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Abstract. We report on theab-plane optical reflectance measurements of single crystals of
Y-doped Bi2Sr2CaCu2O8+δ and Pr-doped YBa2Cu3O7−δ over a wide frequency range from 80
to 40 000 cm−1 (10 meV–5 eV) and at temperatures between 20 and 300 K. Y and Pr doping
both decrease the hole concentration in the CuO2 planes. This has allowed us to investigate the
evolution ofab-plane charge dynamics at doping levels ranging from heavily underdoped to nearly
optimally doped. Our results of the low-frequency optical conductivity and spectral weight do not
show any features associated with the normal-state pseudogap. Instead, one-component analysis
for the optical conductivity shows the low-frequency depression in the scattering rate atT > Tc,
signalling entry into the pseudogap state. Alternatively, no clear indications of the normal-state
pseudogap are detected in the temperature-dependent zero-frequency free-carrier scattering rate by
using two-component analysis. In the superconducting state, there is also no convincing evidence
of superconducting gap absorption in all spectra. We find that there is a ‘universal correlation’
between the numbers of carriers and the transition temperature. This correlation holds whether one
considers the number of carriers in the superfluid or the total number of carriers.

1. Introduction

The subject of normal-state properties in the underdoped high-Tc superconductors has received
a great deal of attention recently [1]. This interest is exemplified by the so-called ‘normal-
state pseudogap’ phenomenon observed in several different experimental techniques. The
nuclear magnetic resonance (NMR) [2–5] and neutron-scattering measurements [6, 7] first
suggested the opening of a gap in the spin excitation spectrum on normal-state underdoped
YBa2Cu3O7−δ (Y123) and YBa2Cu4O8 (Y124). More recently, gap-like features in the charge
excitation spectrum of underdoped Y123 and Bi2Sr2CaCu2O8+δ (Bi2212) have been inferred
from or directly observed in measurements of the specific heat [8], the dc resistivity [9–11],
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Raman spectroscopy [12–14], tunnelling spectroscopy [15] and angle-resolved photoemission
spectroscopy (ARPES) experiments [16–19] at characteristic temperaturesT ∗ well aboveTc.

Indications of normal-state, gap-like anomalies in underdoped cuprates were observed
in infrared optical measurements as well [20–25]. Thec-axis spectra of underdoped Y123
[20, 21] and Y124 [22] show a suppression of optical conductivity below 400 cm−1 atT > Tc,
which is interpreted as the result of the formation of a pseudogap. This spectral feature
appears at a temperature scale which matches the spin susceptibility determined from the
NMR measurements and has been discussed in the context of the spin gap. In contrast, a
pseudogap is not evident in theab-plane optical conductivity. Instead, there is a depressed
scattering rate 1/τ(ω, T ) at low frequencies and at temperatures a little aboveTc [23–25]. The
shape of the normal-state and the superconducting-state 1/τ(ω, T ) are very close.

There are several open questions about this normal-state pseudogap observed in the optical
spectroscopy. First, the energy of the pseudogap-like structure does not change with doping.
It is commonly observed at 400 cm−1 in thec-axis conductivity and around 700 cm−1 in the
ab-plane scattering rate. Also, it is unclear why there is an apparent factor of two between
these two energy scales. Second, the doping independence of the energy is in strong contrast to
the behaviour of spin gap temperature, which decreases with doping. Third, the normal-state
in-plane conductivity exhibits a much larger spectral weight at high frequencies than would
be present from the generalized Drude form with a frequency-dependent lifetime.

In order to address the above issues we have measured theab-plane reflectance of single
crystals of Y-doped Bi2212 and Pr-doped Y123 with changes in carrier densities at doping
levels ranging from heavily underdoped to nearly optimally doped. Optical investigations,
extending over a broad frequency range and at various temperatures, offer an effective way
to study the energy and temperature dependence of intrinsic parameters characterizing these
materials. We first describe a number of optical properties: the reflectance spectrum, the
optical conductivity, and the effective carrier density. We then discuss how they might account
for the evolution of theab-plane spectrum with doping. Next, we focus on the low-frequency
conductivity and spectral weight of a strongly underdoped Bi2212 sample (Tc = 35 K) in
the whole temperature range. We investigate whether the normal-state pseudogap leads to
a change of the charge excitation spectrum that can account for the observed dc resistivity.
Of particular relevance in this connection, is the identification of the energy and temperature
dependence of the quasiparticle damping. We derive the scattering rate from both the one-
component and the two-component pictures. In one-component analysis, our results have been
treated within the framework of the generalized Drude model and the marginal Fermi liquid
theory [26, 27]. Depending on the model, we compare the different features in the scattering
rate deduced from the spectra. To the end, considering the superconducting response for
all doping levels studied, observation of a superconducting gap has been a hotly disputed
issue. Even though we cannot say anything definite about the superconducting gap in all our
spectra, the amount of conductivity that condenses into theδ function atω = 0 is given less
ambiguously from infrared measurements. Our discussion will focus on the relation between
the transition temperature and the number of carriers in the superfluid or the total number of
carriers.

2. Experiment

2.1. Sample characteristics

The optical experiments were performed on Bi2212 and Y123 single crystals. In these systems,
there are two ways to reduce the carrier concentration in the CuO2 planes, and, thus prepare
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Figure 1. Temperature dependence of theab-plane resistivity for Y-doped Bi2Sr2CaCu2O8+δ and
Pr-doped YBa2Cu3O7−δ single crystals, measured by a four-probe method. A characteristic change
of slope dρ/dT at temperatureT ∗ is marked by arrows.

underdoped samples. One is to substitute an element in the crystal structure by another one
with higher valence state. In this case the substitution of Y3+ for Ca2+ has been found to be
most efficient in Bi2212 [28]. Heavily underdoped Bi2212 samples withTc = 35 K (Pb 50%,
Y 20%), 40 K (Y 35%) were measured. Another way is to remove oxygen from the pure
samples. By annealing the crystals under a flowing argon gas, one slightly underdoped Bi2212
with Tc = 85 K was obtained. Details of sample preparation have been reported elsewhere
[29]. In the Y123 system, we studied three fully oxygenated Y1−xPrxBa2Cu3O7−δ single
crystals. Substitution of Pr for the Y atom in Y123 changes only the hole content in the CuO2

planes, while the structure of the CuO chains remains unaffected [30]. The Pr-doped samples
have aTc of 92, 75 and 40 K, respectively, forx = 0, 0.15 and 0.35. The crystals were grown
by a method described elsewhere [31].

The dc resistivity measurements as a function of temperature on five samples are depicted
in figure 1. The resistivities of Bi2212 and Y123, with aTc = 85, 92 K, follow a linear curve
over a wide temperature range. At 300 K, the increase of the resistivity with Y or Pr doping
is apparently due to the reduction of the carrier concentration, although disorder introduced
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by the doping may also contribute to this increase. Interestingly, as in all doped samples,
the overall resistivity still shows metallic-like behaviour down to the transition temperature.
However, there is a characteristic change of slope dρ/dT at temperatureT ∗marked by arrows.
The values ofT ∗ increase with increasing Y and Pr doping. This feature is similar to the one
observed in underdoped Y123 by oxygen removal [11] and Sr-doped La2−xSrxCuO4 (La214)
[32, 33]. Since it is less likely that the number of carriers increases belowT ∗, it appears that the
temperature dependence of the normal-state resistivityρ = (m/ne2)(1/τ) must be attributed
entirely to the scattering rate. Thus, a slope change in the resistivity belowT ∗ indicates a
change of carrier scattering at low temperatures.

2.2. Optical measurements

The optical reflectance of all crystals were measured for the radiation polarized parallel to the
ab-plane over 80–40 000 cm−1 (10 meV–5 eV). In the high frequency (1000–40 000 cm−1)
range we use a Perkin–Elmer 16U grating spectrometer while the far- and mid-infrared
(80–4000 cm−1) regions were measured with a Bruker IFS 113v Fourier transform
spectrometer. For the later frequencies, the temperature of the sample was varied between
300 and 20 K by using a continuous-flow cryostat with a calibrated Si-diode thermometer
mounted nearby. Determination of the absolute value of the reflectance was done by coating
the sample with a 2000 Å film of aluminum after measuring the uncoated sample. The spectra
of the uncoated sample were then divided by the obtained spectrum of the coated sample and
corrected for the know reflectance of aluminum. The accuracy in the absolute reflectance is
estimated to be±1%.

The optical properties (i.e. the complex conductivityσ(ω) = σ1(ω) + iσ2(ω)) were
calculated from Kramers–Kronig analysis of the reflectance data. The usual requirement
of the Kramers–Kronig integrals to extend the reflectance at the low- and high-frequency ends
was done in the following way. At low frequencies, the extension was done by modelling the
reflectance using a Drude–Lorentz model and using the fitted results to extend the reflectance
below the lowest frequency measured in the experiment. The high-frequency extrapolations
were done by merging the data with results from the literature [34] or by using a weak power
law dependence,R ∼ ω−s with s ∼ 1–2. The highest frequency range was extended with a
power lawR ∼ ω−4, which is the free-electron behaviour limit.

3. Results

3.1. Room-temperature spectra

Figure 2 shows the room-temperatureab-plane reflectance of the six crystals over the entire
spectral range. Note the logarithmic scale. The reflectance of each sample drops steadily (but
not quite linearly) throughout the infrared, with a sort of plasmon minimum around 8000–
15 000 cm−1 in all cases. What is notable about the two highest-Tc crystals of Bi2212 and
Y123 is that they show high values of reflectance over 90% forω < 1000 cm−1. For the doped
samples, with reduced carrier concentration in the CuO2 planes, the reflectance in the whole
infrared region is substantially decreased. As a consequence, a few infrared-active phonons
in the ab-plane are visible. However, this reduction of the carrier density has little effect
on the frequency location of the plasmon minimum. It is interesting to note that there is a
shoulder at∼4000 cm−1 in Y123 systems, which is probably associated with excitations on
theb-axis-oriented chains. Such a feature was also observed in the optical measurements of
single-domain Y123 crystals [35].
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Figure 2. The room-temperatureab-plane reflectance of six crystals over the entire frequency
range.

Figure 3. The real part of the optical conductivityσ1(ω) obtained by Kramers–Kronig analysis of
the room-temperature reflectance presented in figure 2.
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Figure 4. The effective number of carriers per planar Cu atomNeff (ω) obtained by the integration
of σ1(ω) up to a certain frequency, as described in equation (1).

The real part of the optical conductivityσ1(ω), obtained from Kramers–Kronig analysis
of the reflectance, is shown in figure 3. Theab-plane optical conductivity spectra of the
Bi2212 and Y123 near optimal doping have several common features. There is a peak at
ω = 0 and a long tail extending to higher frequencies in the infrared region whereσ1(ω) falls
asω−1, slower thanω−2 decay of a Drude spectrum. At higher frequencies, we observe the
onset of the charge-transfer absorption at∼14 000 cm−1, which corresponds to the optical
transition between the occupied O 2p band and the empty Cu 3d upper Hubbard band. Other
interband transitions appear above 20 000 cm−1. In the reduced-Tc samples, as suggested by
the reflectance data in figure 2, there is a lot of spectral weight lost in the infrared region.
Significantly, the weight lost below the charge-transfer absorption band is transferred to the
higher frequencies. Note that the Y123 crystals show a bump-like structure around 4000 cm−1

on account of the excitations in the chains mentioned above. Finally, weak phonon modes,
which are not completely screened by the free carriers, are seen in the far infrared.

Additional information about the electronic structure can be extracted from the oscillator
strength sum rule [36]. The effective number of carriers participating in optical transitions for
energies less than ¯hω is given by[

m

m∗

]
Neff(ω) = 2mVcell

πe2NCu

∫ ω

0
σ1(ω

′) dω′ (1)

wherem∗ is the effective mass of the carriers,m is the free-electron mass,Vcell is the unit
cell volume andNCu is the number of CuO layers per unit cell. Here, we useNCu = 2 for
all measured twinned single crystals. The effective mass is taken as the free-electron value.
A plot of Neff(ω) per planar Cu atom is shown in figure 4 on a linear scale. For the crystals
with high dc conductivity,Neff(ω) at first increases steeply at low frequencies, on account
of the appearance of a Drude-like band centred atω = 0, and continues to increase in the
mid-infrared region.Neff(ω) exhibits a plateau in the interval between 6000 and 12 000 cm−1.
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Above 12 000 cm−1, the remaining charge-transfer excitation and higher-frequency transitions
contributeNeff(ω). As expected, decreasingNeff(ω) over a wide frequency range was observed
in the lowTc samples. However, allNeff(ω) curves come together above 30 000 cm−1. This
shows that, for reducing carrier numbers, the low-frequency spectral weight shifts to high
frequency but the total weight does not change below 30 000 cm−1. Indeed, the redistribution
of the spectral weight in the CuO2 planes with doping was previously observed for Sr-doped
La214 [37] and oxygen-deficient Y123 [38, 39].

3.2. Temperature dependence in the infrared

The temperature dependence of theab-plane infrared conductivity is shown in figure 5. The
optical response of all samples is metallic, i.e. when the temperature is lowered from 300 K,
there is an increase inσ1(ω) at the lowest frequencies, in accord with the decreasing dc
resistivity. As mentioned above, forT > Tc, σ1(ω) is strongly suppressed in underdoped
samples over the entire infrared frequency range. Nevertheless, the conductivity below 300–
400 cm−1 remains approximately Drude-like: a zero-frequency peak which grows and sharpens

Figure 5. The far- and mid-infrared optical conductivity of six samples at 20, 100 and 300 K. The
symbols show the dc conductivity values.
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Figure 6. The real part of the dielectric functionε1(ω) obtained by Kramers–Kronig analysis of
the reflectance data. The data shown are fromω ∼ 100 to 2000 cm−1 at 20, 100 and 300 K.

as temperature is reduced. The temperature dependence at frequencies above 1000 cm−1 is
relatively modest; it is in fact mostly due to a narrowing of the Drude-like peak at zero
frequency. BelowTc, there is a transfer of oscillator strength from the far-infrared region to
the zero-frequencyδ-function response of the superconducting condensate [40]. The spectral
weight lost at low frequencies in the superconducting state is large in the nearly optimally
doped samples while in most underdoped samples it is very small. It should be noted that for
all doping levels studied, at 20 K, there remains a pronounced conductivity at low frequencies,
suggesting no sign of a superconducting gap.

Figure 6 shows the real part of the dielectric function at three temperatures below
2000 cm−1. The rapid decrease inε1(ω) of all the samples at low frequency with decreasing
temperature is an indication of the metallic behaviour (characteristic of free carriers). In a
purely Drude system, the zero crossing corresponds to the location of the screened plasma
frequency,ω̃p = ωp/

√
ε∞ whereε∞ is the background dielectric associated with the high-

frequency interband transitions, and the plasma frequencyωp is related to the carrier density
n throughωp =

√
4πne2/m∗. However, the cuprates are not simple metals, and the presence

of a number of excitations in the mid-infrared will tend to shift the zero crossing to a lower
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frequency. Thus, estimate of carrier density should be made fromNeff(ω) instead ofω̃p. As
the temperature is lowered belowTc, ε1(ω) shows a large negative value, implying that the
inductive current dominates over the conduction current in the superconducting state. Here,
the dielectric function looks like that of perfect free carriers;ε1(ω) = ε∞ − ω2

pS/ω
2 where

ωpS =
√

4πnse2/m∗ is the superfluid plasma frequency andns is the superfluid density. The
reducedns is quite evident in the doped samples in the figure 6.

4. Discussion

4.1. Low-frequency spectral functions

As noted previously, ARPES experiments [16–18] on underdoped Bi2212 crystals in the normal
state revealed the existence of a pseudogap in the charge excitation spectrum—a suppression
of spectral weight with a residual intensity on the Fermi level. For a next step, in order to
investigate the influence that the pseudogap has on the peculiar charge dynamics of the CuO2

planes, we present a complete set of temperature-dependent data in the most underdoped
Bi2212 withTc = 35 K. Our other underdoped Bi2212 and Y123 samples gave similar results.
We emphasize two important spectral functions, the real part of the conductivityσ1(ω, T ) and
a dimensionless measure of spectral weightNeff(ω, T ).

4.1.1. Optical conductivity. The temperature evolution inσ1(ω, T ) is shown in figure 7. In
the normal state,σ1(ω, T ) approaches the ordinary dc conductivity at low frequencies. The
dc conductivity is shown on the vertical axis as filled squares. At the same time, we observe
a narrowing in the far-infrared conductivity at low temperatures, whereas at higher frequency,
σ1(ω) does not show much temperature variation. If there is indeed the formation of an
energy gap at the Fermi surface in normal-state superconducting cuprates at low hole densities,
from ARPES, at least in underdoped Bi2212, the corresponding optical conductivity spectrum
should exhibit a bump-like structure. The situation must be similar to an interband transition
like the charge-transfer band in the cuprates. Note also that the opening of a pseudogap in
the electronic spectrum is clearly seen in thec-axis conductivity of Y123 and Y124 [20–22].
In contrast to this, no distinct features are observed in the infraredab-planeσ1(ω, T ) for
our underdoped Bi2212 crystals. Although we cannot rule out the possibility that disorder
introduced by the doping may influence the observability of the normal-state pseudogap, other
experimental techniques including Raman [12, 14] and ARPES [16–19] measurements on
the similar underdoped Bi2212 indeed reveal the presence of a gap in the charge excitation
spectrum at certain locations on the Fermi surface. Additionally, in underdoped cuprates which
exhibit a pseudogap, there is convincing evidence that the lattice responds to this change in the
electronic spectrum [41, 42]. In figure 7, there is a strong phonon resonance at∼630 cm−1 in
the whole temperature range. We believe this phonon is the ordinary in-plane vibration. The
phonon frequency hardens by 14 cm−1 as the sample cools from 300 to 20 K and no anomalies
at eitherT ∗ or Tc are observed.

4.1.2. Spectral weight shift.We now turn to an analysis of theNeff(ω, T ) function, which
is plotted in figure 8 and obtained by numerical integration (equation (1)) ofσ1(ω, T ) in
figure 7. In the normal state, the spectral weight associated with the free carriers shifts to
lower frequency with decreasing temperature, on account of the sharpening of the Drude-
like peak inσ1(ω). This is reflected in the rapid increase in the value ofNeff(ω, T ) at low
frequency. A more detailed look of the temperature dependence of the low-frequency spectral
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Figure 7. The infrared optical conductivity for Y-doped Bi2Sr2CaCu2O8+δ (Tc = 35 K) at
temperatures between 20 and 300 K. The dc conductivity values are indicated by the symbols.

Figure 8. The partial sum-rule spectrum per planar Cu atom,Neff (ω, T ), for Y-doped
Bi2Sr2CaCu2O8+δ (Tc = 35 K) at temperatures between 20 and 300 K. The inset shows the
difference inNeff (ω, T ) computed at 300 K and other lower temperatures forω = 250, 500, 1000
and 2000 cm−1.
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weight is given in the inset of figure 8. We plot the difference inNeff(ω, T ) computed in the
300 K and other lower temperatures forω = 250, 500, 1000 and 2000 cm−1. Again, the
gradual increase of the spectral weight is observed at each frequency from 200 to 75 K. If
there were a pseudogap to develop in the charge carrier excitation spectrum for underdoped
Bi2212, as suggested by ARPES measurements [16–18], one would expect an influence on
the low-frequency spectral weight from the gapping of some of the carriers at particular
parts of the Fermi surface. This modification of the Fermi surface should give rise to the
redistribution of low-frequency spectral weight. In contradiction to this expectation, we do
not find any significant change in the normal-state curve as temperature is reduced, other
than the already mentioned shift to lower energies. In contrast, theNeff(ω, T ) curve for the
superconducting state does indeed show a reduction of spectral weight compared to the normal
state. The missing area inσ1(ω, T ) in the superconducting state appears in aδ-function
at ω = 0, and this contribution is not included in the numerical integration which yields
Neff(ω, T ). Therefore, the difference betweenNeff(ω, T ) above and belowTc is a measure
of the strength of theδ function, and is proportional to the spectral weight in the superfluid
condensate.

4.2. Dielectric function models

In analysing theab-plane optical spectra of high-Tc materials, there has been much discussion
over the one-component and the two-component pictures used to describe the optical
conductivity [43]. In the two-component analysis, there are assumed to be two carrier types:
free carriers which are responsible for the dc conductivity and which condense to form the
superfluid belowTc, and bound carriers which dominate the mid-infrared region. Thus, the
σ1(ω) spectrum is decomposed into a Drude peak atω = 0 with a temperature-dependent
scattering rate and a broad mid-infrared absorption band centred at finite frequencies, which
is essentially temperature independent. An example of this approach is to fit the data to a
Drude–Lorentz dielectric function

ε(ω) = − ω2
pD

ω2 + iω/τD
+

N∑
j=1

ω2
pj

ω2
j − ω2 − iωγj

+ ε∞ (2)

whereωpD and 1/τD are the plasma frequency and the scattering rate of the Drude component;
ωj , γj andωpj are the frequency, damping and oscillator strength of thej th Lorentzian
contribution andε∞ is the high-frequency limit ofε(ω) which includes interband transitions
at frequencies above the measured range.

The alternative, a one-component picture, has only a single type of carrier; the difference
between mid- and far-infrared response is attributed to a frequency dependence of the scattering
rate and effective mass. As an empirical approach one can use the generalized Drude formalism

ε(ω) = ε∞ −
ω2
p

ω(ω + iγ (ω))
(3)

whereωp is the bare plasma frequency of the charge carriers, andγ (ω) = 1/τ(ω)− iωλ(ω)
is the complex memory function. The quantities 1/τ(ω) andλ(ω) describe the frequency-
dependent (unrenormalized) carrier scattering rate and mass enhancement so that the effective
mass is given bym∗(ω) = m(1 +λ(ω)).

A one-component model also comes from the ideas of non-Fermi-liquid behaviour of the
high-Tc superconductors, as introduced by Varmaet al [26, 27] in the ‘marginal Fermi liquid
(MFL)’ theory and Virosztek and Ruvalds [44, 45] in the ‘nested Fermi liquid (NFL)’ theory.
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In the MFL theory, the dielectric function is

ε(ω) = ε∞ −
ω2
p

ω[ω − 26(ω/2)]
(4)

where6(ω) represents the complex self-energy of the quasiparticles, and the factors of two
arise because quasiparticle excitations come in pairs. The real part of6 is related to the
effective massm∗ by m∗(ω)/m = 1− 2 Re6(ω/2)/ω whereas the imaginary part of6 is
related to the quasiparticle lifetime through 1/τ ∗(ω) = −2mIm6(ω/2)/m∗(ω).

The basic assumption of these theories is that there exists an anomalous charge or spin
response (or both) for the cuprates. It is worth mentioning that other microscopic theories,
such as the ‘nearly antiferromagnetic Fermi liquid (NAFL)’ theory proposed by Monthoux
and Pines [46] and the ‘phase-separation model’ advocated by Emery and Kivelson [47], all
lead to a similar picture. The self-energy,6, of the charge carriers (essentially the scattering
rate) should take the form

−Im6(ω) ∼
{
π2λT T ω < T

πλωω ω > T
(5)

where λT or λω is a dimensionless coupling constant. Hence, forω < T the model
predicts a renormalized scattering rate that is linear in temperature, which agrees with the
linear temperature dependence in the resistivity that is observed in nearly all copper oxide
superconductors. Asω increases, reaching a magnitude of the order ofT , interaction of the
charge carriers with a broad spectrum of excitations comes to dominate the response. This
causes−Im6(ω) to grow linearly with frequency, up to a cutoff frequencyωc that is introduced
in the model.

The functions 1/τ(ω), m∗(ω)/m and−Im6(ω) etc can all be calculated from the
Kramers–Kronig derived dielectric function. In doing these calculations, we have used the
bare plasma frequency values ofωp, calculated from the conductivity sum-rule analysis in
equation (1) with integration ofσ1(ω) up to the charge-transfer band. The values ofε∞ are
obtained from fitting the low-frequency reflectance data below the charge transfer gap by
using a Drude–Lorentz model. In the following section, we will discuss the behaviour of the
quasiparticle scattering rate from these different points of view.

4.3. Quasiparticle scattering rate

4.3.1. Generalized Drude model.First, let us focus on the frequency-dependent scattering
rate, shown in figure 9, extracted from the generalized Drude formalism using equation (3).
Starting with the Bi2212 crystal withTc = 85 K, we find that the room-temperature 1/τ(ω, T )
is linear up to 2000 cm−1. When the temperature is reduced from 300 to 200 K, the
high-frequency part of 1/τ(ω, T ) gently decreases and still exhibits nearly linear frequency
dependence while below 800 cm−1 the scattering rate 1/τ(ω, T ) falls faster than linearly.
The suppression in 1/τ(ω, T ) at low frequencies is clearly resolved at lower temperatures.
A similar feature has been previously observed optically and even discussed in relation to a
pseudogap state [23–25]. At 20 K, the low-frequency 1/τ(ω, T ) drops more sharply, although
to use a Drude formula in the superconducting state does not seem correct.

Upon decreasing the carrier density in Bi2212,Tc = 40, 35 K, the frequency- and
temperature-dependent behaviour in 1/τ(ω, T ) is more interesting. The absolute value of
the 300 K 1/τ(ω, T ) increases at high frequencies. Unlike the case of the nearly optimally
doped Bi2212, a distinct suppression of 1/τ(ω, T ) is observed over the whole temperature
range. The position where 1/τ(ω, T ) deviates from being linear inω seems to move towards
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Figure 9. The temperature-dependent quasiparticle scattering rate 1/τ(ω, T ) obtained from the
generalized Drude model in equation (3) for Bi2Sr2CaCu2O8+δ and YBa2Cu3O7−δ at several
doping levels.

higher frequencies, and the depth of the normal-state threshold structure also increases as well.
It is worthwhile to mention that above 1000 cm−1 the absolute value of the scattering rate in
the Y 35%-doped Bi2212 is somewhat higher than that in the Pb 50%, Y 20%-doped sample.
One possible explanation is that additional scattering mechanism, which originates from the
b-axis superlattice structure of Bi2212, is removed by the Pb doping. Nevertheless, we would
like to point out that the shape of the normal-state and superconducting-state 1/τ(ω, T ) looks
very similar in these heavily underdoped Bi2212s.

The 1/τ(ω, T ) spectra for Y123 are shown in the lower panels of figure 9. We begin with
the Y123 crystal withTc = 92 K. At 300 K, the high-frequency 1/τ(ω, T ) is approximately
linear, with a deviation from linearity below 800 cm−1. At lower frequencies we also observe
a small upturn in the 1/τ(ω, T ) spectra. Similar to the case of Bi2212, the scattering
rate is suppressed more rapidly at low frequencies (ω < 800 cm−1) when temperature is
reduced. Upon entering the superconducting state, the low-frequency 1/τ(ω, T ) is depressed
significantly. With 15% Pr substitution (Tc = 75 K), the overall magnitude of 1/τ(ω, T ) is
increased somewhat and the amount of change with temperature is diminished. In general,
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1/τ(ω, T ) shows similar behaviour to the nearly optimally doped Y123. When the Pr content
is increased to 35% (Tc = 40 K), the scattering rate is strongly enhanced at all frequencies.
The frequency dependence of 1/τ(ω, T ) is also modified as well. In particular, the slope of
1/τ(ω, T ) becomes negative at higher frequencies, with a maximum near 1200 cm−1. It is,
moreover, remarkable that there is a resemblance in 1/τ(ω, T ) between the spectra obtained
at 20 K and atT > Tc.

4.3.2. Marginal Fermi liquid analysis. Figure 10 shows the imaginary part of the self-energy
for various dopings and temperatures, calculated using the MFL formula in equation (4). For
the nearly optimally doped Bi2212 and Y123, the 300 K−Im6(ω, T ) spectra increase with
frequency in a quasilinear fashion though a small deviation from linearity below 400 cm−1

is observed in Y123. As the temperature is lowered, a threshold structure develops at low
frequencies and becomes progressively steeper with the decrease of temperature while the
temperature dependence is rather small in the high-frequency part of−Im6(ω, T ). The
difference between the room-temperature and the superconducting-state−Im6(ω, T ) is

Figure 10. The imaginary part of the self-energy−Im6(ω, T ) obtained from the marginal Fermi
liquid theory in equation (4) for various dopings and temperatures.
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prominent at low frequencies. When carrier density is decreased, deviations from linear
behaviour appear, even at room temperature; moreover, the shape of the normal-state
−Im6(ω, T ) becomes similar to that in the superconducting state. It is important to note
that the frequency scale associated with the suppression of−Im6(ω, T ) does change with
doping. For most underdoped samples withTc = 35, 40 K, the normal-state depression of
−Im6(ω, T ) occurs atω < 800 cm−1. As the doping level is increased towards the optimal,
the onset frequency related to the changes of−Im6(ω, T ) is about 400 cm−1.

Qualitatively, as shown in equation (5), there are two regimes to consider for the
−Im6(ω, T ) function, i.e.ω < T and ω > T . We obtain the coupling constants
λT = 0.4±0.02 and 0.5±0.1 in the regimeω < T for the nearly optimally doped Bi2212 and
Y123. Furthermore, from evaluation of the slopes in the region where−Im6(ω, T ) is linear
in ω, it is found that at 300 Kλω = 0.20± 0.01 in Bi2212 andλω = 0.26± 0.05 in Y123.
At 100 K these numbers are a factor of two larger. Note that our data are linear only below
the cutoff frequencyωc = 1200 cm−1. Much more interesting are the data for the underdoped
crystals. The experimental−Im6(ω, T ) curves level off aboveωc, but belowωc the slope is
still larger than for the optimally doped specimens. In this respect, it appears that lowering
the temperature of the sample would be equivalent to reducing the carrier density and, hence,
to increase the coupling constant. Nevertheless, in accord with previous measurements on
oxygen deficient Y123 single crystals [39], there is an increase in the quasiparticle interaction
strengthλω with decreasing carrier concentration. These results are difficult to understand
within an MFL perspective, because they imply that the lower-Tc materials have a larger
λω. The difficulty comes becauseTc is also supposed to be determined byλω. Thus, strong
coupling means largerλω and it should give rise to higherTc. Finally, it is important to
recall that the energy scale associated with the principal features in the−Im6(ω, T ) spectra
obtained from the MFL analysis are all about half the value in the 1/τ(ω, T ) spectra by using
the generalized Drude approach. This factor occurs because the MFL theory assumes the
quasiparticle excitation occurring in pairs, whereas a single excitation, such as a phonon or
magnon, is assumed in the generalized Drude model.

4.3.3. Two-component picture.A completely different point of view is taken by the two-
component picture. In this analysis, we have to subtract the mid-infrared absorption to
obtain the Drude term or to fit to a combination of Drude and Lorentzian oscillators, given
in equation (2). Figure 11 shows the zero-frequency scattering rate of the free-carrier or
Drude contributions as a function of temperature from such an analysis. WhenT > Tc,
1/τD varies linearly with temperature (together with an essentially temperature-independent
Drude oscillator strength) for all doping levels studied. Such a temperature-linear behaviour
in 1/τD aboveTc was observed earlier in the optimally doped cuprates [48–50]. We write
h̄/τD = 2πλDkBT + h̄/τ0 [51], whereλD is the dimensionless coupling constant that couples
the charge carriers to the temperature-dependent excitations responsible for the scattering, and
show in table 1, the values ofωpD, λD and 1/τ0. All the samples show a normal-state 1/τD
linear in T , with all about the same slope, givingλD ∼ 0.2–0.3. The fit is shown as the
solid line. This is remarkable: despite the huge difference inTc, the coupling constantλD
is the same in these materials. They differ only in their intercept, which is a measure of the
residual resistivity of each sample. The residual resistivity can also be seen in the data in
figure 1. BelowTc, 1/τD in all studied samples shows a quick drop fromT -linear behaviour,
which has been pointed out previously in the optimally doped regime [49, 50]. More recently,
a similar fast drop in 1/τD was also found in Pr-doped and oxygen-reduced Y123 films using
terahertz coherent time-domain spectroscopy [52, 53]. This striking feature seems to be a
unique property of the cuprates. It is noteworthy that the low-temperature values of 1/τD
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Figure 11. The zero-frequency scattering rate 1/τD of the Drude contribution from the two-
component fit of equation (2) to the optical conductivity. The straight lines show a linear fit to the
temperature dependence of 1/τD aboveTc.

approach zero in the optimally doped samples asT is lowered. Although 1/τD does not go
to zero at lowT in the underdoped materials, it is smaller than the extrapolated intercept 1/τ0

of the linear regime aboveTc. This behaviour could imply that the superconducting-state
quasiparticle scattering rate is governed by the impurity effects. Another viewpoint is based
on the nodes (zeros) of the gap function, and then the scattering rate reflects the response of
the quasiparticle states with small excitation energies.

4.3.4. Compare with dc transport.It is interesting to compare the scattering rate with the
dc resistivity data. The most striking feature in figures 9 and 10 is that both the normal-state
1/τ(ω, T ) and−Im6(ω, T ) spectra show a threshold structure at low frequencies in the
underdoped materials. When the doping reaches the optimal level the threshold structure is
weakened. The dc resistivity in figure 1 of underdoped crystals is a linear function inT for
T > T ∗, but shows a crossover to a steeper slope atT < T ∗. If the temperature dependence of
the normal-state resistivityρ = (m/ne2)(1/τ) is attributed entirely to the scattering rate, then
the crossover behaviour could be attributed to the low-frequency suppression of the scattering
rate. As discussed already, this view is further supported by many experimental observations
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Table 1. Drude plasma frequency,ωpD , coupling constant,λD , and the zero-temperature intercept,
1/τ0, for six materials.

Materials Tc (K) ωpD (cm−1) λD 1/τ0 (cm−1)

Bi2Sr2CaCu2O8+δ 85 9000± 200 0.28 9
Y 35% 40 5600± 200 0.20 85
Pb 50%, Y 20% 35 6100± 200 0.20 185

YBa2Cu3O7−δ 92 9800± 200 0.26 2
Pr 15% 75 8700± 200 0.25 135
Pr 35% 40 6800± 200 0.26 252

showing that the pseudogap state develops atT < T ∗ in the underdoped compounds. However,
in this connection we should remark on a discrepancy between the scattering rate and the
pseudogap state. As shown in figures 9 and 10, it must be recognized that a threshold structure
exists already at room temperature in the underdoped samples even though all dc resistivity
curves exhibit a linearT dependence from 300 K toT ∗. Moreover, when a pseudogap opens, the
amount of low-energy scattering decreases, implying that the absolute value of the scattering
rate in the sample must be lower than that without a pseudogap state. Our experimental
observations are not in accord with this expectation. First, as shown in figure 11, the two-
component analysis shows that the linear-T behaviour in 1/τD was found in all samples.
Second, the decreased scattering rate is nearly the same independent of whether the pseudogap
is expected or not. Third, the limited number of points and possible uncertainties especially
below 100 cm−1 prevent us from determining whether the observed deviation from linearity
belowT ∗ in dc resistivity data is consistent with our present results in 1/τD. However, a strong
suppression in scattering, as suggested by the 1/τ(ω, T ) and−Im6(ω, T ) results, is ruled
out.

4.4. Superconducting response

4.4.1. Superconducting gap.The superconducting gap and the nature of the superconducting
condensate are two fundamental quantities which characterize the superconducting state.
An ordinary s-wave superconductor has a gap1 in its excitation spectrum, which causes
σ1(ω) to be zero up toω = 21; above this frequencyσ1(ω) rises to join the normal-state
conductivity [54]. Furthermore, structure inσ1(ω) at 21 + �0 reflects peaks at�0 in the
effective phonon-mediated interactionα2F(�), and a detailed measurement ofσ1(ω) can in
principle determineα2F(�) [55]. Thus it was hoped that infrared measurements ofσ1(ω) for
the high-Tc superconductors would provide similar information on both the gap and the pairing
mechanism. However, in spite of a considerable number of data on high-quality samples, there
is no consensus yet whether a superconducting gap is observable in the infrared spectrum. For
several reasons, the search for evidence of a superconducting gap in high-Tc materials has
proven difficult.

First, gap anisotropy can lead to broadening of the absorption edge and a diminution of
the gap structure in the optical conductivity. ARPES of Bi2212 implies that the gap is highly
anisotropic ink-space. The corresponding optical conductivity spectrum would not exhibit a
sharp onset. Second, if one interprets theσ1(ω) data based on the two-component model as
described in equation (2), then the presence of the second component (mid-infrared band) can
overlap and possibly mask any gap absorption. In this view the quasiparticle scattering rate
may be low relative to the superconducting energy gap (1/τD � 21) so that one is in the clean
limit in which almost all of the free carriers condense to form the superfluid and little spectral
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weight is left for transition across the gap. In principle, one can experimentally test the second
point by enhancing the scattering rate to produce optimum circumstances for the observation
of the 21 onset inσ1(ω). Doping is an important method to study this possibility.

As shown in figure 4, the superconducting-state conductivity of the nearly optimally
doped samples is finite and no superconducting gap exists down to the low-frequency limit
of our measurements, consistent with previous reflectance [56, 57] and direct absorption data
[58]. The finite absorption in the superconducting state is not due to experimental problems
or sample-to-sample variation, suggesting that it is a fundamental characteristic of the fully
doped materials. One of the possible origins is the tail of the mid-infrared absorption in
the two-component model. The other possibility could be associated with nodes in the
superconducting gap, such as might occur in thed-wave superconductor [59, 60]. For the
most underdoped Bi2212 crystal (Tc = 35 K), shown in figure 7, there is no evidence of a gap
in the superconducting spectra. The effect of doping on the optical absorption spectrum in the
gap region does not produce dirty-limit behaviour as seen in conventional superconductors—
an onset of absorption at 21. Instead, a new low-frequency, Drude-like, absorption appears in
the superconducting state, taking spectral weight away from the superconducting condensate.
This observation could be also due to the unconventional nature of the response of the high-Tc
superconductors. If ad-wave gap is a possible scenario, the low-frequency absorption will be
enhanced in a dirty sample.

4.4.2. Superfluid density.Although there is still a lot of controversy about the experimental
data and their interpretations regarding optical studies of the superconducting gap in the
cuprates, the spectral weight or oscillator strength of the superconducting condensate is given
less ambiguously from infrared measurements. A superconductor has a low-frequencyσ1(ω)

that is aδ-function atω = 0; in turn, thisδ-function gives (by Kramers–Kronig) a contribution
to ε1(ω) of ε1(ω) = ε∞ − ω2

pS/ω
2. Thus theω2 component of the very low-frequencyε1(ω)

measures the superfluid density directly and is equivalent to a penetration depthλL experiment.
Figure 12 showsε1(ω) plotted againstω−2; a linear regression of the straight line yieldsωpS .
Results for all our samples are listed in table 2.

Table 2. Plasma frequency of the condensate,ωpS , and the penetration depth,λL, at 20 K.

Materials Tc (K) ωpS (cm−1) λL (Å)

Bi2Sr2CaCu2O8+δ 85 8800± 200 1860
Y 35% 40 4100± 400 4130
Pb 50%, Y 20% 35 3700± 400 4910

YBa2Cu3O7−δ 92 9200± 200 1720
Pr 15% 75 7700± 400 2110
Pr 35% 40 4200± 400 4260

The superconducting penetration depth is a related parameter, which we are naturally
led to associate with the superfluid density. It is a direct measure of the density of carriersns
condensed in the superconducting state and through its temperature dependence, the symmetry
of the superconducting order parameter can be discriminated. The penetration depth is usually
determined by experiments of muon spin rotation (µSR), DC magnetization and surface
impedance in the microwave and millimetre wavelength region. The latter two methods,
while they yield the temperature dependence of the penetration depth with great accuracy,
generally cannot be used to obtain its absolute value. In the case of infrared measurements, the
penetration depth can be found from Kramers–Kronig analysis of the reflectance data, which



Optical properties in underdoped cuprate superconductors 257

Figure 12. The real part of the dielectric function (dashed line), plotted againstω−2 at 20 K. The
range of the data shown is 500–100 cm−1. The linear fits are shown by the solid lines.

gives the imaginary partσ2(ω) of the complex conductivity as well as the real partσ1(ω).
σ2(ω) is directly related to a generalizedλL(ω):

λL(ω) =
[

c2

4πωσ2(ω)

]1/2

(6)

wherec is the light speed. Equation (6) is a direct consequence of theδ-function in the real part
of the conductivity atω = 0. The frequency-dependent penetration depth of all the samples at
20 K is shown in figure 13. Note that a smallerλL corresponds to a larger superfluid density.
λL(ω) is almost frequency independent at low temperatures in the samples near optimal doping,
suggesting that the superfluid response dominates the other contributions to the conductivity.
In contrast, for the underdoped compounds,λL(ω) shows some frequency dependence below
300 cm−1, an indication that not all of the free carriers have condensed into theδ-function.

Alternatively, the conductivity sum rule provides a good estimate for the strength of the
δ-function peak,

c2

λ2
L(0)
= 8

∫ ∞
0
(σ1n(ω)− σ1s(ω)) dω (7)
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Figure 13. The frequency-dependent superconducting penetration depthλL(ω) obtained from
equation (6) at 20 K. The values ofλL(0) from the sum-rule analysis of equation (7) are indicated
by the symbols.

whereσ1n(ω) and σ1s(ω) are the real parts of the complex conductivity atT ≈ Tc and
T � Tc, respectively. Equation (7) states the spectral weight lost at low frequencies in the
superconducting state has been transferred to the zero-frequencyδ-function response of the
superconducting condensate. This missing spectral weight from the sum rule is indicated
by solid squares in figure 13. The values of penetration depth of all samples obtained
by equation (7) are displayed in table 2. Generally speaking the two estimates forλL in
equations (6) and (7) agree within about 10%. The penetration depth is related to the plasma
frequency of the condensate byλL = c/ωpS . The values ofωpS obtained directly from the
dielectric functionε1(ω) or through the sum rule agree well.

4.4.3. Spectral weight above and belowTc. We now turn to a comparison among the various
contributions toσ1(ω), above and belowTc. We have used finite-frequency sum-rule analysis
in equation (1) and then calculated the effective number of carriers per planar Cu atom in the
low-frequency region below the charge-transfer gap asNtot, the Drude or free-carrier part (from
two-component analysis) asNDrudeand the superconducting condensate weight asNs. Results
for our Bi2212 and Y123 systems together with oxygen-doped La2CuO4.12 [61] (La214(O))
and fully optimal Tl2Ba2CaCu2O8 [62] (Tl2212) are summarized in table 3.Ns is also shown as
a fraction ofNtot andNDrude. Notably, there is an ‘universal correlation’ between the numbers
of carriers and the transition temperature. This correlation holds whether one considers the
number of carriers in the superfluid or the total number of carriers. In figure 14 we plot
Tc versusntot for high-Tc superconductors, wherentot = Ntot · NCu/Vcell [63]. One Bi2212
sample hasTc = 68 K by Ni 2.15% substitution [64]. In addition, one point has also been



Optical properties in underdoped cuprate superconductors 259

Figure 14. The transition temperatureTc as a function ofntot for Ba1−xKxBiO3 (cross)
[65], La2CuO4.12 (circle) [61], Bi2Sr2CaCu2O8+δ (square), YBa2Cu3O7−δ (triangle) and
Tl2Ba2CaCu2O8 (diamond) [62]. The solid line is a guide to the eye.

included for a superconductor oxide that is not based on CuO2 planes, Ba1−xKxBiO3 (BKBO)
with Tc = 28 K [65]. All of the data points follow an approximately common line. In the
conventional superconductors an increased carrier density normally leads to an increasedTc.
A similar trend has been observed for the cuprates at the doping level in the underdoped and
optimal doped regime. Interestingly, a recent study [66] on the optical conductivity of high-Tc
superconductors from the underdoped to overdoped range points out that in the underdoped
regime progressive doping indeed increases the low-frequency conductivity spectral weight
while this trend does not continue to the overdoped part of the phase diagram. It is argued
that there is an increase in the carrier density asTc is increasing, and overdoping decreases
Tc but does not lead to an increase in the total number of carriers. Another important point
from the values ofNtot is that in a simple rigid-band picture, the total number of doping
carriers corresponds to the volume enclosed by the Fermi surface. This interpretation, however,
runs into a discrepancy between optical and photoemission determinations of carrier number.
Recent ARPES measurements of Bi2212 [67] ranging from underdoped to overdoped imply a
large Luttinger Fermi surface, consistent withNtot = 1+x wherex is the dopant concentration.
In contrast, optical measurements imply thatNtot = x and we always see a small Fermi surface
for all doping levels studied.

Figure 15 shows the relation betweenTc andns, wherens = Ns · NCu/Vcell [63]. The
most striking finding in the plot is that for the underdoped and optimally doped cuprates (filled
symbols) the superfluid density increases roughly proportionally to the transition temperature.
Our optical data points follow what is generally referred to as the Uemura line. These results
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Figure 15. Tc plotted a function ofns. Cross: Ba1−xKxBiO3 [65], filled circle: La2CuO4.12
[61], filled square: Bi2Sr2CaCu2O8+δ , filled triangle: YBa2Cu3O7−δ and filled diamond:
Tl2Ba2CaCu2O8 [62] from infrared measurements. Open circle: La2−xSrxCuO4, open triangle:
YBa2Cu3O7−δ and open star: Tl2Ba2CuO6 fromµSR measurements [68–71]. The solid curve is
the universal Uemura line [68]. The dashed curve is based on a pair-breaking model calculation [71].

Table 3. Effective number of carriers per planar Cu atom.

Materials Tc (K) Ntot NDrude Ns
Ns
Ntot

(%) Ns
NDrude

(%)

La2CuO4.12 40 0.14 0.035 0.028 20 80

Bi2Sr2CaCu2O8+δ 85 0.38 0.105 0.092 24 88
Y 35% 40 0.21 0.04 0.02 8 50
Pb 50%, Y 20% 35 0.23 0.05 0.017 7 34

YBa2Cu3O7−δ 92 0.44 0.093 0.082 19 89
Pr 15% 75 0.375 0.073 0.054 14 74
Pr 35% 40 0.25 0.045 0.02 8 44

Tl2Ba2CaCu2O8 110 0.54 0.13 0.115 21 88

Typical uncertainties ±2 ±0.03 ±0.01 ±0.01 ±1% ±4%

suggest that, regardless of charge or impurity doping, it is the parameterns that determinesTc of
the cuprate superconductors. As is well known from theµSR measurements (open symbols),
there is a ‘universal correlation’ betweenTc andns in many cuprate superconductors:Tc
increases linearly withns (solid line) with increasing carrier doping in the underdoped region,
then shows saturation in the optimum-Tc region [68, 69]. In the overdoped Tl2Ba2CuO6

(Tl2201) systems, bothTc andns decrease (dashed line) with increasing hole doping [70, 71],
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bringing the trajectory inTc versusnsback to the origin. We are presently unaware of any optical
analysis on the evolution of superfluid density in the overdoped cuprates, so this subject will
be addressed in future work. Finally, considering the superconducting condensate fraction in
table 3, we find that in all optimally doped materials, about 20–25% of the total doping carriers
joins the superfluid; about 75–80% remains at finite frequencies. Furthermore, if a two-
component picture is adopted, then nearly 90% of the free-carrier spectral weight condenses.
In other words, the oscillator strength of theδ-function is essentially the same as the Drude-like
peak of the normal state, which is a clean-limit point of view. These results also indicate that the
large portion of spectral weight in the normal state condenses belowTc in the optimally doped
samples, while the superconducting condensate in the underdoped materials is rather small.

5. Summary

In summary, theab-plane optical reflectances of single crystals of Bi2212 and Y123 were
measured over a wide frequency and temperature range. Substitution of Y for Ca atoms
in Bi2212 and Pr for Y atoms in Y123 allowed us to study the doping range from heavily
underdoped to nearly optimally doped. We have examined a variety of spectral functions from
Kramers–Kronig analysis of the reflectance data. With the reduction of carrier concentration
in the CuO2 planes, we observe there is a lot of spectral weight lost in the infrared conductivity.
The weight lost below the charge-transfer absorption band is transferred to higher frequencies.
We present a complete spectral investigation of the most underdoped Bi2212 withTc = 35 K.
Emphasis has been placed on the features in the real part of the conductivityσ1(ω, T ) and
the development of the spectral weightNeff(ω, T ), as the temperature of sample changes
from aboveT ∗ to below the critical temperatureTc. We find that the conductivity below
300–400 cm−1 is approximately Drude-like, a zero-frequency peak which grows and sharpens
as temperature is reduced. At the same time, the spectral weight associated with the free
carriers shifts to lower frequencies. It is difficult to relate our experimental observations to the
normal-state pseudogap phenomenon.

Considering the important role that quasiparticle damping has played in discerning the
normal-state pseudogap features, we derive the scattering rate from both the one-component
and the two-component pictures. In one-component analysis, our results were treated within
the framework of the generalized Drude model and the marginal Fermi liquid theory [26, 27].
The appearance of low-frequency depression in the scattering rate spectrum (from previous
measurements [23–25] as well as those reported here) signals entry into the pseudogap state.
The energy scale associated with the principal features in 1/τ(ω, T ) and−Im6(ω, T ) shows a
factor of two difference. The frequency scale associated with the suppression of−Im6(ω, T )

does change with doping. For the most underdoped samples withTc = 35, 40 K, the normal-
state depression of−Im6(ω, T ) occurs atω < 800 cm−1. As the doping level is increased
towards the optimal, the onset frequency related to the changes of−Im6(ω, T ) was found to
be 400 cm−1. An alternative approach is to consider the zero-frequency 1/τD from free-carrier
contributions. We find that for all the samples studied, whenT > Tc, 1/τD varies linearly
with temperature and decreases quickly belowTc. 1/τD from inelastic scattering process puts
all the samples in the weak-coupling limit (λD ∼ 0.2–0.3). We suggest that the pronounced
features in the scattering rate spectrum are related to the manner in which the data are analysed
(one versus two components). It is a delicate question to ask which analysis, one component
or two component, is more appropriated in our present study [72].

In the superconducting state, some of the finite-frequency oscillator strength inσ1(ω) is
removed by the superconducting transition. A finite low-lying conductivity remains below
Tc. There is no convincing evidence of superconducting gap absorption in our spectra. In
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the case of the materials with near optimal doping, the absence of a superconducting gap can
be explained in one of two ways: a clean-limit picture in the two-component model or the
presence of an unconventional gap with nodes somewhere on the Fermi surface. However, our
underdoped (dirtier) samples again show no sign of a gap, which favours the latter argument. In
determining the amount of oscillator strength that condenses into theδ-function atω = 0, we
obtain a good agreement of the values of superfluid density from the missing area by the sum-
rule argument withωpS , or through the superconducting penetration depthλL. The spectral
weight lost at low frequencies in the superconducting state is large in the nearly optimally
doped samples; a sum-rule evaluation finds that about 20–25% of the total doping-induced
carriers in is theδ-function. In contrast, in the most underdoped samples the superfluid density
is very small. We also find that there is a ‘universal correlation’ between the numbers of carriers
and the transition temperature. This correlation holds whether one considers the number of
carriers in the superfluid or the total number of carriers. Our optical results are significant
and consistent with the evidence fromµSR measurements:Tc scales linearly withns in many
underdoped and optimally doped cuprates.
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