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Abstract. The polarized reflectance of the a-b plane of 
single-domain BizSrzCaCu208 crystals is anisotropic 
above and below T~. The normal-state infrared conduc- 
tivity is higher for E l[ a whereas the high-frequency con- 
ductivity is higher along b, particularly for transitions 
associated with the B i - O  layers. Below Tc there is a 
definite anisotropy to the far-infrared absorption, with a 
finite absorption for E I] b down to ~ 20 meV. This an- 
isotropy of the a-b plane could be due either to an- 
isotropy of the superconducting gap or to anisotropy of 
the midinfrared component to the conductivity. 

PACS: 74.30.Gn; 74.70.Vy; 78.47.+p; 84.40.Cb 

Superconductivity in the copper-oxide materials is asso- 
ciated with the quasi-two-dimensional CuO 2 planes. The 
anisotropy between the c axis and these a-b planes is large 
and well established. What is less well understood is the 
anisotropy within the a-b plane. There are two important 
questions about anisotropy: the anisotropy of the 2-d 
electronic structure in the normal state and the anisotropy 
of the superconducting order parameter. 

The anisotropy of the superconducting order param- 
eter is closely related both to the pairing mechanism and 
to the description of the normal state of these materials. 
Models like the marginal Fermi liquid picture lead to s- 
wave pairing [ 1,2]. In the strong-coupling limit (or dirty 
limit) this s-wave gap is expected to be isotropic, even 
for strongly anisotropic materials [3]. Other models, 
mostly those which rely on antiferromagnetism for the 
pairing interaction, give a d-wave (essentially dx2_y2 ) 
character to the order parameter. (See, for example, Refs. 
4 and 5 and references therein). Recently, analyses of 
tunneling [6], photoemission [7], and penetration depth 
[8] have been advanced in support of such dx2_y2 pairing. 
Other types of pairing, such as p-wave [9] and combi- 
nations of s and d wave states [10], have also been pro- 
posed. 

Infrared spectroscopy is a direct probe of the aniso- 
tropic order parameter in unconventional superconduc- 
tors [11 ]. However, in not every case does the anisotropy 
of the order parameter lead to an anisotropic a-b-plane 
optical conductivity. The conductivity for pure dx2_y2 
pairing is isotropic in the a-b plane (although the spec- 
trum would of course be different from the case of s-wave 
pairing). In contrast, a p-wave component, a dxz pairing, 
or a combination of s- and d-symmetries would give an- 
isotropic a-b-plane optical conductivity. 

Most previous infrared measurements of a-b-plane an- 
isotropy have been for the 90-K transition-temperature 
YBa2Cu3OT- a material [ 12-16]. Much of the observed 
anisotropy of YBa2Cu307_ a can be attributed to the 
quasi-one-dimensional CuO chains; their presence pre- 
vents determining whether the CuO 2 planes themselves 
have any intrinsic anisotropy. The Bi-based materials are 
better candidates for investigating the issue of a-b-plane 
anisotropy because there are no chains in these com- 
pounds. In the so-called 2212 phase, Bi2Sr2CaCu208 
(T~=85 K), the CuO 2 planes are separated by Bi-O 
double layers, which are believed to act as a charge 
reservoir. There is an orthorhombic distortion of the 
nearly tetragonal ab-plane on account of a long-range 
superlattice modulation of the Bi-O layers [17]. 

Several authors [18-27] have reported optical studies 
of Bi2Sr2CaCu208. Only a few measurements have ad- 
dressed the polarization dependence within the a-b plane. 
Ellipsometric measurements [19] in the near-infrared-ul- 
traviolet find a strong anisotropy, with a transition at 
3.8 eV stronger and sharper for light polarized along the 
modulation direction, a-b-plane anisotropy has also been 
observed in the far-infrared transmittance of free standing 
single crystals [24]. In this paper we present a detailed 
study of the a-b-plane anisotropy in the optical reflec- 
tance for untwinned samples of BizSr2CaCu208 in a wide 
frequency range (Far-IR-UV) and for temperatures above 
and below the superconducting transition temperature. 

The single crystals used in this study were grown as 
described by Han et al. [28]. Typical crystals are thin 
rectangular platelets with a surface area of a few milli- 
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meters square in the a-b plane. Four-probe resistance gives 
a zero resistance at typically 83 K with a transition width 
of ,-~4 K. The principal axes were identified from the 
extinction points when rotating the sample in a micro- 
scope with crossed polarizers; they correlate with the a 
and b directions as observed with LEED, where b is the 
superlattice direction. Note that in the BizSrzCaCu208 
structure the a and b axes are along the Bi-O bonds, 
nearly 45 ~ from the Cu-O bonds. 

The polarized reflectance was measured at near-nor- 
mal incidence. In the high energy (1000-35000cm -1) 
range we used a grating spectrometer (Perkin-Elmer 16U) 
while the far- and mid-infrared (80-4000 cm 1) regions 
were measured with a Fourier spectrometer (Bruker IFS 
113v). For the latter frequencies, the temperature of the 
sample was varied between 300 and 20 K using a flow 
cryostat. In order to determine the absolute value of the 
reflectance in the far-IR, we A1 coated the samples and 
measured the reflectance of the coated sample. This pro- 
cedure gives a reference standard with an area equal to 
that of the BizSr2CaCu20 s crystal. The far-IR spectrum 
of the uncoated sample was then divided by the spectrum 
of the coated sample and corrected for the known re- 
flectance of A1. The accuracy in absolute reflectance, es- 
timated from reproducibility of three different samples, 
is _+ 1%. However, the accuracy of the anisotropy of the 
reflectance is better than _+ 0.25%. 

Figure 1 shows the room temperature reflectance on 
a wide frequency scale for polarization perpendicular and 
parallel to the superlattice directions in BizSr2CaCu20 s 
(labeled as a and b axes respectively). First, we notice 
that at low frequencies the a-axis reflectance is higher 
than the b-axis reflectance by 1-2%. As the frequency 
increases, the reflectance falls off in a quasilinear fashion. 
The plasmon minimum for the b-axis polarization occurs 
at a slightly lower frequency than in the a-axis direction. 
The splitting is estimated to be around 500 cm ~. The in- 
plane anisotropy of Bi2Sr2CaCu208 is less pronounced 
than in untwinned YBa2Cu3OT_ a, where the splitting is 
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Fig. 1. The 300 K reflectance over a wide frequency range for light 
polarized along the a and b axes in Bi2Sr2CaCu20 s . Inset: conduc- 
tivity obtained from Kramers-Kronig analysis of the reflectance. 
(Notice the logarithmic axes) 

[12] ~5500 c m  -1 .  The fact that we are able to observe 
anisotropy in Bi2Sr2CaC�89 which does not have chains, 
indicates the electronic structure of the quasi-2-dimen- 
sional CuO2 and/or Bi-O planes is anisotropic. Because 
the Cu-O bond lengths differ more in YBazCu307_ a than 
in Bi2Sr2CaCu208, we would expect that the CuO2-1ayer 
anisotropy is larger in the former compound, although it 
cannot be separated from the anisotropy introduced by 
the chains. 
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Fig. 2. Left panel: Far- and midinfrared 
a-axis reflectance of BizSr2CaCu208 at 20 
and 100 K. Right panel: b-axis reflectance 
at the same temperatures 



We find the reflectance is substantially higher for 
E [[ b for frequencies above the plasmon minimum. In 
addition two interband peaks are evident in this region. 
The first interband peak at ~2.3 eV is present in both 
polarizations whereas the second peak centered around 
3.8 eV is more pronounced for the polarization along b 
and is almost absent along the a direction. The 2.3 eV 
peak is interpreted as the charge transfer band of the 
CuO 2 planes, whereas the 3.8 eV one is most likely as- 
sociated with transitions occurring in the Bi-O layers and 
not in the CuO= planes [23]. Our measurements confirm 
earlier ellipsometric measurements done by Kelly et al. 
[20]. Moreover the stronger high-frequency bands along 
b provide a larger background polarizability to screen the 
low-frequency carriers, accounting for the lower plasmon 
frequency for the b-axis polarization. 

We calculated the optical constants using Kramers- 
Kronig analysis of the reflectance. The results for the 
300 K optical conductivity, 0-1 ( 0 3 ) ,  a r e  shown in the inset 
of Fig. 1. The electronic bands that were seen in the re- 
flectance are all evident here. The far-infrared conduc- 
tivity is close to the dc value; with increasing frequency 
0-1 (~)  falls quasi-linearly, as is typical of the oxide su- 
perconductors [29, 30]. 

The low temperature reflectance is shown for both 
polarizations in Fig. 2. The far infrared reflectance is 
higher for EUa at all temperatures. Romero et al. [24] 
found that the in-plane transmittance of free standing 
single crystals of Bi2ShCaCu208 is higher for light po- 
larized along the a-axis, implying more absorption for 
the b-polarization. Our reflectance results agree with this 
earlier report. In the superconducting state, a difference 
of 1-2% remains in the far-infrared reflectance 
( ~ a  > 2 b ) .  Although our accuracy in absolute reflec- 
tance is only 4- 1%, implying that we cannot determine 
whether the a-axis reflectance is unity or not below 
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200 cm-1, o u r  accuracy in measuring anisotropy is esti- 
mated at 4- 0.25%, so that we can say with certainty that 
the b-axis reflectance is less than 100% down to 
--~ 150 cm - 1 ( ~ 20 meV). 

The temperature evolution of the conductivity is shown 
in Fig. 3. In the normal state, we observe a sharpening 
and an increase of the low frequency conductivity at low 
temperatures, in accord with the increasing dc conduc- 
tivity. Much of the finite-frequency oscillator strength is 
removed by the superconducting transition. There is a 
weak minimum in the superconducting state oh(co ) 
around o)~450 cm-1. In some studies, this structure in 
the conductivity of the CuO 2 plane has been interpreted 
as the superconducting energy gap [13]. The fact that we 
observe the minimum for the polarization along b, where 
the reflectance is less than 100%, would disagree with the 
conventional notion of the gap as the threshold for quasi- 
particle excitations. We should point out that photoe- 
mission experiment done on samples from the same batch 
as the ones used in this study have shown convincing 
evidence for the opening of a gap in the density of states 
at the Fermi level [31 ]. The gap parameter obtained from 
the analysis of the photoemission places 2A close to 
400 cm -1 (50 meV). Although this energy is near the 
minimum observed in the conductivity data, the finite 
absorption (in both polarizations but particularly in b) is 
inconsistent with a superconducting energy gap in the 
BCS sense. Because this structure has been observed in 
many cuprate superconductors, it has been attributed to 
strong bound carrier-phonon coupling [32]. 

Figure 4 shows for two crystals the anisotropy in the 
absorptivity (A b - A a - 3 a  - 2 b )  in the superconduct- 
ing state. This result illustrates the definite absorption for 
E [] b down to ~ ~ 150 cm 1. This increased absorptivity 
(,-~ 1%) leads to the larger superconducting state con- 
ductivity of Fig. 3. 
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Fig. 3. Left panel: Temperature 
dependence of the a-axis conductivity 
of Bi2ShCaCu208 in the infrared. Right 
panel: Results for the b axis 
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Fig. 4. The anisotropy in absorptivity (Ab-Aa) a t  20 K for two 
different BizSr2CaCuzO 8 crystals 

It is difficult to quantify whether this observed super- 
conducting-state anisotropy is "large" or "small", either 
on an absolute scale or in relation to the anisotropy of 
the normal state. The anisotropy in reflectance is rela- 
tively modest, being of order 1% both above and below 
T~. However, because the EI] a absorptivity is nearly zero 
below T~ whereas it is finite above T~, the anisotropy in 
absorptivity is much larger in the superconducting state 
than in the normal state. Perhaps the most quantitative 
statement that we can make is that ala(~o) and Crab(m ) 
differ at the lowest frequency ( ~ 150 c m -  1 or ~20  meV) 
by about a factor of two below T c whereas they differ by 
only 10% at 100 K. (See Fig. 3.) 

There are two interpretations that we can advance for 
this low-frequency anisotropy below T~, closely related 
to the issue of the non-Drude behavior of the midinfrared 
conductivity. In one view, there is a single component to 
the conductivity, with the observed normal-state spec- 
trum attributed to a frequency dependent relaxation rate 
for the charge carriers [1, 13, 16]. The superconducting- 
state conductivity is then due to excitations across the 
superconducting gap, a gap which is anisotropic. If  this 
interpretation is adopted, our data are incompatible with 
s-wave pairing or with a pure dx2_y2 gap; they would be 
compatible with a p-wave gap, with certain combinations 
of s and d pairing [10], or with some d-wave order pa- 
rameters (such as dxz). Recent photoemission measure- 
ments by two of  us [33] suggest a dxz or px symmetry for 
the superconducting condensate. 

The second interpretation regards the optical conduc- 
tivity as being composed of two distinct components: a 
free-carrier component responsible for the low-frequency 
optical and dc normal-state conductivity coexisting with 
a second component which governs the midinfrared op- 
tical properties. Below T~ most of the free carriers con- 
dense to form the superfluid (giving a delta-function con- 
tribution to the conductivity) and the remaining finite- 

frequency conductivity is due to the midinfrared carriers. 
Two-component (or Drude plus midinfrared) analyses 
have been carried out many times previously [29, 34]; 
our results are compatible with these earlier studies: the 
Drude and the midinfrared components have nearly equal 
oscillator strengths; the Drude relaxation rate is linear in 
temperature above T~, in accord with the dc conductivity; 
and the midinfrared component has very little tempera- 
ture dependence. We can obtain reasonably good (al- 
though not unique) fits with an essentially isotropic os- 
cillator strength for both the free carrier and midinfrared 
components [35]. The anisotropy is then due to two fac- 
tors. Above T c, the free carrier damping is 25% stronger 
along b. [ 1 / r ( 1 0 0 K ) = 1 5 0 c m  - I  for the b axis and 
120 cm-1 for the a axis.] Above and below Tc there is a 
larger low frequency tail from the midinfrared conduc- 
tivity along the b axis than along the a axis. This aniso- 
tropy is compatible with the observed orthorhombic unit 
cell, with recent photoemission results [36], and points 
to a definite anisotropy of the electronic structure within 
the a-b plane. 

In sum, there are two ways that we can understand 
the observed a-b-plane anisotropy in Bi2Sr2CaCu20 s . One 
implies an unconventional nature to the superconducting 
pairing while the other suggests an unusual two-com- 
ponent nature of the low energy electronic structure. 
While we can not make a choice between these two pic- 
tures, our data do appear to rule out the commonly used 
model of  an s-wave gap in a one-component picture of 
the oxide superconductors as well as a one-component 
picture with a dx2_y2 gap. 
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