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Recent measurements at microwave, terah@tiz), and infrared frequencies have revealed a pead;in
below T, . Based on our THz measurements, which were performed on high quality, single crystal films of
YBCO (900 and 500 A we have found thatr, 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 enhancemenihelive 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 dependery fitting with Mattis-Bardeen theory
(modified to include scatteringising a slower average rate of increase of the anisotropic gap than for the BCS
case as temperature decreases béllpwThis is consistent with the higher normal fluid denditygher than
Gorter-Casimir valuesfrom the two-fluid model interpretation of our THz results. Thus, we have found
evidence of BCS coherence factors in a highsuperconductor with a slower than BCS gap increase below
T.. 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 increagg.below
In addition, recent theoretical developments based on an anisosepwe gagA. Sudbbet al, Phys. Rev.
B 49, 12245 (1994] coincide with our conclusion about the slower gap change belbw
[S0163-182696)06225-X

I. INTRODUCTION peak ino; has been observed using microw&VeerahertZ
and infrared° techniques in HTS. On the other hand, the
Measurements of the temperature- and frequencyHebel-Slichter peak in the nuclear relaxation rate has been
dependent conductivityo,) in superconductors have played consistently absent in NMR experiments with HF S Dif-
a major role in understanding and establishing the mechderent explanations have been proposed to account for this
nism of conventional BCS superconductivitfihe real part controversy. We name just a few of them. For example,
of conductivity, o, is a measure of excitation of quasiparti- Marsiglio,'> by ruling out the clean limit as well as strong
cles caused by the absorption of photons of enérgyFor  coupling, has been unable to produce a coherence peaak in
temperatures close to zero, conventional low-temperature swhile producing none in T/;, thus suggesting that some
perconductorgLTS’s) have shown a vanishing real conduc- other effects(nonintrinsic to superconductivityare respon-
tivity up to a threshold frequencyw=2A, where 2 is the sible for the observed lack of a peak inT1/ Atkins and
BCS energy gap on the order of terahertZHz) Carbotté® have shown that the coherence peak if,lis
frequencie$. As temperature is increased, thgatAw<2A  reduced substantially with increasing coupling through the
is no longer zero due to the presence of thermally excitedjuasiparticle damping effects. Other investigators have sug-
guasiparticles. Moreover, due to the correlation betweemgested that the conductivity peak could be a result of the
scattering of quasiparticles involving spin-independent coneompetition between a rapidly growing lifetime and a de-
structive interaction associated with paired wave functionsgreasing number of quasiparticles as the temperature is low-
BCS theory predicts that the temperature-dependent conduered belowT,.6%1° Indeed, femtosecond optical spectros-
tivity at Zw<<2A exhibits a coherence peak typically at the copy measurements using pump-probe techniques showed an
temperaturdl = (0.8—0.9)T, .2 It also predicts similar coher- increase in the relaxation time beldWy for HTS /22 Other
ent effects in the nuclear relaxationT}/ (Hebel-Slichter  opinions have also been reported. Holceerl?® attributed
peak observed in LTS:® Here, coherent factors are due to the peak to the consequence of ordinary case-ll BCS coher-
the correlation between scattering events of quasiparticles @nce factors and concluded that the pairing was dominantly
opposite momentum and spimvolving hyperfine coupling wave. Mandruset al?? applied the two-fluid modefwhich
of quasiparticle relaxation to nuclear spin relaxation does not take into consideration BCS coherence factord
Since the discovery of high-temperature superconductorsbtained a continuou$-linear drop in quasiparticle scatter-
(HTS's) researchers have looked for evidence of coherencig rate which did not explain the shift of the conductivity
peaks to identify BCS-like behavior. A “coherencelike” peak belowT.. They concluded that BCS coherent factors
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should play a role. Finally, a number of authors attributedoriginally by van Exter and GrischkowsKY. An optical
suppression of the NMR coherence peak to the anisotropibeam from a self-mode-locked Ti:sapphire laser with pulses
properties of HTS123-26 of 75—100 fs duration at a 76 MHz repetition rate is divided
In this paper we clarify the origin of the peak i, in  into pump(for exciting the transmitterand probgfor gating
relationship to the BCS coherence factors, to the temperatuitbe receiver beams. The transmitter, biased with a dc volt-
dependence of the energy gap, and to the quasiparticle relagge and triggered by the pump pulse, emits a short broad-
ation rate. We show that; obtained from our terahertz mea- band electromagnetic burst generated from the photoconduc-
surements performed on high-quality single-crystal YBCOtive gap located in the center of a transmitting antettrighe
thin films (900 and 500 A has the peak which increases in emitted radiation is collimated and illuminates the sample
amplitude and shifts to lower temperatures as frequency ignder study, and then the transmitted signal is focused on the
decreased from 1.2 to 0.4 THz. Although the quasiparticleeceiver. The photocurrent from the receiver, corresponding
relaxation time reduced from these results using the twoto the radiated waveform in the time domain, is obtained
fluid Drude model shows an enhancement belqwit is not  using probe laser pulses that are synchronized and variably
enough to explain a strong frequency dependence of the codelayed with respect to the excitatigpump pulses. The
ductivity peak by the competition between the drop in scatincident electric field is polarized parallel to the sample sur-
tering rate and the decreasing normal fluid density with temface, and the transmitted, time-domain waveform is com-
perature. On the contrary, we have been able to megdbly  pared with that of a blank LaAlQsubstrate mounted near
the Mattis-Bardeen theory using a BCS zero-temperaturéhe HTS film.
gap, but with a slower than BCS gap increase when the tem- By performing a fast Fourier transfor(fFT) of the tem-
perature decreased beloW,. This is consistent with the poral response data, both the field amplitude and phase trans-
higher normal fluid densityhigher than Gorter-Casimir val- mitted through the thin-film—substrate composite in the fre-
ue9 which followed from the two-fluid Drude model inter- quency domain are obtained simultaneously without the need
pretation of our THz data. Thus, our results suggest that afor a Kramers-Kraig analysis. When the film thickness,
anisotropic energy gap with a more slowly increasing gags smaller than the penetration depth and the wavelength, as
below T, is responsible for the “modification’{shifting to  in our case, the measured complex field transmission coeffi-
lower temperaturgsof the BCS-like coherence peak in.  cient, v, is related to the complex conductivity of the film,
We will also discuss the role of coherence factors and anisos(w)=o(w)+ioy(w), by
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- . o
probe spectroscopy, where this relaxation time is proporWhereEs,andEqmsy, are the induced electric fields on the
femtosecond pulse. This model has allowed us to find a fit t§trate_and the thin-fiim-substrate, respectively, and
the temperature-dependent energy gap function which is alséo=377%2 is the impedance of free space. The complex re-
consistent with the slower gap increase belbw fractive index of the substratbl=n+ik, was determined by
measuring a blank LaAlQ reference. It was found that
n=4.85+0.03, with very little dispersion, an#/n<0.01
Il. EXPERIMENT throughout the measured frequency range. Equdfiptakes
into account multiple internal reflections in the thin film and
] o neglects them in the substrdighere they appear outside the
The YBCO films have been grown epitaxially on 10 measurement time windowBy solving Eq.(1) we find tem-

mmx10 mmx0.5 mm LaAlQ; (100 wafers using the BaFF  perature and frequency dependentand o.
proces$’ Y, Cu, and Bak 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®?® The substrate is not intentionally heated ~Femtosecond transient absorption spectroscopy at tem-
during growth and the films are made superconducting by theeraturesT~10-300 K was performed using a standard
use of a two-stage anneal. The resulting films have excelleftump-probe setup. The output beam with pulses of 75-100
crystallinity (back-scattered minimum yield of 2% by ion fs from the self-mode-locked Ti:sapphire laser with a central
channeling, high critical temperaturéT,=>90 K), and high ~wavelength of 780 nni1.59 eV} were divided again into the
critical current densit)(Jc>106 Alcm? atT=77 K andH=0 pump and probe beams. The pump beam excited the carriers
T). Films used in this work are-axis oriented with thick-  in the sample under study, and the probe beam measured the
nesses of 500 and 900 A. Both films exhibit a linear dcrefractive index change produced by the pump beam by
resistivity aboveT . and a sharp superconducting transition atmonitoring a time-dependent change in transmittaricg,
90 K with AT.<1 K. and/or reflectanceAR. The pump beam, chopped at 2 MHz
by an acousto-optic modulataifor improving signal-to-
noise-ratig, is focused normal to the sample surface to a
70-um-diam spot size, while the probe beam is focused at
Our terahertz experimental setup, based on the optoeleabout 5° incidence to a slightly smaller spot completely over-
tronic generation and reception of subpicosecond pulses d&pped by the pump beam. The in-phase signelsandAR,
electromagnetic radiation, is similar to the one demonstratedssociated with the probe beam were measured using a Si

Efilm/sub: N+1
Esub N+l+ZOdO',

y=Teil= &y

A. Thin-film samples

C. Femtosecond pump-probe spectroscopy

B. Terahertz system
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FIG. 2. Two-fluid Drude analysis of THz results: minimum val-

900 A sample at different THz frequencies reduced from the terat/®S Of normal fluid fractionf,,, as a function of temperature at 1

hertz spectroscopy results.

photodiode with a preamplifier and lock-in amplifier. The
resolution of the measurements was better thRAR~105.

To minimize the heating effects, the pump beam averag
power was limited to less than 10 mW and the probe bea

and 1.2 THz compared with classical Gorter-Casimir values.

fects. Indeed, this model cannot explain the strong frequency
dependence of; presented in Fig. 1 below 1 THz as it is
ghown later in this section. Also the two-fluid Drude model

rjoes not give the exact solution for the quasiparticle relax-

average power was typically 10 times less than that of th&@lion time because of the fitting parameters required.,

pump beam.

IIl. CONDUCTIVITY PEAK FROM TERAHERTZ
SPECTROSCOPY

A. Experimental results

Figure 1 shows the temperature dependence of the rea

part of the optical conductivityg;, for the 900 A sample
reduced from the terahertz experimental data following th

0.4 THz. Theo; 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 Nueisal® in the fre-
guency range between 0.5 and 2 THz where #hepeak
shifts from about 80 K at 2 THz to below 70 K at 0.5 THz.
A similar trend was observed in microwave experiments a
frequencies from 1 to 40 GHz but with the peak shifted to
even lower temperaturéd0—50 K).°* We should note that a
o, peak in the frequency range between 1 and 1.2 THz i
Fig. 1 has a small frequency dependence. This insensitivit
to frequency may be due to the fact that BCS-like coherenc
effects should not be significant in this frequency range a
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 presente
in Fig. 1 using Mattis-Bardeen theory to account for the
temperature-dependent shift én. Then we will discuss the
role of BCS coherence factors to explain the controversy i
oy and 171, data.

B. Application of two-fluid Drude model

e
procedure described in Sec. Il B. We can see a trend: deveﬁi—
opment of a peak which increases in amplitude and moves to
lower temperatures as we lower the frequency from 1.2 to

plasma frequency or normal fluid density, gt@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 wheog has only a small
frequency dependence and presumably a small contribution
frlom the BCS coherence factors.

We can write the real and imaginary parts of the
frequency-dependent conductivity g(w)=o4(w)+i oy w),
escribed by the two-fluid Drude model, as

fnwér
7i(0)= 471+ w37’ @
fowirto fw?
720 = 1072 dr @

here f,, and f are the normal and superconducting fluid
ractions (f,+fs=1), w, is a plasma frequency, andis a
quasiparticle relaxation time.
Our goal is to extract,, and 7 from the experimental data

%al anda). However, we have three unknow(s w,, and

») and only two equations, which is not adequate to find the
xact solution. We describe the detailed procedure for care-
ul reduction off, and 7 in the Appendix.

Since the BCS coherence factors are not included in the

two-fluid Drude model, we use terahertz frequencies between

dla

nd 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 gfrom Eq.(A4)
n(see the Appendixat 1 and 1.2 THz along with calculated

classical Gorter-CasimiGC) values using Eq(A5). It is
evident from Fig. 2 that the minimum values fgf below T
(90 K) are much higher than the GC values. This is an
important observation which leads us to the idea that the

The two-fluid Drude model has been frequently used insuperconducting energy gap may have a slower rate of in-

the analysis of HTS materia?$2 However, the applicability

crease belowl . than would be expected from the classical

of this model to HTS at microwave and THz frequenciesBCS behavior. Indeed, a higher normal fluid concentration
could be insufficient, especially in light of the fact that this should lower the energy gap, because, conversely, a smaller
model does not take into consideration BCS coherence eknergy gap increases the probability of breaking Cooper
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a) 210500 om” (more than 100%in the relaxation time reduced from the

-13
P /\ T ——wat1000 om two-fluid model using the procedure outlined in this paper
8x1074[ —o—w,=12000 cm" for the frequency range between 1 and 0.4 THz as shown in
C \A —o—w,=15000 cm” Fig. 3(b). Therefore, we believe that some BCS-like coher-
@ 6x1074| AN ——w,=18000 om” ence factors make an important contribution which explains
° X T such a strong frequency dependencenfThis is addressed
ax10™ i ‘\\s ] next.
: — ]
2x10°" oy SS.
fos ) e C. Fitting the conductivity with Mattis-Bardeen theory
0 20 "°T:,?.p;2t.,‘,2°(.1)2 0 140160 It was pointed out above that the two-fluid Drude model
cannot adequately explain the fact that the pealorjnn-

b psxig creases in amplitude and moves to lower temperatures as the
S A I B 12Tz frequency decreases in Fig. 1. Therefore, we believe that
2x10™ | ] 08Tz some BCS-like coherence factors could play an important
1510 L \. ——0.4THz role in explaining such a strong dependenceosgpfon fre-

. f /\\\& ] quency. The obvious difficulty is that there is no consensus
2 1x107? . . ..
- i ><<>€ ] on the mechanism of highz superconductivity. Another
5x107* [ ] difficulty is a material factor: results reported on different
0 T T samples by different groups vafie., the position and am-
0 20 40 60 80 100 plitude of the conductivity pealf~1° Nevertheless, to model
Temperature (K) our conductivity data, we have used the BCS-based Mattis-

Bardeen theor§? with expressions for the superconducting
conductivity normalized to the normal conductivitin a
dirty limit) given by

FIG. 3. Quasiparticle relaxation time reduced from two-fluid
Drude modeli(a) at 1 THz for variable fitting parametes, ; (b) at
wp=10500 cm? at different THz frequencies.

0'1_ 2 *
pairs by phonons, thus increasing the number of quasiparti- a_n_ fo L [H(E)~f(E+ho)]g(B)dE

cles. This could possibly be caused by an anisotropic nature L N

l(:t.gr.,i?]vtvr?ev%:;xvave of the gap, and we will address this n - L_hw[f(E)_z H(E+hw)]g(E)dE, ()
Figure 3a) shows the temperature dependence of the re-

laxation time at 1 THz for a range of plasma frequencieso, 1

from 10500 to 18000 cit calculated using EA6) (results (T_n: Lo

for 1.2 THz are similax. The low limit for plasma frequen-

cies is determined by the condition described by E44), A <[1—2 f(E+hw)](E?+A%+hwE)dE

(A1), and(A2). The common feature for all these curves is a X J

relatively mild increase in relaxation tim(e.g., from 30 fs at Vaz- E9[(E+ho)*—A%]

90 K to 60 fs at 60 K for a plasma frequency of 11 000 5)

cm 1) below T,.. This change in relaxation rate may have a El/kgT

o ) o ; . where A is the superconducting energy gdigE) = (e
contribution to the peaks io; shown in Fig. 1(especially, in 1. . 0 S e —
the frequency range between 1 and 1.2 Ykg a result of *+1)"_is the usual Fermi-Dirac functios, = V£~ A* and

competition between reducing relaxation rate and decreasi?z: V(E+#w)"— A% are the Bloch energies corresponding

A-fhw,—A

normal fluid density. The same arguments were made b energies E and E+ofi, respectively, and

— 2 2
Nuss et al® for the THz case and by Bonet al® for the (I\EA)/_ (hE +4 I+ﬁwE)d/8182' ded on of the Mati
microwave case. However, application of the two-fluid € have aiso used an expanded version of the Matlis-

model and, therefore, these arguments fail to account for thgardeen theor§?‘35wh_ich includes_the guasiparticle scatter-
fact thatoy increases in amplitude and the peak moves td"9 rate, to madel Op“c"?“ conduciivity for our data. Th_e_ ex-
lower temperature as we decrease the frequésey the sig- pression foro(w) Nnormalized to the normal dc conductivity,
nificant change iroy in the frequency range from 1 to 0.4 %, is (with 2=1) (Ref. 33
THz in Fig. 7). Indeed, this model cannot explain a strong (o) i
frequency dependence of presented in Fig. 1 below 1 THz o %er
because it leads to the ambiguity in data reduction for the 0
guasiparticle relaxation time, i.e., a significant differencewhere

J+K|2dE), (6)

w+A
J(wszA)=J I, dE,
A

w—A w+A
J(wBZA)=f |3dE+f I, dE,
A w—A
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| —tann E A’+E(E—w) 1 A’+E(E-w) 1
AT T T Pap, Pyt PytilT P,P, P,—Py+il7|’

- hE+w A2+ E(E+w) 1 A2+ E(E+w) 1
,=tan 2kT P.P> P,—Py+ilt P,P, —P,—P,+ilr

T tanh E A2+ E(E+w) 1 A’+E(E+w) 1
kT P1P; Py+PytilT PP, P,—Py+il7|’

1 —tanh E A’+E(E- o) 1 A’+E(E-w) 1
AT PsP; | PatPorilr PPy | Pa-Pyrile)’

P1=V(E+w)*—A? Po=E?— A%,

P.= (E-0)?-22, P,=i\A7—(E_a)?

This expression applies to isotropic BCS superconductorsimulation could be varied, which makes the location of the
with a spherical Fermi surface; its extension to superconpeaks more important than their amplitudelowever, this
ductors with an anisotropic gap or to the presence of severgleak has a small temperature dependdsbéting from 85
gaps may be simply achieved by linear superposftom  to 76 K) which is inconsistent with the conductivity data
this simulation we have used the range for relaxation timehown in Fig. 1. The simulation shown in Figgcand 4b)
corresponding to the tW0j|Ui_01| model feS3U[f_51i9- 3@ is a much closer fit to our data shown in Fig. 1: thepeak
1/7=80-500 cm* (9.4x10"° s™* to 1.510"° 5™, respec-  increases in amplitude and shifts to about 62 K at 0.4 THz.
tively). We have found that the variation in7lin this range  Thjs peak shifts even further to 53 K at 0.001 THz. Note that
did not have an appreciable effect on the results. We alsgy varying the temperature-dependent gej., changing
assume the films_ have an anisotropi'c'energy gap, which imp, Eqg. (7)] and zero-temperature gap, the peak could be
plies the averaging of the conductivity tensor in &b ghifted to even lower temperatures to account for variation of
plane_(thus fthe average anisotropic gap may be considered ifagts reported by different groupg.
our simulationg Two parameters have then been varied: the 14 further interpret the experimental results we compare
energy gap 80 K and the temperature dependence of they, simulations with the experimental conductivity data
energy gap. Following our pump-probe spectroscopy resultsyown in Fig. 1. Figure 5 shows the temperature p@gk,)
which will be presented in the next section, as well as OUljependence ofr; as a function of frequency for the two
observations from the two-fluid Drude model interpretationg;mlation caseéthe BCS gap, and the gap described by Eq.
of the THz results, we have used a gap which opens up morg) with n=0.9) and for the conductivity data of Fig. 1. It is
slowly below T, than the classical BCS gap. Therefore, in clearly seen that, in the simulation case with the classical
our simulation we have used the temperature-dependent ggjrg gapT .. frequency dependence is significantly differ-
described by a general expression with variable parameter o from our experimental data. On the contrary, for the sec-

ond case with the gap described by EQ.with n=0.9, T pe4

T\ follows rather closely the experimental results in the fre-
A(T)~( 1- T_) (1) quency range between 0.2 and 0.5 THz. Above 0.5 THz the

¢ difference between the simulation and experimental data
Figure 4 shows examples of fitting; with Mattis-Bardeen starts to develop and quickly increase. Also, note hat
theory using an algorithm described by E§) [simulation  for the experimental conductivity data stays constant at 82 K
results in the BCS classical dirty limit using Ed) are simi-  for the frequencies above 0.8 THz.
lar to those shown in Fig.]4Glassical BCS behavior, with We would like to propose the following qualitative expla-
zero-temperature gap,A0)=225 cm® (27.9 meV, is  nation to the observed phenomena. The mild peals;irat
shown in Figs. 4a). Figures 4b) and 4c) show an example about 82 K for the frequency range between 1 and 1.2 THz
of o, simulation for different frequency ranggfsom 10 to  in Fig. 1 could be caused by the competition between the
1.2 THz in Figs. 4c) and from 0.1 to 1.2 THz in Fig. 4c drop in scattering rate and the decreasing normal fluid den-
using a zero-temperature gap of 225 ¢neorresponding to  sity with temperature. This peak is relatively small and fre-
BCS weak coupling, and Eq. 7 with=0.9 for the slower quency independent. However, when we decrease frequency
than BCS temperature-dependent gap increase bEldthe  below 1 THz the BCS-like coherence pepdimulation is
choice ofn for this simulation is justified by the results pre- shown in Figs. &) and 4c)] starts to develop, gradually
sented in the next sectinriThe BCS simulation in Fig. (4) increasing its contribution ter;. As the frequency is de-
shows a peak developing and increasing in amplitude wheareased from 1 to 0.8 THz, the coherence factors contribu-
the frequency is decreased from 1 to 0.001 THAnte that, tion is still insignificant which only results in a slight in-
since theo calculation using Eq(6) involves integration crease of ther; peak in Fig. 1 without a noticeable shift in
around singularity points, the amplitude of peaks in thisT,..in Fig. 5. However, as the frequency is decreased below
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a) 4 ——r [T T T T — 90 ;+E)épseriment T
35 H0.0THz o llon=09
3 f{---0.1THz 3 80 & E
2 e
& ,F ; s 70
o : E - 65 4
"E 60
1E 3 55 | =
0.5 E 50 F il il vl
ok E 0 0 0.1 1 10
0 20 40 60 80 100 Frequency (THz)
Temperature (K)
b) ———0.001THz FIG. 5. Temperature peal ,.,) dependence of; as a func-
4 1717 |— -0.01Thz tion of frequency for the two simulation cag¢ke BCS gap and the
3.5 :‘__‘_:8-1}["22 gap described by Eq.7) with n=0.9] and for the experimental
3 —1.2THz conductivity data of Fig. 1.
z 2.5
L the BCS-based Mattis-Bardeen theory of conductivity usin
- 2 Yy y g
<)

an energy gap approximated by Ed). Next we will discuss
the role of BCS coherence factors to explain the controversy
in o7 and 1T, data.

AR RARRS LR R AN RRRRN LR RRNLERRY RARRS RERR!

e b by

T D. Discussion of coherence factors imr; and 1/T,
0 20 40 60 80 100 _
Temperature (K) 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

© 2 AT T given by*®
g :
-—-0.7THz ]
1.5 f|--m-- 1THz . 12(ey .6 ):1 (1+ 8k£k+q+AkAk+q) ®
i —1.2THz ] kr®kta/™ 5 ExEx+q '
L 4t -
o Y B ] 1 exek+qtT Akdk+
: : p2<sk,sk+q>=§(1——E“E O
0.5 - . kE=k+q
r /4 ] whereE, = \e2+AZ, Exiq= \/8k2+q+Ak2+q1 k andk’=k+q
0 Lol e Lo b ] are quasiparticle wave vectoks, andey . 4 are quasiparticle
0 20 40 60 80 100 initial and final Bloch energies relative to the Fermi level,

Temperature (K) andAy andAy. 4 are the corresponding superconducting en-

ergy gap parameters.
BCS Mattis-Bardeen conductivity expressions given by
FIG. 4. Fittingo, with Mattis-Bardeen theory including scatter- EQs.(4) and(5) as well as expressions for NMR relaxation
ing rate(1/7=500 cni™): (a) for the classical BCS gayb) and(c) rate, 1T, exhibiting coherence peaks, are derived by ne-
for different frequency ranges using identical parametersglecting crystalline anisotropyusing an isotropic limjt of
A(T)~(1-T/T)*% and 2(0)=225 cni . the superconducting material. This condition implies that in
coherence factors described by E(. and (9) for any di-
rection ink space, the following should be valid:

0.8 THz, the contribution of coherence factors increases fur- A=Ay g (10)

ther to the extent that the, peak due to these factors starts

to dominate. This significantly shift§,e,cin Fig. 5 and in-  However, HTS are highly anisotropic materials, therefore,

creases ther; peak in Fig. 1. As we pointed out above, the Eq. (10) should be evaluated for these cases.

Tpeak frequency dependence in Fig. 5 for the simulation, For the electromagnetic absorption case and, particularly,

shown in Figs. &) and 4c) follows rather closely the ex- for the THz results presented in this paper, we consider a

perimental results in the frequency range between 0.2 andong-wavelength limit,” i.e., g—0, because, indeed, the

0.5 THz, which is most likely due to the total domination of photon wave vector, is very small(less than 100 ci for

the contribution from the coherence factors. THz excitation compared to the wave vector of the electrons
Thus, we have come to the conclusions that the developk (~10° cm™2). Thus, in spite of the anisotropy of the super-

ment of the frequency-dependent peaksincan be fitted by conducting energy gap ik spacek~k+q, and, therefore,
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2.5 bbb electron-electron scattering, and by diffusion. Phonons par-
—E;—Q:OOA‘ ticipate in electro.n.—phonon and phonon-phonon interactions

2.0 ——500A |1 [the phonon equilibrium energy spectruffy(€2)]. Phonon
/ equilibrium is maintained by their escape to the thermal bath.
E 1.5 Ve A femtosecond optical pulse creates a nonequilibrium
= 1.0 condition in the superconductor by exciting quasiparticles
— f“’ai and breaking Cooper pairs. As a result, the spectrum of qua-
0.5 siparticles is instantaneously changed, creating a highly non-
= equilibrium situation where the electron temperature could
0.0 0 “do 40 60 80 1607120 150 160 significantly exceed the phonon temperature. The quasiparti-

cle time-dependent energy spectrdfk,t), whereE is the
quasiparticle energy andis the time, is determined by a
FIG. 6. Relaxation timgat half maximum as a function of Latheﬁ;gggnnrileﬁoi)écnhzm%e Olf e![?C;r_OTS etlrniphor:tcm(g gO\./_erned
temperature for the 500 and 900 A samples measured by the fem-y : on-pho d electron-electron scatlefigasi
tosecond pump-probe spectrascopy. particle interactions with themselves, the condensate, and

phonon$. As a result of electron-phonon scattering, extra
phonons of high energgoptical phonongwith the spectrum
OAF(Q,I) 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
valid. This suppresses the role of the coherence fagtisrs the equilibrium values becomes a bottleneck of the relax-

scribed by Eqs(8) and (9)] for the NMR relaxation, which ation process. Since the superconducting gap is in turn dis-

explains the absence of the peak in NMR relaxation rate e
This is the fundamental difference between the coheren rbed by the nonequilibrium values of the phonon and elec-

C .
factors to account for; and 1T, HTS experimental data. fron spectra(or temperatures the relaxation of the energy

o L e . gap to its equilibrium value becomes a bottleneck for the
Lu™ went even further in finding evidence of coherence fac uasiparticle relaxation process. This allows us to model re-

tors based on the change of the anisotropic ratio of scatterin xation time by the change in the energy gap created by a
rates in thea andc directions W,,/W,c). Simple arguments ¢ .0 .04 optical pulse. We will describe this model in

presented above can explain and reconcile the controver% . .
: e next section. Before that we examine our pump-probe
related to the role of coherence factorsapand 1T, data results in conjunction with the terahertz spectroscopy results.

Temperature (K)

Eq. (10) is valid for the electromagnetic absorption case, an
Mattis-Bardeen theory is applicable for HTS.

The situation is different for the NMR relaxation case.
Quasiparticles scatter ik space through electron-phonon
and electron-electron scattering, and in gendealg+k.
This means that for the anisotropic HTS E4O) in not

for HTS. First, we see that the relaxation time at terahertz frequen-
cies (Fig. 3) has a weaker enhancement bel®win com-
IV. RELAXATION TIME FROM PUMP-PROBE parison with the pump-probe datkig. 6). We expect this

FEMTOSECOND SPECTROSCOPY because at terahertz frequencids THz corresponds to a
photon energy of 4 meMhere should be no excitatidie.,
breaking of Cooper paiysover the superconducting energy
Figure 6 shows the temperature dependence of the relagap (BCS zero-temperature gap is 28 mdyy the terahertz
ation time measured by the femtosecond pump/probe spephotons directly. Therefore, interaction with Cooper pairs is
troscopy for the 900 and 500 A samples. The relaxation timénsignificant in this case, and it is mainly due to a small
has an enhancement beloly and a peak neaf,. These thermal disturbance of the energy gap caused by the nano-
results are well established and similar to those reported iwatt terahertz beam. There is a possibility that because of the
the literaturet’=2'A discussion of the mechanism of the non- slow opening of the energy gap beldw, the increase in the
equilibrium optical response of highs superconductors has relaxation time near . in the case of the THz excitation may
been presented by Frenkéland the reader can find impor- also be due to the breaking of Cooper pairs with a subse-
tant details in this reference to better understand the followguent slow recombination process of quasiparticles to Coo-
ing arguments. However, for the completeness of this papgper pairs. However, this effect in the THz case is much
and for the convenience of the reader, we repeat here thgeaker than that for the pump-probe high-energy excitation
main relevant points. (1.59 eV). Therefore, the recombination of quasiparticles to
We use the BCS description of a superconductor in thisCooper pairs and energy gap disturbance have a less signifi-
model. The condensatéCooper pairs exchanges energy cant effect in the terahertz case, which may explain the lack
with quasiparticlesunpaired electrons above the energy)gap of a dramatic enhancement of relaxation time in this experi-
through pair breaking and recombination via phononsment as compared to the pump/probe measurement, where
(electron-phonon scatteripgnd via quasiparticleglectron-  the energy gap disturbance and recombination of quasiparti-
electron scattering The quasiparticle energy spectruimr  cles to Cooper pairs are slowing factors.
spectral density fo(E), is in equilibrium, which is main- Another difference between the terahertz and pump-probe
tained (in addition to exchange with the condensalyy  experiments is the order of magnitude of the relaxation time.
electron-phonon scatteringexchange with phonohs by  The reason for this can be explained as follows. Quasiparti-

A. Results and discussions
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cle excess energy for the pump-probe excitation with photon 0.35 T
energy of 1.59 eV is almost 3 orders of magnitude larger C - BCS ]
than for THz excitation. Thus, no matter what the quasipar- £ 03 ¢ — n=0.5 E
ticle relaxation mechanisnielectron-phonon or electron- ;0_25 a ——n=0.65 3
electron scatteringthere may be significantly more steps in = c E
the quasiparticle relaxation process for pump-probe excita- ¢ 02 F E
tion. This multistep process, relaxation of the energy gap, as E 0.15 [ 3
well as possibly a slow recombination process of quasiparti- 5 E E
cles to Cooper pairs, make quasiparticle relaxation in the % 0.1 F E
pump-probe experiment approximately 1—2 orders of magni- & 0.05 [ 3
tude slower than for THz excitation beloly. . Above T one ¢ - | | | | ]
should expect that the pump-probe relaxation will be faster 0
0 20 40 60 80 100

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 FIG. 7. Simulation of the relaxation time in the pump-probe

time-resolution limit of the pump-probe measurements abov%xperiment by the change in the superconducting energy gap for

Tc,lthe results in Fig. 6 are inconclusive fo.r a direct com- yittarent temperature-dependent gaps: BCS gap and the gap de-
parison of the pump-probe and THz relaxation process datgyined by Eq(6) with differentn.

aboveT,.

Temperature (K)

parameters: E=0.033-0.045 nJ, At=75-100 fs,
B. Model for relaxation time A=0.4x10"* cn?, k=0.26 W/cmK at 80 K{° c¢=0.09
JIg K* and p=6.52 g/cni.*? This estimate is close to our
hancement of the relaxation time beldw: the opening of assu'nc}ptli)k? tha 10 K trr|15€ in lattice tempgraltur;a;[ V;/he t;](l)“'sK
the energy gap and its perturbation by the excitation pulsq(??{tr.ls' er: ?C ang{re]: mt € energy ghar; equ3 enttothe h
Thus, in the framework of nonequilibrium superconductivity, attice heating W'_ out arguing what exactly causes tne
the quasiparticle spectrum excited by the laser pulse relaxecg]ange in the gap: lattice heating or some other no_nequmb-

fium factors. Then the model for simulation is straightfor-

to the “equilibrium™ determined by the instantaneous valueWard We assume for simplicity that the relaxation time
of the energy gap, and therefore, relaxation of the energy ga i plicity e

becomes a bottleneck in the quasiparticle relaxation procesg.r()portIonal to the F:hange in the energy g&ap(T), caused
Indeed, before the energy gap relaxes to its initial equilib- y the pump pulse:

rium, Cooper pairs could be broken by the lower energy 7~ SA(T)~A(T) = A(T+dT) (12)
phonons, maintaining nonequilibrium in quasiparticle spec- '

trum. Thus, the larger the change in the energy gap causegheredT is the equivalent temperature increase caused by
by the excitation pulse, the more steps in the relaxation anghe excitation pulse. Then, considering the superconducting
recombination process are required to return to the initiabap in the form described by E€}), we can easily show that
equilibrium, resulting in an increased relaxation time.

There are two important factors contributing to the en-

In that regard we use a simple model to explain our data T\" T+dT\"
shown in Fig. 6. We assume that the pump pulse, absorbed~ dA(T)~|1— 5| —|1-— for T<T.—dT,
via electron transitions, “heats” the sample, which results in ¢ ¢ (13)

the energy gap changing by a certain amount proportional to

the intensity of the laser pulse. This is supported by the early T\"

data of Hanet al,'® where they show that the peak in the T~ 5A(T)~( 1- —) for T>T>T.—dT. (14
relaxation time is shifted towardg. at lower intensity. Since Te

the relaxation time peak in our data is-a80 K andT,=90 . . . .
K we assume that the pump pulse causes about a 10 K in- The results ofr S|mulat|on. using Eqs(.13) and(14) with
crease in lattice temperature, completely destroying the erfl T=10 K.andT.=90 K for differentn in Eq. (7) are shown

ergy gap at 80 K. We estimate the maximum lattice temperal Fig. 7. Comparing Figs. 6 and 7 we can see that the best

ture rise,AT, in the Superconducting film caused by the flttlng parameter for the 900 A Sample is abaut0.9. For

femtosecond pulse using a simplified method outlined by"€ 500 A sample the best fitis achieved witk0.75. How-
Frenkelet al3"3 based on heat transfer equatiShas fol- ever, at low temperaturdbelow 40 K the relaxation time
lows: 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 factor®.g., increase in the recombination
T= 11x (12) time of quasiparticles to Cooper pairstart to make an im-
A~/Atka' portant contribution to a mild increase in below 40 K
shown in Fig. 6. This means that our model for the relaxation
whereE is the laser pulse energy absorbed by the HTS filmfime described abovéelaxation time is proportional to the
A is the pump beam area on the fildhf is the laser pulse change in the energy gamay not be applied for the tem-
width, andk, ¢, andp are the thermal conductivity, specific peratures below 40 K. Therefore, the energy gap behavior
heat, and density of LaAl©Q We have calculated T from  below 40 K (or approximately belowl ./2) is inconclusive
Eqg. (11 to be in the range 7.2—-11.9 K using the following from our data and modeling.
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We also want to mention that other factors can contribute
to the enhancement of the quasiparticle relaxation time in the a) 1 T L DL
pump-probe experiment. For example, the recombination -\ . \ '
time of quasiparticles to Cooper pairs can also be a “slow” 8L ‘\:‘-,_ ™\ ]
process, contributing to the relaxation time enhancer(est i N ]
pecially at low temperatures as described aboyaother
factor could be related to the changes in thermal conductivity
below T, ,** 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 mgar
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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 E¢7) with the parameten be-

tween 0.75 and 0.9close to 0.9 for 900 A sampleThis
means that the superconducting gap opens up substantially L . ® ()
slower belowT than expected for a classical BCS supercon- 00061 o o ¥ .0
ductor. One can question how universal this conclusion is,

and is it an attribute of our films or intrinsic properties of 0.005
high-T. materials in general? That is yet to be seen. As an
illustration we would like to compare our results with recent
theoretical work®**which supports our findinggslower en-
ergy gap change beloW,.) in the frame of an anisotropic
s-wave gap based on the Anderson theory of interlayer
tunneling® Figure 8 compares calculations of the minimum 0.002 -
gap from this referencgig. 8b)] (Ref. 45 with the simu-
lation of the gap by BCS fitting and by E€) with different 0.001 .
n [Fig. 8@]. There is a good agreement between these two
interpretations of energy gap, especially in the temperature 0 . . ' . -
range fromT./2 to T.. However, we would like to make 0 0 “ & g 10

clear that our results do not suggest that the gapwsve,d T (K

wave, or otherwise. It simply indicates that the anisotropic ( )

energy gap in average opens up more slowly than a BCS gap

below T, . Therefore, if this conclusion is correct, then any g\ 8. comparison of superconducting energy gapsimula-
HTS theory should account for this finding. Finally, in our tion of a temperature-dependent gap d¢T)~(1—T/T,)" with
simulation we have used the gap described by(Egas one  gifferent n; the BCS gap is shown for comparisofis) minimum
example of a gap dependence which varies slowly with temanisotropics-wave gap values from Sudket al. (Ref. 23; circles
perature belowT.. We will continue looking for various and squares ifb) represent gaps calculated in Ref. 23 with differ-
anisotropic temperature dependent gapgy., anisotropic ent fitting parameters.

s-wave gapg=**d wave et to fit our o, data.

0.007

0.004
]

(T) (eV)

0.003 4

s
0

A

drop in scattering rate and the decreasing normal fluid den-
V. CONCLUSION sity with temperature may not sufficiently explain the peak in
gq.
In this paper we clarify the origin of the coherent peak in  On the contrary, we were able to & by Mattis-Bardeen
o, in relationship to the BCS coherent factors, to the tem-+theory using a BCS gap which opened more slowly below
perature dependence of the energy gap, and to the quasipdnan that of a typical BCS superconductor. This is consistent
ticle relaxation rate. We showed that reduced from our with the higher normal fluid densithigher than the Gorter-
terahertz spectroscopy measurements performed on higiGasimir values obtained from the two-fluid Drude model
quality, single-crystal YBCO thin film$900 and 500 Ahas interpretation of our THz data. Therefore, our results suggest
a “coherence” peak which increased in amplitude andthat an anisotropic energy gap which in average increases
shifted to lower temperatures as we change frequency fronelatively slowly belowT is responsible for the “modifica-
1.2 to 0.4 THz. Although the quasiparticle relaxation timetion” (shifting to lower temperatur¢®f the coherence peak
reduced from these results using the two-fluid Drude modein ;. Furthermore, we have discussed the role of coherent
exhibits an enhancement beldw, the analysis may not be factors to account for the presence of the conductivity peak
adequate to account for the strong frequency dependence afid the absence of the peak in NMR relaxation rate. We have
the conductivity peak. That is, the competition between theconcluded that our THz spectroscopy results are consistent
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with the presence of coherence factors in an anisotropic swhereA=a4/0>.

perconductor. In order for 7 to be real, we have to requedtom Eq.
Furthermore, we present a model for the quasiparticle retAl)] that

laxation time measured by femtosecond pump-probe spec-

troscopy, where this relaxation time is proportional to the A%f2—4(1—f,)=0. (A3)

change in the energy gap imposed by the femtosecond pulse.

This model allowed us to find a fit to the temperature-The solution of Eq(A3) is straightforwardwe take positive

dependent energy gap function which is also consistent witf .

the slower gap increase beldW. The latest theoretical de-

velopments based on an anisotrogiayave, BCS-like gaff —
coincide with our conclusion about a more slowly opening f= 2( 1+'§‘ _1)_ (Ad)
gap belowT.. i A
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APPENDIX: DATA REDUCTION USING TWO-ELUID Figure Za) shows the temperature dependence of the mini-
DRUDE MODEL mum values off,, from Eq. (A4) (explanations are given in

the tex.

The real and imaginary parts of the frequency-dependent Step 3: Assume, is known, then solve Eqg$2) and(3)
conductivity, o(w), described by the two-fluid Drude model for 7 andf,,:
are given by Eqs(2) and(3). The values of , and 7 can be
extracted from the experimental ddi® and o,). However, o
we have three unknown@, w,, andf,) and only the two T=—, (AB6)
equations, which do not give us a direct solution. Therefore wp— 0ATW
the analysis proceeds as follows.

Step 1: Assumé,, is known, then solve Eq$2) and(3) o141+ w?7?)
to find 7 and w, as fom=————a—. (A7)
pr
+ \/ﬁ
= Afnx VAT~ 4(1 - 10) ' (A1) Figure 3 shows the temperature dependence of the relaxation
20 time for different values ok and w, calculated from Eg.

(AB) (explanations are given in the textThe range of

o [o:14m(1+ w?7?) (A2) plasma frequencies is determined from E@s#), (A1), and
P for ' (A2).
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