PHYSICAL REVIEW B

VOLUME 40, NUMBER 10

1 OCTOBER 1989

Onptical properties of copper-oxygen planes in superconducting oxides and related materials

M. K. Kelly, P. Barboux,* J.-M. Tarascon, and D. E. Aspnes
Bellcore, Red Bank, New Jersey 07701-7040
(Received 17 April 1989)

The optical spectra of YBa,Cu;0;_, and other Cu-O-based superconductors have several com-
mon features in the visible and near uv. Chemical changes that affect the conductivity of these ma-
terials also have a strong effect on some of these features. By comparing the spectra of many ma-
terials containing similar Cu-O structures, we have determined that some of the optical features are
associated with specific local structures within the unit cell. Of particular interest is a sharp feature
at 1.7 eV that appears for nonmetallic compositions of many of the materials and is removed by the
introduction of carriers. Similar features in materials not yet showing superconductivity encourage

further investigation of them.

I. INTRODUCTION

While the copper-oxygen-based high-temperature su-
perconductors exist in several families differing in struc-
ture and constituent elements, they all share perovskite-
type Cu-O planes as substructures. It is therefore espe-
cially important to understand the electronic properties
of these planes. It is also valuable to know the extent to
which these planes may be considered separately, since
the unit cells of these materials consist of complicated
combinations of ionic and covalent bonding and
transition-metal multivalency. Problems that need to be
addressed include the limitations of one-electron band
theory, correlation effects and degree of hybridization of
Cu 3d orbitals, and localization effects due to sub-
structural isolation and tight-binding character. The im-
portance of lattice distortions and vacancies as well as
spin-spin interactions also remains uncertain.

The chemical diversity of these materials provides one
of the most helpful approaches to dealing with their com-
plexity. By studying the effects of structural and compo-
sitional differences among the superconductors and relat-
ed materials, much has already been learned about the
factors that contribute to superconductivity and other
properties. Such studies indicated that carriers intro-
duced into nonconducting compositions by increasing ox-
ygen composition (as in YBa,Cu;O5_ ) or by substituting
cations with different valences (as in La,_,Sr,CuO,4_;)
are responsible for the metallic and superconducting
character."> Comparisons that showed that supercon-
ductivity is strongly affected by substituting other transi-
tion metals for Cu emphasized the delicate importance of
the copper-oxygen planes.’

In our optical studies, we use the chemical diversity to
understand the electronic structure responsible for visible
and near-ultraviolet optical spectra. As this energy range
gives information on chemical bonding, these measure-
ments help us to understand the relationship between
chemical structure and the electronic properties of the
materials. Much of our effort has been directed towards
understanding the strong optical features that are associ-
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ated with oxygen deficiency in YBa,Cu;0,_,, as reported
in an earlier paper.* By finding other compounds that
show similar features, we have identified specific chemical
substructures that are résponsible for these features. This
in turn has indicated the importance of the oxygen coor-
dination of copper to the optical spectra and to transport
properties.

II. EXPERIMENT

Since the selection of samples is closely tied to the
study of specific optical features, we discuss individual
materials with our results. Specific references to syn-
thesis details are given there. In general, samples were
fabricated by a solid-state reaction of appropriate ratios
of powdered materials under controlled gas environments
to obtain desired stoichiometries and phases.” This
method yielded samples of ceramic quality and allowed a
wide variety of materials to be prepared and studied.
Samples were characterized by x-ray powder diffraction.
Oxygen stoichiometries were determined by iodometric
titration, and superconducting transition temperatures
(T,.) were measured by ac susceptibility using a SQUID
magnetometer.

In optical studies of these materials, it is necessary to
deal with the complications resulting from their random-
ly oriented anisotropic multigrained nature. Flat, pol-
ished surfaces were prepared using a slurry of 0.05-um
alumina suspended in methanol on a glass plate. Residu-
al polishing damage was reduced with a finish lap using
the same slurry on a single sheet of lens paper. Although
these surfaces were still rough due to their multigrained
nature, the scattering from grain boundaries and voids is
not critical for measurement by ellipsometry, which does
not rely on absolute intensities. Our confidence in this
surface preparation method follows from reproducibility
of results, favorable comparisons among different labora-
tories, and measurements on thin films and single crystals
that did not require polishing.

A spectroscopic ellipsometer, described elsewhere,®
was used to measure the complex reflectance ratios be-
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tween reflectances parallel and perpendicular to the plane
of incidence over an energy range of 1.5 to approximately
5.8 eV. From these measurements, the complex pseudo-
dielectric function, e=e¢,+i€,, was calculated in the
two-phase model, which assumes an isotropic sample and
air ambient. This is an approximation for these materi-
als, but studies on oriented samples have shown that the
anisotropy in this energy range is mild.” The anisotropic,
multigrain nature of the materials causes a spread of po-
larization information, the primary result of which is
some uncertainty in the absolute value of €,. However,
the structure of the spectra is not obscured and compar-
isons with oriented-film and single-crystal data of some of
the materials indicate that this uncertainty is small.

III. YBa,Cu;0,_,

The most intriguing aspect of the visible-near-
ultraviolet studies is the oxygen-composition dependence
of the strong localized absorption features in
YBa,Cu;0,_,. This is particularly interesting because of
the strong effect that oxygen stoichiometry has on the
transport properties in this material.! The compound is
stable for compositions between x =0 and 1. When x is
near 0, the material has its highest conductivity and criti-
cal temperature for superconductivity. Both conductivi-
ty and 7, decrease with oxygen content. For x greater
than ~0.6 the material shows temperature-dependent
resistivity like a semiconductor and superconductivity
does not occur. ;

Spectra for high- and low-oxygen stoichiometries are
shown in Figs. 1(a) and 1(b). The low-oxygen spectrum
shows strong features at 1.7 and 4.1 eV. These features
have been observed by ellipsometry,*®° absorptance in
thin films,'® reflectance,'"'? and electron energy loss.'?
Experiments involving substitution of rare-earth elements
on the Y sites and Sr on the Ba sites showed that the
low-oxygen features are largely independent of these ele-
ments.* As an example, the spectrum for low-oxygen
YSr,Cu;0,_, is shown in Fig. 1(c). Although this ma-
terial is difficult to make, we succeeded in obtaining a sin-
gle phase sample (as determined by x-ray diffraction).
This material was made with a stoichiometric mix of
SrCO;, Y,0;, and CuO, that was repeatedly ground and
annealed at 920°C. The phase is probably stabilized with
small amounts of impurities incorporated during the
several anneals as suggested in previous studies.!* The
sample showed a broad superconducting transition begin-
ning at 80 K, and an optical spectrum similar to that of
superconducting YBa,Cu;0,_,. Removal of oxygen by
annealing in argon resulted in the two strong optical
features shown in the figure.

Through these studies we concluded that the 4.1 eV
feature originates in a transition on linear O-Cu™*-O com-
plexes that are localized as a result of oxygen vacancies.
This assignment was encouraged by spectra of K,CuCl,
which also showed sharp features in this energy range.!
This compound also has isolated Cut complexes. We
have since obtained stronger confirmation of this assign-
ment from YCuO,. This compound has the delafossite
structure, with O-Cu™*-O linear complexes arranged in
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FIG. 1. Measured dielectric function €,;+i€, for materials
chosen to emphasize the 1.7- and 4.1-eV absorption features: (a)
YBa,Cu;04 55, 7., =90 K; (b) YBa,Cu3;O¢,;, 7.=0 K; (c) low-
oxygen YSr,Cu;0,_,, T.=0 K; (d) YCuO,. All measurements
were made at room temperature.

planes between positive ionic layers as in YBa,Cu;04. ¢
The spectrum for this compound is shown in Fig. 1(d)
and exhibits a feature at 4.2 eV that is strikingly similar
to the 4.1-eV feature of YBa,Cu;O4. The 4.2-eV feature
in YCuO, can be modeled with a Lorentzian line shape of
width ['=0.43 and strength E}=4mne’/m*=15.5 eV>.
This is three times as strong as the peak for
YBa,Cu;04 ;;,* which corresponds well to the site densi-
ty ratio for the two materials (2.87) when we assume that
only one Cu atom per unit cell is active in YBa,Cu;Oq.
Thus, we are confident that the optical feature can be as-
sociated with the localized O-Cu*-O complex.

This assignment encourages us to consider the sub-
structures of the unit cell. In Fig. 2 we show the crystal
structure of YBa,Cu;0,_,, as well as those of two other
superconducting  materials, La, ,Sr,CuO,_5 and
Bi,Sr,Ca;Cu,04.!" The figure emphasizes the oxygen
coordination at the copper sites. YBa,Cu;0;_, has two
distinct copper sites, commonly labeled Cu(1l) and Cu(2).
The Cu(2) sites have square-pyramidal coordination with
five oxygen atoms, and are arranged in planes by sharing
corners of the pyramid bases. The unit cell has two
such planes with the apexes in opposing directions.
These planes are the common element of the p-type car-
rier superconductor families with the exception of
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FIG. 2. Crystallographic structure for three Cu-O based superconductors. The oxygen coordination of the Cu sites is emphasized.

After Ref. 17.

La,_,Sr,CuO,_;, which has Cu-O planes with sixfold
octahedral oxygen coordination at the Cu sites. In all of
these cases, the bond lengths to the four oxygen atoms in
the plane are shorter than those to the one or two apex
oxygen atoms.

The Cu(l) sites are also arranged in a plane with simi-
lar spacing, but the occupation of the oxygen sites in the
plane is not complete. At x =0, only half of the sites are
occupied, and they are ordered in chains of alternating
Cu and O, resulting in orthorhombic crystal symmetry
with anisotropy between the a and b directions in the
plane as well as the ¢ direction perpendicular to the
plane. Thus at this oxygen stoichiometry, the Cu(1) have
a fourfold oxygen coordination with two oxygen atoms in
the plane and two out of the plane. These out-of-plane
oxygens are also the apexes of the Cu(2) sites. For higher
values of x, oxygen is removed from the Cu(l) plane.
Thus the Cu(l) plane has mixed oxygen coordination for
intermediate x values. At x R 0.5 the ordering into
chains, and consequent a-b anisotropy, is lost. Finally, at
x =1, there is no oxygen in the Cu(l) plane and the Cu
sites are twofold coordinated to the apexes of the Cu(2)
planes. At the same time, the bond length from these ox-
ygen atoms to the Cu(l) atoms shortens from 1.83 A to a
very low 1.80 A. 18

In order to consider the relation between the optical
features and the oxidation state of Cu atoms, we also ex-
amined the two basic oxides, Cu,O and CuO, which have
copper valences of 1+ and 2+, respectively (Cu 3d occu-
pations of d'° and d°, respectively). The spectra for sin-
tered and polished samples of these oxides are shown in
Fig. 3. Neither shows the sharp features of YBa,Cu,O,
indicating that these features are not simply associated
with a particular oxidation state of Cu. Thus, although
the stoichiometry dependence of the peaks suggests a link
with Cu™, the difference between the Cu,0O and
YBa,Cu,;O¢ results indicates that the nature of the bond-
ing plays a dominant role in these transitions.

As mentioned above, both YCuO, and K,CuCl; have
spectra with features similar to the 4.1 ev absorption in

YBa,Cu;04. Both of these are easily identified as Cu™
compounds according to standard oxidation number as-
signment rules. The oxidation state of Cu in
YBa,Cu;0,_, is less simple. At x =1, the rules give an
average oxidation number of +1.67. The linear coordi-
nation of the Cu(l) atoms is a common geometry for the
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FIG. 3. Measured dielectric function for simple oxides of Cu,
(a) Cu,O with Cu™; (b) CuO with Cu?*; (c) CrCuO, with Cu*
and the same structure as YCuO,.
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Cu"t state. Therefore, to the extent that oxidation num-
ber is meaningful for these covalently bonded materials, a
reasonable assignment is 1+ for the linearly coordinated
Cu(l) sites and 2+ for the fivefold coordinated Cu(2)
sites. As x decreases, some of the Cu(l) sites become
threefold or fourfold coordinated and the average oxida-
tion number of Cu increases to +2 at x =0.5. At x =0,
the average oxidation number reaches 2.33, suggesting
that some of the Cu atoms are in a 3+ state. However,
electron spectroscopy has not provided convincing evi-
dence of a Cu d® ground state but indicates instead that
the surplus positive charge has greater presence at the ox-
ygen sites and provides the delocalized holes that support
conduction.!>?°

Considering the similarity between the spectra of
YBa,Cu;04 and YCuO,, the x-ray absorption evi-
dence,?! ™% the predictions of coordination chemistry,
and the oxidation number, we therefore identify the
linear Cu(l) site with the Cu™ state. Since Cu’ has a
filled 3d shell, this assignment has implications for the
magnetic properties of the low-oxygen material. Our re-
sults for the intensity of the 4.1-eV feature as a function
of oxygen content indicate that some linear complexes,
and therefore some Cu’ atoms, are present even for
small concentrations of oxygen vacancies. Therefore, the
energetic cost of pairing two oxygen vacancies about the
same Cu(l) site must be small. Furthermore, the pres-
ence of Cut in the Cu(1) plane means that even when the
average oxidation number of Cu is less than +2, there
may still be holes in the Cu(2) planes that can support
conduction. This indicates why these materials can show
superconductivity for x values slightly higher than 0.5.

The presence of Cu’ was also determined by Cu K-
edge x-ray absorption studies.?! ”2* In these studies, a
sharp preedge absorption was attributed to transitions
from the Cu 1s orbital to antibonding states of 7 charac-
ter derived from the Cu 4p orbitals. These studies further
showed that the final-state orbitals were oriented parallel
to the a-b planes.?® If the 4.1-eV feature is also due to
transition to this antibonding level, then this orientation
is consistent with our observation of the feature from
single-crystal surfaces parallel to the plane. Observations
of the orientational dependence of the 4.1-eV transition
indicate that it is highly directional, with low strength for
light polarized perpendicular to the planes.?*

Since Cu,O also shows the sharp x-ray edge feature
and has Cu atoms with twofold oxygen coordination, oth-
er details must be important to the existence of the sharp
4.1-eV feature. The Cu—O bond lengths of YBa,Cu;O,
YCuO,, and Cu,O are 1.80, 1.835, and 1.85 A, respective-
ly, so a short bond length may favor the transition. The
extended bonding and localization of the linear complex
may also be important. The oxygen atoms are
tetrahedrally bonded to four Cu atoms in Cu,0O, in con-
trast to the ionic environment of the linear O-Cu-O unit
in YBa,Cu;0¢ and YCuO,. A measure of the localization
of the species is given by the distance between the Cu
atoms, which are arranged in planes for all three materi-
als. For YBa,Cu;0q, the copper atoms form a square lat-
tice with a Cu-Cu spacing of 3.856 A. In the other two
compounds, the Cu atoms form a hexagonal lattice with
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Cu-Cu spacings of 3.524 A for YCuO, and 3.02 A for
Cu,0. The compound CrCuO, has the same structure as
YCuO, but with a Cu-Cu spacing of 2.975 A.25 The
Cr—O bonding is also likely to be more covalent than
that between Y and O. Consequently, it is not surprising
that the CrCuO, spectrum is more like that of Cu,O [Fig.
3(c)]. Thus it appears that the ‘“backbonding” of the O
atoms and the degree of isolation of the O-Cu-O complex
are both critical for the 4.1-eV feature. A wide atomic
spacing allows the active orbitals, which may be those de-
rived from the Cu 4p states within the plane, to remain
localized and well defined in energy, rather than
dispersed into a band as with Cu,0O. The 4.1-eV feature
also seems to be favored by a short Cu—O bond length.

We originally proposed that the 4.1-eV feature was due
to either a charge-transfer transition, d 107101 or an in-
traatomic transition, d'°-d%.* Considering the above in-
formation these remain reasonable assignments, with the
recognition that the Cu 4s orbitals are most likely hybri-
dized with the Cu 4p and the O 2p orbitals. However,
considering the temperature-dependent data’ and the im-
portance of the oxygen bonding, we agree with Humliéek
et al.® that the charge-transfer transition is the better as-
signment. Addition of oxygen to the Cu(l) plane, with
the corresponding change in Cu(1)—O(4) bond length,
apparently reduces the oscillator strength for this transi-
tion. The extra ligands in the Cu(l) plane probably also
cause the final-state orbitals to be more dispersed in ener-
gy, broadening the absorption, which may be responsible
for the absorption shoulder near 4.5 eV in the supercon-
ducting composition. Garriga et al. also note that transi-
tions involving the Ba and O may contribute to the spec-
trum in this energy range.®

The identification of this strong, easily identifiable opti-
cal feature with oxygen deficiency provides a useful
method of characterizing oxygen content on surfaces,
thin films, or interfaces. We have recently demonstrated
this approach in studying the effect of metallic overlayers
on the surface chemistry of this material.?

We now consider the 1.7-eV feature, which shows in-
teresting behavior that is different from that of the
4.1-eV feature. The latter is obtained only by creating
oxygen vacancies in the Cu(l) plane. The 1.7-eV feature
also appears when the metallic character in
YBa,Cu;_,Co,0;_, is removed by substituting Co for
Cu, which occurs for y >0.3.> The spectrum of high-
oxygen YBa,Cu, 4Co, ¢O,_, is shown in Fig. 4(a). Note
the presence of the 1.7-eV feature but the absence of a
feature at 4.1 eV. Therefore the 1.7-eV peak is more gen-
erally coupled to the suppression of metallic conductivi-
ty, rather than simply to a particular chemical change
such as oxygen loss.

The 1.7-eV optical behavior is also more general with
respect to structural families. A 1.7-eV absorption ap-
pears in the superconductor Bi,Sr,CaCu,0O; when it is
made nonconducting by substituting Y for Ca, as seen in
Fig. 4(b).!” Since all of these materials have the fivefold
configured Cu sites, we measured samples of another ma-
terial, La,SrCu,0y, that has not yet shown superconduc-
tivity, but also has planes like the Cu(2) planes.?’” As
shown in Fig. 5, a feature at 1.7 eV is again present and is
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FIG. 4. Measured dielectric function for compounds exhibit-
ing the 1.7-eV feature, (a) and (b) with fivefold O-coordination
of Cu sites, (c) and (d) with fourfold coordination. In (d), the
solid curve is for x =0 (nonmetallic), the dashed curve is for
x =0.15 (metallic and superconducting), and the dotted curve is
for a single crystal with 7, =15 K.

stronger for material annealed in a low-oxygen atmo-
sphere. These samples showed poor conductivity and
low-temperature semiconducting behavior. The samples
were also shown by x-ray diffraction and the lack of
a superconducting break transition to be free of
La,_,Sr,CuO,_5, which could be an impurity in this
material. While conductivity could be improved with
oxygen-rich annealing, no superconductivity was ob-
served.

We do not observe the 1.7-eV feature in
La,_,Sr,CuO,_;, with sixfold coordination, which also
has an insulator-metal transition as a function of x. The
spectra for these samples were reported in Ref. 28. How-
ever, a more subtle feature at 2.1 eV shows a doping
dependence that is similar to that of the 1.7-eV feature
and may have related origin.

Although the differences between materials with six-
fold and fivefold oxygen-coordinated Cu sites indicate
that coordination may be critical to the 1.7-eV feature,
another difference between La,CuO,_5 and YBa,Cu;04
is magnetic ordering.?®3® YBa,Cu;0y is antiferromagnet-
ically ordered below ~500 K, while La,CuO,_g is only
ordered below room temperature. Temperature-
dependent studies of the optical spectrum YBa,Cu;0q
showed a strong temperature dependence for the 1.7-eV
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FIG. 5. Measured dielectric function for La,SrCu,0O4 as a
function of oxygen composition: (a) annealed in Ar; (b) an-
nealed at 500°C in O,; (c) annealed at 800°C in O,; (d) annealed
at 800 °C under 50 atm. O,.

feature, but no correlation with the Néel temperature.9

We made similar measurements that are in agreement
with these results. Cooling La,CuO,_5 below its Néel
temperature also produced no sharp change in the optical
spectrum.

To further investigate the role of oxygen coordination,
we synthesized and measured two more materials whose
structure comnsists of perovskite-type Cu-O planes, but
without apex oxygen, resulting in fourfold square-planar
coordination of the Cu. These materials are
Ca, ¢Srp ,Cu,0,4,%! and Nd,CuO,.3? Neither are metallic
or superconducting. The former has alternating planes of
Cu-O and Ca, an extension of a structure in the Bi-
containing Cu-O superconductors. Nd,CuO, has a struc-
ture (labeled T') which is a variation of the La,CuO,
structure, with Cu-O planes separated by Nd-O-Nd
sandwichlike layers.

The spectra for these materials are shown in Figs. 4(c)
and 4(d). Both show features slightly below 1.7 eV, with
similar strengths and widths. Thus the planes of fourfold
and fivefold Cu sites show similar electronic structure in
this energy range that is indirectly related to conductivi-
ty. It is tempting to view these two materials, as well as
La,SrCu,0q, as being similar to undoped superconduct-
ing materials, and to investigate the possibility of induc-
ing superconductivity by chemical doping. In fact, a su-
perconductor produced by doping the T’ structure with
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Ce (n type rather than p type) was recently reported.®?
As shown in Fig. 4(d), Nd,CuO, also loses the 1.7-eV
feature when the material becomes conducting. Thus
both n- and p-type carriers can suppress this feature.
Note also the increase in spectral weight near 4 eV which
suggests a change in Cu-related transitions, probably due
to the presence of Cu™. A spectrum from a single-crystal
sample that was recently synthesized and showed super-
conductivity at 7,=15 K (Ref. 34) is also shown. The
lower value of €, for this (001) surface is consistent with
higher conductivity parallel to the Cu-O planes, as with
the p-type materials.

Having established that the 1.7-eV feature originates in
Cu-O planes with fourfold or fivefold oxygen coordina-
tion of the Cu sites, we wanted to see if this coordination
of Cu was sufficient to produce the feature or if the ex-
tended plane structure was also important. We investi-
gated this by considering samples that again have Cu in
square-planar or square-pyramidal coordination with ox-
ygen, but where the sites are no longer arranged in the
perovskite-type structure, either by being more isolated
from neighboring sites by bonds to other ions, or ar-
ranged in more complex three-dimensional structures.
These include BaCuO, (Ref. 32) and Y,CuBaOs,** which
are common impurity phases, La,BaCusO,;, and
LaSrCuq0,s.?’ Their spectra, which are shown in Fig. 6
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FIG. 6. Measured dielectric function for materials with four-
fold and fivefold O coordination of Cu sites, and nonplanar ex-
tended configuration of sites. The dashed curve corresponds to
oxygen-rich composition.
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do not have the 1.7-eV feature. This confirms the impor-
tance of the extended two-dimensional Cu-O structure.

The dependences of this optical feature on oxygen
coordination and on the extended structure among the
Cu-O sites suggest again a charge-transfer-type origin.
Considering the oxidation state of the Cu(2) atoms and
the energy of the feature relative to the d %L excitation,
a d°-d'°L transition is the probable origin. This is con-
sistent with conclusions based on temperature and pres-
sure dependence.”!! In particular, the feature grows
weaker, broader, and slightly lower in energy with in-
creasing temperature. This is opposite to the behavior
that might be expected for an intraatomic d-d transition
if thermal fluctuations contributed to reduced symmetry
and increased oscillator strength for this dipole-forbidden
transition. Another possibility to consider is an inter-
valent charge fluctuation, such as d°+d°-d'°+d® The
importance of the extended structure among Cu sites sup-
ports this type of assignment. However, work by Zaanen
et al.’® indicates that the energy for this transition for
copper oxide should be much higher and that the materi-
al should show a ligand-metal charge-transfer gap in-
stead. Spectroscopic studies on the superconducting ma-
terials also suggest that the d-d interaction energy in-
volved in the d°® state should be 5-10 eV.?” Thus, the
transition appears to be due to a bound charge-transfer
excitation, as proposed in Ref. 9, and determines a key
energetic parameter in the material.

Our measurements on single crystals indicate that the
transition may be strongest for light polarized parallel to
the Cu-O planes as was also indicated in reflectance mea-
surements, Ref. 12. The sharp feature may be due to a
bound excitation that is related to interband excitations
responsible for the broad absorption centered near 2.7
eV, which is a common characteristic of the copper-oxide
perovskite materials. This broad feature is similar to an
optical structure derived from a calculated band struc-
ture for the material, although shifted somewhat in ener-
gy.’® The similarity between the calculated and measured
optical spectra in this energy range suggests that inter-
band transitions are a reasonable description for the
broad feature. The existence of free carriers in these
bands apparently frustrates the bound excitation so that
it is only “turned on” when the material is nonmetallic.
The nature of this mechanism is still not understood.

IV. La,Sr,CuO,_;

As mentioned above, the previously reported behavior
of a 2.1-eV feature in La,_,Sr, CuO,_; is similar to that
of the 1.7-eV features of the other superconducting com-
pounds.?® The 2.1-eV feature may also be due to a bound
charge-transfer excitation with a different energy due to
the sixfold coordination of the Cu site. There is also the
broad feature near 2.7 eV that is common to these ma-
terials.

It is interesting to compare the spectrum of Sr,CuOsj,
which may be considered the end point of Sr substitu-
tion.’> As Sr is added in La,_,Sr,CuO,_s; beyond
x ~0.2, oxygen vacancies increase. At complete substitu-
tion of Sr, half of the oxygen atoms are missing from the
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Cu-O planes so that the Cu atoms now have square-
planar coordination perpendicular to the plane as with
Cu(l) in YBa,Cu;0,;. The 1.5-3.0-eV spectrum for
Sr,CuOj is very similar to that of La,CuO,_s, as shown
in Fig. 7. In fact, the 2.1-eV feature seems even stronger,
suggesting a strong role of out-of-plane. oxygen. Note
also the feature near 4.1 eV, which suggests additional
oxygen vacancies in the plane resulting in some twofold-
coordinated Cu sites. The material Bi,Sr,CuQg also has
Cu-O planes with the sixfold coordination, and has simi-
lar spectral dependence on conductivity with respect to
the 2.1-eV region, as shown in Figs. 7(a) and 7(b).!”

V. (Bi,Tl)z(Sr,Ba)zcan - lcun 04+ 2n

Another family of superconductors,
(Bi,T1),(Sr,Ba),Ca, _;Cu, 0,4 ,,, includes either
bismuth-oxygen or thallium-oxygen layers.*® The struc-
ture for n =2 is illustrated in Fig. 2(c). Phases have also
been observed for n =1 and 3, which differ by removing
or adding adjacent Cu-O and Ca layers. The n =1 ma-
terial has one Cu-O plane with sixfold coordination and
was mentioned above; the n =2 material has two fivefold
square-pyramidal coordination planes, and the » =3 ma-
terial has these two planes and an additional fourfold

Bizsr2<:u06

DIELECTRIC FUNCTION ¢, + i€,

Expanded
Scale
(a) (c)
1 1 L 1 1 1 1 1
2 3 4 5 2 3 4 5 6

PHOTON ENERGY (eV)

FIG. 7. Measured dielectric function for compounds with Cu
sites having two apex oxygen neighbors: (a) expanded scale
comparing nonmetallic (solid) and superconducting (dashed)
compositions of La,_, Sr, CuO, and Bi,Sr,CuQ, sixfold O coor-
dination of Cu sites; (b) Bi,Sr,CuQOyg; (c) Sr,CuQ;, fourfold coor-
dination.
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coordinated plane.

Unlike the previous families, the Bi-Tl superconduc-
tors have strong optical features that do not originate
with the electronic structure of the Cu-O plane. The Bi
structure has been prepared with both Fe and Co replac-
ing Cu.** The spectra of Fig. 8 show that the higher-
energy structure is hardly affected even by complete sub-
stitution of Cu by Co or Fe. In contrast, the spectrum
obtained when Bi is replaced by TIl, Fig. 8(b), is
significantly different. Therefore, we assign the absorp-
tion thresholds at 3.8 and 4.8 eV to transitions in the Bi-
O plane. Corresponding transitions in the T1-O planes
are at 3.5 and 5 eV. A comparison with spectra from
plateletlike single crystals*! suggests an orientation
dependence to these features, particularly the 3.7-3.9-eV
threshold, with stronger absorption occurring for light
polarized within the a-b plane direction.

As with the other families, these materials also show a
broad feature near 2.7 eV, apparently from the Cu-O
structure. Interestingly, however, the Co-substituted ma-
terial also shows a feature in this energy range and may
have a similar charge-transfer gap. As mentioned above,
the n =2 material can be synthesized with Y, which
yields a nonsuperconducting material that shows the 1.7-
eV optical feature. The n =1 phase, which has sixfold
coordination, has a 7, of about 10 K, and can be made
nonconducting by reducing the oxygen composition. The
spectrum for this composition shows a shoulder at 2.1 eV

Bi,Sr,CaCu,04 ., 5

leBa2CaCu208+ 5

DIELECTRIC FUNCTION ¢, + ic,

Bi,Sr;Fe, 0,

0 (b) (@

1 1 1 A 1

5 2 3 4 5 6
PHOTON ENERGY (eV)

N
[~
H

FIG. 8. Measured dielectric function for compounds in the
Bi-Tl structural family. Dashed curve corresponds to a (001)
single-crystal surface, Ref. 41.



6804

similar to that for undoped La,CuO,, Fig. 7(a). There-
fore, we see that our measurements of this family are in
good agreement with our structural assignments above.

VI. szsrz ACU308+ 5

Finally, we briefly consider the superconducting family
Pb,Sr,ACu;04,5 (A =Ln, or Ln+Sr or Ca).*> This
family has a structure similar to that of YBa,Cu;0,_,
with both Cu(2)- and Cu(l)-like planes. However, the
Cu(l) plane is sandwiched between Pb-O planes. De-
pending on the composition, A4, the material can be made
nonconducting or metallic and superconducting. These
materials were more difficult to polish, but representative
spectra are shown in Fig. 9. As expected, the noncon-
ducting sample has a weak 1.7-eV feature. There is also a
strong absorption structure at higher energy similar to
that in the Bi material, which we tentatively assign to O-
Pb charge-transfer excitations.

Somewhat unexpectedly, we do not see the 4.1-eV
feature, even though the linear O-Cu-O structures should
be present. There are several possible explanations for
this. The actual oxygen composition in these materials
has been difficult to determine,*’ so the Cu(l) sites may
also have oxygen coordination in the plane. Bonding be-
tween the oxygen atoms and the Pb layer may have a
stronger influence on the O-Cu-O complex than did the
ionic Ba atoms in YBa,Cu;0,_,, causing behavior more
like that of CrCuO,. The reported bond length between
the oxygen and the Cu in this plane is 1.89 A rather than
the 1.80 A of YBa,Cu;04, and may have a strong effect
on charge-transfer excitations. Finally, the strong ab-
sorption associated with the Pb may obscure a weak
feature.

VII. CONCLUSIONS

We have used optical spectroscopy to explore the sepa-
ration and localization of the electronic structure origi-
nating at specific chemical substructures of these materi-
als. Not surprisingly, the effects of this separation are
most strongly apparent for nonconducting compositions.
The optical spectra have characteristics that are common
among different families, as well as some that are specific
to particular materials. We have related the 4.1-eV ab-
sorption to the linear O-Cut-O structure and revealed
the importance of isolation in activating it. We have as-
sociated the 1.7-eV feature with Cu-O perovskite planes
of either fourfold or fivefold coordination, and have
shown that the existence of free carriers in these planes
frustrates this bound excitation. The similarity of the
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szsrzYCuso Pb2$r2Yo.5Ca0‘5Cu o

8+% 3

8+3

DIELECTRIC FUNCTION ¢, + ig,

(a) (D)

0 1 1 1 A 'l 1

1
2 3 4 5 2 3 4 5 6
PHOTON ENERGY (eV)

FIG. 9. Measured dielectric function for Pb,Sr,ACu;O4.45:
(a) nonmetallic; (b) metallic and superconducting, 7, =65 K.

1.7-eV optical behavior for the fourfold and fivefold coor-
dinated planes is particularly interesting in light of the
new n-type superconductor with fourfold coordination,
and this, combined with the difference in the sixfold coor-
dinated materials, suggests the possible importance of the
apex oxygen atoms in determining the ability to intro-
duce carriers into the plane. Our results also indicate
similar electronic structure in related materials that have
not yet shown superconductivity, encouraging further in-
vestigations of them.
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