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The far-infrared~30–350 cm21! transmittance and reflectance of twoab-plane-oriented YBa2Cu3O72d films
have been measured. These data show that the quasiparticle relaxation rate, 1/t, has a fast decrease belowTc
and saturates atT!Tc . AboveTc , 1/t exhibits a linear temperature dependence, in accord with the linear dc
resistivity in the normal state. The fast decrease of 1/t is unique and intrinsic to the high-Tc cuprates; it does
not occur in conventional BCS superconductors, where the scattering is from impurity or phonons. The
low-frequency conductivitys1 inferred from the far-infrared transmittance and reflectance measurements ex-
hibits a peak just belowTc . The conductivity peak occurs at higher frequencies than those expected for BCS
coherence effects. The peak ins1 is attributed to the rapid drop in 1/t combined with a decreasing normal-fluid
density.@S0163-1829~96!04825-4#

I. INTRODUCTION

Temperature- and frequency-dependent measurements of
the far-infrared conductivitys~v,T! played an important role
in establishing the BCS mechanism of superconductivity.1

The real part of the optical conductivitys1 is a measure of
the rate at which particle-hole pairs are created by absorption
of photons of frequencyv. For instance, the isotropic energy
gapD in the excitation spectrum of ans-wave superconduc-
tor manifests itself as the absorption of photons at a thresh-
old frequencyv52D; there is no absorption below 2D for
T!Tc . The gap was clearly seen, for example, in surface
resistance2 or optical conductivity3 measurements of lead. As
the temperature increases, the conductivitys1 at v,2D(T)
is no longer zero, due to the existence of thermally excited
quasiparticles. Moreover, the temperature dependence of the
low-frequency conductivity exhibits a peak nearTc to coher-
ence effects4 that arises from the interference between the
wave functions of the occupied states. Palmer and Tinkham3

did indeed observe such an effect ins1~v,T! for lead. A
similar effect in the nuclear-spin-lattice relaxation rate in alu-
minum was observed by Hebel and Slichter.5

A difference between the optical conductivity and the
spin-lattice relaxation is that the former depends on the re-
laxation rate of the carriers as well as coherence factors. In
turn, the quasiparticle relaxation rate depends on the details
of the mechanism that scatters the carriers. For instance, im-
purities and phonons are responsible for such scattering in
ordinary metals. For many low-Tc superconductors, the tran-
sition temperature is much lower than the Debye tempera-
ture; thus, in dirty samples, impurity scattering is dominant,
leading to aT-independent relaxation rate belowTc . When
the purity is high, these materials enter the anomalous-skin-
effect regime; here also the temperature dependence of the
relaxation rate is not observed. Thus, in both the dirty and

the anomalous-skin-effect regimes, the conductivity is domi-
nated by the coherence factors, as is the spin-lattice relax-
ation.

In high-temperature superconductors, a similar-appearing
‘‘coherencelike’’ peak ins1 ~or s1/s1n! has been observed.
The peak has been seen in YBa2Cu3O72d by Nusset al.

6 at
0.5–2 THz using coherent time-domain terahertz spectros-
copy, by Bonnet al.7 at 2.95 GHz using cavity perturbation
methods, and by Gaoet al.8 at 10 GHz using a parallel-
plate-resonator technique. It has also been found in
Bi2Sr2Ca Cu2O8 crystals by Holczeret al.

9 at 60 GHz using
cavity methods and by Romeroet al.10 in infrared measure-
ments.

Holczeret al.9 attributed the peak to the consequence of
ordinary case-II BCS coherence effects and concluded that
the pairing was dominantlys wave. However, the absence of
a Hebel-Slichter peak in NMR experiments11–14 is evidence
against the assignment of the conductivity peak to coherence
effects, because the same coherence factors apply to the con-
ductivity s1 and the nuclear relaxation rate 1/T1. ~Indeed,
Marsiglio15 has pointed out that coherence effects can be
suppressed within the framework of a strong-coupling
theory, and it has been shown16 that such a suppression of
the coherence peak in 1/T1 also would occur ins1.!

Nusset al.6 suggested that the peak could be the result of
competition between a growing lifetime and a declining den-
sity of states. However, the temperature dependence of the
lifetime was not given. Romeroet al.10 extracted the quasi-
particle relaxation rate 1/t in Bi2Sr2CaCu2O8 from the width
of the residual conductivitys1~v! in the superconducting
state and found a dramatic decrease in 1/t below Tc . The
peak ins1/s1n was assigned to the product of a decreasing
quasiparticle density and an increasingt(T). Bonn et al.17

observed a pronounced and anomalous peak at;38 K in the
surface resistanceRs of YBa2Cu3O72d . The peak, which was
also in the extracteds1(T), was attributed to a collapse by
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two orders of magnitude in 1/t below Tc . Gao et al.
8 de-

duced a decreasing scattering rate and a decreasing normal-
fluid density belowTc from a two-fluid analysis of the mi-
crowave surface impedance data for YBa2Cu3O72d films.
The observed peak ins1/s1n was interpreted as a conse-
quence of competition between these two factors. Such a fast
drop in 1/t has also been found in La22xSrxCuO4.

18 Other
experiments, such as femtosecond optical transient absorp-
tion measurements using pulsed laser pump and probe
techniques,19–21 also showed a dramatic increase in the re-
laxation time t below Tc for YBa2Cu3O72d ,
Bi2Sr2Ca2Cu3O10, and Nd22xCexCuO42y.

There are a few experiments where no anomaly in 1/t at
Tc is reported. For instance, Collinset al.

22 obtained a con-
stant 1/t by using a Gorter-Casimir formula for the quasipar-
ticle density in their model for the infrared conductivity of
YBa2Cu3O72d . By fitting infrared transmittance of
Bi2Sr2CaCu2O8, Mandrus et al.23 obtained a continuous
T-linear 1/t down to temperatures well belowTc and found
no sharp drop atTc . Their conductivity did show a maxi-
mum atTc for all frequencies below 70 cm21. The reason for
the differences between these and the other experiments is
not clear. It could be a difference in samples or it could be
due to the assumptions used in the analysis of the measure-
ments.

The effect of a rapid decrease in 1/t at Tc is apparently
unique to high-Tc superconductors. It suggests that the domi-
nant scattering in these systems is electronic in origin rather
than from phonons or impurities. In this paper, to investigate
the origin of the ‘‘coherence peak’’ in high-temperature su-
perconductors, we examine and discuss the conductivities of
two YBa2Cu3O72d films determined by analysis of far-
infrared transmittance and reflectance data. In agreement
with earlier studies, a peak ins1(T) just belowTc at low
frequencies for both films is found. Moreover, in contrast to
theT-linear dependence in the normal state, a sudden drop in
1/t(T) belowTc is observed from a two-fluid fit to the trans-
mittance spectra. We believe these features are intrinsic to
the CuO2 planes of all cuprates. Our data show that the peak
in s1 is due to the competition between a fast increasingt
and a decreasing normal-fluid density with decreasing tem-
perature, rather than to coherence effects.

II. THEORY OF BCS COHERENCE PEAK

To aid in visualizing how a coherence peak occurs ins1 it
is useful to review BCS theory. The condensed-state wave
function is a linear combination of one-electron states with
correlation among electrons of opposite momenta and spins.
The perturbation Hamiltonian can be written as

H15(
kk8

Bk8kck8
† ck . ~1!

Here the subscriptk ~k8! represents the quantum state for
momentum and spin,ck8

† , andck are the quasiparticle cre-
ation and annihilation operators, andBk8k are matrix ele-
ments of the perturbation operator. In the normal state, each
term in the sum is independent. WhenT,Tc , however, there
exists phase coherence among the wave functions of the oc-
cupied one-electron states. This interference leads toBk8k

56B2k82k , with the upper sign for ‘‘case-I’’ and the lower
sign for ‘‘case-II’’ interactions, depending on whether the
perturbation isevenor odd under time reversal. The pertur-
bation Hamiltonian for the interaction of electromagnetic ra-
diation with matter is proportional top•A, wherep is the
momentum of the electrons andA is the vector potential of
the external field. Because this term isodd with p, it is a
case-II interaction.~Other perturbations withevensymmetry,
such as ultrasonic attenuation, obey the case-I coherence fac-
tor.!

The optical conductivity is proportional to1,4

s1}E
2`

`

F~D,E,E8!Ns~E!Ns~E1\v!

3@ f ~E!2 f ~E1\v!#dE. ~2!

Here, the functionF is the coherence factor for scattering,4

F~D,E,E8!5
1

2 S 17
D2

EE8D , ~3!

D is the temperature-dependent energy gap,E is the quasi-
particle energy measured from the Fermi level,E85E1\v,
and f (E)5[11eE/kT]21 is the Fermi distribution function.
The remaining term in Eq.~2! is Ns(E), the superconducting
density of states:

Ns~E!5NnRe
uEu

AE22D2
, ~4!

with Nn the one-spin density of states nearEF when the
superconductor is in its normal state and Re standing for the
real part. Equation~4! indicates thatNs50 for uEu,D. It
diverges nearD and approaches the normal-state value when
uEu@D. The optical conductivity, Eq.~2!, is governed by
both the density of states and the coherence factors.

The optical conductivity of a superconductor was calcu-
lated by Mattis and Bardeen.24 This calculation is valid when
the superconductor is either in the extreme anomalous~l!l !
or dirty limit ~l!j!, wherel is the electron mean free path,l
is the magnetic penetration depth, andj is the coherence
length. However, neither limit is satisfied in high-Tc cu-
prates. For instance, in YBa2Cu3O72d , typical values are
l51400 Å, l5100 Å, andj515 Å. Thus the high-Tc super-
conductors are in the normal-skin-effect, clean-limit regime.
Leplae25 has extended the Mattis-Bardeen theory into the
clean- or intermediate-limit regime, puttings1s into a form
that incorporates the normal-state conductivitysn , governed
by the quasiparticle scattering rate 1/t. Recently, Chang and
Scalapino26 gave a generalization of the Leplae equation.
The optical conductivity calculated within this theory is
shown in Figs. 1 and 2.

To compare with the YBa2Cu3O72d data presented here,
we have used the valuesTc590 K, 2D~0!53.5 kBTc5220
cm21, a BCS temperature dependence to 2D(T), and an in-
elastic scattering rate\/t52.8 kBT. The latter behavior fol-
lows the temperature dependence of the normal state 1/t.
The interpretation of the result is direct. WhenT!Tc , there
are almost no thermally excited quasiparticles ands1~v!;0
up tov52D; above this frequency,s1~v! begins to rise~see
Fig. 1! due to dissociation of Cooper pairs by photon absorp-
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tion, causing quasiparticle excitations from the supercon-
ducting condensate.s1s~v! approachess1n~v! for v*3D~0!
because the BCS density of states approaches the normal-
state value, i.e.,Ns(E)'Nn(E) as expected in Eq.~4!, at
these excitation energies. Because of the gap, the oscillator
strength at low frequencies is reduced; the ‘‘missing’’ area
shifts to the origin to form the infinite dc conductivity of the

superconducting condensate. AsT increases, the minimum
or threshold that signifies 2D(T) moves to lower energies,
due to a decrease of the superconducting gap. In addition,
s1~v!Þ0 for v,2D(T) due to absorption by thermally ex-
cited quasiparticles. The low-frequency logarithmic upturn in
Fig. 1 characterizes the case-II coherence effect.

Figure 2 shows that, at small frequenciesv!2D, the di-
vergence of the BCS density of statesNs(E) at E.D in the
integral of Eq.~2! causes a peak27 in s1/sn below Tc . The
conductivity eventually vanishes exponentially with decreas-
ing temperature because the quasiparticles are frozen out.
The magnitude of the peak falls monotonically with increas-
ing frequency. The position of the peak shifts to slightly
higher temperatures with increasing frequency. The peak
gradually disappears as the photon energy is greater than the
width of density-of-states peak. A discontinuity in the slope
can be seen in Fig. 2 whenT reaches a value such that
2D(T)5v. Above this temperature, the gap becomes smaller
than the excitation frequency and an extra contribution to the
integral comes from excitations across the gap. Experimental
observations of coherence peaks in the nuclear relaxation
rate5 and optical conductivity3 have strongly supported the
BCS model for classical superconductors.

III. EXPERIMENT

The YBa2Cu3O72d samples werec-axis oriented and
grown epitaxially by pulsed-laser ablation28 on 1-mm-thick
single-crystal~100! MgO substrates of surface dimensions of
535 mm2. The thicknesses of the films were 48 and 156 nm
and the transition temperatures were 83 and 90 K, respec-
tively. Details of the sample characteristics can be found
elsewhere.29

The far-infrared~20–360 cm21! transmittanceT~v! and
reflectanceR~v! measurements, over a range between 7 and
300 K were made using both the far-infrared beamline at the
National Synchrotron Light Source30 and a Bruker IFS-113v
Fourier-transform interferometer with a Hg arc lamp source
and a 4.2-K bolometer detector. The measurements were
made at near-normal incidence, so that the far-infrared elec-
tric field is polarized along theab plane. To deal with dis-
persive and absorptive effects in the substrate, the reflectance
Rsub and transmittanceTsub of a bare MgO were carefully
measured at each temperature where film data were taken.
The absorption coefficienta~v! and the index of refraction
n~v! of the MgO were determined fromRsub and Tsub as
described in the Appendix. These measurements were then
used in analysis of the data for the films.

The optical response of a thin film, typically represented
by R~v,T! andT~v,T!, is governed by the electrical proper-
ties of the material such as the complex conductivity
s5s11i ~v/4p!~12e1!5s11is2. In other words, bothR
and T are functions ofs1 and s2. Therefore, just asingle
optical measurement,R or T, is not sufficient to determine
both components of the conductivity unless one can measure
that quantity in such a wide frequency range that the
Kramers-Kronig transformation31 can be performed, which is
not always feasible especially for thin films on absorbing
substrates. On the other hand, by measuringboth the reflec-
tanceand transmittance of a film over any finite frequency
range of interest, the conductivitys~v! can be extracted by

FIG. 1. The frequency-dependent conductivity of a supercon-
ductor in the framework of the BCS-Leplae formula. The curves are
normalized by the dc conductivity of a normal metal having the
same scattering rate.

FIG. 2. The temperature dependence of the BCS conductivity at
six selected frequencies. The curves are normalized by the dc con-
ductivity of a normal metal having the same scattering rate. A co-
herence peak occurs just belowTc for v!2D~0!.
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inverting R~s1,s2! and T~s1,s2!. Unlike Kramers-Kronig
analysis, in which the low-frequency conductivity is some-
what dependent on how the extrapolation of reflectance or
transmittance to dc is made, in this approach the derived
s~v! only depends on the accuracy ofR~v! andT~v! at the
same frequency point. The method of analyzing the data is
described in detail in the Appendix.

IV. RESULTS AND DISCUSSION

A discussion of the transmittance and reflectance data has
been given in a previous publication;29 the reader is referred
to that paper for details. In brief, the transmittance is very
small ~T,1% for the thicker film! and somewhat influenced
by the MgO substrate. Nevertheless, the signal-to-noise is
good enough to allow our analysis without any data smooth-
ing. Despite the complications of the substrate, one can
clearly identify the intrinsic response of the YBa2Cu3O72d
films in the data. The transmittance approaches zero at low
frequencies forT,Tc ; from Eq. ~A4! of the Appendix we
infer thatusu→ ` asv→ 0. The existence of a supercurrent
in the film screens the applied electromagnetic field, so that
there is no transmission at dc. There is finite transmittance at
v→0 for T.Tc , corresponding to a finite optical conductiv-
ity. The low-frequencyR~v! for both films approaches
100% in the superconducting state, but is well distinguished
from unity atT.Tc . The experimental uncertainty in reflec-
tance is about61%, mainly on account of the difficulty in
establishing precise optical alignment as the reference and
the sample are interchanged.

A. Analysis of transmittance

1. Two-fluid behavior

Motivated by the higher accuracy inT~v! mentioned
above, we began by fitting the transmittance data, extracting
parameters in a dielectric function model for the system, in-
cluding the quasiparticle scattering rate. To account for the
non-Drude behavior of the optical conductivity, we used a
two-component-model32–38,29 for the complex dielectric
function,e~v!5114pis~v!/v. In the normal state,e~v! con-
tains a narrow Drude band and a couple of broad mid-
infrared Lorentzians,

e~v!52
vp
2

v21 iv/t
1(

j51

2 vp j
2

v j
22v22 ivg j

1e`

5eDrude1emid-ir1e` ~T.Tc!, ~5!

whereeDrude describes the free-carrier response, with param-
etersvp the plasma frequency and 1/t the scattering rate,
emid-ir accounts for the absorption in the mid-infrared region,
with parametersvp j the plasma frequency of thej th oscilla-
tor, which is at frequencyvj and has widthgj , and e` in-
cludes the contribution from excitations at frequencies above
; 1000 cm21.

In the superconducting state, a two-fluid analysis is used,
assuming that a fraction (f n) of the free carriers~the ther-
mally excited quasiparticles! exhibit Drude behavior while
the remaining part (f s512 f n) condenses to form ad func-
tion atv50. The free carrier conductivity is generalized into

s5 f n
vp
2

4p

t

12 ivt
1 f s

vp
2

4p Fpd~v!1 i
1

vG1smid-ir ,

~6!

with t the quasiparticle relaxation time, andsmid-ir the
temperature-independent second-component~mid-infrared!
contribution to the low-frequency conductivity. In this model
the quasiparticles are the ‘‘normal’’ fluid; only these ‘‘nor-
mal’’ electrons contribute tos1 at finite frequencies. The
‘‘super’’ fluid gives an infinites1 at dc ~rdc50! as repre-
sented by thed~v! function in Eq.~6! and has a purely in-
ductive response atv.0. The details of the data fitting are
described and the values of the fitting parameters given in
Ref. 29. Here we are mainly interested in the temperature
dependence of the quasiparticle density,f n(T), and the re-
laxation rate 1/t(T).

2. Relaxation rate and superfluid density

Figure 3 illustrates the two essential factors that govern
the real part of the conductivity. The upper panel shows
the relaxation rate 1/t for both YBa2Cu3O72d films.
When T.Tc , 1/t is nearly linear in temperature, with a
nearly zero intercept. Such aT-linear behavior in 1/t above
Tc has been observed previously by infrared
measurements of YBa2Cu3O72d ,

32,33 Bi2Sr2CaCu2O8,
10,32

and La22xSrxCuO4.
18 This behavior in our samples shows

once again that the well-known linearity in the dc resistivity
r(T) for the cuprate superconductors is caused by the tem-
perature dependence of the relaxation rate; the carrier con-
centration is constant with temperature. Writing

FIG. 3. The temperature dependence of two important Drude
parameters obtained by fitting the transmittance data in a two-fluid
analysis:~a! The relaxation rate, 1/t. ~b! The normal-fluid~or qua-
siparticle! density, f n(T).
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\/t52plkBT, we can obtain a coupling constantl'0.4; tak-
ing nF523107 cm/sec, we can estimate the mean free path

l5vFt'~60 Å!
100 K

T
. ~7!

Because theab-plane coherence length is less than 20 Å, Eq.
~7! shows that the high-Tc oxides are clean-limit supercon-
ductors~l.j!.

Below Tc , the scattering rate 1/t exhibits a sudden drop,
with saturation atT&50 K. This result suggests a strong
suppression of the scattering channel at the superconducting
transition. Presumably, the carrier-scattering process that is
responsible for theT-linear resistivity in the normal state is
suppressed when the free carriers condense. Other experi-
ments that found a similar fast drop in 1/t include infrared
measurements of Bi2Sr2CaCu2O8 ~Ref. 10! and
La22xSrxCuO4,

18 microwave impedance measurements of
YBa2Cu3O72d ,

8,17 and time-resolved transient-absorption
measurements of YBa2Cu3O72d ~Ref. 19! and
Nd22xCexCuO42y.

21 This striking feature seems to be a
unique property of the copper-oxide superconductors, be-
cause ordinary phonon or impurity scattering, which domi-
nate conventional superconductors, does not change dramati-
cally atTc . It is evidence that the quasiparticles interact with
some spectrum of excitations which is affected by the onset
of superconductivity, either the quasiparticle spectrum itself
or another excitation that develops a gap atTc .

The temperature dependence of the normal-fluid fraction
f n(T) is shown in Fig. 3~b!. It is these quasiparticles that
account for the finite absorption, e.g., the nonzeros1~v,T!, at
low frequencies. The superconducting fractionf s512 f n
represents the condensed carriers that screen the electromag-
netic field.

There are several possible interpretations of the remnant
f n whenT→0. First, it could be caused by a defect region in
the film that remains normal at low temperatures, perhaps at
the YBa2Cu3O72d /MgO interface or perhaps at the twin
boundaries. Second, it could be attributed to the chains.
There is increasing evidence that in high-quality samples the
chain states are metallic and even superconducting but that in
twinned and oxygen-deficient samples they contribute to
finite-frequency absorption.39 Third, there could be incom-
plete condensation. There is a definite tendency for the su-
perfluid density to be slightly smaller than the normal-state
free-carrier density in both YBa2Cu3O72d ~Ref. 32! and other
cuprates.10,18Fourth, the remnantf n could be associated with
nodes in the superconducting gap, such as might occur in a
d-wave superconductor.40,41 If the gap has nodes, then some
quasiparticles have zero excitation energy and the supercon-
ducting gap absorption would begin at zero frequency. We
note that microwave measurements17 have frequently found
a finites1~v!, consistent with any of these ideas.

In turn, the cause of the remnantf n at low temperatures
affects the interpretation of the low-temperature values of
1/t. If 1/t represents the quasiparticle scattering rate, then
our films are in the clean limit at low temperatures, but not in
the extreme clean limit.~The ;90 cm21 scattering rate at
low temperatures falls between the 40 and 60 K values used
in Fig. 1.! Therefore, a gap feature would be observable, if it
were present. In contrast, if the low-temperature values of

1/t is attributed to defect states, such as heavily twinned
chains or a region in the film that remains normal at low
temperatures, then the quasiparticle damping rate~which
governs the superconducting-state conductivity! could be
substantially less and the clean-limit argument would hold.
Finally, if the gap has nodes, then the finite low-frequency
conductivity and damping reflects the response of the quasi-
particle states with small excitation energies.

The zero-temperature value of 1/t is larger than the ex-
trapolated intercept of the linear regime aboveTc ~90 cm21

vs 20 cm21!. For this reason we tend towards the extrinsic
explanation of the remnantf n and low-temperature values of
1/t.

3. Conductivity peak

From the quasiparticle density and the relaxation rate, we
can calculate the low-frequency~v!1/t! conductivity, which
we call the quasiparticle conductivity,s1q. We use a simple
model, a Drude formula atv50:

s1q5 f nvp
2t/4p. ~8!

The results for both films are shown in Fig. 4.s1q is en-
hanced above the normal-state value and a peak is seen be-
low Tc . It is the fast drop in 1/t that causes the peak ins1q.
That it is due to changes int and not to BCS coherence
effects is consistent with the absence of a coherence peak in
the nuclear relaxation rate.12 The peak occurs because of the
competition between a decreased number of quasiparticles
and an increased relaxation time~t! with decreasing tem-
perature. In contrast, the NMR relaxation rate 1/T1 does not
depend ont.

FIG. 4. The quasiparticle conductivity from model fit to the
transmittance as described in the text.
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The peak ins1q is more clearly seen if the broad 1/T
dependence of the normal states1~v! is removed. We re-
move this dependence by plottingTs1q, as shown in Fig. 5.
The curves are normalized to their 300 K values. For each
sample, there is a rather sharp maximum just belowTc .

B. Conductivity from transmittance and reflectance

1. Discussion of uncertainties

In this section we turn to an analysis of the conductivity
as obtained from the reflectance and transmittance data. Note
that the absolutes1~v! obtained fromR and T has large
error bars when the reflectance is close to unity. These errors
occur because, according to the Appendix,

s1}
12Rf2Tf
Tf

, ~9!

with Rf andTf being, respectively, the reflection from and
transmission through the film on the substrate. At low tem-
peratures,Rf'1 andTf!1. Under these conditions, the un-
certainty in the conductivity due to systematic errors in the
reflectance level isDs1/s1'2DRf /~12Rf!. Thus, the accu-
racy ofs1 suffers significantly whenDRf;12Rf , as is true
at low temperatures and low frequencies. A similar problem
occurs in the Kramers-Kronig analysis of highly reflecting
samples.18,32,33In contrast, the relative errors in the transmit-
tance are much smaller than the errors in 12R, so that the
contributions to the errors ins1~v! from T~v! are generally
much smaller than those fromR~v!.

Because the errors inT~v! are smaller, we have adopted
the following strategy to scale the reflectance data. We use
the parameters of the fit to the transmittance data, discussed
above, to calculate the reflectance of our samples. We then
scale the measured reflectance so that there is a match at low
v between the calculated and the measured values. The dif-
ference between the experimental and calculatedR~v! is less
than 1%, i.e., less than the estimated uncertainty of the mea-
sured reflectance. This scaling has a significant impact on the
results ofs1~v! in the superconducting state, whenR~v!'1
whereas the influence is negligible in the normal state, when
R~v! is well below unity. After scaling the reflectance, we
proceed to extract the optical conductivity from the reflec-
tance and transmittance, following the scheme outlined in the
Appendix.

2. Conductivity spectrum

The real part of the conductivitys1~v! is depicted in Fig.
6. In the normal state,s1~v! approaches the ordinary dc con-
ductivity at low frequencies. It deviates, however, from a
Drude response at higher frequencies because of the well-
known mid-infrared absorption.34 In the superconducting
state, the Drude component condenses; the spectral weight
loss can be seen forT,80 K, implying a shift of weight to
the origin. The remaining conductivity atT!Tc can be
partly attributed to the low-frequency tail of the broad mid-
infrared component and partly to a remnant Drude absorp-
tion. Focusing on the data below 100 cm21, which charac-
terize primarily the free-carrier response, we note thats1
initially increases with decreasing temperature, reaching a
maximum at around 80 K, and then falls again at lower tem-
perature.

FIG. 5. The quasiparticle conductivity multiplied by the tem-
perature, The results are obtained from model fit to the transmit-
tance as described in the text. The quantities are normalized to their
300 K values.

FIG. 6. The real part of the optical conductivity extracted di-
rectly from the experimental transmittance and reflectance of the
48-nm ~a! and 156-nm~b! YBa2Cu3O72d films.
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The imaginary parts2 near and belowTc is plotted in Fig.
7. It decreases monotonically with increasing temperatures,
indicating a loss of superfluid carriers. At low frequencies
s2.s1, indicating that the inductive current dominates over
the conduction current in the superconducting state. For
T590 K ~;Tc!, s2~v! extrapolates to the origin, as expected
for a normal metal. A change of slope at the superconducting
transition can be seen in the figure.

WhenT!Tc , s2 follows anA/v dependence forv<100
cm21, whereA is a constant. This behavior is consistent with
a local electrodynamic description ofs25c2/4pl L

2v, where
lL is the London penetration depth. From these data, we
obtainlL'22006200 Å for our films. This value is a little
larger than the 1800 Å estimated32 from Kramers-Kronig
analysis of thicker films on SrTiO3, which again suggests
incomplete condensation in our films. Whenv>120 cm21,
s2 falls off more slowly than 1/v, on account of both the
broad mid-infrared contribution and a remaining normal
Drude component.

3. Conductivity peak

The temperature-dependents1(T) at low frequencies ex-
hibits a peak belowTc . This peak was already seen in Fig. 6
and can be better illustrated in the plot ofs1 as a function of
temperature shown in Fig. 8. The peak decreases in height
with increasing frequency and gradually disappears at
v.100 cm21. This peak resembles both the one ins1q
shown in Fig. 4 and the feature in conventional supercon-
ductors arising from the case-II coherence factors, shown in
Fig. 2. We have already argued that it shouldnot be attrib-
uted to a coherence effect, based on the absence of a peak in
the NMR data. The peak in the high-Tc materials also differs

from the BCS calculation in two ways. First, the BCS coher-
ence peak occurs only at very low frequencies
@v/2D~0!&0.1# ~see Fig. 2!, whereas the peak in
YBa2Cu3O72d occurs clearly at 50 cm21, which would be
almost a quarter of 2D~0! if the BCS gap value is used.
Second, the BCS conductivity peak occurs very nearTc and
changes only slightly with frequency. For instance, the peak
occurs at 0.8Tc at very low frequencies~1 GHz!, at 0.88Tc
for v55 cm21 ~170 GHz!, and at higher temperatures still
for higher frequencies. In contrast, Bonnet al.17 have found
a microwave conductivity peak occurs at 0.4Tc in
YBa2Cu3O72d crystals; we find a peak at'0.9 Tc at 50
cm21. Therefore, the peaks observed in the high-Tc cuprates
are fundamentally different from that of the BCS coherence
peak.

The peak ins1 has implications for the mechanism of
quasiparticle scattering. The decrease in 1/t seen in Fig. 3
suggests that the excitations responsible for the scattering of
the free carriers are suppressed when the free carriers con-
dense. Evidently, the charge carriers interact with some spec-
trum of excitations which is affected by the onset of super-
conductivity. One possible explanation would attribute the
scattering to the free carriers themselves, making the scatter-
ing be some kind of electron-electron scattering. This scat-
tering would then follow

1/t5 f n~T!nseevF , ~10!

wheren is the carrier density,vF the Fermi velocity,f n the
fraction of thermally excited quasiparticles, andsee the cross
section for electron-electron scattering. Equation~10! essen-
tially states that the scattering rate is given by a product of a
cross section for scattering with the number of scattering

FIG. 7. The imaginary part of the conductivity at temperatures
nearTc and below.

FIG. 8. The temperature dependence of the conductivity at three
selected frequencies for two YBa2Cu3O72d films.
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centers. In the normal state,f n51 and so the cross section
see varies linearly withT aboveTc and ~presumably! also
varies linearly withT below Tc . The rapid drop in 1/t just
belowTc would then be due to the decrease inf n as the free
carriers condense.

Although it may be plausible, this picture does not lead to
a peak in conductivity, because the low-frequency conduc-
tivity is

s15 f n
ne2t

m*
5

e2

m* vFsee
, ~11!

wheree is the electronic charge andm* the effective mass.
According to Eq.~11!, electron-electron scattering givesno
peak ins1. Instead, the drop in 1/t is canceled by the drop in
f n . That the peak exists implies that 1/t falls more rapidly
than f n nearTc . We speculate that either~1! coherence ef-
fects do influence the quasiparticle conductivity nearTc ~but
differently than BCS-types-wave coherence factors since
coherence effects are not seen in NMR data11–14! or ~2! the
scattering is not from the free carriers but instead from an-
other excitation which develops a gap atTc . In an RVB
scenario,42 for example, one could attribute the scattering of
the holons~the charge carriers! to spinon excitations, and
expect a different temperature dependence for holon and
spinon densities belowTc . Our measurements cannot decide
between these two possibilities, but do suggest that one or
the other is the case.

V. CONCLUSIONS

In summary, we have examined the far-infrared conduc-
tivity s~v! below 350 cm21 obtained from transmittance and
reflectance measurements of YBa2Cu3O72d thin films. We
have shown—in both direct analysis ofT~v! andR~v! and
in calculations using parameters obtained from a fit to the
transmittance—that the real part of the conductivity,s1, ex-
hibits a peak just belowTc . Based on the behavior of the
quasiparticle density and relaxation rate and on comparison
with BCS calculations, we conclude that the enhancement in
s1 below Tc for the high-Tc cuprates differs from the BCS
‘‘coherence peak.’’ In the BCS superconductor, there is an
enhanced optical conductivity due to scattering of quasipar-
ticles into the large density of states near an energy ofD
above the Fermi energy. We believe that in the cuprates the
sudden drop in 1/t upon superconducting transition com-
bines with the decreasing number of quasiparticles to govern
the conductivity peak. This interpretation is consistent with
the absence of a coherence peak in the NMR relaxation rate
1/T1 for YBa2Cu3O72d .

The collapse of carrier scattering atTc is fundamentally
different from the behavior of phonon or impurity scattering.
It implies a suppression of the scattering channel or the de-
velopment of a gap in the spectrum of excitation that is re-
sponsible for the normal-state transport. It also suggests that
an electronic interaction between the charge carriers is domi-
nant in the superconducting state.
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APPENDIX

This appendix illustrates how we can find an analytic so-
lution for the complex conductivitys~v! from measurements
of the transmittance and reflectance of a thin film on a thick
substrate and of a blank substrate.

1. Boundary-value problem for a thin film
on a thick substrate

For the case of a film of thicknessd!d,l, whered is the
skin or penetration depth andl is the wavelength of the
far-infrared radiation, the film may be idealized as a surface
sheet of currentK5Jd5sEd. In this case, the current den-
sity K or J and theE andH fields are essentially constant
throughout the thickness of the film. The boundary condi-
tions require that the tangential components ofE be continu-
ous across the film, and that the tangential components ofH
be discontinuous by the surface current in the film. For nor-
mal incidence, the following relations are therefore satisfied:

11r f2t f50,
~A1!

12r f2ntf5~4p/c!sdtf ,

where t f is the amplitude coefficient of transmission across
the film into a nonabsorbing substrate with indexn, andr f is
the single-bounce amplitude coefficient of reflection from the
film.

By solving Eq.~A1!, one obtains

t f5
2

11~y1n!
,

~A2!

r f5
12~y1n!

11~y1n!
.

Here we have introduced a dimensionless complex admit-
tance for the thin film,y5Z0sd or y11 iy25Z0(s11 is2)d,
where Z05377 V54p/c ~esu! is the impedance of free
space. FromTf5nut f u

2 andRf5ur f
2 we can calculate the

power transmission and reflection coefficients:43

Tf5nut f u25
4n

~y11n11!21y2
2 ,

~A3!

Rf5ur f u25
~y11n21!21y2

2

~y11n11!21y2
2 .

Note that wheny1@n11 or Tf!Ts54n/(n11)2, the
transmittance wheny50, then

Tf'
4n

uyu2
, ~A4!

so that the transmittance is a measure of the sheet impedance
Z51/sd of the film.

2. Exact expressions fort f and r f

The optical constants can also be extracted from general
expressions for the complex Fresnel coefficients for the nor-
mal incidence transmission and reflection. A thin film on a
substrate is a three-medium system, the air, the film, and the
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substrate, with complex refractive indices ofN1, N2, andN3,
respectively, whereNj5nj1 ik j ~j51,2,3!. The amplitude
transmission coefficient~from medium 1 through medium 2
and into medium 3! is

t f5
t12t23e

if

12r 23r 21e
i2f , ~A5!

where r i j5(Ni2Nj )/(Ni1Nj ) and t i j52Ni /(Ni1Nj ) are
the amplitude coefficients of reflection and transmission for a
single interface. Noter j i52r i j and 11r i j5t i j . The remain-
ing quantity in Eq.~A5!, the complex phase depthf of me-
dium 2 ~the film! with thicknessd, is given byf5N2vd/c.
Similarly, the amplitude reflection coefficient is

r f5
r 121r 23e

i2f

12r 23r 21e
i2f . ~A6!

Note the identityt12t212r 12r 21[1 has been used in deriving
Eq. ~A6!. The denominators in Eqs.~A5! and ~A6! account
for the multiple internal reflections in the film. The power
transmittance and reflectance is thenTf5(n3/n1)ut f u

2 and
Rf5ur f u

2.
On substitution of the expression forr i j and t i j into Eqs.

~A5! and ~A6!, one finds

t f5
4N1N2

~N11N2!~N21N3!e
2 if2~N22N3!~N22N1!e

if

~A7!

and

r f5
~N12N2!~N21N3!e

2 if1~N22N3!~N11N2!e
if

~N11N2!~N21N3!e
2 if2~N22N3!~N22N1!e

if .

~A8!

One can reduce the rigorous expressions of Eqs.~A5!–
~A8! to an approximation of the form of Eq.~A3! by taking
medium 1 as vacuum~N151!, medium 2 as a metal film with
a thicknessd and a refractive indexN2, and medium 3 as a
weakly absorbing semi-infinite slab with an indexN3. Then,
in the long-wavelength~or low-frequency! limit when the
film is thin enough thatf!1,

uN2u@N151,

uN2u@uN3u'n3[n, ~k3!n3!

e6 if'16 if,
~A9!

2 iN2f52 i
v

c
ed'

4p

c
sd5y.

Using the relations in Eq.~A9!, the denominatorD in Eqs.
~A7! and ~A8! can be simplified to

D'2N2~11n1y! ~A10!

and the numeratorN in Eq. ~A8! to

N'2N2~N12N32y!52N2~12n2y!. ~A11!

Finally, one arrives at

t f'
2

11n1y
~A12!

and

r f'
12n2y

11n1y
. ~A13!

The results of Eq.~A2! are recovered. These equations may
also be viewed as generalizations of the single interface ex-
pressions, taking (y1n) as a total effective surface admit-
tance for theparallel film-substrate composite.

The accuracy of the above approximation has been tested
by calculatingt f andr f from the obtainedn ~orN3! andy ~or
N2! using theapproximateform Eq. ~A2! and theexactEqs.
~A5! and ~A6!. In the worst case, the results differ by less
than 1% throughout the frequency regime up to 300 cm21.

3. The effect of the substrate

In reality, the substrate has a finite thickness and thus ours
is a four-medium problem, with medium 4 being air. In the
following, we assume a thick or wedged substrate, so that
there is no phase coherence among multiple internal reflec-
tions within the substrate. This assumption means that we
only need to add the power intensities, rather than the am-
plitudes. The directly measurable quantities of this four-
medium system are the total transmittance and reflectance,

T5
~12Rs!e

2ax

12RsRf8e
22ax Tf ,

~A14!

R5Rf1
~12Rs!

2Rse
2ax

12RsRf8e
22ax Tf ,

wherex is the thickness anda the absorption coefficient of
the substrate. The other terms in Eq.~A14! are the substrate-
incident internal reflection of the film,

Rf85
~y12n11!21y2

2

~y11n11!21y2
2 , ~A15!

and the single-bounce reflection of the substrate,

Rs5
~12n!21k2

~11n!21k2'S 12n

11nD
2

. ~A16!

The approximation in Eq.~A16! holds whenk[ca/2v!n,
the case for weakly absorbing media.

4. Analytical solutions

We next want to find the explicit analytical solution for
y5y11 iy2 ~and thus fors1 and s2! from Eqs. ~A3! and
~A14!. According to Eq.~A3!, the real party1 can be easily
extracted fromTf andRf as

y15n
12Rf2Tf
Tf

. ~A17!

However, the directly measured quantities are notTf or
Rf , but T andR, the total transmittance and reflectance. In
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practice, we usually haveRf'R. But we can use the exact
form in terms ofT andR as well as the extracted substrate
parameters:

Rf5R2T~12Rs!Rse
2ax5R2DR. ~A18!

The expression forTf is more complicated because it in-
volves a new unknown quantityRf8 that we now try to find.

We first solve forRf8 in terms ofTf andRf andn using
Eqs.~A3!, ~A15!, and~A17!, which gives

Rf8512
4n~y111!

~y11n11!21y2
2 512~y111!Tf

512n~12Rf !1~n21!Tf . ~A19!

On substitution ofRf8 into the expression forT in Eq. ~A14!,
a linear equation forTf in terms ofT andR and substrate
parameters can be deduced:

T$12Rs@12n~12Rf !1~n21!Tf #e22ax%

5~12Rs!e
2axTf . ~A20!

The solution is

Tf5
11@n~12Rf !21#Rse

22ax

~12Rs!e
2ax1T~n21!Rse

22ax T. ~A21!

Substituting Eq.~A21! into Eq. ~A17!, we finally obtain the
exact solution fory1:

y15n
~12Rf !~12Rs!e

2ax2~12RfRse
22ax!T

$11@n~12Rf !21#Rse
22ax%T .

~A22!

From Eq.~A3! and using the results ofTf and y1 obtained
above, the imaginary part is simply

y25A4n

Tf
2~y11n11!2. ~A23!

5. Properties of the substrate

To find the frequency dependence ofn anda, one needs
to measure the total transmittanceTsub~v! and reflectance
Rsub~v! of a bare substrate. The quantities can be deduced
from Eq. ~A14! by lettingd50 ~thusy50!:

Tsub5
~12Rs!

2e2ax

12Rs
2e22ax , ~A24!

Rsub5
11~122Rs!e

22ax

12Rs
2e22ax Rs5~Tsube2ax11!Rs .

~A25!

The algebra is simplified by solving first forRs ande
2ax. ~It

is straightforward to getn andk onceRs anda are known.!
Note that all quantities are positive but less than unity, so

that the conditions 0<$Tsub,Rsub,Rs , ande
2ax%<1 hold. On

substitution ofe2ax5~Rsub2Rs!/TsubRs obtained from Eq.
~A25! into Eq. ~A24!, one finds

Tsub5
~12Rs!

2~Rsub2Rs!/TsubRs

12~Rsub2Rs!
2/Tsub2 . ~A26!

It turns out that the cubic term ofRs in Eq. ~A26! vanishes,
and one can get a simple quadratic equation with a solution:

Rs5
2B6AB224AC

2A
, ~A27!

where A522Rsub, B52~Tsub2 2Rsub
2 12Rsub11!, and

C5Rsub. The upper~1! sign in Eq.~A27! should be aban-
doned since one would otherwise haveRs.Rsubwhich vio-
lates Eq.~A25!. OnceRs is found, the other unknown,e

2ax,
can be found simply using Eq.~A25!; the absorption coeffi-
cient isa52~ln e2ax!/x.
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