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Microscopic analysis of the transmittance of YBa2Cu307 thin films
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The transmittance of a thin film of YBa2 Cu3 O7 is calculated from the band-structure-derived dielectric function. It is shown
that (I ) band-structure calculations provide a reasonable description of the transmittance in the whole measured energy region
(0.2 ev <fiaw< 5 eV). (2) the transmittance in this region is mainly defined by the dielectric function corresponding to the light
polarized in the x (crystallographic a) direction and (3) the minima of the transmittance do not necessarily indicate interband
transitions.

Optical measurements on high-Tc superconduc-
tors (HTSC) provide valuable information about
their electronic structure, but optical spectra are more
difficult to interpret than many other spectroscopic
techniques, like photoemission. In the optics of sim-
ple or transition metals the optimal way of dealing
with the experimental spectra has turned out to be
just the calculation of measured quantities from the
band structure and the subsequent comparison with
experiment (see, e.g., refs. [1,2]). Unfortunately,
this method has not been used much in the case of
high-Tc superconductors for two reasons: first, such
calculations are much more complicated for HTSC,
and, second and more importantly, the strong cor-
related nature of the electrons in these materials cast
doubts on the relevance of band-structure calcula-
tions to optical measurements.

However, recent calculations have shown that tra-
ditional first-principles calculations are still able to
describe reasonably most of the optical experiments
in HTSC. One can mention, for instance, calcula-
tions for La2CuO4 -based materials [3,4], for
YBa2Cu30 6 [5], and for YBa2Cu307 [6]. Gener-
ally, for high-energy spectra (hco> 5 eV) the agree-
ment between experiment and theory is very good
( [5,6J] see also ref. [7] for a comparison between
the experiment and the calculations of ref. [31). The
agreement in the low energy region is more ques-

tionable. However, first principles calculations al-
lowed one to explain qualitatively the peculiarities
of the infrared optics of (La,Sr)CuO4 superconduc-
tors, first of all the independence of the plasma fre-
quency on doping. One also has to keep in mind that
both the experiment and calculations are still im-
proving, both being still under the standards used in
the optics of usual metals [ 1,2 ].

Up to now, the comparison between calculations
and measurements was done for reflectivity, for elec-
tron-energy-loss spectra or for ellipsometric spectra.
There are however optical experiments on the trans-
mittance of thin films [8,91 which are interesting in
that they reflect features of the dielectric function in
a manner different from the above-mentioned ex-
periments. Experimentalists often plot the inverse
transmittance lI T [ 8 ] or its logarithm log( IT) [91
in the hope that such plots correspond to the elec-
tronic absorption Im e(w), which is not always true.
In this paper we try to clarify the situation by cal-
culating the transmittance of YBa2Cu307 , by ana-
lyzing it with comparison to the experiment.

The transmittance of thin metallic films is a com-
plicated function of the dielectric function (DF). The
full theory was given by Piro [ 10 ] for arbitrary an-
isotropy and angle of incidence, and both for smooth
and rough films. Applying Piro's formulas to our cal-
culated DF of YBa2Cu3 07 shows that the transmit-
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tance (T) turns out to be nearly independent of pa-
rameters like the substrate dielectric constant or the
angle of incidence (for Oj<15 ). As will be dis-
cussed below, for non-polarized light the transmit-
tance is mostly defined by the x-component of the
DF. Taking all this into account, one can rewrite Pi-
ro's formulas (which were actually used in our com-
puter program) as

T= I cos(/x )-(,/ xE + I / /x ) sin /x) -2,
(1)

where 6= wod/c, d is the thickness of the film, c is the
velocity of light and x(c) is the x-component of the
complex DF. Eq. (I) is valid for smooth films. For
rough films in the same limit we have in place of eq.
(1)

T= (1-R) 2 exp(-2c5/x) (2)
l-R2exp(-46s/ x ()

Eqs. (1) and (2) coincide #I for a (or d) - oo and T
is defined by the leading exponent:

Tacexp(-261Im x) * (3)

Eq. (3) is useful for a qualitative analysis. First of
all, let us look at T in the Drude limit where

co 2

D C)(W+iy)*()

Direct calculation shows 12 that the maximum of the
expression co Im >/c, i.e. the minimum of T, occurs
near oj = y. Taking into account that for HTSC y is
of the order of I eV, we come to the conclusion that
the Drude behaviour is decisive in the region of in-
terest (0.1 eV < his < 4 eV). Indeed, comparing our
calculations with and without interband contribu-
tion in the DF (fig. 1) we see that, generally speak-
ing, the role of the interband transitions is to pro-

#' However, for d- 3000 A the difference still exists. We used
actually formulas for smooth films.

#2 The underlying band structure was calculated by the LMTO
method with combined corrections [II]. On the Y, Ba and
Cu sites angular momenta up to f were included and on the 0
and empty-sphere sites up to d. The optical matrix elements
were calculated as described in ref. [ 2] but without combined
correction to the matrix elements themselves.
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Fig. 1. Transmittance of the YBa2Cu3 07 film for the light polar-
ized in x-direction, d= 2900 A, calculated Drude parameters (the
plasma frequency was calculated by numerical integration of the
squared Fermi velocity over the Fermi surface; the relaxation
frequency y was calculated from co, assuming the corresponding
resistivity equal to 500 pQ cm) are wp= 3 .5 eV, y=0. 8 3 eV. The
intraband (Drude) contribution is shown by the dashed line and
the transmittance with the absorption maximum at hcw= 1.1 eV
cut off (cf. fig. 3) by the dotted line.

duce a small maximum near hcos 1 eV and some
structure at higher energies.

Let us now turn to the experiment [8]. The au-
thors of ref. [81 associated each minimum on the
T(co) curve with an electronic interband d-d ab-
sorption (0.6, 1.4 and 3 eV) or with charge-transfer
excitations (4-5 eV). As is seen from fig. 2, the
agreement between the calculated and the experi-
mental positions of the minima is quite reasonable,
the minima on the theoretical curve being situated
at 0.8, 1.2, 3.2, 3.7 and decrease of T starting at 4.3
eV.

On the other hand, while the positions of the fea-
tures on the experimental curve coincide with the
theoretical ones, the magnitude of T is considerably
lower in the latter case. One must keep in mind that
the films used were not homogeneously thick and the
thickness quoted in ref. [ 8 j probably corresponds to
the average thickness while T is mainly defined by
the minimal thickness. Then, the measured T varies
extremely weakly, taking into account the exponen-
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Fig. 2. Experimental [8] and calculated (averaged for x- and y-
polarizations) transmittance of the YBa2Cu3O7 film: thickness
d= 2900 A in calculations ( I ) and d= 2900 A (2); d= 3400 A
(3); d= 4300 A (4) in the experiment. Drude parameters for the
y-polarization are cop= 4.2 eV, y= 1.2 eV.

tial dependence of T on f (co). We do not have an
explanation of this fact but believe that this is an ar-
tefact of the experiment because, as will be discussed
below, any reasonable Drude parameter set would
already without any interband part produce T vary-
ing by not less than an order of magnitude. Also if
we just use in ( I ) or (2) the dielectric function de-
rived from reflectivity or ellipsometry experiments
we would have much stronger variation of T. Any-
way, one can be much more sure in the position of
the minima of T, so later we shall discuss the ex-
periment only from this point of view.

The good agreement between the theory and the
experiment for hco> 3 eV corresponds to earlier
findings [5-7] that the band-structure calculations
provide a good description of the optics of HTSC in
this energy region; the analysis of the optical ab-
sorption for hcw> 3 eV is given elsewhere [6]. Here
we shall concentrate on the lower energy region which
is hardly possible to study by traditional ellipso-
metry and difficult to interpret in the reflectivity
measurements. At the same time, as we shall see, the
transmittance measurements serve as a "micro-
scope" which allows one to look at the region near
hwo-y.

AW, eV

Fig. 3. Imaginary part of the interband dielectric function
Im 4E(wj). The dotted line shows the same quantity with the max-
imum at 1. I eV cut off.

If we look at the curve Im e,(w) (fig. 3) in this
region we see that the only feature here is a relatively
weak absorption maximum at hw= 1.1 eV (Im EJ(w)

has different structure but it is much larger than
Im fE(co) and hence does not manifest itself in T).
Indeed, cutting off this maximum (fig. 3) results in
the disappearance of the minimum in Tat hcu - 1.2
eV and therefore in the disappearance of any qual-
itative difference between the total and the intra-
band T in the region h1o < 3 eV 43. The minimum at
hcow0.8 eV is therefore not due to some interband
transition but arises just because of the interference
between the intraband and the interband T. In other
words, the analysis above and comparison to the in-
traband-only T (fig. I ) shows that the positions of
minima of T not always have a direct physical
meaning.

To conclude, we calculated the transmittance of
YBa2Cu307 films, using the band-structure derived
DF [6 ]. The result confirms our earlier conclusion
[ 6 ] that the latter provides a good description of the
optical properties at h1o> 3 eV, and proves the ap-
plicability of such an approach also for smaller ener-
gies. We also showed that the minima on the curve
T(tw) do not necessarily correspond to the interband
absorption maxima, i.e. to the electronic transition,
but may appear as a result of an interplay between

3 It is hard to imagine that such a weak feature on the back-
ground of a large (at this energy) intraband absorption can be
seen in any other optical experiment.
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the interband and intraband absorption.
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