and excitation power. This time, for the
sake of comparison, the modeling was based on the 2T equations, where the voltage responses were represented in terms of Te . Our main motivation was to check
the applicability of the 2T-model approach over a wide range of temperatures.
The temperature dependent voltage transients recorded under Ib = 0.5 mA
and P = 0.3 mW are shown in Fig. 5.13. The presence of the resistive tail is
evident, therefore we need to include the resistive response Vr in our modeling.
As will be shown later, Vr alone is not sufficient to describe the photoresponse
over the whole range of temperatures.
First, the 2T-model (Eq. 2.45) was solved, using Ce and Cp values calculated
from Eqs. (2.48) and (2.49) and the values for γ and β3 were extracted from
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literature [66] and listed in Table 2.3. The value for e-ph scattering time was
taken to be τep = 4 ps extracted from our pump-probe experiments (Sec. 4.2,
Table 4.3), and the excitation pulse, defined by (5.3), was used.
From the solution of the 2T-model, Te was used to evaluate the resistive voltage
response Vr using Eqs.(5.1) and (5.2), where TcI = 24 K and ∆TcI = 1.0 K were
obtained from the fit of our experimental R–T curve.
Differently from the approach of the previous section, the 2T-model result was
also used to calculate Vk with the help of Eqs. (2.6), (2.7) and the two-fluid model
expression:
fs = ns /n0 = 1 − (T /Tc )p ,

(5.4)

where p is a constant generally equal to 4. Using the above approach we can
determine the time evolution Vk (t), if Te (t) is known:
 
l 1 d 1
,
Vk = Ib
wd ǫ0 ωp2 dt fs
p(T /Tc )p 1 dT
l 1
.
= Ib
wd ǫ0 ωp2 [1 − (T /Tc )p ]2 T dt

(5.5)

Finally, the combined response was calculated using Vc = Vk + Vr .
The solid lines in Fig. 5.13 show the fitting based on the modeling described
above, where τγ , τ0 , A0 , Vk0 , Vr0 were used as fitting parameters, while circle are
experimental transients. The best fit was obtained when the values summarized
in Table 5.4 were used. The fit based on Vk is shown by a dash-dotted line, the
fit representing Vr is shown by a dashed line, whereas the fit representing the
combined response Vc is shown by a solid line. We see that the resistive heating
alone (dashed line), while works fine at high temperatures, is not sufficient to
explain our experimental responses at low temperatures. Inclusion of the kineticinductive response is necessary to have a consistent picture. The latter supports
the idea that at low temperatures, the kinetic inductive response is always present
in the photoimpedance signal of optically-excited superconductors. The latter is
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Figure 5.13: Fitting of temperature-dependent photoresponse signal based on the 2T equations. Circless represent the voltage transients measured under Ib = 0.5 mA, P = 0.3 mW,
and various T . The best fit of the combined voltage response is shown as a solid line. The
kinetic-inductive (dash-dotted line) and resistive (dashed line) components are also shown.
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Table 5.4: Combined voltage response 2T-model fit parameters
Property

Value Unit

Bias current, Ib

0.5

mA

Critical temperature, Tc

24

K

Transition width, ∆Tc

1

K

Excitation power, P ,

0.3

mW

Excitation pulse width, τ0

.083

ns

Absorbed power factor, A0

8.5

K/mW

Kinetic response factor, Vk0

0.134

mV ns

Resistive response factor, Vr0

38.4

mV ns

Phonon escape time, τγ

0.22

ns

clearly shown in Fig. 5.13, where we plot the signal amplitudes versus temperature
on a semi-log scale and compare with our fittings.
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Figure 5.14: Sample G1. Amplitude of the photoresponse observed under Ib = 0.5 mA and
P = 0.3 mW (circles with error bars). Modeling of the signal amplitude based on the simple
resistive voltage response is represented by a dotted curve. The combined kinetic-inductive and
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Figure 5.15: Typical photoimpedance signal observed from granular (type-G2) microbridge.
Response is shown for constant excitation and bias current Ib set to half of critical current Ic ,
Ib = 0.5Ic . Temperatures and bias currents are indicated on the figure legend.

Type-G2 structures
Figure 5.15 presents voltage transients observed for a thick, granular film (G2type) at three temperatures. We note that results are very similar to those obtained for the E1 and G1 type structures. Optical excitation power was kept
constant P = 0.3 mW and Ib = 0.5Ic at given temperature. At T = 15 K
and Ib = 8 mA, the signal exhibited the kinetic-inductive response, resulting in a
bipolar voltage transient shape, similar to the low-excitation regime of sample G1.
The observed pulse has τw = 200 ps. At T = 20 K and Ib = 5 mA, we observed
the combined response with the initial pulse having τw = 280 ps and a shoulder
with the exponential decay τd = 700 ps. Again, the data are very similar to the
intermediate regime observed in sample G1. At T = 25K and Ib = 1 mA, the
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Figure 5.16: Temperature dependent characteristic time rates extracted from epitaxial sample
E2 at various bias currents and excitations.

phoresponse exhibits a very slow response that has a decay time of τd = 1.6 ns, a
clear indication of heating.

Type-E2 structures
Contrary to our other samples, in E2-type structures the transition between the
kinetic-inductive and combined responses was not clearly observed, due to the
strong reflection artifacts. These artifacts prevented us from identifying of the
bipolar-shaped, kinetic-inductive response, however, some indication of the negative part in the photoresponse was observed under T = 30 K, Ib = 20 mA, and
P = 0.2 mW. The signal exhibited a fast peak with τw = 56 ps. On the other
hand, at high excitation power P = 0.6 mW, the initial peak with τw = 83 ps was
followed by a slow shoulder with τd = 500 ps. We actually believe that oscillation
artifacts made our signals to appear effectively slower, as it will be indicated later,
we expect significantly faster relaxation from this thin sample.
We managed, however, to extract the temperature-dependent τr and τd from
our experimental results obtained on epitaxial (E2-type) thin films, and they are
shown in Fig. 5.16. We note that τr of the signal increases as the temperature
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is increased, while τd remains constant at low temperatures and tends to diverge
as we approach Tc . The latter is similar to the results obtained on G1 structures,
suggesting that the phonon dynamics is governed by the anharmonic phonon decay.

Type-G3 structures
Transient photoimpedance measurements were also performed on very thick granular structures, however, the repetition rate of our laser turned out to be too high
to properly resolve very slow signals, characteristic for those thick films, exhibiting very long τγ ’s [see Eq. (2.50)]. Thus, we used a laser diode with a wider pulse
width and a slow pulse repetition rate to characterize these thick samples (not
shown). At T = 20 K and I = 40 mA, the voltage transient was characterized by
τr = 400 ps and τd = 4.5 ns. We did not observe any kinetic-inductive response,
due to a wide excitation pulse and, first of all, because of pronounced heating
effects.
It is interesting to note that saturation of the signal was easily achieved for
thick films, while for thin films, even at very high excitation powers, saturation
was not observed. The latter is clearly related to the fact that less power is
absorbed in thin films (some light is transmitted). Simultaneously, thin films are
characterized by short τγ [see Eq. (2.50)], meaning that in such structures heat is
quickly removed from the system.

5.4

Characteristic times and signal amplitude
comparison

Table 5.5 summarizes the device thickness dependent characteristics times. We
see that τd is the film-thickness dependent, suggesting that it is governed by the
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phonon escape to the substrate. The thickness dependence of τr indicates, in turn,
that our optical pulses do not uniformly excite our samples, which is also expected,
if we note that our films were typically thicker than the optical penetration depth
δ = 100 nm.
Finally, the comparison of the signal amplitude versus excitation power is
shown in Fig. 5.17. Squares show the response amplitude dependence on the
excitation power for the G2 sample at T = 25 K and Ib = 1 mA. At low power, the
device exhibits a linear sensitivity of 0.6 V/W, and, as power is increased to P =
0.6 mW, the amplitude of the signal saturates. The latter behavior, together with
the long decay time, suggests that our response is bolometric (simple heating).
The signal amplitude dependence on the excitation power for type-G2 structures
is presented in Fig. 5.17 by triangles. Here, again, we identify the two, low- and
high-power, regimes. Each of these regimes is associated with either the kinetic
Vk or combined (kinetic-resistive) response Vc . The transition point between the
two regimes obtained from the signal amplitude versus excitation power, coincides
with the point when the slow (resistive) response becomes evident.
Table 5.5: Characteristic times extracted from experimental data for various samples at T = 20 K.
Name

d

τw

τr

τd

G1

75 nm

170 ps

90 ps

450 ps

G2

150 nm 280 ps 110 ps 700 ps 1.2 ns

G3

400 nm

E1

50 nm

E2

150 nm 192 ps 150 ps 340 ps

400 ps
56 ps

60 ps

τb

4 ns
500 ps
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5.5

Conclusion

The fast photoresponse signals generated by a femtosecond pulse in current biased microbridge structures were observed and analyzed. The voltage transients,
together with the signal amplitude dependence on the excitation power and temperature, suggest that the kinetic inductive and combined (kinetic-inductive and
resistive) responses were observed in both granular and epitaxial thin-film structures. Decay times were found to be temperature and film thickness dependent,
which is an indication that the phonon escape to the substrate and the anharmonic
phonon decay are the two competing mechanisms governing the SRD process in
these films. The decay times in epitaxial films were found to be shorter (as compared to granular films), which is an indication of a better match of acoustical
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phonons between the epitaxial film and the 4H-SiC interface, as compared to the
granular film and Al2 O3 interface. Thus, epitaxial films should be more suited for
applications requiring shorter response times. On the other hand granular films
are better candidates for slow, but high sensitivity applications.
In spite of the two energy gap nature of MgB2 , the traditional RT and 2T
single gap models are sufficient to describe the photoresponse of a current-biased
superconducting MgB2 microbridge in terms of kinetic-inductive and resistive responses.
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6

Conclusions

MgB2 samples fabricated for us by different research groups and having very different crystalline structures, representative of different impurity-scattering levels,
have been a subject of our time-resolved, temperature-dependent transient optical
reflectivity and electrical photoimpedance measurements.
Our theoretical modeling have shown that despite the two-gap nature of MgB2 ,
in the analysis of the nonequilibrium effects, this material can be treated effectively
as a conventional single-gap superconductor, as the contribution of the larger σband to the nonequilibrium dynamics is negligible.
Overall, in our femtosecond pump-probe spectroscopy studies, the observed
∆R/R waveforms from each sample were similar and were characterized by the
three-stage relaxation dynamics. The first process was temperature independent
and existed at all temperatures, and we have associated it with the initial femtosecond electron thermalization through electron-electron and electron-Debye-phonon
scattering. The second stage, present only at low temperatures, was due to the
electro-acoustic phonon interaction. Above Tc , its decay time increased for the
temperature decrease, while below Tc , we observed a signature of divergence at
Tc , which must be associated with the superconducting gap opening and resulting modification in the electron DOS. The time scales of the first two processes
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were the same for all the samples with small differences related to different DOS’s
caused by the different impurity scattering strength.
Finally, the last process existed only below Tc , was directly related to the
nonequilibrium superconducting recovery and limited by the phonon bottleneck,
whose dynamics was governed either by the phonon escape time, or anharmonic
decay time and phonon volume (diffusion) cooling. The phonon bottleneck hindered the extraction of the intrinsic recombination rate of quasiparticles in MgB2 .
The amplitude of the superconducting relaxation process was temperature dependent and followed the energy-gap-like dependence.
The photoimpedance voltage transients generated in current-biased microbridges illuminated by femtosecond optical pulses and their subsequent analysis
based on the signal amplitude dependence on the excitation power and temperature revealed the kinetic-inductive response and the combined, kinetic-inductive
and hot-electron resistive mechanism in both our granular and epitaxial thin-film
structures. Decay times were found to be temperature and film-thickness dependent, which was an indication that the phonon escape to the substrate and
the anharmonic phonon decay were the two competing mechanisms governing the
SRD process in these films. The decay times in epitaxial films were found to
be shorter as compared to granular films, which simply reflects a better acoustic
match between the epitaxial MgB2 film and the 4H-SiC interface, as compared to
the granular MgB2 -Al2 O3 boundary. Thus, epitaxial films should be more suited
for applications requiring shorter response times. On the other hand, the granular
films are better for applications requiring slow, but highly sensitive sensors.
We have found by our theoretical modeling and, subsequently, experimentally
verified, that in spite of the two-gap nature of the MgB2 superconductor, the
traditional RT and 2T, single-gap models are sufficient to describe the photoresponse of current-biased superconducting MgB2 microbridges in terms of both
their kinetic-inductive and resistive responses. This somewhat surprising result
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seems to underline that the effect of superconductivity with its macroscopic longrange order is a very general physical phenomenon.
From the applied point of view, the observed fast (below 100 ps) response
times in both transient optical reflectivity and electronic photoimpedance studies prove that MgB2 is a promising material for superconducting radiation detector applications and may outperform the NbN-based devices in terms of the
photon counting rates. Thus, there is a lot of interest in the scientific community to implement MgB2 nanostructures in SSPD-type devices. However, further,
extensive experimental studies are necessary. First, reproducible fabrication of
ultrathin MgB2 nanowires needs to be developed with the emphasis on doped and
neutron-irradiated structures that should improve the nanowire critical current
and increase the onset resistivity, leading, hopefully, to the increased sensitivity
of MgB2 -based photon counters, especially in the infrared range of optical radiation.
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