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The customary way of determining the complex dielectric constant from the measured reflectance
spectra suffers from large uncertainties because of the extrapolations required for the Kramers-
Kronig transformation. To avoid these, a method is introduced in which reflectance and ellip-
sometric data on single crystals and epitaxial films are combined. Utilizing this approach, the spec-
tral functions of YBa2Cu307 (Y-Ba-Cu-0) and Bi2Sr&CaCu20~ (Bi-Sr-Ca-Cu-0) are determined with

substantially improved accuracy. This enables the unambiguous identification of optic plasmons at
1.4 eV in Y-Ba-Cu-0 and at 1.1 eV in Bi-Sr-Ca-Cu-O. No other low-lying optic plasmons are
detected, which likely rules out most plasmon-mediated superconductivity models. Next, the bare
plasma frequency is found to be Ae~ =3.2+0.3 eV in Y-Ba-Cu-0 and Ace~ =2.4+0.3 eV in Bi-Sr-
Ca-Cu-O. These values support ascribing the strong infrared absorption to charge carriers which,
however, are not free-electron-like, but rather show characteristic polaronic behavior. Finally, in
both Y-Ba-Cu-0 and Bi-sr-Ca-Cu-O, it is found that Im( —1/e) =Pto' for small to, and this law is

conjectured to be universal for all layered cuprate superconductors. It is again not Drude-like; it

may be compatible with the layered electron-gas model. The latter implies existence of a broad
band of acoustic plasmon branches.

I. INTRODUCTION

A. Low-energy excitations
and high-temperature superconductivity

Discovery of high-temperature superconductivity
(HTSC) in certain copper oxide compounds has triggered
an unprecedented world-wide research activity. '

While certainly there are many important technological
issues involved, the paramount scientific problem is, un-
doubtedly, to understand what makes some of these com-
pounds superconducting at temperatures as high as 125
K and perhaps even higher. Addressing this question, a
vast number of theoretical models have already been pro-
posed (see Refs. 2 and 3 and references therein), but very
few of those have been ~orked out in enough detail to
provide specific, experimentally refutable predictions.
Yet, these models vary widely in the basic assumptions
made about the nature of the charge carriers (ordinary
band electrons, holons, bipolarons, . . . ) and/or the bo-
sonic excitations (phonons, excitons, magnons, plas-
mons, . . . ) assumed to mediate the pairing interaction. It
is in this context that an experimental study of low-
energy excitations in the cuprates could perhaps be
relevant for deciphering the mechanism of HTSC. (By
"low energy, "we mean less than about 2 eV; this is a nat-
ural cutoff provided by the optical gap of the "parent" in-
sulating compounds such as La2Cu04 and YBa2Cu306. )

With this motivation, we have undertaken an extensive
and systematic study of optical properties of various
members of the HTSC-cup rate family. A range of
methods (reflectance and Krarners-Kronig transforma-
tion; reflectance and transmittance of a thin film;
transmittance through several films of different
thicknesses; reflectance and ellipsometry) has been inves-

tigated comparatively. The method finally chosen and
the optical constants obtained we believe to be accurate
and reliable. Both are presented in the following, togeth-
er with a discussion of the character of plasmons and the
value of plasma frequency in materials under study. The
latter is an important input parameter for a discussion of
the nature of charge carriers. This will be presented in
the sequel, where an analysis of the dependence of the
spectra on temperature and carrier concentration is
given.

B. Plasmons and HTSC

The motivation to study plasmons in cuprate supercon-
ductors is twofold. First, plasmons mediate the pairing
interaction in several theoretical models. However, even
among these authors there is much agreement about the
specific nature of plasmons involved. For example, Ru-
valds has postulated two types of charge carriers (heavy
and light), with two corresponding plasmons (at about 0.1

eV and at about 1 eV, respectively). Griffin has assumed
the existence of an acoustic plasmon branch originating
from out-of-phase charge fluctuations on Cu02 sheets
and CuO chains in Y-Ba-Cu-O. In Gersten's model,
two-dimensional (2D) ionic and electronic plasmon
modes are coupled, giving rise to a normal, higher-
energy, electron-plasmon-like mode and a highly anoma-
lous, soft acoustic mode which does not rise above about
1 meV or so. Kresin and Morawitz have put forward a
layered electron-gas model with a whole band of acous-
ticlike plasmon branches. Ashkenazi, et al. propose
that low-frequency, "heavy axis" plasmons are involved,
etc.

Second, the plasma frequency —defined by
co =4mNe /m*, where N is the charge carrier concen-
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tration and m * is the optical effective mass —is one of the
key electronic parameters needed to characterize the nor-
mal state of metallic cuprates, the nature of which is still
controversial. (Note that "plasma frequency" is some-
what of a misnomer: ~ is not the frequency of plasmons
in real materials. A better approximation, in particular
for good metals, is the screened plasma frequency
co =co /Qe„, where e„ is the "background" dielectric

P
constant. The two are often confused, and to avoid that
we exclusively refer to co in what follows. )

Attempts to determine the plasma frequency in cu-
prates have been numerous. ' Let us focus on
YBa2Cu307 (Y-Ba-Cu-0) first, since this compound has
been studied most extensively and presumably is best un-
derstood from the materials science point of view. In
Table I, we have listed the values of Acoz reported so far
for Y-Ba-Cu-O. Apparently, they are scattered enor-
mously over several orders of magnitude. The discrepan-
cy can be somewhat reduced by discarding the highest
few values; these come from electron energy loss spec-
troscopy (EELS) studies, and they actually correspond to
"valence-electron" or "bound-electron" plasmons which
cannot be relevant for superconductivity. (This does not
mean that the data of Refs. 44-46 are in error, but mere-
ly that in what follows we refer to free charge carrier
plasmons, which are of some potential interest as candi-

date bosonic excitations. ) Still, a large discrepancy
remains; it partly originates from certain material-related
difficulties which have been understood since.

As for Bi2SrzCaCu20s (Bi-Sr-Ca-Cu-O), the reports on
co are still comparatively scarce; yet, the values are al-
ready spread out over more than an order of magnitude,
indicating that some problems transcend the materials
differences and may well be of methodological character.

In the rest of this section, we try to identify the princi-
pal causes of uncertainty about co&,

' in Sec. II, we present
an attempt to considerably improve the accuracy in
determining the spectral functions of cuprate supercon-
ductors.

C. Material-related problems

1. Reflectance

Early studies of reflectance from pressed-powder pel-
lets were plagued by rough pellet surfaces formed of ir-
regular, highly anisotropic yet randomly oriented grains,
by oxygen-depleted surface regions formed as a result of
inadequate sample handling, and quite likely by the pres-
ence of some insulating phases; the overall result was gen-
erally very low reflectance. For this reason, we may also
discard the lowest few co values in Table I. Still, a few

TABLE I. The plasma frequency of Y-Ba-Cu-0 for electrons moving parallel to Cu02 layers, e~,
and perpendicular to Cu02 layers, ~~, P=powder or pressed pellet; F=thin film; C=crystal;
M=mosaic of small crystals; Ca(Cb)=monodomain crystal, field along a axis (b axis); FIR=far in-

frared reflectance; IR=infrared reflectance; IR/UV=infrared through far ultraviolet reflectance;
IRT=infrared reflectance and transmittance; pw=microwave measurements; @SR=muon spin reso-
nance; g =magnetic susceptibility measurements; KI =kinetic inductance measurements;
EELS=electron-energy loss spectroscopy; ell=ellipsometry; NR=spin-polarized neutron reflection.
Note that in Refs. 12, 14, 19, 22-24, 26-30, and 43 the magnetic penetration depth was reported actu-
ally; the values of plasma frequency listed here are obtained using A'~p l6c/k(0).
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FIG. 1. Sample-to-sample variations in mid-infrared
reflectance of four superconducting Y-Ba-Cu-0 films, {A) —{D),
from the same batch.

hundred percent uncertainty remains, even if we restrict
ourselves to reflectance studies on single crystals and

highly oriented thin films. With rare exceptions, these
were limited to the geometry in which the light beam irn-

pinges on the ab face of the crystal at a nearly normal in-

cidence. Twinning in Y-Ba-Cu-0 "single" crystals and
the mosaic structure of epitaxial films wash out possible
differences between [100] and [010] directions; hence, in
what follows we assume the electric-field vector to be
parallel to the CuOz layers and discuss plasmons of that
polarization.

Thin films are much easier to oxygenate uniformly, and
good superconducting Y-Ba-Cu-0 films have been grown
by many groups. Films with low normal-state resistivity
(p=200 —300 pA cm at room temperature), with T, )90
K and 1 —2 degrees wide superconducting transitions,
with critical currents in excess of 10 A/cm at T=4.2 K,
etc. have been available at Stanford ' early in 1987.
Many of those looked shiny and optically homogeneous,
promising good spectroscopic results. Yet their
reflectance spectra showed large sample-to-sample varia-
tions. An extreme example of this is shown in Fig. 1,
where infrared reflectance spectra of four films from the
same batch (i.e., grown simultaneously one next to anoth-
er) are compared. Subsequent investigation showed such
variations to be largely surface related. In Fig. 2, we
show again the spectra of the "worst" film D, from which
the top 100-nm-thick layer has been removed several
times, sequentially, by ion milling. After a few sputtering
sequences, the reflectance of the film D reached and even
surpassed that of the "best" film A, and even that of most
Y-Ba-Cu-0 single crystals studied by ourselves or de-
scribed in reports of other groups. A word of caution
may be in order here: ion milling itself produces some
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FIG. 2. The eFect of surface cleaning on reflectance of a Y-

Ba-Cu-0 film as grown (D1); after the surface layer, 100 nm
thick was removed by ion milling (D2); with top 200 nm layer
removed (D3).

surface damage, in general. Very cautious work was
done here by Dr. K. Char (who also grew the films
A D); the i—on-beam energy was kept to a minimum, a
nearly grazing angle of incidence was employed, and in
each milling sequence the last 20 nm were sputtered away
by 02+ ions to avoid possible oxygen depletion at the sur-
face. ' Finally, we always recorded the diffuse
reflectance spectra; this does not seem to be a common
practice and yet in our experience without this check the
specular reflectance data can be misleading. Namely, the
diffuse reflectance was found to be negligible—
evidencing of high surface quality —only in the best few
samples. In most films this was not true; the specular
reflectance was diminished by surface roughness, and
therefore not truly representative of the intrinsic dielec-
tric response of the material.

Single crystals of Y-Ba-Cu-0 also require substantial
care in sample handling and surface preparation. Ad-
dressing this issue, the Princeton group concluded that
even a brief exposure of Y-Ba-Cu-0 crystals to air results
in formation of thick, Y- and 0-depleted layer on the sur-
face. Ion milling was found to be beneficial, increasing
the reflectance significantly (by 5% or more); their im-
proved spectrum is almost indistinguishable from those
of our best cleaned thin films.

Finally, let us mention that the occurrence of stacking
faults —such as extra Cu-0 layers, for example —is quite
common in Y-Ba-Cu-O, in particular in thin films. (In
the extreme case, one gets a pure 2:4:8 phase,
Y2Ba4Cu80&6, which tends to have higher concentrations
of charge carriers, higher conductivity and higher
refiectance than the 1:2:3 phase. ) In Bi-Sr-Ca-Cu-O,
stacking faults —e.g. , the inclusions of the 2:2:0:1or the
2:2:2:3phase —are at least as common.

2 Transmittance

Surface-related problems can be largely suppressed by
measuring transmittance rather than reflectance. A pop-
ular approach is to disperse powder under study in KBr
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or to enclose it in polyethylene; however, the problem
here is that the optical penetration depth in Y-Ba-Cu-0 is

less than 100 nm, while the grain size is typically —10
pm or so. Hence, the grains simply do not transmit light;
it can only leak through by bouncing off grain surfaces.
Thus the conclusions based on dispersed-powder
transmittance measurements should be assessed carefully.
[The same caveat applies to numerous reports of absence
of fast (nonbolometric) response to laser pulse excitations
based on measurements on pressed pellets or thick films:
If the sample is much thicker than the optical penetration
depth —i.e., if it is not transparent —the unperturbed, su-

perconducting bottom layer shorts out the signal. ]
Real transmittance can be measured conveniently on

films a few tens to a few hundred nm thick. Indeed, the
first such measurement immediately established an im-
portant fact that there are no low-frequency excitons in-
trinsic to Y-Ba-Cu-O. (Films of various orientations were
employed, and a complementary Raman scattering study
was performed also in order to eliminate other possible
symmetries . ) The key inference is that the excitonic
mechanism of HTSC —at least for the commonly accept-
ed meaning of "exciton" and for the materials known at
present —is indeed quite unlikely.

It may be relevant to point out here that transmittance
data on Y-Ba-Cu-0 also show some, although certainly
less striking, sample-to-sample variations. This is illus-
trated in Fig. 3; notice that some (but not all) films show
a feature at about 0.5 eV, albeit a very broad and weak
one. A similar feature was observed also by Geserich,
et al. ;s by plotting 1/T rather than T and choosing a
favorable scale, they blew up this feature, ascribed it to a
d-d exciton, and speculated that it may be responsible for
the HTSC phenomenon. However, it is shown in Fig. 3
that transmittance spectra of at least some films of excel-
lent superconducting characteristics (high T„sharp tran-
sitions, high j„etc.) do not show any structure near 0.5
eV. Nor did we see the simple correlation between the
strength of this feature and the film thickness which was
suggested in Refs. 54 and 55; the transmittance inflection
at -0.5 eV was quite noticeable in a few rather thin
(d=50 nm) films, and it was clearly absent in some much
thicker (d & 400 nm) ones. Rather, the relevant variable
is the carrier concentration; the feature is more pro-
nounced in oxygen-depleted samples.

The origin of the preceding discrepancy is in all likeli-
hood materials related again. Namely, all HTSC thin
films produced so far have been granular, with some frac-
tion (at least a few percent in the very best samples and
typically more) of grains misoriented, oxygen depleted, of
a wrong stoichiometry, etc. Such grains generally
transmit light much better than the "good, " highly con-
ducting grains aligned with the c axis perpendicular to
the substrate. Knowing as we do now that the transmit-
tance of say a 400-nm thick film should be well below
1%, one must beware of the presence of even a small
fraction (say 1%) of insulating grains, which act like win-
dows and could easily dominate the transmittance.
Indeed (a) Geserich et al. explicitly stated that the 0.5 eV
feature is seen clearly only in such thick films, (b) their
spectra show a strong 1.7 eV feature known now to be
characteristic of oxygen-depleted Y-Ba-Cu-O, (c) the
transmittance reported was much too high for the nomi-
nal film thickness, and (d) the films were grown on
unoriented sapphire, and to our best knowledge such
films have so far been inferior to those grown epitaxially
on (100) faces of SrTi03 (Sr-Ti-0) single crystals. All of
these are consistent with the preceding interpretation.

One concludes then that transmittance measurements
on thinner (say 50—100 nm thick) films should provide
more reliable information on the intrinsic optical proper-
ties of Y-Ba-Cu-O. If the measured T is, say, about 50%
or so, it cannot be affected much by the presence of, say,
few percent of "bad, " transparent grains. However, even
though the general shape of such spectra should be
correct, caution is still needed if quantitative determina-
tion of optical constants is to be attempted; one should
beware of reduced density of the material, pinholes,
film/substrate interdiffusion, etc.

The bottom line is that Y-Ba-Cu-0 is a complex ma-
terial; to derive reliable conclusions from optical studies,
detailed material characterization, very careful sample
handling and study of a large number of samples
prepared under different conditions, are all necessary.

Fortunately, the more recent Bi2SrzCaCu20& (Bi-Sr-
Ca-Cu-0) compound with T, =85-90 K is much more
forgiving. Large single crystals can be grown; the ones
we studied (grown by D. Mitzi at Stanford University )

were as large as 10X 10X0.2 mm . The material does not
lose oxygen readily, in contrast to Y-Ba-Cu-O. Finally,
the crystals are cleaved easily, which we did with a pair
of vacuum aspirators to avoid contamination. The
cleavage generally occurs along the BiO layers (parallel to
the ab plane) and it produces surfaces almost atomically
perfect, as evidenced by scanning tunneling microscope
pictures obtained by Kirk et al. on some samples from
the same batch. These are excellent circumstances for
reflectance studies; in contrast, transmittance work on
thin Bi-Sr-Ca-Cu-0 films still faces most of the problems
encountered in Y-Ba-Cu-O.

D. Some methodological difBculties

FIG. 3. Sample-to-sample variations in transmittance spectra
of Y-Ba-Cu-0 films, approximately 50, 70, 180, 200, and 300 nm
thick ( A) —(E). Notice appearance of weak features in films 8
and D, apparently without correlation to the film thickness.

While material-related problems are serious enough,
discrepancies shown in Table I originate at least in part
from different methods of analysis, with inequivalent as-
sumptions adopted by different groups.
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to derive the phase 8(co) from the known reflectance
spectrum. Once both R (co) and 8(co) are known, one can
calculate all other optical constants:

1 —R
1+R —2&R cos8

(2)

The simplest approach is to fit the measured
reflectance R (co) using the Drude model. This is routine-
ly done by many groups, and the value of Ace in Y-Ba-
Cu-0 is generally found to be about 2.5 —3 eV, at least for
single crystals and oriented films. It is indeed understood
that this is only a crude estimate of Ace, say good to
within 20 —30% or so. An exception to this general atti-
tude may perhaps be provided by some papers of Uchida
et al. ' who tried to apply this (crude) method to a
study of fine variations of ~ that occur when the oxygen
content or doping level are changed, to correlate these to
variations in T„and from that to derive some far-
reaching conclusions about the normal and the supercon-
ducting state of the cuprates.

On the opposite side, Timusk and Tanner have (right-
fully) pointed out that the temperature dependence of the
reflectance does not agree with that of the simple Drude
model; they argue that the infrared response of Y-Ba-
Cu-0 and related cuprates is a superposition of a (low-
frequency) charge-carrier response and a (higher-
frequency) charge-transfer exciton or interband transi-
tion. Of principal importance here is that the plasma fre-
quency is necessarily much lower (%co =0.5 —1.5 eV) in
such a model. Hence, the spread of values of Tables I
and II largely originate from inequivalent methods of ex-
tracting co from the experimental data.

Certainly, we agree that the simple Drude model does
not describe adequately the physics of cuprate supercon-
ductors. Indeed, we have already pointed out that the
damping obtained from the fit is large and suggestive of
polaron formation or quasilocalization; optically, Y-Ba-
Cu-0 resembles a heavily-doped polaronic semiconductor
much more than a good metal. Polaronic effects are
indeed expected ' to modify the infrared response (and
its temperature dependence), which nevertheless still orig-
inates from charge carriers It is for. this physical reason
that the Drude model could still provide a reasonable
first guess (but nothing better than that) for fico, which
we are argue below should actually be close to -3 eV in
Y-Ba-Cu-O.

Another popular and in principle model-independent
approach is to use the Kramers-Kronig transformation:

co I lnR(co') —lnR (co)
d

0 CO CO

2&R sin8

1+R —2+R cos8

6)=n k2 2

e2=2nk,

Re =4~F2/a,

etc. Finally, one can determine co from the sum rule:

(3)

(4)

(6)

CO
i

I(co, )=I R.ecr(co)dco=cop/8, (7)

where co& is a certain cutoff frequency, high enough to
have the entire free-carrier response included but low
enough to exclude all interband transitions. In simple
metals, the two spectral ranges are usually well separated;
in between them, the integral I(co, ) does not vary with

co, . However, in the case of Y-Ba-Cu-O, Rect(co) is al-
most featureless (as will be shown later in Sec. IV A), and
hence the function I(co, ) increases monotonically with

co&, the choice of which then becomes ambiguous.
An even larger uncertainty is brought in by high-

frequency extrapolations for R (co) that have been em-

ployed so far for Y-Ba-Cu-O. Namely, to calculate accu-
rately the integral in (7), one needs to know the function
R (co) over the whole spectral region; in practice, this
means over a range wide enough to include all significant
spectroscopic features. However, most reflectance stud-
ies of superconducting cuprates reported so far were re-
stricted to a range between a few meV to a few eV at best,
just barely entering the interband transition range. In
many cases, only the far-infrared region (few meV to less
than 0.1 eV) was studied, but nevertheless the Kramers-
Kronig transformation was utilized. Needless to say, one
should not trust the optical constants derived under such
circumstances.

It may be of interest to predict the sign of the error.
Actually, different groups employ different forms of
high-frequency extrapolation, but in most cases this turns
out to be some fast-decaying function of co, such as
R (co)-1/co for co co2, or R (co)-1/co for coz~co ~co3
and R (co)-1/co for co) co3 (where co&, co3 are some cutoff
frequencies), etc In ea.ch case, one grossly underesti
mates the strong absorption given rise by interband tran-
sitions above 2 —3 eV, which in reality do take place in
Y-Ba-Cu-0 as well as in other HTSC compounds. Given
the sum rule (7), one then expects some artificial piling up
of the oscillator strength to occur at lower energies.
This, in turn, may (artificially) push down the plasma fre-

quency.
In principle, the error margin of the preceding method

TABLE II. The plasma frequency in Bi-Sr-Ca-Cu-0 for electrons moving parallel to CuO, layers,
copl, and perpendicular to Cu02 layers, co,'. For abbreviations, see the caption of Table I.
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could be reduced by extending the reflectance measure-
ment up to much higher energies, as done in Ref. 39.
However, for Y-Ba-Cu-O, this is hardly a panacea: far-
UV measurements require high vacuum, which is likely
to cause oxygen depletion from surface regions; at the
same time, the light penetration depth becomes much
shorter in far UV, which aggravates the effect.

Alternatively, uncertainties related to the high-
frequency part of the Kramers-Kronig interaction (1) can
be avoided if the reflectance measurement can be supple-
mented by an independent determination of another spec-
troscopic quantity, such as the transmittance through a
thin film. This method of determining the optical con-
stants of Y-Ba-Cu-0 has been attempted by several
groups; we also have tested it extensively, but found it
unsatisfactory for the reasons expounded in the follow-
ing.

Yet another possible approach is to combine transmit-
tance (T) measurements on two thin Y-Ba-Cu-0 films of
different thicknesses, and to determine n and k from a
pair of equations relating T~ and T2 to n and k. An ad-
vantage here is that one avoids surface-related problems
that frequently plague reflectance measurements on Y-
Ba-Cu-O. Pursuing this method, we utilized up to four
films (50, 100, 200, and 400 nm thick) simultaneously. In
this way, n and k are overdeterrnined and one has up to
five additional consistency checks available. Generally,
this is a very accurate and reliable method —provided
that the films are of identical composition, homogeneous,
fully dense, that the surfaces are smooth and that the film
thicknesses are known accurately. Regrettably, none of
these requirements is satisfied by the state-of-the-art Y-
Ba-Cu-0 films. The thickness is di5cult to measure to
better than 10—20% accuracy, typically, due to surface
roughness, voids, reduced density, etc. Finally, such
films tend to differ from one to another significantly in
composition, in oxygen content, distribution and order-
ing, etc. Strictly speaking, each film represents a some-
what different material; this fact strongly favors methods
in which all the measurements are performed on one and
the same sample.

Absorption in the substrate is another drawback of
transmittance methods. So far, the best Y-Ba-Cu-0 films
were grown epitaxially on Sr-Ti-0 substrates. Above
about 1200 cm ' (0.15 eV), Sr-Ti-0 is transparent, but at
lower frequencies a typical (say, one mm thick) substrate
is completely opaque. This does not affect a study of
plasrnons such as the present one much, but it does
prevent one from observing the superconducting gap in
the far-infrared transmittance spectrum, for example.
Other commonly employed substrates impose similar
problems. The exceptions are Si and, to an extent MgO
(which is semitransparent below about 300 cm '), but so
far the quality of Y-Ba-Cu-0 films grown on such sub-
strates has been inferior.

We conclude that at this stage none of the four
methods just described provides the accuracy and relia-
bility needed to address the issues under study with
confidence. With this motivation, we turn now to yet
another approach, not applied before to HTSC materials,
but which appears to be quite satisfactory.

II. THE METHOD: REFLECTANCE COMBINED
%'ITH ELLIPSOMKTRY

Spectroellipsometry is one of the most accurate
methods of determining the optical constants of reflective
materials. It provides both the real and the imaginary

part of the dielectric function determined on a
wavelength-by-wavelength basis, without having to resort
to the Kramers-Kronig transformation (1). For a homo-

geneous and fully dense material with a clean and smooth
surface, one can obtain e, , e~ with accuracy of 1% or so.
The method has been applied successfully to metals and

semiconductors. More recently, spectroellipsometric
studies of Y-Ba-Cu-0 pellets, single crystals and thin

films, have also been reported. ' Important findings in-

clude discovery of absorption features characteristic of
oxygen-depleted Y-Ba-Cu-O, such as a sharp exciton at
about 4.1 eV and a broader feature at about 1.7 eV. Spec-
troellipsometric measurements were performed also on a
number of thin films referred to in this study by D.
Aspnes and M. Kelly at Bellcore (Ref. 47 and unpub-
lished). The dielectric response of the best, cleaned, c
axis oriented Y-Ba-Cu-0 films was found to be nearly the
same as that of the single crystals studied in Ref. 62. Re-
grettably, these ellipsometric data are restricted to the in-
terval 1.5(Ace &6 eV; the lower-frequency region —i.e.,
the one which is of principal interest for a study of the
HTSC phenomenon —is currently not accessible.

Nevertheless, the higher-frequency ellipsometric data
can still play a very useful role: insofar as they are accu-
rate, they provide certain logical checks with which one
can test data obtained by other methods. For example, if
one performs an independent normal-incidence
reflectance measurement, apparently the measured R (co)
should coincide with the one calculated from the ellip-
sometric dielectric functions, in the frequency region
common to both measurements. Similarly, 9(~) calculat-
ed via the Kramers-Kronig forinula (1) should coincide
with the one corresponding to the ellipsometric E'„6'2.

The methods currently in use ignore (and fail to fulfill, as
will be shown in the following) this requirement, which is
precisely what we wish to exploit.

Let us assume that R (co) is known accurately for all
co~coz. [As already pointed out in Sec. IB, we are able
now to measure R (co) to a few percent accuracy in Bi-
Sr-Ca-Cu-0 and (albeit with extreme care) in Y-Ba-Cu-o,
up to %cod =6 eV or so. More precisely, our data do not

go below a few meV, but at these frequencies R (co)=1
and lnR (cu) =0, so that the low-frequency extrapolation
has practically no effect on the value of the integral in (1)
at higher coo. j As a first approximation, let us assume
next that R (co) =R& =const for a& ~ co&. In this way, one
gets:

& lnR (ru') —lnR (co)
uncorr ~)

dt's

0 CO CO

„1nR~—lnR (co)+- dc'
H CO Q)

2 &2

The first of these two integrals can be calculated nurneri-
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+ co ~ lnR (a)') —lnR (co)

N N
(10)

where now we know the left-hand-side function and the
first integral; in the second integral, the function R (co)
appears, which for N&NH is not known. We can sub-
tract (9) from (10) to get:

b,8(co)=8,ii(co) 8„„„„,(ro)—

„lnR (ai') —lnRH
2 2

dN
H N N

Next, we make use of the following: If g(x) is a
well-behaved real function, one has

where

g d

n ——0

g (x)dx
2n+2

(12)

(13)

Apparently, the integrand in (11) is of the form required
above, and hence we can expand b 8(co) in a power series:

b,8(co)=—g D„ai ",N

n=0

where

„lnR (ai') —lnRHD„=—
r2n +2n

~
a

~

~

I ~
H I

N

(14)

(15)

which furthermore converges rapidly, since

lnR (co' }—lnRH
iD„+,[=f, ,

" de'&, iD„i
H N N~

so that

(16)

colist
2n

NH

Hence for a11 practical purposes, one may approximate
b 8(ai) quite accurately by a polynomial of not too large a
degree —say, five or seven. Our method is shaping up
now: (i) measure R (co) for ai ~ coH, (ii) calculate 8„„„„(m)
by assuming R (co)=RH for ru ~ AH, (iii} subtract it from

cally using the measured R(co}. The second can be
solved analytically.

„ lnRH —lnR (ai) 1 RH AH a—idN'= ln ln
H N N 2n R (co) coH+co

(9)

In this way, one obtains 8„„„„(co)for all relevant values
of N —here, for each N N~.

Next, we utilize the ellipsometric (i.e., "exact") func-
tions e, (co),E2(co) known for coL ~co&coH (in our case
A'aiL =1.5 eV and ficoH =6 eV) to calculate 8„,(ai). On the
other hand, the latter equals:

co H 1nR ( co' ) —lnR ( ai )8,i,(ai)=- dco
0 N N

the phase 8„~(co) derived from ellipsometric data, (iv) fit
the function b8(ai)=8, i~(ai) —8„„„„(co),in the interval
NL N N&, by a polynomial

68~iy(ai ) =a i +a 1co3+ ' ' ' +a1 + i
ai2 + i

(v) form 8„„,(co) =8„„„„(co)+b,8,&„(co) and utilize it to
calculate n (cu) and k (co). From those, one can calculate
all other spectroscopical functions such as 6'& E'2 the loss
function Im( —I/e), the absorption coefficient a, the op-
tical penetration depth I., etc.

The accuracy of this method should basically be deter-
mined by the accuracy of the ellipsometric measurement
and of the normal-incidence reflectance measurement. In
the case of cuprate superconductors, we can expect to get
E), E'2 accurately to within a few percent in the whole fre-
quency range covered, from a few meV to about 6 eV.
This accuracy should be quite sufficient for our purpose
of identifying the dominant one-electron and collective
low-energy excitations in HTSC materials.

III. EXPERIMENTAL

A. Samyle preparation and characterization

We have recorded and studied transmittance and
reflectance spectra of a few hundred HTSC samples over
a period of two years. Most of these were in the form of
highly oriented thin alms of Y-Ba-Cu-0; a broad range of
deposition methods (single- and multiple-target ion
sputtering, electron-beam evaporation, molecular-beam
epitaxy), growth conditions, substrates, processing proto-
cols, etc. have been employed and compared. Dozens of
single crystals have been studied also. Since the details of
preparation and characterization procedures have al-
ready been described in Refs. 51 and 57, they need not be
repeated here. It is sufficient to point out that the sam-
ples referred to below were of high quality, ad judged by
their x-ray diffraction patterns and electron microprobe
analysis which showed the right stoichiometry, by low
normal-state resistivity (p=200 }MQcm for Y-Ba-Cu-0
and p=100 pQ cm for Bi-Sr-Ca-Cu-0 at T=300 K), by
sharp superconducting transitions (1—2 K wide in thin
films and less than 0.5 K wide in single crystals), by high
critical currents (above 1X10 A/cm at 4.2 K in best
films), and by mirrorlike surfaces with no defects visible
under a microscope. In addition to these structural and
transport measurements which were routinely performed,
some selected samples (or their neighbors from the same
batch) were also characterized by Raman spectroscopy,
elhpsometry, x-ray photoelectron spectroscopy, low-
energy electron diffraction, scanning tunneling micros-
copy, Rutherford backscattering spectroscopy, high-
resolution transmission e1ectron microscopy, Hall effect,
thermopower, tunneling and surface-resistance measure-
ments, etc. In summary, we may assume to have a
reasonably detailed knowledge of chemical and crystallo-
graphic structure, morphology, etc. of the samples under
study.

Various methods of surface cleaning of the sample pri-
or to the spectroscopic work have been explored. As al-
ready stated in Sec. II B, we have achieved quite reprodu-
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cible results and the highest reflectances by sputtering
away thick surface layers by ion milling in the case of Y-
Ba-Cu-O, and by vacuum cleaving Bi-Sr-Ca-Cu-O. While
the first method does leave some room for improvement,
the second satisfies the highest standards and produces
virtually perfect surfaces.

B. Measurements

The spectra were recorded on a vacuum far-infrared
FTS-40V Digilab Fourier-transform spectrometer, a
matching mid-infrared FTS-40 Digilab FTIR spec-
trometer, and a near-infrared —visible —near-ultraviolet
Lambda-9 Perkin-Elmer double-monochromator double-
beam spectrophotometer. The mid-IR spectrometer has
been coupled to a Spectratech Plan-IR microscope with a
dedicated detector, enabling spectroscopic studies of sam-
ples as small as 50 pm. The three spectrometers have
large spectral overlaps and were found to match one
another to about 1 go. Under optimal circumstances, ab-
solute accuracy of about 2% and relative accuracy and
repeatability of a fraction of a percent were achieved.
Harrick diffuse reflectance accessories and a 60-mm in-
tegrating sphere with built in photomultiplier and lead-
sulfide cell detectors were utilized with the Digilab and
the Perkin-Elmer spectrometers, respectively, to measure
diffuse reflectance, which was found to be significant in
most samples.

C. Results: Reflectance spectra of Y-Ba-Cu-0
and Bi-Sr-Ca-Cu-0

Some representative specular near-normal-incidence
reflectance spectra of Y-Ba-Cu-0 are shown in Fig. 4.
They correspond to (A) the best Y-Ba-Cu-0 thin film
oriented with the c-axis perpendicular to the substrate,
(8) a typical c-axis Y-Ba-Cu-0 film, (C) a single crystal
of Y-Ba-Cu-0, reflectance measured directly, and (D) a
single crystal of Y-Ba-Cu-O, reflectance calculated from
pseudodielectric functions as determined by ellip-
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FIG. 5. Broad range specular reflectance from ab face of a
Bi-Sr-Ca-Cu-0 single crystal, solid line; and inferred from ellip-
sometric data (Ref. 56), open circles.

sometry. Reflectance spectra of single crystals of Y-
Ba-Cu-0 have been reported already by several groups.
In most cases (with the notable exception of recent high-
quality spectra of Watanabe et al. ), the reflectance was
found to be somewhat lower than that of our film (A).
At the same time, the reported dc conductivities of those
single crystals were also lower, by as much as a factor of
2 or 3 in some cases, which could be related to difficulties
in achieving complete and homogeneous oxygenation in
single-crystal samples.

Notice also the absence of virtually any phonon
features in the reflectance spectra of Fig. 4. Together
with high reflectivity, this we believe to be a distinguish-
ing characteristic of high quality, high carrier concentra-
tion Y-Ba-Cu-0 samples which are well oriented with the
field perpendicular to ab facets; under such cir-
cumstances, the in-plane infrared-active phonons are al-
most entirely screened by free carriers. Deliberate oxy-
gen depletion and/or admixture of c-axis reflectance
make the phonon features (similar to those commonly ob-
served in inferior samples) reappear.

In Fig. 5, we show a reflectance spectrum of a Bi-Sr-
Ca-Cu-0 single crystal. Again, it is similar to spectra re-
ported by other groups. The small departures may partly
arise from real, material-related differences. They are
certainly not sufficient to account for the large discrepan-
cies in the derived values of co; these originate from the
different assumptions and methods of analysis.

0
0

I I

2 3 4
ENERGY (eV)

IV. RESULTS: THK SPECTRAL FUNCTIONS

A. Y-Ba-Cu-0

FIG. 4. Broad range specular reflectance spectrum of the
best c axis oriented Y-Ba-Cu-0 film, solid line; of a moderately
good Y-Ba-Cu-0 film, broken line; from ab face of a Y-Ba-Cu-0
single crystal, open triangles; and inferred from ellipsometric
data (Ref. 56), open circles.

In Fig. 6, we show three 0(co) functions: (a) the "un-
corrected" one, corresponding to the reflectance of film

A as measured for Ace ~ 6 eV and assumed to have a con-
stant value for Irico + 6 eV; (b) the ellipsometric one calcu-
lated from e„ez of Ref. 62; and lastly, (c) the corrected
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FIG. 6. The phase shift e(cu) of Y-Ba-Cu-O, calculated as-
suming RH =const. for ~~ 6 eV, dashed line; from ellip-
sometric data (Ref. 56), open circles; and utilizing the procedure
described in Sec. III, solid line.

one obtained according to the procedure described in the
preceding section. The first striking observation is that
the correction is large —over 30% in the spectral region
1 eV &fico &2 eV (where the actual plasmon occurs). It
would have been even larger had we employed high-
energy extrapolation such as R (co)- I /cu or
R (ro)- I/cu (i.e., the ones utilized in most of the recent
works), since in that way one assumes much lower
reflectances at higher frequencies. The same should be
true then for n, k, e&, e2, 0.. etc. , since they all depend on 6I

as seen from Eqs. (2)-(6). This is illustrated in Fig. 7,
where the uncorrected, ellipsometric, and corrected func-

tions E] E'2 are shown for comparison. One cannot but

conclude that the optical parameters determined via the
Kramers-Kronig transformation (1) from the measured

reflectance are generally quite uncertain, in spite of the

popularity of that approach.

FIG. 8. The real and the imaginary part of the corrected
dielectric function of Y-Ba-Cu-O, on an expanded scale.

The corrected E), E'p functions are shown again in Fig. 8

on an extended scale. As the frequency is lowered, E'& de-
creases and changes sign at Boo=1.4 eV, and then contin-
ues to decrease further, achieving large negative values;
indeed, it has no other zeroes in this spectral region. At
the same time, e2 increases from about two to very large
positive values, several hundreds at the lowest energies
(few meV) covered.

The loss function Im (
—I/e) of Y-Ba-Cu-0 is plotted

in Fig. 9; it shows a pronounced maximum, also close to
1.4 eV. There are no maxima at lower frequencies.

The real part of the optical conductivity cr(ro) is shown
in Fig. 10, and the optical penetration depth L(ru) is
shown in Fig. 11. Notice that Reo(ro) is quite Rat in the
region 1 eV &%co(2.5 eV. Also notice that overall ab-
sorption is strong (albeit almost featureless) throughout
the infrared, so that the penetration depth is quite short,
not longer than several hundred angstroms. Indeed, typi-
cal sharp bosoniclike features are not seen in Fig. 10,

uncorrectedI 0.4

0.3

0.2
E

0.1

I (

3 4
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0(
0 2 3 4
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FIG. 7. The real and the imaginary part of the dielectric

function E =61+ i E I of Y-Ba-Cu-0 calculated assuming

RH =const. for Am ~6 eV, thin solid line and thin dashed line,

respectively; from ellipsometric data (Ref. 56), open triangles
and open circles; and following the procedure described in Sec.
III, thick solid line and thick dashed line.

FIG. 9. The loss function of Y-Ba-Cu-0 derived in this work
(open circles) and from EELS data (Ref. 37) (inset). The solid
line shows a square-law fit, Im( —I/e)=Pro, and the dashed
line is a Drude-law fit (see the text) for fico & 1 eV.
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FIG. 10. The real part of the optical conductivity of Y-Ba-
Cu-O.
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B. Bi-Sr-Ca-Cu-0

FIG. 12. The real and the imaginary part of the dielectric
function of Bi-Sr-Ca-Cu-O.

The corrected e&, e2 functions are plotted in Fig. 12 for
a single crystal of Bi-Sr-Ca-Cu-O. A zero of e, is found
at A're=1. 0 eV. The loss function Im( —1/e) shown in
Fig. 13 has a maximum at about 1.1 eV. Finally,
Reo (co), tz(ru), and L (co) of Bi-Sr-Ca-Cu-0 are shown in
Figs. 14 and 15, respectively. Substantial overall similari-
ty to Y-Ba-Cu-0 is noticeable.

V. DISCUSSION

A. In-plane plasmons in Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-0

In simple metals that show typical Drude behavior,
bulk plasmons occur near co =co /Qe „;at that frequen-

cy, e, has a zero, e2 is small, and Im( —I/E) has a sharp
maximum. In the preceding section, we have shown that
in high quality samples of Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-0
all these traditional plasmon signatures are indeed found
at about 1.4 and 1.1 eV, respectively. [This finding con-
tradicts some earlier conclusions based on studies of

pressed-powder samples. ] Actually, it is fair to point out
that the corresponding values of e2 are somewhat high
(2—3), and the peaks of the loss function are relatively
broad in both compounds; these facts are evidence of
strong plasmon damping. The interpretation of this
feature as an interband transition may be ruled out in
view of the absence of the corresponding peak in e2, and
even more because of the overall shape of that function.
Hence we interpret the 1.1 —1.4 eV feature as the in-
plane-polarized plasmon. The preceding assignation is
supported also by the available electron-energy-loss spec-
troscopy (EELS) data which are shown in the insets to
Figs. 9 and 13; indeed, they match quite closely our cal-
culated Im( —1/e ).

B. The value of co~

Using the approximate relation co =ru Qe„, a crude
estimate can be obtained for co from the measured
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FIG. 11. The optical penetration depth of Y-Ba-Cu-O.
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FIG. 13. The loss function of Bi-Sr-Ca-Cu-0 derived in this
work (open circles) and from EELS data (Ref. 50) (inset). The
solid line is a square-law fit, Im( —I /e) =Pro, for A'co ~ I eV.
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FIG. 14. The real part of the optical conductivity of Bi-Sr-
Ca-Cu-O.

plasmon frequency. One gets Re =3 eV for Y-Ba-Cu-0
and Ace =2.6 eV in Bi-Sr-Ca-Cu-O. These estimates mayP
be in error by 20%%uo or so, partly because of the approxi-
mation itself and partly because of uncertainty in deter-
mining e„.

An alternative, frequently utilized approach is to use
the f-sum rule (7). However, as we have already pointed
out in Sec. III A, the function Re 0 (ru) is almost feature-
less [cf. Figs. 10 and 14], which makes separation of in-
terband and intraband contributions ambiguous. On the
other hand, it is comforting that several other indepen-
dent experiments —transmittance, Resonant Raman
scattering, ARPES, ellipsometry, etc.—have all shown
an interband transition onset close to about 2 eV in all
HTSC cuprates. The same transition is seen in the insu-
lating "parent" compounds; doping does not shift the fre-

quency appreciably. Rather, the holes generated by dop-
ing reside in new, "impurity-like, " in-gap states. Hence
we attribute that additional, in-gap absorption to holes
(polarons). By integrating that absorption and using
(7), we obtain firu~ =3.2 eV in Y-Ba-Cu-0 and A'cu =2.4
eV in Bi-Sr-Ca-Cu-0 (with about 10%%uo error margin).

and

et&
l

Q(ro, )= 8h f Reo(ro)dru
0

2me
N(ru) )= f Rea(ro)dry

me

1/2

as functions of the cutoff frequency co„ for Y-Ba-Cu-0 in
Fig. 16 and for Bi-Sr-Ca-Cu-0 in Fig. 17. Because of the

(a}

10

Clearly, the preceding 6ndings are not compatible with
attempts to interpret the infrared absorption in cuprates
by superimposing a Drude response on a rnid-infrared ex-
citon or interband transition, since in that way one ar-
rives at much lower values of fico . In Y-Ba-Cu-O, for ex-
ample, it was inferred' ' ' that A'co =0.5 —1.3 eV; since
e„=4, that corresponds to Ace =0.2—0.6 eV, while we
have found that fico =1.4 eV. As seen from Fig. 9, the
EELS data unambiguously support the latter value.

In Bi-Sr-Ca-Cu-O, the situation is quite analogous.
Our loss function gives Ace =1.1 eV and it almost coin-
cides with the one derived from the EELS (see Fig. 13),
while the "excitonic" approach again provides 2 —5 times
lower values.

To further test our assertation that the strong infrared
absorption comes, grosso modo, from the charge carriers,
we plot
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FIG. 1S. The optical penetration depth of Bi-Sr-Ca-Cu-O.
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data pertinent to the perpendicular polarization are quite
scarce. A major obstacle here is the lack of single crys-
tals with smooth and large (say a few mm at least) facets
parallel to the c axis. In addition, to resolve clearly R~
from R

i
in such anisotropic materials (for example,

pi/pi) 100000 in Bi-Sr-Ca-Cu-0!), the beam geometry
(angle of incidence, beam divergence, etc.) must meet ex-
tremely strict requirements. In consequence, very little
quantitative information about the out-of-plane (c-axis)
plasmons in cuprates is available. Nevertheless, some
qualitative statements can be made with confidence. In
Y-Ba-Cu-O, there is a rise in Ri(co) below 0.3—0.4 eV
which resembles a plasma edge. However, co is much
lower in Bi-Sr-Ca-Cu-O, lower than the typical phonon
frequencies —if it can be defined at all. [The same is true
for La2 Sr Cu04, which also is more anisotropic than
Y-Ba-Cu-O. ] This we believe, rules out the possibility
that plasmons which propagate along the "heavy" c axis
could be the connecting thread of the HTSC
phenomenon. Nevertheless, much more study is needed
in this direction.

1 2
ENERGY (eV)

FIG. 17. The f-sum rule functions Q(co~) and N(co~) for»-
Sr-Ca-Cu-O.

overlap of intraband and interband transitions, these
functions are not horizontally sloped above the plasmon
region, as would be the case for simple metals. Neverthe-
less, the range of concentrations of charge carriers that
corresponds to the possible values of co can be deter-
mined from Figs. 16 and 17. Assuming ' that m'=m,
and fico~ =(3.2+0.3) eV, one gets N =(7+1)X 10 ' cm
in Y-Ba-Cu-0; in Bi-Sr-Ca-Cu-0 where fico~ =(2.4+0.3)
eV one gets N=(4+1)X10 ' cm . Certainly, these
numbers are not too large; they are close to what one ex-
pects from stoichiometry, and what was inferred from
Hall effect data, ' namely 7—10X10 ' cm in Y-Ba-
Cu-0 and 3—5X10 ' cm in Bi-Sr-Ca-Cu-O. Hence we
conclude that the oscillator strength in the infrared
indeed comes from charge carriers —which, on the other
hand, clearly do not behave like free electron gas.

In a way, the foregoing should have been obvious al-
ready from Fig. 4. Let us emphasize that no significant
differences in chemical composition, crystallographic
structure (as judged from x-ray diffraction patterns), etc.
were detected between the films A and 8; essentially, they
differed only in oxygen content and thus in charge-carrier
concentration. Changing that concentration, apparent-
ly one can tune up or down the reflectance (and absorp-
tion) quite dramatically, all the way up to about 2 eV or
so, and thus it seems natural to ascribe this absorption to
charge carriers (holes).

C. Out-of-plane plasmons

So far we have assumed the direction of propagation of
plasmons to be parallel to the Cu02 layers. Experimental

D. The nature of plasmons in Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-0:
layered electron-gas behavior?

While studying the loss functions of Y-Ba-Cu-0 and
Bi-Sr-Ca-Cu-O, we have noticed a quite unusual feature:
Im( —I/E) is almost perfectly —to within a percent or
so—proportional to (iiico) for %co(1 eV, i.e., almost all
the way up to the plasmon maximum. As seen from Figs.
7(a) and 7(b) and 10, this is true for both Y-Ba-Cu-0 films
A and 8, as well as for Bi-Sr-Ca-Cu-O. In contrast, in or-
dinary metals one expects a Drude behavior:

so that

COp Np I

co +I co(co +I )
(19)

ei co(co +I )co I
Im( —I /e) =

co41 &+co&(e co2+p I'2 —coi )i

(20)

which for small co behave like (I /co~)co+0(co ). The
best-fit Drude function (20) is also displayed in Fig. 9; ap-
parently, it does not give the correct energy dependence.
Rather, we believe that the Im( —I/e) =/3 co law, where
P is a material-dependent constant, may be characteristic
of another simple mode1, namely the layered electron-gas
(LEG) model introduced in classic works of Fetter,
Wischer and Falicov, Quinn and coworkers, and others. '
It has a very characteristic plasmon spectrum, essentia11y
different from that of an ordinary 3D metal: together
with the usual optical plasmon branch, there are many
(precisely, nL —1, where nL is the number of layers)
acoustic plasmon branches as sketched in Fig. 18. If nL
is 1arge, one could think of a cone filled with allowed
plasmon states, so that indeed the total density of states
should be proportional to energy squared. Hence one
could expect to observe Im( —I/e)~(energy loss) in
EELS experiments in layered metal/semiconductor ma-
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FIG. 18. The plasmon spectrum of LEG, after Ref. 8.

terials. As for the optical absorption, in ordinary metals
and for visible or infrared light it is subject to the quasi-
momentum selection rule 6k=0. If, however, there is
some sort of quasilocalization (along the c axis) or sub-
stantial disorder on length scale much smaller than the
photon wavelength —as indeed expected in our polaron
picture —the b k, =0 selection rule may be lifted, and for
nearly normal incidence one could expect the EELS and
the optical dielectric functions to coincide more or less.
Indeed, that is what we see in Figs. 9 and 13. [A more
rigorous theoretical treatment of this issue arrived at

(a)

(b)

FIG. 19. (a) The oxygen breathing mode at q=(m/a, m/b, 0).
(b) Schematic representation of conceivable hybridization of
such a vibration with an acoustic plasmon branch.

the same conclusion —that the plasmon density of states
of a LEG is proportional to co, for sinall ru. ]

Hence we have discovered some evidence of the LEG-
type behavior of the charge-carrier system in the normal
state, in both Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-O. It may
well be worth investigating further whether indeed this
structure-related electronic property is one of the key
prerequisites for the occurrence of the HTSC
phenomenon. To begin with, the present analysis should
be extended to other known HTSC materials; so far we
did not have access to samples of other HTSC com-
pounds of quality comparable to those referred to this
study, but judging from the data available in the litera-
ture, the same seems to be true in La2 „Sr,Cu04 single-
crystalline films. The next step may be to study the
temperature dependence of the plasmon spectrum, as has
been proposed recently. Finally, one could look for
some other indirect signatures of existence of acoustic
plasmon branches. For example, they could interact
strongly and hybridize with certain longitudinal optic
phonon modes. Such hybridization —illustrated
schematically in Fig. 19 for the oxygen breathing
mode —should be detectable in the phonon spectrum,
e.g., by inelastic neutron scattering.

VI. SUMMARY AND CONCLUDING REMARKS

In this paper, we have first tried to identify the princi-
pal sources of (large) uncertainty in previous determina-
tions of spectral functions of HTSC coinpounds. Our at-
ternpts to reduce those errors have been described next.
A novel method of deriving the real and the imaginary
part of the dielectric function has been expounded, based
on the analytic properties of that function and making
use of reflectance and spectroellipsometric measurements
on single crystals and epitaxial thin films. Using this
method, we were able to determine the relevant spectral
functions of Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-0 within a few
percent accuracy over a broad frequency range, from 5
meV to 6 eV. The present work thus complements the
studies of Aspnes and Kelly, ' extending into the poten-
tially more interesting low-energy (mid- and far-infrared)
region.

Our principal findings are the following. For in-plane
polarization in Y-Ba-Cu-O, there is only one zero of
e, (co), at about 1.4 eV in our best samples. The loss func-
tion Im( —I /e) has a pronounced maximum at the same
energy. The same is true for Bi-Sr-Ca-Cu-O, except that
the zero of e, and the peak of Im( —I/e) occur at about
1.1 eV. %e assign these features to in-plane free-carrier
plasmons. Good agreement is found with recent EELS
data, which clearly support the preceding assignment.
The corresponding bare plasma frequencies are found to
be %co =(3.2+0.3) eV in Y-Ba-Cu-0 and
fico&=(2.4+0.3) eV in Bi-Sr-Ca-Cu-O. In both Y-Ba-
Cu-0 and Bi-Sr-Ca-Cu-O, we have found that
Im( —I/e) =Pcs . This law differs from Drude behavior;
it may be compatible with the LEG model. We conjec-
ture that it is universally obeyed in layered cuprate super-
conductors.

The preceding findings are in variance with models of
HTSC which postulate the existence of low-energy exci-
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tons or interband transitions that dominate the rnid-

infrared absorption, and Drude carriers with low plasma
frequency. They also convict with most of the plasmon-
based models —for example, with those that require the
existence of d mons or other similar low-frequency optic
plasma branches. Insofar as the nature of the plasmons is

concerned, the model of Kresin and Morawitz seems to
be the closest to our observation.
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