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Temperature-dependent refiectance and transmittance measurements (1250—8000 cm ') of thin Y-Ba-Cu-0
films are reported and the complex dielectric response e(co) is directly determined from the measured data. We
find that e(to) is more complex than predicted by any of the existing models, in particular the marginal and the
nested Fermi liquids, as well as the two-component approach (Drude and midinfrared terms). A phenomeno-
logical analysis reveals either a two-Quid or a complicated one-Quid model, which is yet to be explained
theoretically. The near-infrared (NIR) transmittance is weakly temperature dependent in the normal state, but
almost temperature independent in the superconducting state. Both the normal and the superconducting states
are anomalous and non-Fermi-liquid-like with renormalization of energies much higher than any supercon-
ducting energy gap. Such observations have previously been reported only in powder absorbance measure-
ments but not in single-crystal and thick-film reflectance data. We present a quantitative analysis in which the
powder absorbance results are recovered from thin-film data. The NIR response is argued to be of crucial
importance for the understanding of the high-temperature superconductors in both the normal and the super-
conducting states.

INTRODUCTION

The optical properties of high-temperature superconduct-
ors (HTSC) in the normal and the superconducting states are
still not understood, and some controversies are yet to be
resolved. It is generally believed that superconductivity oc-
curs primarily in the Cu-0 planes and that the Cu-0 chains,
when existing, are less crucial. The optical conductivity in
the mid- and near-infrared regimes (MIR, NIR) indicates
non-Drude behavior: if a Drude model is assumed then an
extremely short mean free path should be used to fit the
optical data, and the temperature dependence is much weaker
than expected due to the dc conductivity. Several indications
show that the MIR band is due to the Cu-0 planes, for ex-

ample the doubling of the oscillator strength when the num-
ber of planes is doubled, observed in 2201 and 2212
Bi-Sr-Cu-O. Near-infrared powder absorbance measure-
ments of pure and doped Y-Ba-Cu-O, Bi-Sr-Cu-0 2212,
and La-Sr-Cu-0 (Ref. 5) reveal a remarkable temperature
dependence above and below the superconducting transition
temperature T, : the integrated absorbance (typically 4000—
8000 cm ') increases upon cooling up to T, where a sharp
slope change is observed. At lower temperatures the inte-
grated absorbance saturates and even decreases. Such behav-
ior cannot be explained within a normal Fermi-liquid ap-
proach since co—0.5 —1 eV&)25 where 5 is some
superconducting energy gap (-25 meV for Y-Ba-Cu-0). The
weak temperature dependence in the normal state, which is

0163-1829/95/52(21)/15582(10)/$06. 00 52 15 582 1995 The American Physical Society



52 OPTICAL PROPERTIES OF YBazCu307 ~ THIN FILMS 15 583

not correlated to the temperature dependence of the dc resis-
tance, and the observation of the superconducting transition
in NIR frequencies, are thus one of the crucial issues in the
understanding of these materials. Nevertheless the tempera-
ture dependence of the NIR response have attracted little
attention till now, mainly because the weaker temperature
dependence below T, has not been reported in single-crystal
and thick-film reflectance measurements, considered as more
reliable probes compared to powder absorbance measure-
ments. It is the aim of this work to (a) explore the exact NIR
response of Y-Ba-Cu-0 and (b) to resolve the discrepancies
between absorbance and reflectance data.

Optical properties of solids are most commonly measured

by optical reflectance of bulk, single-crystal, and thick-film
samples followed by Kramers-Kronig (KK) analysis. While
this technique is usually both reliable and powerful, it suffers
from three main drawbacks: (a) the KK analysis requires
extrapolations to zero and infinite frequencies, the effect of
which is not always negligible; (b) it is hard to detect weak
temperature dependence in reflectance measurements due to
the limited accuracy of the experimental method, while such
variations might reflect stronger changes in the optical con-
stants; (c) refiectance measurements require high-quality
samples with optically smooth surface, therefore it is difficult
to conduct doping-dependent measurements or to analyze
new compounds. Another experimental method is powder
absorbance measurements where sample preparation is much
easier, however a quantitative analysis is quite difficult and
even ambiguous. A third method is to measure directly the
reflectance and transmittance of thin films and calculate the
dielectric response at each frequency without further as-
sumptions. In this case the film thickness can be selected so
that both reflectance and transmittance of the same film
would be experimentally accessible thus reducing the experi-
mental uncertainties. However, preparation of suitable thin
films is not trivial, and there are further complications and
limitations due to the optical response of the substrate. Since
each method has advantages and disadvantages, one should
combine them in order to explore the full picture. In this
work we use the less common thin-film technique to study
the optical response of Y-Ba-Cu-0 and its temperature de-
pendence. Comparison with published reflectance and absor-
bance data achieves a consistent description of the dielectric
response in the MIR and NIR regimes which is more com-
plex than that found by reflectance measurements. We also
show that earlier absorbance data can be understood by an
effective-medium approach enabling quantitative analysis of
such measurements.

EXPERIMENTAL

Y-Ba-Cu-0 films were deposited on high-quality both-
sides-polished MgO substrates by thermal coevaporation at
substrate temperature of 650 C and oxygen pressure of 10
mbar near the sample surface. After growth the oxygen pres-
sure was increased to 50 mbar and the sample cooled to
room temperature within 20 min. The substrate quality and
the growth were monitored with reAection high-energy elec-
tron diffraction in situ.

Reflectance M and transmittance W measurements have
been conducted on several Y-Ba-Cu-0 films using a Bruker

113V Fourier transform spectrometer equipped with a con-
stant How helium cryostat. The sample holders are designed
to enable alternate sample and reference measurements (for
both M and ~, eliminating instabilities of the spectrometer.
For the reflectance data thick Al or Au mirrors have been
used as references, while the transmittance measurements
were done relative to a clean MgO substrate. Each spectrum
is an average of 250—500 scans. Reflectance data have been
measured from 150 to 8000 cm ' using three different setups
[far-infrared (FIR), MIR, and NIR], and the transmittance
data were recorded at 700—8000 cm ' (MIR and NIR re-
gimes). Since MgO has strong phonon absorption bands be-
low 1250 cm ', observed in both reflectance and transmit-
tance spectra, we limit our discussion to higher frequencies.
Weak temperature dependence in both M and W were veri-
fied by repeated measurements and by exchanging the
sample and the reference positions. Finally the complex di-
electric response was directly calculated form the measured
data at each frequency, including multiple reflectance inside
the film and the substrate. The calculated dielectric response
is therefore more accurate than that obtained by reflectance
measurements followed with Kramers-Kronig analysis where
extrapolation to zero and infinite frequencies are needed.

RESULTS

The dc resistivity p(T) of a 800 A Y-Ba-Cu-0 film is
shown in Fig. 1. The onset of superconductivity occurs at 88
K, and zero resistance at 85.5 K. The dc resistivity of a 600
A film is similar, with onset at 84.5 K and zero resistance at
82.5 K. The data suggest high-quality thin films with rather
low resistivity (140 pA cm at 100 K), linear temperature
dependence where p(295 K)/p(100 K) =2.85, and nearly zero
intercept of the extrapolated p(T) curves. The films thick-
nesses were accurately measured by microprobe analysis,
which also revealed excess yttrium but otherwise close to
ideal stoichiometry and fully oxygenated composition within
experimental uncertainties. The excess yttrium is believed to
form very small yttria (Yz03) particles, not observed in the
x-ray measurements. The x-ray-diffraction pattern in both 20
and rocking scans of the (004), (005), (007), (108),
f1010), and (2011) Bragg peaks show no orthorhombic

splitting, suggesting that the films have a tetragonal tweed
microstructure rather than are twinned orthorhombic
material, therefore there is a high degree of disorder in the
Cu-0 chain planes. This might be the reason for the slightly
reduced T, , however further study is needed to draw definite
conclusions on this subject.

The measured refiectance and transmittance of an 800 A.

Y-Ba-Cu-0 film at 95 K and its optical conductivity o.(cu)

calculated from the measured data are shown in Figs. 2 and
3. The optical reflectance is consistent with that measured on
other films, prepared by laser ablation or sputtering. We have
found large variations of the transmittance for different films
(in particular films thicker than 1000—1500 A.), where gen-
erally the transmittance is higher and the frequency depen-
dence weaker compared with the data in Fig. 2. Scanning
electron microscopy analysis of such films have shown that
their transmittance is controlled by pinholes and micro-
cracks, which indeed vary from film to film and between
different preparation techniques. The sensitivity of the opti-
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2 (dots) and the fitted optical conductivity (see text). The dip and peakFIG. 3. The optical conductivity calculated from the data in Fcg. 2 &~dots~ an e
at 3000 and 7000 cm ', respectively, are due to experimental artefacts.

data. We note, however, that one should expect appreciable
contribution of the chain segments at higher frequencies.
Since both W and Ware measured, the (complex) dielectric
response at each frequency is independently calculated, al-
lowing a detailed comparison with theoretical predictions.
Similar measurements on a 600 A film revealed the same
results: the optical constants calculated from the measured
M, W are similar to those calculated from the 800 A film
data. Figure 4 shows the measured dielectric response of the
800 A. film at 95 K obtained from the measured M, W We
have tried to fit the experimental data with several expres-
sions for the (complex) dielectric response, including the
marginall2 and the nestedl3 Fermi liquids as well as a simple
Drude plus a few oscillators (see review in Ref. 1). However,
within the limits of physical parameters that are in general
agreement with published data, none of these fit both real
and imaginary parts of the dielectric response even when
additional oscillator profiles are added, i.e., when the number
0f free parameters is rather large. In particular, the real part

tedof the dielectric response in the NIR regime cannot be fitte
by a wide oscillator, referred to as the MIR band in some
publications. It is important to note here that the optical con;
ductivity o(t0) =(cu/47r)Ime might well be fitted by any of the
above models over the measured frequency regime [such fit-

ting, however, does. not agree with the real part of e(co) as
discussed abovej. This is another manifestation of the impor-
tance of extrapolations to zero and infinite frequencies: only
when o(co) is known at all frequencies there is no additional
information in the real part of e(cu).

We use a purely phenomenological approach to model the
measured (complex) dielectric response function (Fig. 4).
The weak frequency dependence at 3000—7000 cm ' is well
analyzed by an extended Drude model were the scattering
rate I * and the square plasma frequency co„*
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Temperature (K) 95 150 250

o)„D (cm ')
I'o (cm ')

ruEoo (cm ')

ruED, (cm ')
I'Etm (cm ')

gr
~b, (cm ')
ru, (cm ')
I', (cm ')

pd, (opt) (pQ cm)

pd, (meas) (pQ cm)

10.5
12 800

880
5 500

92 000
150

0.75
1 000
2 300

500
155
140

10.5
13 300

910
5 000

89 000
320

0.75
1 150
1 100

530
220
210

10.5
14 200

950
4 100

85 000
600

0.75
1 500

500
600
250
335

TABLE I. The parameters used to fit the measured dielectric
response at 95, 150, and 250 K.

In Fig. 3 the distribution of oscillator strength between the
two fiuids is shown. The ED fIuid dominates at high frequen-
cies, while the normal Drude component has comparable
strength at lower frequencies. Since the experimental data
are limited to co)1250 cm ' the accuracy of the distribution
of oscillator strength at low frequencies is somewhat limited.

Before we discuss our results further, we comment on the
reliability of data obtained by refiectance measurements fol-
lowed by Kramers-Kronig analysis and of our data. Firstly, it
is worthwhile to remember that the KK analysis is very sen-
sitive to extrapolation to high frequencies when the reflec-
tance data are smooth over the measured frequency range as
is the case in Fig. 2. The phase of the rejected light is ob-
tained by the following expression:

ln M(cu') —ln W(cu)
6I(c0)=- d0)

vr Jp CO GO

=4mz*e /I* depend linearly on frequency. At lower ener-

gies the measured optical conductivity increases more rap-
idly with decreasing frequency, which might be fitted by an
additional (simple) Drude term (see Fig. 3). Finally, better
fitting to the real part of the dielectric response at low fre-
quencies is obtained by adding a weak oscillator at low fre-
quency. This model yields the following complex dielectric
response (see Table I for parameters values):

e( tu) = e +ae+ e ED+ bee

where the "normal Drude" terms is

2 2
co D co DI z)

8D —
2 +l

ru +I'o2 cu(ro +I oz)'

GO pD

4mne
(2)

The extended Drude part has the following form in the rel-
evant frequency range:

g2 g2p g

ED 2+ Pg2 ( 2+ I +2)

2
~p ~EDQ+ ~ED1 l

~l.

I "=I"Eoo+ gr I
jul

(3)

and the oscillator is described by a Lorentz dielectric func-
tion of bound charge carriers

2
~be

be 2
CO CO

—
E GO I (4)

The above phenomenology is quite arbitrary in so far as it
uses traditional response functions. Its advantage is that it
provides simple physical insight and reasonable consistency
with published data. The main, but not the only, contribution
in the NIR regime is that of the "extended Drude" (ED)
fIuid, which is in agreement with both the marginal and the
nested Fermi-liquid models. ' ' This part of the phenomeno-
logical dielectric function is also consistent with published
data obtained by KK analysis of refIectance measurements. '

which rapidly decreases as co' deviates from co. However, if
W(cu)=M~~(cu') the contribution of high frequencies can be
quite significant. Model calculations, based on the measured
spectra, show that 8(cu) at say 5000 cm ' has comparable
contributions from "measured" (0—10000 cm ') and ex-
trapolated data. Typically, the extrapolation to high frequen-
cies is based on published data matched to the experimental
results. Yet the dielectric response obtained by reflectance
and transmittance measurements is far more reliable than that
obtained by KK analysis of refIectance data.

The second major problem is that in reflectance measure-
ments the absolute value of the measured reflectance has an
uncertainty of some 2—3%. The optical transmittance is more
accurate (better than 1%). We have thus repeated the calcu-
lation of the dielectric response for different calibrations of
the reflectance data. For example a vertical shift of 3% in the
measured rellectance (&=M „,+0.03) causes a reduction
of 12% in both e, (cu) and e2(cu), namely the plasma frequen-
cies in the above model are changed by less than 10%. The
spectral dependence is only weakly affected by the absolute
calibration, hence the experimental uncertainties do not alter
our conclusions.

We now turn to the temperature dependence in the normal
state. Both refiectance and transmittance are weakly tempera-
ture dependent in the measured frequency regime, with typi-
cal variations of —1%. The accuracy of the measurement is
of the same order, hence small variations had to be confirmed
by repeated measurements. In the transmittance data we find
a vertical shift of the spectrum due to temperature without a
noticeable change in slope. These variations are beyond the
experimental uncertainties. For the refIectance we find larger
variations as well as slope changes at frequencies below
2000 cm '. At higher energies there is no slope change and
the experimental data suggest a weak temperature depen-
dence in the normal state, where at room temperature the
refiectance is 1% lower than at 95 K. However, these varia-
tions are within the reproducibility of the spectra; hence from
our measurements we cannot distinguish between tempera-
ture independent and weak temperature dependence. Single-
crystal measurements by Schlesinger et al. '" revealed that
the refiectance at 105 K is some 2% higher than at 250 K
throughout the relevant spectral range. Based on Ref. 14, we
consider the NIR reflectance to be temperature dependent
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and analyze the data accordingly. To avoid extra uncertainty
in the calculated dielectric functions due to the limited repro-
ducibility of the reflectance spectra, we use the 95 K NIR
reflectance for all temperatures. For T)95 K the spectra are
vertically shifted according to the above temperature depen-
dence. Therefore the 150 and 250 K are downshifted by 0.3
and 0.7%, respectively. Below 3000 cm ' we use the mea-
sured MIR reflectance at each temperature. The uncertainty
in the exact temperature dependence of the optical reflec-
tance yields variations of the temperature dependence of the
optical conductivity of the order 50%, but does not alter the
general trend. We therefore take the temperature dependence
as an estimate which captures the correct trend and the cor-
rect order of magnitude.

The temperature dependence of the optical transmittance
at 4000 cm is shown in Fig. 5. Although there is some
scattering (~0.3%), one might observe that the temperature
dependence at low temperatures is weak, and increases
above -80—100 K. The data present measurements in two
different setups (MIR and NIR) as well as measurements
where the sample and the MgO reference positions have
been exchanged. Similar behavior is observed at other fre-
quencies, and the same tendency might be observed in Fig. 6
where the differential transmittance M(T —90 K) at several
temperatures is shown. Higher transmittance at high tem-
peratures means that the film is less absorbing in the NIR
regime. These results are consistent with powder absorbance
measurements where the optical absorbance increases upon
cooling to T, , then saturates or decreases with further
cooling. '

The parameters used to fit the measured data at 95, 150,
and 250 K are listed in Table I. Upon cooling there is a

transfer of oscillator strength from the "normal Drude" to
the "extended Drude" Quid, according to our phenomeno-
logical model. The dc resistivity, extrapolated from the opti-
cal data, is in fair agreement with the measured values. The
zero-frequency scattering rates are found to be temperature
dependent and reflect the dc data, while the frequency-
dependent part g& is temperature independent. The main
change in the NIR regime is thus due to the temperature
dependence of the plasma frequency hence of the ratio
n*/m*, the number and effective mass of the free carriers,
respectively. In the present model this variation is attributed
to the transfer of oscillator strength therefore the number of
free carriers in each Auid is temperature dependent:
n *= n*(T), m* =const.

DISCUSSION

One of the main aims of this study is to explore the tem-
perature dependence of the NIR response below and above
T, , in order to resolve the discrepancies between reflectance
and powder absorbance measurements. The results indicate
some temperature dependence which is hard to observe in
both reAectance and transmittance experiments, however
consistent with the absorbance results. It is thus essential to
understand what is measured in the absorbance experiment
in order to analyze these results quantitatively. Using the
measured optical constants of the Y-Ba-Cu-0 films and our
own absorbance data we found that effective medium ap-
proximation is sufficient to explain the absorbance spectra
provided two realistic corrections are taken into account: (a)
the Y-Ba-Cu-0 grains have wide shape distribution, from
spherical-like to platelike. Such distributions have been
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found in TEM micrographs of Y-Ba-Cu-0 powder where as-
pect ratios as large as 10 have been observed. (b) The KBr-
Y-Ba-Cu-0 pellets, used in absorbance measurements, are
nonuniform hence there is a distribution of local concentra-
tion. Again this correction is consistent with observing black
and white dots on the pellets, either with a naked eye or with
an optical microscope (depending on the degree of mixing).
The Maxwell-Garnett approximation modified to ellipsoids
of different aspect ratios has the following form

e KBr

1+(2/3)g f;n;

1 —(1/3)g f;u,

YBCO KBr
A;=

Lie YBCO+ (1 —L;)8KBr
'
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FIG. 7. (a) Calculated pellet absorbance spectra of a Y-Ba-Cu-0-KBr pellet at 95, 150, and 250 K. (b) Measured absorption coefficient
of the 800 A Y-Ba-Cu-0 film at several temperatures.

where e, is the effective dielectric response of the Y-Ba-Cu-
0-KBr pellet, and f;, L, are, respectively, the volume frac-
tion and the depolarization factor of a subset of Y-Ba-Cu-0
grains with similar geometry. For spheres L =1/3, L(1/3 for
a platelike spheroid and L)1/3 for needlelike ones. In the
present calculation a uniform distribution of depolarization
factors L =0.05—0.35 was used. Nonuniform Y-Ba-Cu-0
concentration is approximated by assuming 70% of the pellet
area to be opaque (high Y-Ba-Cu-0 concentration) and 30%

area with local volume concentration of 0.15% Y-Ba-Cu-O.
In real pellets, similar absorbance has been measured for
total volume fraction of -0.3%, where the absolute absor-
bance depends on the degree of mixing. Using (6) and the
above parameters both frequency dependence and magnitude
of the measured absorbance are recovered. It is important to
note here that effective-medium approximation (EMA), by
definition, does not include nonspecular scattering. Therefore
at high frequencies where k-a (k,a are the optical wave-
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IA(Ti) —IA(T2) (BNIBT)AT coi idT
IA( T) N, ri( T) co i o

(300~ 100 K), (7)

where IA is the integrated absorbance (say 4000—8000
cm '), and

length and grain size, respectively) EMA would underesti-
mate the measured absorbance. For submicron particles,
typical in powder absorbance experiments, nonspecular scat-
tering becomes significant above 10 000 cm '. In Fig. 7(a)
we present the calculated pellet absorbance using the calcu-
lated dielectric response of Y-Ba-Cu-0 at three temperatures
(see parameter list in Table I). The results are consistent with
published absorbance measurements where in the normal
state the integrated absorbance increases with decreasing
temperature. Below T, both M and Ware saturated within
the experimental uncertainty, hence the 95 K spectrum is
maintained down to zero temperature. Comparison with the
measured absorption coefficient n=4mo Im(ge) at several
temperatures, Fig. 7(b), shows that the pellet absorbance cap-
tures the correct temperature dependence, and that the maxi-
mum absorption in the powder data is shifted to higher en-
ergies. It is evident that powder absorbance measurements
have higher sensitivity to the temperature dependence of the
NIR response compared with other methods, hence the "dis-
crepancies" between absorbance and refIectance data are just
due to resolution.

The temperature dependence observed in NIR absorbance
experiments has been theoretically analyzed within the gen-
eral picture of a bipolaron model. ' According to that ap-
proach, polarons and bipolarons are formed well above T,
due to strong electron-phonon interaction. The bipolarons are
bosons with spin zero or one, separated by a real or pseu-
dospin gap of the order of 4k~T, . In the normal state one
measures the temperature-dependent occupancy of the sin-

glet and triplet bipolarons, which have different absorption
cross sections. In the superconducting state one also mea-
sures the fraction of the condensate bosons, which are zero
momentum singlets that cannot absorb light. It is interesting
to compare this approach with the phenomenological model
of the thin-film results. As mentioned above, the main con-
tribution to the temperature dependence in the NIR regime is
due to the transfer of oscillator strength from the "normal
Drude" to the "extended Drude" quid. Assuming that this is
due to the change in number of charge carriers N, &&, one
finds

ous theoretical treatment is needed in order to compare the
full dielectric response, as measured by us, with any theo-
retical model.

CON CLVSIONS

In this work we have presented optical data of thin Y-Ba-
Cu-0 films where both reflectance and transmittance have
been measured. Structural analysis as well as comparison
with untwinned single-crystal data suggest that the optical
conductivity measured in these films is due to the Cu-0
planes, and that the Cu-0 chain contribution is suppressed.
We find that the complex dielectric response, directly calcu-
lated from the optical data, is more complicated than any of
the known models predictions. In particular, the midinfrared
response cannot be presented by a wide oscillator, and both
marginal- and nested-Fermi-liquid approaches are insuffi-
cient to explain the optical response of Y-Ba-Cu-O. Instead
one should consider a multicomponent model or a single
quid with complicated frequency and temperature dependen-
cies.

The temperature dependence of the MIR and NIR regimes
was found to be consistent with powder absorbance measure-
ments. In this regime the optical energy is much higher than
both temperature and the superconducting energy gap, there-
fore the temperature dependence in the normal and in the
superconducting states is anomalous and cannot be explained
within a normal Fermi-liquid approach. Any theory attempt-
ing to explain these materials should consider the fact that T,
is observed at such high energies as co/25)10.

Powder absorbance measurements are found to be a reli-
able method in studying the optical response in the MIR and
NIR regimes. Since the effective-medium approximation is
sufficient to understand the absorbance data at the above
spectral range, scattering and reflectance are not significant
in those measurements although they are close to the limit of
validity of EMA where the wavelength is of the order of the
grain size.

In summary, the anomalous NIR response is a crucial test
for any theory attempting to describe both normal and super-
conducting states of high-temperature superconductors. At
present only the bipolaron model could explain the observed
temperature dependence, however fully quantitative com-
parison cannot be made since a full description of the dielec-
tric response is still lacking. We hope that this study will
stimulate more theoretical work on the NIR response, and in
particular the observation of T, at energies so much higher
compared to the superconducting energy gap.

= ~pop+ ~ED1 I ~l ~N.rt'~ED1 ~10 ~11T.Q2 2

The relative change in the integrated absorbance is thus a
direct measure of the relative change in ~D&, with the same
order of magnitude as that reported in the absorbance mea-
surements. Since the temperature dependence in the normal
state is due to the occupancy probabilities of singlet and
triplet bipolarons, it is tempting to identify the extended
Drude fluid as the singlet bipolaron bosons, and the normal
Drude Quid as the triplet bipolarons. However, a more rigor-
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