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Chapter 7

Nonequilibrium Superconductivity

studied by Photo Induced Activation

of Mm-Wave Absorption (PIAMA)

7.1 Introduction

For both the fundamental aspects and for applications, a proper understanding of the dy-
namical behavior of quasiparticles in the high Tc cuprates is essential. Fundamentally, the
behavior of the quasiparticle scattering rate, � , as a function of frequency and temperature
yields important information on the interior of the HTSC's. In the normal state, the linear
dependencies of 1/� on T and ! are indicative of a breakdown of the Landau Fermi liquid
formulation applicable to normal metals [1]. The linear dc-resistivity, which extrapolates to
� = 0 for T = 0, leads to the very surprising conclusion that phonon scattering is insignif-
icant over a large range of several hundreds of Kelvins. Moreover, since the Fermi liquid
theory is one of the basic ingredients of the BCS-theory, these experimental observations
have posed an important question as to which approach one should use in attempting to
explain the superconductivity in the cuprates [2].

In the superconducting state, the quasiparticle scattering rate also yields important
information. Most importantly, a strong enhancement of � has been observed just below
Tc [3,4]. This observation provides additional evidence that the scattering has an electronic
rather than a phononic origin. Much of the contemporary data on � have been acquired
indirectly, for instance by assuming that the two-uid description is valid for these materials
[5, 6]. A direct measurement of the decay processes is therefore desirable.

For applications, the presence of quasiparticles and their dynamics are of crucial im-
portance, since a large number of low-energy excitations will inevitably lead to undesired
losses. Furthermore, high Tc �lms are considered to have considerable potential as FIR-
detectors [7]. In order to make optimal use of such detectors one needs to disentangle the
bolometric and non-bolometric contributions, since the latter is thought to give rise to very
fast response times [8].
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116 Chapter 7. Nonequilibrium Superconductivity measured by PIAMA

In the seventies, similar motivations to distinguish the bolometric and non-bolometric
contributions lead to a widespread interest in experiments exploring non-equilibrium su-
perconductivity. Both experimentally and theoretically, people have been trying to answer
questions such as the inuence of the excess energy given to quasiparticles in the pair-
breaking process [9,10] and the processes determining the quasiparticle lifetime [11{13]. A
more detailed overview of the research concerning these topics has been given in section
2.3.

In all the above considerations the symmetry of the order parameter will be an essential
ingredient. Not only will it have a large inuence on the quasiparticle density, but it will
also greatly a�ect their dynamics. Obviously, when the superconductor has an isotropic
gap a certain minimum energy is needed to create quasiparticles. Therefore, at su�ciently
low temperatures, the thermally excited quasiparticle density will be negligible. However,
the presence of nodes opens up a channel in which quasiparticles can be created at in�nites-
imally small energies. As a result the quasiparticle density has a power law dependence
on temperature, as opposed to the exponential dependence for the case of an s-wave gap.
Moreover, one can imagine that having an anisotropic energy gap will modify the decay
channels for excited quasiparticles, thereby altering their relaxation rate.

In this chapter we present a new method to study the quasiparticle dynamics: Photo
Induced Activation of Mm-wave Absorption (PIAMA). With this technique we use two
independent sources in a pump-probe con�guration. The �rst creates a temporary excited
state within the superconducting thin �lm, while the second monitors the time evolution
of the state. A more detailed description of the experimental setup can be found in chapter
4. As the pump, we used the free electron laser, FELIX, located at the user facility of the
FOM-institute "Rijnhuizen" in Nieuwegein, The Netherlands [14]. FELIX is tunable over
a wide frequency range (100 - 2000 cm�1), reaching energies comparable to the relevant
energy scales in HTSC's, such as phonon energies and the superconducting energy gap.
PIAMA resembles earlier photoconductivity [15,16] and pump-probe experiments [17,18],
although there are some essential di�erences. First of all, the frequencies of the pump
and probe di�er by approximately two orders of magnitude, in contrast to most pump-
probe experiments where they have the same frequency. Secondly, we measure the system
response at ac-frequencies (5 cm�1) instead of using the dc-response, as is done in pho-
toconductivity experiments. This facilitates measurements in the superconducting state
since the ac-resistivity of a superconductor is nonzero. Furthermore, the pump frequency
is tunable and has a relatively low energy, within the FIR and MIR region, whereas in
most other experiments a single frequency visible laser was used. This allows us to study
PIAMA both as a function of frequency and temperature.

First we will present the scope of the experiment, explaining in detail what happens to
a superconductor when it is illuminated by an FIR-pulse. In particular, the relevant time
scales and decay processes will be treated, with attention to the question of the symmetry
of the order parameter. In the next section, results on a conventional superconductor,
NbN, will be presented, while in section 7.4 the results of the PIAMA experiments on one
of the cuprates, DyBa2Cu3O7��, will be discussed. In both cases attention will be paid
to disentangling equilibrium and non-equilibrium contributions. Furthermore, in section
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7.4 the correlation between the quasiparticle dynamics and the pairing symmetry will be
discussed, demonstrating the drastic consequences of a d-wave symmetry on the recombi-
nation process.

7.2 Scope of the Experiment

What Happens during an FIR-pulse?

First we need to visualize what will happen to a superconductor when it is subjected
to a pulse of far-infrared radiation. The FIR-radiation will change the initial state of
the superconductor by changing the balance between the number of Cooper pairs, nCP ,
and the number of quasiparticles, nqp. In �g. 7.1 we have sketched the e�ective electron
temperature, T�, and the quasiparticle density, nqp. Indicated are several processes which
are occurring, each having their own speci�c time scales:

A - build up

B - cascade

C - thermalization

D - recombination

E - bolometric response

During the FIR-pulse, the build up (A) of a temporary excited state occurs, having a
response time of about 1 ps. During this process, both the electron temperature and the
number of quasiparticles are enhanced. After the termination of the pulse, indicated by
the �rst vertical dashed line in �g. 7.1, a cascading process (B) reduces the average energy
of the electrons, thereby lowering T�. During the cascade, quasiparticles having su�cient
kinetic energy, break up additional Cooper pairs. Therefore, even though T� decreases, nqp
increases even further. The time constant associated with the cascading process has been
estimated to be approximately 1 ps or even faster [17]. On a longer time scale of about
1 ns [15] thermalization (C) via scattering processes lowers T� even further, while now
the quasiparticle density remains constant. In order to reduce also nqp to its initial value,
quasiparticles will have to recombine to form Cooper pairs (D). The time scale involved in
the recombination process is rather di�cult to disentangle from other processes and will
be discussed in detail for the case of DyBa2Cu3O7�� at the end of this chapter.

In addition to the electronic processes mentioned above, a simple heating of the sample
can also be present (E). This bolometric e�ect will have a slow relaxation time within the
�s to ms-range, which is closely connected to the experimental con�guration, since the
additional thermal energy of the sample has to be carried away via its environment.
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Figure 7.1: Schematic representation of the e�ective electron temperature T� (solid line),

and the number of quasiparticles in a superconductor, nqp (dash-dotted line), during and

after being illuminated with an FIR-pulse.
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Figure 7.2: Schematic representation of the optical response functions 1=�2 (solid line) and
�1;qp (dash-dotted line) of a superconductor, during and after being illuminated with an FIR

pulse.
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Optical Response Functions

The changes in quasiparticle and Cooper pair densities are reected in the complex optical
conductivity, which is, in the low temperature limit, given by:

�1 =
e2�qp

mqp

� nqp

�2 =
e2

��me

� nCP =
c2

8�2��2

(7.1)

which is the physical quantity that determines the mm-wave transmission coe�cient, Tr.

Tr =
4p2

(1 + p2)2 + (1 + p2)[4�d�1
c

]2 + (1 + p2)8�d�1
c

+ d2c2

�4!2

(7.2)

where p is the complex refractive index of the substrate. We use the approximate transmis-
sion coe�cient for the case of a minimum in the interference pattern of the bare substrate.
From �g. 6.11 on page 105, it can be seen that for the 20 nm thick DyBa2Cu3O7�� �lm
used during the PIAMA experiments, this is approximately valid at the probe frequency,
150 GHz. The time dependence of both �1 and 1=�2 has been depicted in �g. 7.2. Since
1=�2 � nCP and 2nCP = nel;tot � nqp, the changes in 1/�2 during the subsequent processes
A-E are simply opposite to the changes in nqp, indicated in �g. 7.1.

However, as can be seen in equation (7.1), the change in the real part of the conduc-
tivity due to the quasiparticles, ��1;qp, not only depends on the density, but also on the
scattering rate, qp = 1=�qp. As mentioned above, the thermalization process connected
to the modi�cations in the quasiparticle scattering rate, apart from the bolometric contri-
bution, occur on a time scale of approximately 1 ns. This indicates that while ��1;qp is
due to a combined e�ect of nqp and �qp on this time scale, in our case, having a temporal
resolution of about 1 �s, we will merely be sensitive to changes in �1 due to an altered nqp.

Equilibrium vs. Non-equilibrium

We can divide the response of the optical conductivity to the presence of a short FIR-pulse
into two speci�c cases:

� Equilibrium or bolometric

� Non-equilibrium or non-bolometric

The real part of the optical conductivity, �1 is plotted schematically in �g. 7.3 for both
cases, where the left panel represents the initial state and the right panel represents the
temporary state caused by the pulse. The pertinent parameters are given in table 7.1.
In all panels nqp is represented by a Drude contribution having a width equal to qp,

while nCP is represented by a �-function, indicated here as the arrow at zero frequency.
The strength of the �-function is equivalent to the Cooper pair density, and therefore also
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Figure 7.3: Upper panels: change in optical conductivity, assuming an equilibrium response.

a: initial state, b: superconductor at an elevated temperature. Lower panels: change in �1
in the non-equilibrium case. c: initial state, d: superconductor having a shifted chemical

potential at the same temperature as the initial state.

directly related to the magnitude of the dispersive part of the conductivity, �2, as was
shown in eq. (7.1).

In the upper panel of �g. 7.3 we indicate what we choose to call the equilibrium pro-
cess. In this scenario the absorbed radiation will temporarily raise the temperature of the
entire sample, while the quasiparticle chemical potential, �qp remains in equilibrium with
its environment. At the elevated temperature the number of Cooper pairs will be reduced
and hence the penetration depth � will be enhanced. Looking at the transmission given
by eq. (7.2) we see that as a result, the last term in the denominator will be smaller and
hence the transmission will increase. At the same time, the spectral weight removed from
the superuid �-function will be transferred into the quasiparticle peak, thereby enhancing
�1 and thus reducing the transmission coe�cient. In addition to the transfer of spectral
weight, the scattering rate qp will also be enhanced, since the sample is now at an ele-
vated temperature. This in turn tends to reduce �1 and thus enhance the transmissivity.
The result will be a competition of all three phenomena mentioned above. In order to get
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panel !pn (cm�1) qp (cm
�1) !ps (cm

�1)

a 7700 300 6400
b 8900 450 4600
c 7700 300 6400
d 8900 300 4600

Table 7.1: Parameters used for the calculation of the real part of the conductivity, �1,

presented in �g. 7.3.

an idea of what might happen in this equilibrium case, it is very instructive to monitor
the temperature dependence of the unperturbed transmission coe�cient, since the process
described above is not di�erent from having a superconductor at a temporary elevated
temperature. The results presented in chapter 6 show that at all frequencies the temper-
ature dependence is monotonic. Therefore the equilibrium response will always show an
enhanced transmissivity due to the presence of an FIR-pulse.

In the lower two panels we consider what we call the non-equilibrium response. In con-
trast to the equilibrium response, it is envisaged that the quasiparticle density is increased,
while the actual sample temperature remains the same. Therefore, in this case the sam-
ple temperature is in equilibrium with its environment, while the quasiparticle chemical
potential, �qp, is shifted. Just as in the equilibrium situation there are two competing
contributions determining the value of the mm-wave transmissivity: on the one hand �

will be larger, or equivalently the screening of the superuid will be reduced, enhancing
the transmissivity. On the other hand the increased quasiparticle density will give rise to
a larger �1, or equivalently a larger absorption, thereby reducing the transmission. More-
over, in contrast to the equilibrium response, the scattering rate qp will be identical to
the scattering rate in the initial state up to �rst order, justifying the conclusion that the
enhanced absorption due to �1 will tend to reduce the mm-wave transmission. The result-
ing response will depend on the relative signi�cance of both superuid and quasiparticle
contribution. A more quantitative analysis will be given in section 7.4.

Relaxation Processes and Relaxation Times

In order to obtain a better understanding of the time scales involved, it is essential to
imagine the nature of the processes involved in quasiparticle relaxation. The main scatter-
ing processes in conjunction with the recombination process have been represented in �g.
7.4 by their corresponding Feynman diagrams. As was shown in �g. 7.1, the thermaliza-
tion process (B+C) occurs within approximately 1 ns. This involves all of the scattering
processes given in �g. 7.1, including both elastic and inelastic scattering.

Relaxation times obtained in earlier experiments, both equilibrium and non-equilibrium-
like, span a rather large time domain. From microwave cavity perturbation experiments,
Bonn and co-workers [5] estimated the scattering time to be around 10�12 to 10�13 s,
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quasiparticle - impurity

scattering

quasiparticle - phonon
scattering

quasiparticle - quasiparticle

scattering

quasiparticle - quasiparticle

recombination

Figure 7.4: Main scattering processes taking care of the thermalization of the excess quasi-

particles depicted by their corresponding Feynman diagram. Also indicated is the recombi-

nation process.

where they used the two-uid model to obtain the absolute magnitude. In addition, data
obtained by FIR-spectroscopy and dc-resistivity [19, 20], and results presented in chapter
6 of this thesis yield comparable scattering times. In all of these experiments however, one
measures a combination of all relaxation processes, including elastic and inelastic scatter-
ing and the recombination process. In contrast, Doettinger et al. reported the scattering
time to be strongly temperature dependent and rather long, up to a value of 10�8 s at 40
K [21]. In this experiment, they measured the critical vortex velocity which is predicted to
be inversely proportional to the inelastic scattering time by Larkin and Ovchinnikov [22].
The physical reason for the close correlation is that inelastic scattering tends to move the
quasiparticles within the vortex back to their equilibrium distribution, and therefore a
vortex can reach a higher velocity before going through a transition. Since elastic scatter-
ing makes no contribution to the relaxation, one expects to measure a longer scattering
time. This argument may explain the apparent discrepancy between their results and the
microwave data. This also implies that it is natural to expect the pure recombination term
to be on an even longer time scale than the one measured in the experiment of Doettinger
et al., since in this case neither elastic nor inelastic processes contribute.
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In the PIAMA experiments the time resolution is around or slightly better than 1
�s. However, cascading and thermalization processes occur on a much faster time scale.
Combining the information given above with the picture described in �g. 7.3, we can
conclude that PIAMA is mainly sensitive to the number of quasiparticles. Therefore, since
scattering merely changes the energy and not the density of quasiparticles, we measure
only the recombination contribution.

Quasiparticle Relaxation in a d-wave Superconductor

A large variety of pump-probe and photoconductivity experiments have been performed
in an attempt to determine the quasiparticle relaxation time [15{18, 23{27]. In all cases
known to us, a high energy laser (> 1eV) has been utilized to create the excited state.
Most workers found two contributions to the response, one having a fast and one having
a relatively slow relaxation time. The fast contribution ranges from a few ps [17, 27]
to several hundreds of ps [15, 24] and is usually attributed to non-equilibrium or non-
bolometric e�ects.

This term covers many di�erent phenom-
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Figure 7.5: Representation of an energy

gap having a dx2�y2 symmetry, showing

the nodes at (��=2, ��=2).

ena such as a hot electron e�ect [27,28] and a
rapid change of the kinetic inductance [15,23].
In our case the temporal resolution (� 1�s) is
insu�cient to measure such responses. The
second, slower response ranges from several
ns [16] up to values in the �s-regime [24, 26,
29] and is usually attributed to bolometric ef-
fects. However, alternative explanations have
also been given for the long-lived component
such as photoinduced localized states [26] or
the photouxonic e�ect [30]. In the latter case
a vortex-antivortex pair is created using a pho-
ton.

It is essential to realize that in contrast
to all the above presented photoconductivity
and pump-probe experiments, in our case the
"pump" energy is relatively low, within the
FIR-range. The reason why this is important
can be understood pictorially using �g. 7.5, where the d-wave gap has been drawn in
k-space. The functional form of a d-wave gap symmetry can be described by

�(k) = �max[cos(kx a) � cos(ky a)] (7.3)

where �max is the maximum gap, which is estimated experimentally to be around 200-250
cm�1 [31]. This means that the phonon energy provided by FELIX is comparable to or
even smaller than 2�max, thereby putting the quasiparticles into preferred excited states.
The time constant of thermalization has been estimated to be around 1 ns [15], and hence
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it is natural to assume that the quasiparticles will thermalize before they recombine, i.e.
decay towards the nodes, according to the Fermi-Dirac distribution:

fk(E; T; n) =
1

1 + e[E��qp]=kBT
(7.4)

where E is the quasiparticle energy, �qp is the quasiparticle chemical potential and T is their
equilibrium temperature. However, in the case of a d-wave symmetry, this implies that the
quasiparticles end up in a well de�ned state having a momentum k close to (��=2, ��=2).
This has been demonstrated more clearly in �g. 7.6, where the quasiparticle dispersion has
been depicted for cuts along two di�erent directions in k-space. The left panels show the

E

k

k = (π,0)

E

k

k = (π,0)

E

k

k = (π/2,π/2)

E

k

k = (π/2,π/2)

Equilibrium

Non-Equilibrium

(a)

(c) (d)

(b)

k // (π,0) k // (π,π)

µ > µ
qp qp

* µ > µ
qp qp

*

Figure 7.6: Quasiparticle dispersion, showing the inuence of the modi�ed quasiparticle

chemical potential ��qp. The upper panels show the equilibrium response, whereas the lower

panels depict the non-equilibrium case. In both cases the left panel is a cut taken along the

(�; 0) direction, while the right panel is a cut taken along the (�; �) direction.

cut taken along the (�,0) direction, reaching the largest value for the gap, �max. The right
panels show the cut taken along the (�; �) direction, i.e. in the direction of the nodes. As
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before we can make a distinction between the two possible cases, the equilibrium response
(upper two panels) and the non-equilibrium response (lower two panels). In the upper
case the quasiparticle chemical potential is in equilibrium with its environment, and hence
the Cooper pair and quasiparticle distribution functions attain their usual values, as if
the sample resides at an elevated temperature. In contrast, in the lower panel the system
temperature is in equilibrium, while �qp has been shifted. This clearly demonstrates that in
the non-equilibrium case the probability for quasiparticles to be situated in the proximity
of the nodes is much higher than the probability for other positions in k-space.

Realizing furthermore that in order to recombine, two quasiparticles have to ful�ll
kinematic quantum restrictions in order to conserve both energy and momentum, it is
reasonable to expect that for carriers residing near the nodes, recombination is exceedingly
di�cult. This implies that in case of a d-wave symmetry the recombination time can be
enhanced by orders of magnitude. A more quantitative analysis together with the precise
formulation of the kinetic equations will be given in section 7.4.

7.3 NbN

In order to test the new technique of Photo Induced Activation of Mm-wave Absorption
(PIAMA), we began by measuring a conventional superconductor. We used a NbN �lm
with a thickness of 55 nm deposited on a 490 �m thick MgO substrate. The same �lm was
studied in chapter 6 using mm-wave transmission measurements.

During all measurements a spurious oscillation, something in addition to the FIR in-
duced changes, was observed. This oscillation was caused by cross talk between the laser
electronics and our system, as could be checked by blocking the FELIX-beam with the
free electron laser on. The oscillation was very reproducible and therefore we were able
to eliminate its contribution by measuring with and without the FIR-radiation present on
the sample. An example of two typical data sets, and the corrected transient is shown
in �g. 7.7. The curves have been given an arbitrary vertical o�set for the sake of clarity.
We clearly see the oscillation in the data both with and without FELIX incident on the
sample. After subtracting the reference signal, the photo induced change in transmission
(PIT-signal) shows a smooth decay. The same correction procedure has been performed
on all data presented below. In addition to the oscillation, all the data presented here have
been corrected for the transfer function of the di�erentiating circuit connected to the diode
detector, having a time constant of 45 �s. This was done by convoluting the measured
responses with the exponential response function of the measurement circuit.

In �g. 7.8 we show the photo induced transmission (PIT-signal) for the NbN �lm
measured at �ve di�erent temperatures (4, 10, 12, 16 and 18 K from top to bottom).
The pump frequency is 666 cm�1, while the probe frequency is 150 GHz (5 cm�1). The
macropulse power was 16.0 mJ/pulse. The curves have been given an arbitrary vertical
o�set. Using the absolute unperturbed transmission in combination with the absolute
value of the diode output, we can estimate the change in transmission coe�cient from the
measured voltages. We observe a positive change in the transmission coe�cient due to the
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Figure 7.7: Photo induced transmission shown both before (dotted line) and after (solid

line) correcting for the spurious oscillation present in the transient. Also shown is the

reference curve measured without the FELIX-beam incident on the sample (dashed line).

The curves have been given an arbitrary vertical o�set.

presence of the FIR-radiation at all temperatures, up to Tc (17 K). This by itself is not
su�cient information to conclude whether the response is bolometric or non-bolometric.
However, we will argue below that, combining all the available information, we can conclude
that in this case the superconductor remains in an equilibrium state, and the photo induced
changes are due to a bolometric e�ect.

Evidence for the Bolometric Nature of the Response

When the signals are plotted on a logarithmic scale, as is done in the inset for the 4 and 16
K data, we see that the transmission decays exponentially, having a very slow relaxation
time of the order of 100-200 �s. The exponential behavior and the long time constants are
characteristic of a bolometric response, and are indicative of the photo induced transmission
being due to an e�ective heating of the sample by the FIR-pulse. Upon lowering the
temperature, two competing e�ects determine the thermal time constant of the system,
since both the heat capacity and the thermal conductivity will be reduced. In �g. 7.9
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Figure 7.8: Photo induced transmission for NbN on MgO at 4 K (solid), 10 K (dashed),

12 K (short dash), 16 K (dotted) and 18 K (dash-dotted). The curves have been given an

arbitrary vertical o�set. Inset: � Transmission plotted on a logarithmic scale at 4 and 16

K.

the relaxation time is plotted as a function of temperature, again at a pump frequency of
666 cm�1 and a mm-wave frequency of 150 GHz. From the fact that the decay time is
considerably faster at lower temperatures we conclude that in this particular case the heat
capacity is reduced more severely.

In the upper panel of �g. 7.10 the maximum change in transmission, �Tr, has been
plotted as a function of temperature for the same frequencies as used above. In the lower
panel, on the same temperature scale, the unperturbed transmission at 140 GHz through
the same NbN �lm has been depicted. As was explained in chapter 6, the transmission
at 150 GHz will be quantitatively slightly di�erent due to interference e�ects, but the
qualitative behavior, essential for the argument below, will be same.

Using the temperature dependence of the speci�c heat and the absorbed power, we can
estimate the induced temperature rise, �T . We assume that the temperature rise will be
homogeneous within the entire sample, hence �T can be calculated by P=((Cp +Ce)Vf +
CsVs). The speci�c heat of the MgO substrate, Cs, has been obtained by extrapolating
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Figure 7.9: Relaxation time of the photo induced transmission as a function of temperature,

at �fir = 666 cm�1 and �mm = 150GHz.

Figure 7.10: a: Temperature dependence of the peak amplitude of the photo induced trans-

mission at ��r = 666 cm�1 and �mm = 150GHz. b: Temperature dependence of the unper-

turbed transmission at �mm = 140GHz.
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experimental data from ref. [32] to low temperatures. Since there are no experimental data
of the phonon speci�c heat for NbN known to us, this quantity has been calculated using
the Debye temperature (�D � 250K) [33]. This yields Cp = (12�4=5)nkB(T=�D)

3 =
5:0 � 10�3 Jcm�3K�1 where we used n = 4:8 � 1022 cm�3, the atom density of NbN.
The electronic speci�c heat is 1:5 � 10�3 Jcm�3K�1, where both values were calculated
at 8 K. In order to calculate the temperature dependence we used a T3 dependence for
Cp and e��=kT for Ce. We estimate the actual power absorbed within the sample to be
0:7�0:7�0:35�0:5�16�10�3 = 1:37�10�3J . In this case 0.7 is the transmissivity of one
KRS-5 window, 0.35 is the absorptivity of the sample, 0.5 is the loss due to the nonzero
angle of incidence, elongating the spot at the sample position, and 16 mJ is the power of
a single macropulse, measured just before the cryostat. This yields �T of approximately
9.4 K starting at 4 K, while �T is gradually reduced to approximately 3 K at 15 K.
In table 7.2 we compare the calculated temperature changes with the measured ones,
while also the speci�c heat values are given for both substrate and �lm. Furthermore, the
volume of the �lm was 55�10�7 cm3 and the substrate contained 7.5�10�3 moles of LaAlO3.
The comparison demonstrates the fair agreement supporting the bolometric nature of the
changes. The measured changes have been determined by combining the maximum change
in the PIT-signal and the unperturbed transmission. The agreement is quite good, even

T (K) �Tth (K) �Texp (K) Cfilm (mJ/cm3K) Cs (mJ/moleK)

4 9.4 12.5 1.2 4.9
8 6.8 8.8 6.5 13.1
10 5.4 6.9 17.1 21.8
11 4.8 5.9 26.3 26.6
12 4.3 4.9 38.5 31.8
13 3.8 > 4 54.0 38.6
14 3.4 > 3 73.0 45.6
15 2.9 > 2 97.7 53.2
16 2.6 > 1 121.9 62.1

Table 7.2: Comparison of the theoretical and experimental temperature changes for NbN.

though the model to estimate �T is rather crude. The remaining discrepancy is most
probably caused by these simple assumptions. The strongly temperature dependent speci�c
heat therefore provides a natural explanation for the fact that the peak amplitude is reduced
less severely at low temperatures than one would expect if �T were assumed to be equal
at 5 and 15 K.

This scenario explains furthermore the apparent correlation between the induced signal
and the superconducting state. Since the temperature dependence of the transmissivity is
rather small in the normal state due to the nearly constant conductivity, the PIT-signal
vanishes above Tc. The PIT-signal is therefore not directly related to the presence of the
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superconducting condensate, but to the rate at which the transmission changes.
Similar results as presented above were obtained at other pump frequencies. This is to

be expected since the superconducting energy gap (2�) for NbN is approximately 50 cm�1.
Hence the frequency of FELIX is much larger than 2�. This inhibits a spectroscopic study
of the energy gap in this material using FELIX.

7.4 DyBa2Cu3O7��

7.4.1 Results

In contrast to conventional superconductors, for high temperature superconductors the
energy gap (or the maximum energy gap, �max, in case of a d-wave superconductor) is
of the order of several hundreds of wavenumbers, as are other relevant energy scales, such
as phonon frequencies. This energy coincides nicely with the energy scale that can be
covered using FELIX, allowing us to study the quasiparticle dynamics both as a function
of frequency and temperature.

Temperature Dependence

In �g. 7.11 the unperturbed mm-wave transmission through a DyBa2Cu3O7�� �lm of 20 nm
thickness, deposited on a 520 �m thick LaAlO3 substrate is depicted for two frequencies,
120 and 150 GHz. The transmission at these frequencies is rather di�erent, mainly due
to interference e�ects within the �lm-substrate system. This has been explained in more
detail in chapter 6. For the analysis below, the most signi�cant property of the transmission
coe�cient is itsmonotonic temperature dependence over the entire range, at all frequencies.
Focusing the attention on the 150 GHz curve, since we used this frequency in all PIAMA
experiments, we see a nearly temperature independent transmission at higher temperatures,
showing no evident drop at Tc (� 88 K). Only at lower temperatures the transmission is
reduced more strongly, due to the enhanced signi�cance of the superuid fraction (see
chapter 6).

In �g. 7.12 the photo induced transmission (PIT-signal, i.e. �Tr) of the same �lm is
shown for temperatures ranging from 5 to 70 K. The pump frequency is 800 cm�1, while
the probe frequency is 150 GHz. The curves have been corrected for long term instabilities
in the incident power. The exact correction procedure will be explained in detail later in
this section. We see that for temperatures lower than 40 K, the FIR-radiation enhances the
transmissivity of the thin �lm. However, around 40 K the situation changes and the FIR
pulse starts to reduce transmission instead. Moreover, exactly at 40 K the enhancement
and the reduction of the PIT-signal are present simultaneously. Having the additional
knowledge of the ordinary, monotonic behavior seen in the temperature dependence of the
unperturbed mm-wave transmission we reason that a simple heating of the sample can
never account for such a crossover. Furthermore, we see that the photo induced signal
persists at 65 K, although it has a reduced amplitude. At this temperature however,
the unperturbed transmission is already nearly temperature independent. This provides
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Figure 7.11: Unperturbed transmission through a DyBa2Cu3O7�� �lm on LaAlO3, �lm

thickness 20 nm, at �=120 GHz (solid triangles) and 150 GHz (open squares).

Figure 7.12: Photo Induced Transmission for DyBa2Cu3O7�� on LaAlO3, �lm thickness 20

nm, shown for several temperatures. The FIR-pulse enhances transmission at low temper-

atures, while it reduces it at temperatures higher than 40 K.
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additional evidence that the response cannot be due to an ordinary heating e�ect, since
a purely bolometric signal would vanish. Around 70 K the PIT-signal drops below our
detection limit, which inhibits us to draw de�nite conclusions about its evolution toward
Tc. Also above Tc no change in transmission was observed.

In order to explain the observed behavior we return to the argument given in section
7.2. We now concentrate on the lower two panels of �g. 7.3 on page 120, in which the non-
equilibrium response is sketched. Assuming that we can describe the superconducting state
using a two-uid model, we are sensitive to the contribution of both the superuid and
the normal uid fraction. The former is represented by the �-function at zero-frequency,
responsible for the superconductivity. The spectral weight within the �-function is deter-
mined by the number of Cooper pairs present, and will be reduced during the presence of
a FIR-pulse. This will result in a less e�ective screening of the incident �eld and therefore
the transmission will be enhanced temporarily, as can be seen in eq. (7.2). The quasipar-
ticle contribution is represented by the Drude-peak in �1, centered around zero-frequency
and having a �nite width (qp = 1=�qp). During the pair-breaking process, the spectral
weight within this peak is strongly enhanced. Under the assumption that the electron
temperature relaxes within a few nanoseconds, which is considerably faster than our time
resolution, on our time scale the shifted chemical potential will be the dominant e�ect.
We can therefore regard the scattering rate qp to retain its equilibrium value. Hence,
at lower frequencies, the conductivity due to the quasiparticle peak will be considerably
higher than in the initial state, thereby temporarily enhancing the absorption within the
superconductor. When this contribution is more dominant than the reduced Cooper pair
density the transmission will be reduced.

The explicit behavior, such as the temperature at which the crossover from a positive to
a negative PIT-signal occurs, will strongly depend on several parameters. First, the precise
values and temperature dependencies of the intrinsic sample properties such as �1 and the
penetration depth � will be vital. In principle, since �1 has a non-monotonic behavior as a
function of temperature, for cuprates a situation can occur in which even the unperturbed
response will be non-monotonic. In this particular situation however, we know that this is
not the case and an alternative explanation for the sign change in the PIT-signal is needed.
A second parameter becomes clear from �g. 7.3: if we would tune the probe frequency to
a considerably higher value, the increase in absorption due to the enhanced conductivity
will be less pronounced and the negative PIT-signal will subdue.

Frequency Dependence

The dependence of the PIT-signal on the frequency of the pump at T = 40 K is shown in
�g. 7.13. In order to correct the spectra for the altered output power of FELIX at di�erent
frequencies within one scan of the undulator magnetic �eld, we also studied the power
dependence of the PIT-signal. The change in power is within 10 % for most of the band
that can be reached in this way, except for the frequencies at both sides of the band where
the output power diminishes rapidly. The results at 5 K using a pump frequency of 750
cm�1 are shown in �g. 7.14. The power indicated in the �gure is measured for a single
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Figure 7.13: Photo Induced Transmission shown for several di�erent frequencies at T =

40 K. At this temperature for some of the frequencies both the positive and the negative

inuence of the FIR-pulse are clearly visible. The curves have been given an arbitrary

vertical o�set.

Figure 7.14: Power dependence of the peak amplitude of the PIT-signal. The pump fre-

quency is 750 cm�1, while the temperature is 5 K.
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macropulse just before the cryostat. The normalized peak amplitudes, where we divided
the maximum induced change in transmission by the input power, are 0.40, 0.48, 0.53
and 0.48 for the highest to the lowest incident power respectively. Therefore we assume
that we are approximately within the linear regime and we can take the changing laser
uence into account by dividing the spectra by the measured pulse power. This was done
after normalizing the pulse powers to the highest value within the band. Such a procedure
conserves the observed absolute change in transmission, enabling us to obtain a direct
correlation between �Tr and �T . The power measured outside the cryostat is reduced
by a factor of 0.5 in passing two KRS-5 windows, but since this factor is nearly frequency
independent, as can be seen in �g. 4.6 on page 75, this does not enter the frequency or
the temperature dependence. Moreover, from �g. 7.14 we conclude that within the power
range used during the PIAMA experiments, the changes are not a�ected by saturation
e�ects. In addition we conclude from the linear power dependence of the signal that one
photon absorption processes govern the response.

In order to acquire the complete frequency dependence ranging from 320 - 1400 cm�1,
we needed two di�erent settings for the accelerator voltage. The reproducibility of the
observed changes has been carefully checked by examining the overlapping parts of the
frequency ranges.

The experimental behavior presented above is indicative of reaching a critical quasipar-
ticle density, both as a function of temperature and frequency. Returning to the equations
(7.1) and (7.2) we can estimate the relative signi�cance of both quasiparticle and Cooper
pair density at all temperatures. Therefore we need to calculate the change in transmission
coe�cient due to changes in both �1 and �. Equation (7.2) yields:
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We can thus calculate the relative importance of both terms by determining � and � where
we used:
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Using the information we obtained from the unperturbed transmission experiments shown
in �g. 6.15 and 6.16 we obtain the results given in table 7.3. For those values that are not
available, we used extrapolations similar to the experimental results reported in references
[34] and [35] for �1 and �, respectively. Although � is larger than � up to about 60 K, it is
clear that the �1-term attains considerable weight upon raising the temperature. Whereas
it has no signi�cant inuence on �Tr at 5 K, at higher temperatures it becomes much
more dominant.

To establish the idea of reaching a critical quasiparticle density experimentally, we have
studied the coexistence of the positive and negative PIT-signal at 40 K in more detail. The
photo induced transmission has been plotted along with the FELIX pulse in �g. 7.15 for
three di�erent pulse lengths, using an arbitrary vertical o�set for the sake of clarity. It is
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T (K) � (�10�3) � (�10�3)

5 2.9 45.6
15 4.3 43.3
30 13.2 39.6
40 18.1 34.2
50 24.5 36.7
60 35.8 17.8
70 37.6 4.1

Table 7.3: Prefactors � and � from eq. (7.6) demonstrating the signi�cance of �1 and �.

Figure 7.15: left axis: Photo

induced transmission at 40

K using �fir = 630 cm�1.

The curves are showing the

response to FIR-pulses (right

axis) of three di�erent lengths,

4 �s (dashed), 5 �s (dotted)

and 6 �s (solid). The curves

have been given an arbitrary

vertical o�set for the sake of

clarity.

evident that the start of the dip in transmission is independent of the pulse length. At
this point the number of excited quasiparticles is su�ciently large, thereby causing the
absorption due to the enhanced conductivity to govern the PIT-signal. It is also clear
that the onset of the second increase in transmission corresponds to the termination of the
pulse. The PIT-signal returns to a positive value due to the remaining bolometric change
in the sample state.
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Comparison to Absorptivity

The changes in transmission as a function of pump frequency show a rather non-monotonic

behavior and have been summarized in �g. 7.16 for several temperatures ranging from 5 to

60 K. Plotted are the absolute peak heights obtained after the correction for the changes

in incident power. Here we divided the measured peak voltage by the pulse power directly.

This procedure hence yields both positive and negative values. In order to include the 40 K

data, the positive (A) and the negative contribution (B) have been determined separately,

while the total induced change (A-B) is included in �g. 7.16. Remarkable is that the

positive contribution, A, remains nearly constant, as soon as the negative contribution sets

in.

In �g. 7.16, we have also plotted the frequency dependence of the absorptivity, A, within

the �lm. This has been calculated using the Fresnel equations for a strati�ed system and

the case of an anisotropic �lm.

A = 1� jrlrj
2 � jtlrj

2 (7.7)

The complex reection and transmission coe�cients rlr and tlr have been determined in

section 3.2.2. In the calculation the angle of incidence was equal to 45� and a mixture of 50
% s- and 50 % p-polarized light was assumed, identical to the experimental situation. For
the �lm properties we used the dielectric function at 10 K of YBa2Cu3O7�� obtained from

reectivity measurements [36,37]. Both the ab-plane and the c-axis dielectric function have
been drawn in �g. 7.17 in the left and right panel respectively. The dielectric function of

the substrate can be described by a sum of Lorentz phonon oscillators:

� = �1 +
NX
j=1

Sj!
2
j

!2
j � ! (! + ij)

(7.8)

We utilized the experimental phonon parameters presented in ref. [38]. These parame-

ters have been summarized in table 7.4. The substrate phonons modify the absorptivity

�1 = 4:0

phonon !j (cm
�1) j (cm

�1) Sj

#1 185 3.1 15.0

#2 427 4.2 4.2

#3 498 6.5 0.014

#4 594 7 0.005

#5 651 15 0.27

#6 674 49 0.014

Table 7.4: Substrate parameters used for the calculation of the absorptivity of the

DyBa2Cu3O7�� �lm on a LaAlO3 substrate.
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Figure 7.16: Normalized peak intensity as a function of frequency, shown for several di�er-

ent temperatures, ranging from 5 to 60 K. At 40 K the sum of the positive and the negative

peak has been plotted. The absorptivity within the �lm is shown as the solid line.

Figure 7.17: Left: ab-plane di-

electric function as a function

of frequency for YBa2Cu3O7��.

Right: c-axis dielectric func-

tion. In both cases �0 is indi-

cated by the solid line and �00 by

the dotted line.
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within the �lm rather severely. Instead of having a smooth behavior expected in case of

a single Drude contribution, peaks appear at frequencies corresponding to the longitudi-

nal substrate phonon frequencies. Due to the high reectivity of the substrate within its

Reststrahlenbands the matching between the �lm and the substrate changes, giving rise to

an enhanced absorption within the �lm, a phenomenon known as the Berreman e�ect [39].

Remarkable is that the c-axis phonons of the �lm, clearly visible in �0c and �00c , play no role

in determining the absorptivity within the �lm. It has been shown under similar conditions

in chapter 5 of this thesis and in ref. [40] that c-axis phonons appear in the reectivity and

they can therefore be expected in the absorptivity as well. The absence of these structures

is most likely caused by the small �lm thickness.

We notice that the overall structure of the absorptivity within the �lm corresponds

very well to the normalized peak amplitude of the PIAMA response. This demonstrates

that it is possible to measure the absorption within the �lm very sensitively in this way.

It is important to note that the absorptivity of the substrate itself is in fact maximal

at the transverse phonon frequencies, corresponding to the minima in the absorptivity
within the �lm, presented in �g 7.16 as the solid line. This establishes that the observed

features are not due to substrate heating, since the PIT-peak amplitude has minima at the
transverse substrate phonon frequencies, in contrast to the substrate absorptivity.

7.4.2 Discussion of the Relaxation Times and the Kinetic Re-

strictions related to the d-wave Symmetry

Finally, in this section we will discuss the observed relaxation times in the context of
bolometric and non-bolometric contributions. Furthermore a theoretical treatment will be
presented, using the point of view of the dispersion relations as well as an approach using

a set of coupled kinetic equations.

Time Constants

In �g. 7.18 a typical pulse shape, which has been renormalized for comparison, is shown
in conjunction with the 30 K transient. We see clearly that the relaxation process does

not follow the pulse at any time, implying that the measured relaxation time is indeed

generic for the relaxation process within the sample, and not limited by the pulse shape.
An exception to this observation might be the dip measured at 40 K. In the inset of �g.

7.18 a comparison between the same pulse and the 40 K transient is made. We see that
the slope of the relaxation follows the pulse, indicating that the actual process might be

even faster. Knowing from the negative response at higher temperatures that the induced

changes in transmission are not due to a heating e�ect, and realizing that the relaxation
time is not limited by experimental factors, we need to explain the unusually long life time

of the non-equilibrium state.

In order to obtain a quantitative idea on the measured time constants, we �tted the
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Figure 7.18: Comparison of the incident pulse shape (solid line) and the observed changes

in transmission at 30 K. The same comparison at 40 K is shown in the inset. In both cases

the pulse has been renormalized for comparison.

transients using a linear combination of two exponentially decaying signals.

�Tr = I1e
�t=�1 + I2e

�t=�2 (7.9)

The results of these �ts can be seen in �g. 7.19. For the �t we have concentrated on
the initial decay, up to 45 �s, because the slope of the decay on longer time scales is

very sensitive to the magnitude of the di�erentiating time constant, used to correct the

transients for the inuence of the diode detector. The relaxation times obtained in this

fashion, are given in table 7.5 and plotted in �g. 7.20 as a function of temperature. The

second component was only needed at the lower temperatures (5, 30 and 40 K), to obtain

a reasonable �t. The time constants of the second contribution have been indicated as �2
in table 7.5. We attribute the second, positive component to an appreciable bolometric

response, only present at lower temperatures due to the much smaller speci�c heat.
Disregarding the fast response for this moment, we estimate that the PIT-signal would be

due to a temperature rise of approximately 13 K by comparing the measured amplitude
with the unperturbed transmission curve. Similar arguments lead to an experimental

temperature rise of approximately 1.5 K for the 30 K response and 0.2 K for the 40
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Figure 7.19: Photo induced transmission plotted for several temperatures, together with an

exponential �t. The pump frequency is 800 cm�1 and the probe frequency is 150 GHz.

Figure 7.20: Temperature dependence of the relaxation time obtained from the exponential

�t of the PIAMA-transients at 800 cm�1.
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T (K) �1 (�s) �2 (�s)

5 3.5 > 45

30 4.5 > 45

40 2.0 (-) > 45 (+)

50 7 -

60 11 -

65 21 -

Table 7.5: Relaxation times obtained from the exponential �t of the PIAMA-transients at

800 cm�1.

K transient. At 40 K we used the height of the positive peak directly after the fast

non-bolometric dip. At temperatures higher than 40 K an experimental value for the

temperature rise can not be obtained, since a resulting change in transmission will never

be negative. Moreover, at temperatures higher than 60 K the unperturbed transmission is
nearly temperature independent, implying that any observed change in transmission can

not be bolometric.
In a similar fashion as for the NbN-�lm, we can calculate the expected temperature rise

of the DyBa2Cu3O7�� �lm using the absorbed power and the speci�c heat of the entire

system. The maximum pulse power during the temperature scan was 11.6 mJ/pulse,
yielding 0:7� 0:7� 0:5� 0:25� 11:6� 10�3 = 0:71� 10�3 J as the power which is actually
absorbed within the �lm. For the speci�c heat of the �lm we used the experimental values

presented in ref. [41]. The speci�c heat of the substrate has been extrapolated using a T3

dependence, starting from Cs = 30.2 J/moleK at 77 K and taking 720 K as the Debye

temperature [42]. As the molar densities we used 2.5�10�7 and 1.45�10�3 for the �lm
and the substrate respectively. These numbers immediately show that the inuence of the
�lm can be neglected in the calculation of �T . The results are summarized in table 7.6

in conjunction with the estimated experimental values. We �nd that the size of �Texp for

T (K) �Tth (K) �Texp (K) Cfilm (J/moleK) Csub (J/moleK)

5 8.7 13 0.01 8.1�10�3

30 0.34 1.5 1.9 1.8

40 0.18 0.2 3.7 4.2

Table 7.6: Comparison of the experimental and theoretical temperature changes for

DyBa2Cu3O7��.

the slow contribution can be described fairly well in this way. Therefore we conclude that

at higher temperatures, due to the much larger speci�c heat of both �lm and substrate,
the incident power barely changes the sample temperature.
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Dispersion Relations

In this section we want to make the inhibition of the recombination process somewhat

more physically transparent by looking at the dispersion relations of the gap function, the

quasiparticles and the phonons emitted during recombination.

Our main interest will be the transition probability from a state involving two quasi-

particles and N Cooper pairs into a state with N+1 Cooper pairs and an emitted phonon,

i.e. the recombination process:

R = j < (Nq� + 1)jk"k0#a
y
q�jNq�; k" k

0#> j2 (7.10)

where k; k0 are the quasiparticle operators, written in terms of the electron operators C

and Cy [43]:
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Here S (y) is the pair annihilation (creation) operator and uk and vk are the well-known
BCS coherence factors
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where �k is the quasiparticle energy at momentum k and Ek = (�2
k + �2k)

1=2.

In the quasiparticle recombination process the coherence factor for pair creation is
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assuming that j~kj � j~k0j. Substituting eq. (7.13) into (7.10) �nally yields

�R =
1

R
�

1

�k

(7.14)

This result can be understood intuitively, knowing that the transition probability is in

fact a measure of the overlap of the quasiparticle wavefunction and the superconducting
energy gap function. Therefore, in case of a smaller gap the transition probability will

be smaller and hence the quasiparticle lifetime will be longer. In fact, precisely at the
nodes the energy gap vanishes, and consequently the recombination time would be in�nite.

In reality there are always physical processes breaking the symmetry yielding a �nite �R,

such as scattering processes involving two phonons. However, since these are second order
processes having a lower probability, �R is likely to be long.
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Obviously, both momentum and energy conservation laws will have to be satis�ed in

the recombination process, yielding:

~k + ~k0 = ~q

Ek + Ek0 = vsjqj
(7.15)

where vs is the sound velocity within the material. By plotting the dispersion relation for

quasiparticles close to the nodes, it becomes clear that, for a gap dispersion which is steep

compared to the linear phonon dispersion, satisfying both conservation laws simultaneously

is problematic. A qualitative sketch can be seen in �g. 7.21. In order to improve the

lucidity of the �gure, we have used a few transformations that do not a�ect the validity of

the argument. First we only consider two quasiparticles close to opposite nodes, such as for

instance close to (�=2; �=2) and (��=2;��=2). (see �g. 7.5 for the d-wave gap symmetry).

Since, in the other cases, the di�erence in momentum taken up by the phonon will be

very large, and consequently the emitted phonon energy will be rather large, the transition

becomes less probable. In order to move the cones on top of each other, we have plotted
�k and �q according to

~k =

�
�

2
;
�
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�
+ �k; ~q =

�
�

2
;
�

2

�
+ �q (7.16)

where ~k is the momentum vector parallel and ~q the momentum vector perpendicular to
the Fermi surface. Furthermore, for the case of the node at (��=2;��=2), we de�ne the
di�erence in momentum as ��k and the energy as �E�k. This transformation rotates this

cone by 180� around the ~kz-axis and by 180� around the ~q-axis. The conservation laws
given in eq. (7.15), under these transformations become:

�~k � �~k0 = ~q

E�k � E�k0 = vsjqj
(7.17)

The functional form of the dispersion of the quasiparticles, plotted in �g. 7.21, is given by

E�k = ~

vuut(�k)2
 
@�k

@k

!2

+ (�q)2v2F (7.18)

where the functional form of the energy gap, �k, has been given in eq. (7.3) and vF is
the Fermi velocity. For a quasiparticle in a state (�k; 0), indicated by the large dot, there

is a range of possible quasiparticle states in the lower cone available for recombination,
indicated by the ellipse. However, if the phonon dispersion, represented by the dashed

lines, is considerably shallower than the slope of the gap around the nodes, there will be

no phonon states available to consume the remaining momentum and energy.
Assuming that the only e�ect of an increased sample temperature is a reduction of the

size of the maximum gap at (�; 0), the slope of the quasiparticle dispersion will decrease at
higher temperatures. Hence, around a certain temperature the dispersion of the gap and

the phonons will be comparable, yielding a minimum in the relaxation time. In contrast,

upon approaching Tc from below, �max ! 0, implying, using eq. (7.14), that �R will be
consequently enhanced.
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Energy

k
q

Figure 7.21: Qualitative sketch of the quasiparticle dispersion in opposite nodes in conjunc-

tion with a linear phonon dispersion (dashed line). This clearly demonstrates the occurrence

of a bottleneck if the former is too steep.
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Kinetic Equation Approach

We used a kinetic equation approach to describe a superconductor in a non-equilibrium

state, in order to obtain a quantitative idea about the relaxation and recombination pro-

cesses. The kinetic approach was �rst introduced by Bardeen et al. [44] to study the

thermal conductivity of a superconductor and was later adapted to the strong coupling

case by Ambegeokar and Tewordt [45] and Prange and Kadano� [46, 47]. Considering the

superconductor as a combined system involving three di�erent components (quasiparticles,

phonons and Cooper pairs) leads to the construction of set of coupled equations describing

their respective distribution functions. This approach is equivalent to the more rigorous

Green's function approach [48], while the resulting equations are rather transparent while

still incorporating the essential physics within the problem.

We begin by constructing the coupled equations describing the non-equilibrium distri-

bution functions of the quasiparticles, f(Ek), and the phonons, n(
q).

df(Ek)

dt
= Iqp(Ek) +

@f(Ek)

@t
dn(
q)

dt
= Iph(
q) +

@n(
q)

@t

(7.19)

Here Iqp(Ek) and Iph(
q) are energy spectra of the quasiparticle and phonon injection rate,
respectively. We will restrict our discussion here to the case where a pulsed optical source
is used to create the non-equilibrium state. Therefore Iph(
q) is always equal to zero,

whereas Iqp(Ek) is nonzero only during the pulse. Immediately after the pulse we study a
free quasiparticle relaxation. The second terms in both expressions describes the changes
in time of the respective distribution functions.

Concentrating �rst on this part of the coupled equations for the case of the quasipar-

ticles, the resulting contribution will be a combination of many scattering processes. The
main processes have been treated in the beginning of this chapter, and it is important to re-
alize once again that elastic and inelastic scattering and recombination all contribute in the

relaxation process. In our case, we have established that, due to the temporal resolution,
the transients are not a�ected by the fastest processes, such as quasiparticle-quasiparticle

scattering and the cascading process in which quasiparticles decay via additional pair-
breaking. Moreover, the quasiparticle-impurity scattering only contributes to the collision

rate if the process is inelastic. The contribution of the elastic processes vanishes due to the

cancellation of coherence factors. Such processes however, still play a role in the relaxation

process for an anisotropic superconductor because, although leaving the energy una�ected,

they can still modify the momenta of the quasiparticles.

Our main aim will be to calculate the quasiparticle-phonon scattering. Not only we can

estimate the phonon scattering time and its temperature dependence, but most importantly
we can make a direct comparison between the scattering and the recombination process due

to their similarity. The Hamiltonian for the electron-phonon interaction can be written
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as [49]:

He�ph =
X
p�;q�

gq�C
y
p+q;�Cp� (aq� + a

y
�q�) (7.20)

where C(y) is the electron annihilation (creation) operator and p, � and q, � are the mo-

menta and spin quantum numbers for electrons and phonons respectively, while gq� is the

electron-phonon coupling parameter. In order to rewrite this in a useful form for quasipar-

ticles, we use the Bogoliubov transformation to the quasiparticle operators. Substituting

eq. (7.11) into (7.20) yields:

He�ph =
X
p;q;�

gq�
n
L(p + q; p)

h

y

e(p+q)0ep0 + 
y
ep1e(p+q)1

i

+M(p + q; p)
h
e(p+q)0hp1 � ep0h(p+q)1

io
(aq� + a

y
�q�)

(7.21)

where the coherence factors are now given by:

L(p0; p) � up0up � vp0vp =
1

2

 
1 �

�2
p � �p�p0

EpEp0

!

M(p0; p) � up0vp + vp0up =
1

2

 
1 +

�2
p � �p�p0

EpEp0

! (7.22)

for scattering and pair creation or annihilation respectively. Furthermore, �p is the super-

conducting energy gap, �p is the quasiparticle excitation energy and Ep = (�2p + �2
p)

1=2.
Finally, using Fermi's golden rule for the transition rate, we can formulate the quasiparticle-
phonon contribution to the kinetic equations.

@f(�p)

@t
=

2�

~

X
q�

n
jgq�j

2 L2(p+ q; p) [f(�p+q) (1� f(�p)) (n(
q�) + 1)

� (1� f(�p+q))f(�p)n(
q�)] �(
q� + Ep � Ep+q) � fp$ (p+ q)gg

�
2�

~

X
q�

n
jgq�j

2M2(p+ q; q) [f(�p)f(�p+q)(n(
q�) + 1)

� (1� f(�p)(1� f(�p+q))n(
q�)] �(Ep + Ep+q � 
q�)g

(7.23)

Here f(�i), for i = p,p+q, and n(
q�) are the occupation numbers for the quasiparticles

and the phonons respectively. Using an identical argumentation as above one can write
down a similar term for the phonon kinetic equation. We will restrict the discussion to the

most essential part, the quasiparticle non-equilibrium distribution.

We can distinguish four di�erent terms in eq. (7.23), which are easily recognizable from
their occupation numbers. The �rst two terms are the quasiparticle-phonon scattering

contributions, where the �rst involves phonon emission, and the second phonon absorption.
The last two terms describe the quasiparticle recombination contribution, involving the

emission of a phonon, and the phonon induced pair breaking, respectively.
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Since all terms, in fact, describe the rate at which the densities grow or diminish, (7.23)

still needs to be divided by the density f(�p), in order to obtain the actual scattering rates

for a quasiparticle having momentum p. This yields, for instance, for the recombination

term:

�R =
1

�R
=

2�

~

X
q;�

jgq�j
2M2(p+ q; p) f(�p+q) (n(
q�) + 1)�(Ep + Ep+q � 
q�)

(7.24)

where the other terms are calculated in a similar fashion.

For f(�i) we used the Fermi-Dirac distribution

fk(�i; T; n) =
1

1 + e[�i��]=kBT
(7.25)

while for the phonon density of states the Boltzmann distribution was used

n(
q�) =
1

e~!q=kBT � 1
(7.26)

Using the information given above and the temperature dependence of the energy gap, and
therefore the temperature dependence of the occupation numbers L(p',p) and M(p',p), we

are able to calculate all four contributions individually at all temperatures, besides the un-
known electron-phonon coupling parameter gq�. However, gq� appears in all contributions,
allowing a direct comparison, even though the absolute magnitudes of the scattering rates

are unknown. In �g. 7.22 the scattering time, �in, resulting from a sum of both scattering
processes (phonon absorption and emission) is depicted in conjunction with the recom-
bination time, �R. The time constants were calculated using a Monte-Carlo approach,

averaging over the entire k-space, where the fact that quasiparticles are mainly situated
in the nodes is included via the Fermi-Dirac distribution. The most striking observation

is the enhancement of more than two orders of magnitude of �R compared to �in. In the
calculation we assumed a perfect two-dimensional system, allowing no dispersion in the
c-axis direction. A �nite hopping in the c-axis direction might tend to bring both curves

closer to one another.
Moving our focus to the temperature dependence of both quantities, we see that the

scattering time is reduced upon increasing the temperature, as expected. The temperature

dependence of �in is not as strong as the one observed experimentally by Doettinger et

al. [21], which can be attributed to the presence of additional inelastic scattering contribu-

tions such as quasiparticle-quasiparticle scattering in the latter case. These contributions

cannot be compared directly to the recombination process due to the di�erent prefactors.

However, we know from the rapid reduction of the scattering rate just below Tc [4,50] that

quasiparticle-quasiparticle scattering is in fact very important in these materials. Inclusion

of this process in the calculation of �in will tend to move both curves in �g. 7.22 further

apart, while the temperature dependence of �in will be enhanced.

The recombination time, �R, is fairly temperature independent at low temperatures

and has a minimum around 0:8 � Tc due to an optimal matching of the phonon and the
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Figure 7.22: Temperature dependence of the quasiparticle-phonon scattering time (�in, tri-

angles) and the quasiparticle recombination time (�R, squares).

quasiparticle dispersion. At the higher temperatures �R shows a tendency to increase due

to the reduced size of the gap. The experimental recombination times plotted in �g. 7.20
show a temperature dependence in accordance with the one observed in �g. 7.22, including

the weak temperature dependence at low temperatures, while showing an increase upon
approaching Tc. The minimum, predicted by the calculations, seems to be present as well,
explaining the fact that the 40 K transient is the only one presumably limited by the pulse

shape.

Noteworthy is furthermore, that Frenkel and co-workers [16] observed a similar tem-
perature dependence, but explained the enhancement of � by a factor of 4 by a growing
contribution of the bolometric component within the total response.

7.5 Conclusions

We have observed non-equilibrium superconductivity within DyBa2Cu3O7�� using Photo

Induced Activation of Mm-wave Absorption (PIAMA), whereas we observed a purely bolo-

metric response for NbN. For NbN the calculated temperature changes agree fairly well

with the experimentally observed changes in transmission. The bolometric explanation is

supported furthermore by the long time scales (100-200 �s) and the reduced amplitude at

low temperatures.

The unique tunability of the free electron laser (FELIX) allowed us to study PIAMA
as a function of frequency for energies both below and above the relevant energy scales in

DyBa2Cu3O7��. The frequency dependence resembles the calculated absorptivity spectrum
for a thin �lm deposited on a LaAlO3 substrate. Since the PIAMA response is minimum

at frequencies corresponding to the Reststrahlen absorptions in the substrate, we conclude
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that substrate heating is unimportant.

As a function of temperature the induced changes cross over from being positive at T <

40 K, indicating an enhanced transmission, to being negative at T > 40 K, due to a reduced

transmission. The temperature dependence is indicative of reaching a critical quasiparticle

density at which the photo induced signal starts to be dominated by the dissipative part

of �, rather than the inductive part. This behavior can be explained qualitatively by

assuming a two-uid description in the superconducting state. The reduced Cooper pair

density is causing an enhancement of transmissivity, while an enhanced absorption due

to the inuence of the non-equilibrium quasiparticles reduces the transmission at higher

temperatures. It is impossible to explain the sign change by a purely bolometric e�ect,

since the unperturbed mm-wave transmission shows a monotonic behavior as a function

of temperature. Moreover, heating of the sample has been calculated to become rather

insigni�cant at higher temperatures, which is supported by the presence of a second, slow

(> 45�s) contribution. This contribution is only present at T � 40 K and shows an

enhanced transmission for all cases.

The observed relaxation time of the non-equilibrium state is unusually long, 2 to 20 �s.
We propose that, due to the unique use of a FIR laser in this experiment in combination

with a high Tc superconductor, the quasiparticles, after thermalization, end up in the
nodes of the d-wave energy gap. Having a well de�ned momentum state, recombination

of quasiparticles is inhibited due to kinetic considerations. This picture is supported by
calculations comparing the quasiparticle-phonon scattering time and the recombination
time directly, showing an enhancement of about two orders of magnitude of the latter.

The predicted temperature dependence of �R, being nearly constant at low temperatures
while showing an enhancement at temperatures close to Tc, corresponds fairly well to the
experimentally observed behavior.
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