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There is anisotropy in the ab-plane optical properties of the high-temperature supercon-
ductors, both in the normal state and in the superconducting state. In both states,
two components appear in the optical conductivity: a free carrier part and a “midin-
frared” component. Below T¢, the free carriers form the superconducting condensate. In
YBayCugO7_;s, the anisotropy of the penetration depth shows that the chains contribute
strongly to this superfluid. In BisSryCaCuyOg, where chains are absent, there is still ab
plane anisotropy. Below 7 a finite absorption parallel b remains at frequencies as small
as 20 meV. This anisotropy could be due to anisotropy either of the superconducting gap
or the midinfrared component.
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1. INTRODUCTION

Despite intense effort over the past eight years,
open questions remain about the infrared response of
high-T, superconductors, particularly in the super-
conducting state.[1,2] There is no convincing ev-
idence of superconducting gap absorption in most
spectra. Instead, the data suggest two components
to the optical conductivity: a free carrier part and a
“midinfrared” component. Below T, the free carriers
form the superconducting condensate, with most of
the spectral weight associated with the free carriers
residing in the delta function response of the super-
fluid and with the midinfrared component masking
any excitations of the condensate. The weight of the
delta function can be measured through its contri-
bution to the superconducting screening, either as
a —w?, /w® contribution to the dielectric function[3]
or, equivalently, in terms of a generalized penetration

depth.[4]
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In this paper, we compare the ab-plane
anisotropy in the far-infrared for three materials:
BiQSrzCaCugOg, YBaQCu:;O'/_g, and YBaQCu408.
These materials have similar T,’s, resistivities, and
square-planar CuQ; bilayers. The principal differ-
ence amongst them is the presence in the Y-based
materials of CuQO chains, giving them rather more
structural anisotropy. In BiySroCaCuy;0g chains
are absent, but there is still ab plane anisotropy
in the far-infrared spectra and in the dc trans-
port properties.[5]  Previous infrared measure-
ments of ab-plane anisotropy have been reported for
YBach3O7_5[4,6—IO] and BizSI‘gC&CUzOg.[ll—l‘q

Infrared spectroscopy is sensitive only to certain
types of anisotropy, both in normal and supercon-
ducting states. To observe a difference in infrared
reflectance or conductivity, quantities like [A[?, the
gap, must have only a twofold axis of symmetry in
the ab plane (i.e., orthorhombic symmetry). Then,
the a and b components of the dielectric tensor will
differ. If the ab plane has a fourfold axis, then the
optical properties will be isotropic. Thus, although
the optical conductivity is affected by the anisotropic
order parameter of an unconventional superconduc-
tor,[15] in not every case does the anisotropy of the
order parameter lead to an anisotropic ab-plane opti-

0896-1107/95/1000-0563307.50/0 € 1995 Plenum Publishing Corporation



564

cal conductivity. As a pertinent example, the optical
conductivity for pure dgs_,» pairing is isotropic in
the ab plane (although the spectrum is different from
the case of s-wave pairing). In contrast, a p-wave
component, a d,, pairing, or a combination of s- and
d- symmetries can give anisotropic ab-plane optical
conductivities.

2. EXPERIMENTAL

The crystal growth procedures have been de-
scribed previously.[16-18] We measured the polar-
ized reflectance of single-domain single crystals us-
ing a Bruker IFS 113v interferometric spectrom-
eter over 50-5000 cm~! (0.006-0.6 eV) and us-
ing Perkin-Elmer 16U spectrometer over 1000-30000
cm™?! (0.12-3.7 eV).[14] The light was polarized us-
ing wire-grid polarizers in the far- and mid-infrared
regions and dichroic polarizers in the near-infrared—
near-ultraviolet regions. For our measurements we
used the natural crystal surface unmodified by pol-
ishing or any other treatment. The reflectance was
measured relative to an Al reference mirror and cor-
rected for the known reflectance of Al. After mea-
surements, the surface of our crystal was coated with
Al and the reflectance of the coated sample measured,
in order to determine accurately the sample area and
to estimate the diffuse scattering due to any imper-
fections in the surface. A continuous-flow cryostat
was used to cool the sample to a base temperature of
12 K.

The accuracy in absolute reflectance, estimated
from reproducibility found in measurements of three
different samples, is & 1%. However, the accuracy of
the anisotropy of the reflectance (i.e., the difference
between a and b results on the same sample at the
same temperature) is better than + 0.25%.

The reflectance data were analyzed by Kramers-
Kronig techniques[19] to estimate the phase shift on
reflectance. From the reflectance and phase shift, any
of the optical functions (refractive index, dielectric
function, conductivity, penetration depth, etc.) may
be calculated.

3. RESULTS

Both Bi,SroCaCuy0g and YBayCuzOr_s dis-
play ab-plane anisotropy in their infrared spectra.
The anisotropy in YBayCu3zO7_; is expected, on ac-
count of the structural anisotropy from the chains.
That BisSroCaCusQOg is anisotropic is less expected;

oy (@ lem™)

Tanner ¢ ai.

Photon Energy (meV)

) 100 200 300 0 100 200 300
3000 - LMARAMRRASS a4 T T T T T

[ :

t BiasrzCz?CuZOa BigSr,CaCuz04

L a axis ] 1 b axis

F A a0 I 300 K
2000 —— 100 K
1000

0 L 1 ) I ]

2000 o 1000
Frequency (cm™!)

0 1000 2000 3000

Fig. 1. Optical conductivity of BigSrgCaCuy0g
at three temperatures. The left panel shows
the results for the a axis, the right for the b
axis.

the only structural anisotropy is the weak super-
lattice along b, which primarily affects the B:i-O
layers.[20-22] In fact, because the Cu-O bond
is rotated 45° with respect to the Bi-O bond in
Bi;Sr3CaCusOg, the superlattice does not affect the
Cu-O distance at all. In the following, we will discuss
BisSryCaCuyOg first, then YBayCusOr_s.

Figure 1 shows the optical conductivity of
BisSryCaCuyOg at three temperatures. In the nor-
mal state, there is a free-carrier component dominat-
ing at low frequencies, with a broad, nearly tempera-
ture independent midinfrared contribution at higher
frequencies. Below T., a substantial amount of spec-
tral weight has been removed from ¢4 (w) and appears
in the zero-frequency delta function of the supercon-
ductor. There is anisotropy in the ab-plane conduc-
tivity: about 10% in the normal state and nearly a
factor of two in the low-frequency far-infrared con-
ductivity below T..

Figure 2 shows the optical conductivity of
YBa,CuszO7_s at three temperatures. In the normal
state, there is a free-carrier component dominating
at low frequencies, with a broad, nearly temperature
independent midinfrared contribution at higher fre-
quencies. Below T, a substantial amount of spectral
weight has been removed from ¢ (w) and appears in
the delta function. There is anisotropy in the ab-
plane conductivity: about a factor of 2 in the normal
state and nearly a factor of four in the low-frequency
far-infrared conductivity below T.
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Fig. 2. Optical conductivity of YBagCugO7_;5 at
three temperatures. The left panel shows the
results for the a axis, the right for the b axis.

Figure 3 shows a generalized penetration depth
for three materials at the lowest temperatures. This
quantity is Ap(w) = ¢/wp; = ¢/ /4mwos(w), where
oy is the imaginary part of the optical conductivity,
¢ is lightspeed, and w,, is the superfluid “plasma fre-
quency.” The latter quantity is related to the super-
fluid density, n, through wy,, = /4mn,e?/m*. Re-
sults are shown for BiySroCaCuyOg, YBayCuzOr_s,
and YBa;Cuys05g. To the extent that these curves are
flat, the substance obeys London electrodynamics,
with o(w) = w2 6(w)/8 + iw},/4mw. The difference
between the a and b directions is striking, being about
10% for BiySryCaCuy0s, 35% for YBayCuszOr_s,
and more than a factor of two for YBa;CuysOs.

4. DISCUSSION

That there is anisotropy in the optical properties
of these materials is consistent with their orthorhom-
bic crystal structure. The anisotropy in the supercon-
ducting state is however a little surprising. Generally
one tends to view these systems as having square-
planar, quasi-two-dimensional, CuQO5 planes, with a
fourfold axis of symmetry about the copper site, and
with the other structural elements less important for
the superconducting state. This should be particu-
larly true for Bi,SroCaCuyQg, where the only states
at the Fermi level are from the CuO, sites. Then,
the differences between the @ and the & directions in
the superconducting state shown in Fig. 1 can arise
in one of two ways. If there is only one component to
the infrared conductivity, as in a marginal Fermi lig-
uid,[23] nested Fermi liquid,[24] or other models,[25]
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Fig. 3. The penetration depth for electric

field directions in the a and b directions
for three high-temperature superconductors.
Data are at 20 K for Bi3Sry;CaCuyOg and
YBasCu3z07_4 and at 10 K for YBasCuygOg.

then the anisotropy reflects a two-fold symmetry to
the superconducting gap absorption. (There is no
other low-lying absorption band in these pictures.)
As mentioned above, this anisotropy would be incon-
sistent with a purely d;2_,2 gap symmetry. The sec-
ond possibility is that there is a second component to
the optical conductivity, so that the anisotropy could
be attributed to this second component. (This “mid-
infrared” absorption must exist in order to assign the
observed anisotropy to it.)

The results in Fig. 3 reveal that the super-
conducting penetration depth in BizSryCaCusOsg is
anisotropic, with the b direction having the larger
Az and therefore the smaller superfluid density. The
free carrier (Drude) density is also anisotropic (by
a slightly smaller amount). In YBayCusO7_s and
YBayCusOg, the penetration depth is smaller in the
chain direction than it is normal to the chains; there-
fore, a large portion of the free carrier density that
can be attributed to the chains in the normal state
condenses below 7.. These results indicate that
superconductivity, at least in these compounds, is not
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confined to the planes but extends to the chains as
well.

Finally, taken together, these results, ab-plane
anisotropy in the chain-free BiySryCaCuyOg and
larger superfluid density in the b direction in
YBa,CusOv-s5 and YBayCuysOs, suggest that the
common practice of separating ab-plane response into
parallel chain and plane contributions in the chain-
containing materials may not be justified.
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