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Anisotropy in the ab-plane optical properties of Bi2Sr2CaCu2O8 single-domain crystals
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The ab-plane optical properties of the high-temperature superconductor Bi2Sr2CaCu2O8 are anisotropic in
both the normal and the superconducting state. Consistent with the orthorhombic structure, the principal axes
lie along thea and b crystallographic axes, nearly 45° from the Cu-O bond direction. In the normal state,
analysis of the temperature-dependent optical conductivity suggests a scattering rate for the free carriers that
showsab anisotropy in both magnitude and temperature dependence. In the superconducting state, the anisot-
ropy in the oscillator strength of the superfluid response determined from the far-infrared frequency depen-
dence ofs2(v) and from a sum-rule analysis leads to a penetration depthlD that is larger along theb axis than
the a axis: (lL
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I. INTRODUCTION

There have been many publications about theab-plane
anisotropy of the optical properties of the high-temperat
superconductors.1 YBa2Cu3O72d was the focus of much o
this work;2–9 its Cu-O chains along theb axis are considered
to be the cause of the anisotropy in the optical conductiv
as well as in the dc transport10 properties. This assignmen
follows the conventional approach of separating the respo
into chain and plane components, with the underlying
sumption that the quasi-two-dimensional CuO2 planes are
isotropic.5–8 In this paper we describe a study of theab-plane
anisotropy in the optical properties of single-domain cryst
of Bi2Sr2CaCu2O8. Unlike YBa2Cu3O72d , there are no
Cu-O chains, making it possible to study the anisotropy
the CuO2 planes. One issue is the anisotropy of the or
parameter in the superconducting state. A second and eq
important issue is the anisotropy of the electronic structur
the normal state.

The CuO2 planes in Bi2Sr2CaCu2O8 are separated by
double Bi2O2 layers, which are believed to act as a char
reservoir. There is an orthorhombic distortion in theab plane
because of weak superlattice modulation along theb axis,
which is attributed to an incommensurate defect structur
the Bi2O2 layers.1–13 Note that thea andb axes in this ma-
terial are along the Bi-O bonds and nearly 45° from the Cu
bonds. Based on the very small difference in thea and b
bond lengths~'0.04 Å!, one would expect an almost isotro
pic ab-plane conductivity.

In the experiments reported here, we measured the re
tance of Bi2Sr2CaCu2O8 single-domain crystals for light po
larized along the two principal axes in theab plane in a
frequency range of 80–33 000 cm21 ~10 meV–4.1 eV!. The
reflectance in the far-infrared and mid-infrared regions w
measured for temperatures above and below the super
ducting transition temperature. The optical conductivity a
PRB 600163-1829/99/60~21!/14917~18!/$15.00
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related optical constants are obtained from a Kramers-Kro
analysis of the reflectance at each temperature. Analysi
the optical conductivity is carried out using one- and tw
component models. A discussion of the anisotropy in
superconducting state will be given in the context of the
two models. A detailed study of dc transport measureme
performed on similar single-domain crystals is report
elsewhere.14,15

II. PREVIOUS WORK ON Bi 2Sr2CaCu2O8

The first single-crystal reflectance spectra
Bi2Sr2CaCu2O8 were reported by Reedyket al.16 The tem-
perature dependence of samples withTc585 K was mea-
sured in the far infrared and the optical conductivity det
mined by Kramers-Kronig analysis. Similar spectra we
found by other workers.17–29 The reflectance drops steadi
throughout the infrared to a minimum around 10 000 cm21

~1.3 eV!. Very little temperature dependence is observ
above 1000 cm21. Also visible are a band centered aroun
16 000 cm21 ~2 eV! as well as structure~with considerable
sample-to-sample variation! spanning 28 000–32 000 cm21

~3.5–4 eV!. The lower band is interpreted as the Cu-
charge transfer band, while the upper one is most likely
sociated with excitations of the Bi-O layers.

As first shown by Forroet al.,30 the micaceous nature o
the bismuthates makes it possible to prepare thin fr
standing flakes of Bi2Sr2CaCu2O8 that are as little as 1000 Å
thick and to make infrared transmission studies of th
flakes. Because the samples are free standing, the tran
tance may be measured over a wide frequency range wit
interference from a substrate. Romeroet al.31 measured the
transmittanceT between 80 and 30 000 cm21 at temperatures
between 20 and 300 K. The transmittance is low overall, a
increases with increasing frequency. The low-frequencyT
was rather different above and below the superconduc
14 917 ©1999 The American Physical Society
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14 918 PRB 60M. A. QUIJADA et al.
transition, with a finite intercept forT.Tc contrasting with
T}v2 for T,Tc . At higher frequencies,T increases quasi
linearly with v out to;2200 cm21 ~0.27 eV!; above which it
increases more quickly. There is a transmission maximum
14 000 cm21 ~1.8 eV! and a second maximum at 25 00
cm21 ~3.1 eV!. The linear increase is different from the;v2

behavior that is expected for a simple metal.32

That theab plane itself is not isotropic was observed b
Romero and co-workers.31,33 This anisotropy occurs in spit
of the pseudotetragonal crystal structure of this material
the absence of chains. The optical conductivity and ot
optical constants of Bi2Sr2CaCu2O8 have been estimated b
many workers with qualitatively similar results. Reed
et al.,16 Quijadaet al.,24 Puchkov and co-workers,25,27Basov
et al.,26 and Liu and co-workers28,29 reported the results o
Kramers-Kronig analysis of reflectance. Romero a
co-workers33–35 determined the optical conductivity b
Kramers-Kronig analysis of the transmittance. In the norm
state the low-frequency conductivity approaches the dc c
ductivity and falls with increasing frequency. Howeve
above;300 cm21 the decrease ins1(v) is closer tov21

than thev22 behavior expected for free carriers. Furthe
more, theT dependence ofs1(v) at high frequencies is
much smaller than at dc or low frequencies. Th
Bi2Sr2CaCu2O8 displays the non-Drude conductivity that is
common feature of the high-Tc superconductors. BelowTc ,
s1(v) has a broad maximum around 1000 cm21 ~0.15 eV!,
with some structure in the phonon region. A slight dip
s1(v) can be seen around 400 cm21 ~50 meV! although this
antiresonance or ‘‘notch’’ is not as noticeable as in t
YBa2Cu3O72d system.

Recently, considerable work has been reported
Bi2Sr2CaCu2O8 samples in the underdoped portion of t
phase diagram.25–27,29These measurements are in the regi
where a pseudogap may occur in the normal state.
pseudogap is not evident in the optical conductivity m
sured in theab plane. Instead, there is structure in the sc
tering rate, 1/t(v,T), as calculated from a memory-functio
analysis of the optical conductivity. In optimally doped m
terials, the scattering rate is a nearly linear function of
frequency. In contrast, the underdoped cuprates have a
tering rate that is depressed at frequencies below about
cm21 at temperatures a little aboveTc .

III. EXPERIMENTAL TECHNIQUES AND DATA
ANALYSIS

A. Crystal growth and characterization

The Bi2Sr2CaCu2O8 crystals used in the study were grow
by using standard techniques as reported elsewhere.36 In a
typical experiment, the starting materials, Bi2O3, SrCO3,
CaCO3, and CuO are ground and placed in an alumina c
cible. The mixture is then heated to a temperature of 5
70 °C above the liquidus temperature and equilibrated fo
h. The temperature is subsequently lowered to 875–880
and after reaching equilibrium for 6 h, the temperature
slowly cooled at 0.5–2 °C/h to 820 °C, after which the fu
nace is cooled more quickly. Samples are subsequently
nealed in dry oxygen at 600 °C for 8 h and later reanneale
in argon at 750 °C for a period of 12 h. This procedure p
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duces samples that are very slightly on the underdoped
of the Bi2Sr2CaCu2O8 phase diagram.

Typical crystals are thin platelets with dimensions of
few millimeters in theab plane. Identification of thea andb
axes was done by using low-energy electron diffraction te
niques. The incommensurate superlattice modulation pat
was seen along theb axis and not in the perpendicular dire
tion ~a axis!, suggesting the samples were single-dom
crystals. The alignment of the principal axes in the crys
was confirmed by observing the extinction points when
sample was rotated under a microscope~Olympus, model
BHM! with crossed polarizers. Meissner effect measu
ments indicate the samples are single phase with the ons
superconductivity around 86 K. This is in good agreem
with the onset of superconductivity as determined by us
four-probe resistance measurements.14

B. Optical techniques

Normal-incidence reflectance of the samples was m
sured by using a modified Perkin-Elmer 16U grating sp
trometer in the near-infrared and ultraviolet regions~2000–
33 000 cm21!. The far-infrared and midinfrared regions we
covered using a Bruker IFS-113v Fourier transform sp
trometer ~80–4000 cm21!. Linear polarization of the light
was achieved by placing a polarizer of the appropriate
quency range in the path of the beam using a gear me
nism that allowedin situ rotation. This setup allowed fo
very accurate determination of the anisotropy in the refl
tance.

Low-temperature measurements~10–300 K! were done
by attaching the sample holder assembly to the tip o
continuous-flow cryostat. A flexible transfer line delivere
liquid helium from a storage tank to the cryostat. The te
perature of the sample was stabilized by using a tempera
controller connected to a previously calibrated Si diode s
sor and a heating element attached to the tip of the cryo

The data acquisition process consisted of measuring s
tra at each temperature for both the sample and for a re
ence Al mirror, and then dividing the sample spectrum by
reference spectrum in order to obtain a preliminary refl
tance of the sample. After measuring the temperature de
dence in this preliminary reflectance for each polarizati
the proper normalizing of the reflectance was obtained
taking a final room-temperature spectrum, coating
sample with a 2000-Å-thick film of Al, and remeasuring th
coated surface. A properly normalized room-temperature
flectance was then obtained after the reflectance of the
coated sample was divided by the reflectance of the co
surface and the ratio multiplied by the known reflectance
Al. This result was then used to correct the reflectance d
measured at other temperatures by comparing the individ
room-temperature spectra taken in the two separate r
This procedure corrects for any misalignment between
sample and the mirror used as a temporary reference be
the sample was coated and, more importantly, it provide
reference surface of the same size and profile as the a
sample area.

The uncertainties in the absolute value of the reflecta
reported here are in the order of61%, while the uncertainty
in the relative anisotropy is much smaller,60.25%. This
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PRB 60 14 919ANISOTROPY IN THEab-PLANE OPTICAL . . .
uncertainty is in good agreement with the reproducibil
found from the measurements of three different samples24

C. Kramers-Kronig analysis

We estimated the optical constants by Kramers-Kro
transformation of the reflectance data.37 The low- and high-
frequency extrapolations were done in the following wa
The conventional low-frequency extrapolation for metals
the so-called Hagen-Rubens relation,R(v)512AAv,
whereA is a constant determined by the reflectance of
lowest frequency measured in the experiment. For highTc
samples, this procedure is inadequate; it can only be use
a first approximation. A better procedure extends the lo
frequency data using a Lorentz-Drude model, dominated
the low frequencies by the free-carrier~Drude! form. Finite-
frequency excitations are modeled by Lorentz oscillato
The fitted reflectance is then used as an extension below
lowest measured frequency. In the superconducting state
reflectance is expected to be unity for frequencies clos
zero. An empirical formula that represents the wayR ap-
proaches unity isR512Bv4, whereB is a constant deter
mined from the lowest frequency measured. However, i
better to use the same Lorentz-Drude model, but with
Drude scattering rate set to zero.

At high frequencies, theab-plane anisotropy in the reflec
tance is consistent with the anisotropy obtained using e
sometric technique in the visible and UV ranges.38 We there-
fore extended the data up to 50 000 cm21 by appending the
results of Kellyet al.38 Above this frequency, the reflectanc
for higher interband transitions was modeled using the
mula

R~v!5Rf S v f

v D s

, ~1!

whereRf andv f are the reflectance and frequency of the l
data point. The exponents is a number that can take u
values between 0 and 4; we useds;2. At very high frequen-
cies (v f 8), where the free-electron behavior sets in, the
proximation used is

R~v!5Rf 8S v f 8
v D 4

, ~2!

with v f 8 chosen to be;100 eV andRf 8 adjusted to match
smoothly toR(v) from Eq. ~1!. We observed some depen
dence of the results for frequencies close to the highest
quencies on the choice ofs andv f 8 . For lower frequencies
however, the effects due to the choice of the exponents and
v f 8 were insignificant.

IV. THE REFLECTANCE

A. Room-temperature spectra

Figure 1 displays the room-temperature reflectance
Bi2Sr2CaCu2O8 over a wide frequency range for polarizatio
along thea andb axes. At low frequencies thea axis reflec-
tance is 1–2 % higher than theb axis reflectance. As the
frequency increases, the reflectance in both polarizat
falls off in a quasilinear fashion. Near the plasmon mi
mum, we observe that the plasma edge for the polariza
g
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parallel to theb axis occurs at a slightly lower frequenc
than for thea axis. The splitting is about 500 cm21, making
the in-plane anisotropy of Bi2Sr2CaCu2O8 much less pro-
nounced than in YBa2Cu3O72d , where the splitting is abou
5500 cm21. The larger plasma edge along theb direction in
YBa2Cu3O72d has been attributed2,3,5,8 to the presence o
CuO chains along theb axis. The anisotropy of
Bi2Sr2CaCu2O8, which does not have chains, demonstra
that the electronic structure of the CuO2 planes is themselve
anisotropic. This anisotropy is of course consistent with
orthorhombic structure of Bi2Sr2CaCu2O8. However, the
structural anisotropy of the CuO2 plane is much smaller in
Bi2Sr2CaCu2O8 than in YBa2Cu3O72d . Indeed, because th
Cu-O bonds are nearly 45° from thea and b axes, there is
almost no difference in their lengths. Bi2Sr2CaCu2O8 is thus
of particular interest because the orthorhombic distortion
the CuO2 layers appears to be the only reason for the
plane anisotropy in the optical properties.

At frequencies above the plasmon minimum the refl
tance is substantially higher forEib. Two interband transi-
tions are evident in this region. The first interband peak
present in both directions, while the second one, centere
3.8 eV, is more pronounced for the polarization alongb and
is almost absent along thea direction. The first peak, at 2.3
eV, is assigned to the charge transfer band of the C2
planes of this material, whereas the second one is most li
associated with interband transitions occurring in the Bi2O2

layers. This result is in agreement with ellipsometric me
surements of Kellyet al.38

B. Temperature-dependent spectra

The temperature dependence of the polarized reflecta
in the far-infrared and mid-infrared regions is shown in F
2. Two things should be noticed about these data. First, th

FIG. 1. The 300-K reflectance of Bi2Sr2CaCu2O8 for light po-
larized along thea andb axes.
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14 920 PRB 60M. A. QUIJADA et al.
is an increase in the far-infrared reflectance as the temp
ture of the sample is lowered, with two shoulderlike featu
developing in both polarizations as the sample enters
superconducting state. The first feature is at a frequency
tween 100 and 200 cm21; it is followed by a stronger feature
at v5400– 450 cm21 and a weak minimum around 90
cm21. The interpretation of these features will be given wh
discussing the optical conductivity obtained from t
Kramers-Kronig analysis.

Second, the reflectance is higher forEia at all frequencies
and temperatures. Even when the sample is superconduc
there remains a difference in the reflectance (Ra.Rb) of
about 1%. Romeroet al.31 found the transmittance of free
standing single crystals of Bi2Sr2CaCu2O8 to be higher for
light polarized along thea axis, implying more absorption
for the b-axis polarization. The reflectance data in Fig.
agree with these results.

Figure 3 shows for two different samples the anisotro
in the superconducting-state absorption~at 20 K!, defined as
Ra2Rb5Ab2Aa , whereA512R. In both cases, the low
frequency absorption anisotropy is about 0.5–1 %. Althou
the accuracy in absolute reflectance is only61%, so that we
cannot determine whether thea-axis reflectance is indee
unity below 200 cm21, our accuracy in anisotropy determ
nation is 60.25%. This measure of the uncertainty in t
anisotropy determination was obtained in two ways. It re
resents the statistical variation in repeated measures
single sample; it also represents the reproducibility fou
from the measurements of three different samples.24 There-
fore, we can say with certainty that theb-axis reflectance is
lessthan 100% down to;150 cm21 ~;20 meV!.

FIG. 2. Temperature dependence of thea- andb-axis reflectance
of Bi2Sr2CaCu2O8.
ra-
s
e
e-

n

ng,

y

h

-
a

d

V. OPTICAL CONSTANTS

A. Room temperature

The 300-K optical conductivitiessa andsb are shown in
Fig. 4. The inset shows the low-energy region on an
panded scale. All of the aspects of the reflectance are
evident here. First, there is a weak anisotropy in the f
infrared conductivity (sa.sb) that is in agreement with the
dc value for similar samples.14 Second, the low-frequency
s1(v) falls off much more slowly than thev22 dependence
of a simple Drude spectrum.1 For these samples the slope
s1(v) between 400–8000 cm21 region is v20.5660.02 for
both a andb directions. This slope is nearly the same as
thea-axis room-temperature conductivity15 of YBa2Cu3O72d
(v20.5360.02). Interpretation of this non-Drude behavior o
the optical conductivity of the copper-oxide superconduct
has been one of the most debated issues related to the o
properties of these materials.

The upper panel of Fig. 5 shows the energy-loss functi
2Im(1/e). There is a slight difference in the position of th
loss function maxima for the two polarizations. In simp
metals, the position of this peak gives the ‘‘screene
plasma frequencyv p̃5vp /Ae` and its width is a measure o
the scattering rate of the free carriers. However, becaus
the unusual behavior of the conductivity in the midinfrare
it is difficult to make the same assignment here, unless so
assumptions are made about this midinfrared absorption.
generalized Drude model39 is used to describe the data, th
results lead to a renormalized scattering rate 1/t* and an
effective mass enhancementm* for the quasiparticles. The
extra absorption is then a consequence of a linear increas
1/t* as the frequency of the light is increased, and the wi
of the loss function is the value of 1/t* at the screened
plasma frequency. However, if two or more types of carri
contribute, then the broadening in2Im(1/e) is due to the
combination of the free Drude-like carriers with other type
bound-carrier excitations in the midinfrared.

FIG. 3. Relative absorptivity (Ra2Rb5Ab2Aa) for two dif-
ferent samples in the superconducting state.
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FIG. 4. Room-temperature conductivity on
wide frequency scale for polarization along th
principal axes in theab plane of Bi2Sr2CaCu2O8.
The inset shows the details of the low-frequen
region.
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It has been suggested by Bozovicet al.40 that there is a
universal frequency dependence in the loss function of all
copper-oxide superconductors, with2Im(1/e)}v2 for small
v. The low-frequency data for2Im(1/e) are shown on a
log-log scale in the inset of Fig. 5. This plot shows that th
are actually two regimes to consider in the Bi2Sr2CaCu2O8
samples we measured. For frequencies below 1000 cm21, the
power-law dependence in2Im(1/e) is v0.9960.02. Only for

FIG. 5. ~Upper panel! Room-temperature loss functio
†2Im(1/e)‡ on a wide-frequency scale along the principal axes
the ab plane of Bi2Sr2CaCu2O8. Inset: Logarithmic scale to show
power-law dependence at low frequencies.~Lower panel! real part
of dielectric function for theab plane of Bi2Sr2CaCu2O8.
e

e

v.1000 cm21 does the exponent inv become on the orde
of 2. Similar observations were made by Gaoet al.41 from
measurements on the La22xSrxCuO4 system.

The real part of the dielectric functione1(v) is shown in
the lower panel of Fig. 5. The zero crossing ofe1(v), which
also is related to the screened plasma frequencyv p̃, evi-
dently occurs at a lower energy forEib than forEia. This
difference could be due to either a larger bare plasma
quencyvp for the charge carriers moving along thea direc-
tion or to a larger high-frequency dielectric constante` for
Eib. The more pronounced peak in the interband transit
centered atv53.8 eV for Eib suggests a largere` for this
direction, making the latter the more likely possibility.

Figure 6 shows the results of evaluating the partial s
rule for s1(v). This function is given by

Neff~v!
m

mb
5

2mVcell

pe2 E
0

v

s~v8!dv8, ~3!

wheree andm are the free-electron charge and mass, resp
tively, mb the effective mass, andVcell the volume occupied
by one formula unit of Bi2Sr2CaCu2O8. The curves give the
effective number of carriers per formula unit participating
optical transitions below frequencyv. Although Neff is
roughly isotropic at low frequencies, some differences
pear at higher energies, particularly in the interband reg
where transitions in the Bi2O2 layers are thought to occur.38

At a frequency of 12 000 cm21 ~1.5 eV!, the onset of the
charge-transfer band,Neff'0.75. Thus, assuming an effectiv
mass ofmb5m, there are about 0.37 carriers per CuO2 unit.

B. Temperature dependence of the optical conductivity

The temperature evolution of the optical conductivity
shown in Figs. 7~a! and 7~b! for Eia andEib, respectively.
There are several important features to these spectra. Fir
the normal state~100–300 K! the low-frequency optical con
ductivity extrapolates reasonably well to the dc conductivi
For example, at 300 K thea-axis conductivity extrapolates to
about 3400V21 cm21; the b-axis to about 3000V21 cm21.
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14 922 PRB 60M. A. QUIJADA et al.
These values correspond to resistivities of 290 and
mV cm for a andb, respectively.

Second, with decreasing temperature, the low-freque
conductivity increases strongly, in agreement with t
T-linear resistivity. There is a characteristic narrowing of th
far-infrared portion of the spectrum. This narrowing can
seen most easily by noting that the 300-K data are larger
the lower-temperature data above about 500 cm21 but then
crosses through each of the lower temperature curves at
gressively lower frequencies, becoming the smallest cond
tivity near 100 cm21. Third, at high frequencies,s1(v) does
not show much temperature variation; all the curves dr
together around 3000 cm21.

Below Tc , the low-frequency conductivity is conside
ably reduced, so that the 20-K conductivity is smallest at
frequencies measured. The ‘‘missing area’’ in the f
infrared conductivity appears as the zero-frequency de
function response of the superfluid. This aspect is discus
in more detail below. In addition, a minimum develo
aroundv'400 cm21 in the superconducting state. This fe
ture is visible for both polarizations, but is most evident
theb-axis data. The lower reflectance of theb polarization is
responsible for the upturn observed ins1(v) at the lowest
temperature for this polarization. This result may have int
esting consequences for the understanding of dynamic p
erties in these materials. For instance, it indicates the p
ence of low-lying excitations for carriers moving along theb
axis that are not present in the perpendicular direction. I
not clear what the origin of these excitations is. Perhaps,
presence of the superlattice structure in theb axis may intro-
duce an additional source for scattering along this crysta
graphic direction.~However, on account of the periodicity o
the superlattice, one should not expect any additional s
tering process for this direction.!

In some studies, structure in the conductivity around 4
cm21 has been interpreted as evidence of the supercond
ing energy gap.3 The fact that we observe the feature for t

FIG. 6. The results of evaluating the partial sum rule for t
room-temperature conductivity of Bi2Sr2CaCu2O8.
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polarization alongb, which has reflectance lower than unit
contradicts the conventional~s-wave! notion of a gap, where
for frequencies below 2D no excitations are allowed.

We note that photoemission experiments on samples f
the same batch as the ones used in this study have sh
evidence for the opening of a gap belowTc in the energy
spectrum around the Fermi level.42,43 The maximum gap pa-
rameter obtained from the analysis of the photoemission d
has a value ofD close to 25 meV~at least along thea axis!.
Although twice this energy is close to the minimum positi
observed in the conductivity data, the minimum in the co
ductivity cannot be assigned to the superconducting ene
gap. Moreover, since similar structures at about this ene
are observed in all copper-oxide superconductors, they h

FIG. 7. ~a! Temperature dependence of thea-axis optical con-
ductivity obtained from Kramers-Kronig analysis of the reflectan
~b! Temperature dependence in theb-axis optical conductivity ob-
tained from Kramers-Kronig analysis of the reflectance.
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also been explained as due to strong bound-carrier inte
tions with phonon excitations.44–47

VI. APPROACHES TO THE OPTICAL PROPERTIES

In this section, we discuss the normal-state optical c
ductivity in the far-infrared and mid-infrared regions. This
the frequency range below the charge-transfer gap of
insulating phase of the cuprates; thus, it is the region wh
the dynamics of the doped-in charge carriers may be stud
Two approaches are used, called ‘‘one-component’’ a
‘‘two-component.’’ In the first, there is only a single band
type of carrier, and the unusual frequency dependence in
mid-infrared is attributed to interaction with a spectrum
~optically inactive! excitations. This interaction causes a fr
quency dependence to the carrier scattering rate and
hances the low-frequency effective mass.

In the two-component approach, two different contrib
tions are assumed: the Drude response of free carriers a
second band of ‘‘mid-infrared’’ carriers. The properties
the Drude carriers determine the dc conductivity, includ
its temperature dependence, while the mid-infrared carr
dominate the higher frequency conductivity.

A. One-component analyses

Many authors3,7,8,25,26have analyzeds1(v) using a gen-
eralized Drude model with a frequency-dependent scatte
rate. In this approach, there is only one type of charge
rier. Hence, the dielectric function can be written as39

e~v!5e`2
vp*

2

v21 iv/t* ~v!
, ~4!

wheree` is a constant that includes contributions from i
terband transitions, the plasma frequencyvp* 5(m/m* )vp

with m* the effective mass, andvp the bare plasma fre
quency, defined by vp5A4pNe2/mb. The quantity
1/t* (v), known as the ‘‘renormalized’’ relaxation rate, ma
easily be calculated,

1/t* 5
4ps1~v!

e1~v!2e`
, ~5!

without knowingvp .
It is also possible to use a complex relaxation rate,

memory function,39 G51/t(v)2 ivl(v) with 1/t(v) the
‘‘unrenormalized’’ carrier scattering rate andl(v) the mass
enhancement factor.@m* 5m(11l).# The dielectric func-
tion is

e~v!5e`2
vp

2

v2@11l~v!#1 iv/t~v!
. ~6!

In this memory-function approach the relaxation rate may
calculated from

1/t~v!52
vp

2

v
ImS 1

e~v!2e`
D . ~7!

Models providing a phenomenological justification f
this approach include the ‘‘marginal Fermi liquid’’~MFL!
theory of Varma and co-workers48,49 the ‘‘nested Fermi liq-
c-
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uid’’ ~NFL! theory of Virosztek and Ruvalds,50 the ‘‘Lut-
tinger liquid’’ picture of Anderson,51 the proposal that the
conductivity is a paraconductivity involving phase sepa
tion, advocated by Emery and Kivelson,52 and the nearly
antiferromagnetic Fermi liquid picture of Monthoux an
Pines.53 In many of these the scattering rate is simply giv
by the temperature.

In the MFL, the imaginary part of the one-particle se
energy is written as

2Im S~v!;H p2lT, v,T

plv, v.T,
~8!

wherel is a dimensionless coupling constant. Forv,T the
model predicts a renormalized scattering rate that is linea
temperature, which is in accord with the linear temperat
dependence in the resistivity that is observed in nearly
copper-oxide superconductors. Asv increases a new spec
trum of excitations comes into play, causing the scatter
rate to grow linearly with frequency up to a cutoff frequen
vc , which is also included in the model.

The physical source of this behavior is the coupling of t
charge carriers to a spectrum of charge and/or spin-den
fluctuations. The strong frequency dependence arises fro
Holstein54 process, where an electron can absorb a pho
emit some other excitation, and scatter. Energy conserva
requires the photon frequencyv to be greater than the exc
tation frequencyV. Thus the scattering by this process tur
on at the onset of the excitation spectrum and becomes s
ger with increasing frequency until the maximum excitati
frequency is reached.

Romero et al.34 analyzed their optical conductivity fo
Bi2Sr2CaCu2O8 and Bi2Sr2CuO6 to obtain S, finding l
'0.27 for both materials. The MFL equations for the se
energy agree with the data in several important ways. F
both give a dc resistivity in agreement with experiment. S
ond,2Im S increases linearly withv for v.T. Third, there
is an enhancement of the effective mass at low frequen
by an amount that is larger at lower temperatures.

The dielectric function for the MFL can be written as48,49

e~v!5e`2
vp

2

v222vS~v/2!
1(

j 51

N vp j
2

v j
22v22 ivg j

, ~9!

wherevp is the bare plasma frequency for the charge ca
ers, defined byvp

254pne2/mb with n the carrier density and
mb the band mass of the carriers. The quantityS~v! repre-
sents the quasiparticle self-energy. The real part ofS is re-
lated to the effective massm* of the interacting carriers by49

m* (v)/mb5122 ReS(v/2)/v, whereas the imaginary par
is related to the quasiparticle lifetime through 1/t* (v)5
22mb Im S(v/2)/m* (v). The factors of 2 arise becaus
quasiparticle excitations come in pairs. The second term
sum of Lorentzian oscillators~of strengthvp j , center fre-
quencyv j , and widthg j ! representing contributions from
interband transitions. The remaining term,e` , is the contri-
bution from transitions above the highest measured
quency.

Figure 8 shows the result of fitting Eq.~9! to our data for
thea-axis conductivity. The data are shown as heavy das
lines whereas the fits are shown as thin solid lines. The c
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14 924 PRB 60M. A. QUIJADA et al.
ductivities of the MFL contribution forT5100 K and the
first four Lorentzian lines are shown as thin dashed lin
~The last of these represents the charge-transfer band o
insulating parent compound.! The Lorentzian contributions
are small for frequencies below the MFL cutoff frequen
vc'1800 cm21; they contain less than 2% of the low-ener
spectral weight. The third band, however, at 3600 cm21, is

FIG. 8. Fits to thea-axis conductivity using the marginal Ferm
liquid ~MFL! model. The fit is the thin solid line; components of th
fit ~MFL conductivity, two weak;100-meV bands, a 0.5-eV band
and the 2-eV charge-transfer band! are thin dashed lines.
s.
the

nearly as strong as the MFL contribution. Similar resu
were obtained for theb axis, and the parameters for bo
principal axes are listed in Table I. Interestingly both t
plasma frequency and the coupling constantl are larger for
theb polarization than for thea polarization. The analysis o
Romero and co-workers34 for unpolarized data gave resul
midway between these.

As an alternative to fitting, the scattering rate and effe
tive mass functions may be calculated from Eq.~4! once
good estimates fore` andvp are obtained. Figure 9 show
m* /mb and 1/t* (v) at room temperature fo
Bi2Sr2CaCu2O8 along thea andb axes. The values used wer
vpa516 200 cm21 and e`a54.6; vpb516 240 cm21 and
e`b54.8. In Fig. 9 it is interesting to notice that the ma
enhancement at low frequencies is isotropic in theab plane,
on account of the nearly isotropic values ofvp . In contrast,
Fig. 9 shows an anisotropic renormalized scattering rate
increases linearly with frequency. The linear increase is
agreement with the predicted behavior in the MFL and N
models.

The temperature dependence of the unrenormalized s
tering rate is shown Fig. 10. The upper panel shows 1/t at
five temperatures for thea direction and the lower pane
shows the same thing for theb direction. We note that thes
functions are not so linear as 1/t* . The basic behavior, with
the low-frequency values increasing with increasing te
perature and the high-frequency parts nearly temperature
dependent, is in accord with the ideas of the MFL and N
models.

B. The pseudogap

Recent one-component analyses of the infrared prope
of underdoped Bi2Sr2CaCu2O8 have been used to suggest
pseudogap in the normal state.25–27 The pseudogap is no
evident in the optical conductivity measured in the Cu2
planes. Instead, there is structure in the 1/t(v,T) in the ab-
plane, a depressed scattering rate at low frequencies an
0
0
0
0

0
0
0
0
20
0
0
0
00
800
TABLE I. Parameters of MFL model fits~frequencies in cm21!.

a axis b axis
T ~K! vp l vc vp l vc

MFL 100 13 100 0.23 1900 14 050 0.32 1 79
150 13 500 0.24 1900 14 100 0.30 1 79
200 13 800 0.26 1750 14 300 0.32 1 80
300 13 500 0.23 1800 13 700 0.26 1 79

T ~K! vp j v j g j vp j v j g j

Lorentzian 1 100 1 570 640 190 1 900 640 46
150 1 690 610 290 1 250 650 30
200 1 650 650 220 1 760 660 30
300 1 570 640 280 1 270 650 65

Lorentzian 2 100 1 790 1 000 350 750 1 000 1
150 1 890 1 030 600 870 1 050 38
200 2 160 1 000 570 1 330 1 050 38
300 1 790 1 020 430 1 260 1 050 55

Lorentzian 3 All 12 300 3 650 9200 12 600 3 700 11 0
Charge transfer band All 7 700 17 500 6800 6 400 17 100 5
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temperatures a little aboveTc . The scattering rates of Fig. 1
do not show evidence for the pseudogap, suggesting tha
materials we have measured are near optimum doping
agreement with the linear dc resistivity of our crystals.

C. Two-component analysis

Here, we assume that the infrared conductivity is co
posed of two components. The underlying reason for
analysis is based on two essential observations. First,
optical conductivitys1(v) obtained from doping-dependen
studies clearly shows the appearance of freelike as we
bound excitations in the midinfrared as doping in the Cu2
planes of the samples is increased.55–60 Second, there is a
narrow range of frequencies in the far infrared wheres1(v)
shows a variation withT that is consistent with theT-linear
resistivity of optimally doped samples. At higher freque
cies, s1(v) shows a weaker temperatu
dependence.35,41,61–63The data shown in Fig. 7 exhibit a be
havior that is consistent with this observation.

This separation into mid-infrared and free-carrier con
butions has been used in several previous studies
Bi2Sr2CaCu2O8. Reedyket al.16 and Romeroet al.34,35 ana-
lyzed the optical conductivity of Bi2Sr2CaCu2O8 in this way.
The results are similar to the results of Kamara´s et al.63 for
YBa2Cu3O72d : there is an apparent onset of mid-infrar
conductivity around 100 cm21, structure in the phonon re
gion, and a broad maximum around 1000 cm21 ~0.12 eV!.
The free-carrier component has a nearlyT-independent
plasma frequency, and aT-linear scattering rate. This

FIG. 9. One-component analysis showing the effective mass
hancement~upper panel! and the renormalized scattering ra
~lower panel! along thea andb axes.
he
in

-
is
he
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T-linear scattering rate combined with aT-independent
plasma frequency is, of course, completely consistent w
the dc conductivity.

Thus, the dielectric function is assumed to be made up
at least four parts:

e~v!5eD1eMIR1e interband1e` , ~10!

where eD is associated with the free-carrier or Drude-lik
part,eMIR corresponds to the mid-infrared bound transition
e interbandincludes higher-frequency interband transitions, a
e` is the limiting high-frequency value. One way of separ
ing individual contributions uses a Drude-Lorentz model.
describe each component requires three parameters:
width g, plasma frequencyvp , and center frequencyv0 .
The model dielectric function is then

e~v!5e`2
vpD

2

v21 iv/t
1(

j

vp j
2

v j
22v22 ivg j

, ~11!

where the second term is the Drude response of the
carriers~vpD is their plasma frequency and 1/t is their scat-
tering rate!, the sum runs over the midinfrared bands, t
charge-transfer band~the band gap of the insulating pare
compound!, and higher-energy interband transitions. Ea
band is characterized by a plasma frequencyvp j , center fre-
quencyv j , and widthg j .

The results of fitting the reflectance calculated using
dielectric function in Eq.~11! to our data is shown in Fig. 11
The fit, employing two oscillators for the midinfrared regio
one for the charge-transfer band, and two for higher-ene
interband transitions, is good. To fit the reflectance belowTc
we assumed a Drude linewidth of a fraction of a cm21; i.e.,

n-
FIG. 10. Temperature dependence of the unrenormalized s

tering rate 1/t(v) for thea ~upper panel! andb ~lower panel! axes.
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FIG. 11. Thea- and b-axis conductivity at
100 K and fits to a two-component model. The
is the thin solid line, and the Drude and midinfra
red components are the dashed lines.
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we collapsed the Drude conductivity to a delta function. T
parameters of the fit are listed in Table II. The Drude weig
is a little larger for thea polarization, as is the strength of th
first ~;90 meV! mid-infrared band. In contrast, the;0.5 eV
mid-infrared band has more oscillator strength for theb po-
larization.

As an alternative to least-square fitting, a self-consist
approach to separate the Drude-like from the boundlike
e
t

nt
x-

citations was used by Romeroet al..34,35 What follows is a
brief description of this method applied to the conductiv
curves shown in Fig. 7. In the superconducting state and
T!Tc , all the free-carrier part is presumed to have collaps
into a delta function atv50. Therefore, in first approxima
tion the total conductivity at the lowest temperatureT
520 K) has a negligible free-carrier contribution; it corr
sponds to thes1MIR term in Eq.~10!. Hence, the free-carrie
0
0
0
0
0
0
0
0
0
0
0
0
0
0

800
TABLE II. Parameters of Drude-Lorentz model fits~frequencies in cm21!.

a axis b axis
T ~K! vpD 1/t vpD 1/t

Drude 20 9 250 8 890
65 9 180 8 760
85 9 200 73 8 800 100

100 9 040 128 8 750 157
150 9 080 202 8 740 240
200 9 100 300 8 770 327
300 9 020 423 8 700 435

T ~K! vp j v j g j vp j v j g j

Mid-IR 1 20 10 800 865 2480 10 170 827 238
65 10 800 759 2510 10 270 772 237
85 10 800 667 2430 10 150 765 230

100 11 000 675 2410 10 330 700 226
150 10 900 631 2360 10 410 500 253
200 10 900 790 2330 10 360 793 229
300 10 600 798 2280 10 100 783 222

Mid-IR 2 20 10 600 4 500 7930 12 310 4 060 871
65 10 700 4 320 8030 12 220 3 920 857
85 10 500 4 230 7710 12 000 3 960 842

100 10 300 4 520 7740 11 880 4 120 822
150 10 300 4 430 7660 12 120 3 700 906
200 10 300 4 520 7850 12 000 4 060 866
300 10 300 4 440 7480 12 000 4 120 822

Charge transfer band All 7 700 17 500 6800 6 400 17 100 5
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part in the normal state can be obtained by subtractings1MIR
from the experimentals1(v) at T.Tc .

This first iteration produces free-carrier conductiv
(s1D

(1)) at individual temperatures aboveTc . If this conduc-
tivity has a Drude line shape, a fit of straight line to the cur
obtained by plotting 1/s1D

(1) vs v2 will yield a slope and in-
tercept that can be used to get initial guess values forvpD
and 1/t. Once values forvpD and 1/t are obtained, they can
be used to calculate a Drude conductivity from

s1D
fit 5

1

4p

vpD
2 t

11v2t2 . ~12!

Then, a new mid-infrared conductivitys1MIR is generated a
each temperature by subtractings1D

fit from the totals1(v) at
each temperature aboveTc . A self-consistent check of the
vpD and 1/t obtained at each temperature is done by fi
computing an average mid-infrared conductivity^s1MIR&
from thes1MIR obtained as explained above, and using t
average as the starting mid-infrared term in a second it
tion. We found the parameters converge after perform
three or four iterations.

1. Drude component

The Drude conductivities„s1(v)2^s1MIR&… obtained
from this analysis are shown in Fig. 12 along with fits o
tained from the estimates forvpD and 1/t at each tempera
ture. The normal-state Drude plasma frequency is ne
temperature independent. We findvpD

a 593006200 cm21,
while vpD

b 589006200 cm21. Note that these values are
little larger ~but within error bars! of the parameters in Tabl

FIG. 12. Drude part from a two-component analysis ofs1(v)
and fits obtained at each temperature. Top panel,a axis; bottom
panel,b axis.
e

t

s
a-
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II. The constant plasma frequency means that the oscill
strength and the carrier density do not change with temp
ture.

Figure 13 shows as symbols the Drude resistiv
4p/vpD

2 t for both polarizations as a function of temperatu
The dc resistivity measured for thea andb axes on similar
samples is shown as the full and dashed lines. Two thi
should be noticed about this figure. The first is thatrdc and
roptic both have a linear temperature dependence. Sec
there is good agreement between the anisotropy determ
from optical and from dc transport measurements.

FIG. 13. Temperature dependence of thea- andb-axis resistiv-
ities obtained from dc transport measurements and extrapolation
the optical conductivity.

FIG. 14. Scattering rate (1/t) obtained from dc transport and th
two-component analysis of the optical conductivity.
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14 928 PRB 60M. A. QUIJADA et al.
Figure 14 shows a comparison of 1/toptic obtained from
the fits with 1/tdc obtained from

1/tdc5
vpD

2

4p
rdc, ~13!

where vpD is the average Drude oscillator strength. Th
figure shows that the temperature variation of 1/tdc and
1/toptic is indeed linear in the normal state as expected
linear temperature dependence of 1/t in metals is a high-
temperature phenomenon, with1,64

\/t52plkBT1\/t0 , ~14!

where l is a dimensionless constant that measures
strength of the coupling of the free carriers to whatever
citations are causing the scattering. We findla;0.35, while
lb;0.31. These results are in good agreement with pr
ously estimated values forl using a two-component analys
in other samples.1 Furthermore, these results suggest
transport properties of the copper-oxide superconductors
in the weak-coupling regime.

In the superconducting state, 1/tdc drops to zero on ac
count of rdc also going to zero. At the same temperatu
1/toptic also exhibits a sudden drop. This sudden drop s
gests that the excitations that cause the scattering of the
riers in the normal state are suppressed belowTc . The lim-
ited number of points and possible uncertainties, espec
at the lowest frequencies, prevent us from extracting the t
perature dependence of 1/t in the superconducting state
Nonetheless, we do find that the 1/toptic obtained is larger for
the b axis than for thea axis in the superconducting stat
This evidence for an additional channel for elastic scatter
in the crystallographicb direction is also consistent with th
final intercept observed inrdc

b from extrapolations to the zer
temperature valuerdc.

Sudden drops in the quasiparticle scattering rate as
sample becomes superconducting have been observed i
polarized infrared measurements of Bi2Sr2CaCu2O8,

35

La22xSrxCuO4,
41 and YBa2Cu3O72d,65 and in experiments

of femtosecond optical transient and microwave absorp
measurements on YBa2Cu3O72d,66 and on
~BiO!2Sr2Ca2Cu3O10.

67 Similarly, there have been predic
tions of drop of the quasiparticle scattering rate in the sup
conducting state within the phenomenology of the margi
Fermi liquid approach.68 This sudden drop in 1/t has been
proposed as the reason for the appearance of a ‘‘cohere
peak ins1(v) in studies of YBa2Cu3O72d thin films65,69,70

and in Bi2Sr2CaCu2O8 single crystals35,71 for temperatures
just belowTc and for frequencies in the microwave region

2. Mid-infrared absorption

The mid-infrared conductivity, that which remains aft
subtracting the Drude term or low-frequency part, is sho
in the top and bottom panels of Fig. 15 for thea andb axes,
respectively.s1MIR does not have much temperature dep
dence. Most of the temperature dependence ins1(v) comes
from the free-carrier contribution.

To illustrate the anisotropy, Fig. 16 comparess1MIR for
the a and b directions at 100 and 200 K. The onset of a
sorption appears around 250 cm21 for thea axis, whereas the
A
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b-axis absorption extends to lower frequencies~150–200
cm21! and is higher in the frequency range 150–700 cm21.
In both cases, there is weak structure due to phonons, inc
ing weak minima atv;400 and 800 cm21. Figure 15 shows
that these minima appear in both the normal and superc
ducting states. Earlier optical studies3,7 interpreted this

FIG. 15. Mid-infrared part of the total conductivity.

FIG. 16. Mid-infrared part of the total conductivity, comparin
the a andb axes at two temperatures in the normal state.
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notchlike feature, which in YBa2Cu3O72d is much more evi-
dent and occurs atv;430 cm21, as the superconducting en
ergy gap. An argument against this interpretation is that
minimum in s1(v) is also observed aboveTc in nearly all
samples, making its association with an energy gap v
unlikely.31,41,63

An alternative interpretation attributes this structure
electron-phonon interactions.44–47 As discussed by Reedy
and Timusk,46 these interactions are between thec-axis lon-
gitudinal optic~LO! phonons and theab-plane bound carri-
ers. Supporting evidence for this interpretation is shown
Fig. 17, where the Bi2Sr2CaCu2O8 c-axis energy-loss
function72 ~which has maxima at the LO phonon frequencie!
are plotted along witha- andb-axis conductivities at 20 K.
The coincidence between the loss-function maxima
s1(v) minima is quite remarkable. Similar evidence for th
effect has come from measurements on La2CuO41d single
crystals.60

FIG. 17. Plot ofs1(v) at T520 K in thea- and b-axis polar-
izations along with thec-axis loss function, from Ref. 72.
e

ry

n

d

VII. SUPERCONDUCTING STATE

A. The superconducting condensate

We saw from the two-component analysis that thea-axis
scattering rate for the Drude carriers is close to 150 cm21 at
100 K, and that it is suddenly suppressed in the superc
ducting state. If this 100 K 1/t is used together with pub
lished estimates73,74 for the Fermi velocityv f in the CuO2
planes to compute the mean free pathl for quasiparticles
propagating along this direction we obtainl 5v ft;100 Å.
This number is considerably larger than the typicalab-plane
coherence length reported73,75 for this and other high-Tc
compounds, j;15 Å. This comparison suggests th
Bi2Sr2CaCu2O8 is in the clean limit, i.e.,l .j, as was first
pointed by Kamara´s et al.63 for YBa2Cu3O72d . In this limit,
absorption associated with the superconducting gap is
observable because in the superconducting state most o
spectral weight moves to the zero-frequency delta functi
Thus the only signature of the condensate is its induc
response, seen in the real part of the dielectric functi
e1(v). The delta function conductivity gives, via th
Kramers-Kronig relations,76

e1~v!5e1b2
vps

2

v2 , ~15!

wherevps is the oscillator strength of the superconducti
condensate, defined asvps54pnse

2/m, with ns the density
of superfluid carriers. The terme1b is the bound-carrier con
tribution to e1(v). Hence, the condensate contributionvps
to e1(v) can be determined from a plot ofe1(v) as a func-
tion of v22. As shown in Fig. 18, this plot for thea axis
gives a straight line whose slope isvps

2 . From this slope at
T520 K, we find vps

a 590006200 cm21 and vps
b 58200

6200 cm21. Hence, the superconducting-carrier response
larger for thea-axis direction.

An alternative method that obtains the same results is
estimate the missing area unders1(v) in the superconduct-
ing state. This estimate is done by subtracting the conduc
ity at the lowest temperature~T520 K in this case! from the
FIG. 18. e1 vs v22 in the superconducting
state for thea direction.
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14 930 PRB 60M. A. QUIJADA et al.
conductivity just aboveTc ~T5100 K in this case!. Then, the
sum rule or density of superfluid carriers,Neff

s m/mb , is evalu-
ated by performing the integral

Neff
s ~v!

m

mb
;E

0

v

s~v,100 K!2s~v,20 K!. ~16!

By evaluation of the integral in Eq.~16!, we find Neff
s m/mb

;0.20 for the a axis andNeff
s m/mb;0.16 for the b axis.

Hence, by noticing that (Neffm/mb)5vps
2 mVcell/4pe2 and

from the known unit-cell volume of Bi2Sr2CaCu2O8, we find
that

vps
a 519 900ANeff

s .8900 cm21

in the a-axis polarization, whilevps
b .8100 cm21 for the b

axis. Both quantities agree with the results from analysis
e1 described above.

B. ab-plane anisotropy in the London penetration depth

The London penetration lengthlL measures the distanc
over which an electromagnetic wave is attenuated insid
superconductor. Since this length is a measure of the su
fluid response in a superconductor, it is also related to
superfluid oscillator strengthvps by lL5c/vps . In aniso-
tropic materials,lL is a tensor quantity. Hence, polarize
infrared spectroscopic offers a unique opportunity to de
mine the different components of this tensor. Other te
niques, such as magnetic inductance method or muon
resonance,77,78only give values oflL that are averages of th
different components oflL . From the values ofvps for the
a and b axes of Bi2Sr2CaCu2O8, we find for the London
length along thea axislL

a;1800 Å, whilelL
b;1960 Å. The

ratio of these two quantities islL
b/lL

a;1.1.
Another way to demonstrate London response of the

perfluid is to calculate a generalization of the London len
via

lL5
c

vA12e1~v!
. ~17!

@Note that this can also be written in terms of the imagin
part of the conductivity,s2(v), as lL5c/A4pvs2(v).#
Figure 19 displayslL for thea andb axes. The fact that both
curves in Fig. 19 are nearly flat in the far infrared, approa
ing the values given above atv50, suggests that the princ
pal contribution tos2(v) is from the superfluid carrier re
sponse, which followss2(v)}1/v.

There is a definite anisotropy in the penetration depth.
explain the source of this anisotropy the first thing th
should be considered is whether the anisotropy that is
served inlL is due to mass enhancement effects. In the n
mal state, theab-plane anisotropy in the dc resistivity, from
extrapolations of the optical data and direct dc transpor
rb /ra;1.25. As discussed previously, the normal-state
isotropy in the Drude plasma frequency derived from a tw
component analysis of the optical data is found to be sma
than this anisotropy, i.e.,vpD

a vpD
b 51.0460.04. Hence,

most of the anisotropy inrdc is due to a free-carrier relax
ation rate that, atT5100 K, is 20% larger for theb axis.
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This suggests the interactions that are responsible for
relaxation of the free carriers are not isotropic but that
effective masses have a smaller anisotropy.

If we compare the superfluid plasma frequency to
Drude plasma frequency, we find for thea axis thatvps

a is
97% of vpD

a ~essentially identical!. In contrast, in theb di-
rection vps

b 581006200 cm21 and vpD
b 589006200 cm21,

so that the superfluid plasma frequency is only about 90%
the Drude plasma frequency. We note further that the ze
temperature extrapolation ofrdc ~or 1/t! for the b axis ap-
pears to be finite, whereas for thea axis, the zero-
temperature intercept is very close to zero. That theb-axis
plasma frequency is smaller in the superconducting s
suggests that the anisotropy is not related to a mass enha
ment effect but instead is due to an additional~pair-breaking!
scattering channel in theb or superlattice direction. This ad
ditional scattering causes additional absorption at finite
quencies in the superconducting state and a reduced con
sate weight.

C. Optical conductivity and symmetry of the order parameter

The symmetry of the order parameter in the hig
temperature superconductors has been addressed by
workers.43,66,79–87There is a growing consensus for an u
conventionald-wave symmetry for this quantity. Angular
resolved photoemission spectroscopy~ARPES! has played a
key role in this consensus.43,84,85,88In one study, Shenet al.85

performed ARPES measurements on Bi2Sr2CaCu2O8 single
crystals, finding a condensate peak that is larger and m
pronounced along theG-X symmetry direction, i.e., from the
center of the Brillouin zone to theX point in momentum
space. The gap seems to vanish~within the experimental
resolution of 62 meV! along ^p,p&, 45° away from the
maximum-gap direction. Based on the assumption the m
rial has tetragonal rather than orthorhombic symmetry,
authors conclude the symmetry of the order paramete

FIG. 19. London penetration length as a function of frequen
using Eq.~17!.
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compatible withdx22y2 symmetry pairing.85 Recent experi-
ments in the temperature dependence oflL(T) have found a
linear temperature variation that has also been interpreted
evidence ofdx22y2 pairing in these materials.66 On the other
hand, this interpretation is in contradiction with oth
ARPES experiments performed by Kelley and co-worker43

These authors argue against a puredx22y2 gap symmetry.
The authors also point out that other possibilities such
mixing of d-wave with eithers- or p-wave symmetries can
not be excluded. In spite of the controversy, one strong c
clusion that can be obtained from these results is that
order parameter in the high-Tc materials appears to be high
anisotropic.

The optical conductivity can say certain things about
symmetry of the electronic structure in the superconduc
state. Exactly what can be said depends on several fac
clean or dirty limit, gap symmetry, and underlying crystall
graphic symmetry. If the material were in the dirty lim
then thes-wave superconductor has a gap 2D in its excitation
spectrum, as derived by Mattis and Bardeen.89 The impurity
scattering also has the effect of averaging any anisotr
from band-structure effects, so that the gap is reason
isotropic, even in materials with some electronic anisotro
At zero temperatures1s vanishes forv,2D. The missing
spectral weight ofs1s in the range 0,v,2D appears32 in
the d function at v50. In the case of finite temperature
thermally exited quasiparticles can give rise to a Drude-l
contribution tos1(v) with a width in the order of 1/t.

A dirty-limit superconductor with a gap function that ha
nodes on the Fermi surface, such as one with ad-wave ~or
p-wave! gap, will have finite contribution tos1(v) for all
v,2Dmax, even at zero temperature. The reason for this
that it takes only an arbitrarily small energy to break Coo
pairs composed of electrons with momenta close to the no
of the Fermi surface. Using a self-consistentT-matrix ap-
proximation, Hirschfeldet al.90 carried out the calculation o
s1s /sn for unconventional non-s-wave superconductors
finding a sort of pseudogap at energies below 2Dmax. There
is a narrow Drude-like peak at low frequencies, caused
broken pairs in the nodes of the gap function.

In the clean limit, thes-wave superconductor retains i
gap in the excitation spectrum but, as discussed above
oscillator strength of the gap transition is small.63 Moreover,
if the scattering is largely electron-electron, the optic
threshold is actually at 4D rather than 2D, because if the
photon merely breaks a single Cooper pair, the drift mom
tum is unchanged and hence the electrical current is u
fected. Instead, two pairs must be broken, with subsequ
large-angle scattering, for there to be finites1(v).91 In the
clean limit of thed-wave superconductor, with a small sca
tering phase shift, an expansion ofs1s /sn in v predicts a
quadratic frequency dependence forv close to zero in the
case of a gap function with polar symmetry, whereas av4

dependence occurs for a gap with axial symmetry. Hen
these results indicate that for a superconductor with an
tropic order parameter, electromagnetic radiation is alw
absorbed for frequencies down tov50. However, as in the
s-wave case, the spectral weight associated with
superconducting-state absorption is found to be small.92

In a polarized measurement, thed-wave superconductor
as
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whether clean or dirty, has anisotropic response. This resul
can be understood as follows. Suppose the incident ele
field is oriented parallel to the gap nodes, i.e., in the 4
direction. This field always can be decomposed into com
nents along thea andb directions, which are the direction
of the gap minima. Similarly, a field that is oriented along
direction where the gap is maximum may be construc
from components parallel to the nodes. Because the ma
tude of the gap function has fourfold symmetry whereas
ab-plane conductivity tensor has at most twofold~dipolar!
symmetry, the gap anisotropy does not contribute to a c
ductivity anisotropy.

Finally, in an orthorhombic crystal, the dielectric tens
has three different components, with principal axes along
a, b, andc crystallographic directions. Unlike the tetragon
symmetry case, the orthorhombic crystal cannot have a p
d-wave gap, althoughd1s is allowed.93

Our results unambiguously show that theab-plane optical
response of Bi2Sr2CaCu2O8 is anisotropic both above an
below Tc . As illustrated in Figs. 2 and 3, thea-axis reflec-
tance in the superconducting state reaches almost 100%
frequencies in the far infrared, whereas there is a differe
in the reflectance level (Ra.Rb) on the order 1–2 %. A
Kramers-Kronig analysis of the reflectance for the two p
larizations gives anisotropy ins1(v). In the normal state,
the far-infrared conductivity is about 20% larger for pola
ization along thea axis. In the superconducting state,s1(v)
is a factor of 2 larger for theb axis below 300 cm21 and
down to the lowest frequency measured in the experim
Finally, the penetration depth is about 10% larger for t
a-axis direction.

If a one-component analysis with a frequency-depend
1/t is used to explain these results, the superconducting-s
conductivity must then be due to excitations across the
perconducting gap. The observed anisotropy ins1(v) below
Tc implies an order parameter consistent with aC2v rather
than aC4v symmetry. If this interpretation is taken, thes
data are incompatible withs-wave pairing or with a pure
dx22y2 gap symmetry. The results would be compatible w
a combination ofs andd pairing.43

If the conductivity is decomposed into two componen
the observed anisotropy of theab-plane conductivity could
be due to two factors. AboveTc the free-carrier damping rat
is 20% stronger alongb @1/t(100 K)5180 cm21 for the b
axis and 150 cm21 for thea axis#. Above and belowTc , the
mid-infrared component has a larger contribution alongb
than along thea axis. This anisotropy is compatible with th
observed orthorhombic unit cell in this material.

VIII. CONCLUSIONS

In conclusion, the anisotropy of theab-plane of the
copper-oxide superconductors has been studied by mea
ing the polarized reflectance of single-domain crystals
Bi2Sr2CaCu2O8. There is significantab-plane anisotropy in
the optical properties of this material. In the normal state,
infrared conductivity is about 20% higher along thea axis
than theb axis. A similarab-plane anisotropy is observed i
the normal-state dc resistivity of similar samples.

The normal-stateab-plane conductivity exhibits non
Drude behavior, characterized by strong temperature de
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dence in the far infrared and a much weaker tempera
variation in the mid-infrared region. If the conductivity
analyzed in the framework of a two-component picture,
low-frequency part can be regarded as Drude-like in nat
with a scattering rate that is linear in temperature. This
havior is consistent with the linear temperature depende
of the dc resistivity. The coupling constant obtained in t
analysis isl;0.3– 0.4 in all samples.

The ab-plane anisotropy observed in the normal-st
conductivity of these samples persists in the superconduc
state as well. The optical conductivity at low frequencies i
factor of 2 larger along theb axis than along thea axis. This
suggests that either an anisotropic order parameter wi
twofold symmetry (C2v) rather than a fourfold symmetr
38
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(C4v) or that the mid-infrared component of the optical co
ductivity is anisotropic.

Finally, estimates of the London penetration lengths d
play anisotropy, withlb /la;1.1. This result suggests som
additional elastic scattering mechanism in theb axis of the
crystal is giving rise to some kind of pair-breaking effect th
is causinglL to be larger along this direction~lL

b;2000 Å
compared tolL

a;1800 Å!.
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