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Recent measurements at microwave, terahertz~THz!, and infrared frequencies have revealed a peak ins1

below Tc . Based on our THz measurements, which were performed on high quality, single crystal films of
YBCO ~900 and 500 Å!, we have found thats1 features a peak which increases in amplitude and shifts to
lower temperatures as frequency changes from 1.2 to 0.4 THz. Although the quasiparticle relaxation time
extracted from these results using the two-fluid Drude model exhibits an enhancement belowTc , the analysis
may not be adequate to account for the strong frequency dependence of the conductivity peak by the compe-
tition between the drop in scattering rate and the decreasing normal fluid density with temperature. On the
contrary, we were able to account for the frequency dependents1 by fitting with Mattis-Bardeen theory
~modified to include scattering! using a slower average rate of increase of the anisotropic gap than for the BCS
case as temperature decreases belowTc . This is consistent with the higher normal fluid density~higher than
Gorter-Casimir values! from the two-fluid model interpretation of our THz results. Thus, we have found
evidence of BCS coherence factors in a high-Tc superconductor with a slower than BCS gap increase below
Tc . We have discussed the role of coherence factors to account for the presence of the conductivity peak and
the absence of the peak in NMR relaxation rate. Furthermore, we have presented a model for the quasiparticle
relaxation time measured by the femtosecond pump-probe spectroscopy. This model allowed us to find a fit to
the temperature-dependent energy gap function which is also consistent with the slower gap increase belowTc .
In addition, recent theoretical developments based on an anisotropics-wave gap@A. Sudbo” et al., Phys. Rev.
B 49, 12 245 ~1994!# coincide with our conclusion about the slower gap change belowTc .
@S0163-1829~96!06225-X#

I. INTRODUCTION

Measurements of the temperature- and frequency-
dependent conductivity~s1! in superconductors have played
a major role in understanding and establishing the mecha-
nism of conventional BCS superconductivity.1 The real part
of conductivity,s1, is a measure of excitation of quasiparti-
cles caused by the absorption of photons of energy\v. For
temperatures close to zero, conventional low-temperature su-
perconductors~LTS’s! have shown a vanishing real conduc-
tivity up to a threshold frequency\v52D, where 2D is the
BCS energy gap on the order of terahertz~THz!
frequencies.2 As temperature is increased, thes1 at \v,2D
is no longer zero due to the presence of thermally excited
quasiparticles. Moreover, due to the correlation between
scattering of quasiparticles involving spin-independent con-
structive interaction associated with paired wave functions,
BCS theory predicts that the temperature-dependent conduc-
tivity at \v!2D exhibits a coherence peak typically at the
temperatureT5(0.8–0.9)Tc .

3 It also predicts similar coher-
ent effects in the nuclear relaxation 1/T1 ~Hebel-Slichter
peak! observed in LTS.4,5 Here, coherent factors are due to
the correlation between scattering events of quasiparticles of
opposite momentum and spin~involving hyperfine coupling
of quasiparticle relaxation to nuclear spin relaxation!.

Since the discovery of high-temperature superconductors
~HTS’s! researchers have looked for evidence of coherence
peaks to identify BCS-like behavior. A ‘‘coherencelike’’

peak ins1 has been observed using microwave,
6,7 terahertz,8

and infrared9,10 techniques in HTS. On the other hand, the
Hebel-Slichter peak in the nuclear relaxation rate has been
consistently absent in NMR experiments with HTS.11–14Dif-
ferent explanations have been proposed to account for this
controversy. We name just a few of them. For example,
Marsiglio,15 by ruling out the clean limit as well as strong
coupling, has been unable to produce a coherence peak ins1
while producing none in 1/T1, thus suggesting that some
other effects~nonintrinsic to superconductivity! are respon-
sible for the observed lack of a peak in 1/T1. Atkins and
Carbotte16 have shown that the coherence peak in 1/T1 is
reduced substantially with increasing coupling through the
quasiparticle damping effects. Other investigators have sug-
gested that the conductivity peak could be a result of the
competition between a rapidly growing lifetime and a de-
creasing number of quasiparticles as the temperature is low-
ered belowTc .

6,8,10 Indeed, femtosecond optical spectros-
copy measurements using pump-probe techniques showed an
increase in the relaxation time belowTc for HTS.

17–21Other
opinions have also been reported. Holczeret al.9 attributed
the peak to the consequence of ordinary case-II BCS coher-
ence factors and concluded that the pairing was dominantlys
wave. Mandruset al.22 applied the two-fluid model~which
does not take into consideration BCS coherence factors! and
obtained a continuousT-linear drop in quasiparticle scatter-
ing rate which did not explain the shift of the conductivity
peak belowTc . They concluded that BCS coherent factors
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should play a role. Finally, a number of authors attributed
suppression of the NMR coherence peak to the anisotropic
properties of HTS.11,23–26

In this paper we clarify the origin of the peak ins1 in
relationship to the BCS coherence factors, to the temperature
dependence of the energy gap, and to the quasiparticle relax-
ation rate. We show thats1 obtained from our terahertz mea-
surements performed on high-quality single-crystal YBCO
thin films ~900 and 500 Å! has the peak which increases in
amplitude and shifts to lower temperatures as frequency is
decreased from 1.2 to 0.4 THz. Although the quasiparticle
relaxation time reduced from these results using the two-
fluid Drude model shows an enhancement belowTc , it is not
enough to explain a strong frequency dependence of the con-
ductivity peak by the competition between the drop in scat-
tering rate and the decreasing normal fluid density with tem-
perature. On the contrary, we have been able to models1 by
the Mattis-Bardeen theory using a BCS zero-temperature
gap, but with a slower than BCS gap increase when the tem-
perature decreased belowTc . This is consistent with the
higher normal fluid density~higher than Gorter-Casimir val-
ues! which followed from the two-fluid Drude model inter-
pretation of our THz data. Thus, our results suggest that an
anisotropic energy gap with a more slowly increasing gap
below Tc is responsible for the ‘‘modification’’~shifting to
lower temperatures! of the BCS-like coherence peak ins1.
We will also discuss the role of coherence factors and aniso-
tropic energy gap to account for the presence of the conduc-
tivity peak and the absence of the peak in NMR relaxation
rate. Furthermore, we will present a model for the quasipar-
ticle relaxation time measured by the femtosecond pump-
probe spectroscopy, where this relaxation time is propor-
tional to the change in the energy gap imposed by the
femtosecond pulse. This model has allowed us to find a fit to
the temperature-dependent energy gap function which is also
consistent with the slower gap increase belowTc .

II. EXPERIMENT

A. Thin-film samples

The YBCO films have been grown epitaxially on 10
mm310 mm30.5 mm LaAlO3 ~100! wafers using the BaF2
process.27 Y, Cu, and BaF2 are co-evaporated to a substrate
with the Y:Ba:Cu stoichiometry controlled to within 1% of
1:2:3, as determined by Rutherford backscattering
spectrometry.28,29 The substrate is not intentionally heated
during growth and the films are made superconducting by the
use of a two-stage anneal. The resulting films have excellent
crystallinity ~back-scattered minimum yield of 2% by ion
channeling!, high critical temperature~Tc>90 K!, and high
critical current density~Jc.106 A/cm2 atT577 K andH50
T!. Films used in this work arec-axis oriented with thick-
nesses of 500 and 900 Å. Both films exhibit a linear dc
resistivity aboveTc and a sharp superconducting transition at
90 K with DTc,1 K.

B. Terahertz system

Our terahertz experimental setup, based on the optoelec-
tronic generation and reception of subpicosecond pulses of
electromagnetic radiation, is similar to the one demonstrated

originally by van Exter and Grischkowsky.30 An optical
beam from a self-mode-locked Ti:sapphire laser with pulses
of 75–100 fs duration at a 76 MHz repetition rate is divided
into pump~for exciting the transmitter! and probe~for gating
the receiver! beams. The transmitter, biased with a dc volt-
age and triggered by the pump pulse, emits a short broad-
band electromagnetic burst generated from the photoconduc-
tive gap located in the center of a transmitting antenna.31 The
emitted radiation is collimated and illuminates the sample
under study, and then the transmitted signal is focused on the
receiver. The photocurrent from the receiver, corresponding
to the radiated waveform in the time domain, is obtained
using probe laser pulses that are synchronized and variably
delayed with respect to the excitation~pump! pulses. The
incident electric field is polarized parallel to the sample sur-
face, and the transmitted, time-domain waveform is com-
pared with that of a blank LaAlO3 substrate mounted near
the HTS film.

By performing a fast Fourier transform~FFT! of the tem-
poral response data, both the field amplitude and phase trans-
mitted through the thin-film–substrate composite in the fre-
quency domain are obtained simultaneously without the need
for a Kramers-Kro¨nig analysis. When the film thickness,d,
is smaller than the penetration depth and the wavelength, as
in our case, the measured complex field transmission coeffi-
cient, g, is related to the complex conductivity of the film,
s~v!5s1~v!1is2~v!, by

g5Geiu5
Efilm/sub

Esub
5

N11

N111Z0ds
, ~1!

whereEsub andEfilm/sub are the induced electric fields on the
receiver by the terahertz beam passed through the blank sub-
strate and the thin-film–substrate, respectively, and
Z05377V is the impedance of free space. The complex re-
fractive index of the substrate,N5n1 ik, was determined by
measuring a blank LaAlO3 reference. It was found that
n54.8560.03, with very little dispersion, andk/n!0.01
throughout the measured frequency range. Equation~1! takes
into account multiple internal reflections in the thin film and
neglects them in the substrate~where they appear outside the
measurement time window!. By solving Eq.~1! we find tem-
perature and frequency dependents1 ands2.

C. Femtosecond pump-probe spectroscopy

Femtosecond transient absorption spectroscopy at tem-
peraturesT'10–300 K was performed using a standard
pump-probe setup. The output beam with pulses of 75–100
fs from the self-mode-locked Ti:sapphire laser with a central
wavelength of 780 nm~1.59 eV! were divided again into the
pump and probe beams. The pump beam excited the carriers
in the sample under study, and the probe beam measured the
refractive index change produced by the pump beam by
monitoring a time-dependent change in transmittance,DT,
and/or reflectance,DR. The pump beam, chopped at 2 MHz
by an acousto-optic modulator~for improving signal-to-
noise-ratio!, is focused normal to the sample surface to a
70-mm-diam spot size, while the probe beam is focused at
about 5° incidence to a slightly smaller spot completely over-
lapped by the pump beam. The in-phase signals,DT andDR,
associated with the probe beam were measured using a Si
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photodiode with a preamplifier and lock-in amplifier. The
resolution of the measurements was better thanDR/R;1026.
To minimize the heating effects, the pump beam average
power was limited to less than 10 mW and the probe beam
average power was typically 10 times less than that of the
pump beam.

III. CONDUCTIVITY PEAK FROM TERAHERTZ
SPECTROSCOPY

A. Experimental results

Figure 1 shows the temperature dependence of the real
part of the optical conductivity,s1, for the 900 Å sample
reduced from the terahertz experimental data following the
procedure described in Sec. II B. We can see a trend: devel-
opment of a peak which increases in amplitude and moves to
lower temperatures as we lower the frequency from 1.2 to
0.4 THz. Thes1 peak shifts from about 82 K at 1.2 THz to
about 62 K at 0.4 THz. Our results are consistent with the
earlier reported terahertz results of Nusset al.8 in the fre-
quency range between 0.5 and 2 THz where thes1 peak
shifts from about 80 K at 2 THz to below 70 K at 0.5 THz.
A similar trend was observed in microwave experiments at
frequencies from 1 to 40 GHz but with the peak shifted to
even lower temperatures~40–50 K!.6 We should note that a
s1 peak in the frequency range between 1 and 1.2 THz in
Fig. 1 has a small frequency dependence. This insensitivity
to frequency may be due to the fact that BCS-like coherence
effects should not be significant in this frequency range as
we will show later in the text. Therefore, in the next section
we will discuss the application of a two-fluid Drude model in
this frequency range to interpret our results. Then in the fol-
lowing section we will further discuss the results presented
in Fig. 1 using Mattis-Bardeen theory to account for the
temperature-dependent shift ins1. Then we will discuss the
role of BCS coherence factors to explain the controversy in
s1 and 1/T1 data.

B. Application of two-fluid Drude model

The two-fluid Drude model has been frequently used in
the analysis of HTS materials.6,22 However, the applicability
of this model to HTS at microwave and THz frequencies
could be insufficient, especially in light of the fact that this
model does not take into consideration BCS coherence ef-

fects. Indeed, this model cannot explain the strong frequency
dependence ofs1 presented in Fig. 1 below 1 THz as it is
shown later in this section. Also the two-fluid Drude model
does not give the exact solution for the quasiparticle relax-
ation time because of the fitting parameters required~e.g.,
plasma frequency or normal fluid density, etc.!, and there-
fore, reduced data for the relaxation time could indicate only
a certain range for the relaxation time rather than an exact
value. Nevertheless, we attempt to use this model in the fre-
quency range from 1 to 1.2 THz wheres1 has only a small
frequency dependence and presumably a small contribution
from the BCS coherence factors.

We can write the real and imaginary parts of the
frequency-dependent conductivity,s~v!5s1~v!1is2~v!,
described by the two-fluid Drude model, as

s1~v!5
f nvp

2t

4p~11v2t2!
, ~2!

s2~v!5
f nvp

2t2v

11v2t2
1

f svp
2

4pv
, ~3!

where f n and f s are the normal and superconducting fluid
fractions ~f n1 f s51!, vp is a plasma frequency, andt is a
quasiparticle relaxation time.

Our goal is to extractf n andt from the experimental data
~s1 ands2!. However, we have three unknowns~t, vp , and
f n! and only two equations, which is not adequate to find the
exact solution. We describe the detailed procedure for care-
ful reduction of f n andt in the Appendix.

Since the BCS coherence factors are not included in the
two-fluid Drude model, we use terahertz frequencies between
1 and 1.2 THz where, as we stated above, BCS coherence
effects should be insignificant. Figure 2 shows the tempera-
ture dependence of the minimum values off n from Eq.~A4!
~see the Appendix! at 1 and 1.2 THz along with calculated
classical Gorter-Casimir~GC! values using Eq.~A5!. It is
evident from Fig. 2 that the minimum values off n belowTc
~90 K! are much higher than the GC values. This is an
important observation which leads us to the idea that the
superconducting energy gap may have a slower rate of in-
crease belowTc than would be expected from the classical
BCS behavior. Indeed, a higher normal fluid concentration
should lower the energy gap, because, conversely, a smaller
energy gap increases the probability of breaking Cooper

FIG. 1. Temperature dependence of the real part ofs1 for the
900 Å sample at different THz frequencies reduced from the tera-
hertz spectroscopy results.

FIG. 2. Two-fluid Drude analysis of THz results: minimum val-
ues of normal fluid fraction,f n , as a function of temperature at 1
and 1.2 THz compared with classical Gorter-Casimir values.
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pairs by phonons, thus increasing the number of quasiparti-
cles. This could possibly be caused by an anisotropic nature
~e.g.,d wave ors wave! of the gap, and we will address this
later in the paper.

Figure 3~a! shows the temperature dependence of the re-
laxation time at 1 THz for a range of plasma frequencies
from 10500 to 18000 cm21 calculated using Eq.~A6! ~results
for 1.2 THz are similar!. The low limit for plasma frequen-
cies is determined by the condition described by Eqs.~A4!,
~A1!, and~A2!. The common feature for all these curves is a
relatively mild increase in relaxation time~e.g., from 30 fs at
90 K to 60 fs at 60 K for a plasma frequency of 11 000
cm21! belowTc . This change in relaxation rate may have a
contribution to the peaks ins1 shown in Fig. 1~especially, in
the frequency range between 1 and 1.2 THz! as a result of
competition between reducing relaxation rate and decreasing
normal fluid density. The same arguments were made by
Nuss et al.8 for the THz case and by Bonnet al.6 for the
microwave case. However, application of the two-fluid
model and, therefore, these arguments fail to account for the
fact thats1 increases in amplitude and the peak moves to
lower temperature as we decrease the frequency~see the sig-
nificant change ins1 in the frequency range from 1 to 0.4
THz in Fig. 1!. Indeed, this model cannot explain a strong
frequency dependence ofs1 presented in Fig. 1 below 1 THz
because it leads to the ambiguity in data reduction for the
quasiparticle relaxation time, i.e., a significant difference

~more than 100%! in the relaxation time reduced from the
two-fluid model using the procedure outlined in this paper
for the frequency range between 1 and 0.4 THz as shown in
Fig. 3~b!. Therefore, we believe that some BCS-like coher-
ence factors make an important contribution which explains
such a strong frequency dependence ofs1. This is addressed
next.

C. Fitting the conductivity with Mattis-Bardeen theory

It was pointed out above that the two-fluid Drude model
cannot adequately explain the fact that the peak ins1 in-
creases in amplitude and moves to lower temperatures as the
frequency decreases in Fig. 1. Therefore, we believe that
some BCS-like coherence factors could play an important
role in explaining such a strong dependence ofs1 on fre-
quency. The obvious difficulty is that there is no consensus
on the mechanism of high-Tc superconductivity. Another
difficulty is a material factor: results reported on different
samples by different groups vary~i.e., the position and am-
plitude of the conductivity peak!.6–10Nevertheless, to model
our conductivity data, we have used the BCS-based Mattis-
Bardeen theory32 with expressions for the superconducting
conductivity normalized to the normal conductivity~in a
dirty limit ! given by

s1

sn
5

2

\v E
D

`

@ f ~E!2 f ~E1\v!#g~E!dE

1
1

\v E
D2\v

2D

@ f ~E!22 f ~E1\v!#g~E!dE, ~4!

s2

sn
5

1

\v

3E
D2\v,2D

D S @122 f ~E1\v!#~E21D21\vE!dE

A~D22E2!@~E1\v!22D2#
D ,

~5!

whereD is the superconducting energy gap,f (E)5(eE/kBT

11)21 is the usual Fermi-Dirac function,«15AE22D2 and
«25A(E1\v)22D2 are the Bloch energies corresponding
to energies E and E1v\, respectively, and
g(E)5(E21D21\vE)/«1«2 .

We have also used an expanded version of the Mattis-
Bardeen theory,33–35which includes the quasiparticle scatter-
ing rate, to model optical conductivity for our data. The ex-
pression fors~v! normalized to the normal dc conductivity,
s0, is ~with \51! ~Ref. 33!

s~v!

s0
5

i

2vt S J1E
D

`

I 2dED , ~6!

where

J~v<2D!5E
D

v1D

I 1dE,

J~v>2D!5E
D

v2D

I 3dE1E
v2D

v1D

I 1dE,

FIG. 3. Quasiparticle relaxation time reduced from two-fluid
Drude model:~a! at 1 THz for variable fitting parametervp ; ~b! at
vp510 500 cm21 at different THz frequencies.
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I 15tanh
E

2kT H F12
D21E~E2v!

P4P2
G 1

P41P21 i /t
2F11

D21E~E2v!

P4P2
G 1

P42P21 i /t J ,
I 25tanh

E1v

2kT H F11
D21E~E1v!

P1P2
G 1

P12P21 i /t
2F12

D21E~E1v!

P1P2
G 1

2P12P21 i /t J
1tanh

E

2kT H F12
D21E~E1v!

P1P2
G 1

P11P21 i /t
2F11

D21E~E1v!

P1P2
G 1

P12P21 i /t J ,
I 35tanh

E

2kT H F12
D21E~E2v!

P3P2
G 1

P31P21 i /t
2F11

D21E~E2v!

P3P2
G 1

P32P21 i /t J ,
P15A~E1v!22D2,

P35A~E2v!22D2,

P25AE22D2,

P45 iAD22~E2v!2
.

This expression applies to isotropic BCS superconductors
with a spherical Fermi surface; its extension to supercon-
ductors with an anisotropic gap or to the presence of several
gaps may be simply achieved by linear superposition.33 In
this simulation we have used the range for relaxation time
corresponding to the two-fluid model results@Fig. 3~a!#:
1/t580–500 cm21 ~9.431013 s21 to 1.531013 s21, respec-
tively!. We have found that the variation in 1/t in this range
did not have an appreciable effect on the results. We also
assume the films have an anisotropic energy gap, which im-
plies the averaging of the conductivity tensor in thea-b
plane~thus the average anisotropic gap may be considered in
our simulations!. Two parameters have then been varied: the
energy gap at 0 K and the temperature dependence of the
energy gap. Following our pump-probe spectroscopy results
which will be presented in the next section, as well as our
observations from the two-fluid Drude model interpretation
of the THz results, we have used a gap which opens up more
slowly belowTc than the classical BCS gap. Therefore, in
our simulation we have used the temperature-dependent gap
described by a general expression with variable parametern:

D~T!;S 12
T

Tc
D n. ~7!

Figure 4 shows examples of fittings1 with Mattis-Bardeen
theory using an algorithm described by Eq.~6! @simulation
results in the BCS classical dirty limit using Eq.~4! are simi-
lar to those shown in Fig. 4#. Glassical BCS behavior, with
zero-temperature gap, 2D~0!5225 cm21 ~27.9 meV!, is
shown in Figs. 4~a!. Figures 4~b! and 4~c! show an example
of s1 simulation for different frequency ranges@from 1023 to
1.2 THz in Figs. 4~c! and from 0.1 to 1.2 THz in Fig. 4c#
using a zero-temperature gap of 225 cm21 corresponding to
BCS weak coupling, and Eq. 7 withn50.9 for the slower
than BCS temperature-dependent gap increase belowTc ~the
choice ofn for this simulation is justified by the results pre-
sented in the next section!. The BCS simulation in Fig. 4~a!
shows a peak developing and increasing in amplitude when
the frequency is decreased from 1 to 0.001 THz.@Note that,
since thes1 calculation using Eq.~6! involves integration
around singularity points, the amplitude of peaks in this

simulation could be varied, which makes the location of the
peaks more important than their amplitude.# However, this
peak has a small temperature dependence~shifting from 85
to 76 K! which is inconsistent with the conductivity data
shown in Fig. 1. The simulation shown in Figs. 4~c! and 4~b!
is a much closer fit to our data shown in Fig. 1: thes1 peak
increases in amplitude and shifts to about 62 K at 0.4 THz.
This peak shifts even further to 53 K at 0.001 THz. Note that
by varying the temperature-dependent gap@e.g., changingn
in Eq. ~7!# and zero-temperature gap, thes1 peak could be
shifted to even lower temperatures to account for variation of
results reported by different groups.6,8

To further interpret the experimental results we compare
our simulations with the experimental conductivity data
shown in Fig. 1. Figure 5 shows the temperature peak~Tpeak!
dependence ofs1 as a function of frequency for the two
simulation cases~the BCS gap, and the gap described by Eq.
~7! with n50.9! and for the conductivity data of Fig. 1. It is
clearly seen that, in the simulation case with the classical
BCS gap,Tpeak frequency dependence is significantly differ-
ent from our experimental data. On the contrary, for the sec-
ond case with the gap described by Eq.~7! with n50.9,Tpeak
follows rather closely the experimental results in the fre-
quency range between 0.2 and 0.5 THz. Above 0.5 THz the
difference between the simulation and experimental data
starts to develop and quickly increase. Also, note thatTpeak
for the experimental conductivity data stays constant at 82 K
for the frequencies above 0.8 THz.

We would like to propose the following qualitative expla-
nation to the observed phenomena. The mild peak ins1 at
about 82 K for the frequency range between 1 and 1.2 THz
in Fig. 1 could be caused by the competition between the
drop in scattering rate and the decreasing normal fluid den-
sity with temperature. This peak is relatively small and fre-
quency independent. However, when we decrease frequency
below 1 THz the BCS-like coherence peak@simulation is
shown in Figs. 4~b! and 4~c!# starts to develop, gradually
increasing its contribution tos1. As the frequency is de-
creased from 1 to 0.8 THz, the coherence factors contribu-
tion is still insignificant which only results in a slight in-
crease of thes1 peak in Fig. 1 without a noticeable shift in
Tpeakin Fig. 5. However, as the frequency is decreased below
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0.8 THz, the contribution of coherence factors increases fur-
ther to the extent that thes1 peak due to these factors starts
to dominate. This significantly shiftsTpeak in Fig. 5 and in-
creases thes1 peak in Fig. 1. As we pointed out above, the
Tpeak frequency dependence in Fig. 5 for the simulation,
shown in Figs. 4~b! and 4~c! follows rather closely the ex-
perimental results in the frequency range between 0.2 and
0.5 THz, which is most likely due to the total domination of
the contribution from the coherence factors.

Thus, we have come to the conclusions that the develop-
ment of the frequency-dependent peak ins1 can be fitted by

the BCS-based Mattis-Bardeen theory of conductivity using
an energy gap approximated by Eq.~7!. Next we will discuss
the role of BCS coherence factors to explain the controversy
in s1 and 1/T1 data.

D. Discussion of coherence factors ins1 and 1/T1

We discuss the role of coherence factors to account for
the presence of the conductivity peak and the absence of the
peak in NMR relaxation-rate data. The coherence factors are
given by36

l 2~«k ,«k1q!5
1

2 S 11
«k«k1q1DkDk1q

EkEk1q
D , ~8!

p2~«k ,«k1q!5
1

2 S 12
«k«k1q1DkDk1q

EkEk1q
D , ~9!

whereEk5A«k
21Dk

2, Ek1q5A«k1q
2 1Dk1q

2 , k andk85k1q
are quasiparticle wave vectors,«k and«k1q are quasiparticle
initial and final Bloch energies relative to the Fermi level,
andDk andDk1q are the corresponding superconducting en-
ergy gap parameters.

BCS Mattis-Bardeen conductivity expressions given by
Eqs. ~4! and ~5! as well as expressions for NMR relaxation
rate, 1/T1, exhibiting coherence peaks, are derived by ne-
glecting crystalline anisotropy~using an isotropic limit! of
the superconducting material. This condition implies that in
coherence factors described by Eqs.~8! and ~9! for any di-
rection ink space, the following should be valid:

Dk5Dk1q . ~10!

However, HTS are highly anisotropic materials, therefore,
Eq. ~10! should be evaluated for these cases.

For the electromagnetic absorption case and, particularly,
for the THz results presented in this paper, we consider a
‘‘long-wavelength limit,’’ i.e., q→0, because, indeed, the
photon wave vector,q, is very small~less than 100 cm21 for
THz excitation! compared to the wave vector of the electrons
k ~;108 cm21!. Thus, in spite of the anisotropy of the super-
conducting energy gap ink space,k'k1q, and, therefore,

FIG. 4. Fittings1 with Mattis-Bardeen theory including scatter-
ing rate~1/t5500 cm21!: ~a! for the classical BCS gap;~b! and~c!
for different frequency ranges using identical parameters:
D(T);(12T/Tc)

0.9 and 2D~0!5225 cm21.

FIG. 5. Temperature peak~Tpeak! dependence ofs1 as a func-
tion of frequency for the two simulation cases@the BCS gap and the
gap described by Eq.~7! with n50.9# and for the experimental
conductivity data of Fig. 1.
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Eq. ~10! is valid for the electromagnetic absorption case, and
Mattis-Bardeen theory is applicable for HTS.

The situation is different for the NMR relaxation case.
Quasiparticles scatter ink space through electron-phonon
and electron-electron scattering, and in generalk1qÞk.
This means that for the anisotropic HTS Eq.~10! in not
valid. This suppresses the role of the coherence factors@de-
scribed by Eqs.~8! and ~9!# for the NMR relaxation, which
explains the absence of the peak in NMR relaxation rate.
This is the fundamental difference between the coherence
factors to account fors1 and 1/T1 HTS experimental data.
Lu24 went even further in finding evidence of coherence fac-
tors based on the change of the anisotropic ratio of scattering
rates in thea andc directions (W1a/W1c). Simple arguments
presented above can explain and reconcile the controversy
related to the role of coherence factors ins1 and 1/T1 data
for HTS.

IV. RELAXATION TIME FROM PUMP-PROBE
FEMTOSECOND SPECTROSCOPY

A. Results and discussions

Figure 6 shows the temperature dependence of the relax-
ation time measured by the femtosecond pump/probe spec-
troscopy for the 900 and 500 Å samples. The relaxation time
has an enhancement belowTc and a peak nearTc . These
results are well established and similar to those reported in
the literature.17–21A discussion of the mechanism of the non-
equilibrium optical response of high-Tc superconductors has
been presented by Frenkel,37 and the reader can find impor-
tant details in this reference to better understand the follow-
ing arguments. However, for the completeness of this paper
and for the convenience of the reader, we repeat here the
main relevant points.

We use the BCS description of a superconductor in this
model. The condensate~Cooper pairs! exchanges energy
with quasiparticles~unpaired electrons above the energy gap!
through pair breaking and recombination via phonons
~electron-phonon scattering! and via quasiparticles~electron-
electron scattering!. The quasiparticle energy spectrum~or
spectral density!, f 0(E), is in equilibrium, which is main-
tained ~in addition to exchange with the condensate! by
electron-phonon scattering~exchange with phonons!, by

electron-electron scattering, and by diffusion. Phonons par-
ticipate in electron-phonon and phonon-phonon interactions
@the phonon equilibrium energy spectrum,F0~V!#. Phonon
equilibrium is maintained by their escape to the thermal bath.

A femtosecond optical pulse creates a nonequilibrium
condition in the superconductor by exciting quasiparticles
and breaking Cooper pairs. As a result, the spectrum of qua-
siparticles is instantaneously changed, creating a highly non-
equilibrium situation where the electron temperature could
significantly exceed the phonon temperature. The quasiparti-
cle time-dependent energy spectrumf (E,t), whereE is the
quasiparticle energy andt is the time, is determined by a
rather complex exchange of electrons and phonons, governed
by electron-phonon and electron-electron scattering~quasi-
particle interactions with themselves, the condensate, and
phonons!. As a result of electron-phonon scattering, extra
phonons of high energy~optical phonons! with the spectrum
DF(V,t) are generated.

The rate of phonon and electron escape to the thermal
bath determines in many respects the nonequilibrium dynam-
ics of the optical response, since these extra phonons and
electrons continue to cause nonequilibrium transitions.
Therefore, in the framework of nonequilibrium superconduc-
tivity, the relaxation of the phonon and electron spectra to
the equilibrium values becomes a bottleneck of the relax-
ation process. Since the superconducting gap is in turn dis-
turbed by the nonequilibrium values of the phonon and elec-
tron spectra~or temperatures!, the relaxation of the energy
gap to its equilibrium value becomes a bottleneck for the
quasiparticle relaxation process. This allows us to model re-
laxation time by the change in the energy gap created by a
femtosecond optical pulse. We will describe this model in
the next section. Before that we examine our pump-probe
results in conjunction with the terahertz spectroscopy results.

First, we see that the relaxation time at terahertz frequen-
cies ~Fig. 3! has a weaker enhancement belowTc in com-
parison with the pump-probe data~Fig. 6!. We expect this
because at terahertz frequencies~1 THz corresponds to a
photon energy of 4 meV! there should be no excitation~i.e.,
breaking of Cooper pairs! over the superconducting energy
gap ~BCS zero-temperature gap is 28 meV! by the terahertz
photons directly. Therefore, interaction with Cooper pairs is
insignificant in this case, and it is mainly due to a small
thermal disturbance of the energy gap caused by the nano-
watt terahertz beam. There is a possibility that because of the
slow opening of the energy gap belowTc , the increase in the
relaxation time nearTc in the case of the THz excitation may
also be due to the breaking of Cooper pairs with a subse-
quent slow recombination process of quasiparticles to Coo-
per pairs. However, this effect in the THz case is much
weaker than that for the pump-probe high-energy excitation
~1.59 eV!. Therefore, the recombination of quasiparticles to
Cooper pairs and energy gap disturbance have a less signifi-
cant effect in the terahertz case, which may explain the lack
of a dramatic enhancement of relaxation time in this experi-
ment as compared to the pump/probe measurement, where
the energy gap disturbance and recombination of quasiparti-
cles to Cooper pairs are slowing factors.

Another difference between the terahertz and pump-probe
experiments is the order of magnitude of the relaxation time.
The reason for this can be explained as follows. Quasiparti-

FIG. 6. Relaxation time~at half maximum! as a function of
temperature for the 500 and 900 Å samples measured by the fem-
tosecond pump-probe spectroscopy.
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cle excess energy for the pump-probe excitation with photon
energy of 1.59 eV is almost 3 orders of magnitude larger
than for THz excitation. Thus, no matter what the quasipar-
ticle relaxation mechanism~electron-phonon or electron-
electron scattering! there may be significantly more steps in
the quasiparticle relaxation process for pump-probe excita-
tion. This multistep process, relaxation of the energy gap, as
well as possibly a slow recombination process of quasiparti-
cles to Cooper pairs, make quasiparticle relaxation in the
pump-probe experiment approximately 1–2 orders of magni-
tude slower than for THz excitation belowTc . AboveTc one
should expect that the pump-probe relaxation will be faster
because of the elimination of the energy gap relaxation and
recombination of quasiparticles to Cooper pairs. This phe-
nomena can be seen in Fig. 6. However, since we reach the
time-resolution limit of the pump-probe measurements above
Tc , the results in Fig. 6 are inconclusive for a direct com-
parison of the pump-probe and THz relaxation process data
aboveTc .

B. Model for relaxation time

There are two important factors contributing to the en-
hancement of the relaxation time belowTc : the opening of
the energy gap and its perturbation by the excitation pulse.
Thus, in the framework of nonequilibrium superconductivity,
the quasiparticle spectrum excited by the laser pulse relaxes
to the ‘‘equilibrium’’ determined by the instantaneous value
of the energy gap, and therefore, relaxation of the energy gap
becomes a bottleneck in the quasiparticle relaxation process.
Indeed, before the energy gap relaxes to its initial equilib-
rium, Cooper pairs could be broken by the lower energy
phonons, maintaining nonequilibrium in quasiparticle spec-
trum. Thus, the larger the change in the energy gap caused
by the excitation pulse, the more steps in the relaxation and
recombination process are required to return to the initial
equilibrium, resulting in an increased relaxation time.

In that regard we use a simple model to explain our data
shown in Fig. 6. We assume that the pump pulse, absorbed
via electron transitions, ‘‘heats’’ the sample, which results in
the energy gap changing by a certain amount proportional to
the intensity of the laser pulse. This is supported by the early
data of Hanet al.,18 where they show that the peak in the
relaxation time is shifted towardsTc at lower intensity. Since
the relaxation time peak in our data is at;80 K andTc590
K we assume that the pump pulse causes about a 10 K in-
crease in lattice temperature, completely destroying the en-
ergy gap at 80 K. We estimate the maximum lattice tempera-
ture rise,DT, in the superconducting film caused by the
femtosecond pulse using a simplified method outlined by
Frenkelet al.37,38 based on heat transfer equations39 as fol-
lows:

DT5
1.12E

AADtkcr
, ~11!

whereE is the laser pulse energy absorbed by the HTS film,
A is the pump beam area on the film,Dt is the laser pulse
width, andk, c, andr are the thermal conductivity, specific
heat, and density of LaAlO3. We have calculatedDT from
Eq. ~11! to be in the range 7.2–11.9 K using the following

parameters: E50.033–0.045 nJ, Dt575–100 fs,
A50.431024 cm2, k50.26 W/cm K at 80 K,40 c50.09
J/g K,41 and r56.52 g/cm3.42 This estimate is close to our
assumption of a 10 K rise in lattice temperature. We thus
consider the change in the energy gap equivalent to the 10 K
lattice heating without arguing what exactly causes the
change in the gap: lattice heating or some other nonequilib-
rium factors. Then the model for simulation is straightfor-
ward. We assume for simplicity that the relaxation time,t, is
proportional to the change in the energy gap,dD(T), caused
by the pump pulse:

t;dD~T!;D~T!2D~T1dT!, ~12!

wheredT is the equivalent temperature increase caused by
the excitation pulse. Then, considering the superconducting
gap in the form described by Eq.~7!, we can easily show that

t;dD~T!;S 12
T

Tc
D n2S 12

T1dT

Tc
D n for T,Tc2dT,

~13!

t;dD~T!;S 12
T

Tc
D n for Tc.T.Tc2dT. ~14!

The results oft simulation using Eqs.~13! and ~14! with
dT510 K andTc590 K for differentn in Eq. ~7! are shown
in Fig. 7. Comparing Figs. 6 and 7 we can see that the best
fitting parameter for the 900 Å sample is aboutn50.9. For
the 500 Å sample the best fit is achieved withn;0.75. How-
ever, at low temperatures~below 40 K! the relaxation time
shown in Fig. 7 is decreasing, whereas it is increasing below
40 K in our experimental data shown in Fig. 6. Therefore, we
believe that other factors~e.g., increase in the recombination
time of quasiparticles to Cooper pairs! start to make an im-
portant contribution to a mild increase int below 40 K
shown in Fig. 6. This means that our model for the relaxation
time described above~relaxation time is proportional to the
change in the energy gap! may not be applied for the tem-
peratures below 40 K. Therefore, the energy gap behavior
below 40 K ~or approximately belowTc/2! is inconclusive
from our data and modeling.

FIG. 7. Simulation of the relaxation time in the pump-probe
experiment by the change in the superconducting energy gap for
different temperature-dependent gaps: BCS gap and the gap de-
scribed by Eq.~6! with differentn.
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We also want to mention that other factors can contribute
to the enhancement of the quasiparticle relaxation time in the
pump-probe experiment. For example, the recombination
time of quasiparticles to Cooper pairs can also be a ‘‘slow’’
process, contributing to the relaxation time enhancement~es-
pecially at low temperatures as described above!. Another
factor could be related to the changes in thermal conductivity
below Tc ,

43 which may change the quasiparticle mean free
path and, therefore, effect the quasiparticle scattering time.
However, we believe that these factors do not have a strong
enough temperature dependence to support the data in Fig. 6
and, therefore, are secondary compared to the changes in the
energy gap which are described here, especially nearTc .

C. Discussion of energy gap

The important conclusion from the results presented
above is the fact that the superconducting gap in our films
could be approximated by Eq.~7! with the parametern be-

tween 0.75 and 0.9~close to 0.9 for 900 Å sample!. This
means that the superconducting gap opens up substantially
slower belowTc than expected for a classical BCS supercon-
ductor. One can question how universal this conclusion is,
and is it an attribute of our films or intrinsic properties of
high-Tc materials in general? That is yet to be seen. As an
illustration we would like to compare our results with recent
theoretical work23,44which supports our findings~slower en-
ergy gap change belowTc! in the frame of an anisotropic
s-wave gap based on the Anderson theory of interlayer
tunneling.45 Figure 8 compares calculations of the minimum
gap from this reference@Fig. 8~b!# ~Ref. 45! with the simu-
lation of the gap by BCS fitting and by Eq.~7! with different
n @Fig. 8~a!#. There is a good agreement between these two
interpretations of energy gap, especially in the temperature
range fromTc/2 to Tc. However, we would like to make
clear that our results do not suggest that the gap iss wave,d
wave, or otherwise. It simply indicates that the anisotropic
energy gap in average opens up more slowly than a BCS gap
below Tc . Therefore, if this conclusion is correct, then any
HTS theory should account for this finding. Finally, in our
simulation we have used the gap described by Eq.~7! as one
example of a gap dependence which varies slowly with tem-
perature belowTc . We will continue looking for various
anisotropic temperature dependent gaps~e.g., anisotropic
s-wave gap,23,44d wave etc.! to fit our s1 data.

V. CONCLUSION

In this paper we clarify the origin of the coherent peak in
s1 in relationship to the BCS coherent factors, to the tem-
perature dependence of the energy gap, and to the quasipar-
ticle relaxation rate. We showed thats1 reduced from our
terahertz spectroscopy measurements performed on high-
quality, single-crystal YBCO thin films~900 and 500 Å! has
a ‘‘coherence’’ peak which increased in amplitude and
shifted to lower temperatures as we change frequency from
1.2 to 0.4 THz. Although the quasiparticle relaxation time
reduced from these results using the two-fluid Drude model
exhibits an enhancement belowTc , the analysis may not be
adequate to account for the strong frequency dependence of
the conductivity peak. That is, the competition between the

drop in scattering rate and the decreasing normal fluid den-
sity with temperature may not sufficiently explain the peak in
s1.

On the contrary, we were able to fits1 by Mattis-Bardeen
theory using a BCS gap which opened more slowly belowTc
than that of a typical BCS superconductor. This is consistent
with the higher normal fluid density~higher than the Gorter-
Casimir values! obtained from the two-fluid Drude model
interpretation of our THz data. Therefore, our results suggest
that an anisotropic energy gap which in average increases
relatively slowly belowTc is responsible for the ‘‘modifica-
tion’’ ~shifting to lower temperatures! of the coherence peak
in s1. Furthermore, we have discussed the role of coherent
factors to account for the presence of the conductivity peak
and the absence of the peak in NMR relaxation rate. We have
concluded that our THz spectroscopy results are consistent

FIG. 8. Comparison of superconducting energy gap:~a! simula-
tion of a temperature-dependent gap byD(T);(12T/Tc)

n with
different n; the BCS gap is shown for comparison;~b! minimum
anisotropics-wave gap values from Sudbo” et al. ~Ref. 23!; circles
and squares in~b! represent gaps calculated in Ref. 23 with differ-
ent fitting parameters.
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with the presence of coherence factors in an anisotropic su-
perconductor.

Furthermore, we present a model for the quasiparticle re-
laxation time measured by femtosecond pump-probe spec-
troscopy, where this relaxation time is proportional to the
change in the energy gap imposed by the femtosecond pulse.
This model allowed us to find a fit to the temperature-
dependent energy gap function which is also consistent with
the slower gap increase belowTc . The latest theoretical de-
velopments based on an anisotropic,s-wave, BCS-like gap23

coincide with our conclusion about a more slowly opening
gap belowTc.
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APPENDIX: DATA REDUCTION USING TWO-FLUID
DRUDE MODEL

The real and imaginary parts of the frequency-dependent
conductivity,s~v!, described by the two-fluid Drude model
are given by Eqs.~2! and~3!. The values off n andt can be
extracted from the experimental data~s1 ands2!. However,
we have three unknowns~t, vp , and f n! and only the two
equations, which do not give us a direct solution. Therefore
the analysis proceeds as follows.

Step 1: Assumef n is known, then solve Eqs.~2! and ~3!
to find t andvp as

t5
Afn6AA2f n

224~12 f n!

2v
, ~A1!

vp5As14p~11v2t2!

f nt
, ~A2!

whereA5s1/s2.
In order for t to be real, we have to request@from Eq.

~A1!# that

A2f n
224~12 f n!>0. ~A3!

The solution of Eq.~A3! is straightforward~we take positive
f n!:

f n>
2~A11A221!

A2 . ~A4!

Step 2: Compare the minimum value off n from Eq. ~A4!
~equality case! with the well-known Gorter-Casimir
expression:46

f n5S TTcD
4

. ~A5!

Figure 2~a! shows the temperature dependence of the mini-
mum values off n from Eq. ~A4! ~explanations are given in
the text!.

Step 3: Assumevp is known, then solve Eqs.~2! and~3!
for t and f n :

t5
s14p

vp
22s24pv

, ~A6!

f n5
s14p~11v2t2!

vp
2t

. ~A7!

Figure 3 shows the temperature dependence of the relaxation
time for different values ofv and vp calculated from Eq.
~A6! ~explanations are given in the text!. The range of
plasma frequencies is determined from Eqs.~A4!, ~A1!, and
~A2!.
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