Condensed
for Physik B Matter

Z. Phys.B - CondensedMatter 70, 307-316(1988)

9 Springer-Verlag 1988

Far-Infrared Reflectivity of Sintered YBa2Cu307
in the Normal and Superconducting State
W. Ose, P.E. Obermayer, H.H. Otto, T. Zetterer, H. Lengfellner, J. Keller,
and K.F. Renk
Fakultfit ftir Physik, Universit/it Regensburg, Federal Republic of Germany
Received December 2, 1987
We report on a study of the far-infrared reflection for a sintered YBa2Cu30 7 sample
that contained a large portion of preferentially oriented crystallites with the a - b plane
parallel to the surface and that showed extraordinary high far-infrared reflectivity. From
experimental reflection data we determined, by Kramers-Kronig analysis, the dynamical
conductivity and extracted the contributions due to free charge carriers and phonons,
respectively. We find evidence for an anomalous behavior of the dynamical conductivity
at temperatures above T~; the dynamical conductivity increases strongly for temperatures
approaching T~and is strongly frequency dependent. By use of the Mattis-Bardeen theory
we obtain an estimate for the superconducting energy gap of 2A/kT~_4.6 (for T< T~).
We find that the lowest frequency infrared-active phonon mode is less damped in the
superconducting state than in the normal state.

I. Introduction

II. Sample Preparation and Characterization

Soon after the discovery of high-Tc superconductivity
[1-3] far-infrared properties have been studied in
order to determine superconducting energy gaps. For
sintered L a - S r - Cu-- O compounds energy gaps
(for T<TJ of 2A/kT~"3.5 [4-11] and for sintered
YBa2Cu307 values between 2.3 and 3.5 have been
reported [12-22]. From a recent reflectivity study of
single crystal platelets on a copper surface Schlesinger
et al. [233 concluded an energy gap 2A/kT/,'8 for
radiation with the electric field vector in the a-b
plane of the crystals.
In this paper we report far-infrared reflection measurements for a sintered YBazCu30 7 sample that
contained a large amount of preferentially oriented
crystallites with the a - b plane almost parallel to the
sample surface and that showed extraordinary high
far-infrared reflectivity. We will present an analysis
of the reflectivity data that leads us to an estimate
for the superconducting energy gap of 2A/kT~_4.6.
The analysis delivers, in addition, evidence for
anomalous behavior of the dynamical conductivity
at temperatures above T~ and for an influence of
the superconducting state on the infrared-active
phonons.

For preparation of a sample appropriate amounts of
highly pure Y203, BaCO3 and CuO fine powders
were mixed and pressed to a pellet at a pressure of
10 tons per cm 2. For elimination of residual contamination with H 2 0 and O H - the pellet was heated for
10 h at about 500 ~ in air, then sintered at 870 ~
for 10 h and slowly cooled down to room temperature. Then the pellet was reground and the powder
heated at 750 ~ in flowing oxygen for 12 h. After
cooling a new pellet was formed under the same pressure as before, sintered at 950 ~ for 15 h in flowing
oxygen and slowly cooled down over a period of 6 h,
with an intermediate annealing stage at 550 ~ for
2 h causing an optimal oxygen content of the superconducting phase. In our study the sample surface
was untreated.
We studied the sample surface by electron scanning microscopy. Two typical pictures of different
magnification are shown in Fig. 1. We found that the
surface contained a large portion of crystallite plates
(of typical area 2 gm. 8 gin); the orientation of neighbouring crystallites changes by 45 ~ or 90 ~ i.e. the
surface is in a relatively highly ordered state with
regions of parquet-like texture.
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plane after final pressing and subsequent sintering is
the platy development of the crystallites, grown before
the last sintering process, with the {001} pinacoid as
habit determining form. Whereas the sample surface
of the bulk shows a single phase X-ray diagram, we
notice on the Guinier powder diagram some weak
and relatively diffuse additional peaks, eventually resulting from a small amount of a secondary phase.
Two of these peaks are indicated by question marks
(Fig. 2a). The interplanar spacings of 5.453 A and
3.148 A suggest a C u - C u distance of 3.856 ~ in the
secondary phase. This value equals about 89 b) of
the orthorhombic phase. We suggest that this phase
occurs at the {110} twin boundaries.
The specific d.c. resistance (Fig. 3) was about
3 gf~m at room temperature and a third of this value
at 110 K. The transition to superconductivity was
sharp (T~-86K). In a magnetic field the sample
showed in comparison with a variety of other samples
high levitation indicating a large MeiBner effect. Using the relation between oxygen content and lattice
parameters reported by Cava et al. [25] we found
that the sample had the composition YBa2Cu307+6
where 6=0.1_+0.1. A large oxygen concentration,
with 6>0, may be responsible for a value of T~
(~-86 K) smaller than values (~-94 K) known for samples with 6 <0. (For samples prepared by a slightly
different procedure we could also obtain large values
of T~, with zero resistance at 94 K; however, these
samples showed smaller Meil3ner effect.)
Fig. 1. Sample surface studied by electron scanning microscopy

For further characterization we performed X-ray
diffraction experiments. A powder analysis by the
Guinier method (Fig. 2 a) shows that the material has
orthorhombic structure. We obtained, for a temperature of 26 ~ the lattice parameters a = 3.8194(8)~,
b=3.8883(8)~, and c=11.668(2)~. From these
values an X-ray density of 6.39 g/cm 3 follows; the
average material density is 87% of the X-ray density.
We have also performed an analysis by the BraggBrentano method with the disk plane of the pellet
as a specimen surface and found (Fig. 2b) that the
X-ray intensity of the 001 reflections is enhanced by
more than 8 times compared to the Guinier diagram,
indicating a remarkable texture of the crystallites in
a surface range (of about 10 gm thickness) probed
by the X-rays. Our results suggest that a large portion
of the material was oriented with the a - b plane almost parallel to the sample surface; pellets with preferentially oriented crystallites were used recently to
study the anisotropy of the upper critical field [24].
The reason for the preferred orientation in the disk

III. Experimental Procedure
The reflection experiments were performed with a
Fourier transform infrared spectrometer. The sample
was mounted on a cold finger in a vacuum chamber
of a temperature-variable cryostat. As optical window
materials we used polyethylene at small frequencies
(v < 600 cm- 1) and KBr at large frequencies. For radiation detection a liquid helium cooled bolometer was
used at small frequencies and a liquid nitrogen cooled
NiCdTe detector at large frequencies.
To obtain a reference, the superconducting sample
was replaced by a gold mirror which consisted of
a gold film (thickness > 1000 ~) evaporated on a glass
plate. We have performed several different measurements in order to minimize errors by mechanical misalignment and suggest, from repeated experiments, an
error of less than about 2% for our absolute reflectivity values that will be shown in the next chapter.
The reflection measurements have been performed at
small angles of incidence. The radiation was focused
to a spot of 5 mm diameter; the angle of aperature
was few degrees.
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Fig. 2a and b. X-ray diffraction
pattern of the sample used in the
present experiment; (a), Guinier
diagram of powder material using
Co--K~, radiation (2= 1.78896 ~)
and (b), Bragg-Brentano diagram for
the as-grown pellet with the disk
plane as specimen surface using
Cu - K~ radiation (2 = 1.54179 ~)
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We have also studied diffuse reflection, that is due
to the roughness of the sample surface. Then we have
chosen, for the sample at room temperature, a different arrangement. Radiation within a large solid angle
(of almost n) was focused on the sample under oblique
incidence (at an angle of incidence of about n/4). Radiation at an angle of reflection of n/4 (within a solid
angle re) was collected and focused on the detector.
By this technique a large part of diffusely reflected
radiation in addition to the specularly reflected radia-
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tion was collected. In other studies it was taken account of diffuse reflection by using the sample covered
with a gold film as reference mirror. We did not use
this technique in order to preserve our sample and
especially the sample surface.
F o r the measurements an instrumental resolution
of ! cm-1 was chosen. However, to eliminate variations in the reflectivity curves that were clearly not
related to the sample (such as interference in the cryostat windows and absorption lines of polyethylene)
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Fig. 4. Far-infrared reflectivity of a YBa2Cu307 sample for the norreal state; inset, diffuse reflection behavior

Fig. 3. Specific d.c. resistance Po

1.0

we have averaged our reflectivity curves in limited
frequency ranges. The effective resolution was therefore about 1 cm-a in regions were structure related
to the sample was clearly seen but about 10 cm -a
outside these regions.

IV. Experimental Results
Experimental reflection spectra for different temperatures above T~ are shown in Fig. 4. The reflectivity
at room temperature (lower curve) is high at small
frequencies and decreases towards larger frequencies.
Cooling of the sample leads to a rather large increase
of the reflectivity in the range of small frequencies.
At large frequencies (v > 600 cm-t) the reflectivity increases slightly if the temperature is lowered and remains almost independent of temperature for low
temperatures, T<190 K. The step-like structure in
the reflectivity curves is due to infrared-active phonon
modes. The reflectivity of our sample was almost specular at small frequencies (up to 600 cm- ~) and mainly diffuse at large frequencies (inset of Fig. 4); from
the onset of diffuse reflection an average surface
roughness of the order of few gm is estimated, which
is in accordance with the electron microscope picture.
Figure 5 (dashed curve) shows a reflection spectrum for T~ T~. The reflectivity at small frequencies
is almost constant and has a value of about 1. The
original reflectivity data for the sample were slightly
(by 2%) higher than for the gold mirror; since the
gold mirror had an estimated reflectivity of 0.99 and
since the reflectivity of the sample was almost independent of frequency, it is justified to assume a reflectivity of about 1 for the sample. The range of constant
reflectivity extends to a very large frequency
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Fig. 5. Far-infrared reflectivity for YBa2Cu307 in the normal and
superconducting state

(130 cm-1); this frequency corresponds to a minimal
superconducting energy gap 2A/k T~~_2.2. The reflectivity for the superconducting state is enhanced, compared to the normal state, up to 380 cm -1 and is
diminished at larger frequencies (Fig. 5). Below
380 cm- 1 there is a strong increase of the reflectivity
towards smaller frequencies. If we extrapolate the reflectivity curve with the experimental slope towards
smaller frequencies we obtain a crossing point with
the line of 100% reflectivity at 285 cm-~. This value
may be attributed to the superconducting energy gap;
it corresponds to 2A/k T~~ 4.6. A detailed analysis will
be given in Chap. V.D. At low sample temperature
(10 K) the specular reflectivity for large frequencies
(v>600 cm -1) was almost the same as at 190 K.
The reflection spectrum for 10 K (Fig. 5) shows
again pronounced phonon structure. However, instead of the step-like structure found for high temperatures, some of the phonons appear now as reflection
minima; this is most evident for the lowest-frequency

W. Ose et al.: Far-Infrared Reflectivity of Sintered YBazCu3Ov

resonance at 153 cm-1. Clearly seen at all temparatures are four strong phonon resonances (one at
153cm -1, two near 300cm -1, and another at
570 cm- 1) and a weak resonance (at 192 cm- 1). Other
structure (occurring mainly at low temperatures) is
partly due to nonperfect elimination of absorption
lines of the cryostat window material 1,26] and partly
due to sample surface contamination with CO2 rest
gas in the cryostat; we found that already a small
amount of CO2 caused a broad absorption band near
200 cm-1. The phonon structure will be discussed in
Chap. V.E.
We have also performed reflection measurements
on other samples. Though these were prepared in almost the same way as the sample of high far-infrared
reflectivity, they showed much smaller reflectivities
(with room temperature values between 10% and
40% as compared to 58% at 600 cm-1). The main
reason for the difference was a larger surface roughness, most likely resulting from a slightly higher sintering temperature than for the sample of high reflectivity.
For earlier studies of sintered Y - B a - C u - - O
samples (and also for La - B a - Cu - O) much smaller
far-infrared reflectivities have been reported. The
highest reflectivity values have been found by Thomas
et al. [12], namely a reflectivity near 1 up to about
60 c m - 1 but a decrease at larger frequencies. Our reflectivity curve for low temperature shows therefore
that our sample and especially the surface range (with
a thickness of typically 1000 ~ that is probed by farinfrared radiation were of high quality. We note that
Genzel [26] found, also for a sintered YBa2Cu30 7
sample, similar high far-infrared reflectivities as our
sample shows. In a single crystal study 1-23] a maximum increase of the reflectivity in the superconducting state compared to the normal state was found
for a frequency of 500 cm-1; this frequency was attributed to the superconducting energy gap (2A/kT~
-8).

V. Analysis
V.A. Concept of the Analysis
The sintered YBa2Cu307 samples are spatially inhomogeneous (Fig. 1); there are regions of different orientations of crystallites, grain boundaries and holes
in the material. For a description of the dynamical
properties we introduce an effective complex dynamical conductivity o-= o-I + io-2.
In a first step we will perform a Kramers-Kronig
analysis of the reflection data in order to determine
the complex conductivity. In a further discussion we
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will determine the contributions to the conductivity
by infrared-active phonons, free charge carriers and
bound charge carriers, respectively. We therefore
write the conductivity as a sum

o-=o-P+ ac + a b

(1)

where a p = o-[ + i o-~ is the contribution to the complex
conductivity by phonons, o-c= a] + i o-~ by free charge
carriers and ab= O-~+ abz by bound charge carriers.

V.B. Kramers-Kronig Analysis and Conductivity at
Room Temperature
Using the relationship
O(v) = v ~ ln[R(v')](v2-v'2) -1 dv'

(2)

TC o

where v is the frequency (in cm-a), O the phase shift
of the reflected beam, we obtain the real part, n, and
imaginary part, k, of the refractive index according
to
the
relations
n = (1 - R) N - 1
and
k
= 2 R 1/2 sin O N -1
where
N=(1 -R1/2) 2
+ 4 R 1/2 sin2(O/2). It follows for the real part of the
conductivity o-l=4~vce0 nk and for the imaginary
part o-2=2gvceo(n2-k 2) where c is the velocity of
light in vacuum and eo=8.9.10 -12 AsV -1 m -1.
We will first discuss our procedure for the analysis
of the room temperature reflectivity. In order to determine the conductivity in the range of our main interest (30 cm -1 to 600 cm-1), we have also to know
the reflectivities outside this range. For larger frequencies (600 c m - 1 to 5000 c m - 1) we used the experimental curve that corresponds to the sum of specular and
diffuse reflectivity (dashed in the inset of Fig. 4). For
still larger frequencies we assumed a further decrease
of the reflectivity and used the function R(v)
~-bl exp(b2/v) that allowed to solve the integral (2)
analytically for large frequencies. We have chosen
bl = 0.05 and b2 = 6.103 cm-1. The function coincides
with our experimental values near 5000 c m - 1 and describes, approximately, reflection data at higher frequencies known for sintered samples 1,27, 28]. The
extrapolated reflectivity values are, however, by a factor of two smaller than reported for the single crystal
sample 1,23] and for crystalline thin films 1-29].
In the region of small frequencies (v< 30 cm -1)
we extrapolated our experimental curves by use of
the Drude theory, with the Hagen-Rubens expression
1 - R =(8Co VC/fn) 1/2 where 6. is chosen in such a way
that the experimental reflectivity curve is smoothly
continued towards small frequencies.
For a survey we show in Fig. 6 the dynamical
conductivities at room temperature for a large fre-

312

W. Ose et al.: Far-Infrared Reflectivity of Sintered YBazCuaO7

T = 300 K

~>.-2

I->

.~\ 02

0

I. . . .

~
OZ

--I". . . . . I. . . . . I.

..............

0-2

t
0

1000

...............

i

i

2000
3000
v (crn -1 )

determined by both, the positive Drude term cr~
(dashed in Fig. 6) and the negative term a~ (dotted).
We find by this analysis a value e~ ~-2.4. This value
is smaller than most values discussed in earlier studies.
At small frequencies, the conductivities due to
charge carriers (dashed curves in Fig. 6) do not show
Drude behavior, that is characterized by o-] = a, and
~ --* 0 for v ~ 0, but show an enhancement. This additional conductivity will be discussed in the next
chapter.

&O00

Fig. 6. Dynamical conductivities at room temperature obtained
from Kramers-Kronig analysis (solid lines) and contribution by free
charge carriers (dashed) and bound charge carriers (dotted)

quency range as obtained from the Kramers-Kronig
analysis. The real part of the conductivity, 0-1, is almost constant at high frequencies and has a value
o-, ~ 2.3.104 f~- 1 m - 1. The corresponding dynamical
resistance, p,~-43 ~t~m, is more than an order of
magnitude larger than the d.c. resistance (Fig. 3). The
reason for this discrepancy is not known; a similar
discrepancy between dynamical and d.c. resistance
has also been reported earlier [19]. The imaginary
part, a2, of the dynamical conductivity (Fig. 6) is positive at small frequencies (ignoring the region of very
small frequencies where the negative values arise from
apparative limitations). It is negative at large frequencies and decreases almost linearly with frequency; the
negative sign indicates that the imaginary part of the
conductivity due to bound carriers is larger than for
free carriers. Both the real part and the imaginary
part of the conductivity (Fig. 6) show the phonon
structure.
For an analysis of the smooth part of the conductivities, i.e. neglecting the phonon structure, we describe the contribution by free charge carriers at room
temperature by a D rude term a ~= ~, (1 - i v/v~)- 1 where
v~ is the scattering frequency for the free carriers and
the contribution by bound charges by the expression
crb=-i(2rcvceoeoo) where e~ is the high-frequency
dielectric constant. Assuming a plasma frequency vp
~_ 17000 cm- 1, i.e. a free charge carrier concentration
of about 5.10 z~ cm -3 at an effective mass equal to
the free-electron mass, we find from ~,=2~zce0v~/v~
a value v ,~- 14000 cm- 1 and vp/v~- 1. Similar values
have already been reported for sintered material; for
the single crystal sample [23] Vp=25000 cm-1 and
v~= 7000 cm- ~ have been used as parameters for description of the reflectivity. It follows that the imaginary part of the conductivity at high frequencies is

V.C. Evidence for Anomalous Conductivity
at Temperatures above Tc

We find by the Kramers-Kronig analysis that the real
part of the conductivity reaches for v>2000 cm-1
constant values, namely for 300 K we have a,
~-2.2.104fUXm -1 and for low temperatures a,
-~ 3.0.104 ~ - 1 m - 1. The imaginary part at large frequencies is also slightly larger than at room temperature. The dynamical conductivities, obtained from the
Kramers-Kronig analysis for different temperatures
and for the range of smaller frequencies are shown
in Fig. 7. We find a strong deviation from a normal
Drude behavior; at small frequencies, there appears
an anomalous conductivity with large values for both
the real and the imaginary parts. When the temperature decreases and approaches Tc this anomalous conductivity increases. The real part, a~, increases towards smaller frequencies while the imaginary part,
o-~, shows a maximum. This behavior is clearly seen
for T= 110 K (Fig. 7) and also for 300 K (Figs. 7 and
6); the experimental curve for 190 K shows a deviation from this behavior which is due to an experimental error in the reflection curve.
In Fig. 8 we have plotted, for T - 110 K, the real
part of the additional conductivity, o-~- o-,, and also
the imaginary part a~. The real part is large at small
frequencies and decreases at larger frequencies. The
imaginary part increases at small frequencies, has a
maximum and then decreases. The additional conductivity can be fitted by a Drude formula o-a=a~(1
--iv/v~) where o-~(---17.104 ~)-1 m - l ) is the conductivity for v ~ 0 and v~( - 7 0 cm-1) a characteristic frequency. A negative sign of the additional conductivity
in a part of the frequency scale (Fig. 8) is consistent
with the sum rule for the real part of the conductivity.
The conductivity at small frequencies (inset of Fig. 8)
is strongly temperature dependent; the additional
conductivity a~ - ~, which is almost equal to ~ varies
approximately as (T-T~)-1 for T > Tc (solid line). A
comparison with the conductivities at different temperatures (Figs. 7 and 6) indicates that v~ is strongly
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temperature dependent; for T = 3 0 0 K we find v"
_ 250 cm- 1.
The temperature dependence of the additional
conductivity suggests an explanation by two-dimensional superconducting fluctuation, i.e. Cooper pairs
formed by thermal fluctuations above T~. For a first
estimate we apply the theory of Aslamasov and Larkin [30] for the d.c. conductivity of thin films. Accordingly the additional d.c. conductivity due to fluctuations is
A ~=e2(16hde) - 1

(3)

where d is the film thickness and e=(T-T~)/T~. As
can be seen from the inset of Fig. 8 the experimental
results for a ] - a, can be fitted quite well by (3) with
d~-3 x 10 - l ~ m; a deviation at T~T~ may be due to
the fact that the experimental points are given for

a small but finite frequency. The value of d is of the
order of the lattice spacing. Fluctuations of two-dimensional character therefore may be related to superconducting currents in the a - b planes. We note
that recent results of a d.c. conductivity measurement
[-31] on sintered YBazCu307 have been interpreted
by three-dimensional fluctuations. The frequency dependence of the conductivity due to fluctuation effects
has been studied earlier for thin films both theoretically [32] and experimentally using far-infrared spectroscopy [33]. For temperatures T > T~ (not too close
to T~) and not too small frequencies the frequency
dependence of the conductivity due to fluctuations
can be well approximated by a Drude formula with
a
characteristic
frequency
(in
cm- 1) v~"
= 16kB T e ( h c ) - 1. The observed frequency dependence
of the dynamical conductivity is therefore also consistent with superconducting fluctuations.
In an alternative explanation the additional conductivity may be attributed to free charge carriers
in a second band with a strongly temperature dependent scattering rate which becomes small at low temperatures; the maximum of a~ at T,-~T~ would then
be a consequence of the superconducting transition.
Such free charge carriers may be due to quasiparticle
states arising from interaction and nesting effects on
the Fermi surface of the two-dimensional electron system [34]. With the relation ao" = 2 rcc vp,a/v
2 a~ we obtain
a plasma frequency vp,a for the second charge carriers
type. We find Vp,,~-2700 cm -1 for T - ~ l l 0 K, i.e. the
corresponding concentration may be much smaller
than for the normal charge carries (or the concentration may be similar but the effective mass much
larger). It follows in this interpretation that the excitations in the second band are only weakly damped
at l l 0 K (Vp,JV~"~40); for 300K (Fig. 6) Vp,, and
therefore the carrier concentration are comparable to
the values at 110 K while the scattering rate is strongly increased.

V.D. Superconducting Properties

In Fig. 9 we have drawn the real and imaginary parts
of the conductivity that we obtained by subtracting,
according to (1), the contributions by phonons (Chap.
V.E.) and bound charge carriers. The real part of the
dynamical conductivity, a], is zero up to 130 cm -1
and increases to a, at large frequencies. The imaginary part, a~, is large at small frequencies and decreases with increasing frequency. In the range of
large frequencies (not shown in Fig. 9) a~ shows
Drude behavior, i.e. it increases linearly with frequency as at room temperature (dashed in Fig. 6).
At smaller frequencies (v < 600 cm- 1) this linear por-
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tion to a~ is small and therefore we subtracted it for
simplicity from the experimental values and obtained
for a~ the solid curve of Fig. 9. For comparison we
show the conductivity expected from the theory of
Mattis and Bardeen [35, 36] (dashed) for superconductors in the dirty limit for T~ T~. The theory contains only one parameter, the gap frequency vg. With
a value Vg=285 cm -1 we can well describe a~ for
small frequencies, while the calculated conductivity
at large frequencies is smaller than the experimental
values. The experimental cut-off frequency for a] is
smaller than the assumed gap frequency. We suggest
that the inhomogeneity of the sample may be a reason
for the differences between theory and experiment.
We have therefore performed a slightly modified analysis which will be discussed in the following.
According to the microscopic picture (Fig. 1) there
are small conducting crystallites that have connections with each other. The corresponding grain
boundary regions and also polysynthetic twin boundary regions may have resistivities different from those
of ideal crystal regions. Since all structures are much
smaller than the wavelengths of far-infrared radiation
it might be reasonable to discuss a series of resistivities that determines the dynamical conductivity at farinfrared frequencies. We therefore introduce the complex dynamical resistivity P 1 -~ i p 2 = ( a ] Jff i O'~)-- t
where Pl is the resistance and P2 the reactance. In
Fig. 10 we show resistivity curves (solid line) obtained
c and o2c and theofrom the experimental values of o'1
retical curves (dotted) that follow from the MattisBardeen theory for vg= 285 cm-1; this value is now
chosen in such a way that the maxima for both the
experimental and theoretical ~2 curves coincide. The
theoretical resistance is zero for v < v, and increases

Fig. 10. Dynamical resistivities at low temperature (T~ 10 K); solid
lines, experiment; dotted, Mattis-Bardeen theory with vg= 285 cm- 1
(2A/k T~= 4.6); dashed, theory with a rectangular distribution of gaps
in the range 2.2<=2A/kT~<8

to a maximum value at v-~ 1.7vg and then decreases
to p, = 1/tr, at larger frequencies. The absolute value
of the reactance has a maximum for v ~-1.25vg; for
small frequencies (v < vg) P2-~ 1/0-~ and for large frequencies (v > vg) P2 is proportional to ~ . In comparison with the theory the experimental curves are broadened. This behavior may be described by assuming
that there exists a distribution of energy gaps. Assuming a rectangular distribution of energy gaps, in the
range 130cm -1 to 480cm -1, we find the dashed
curves. Thus, the complex resistivity behaves as we
would have a distribution of energy gaps in the range
2.2 < 2A/k T~< 8. A distribution of different energy
gaps may be attributed to grains of slightly different
electronic structure and also to the anisotropy of the
differently oriented crystallites. Anisotropic pairing
states which have been proposed for heavy-fermion
superconductors are also discussed for the high-temperature superconductors [37, 38]. The range of energy gaps suggested from our study is consistent with
results of tunnel experiments [-39].

V.E. Infrared-Active Phonons
We describe the dynamical conductivity due to photons by Lorentzian resonances

ap=_i(2rcVCeo)~ Sj vjz 2 - v 2 - l r-j v) -

(4)

J
where St, v~, and ~ are oscillator strength, eigenfrequency and damping of the jth phonon mode, respectively. Table 1 shows parameters that follow from the
conductivity curves (Fig. 7). The j = 1 resonance is
m o s t likely mainly due to vibrations of the Ba ions
against oxygen ions, the j = 2 resonance to vibrations
of Y against oxygen ions and the other modes to
C u - O vibrations. The resonance frequencies (Ta-
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Table 1. Eigenfrequencies, oscillator strengths and damping constants for infrared-active phonons
j

1
2
3
4
5

v(cm- 1)
10 K
110 K
153
192
276
308
565

278
312
567

Si
10 K

110 K

3
0.5
1
1,5
0.23

5
0,5
0.8
1.3
0.19

Fj(cm- 1)
10 K
110 K
4

7
10
15
15
20

ble 1) extend up to about 600 cm-1; Raman-active
phonons are found in the same frequency range [15,
40-43]. We suggest that the structure in the conductivity curves at large frequencies (Fig. 6) is due to
phonon combination absorption. The structure near
900 cm -1 and 1550 cm -1 (Fig. 6) may correspond to
two and three phonon processes, respectively. Highfrequency cut-off frequencies (near 1200 cm -a and
1800 cm-~) are consistent with a maximum phonon
frequency of 600 cm- ~ in the phonon density of states
as obtained from a lattice dynamical study [41].
We find that the j = 3, 4 and 5 phonons (Table 1)
are slightly softer in the superconducting state; phonon softening effects for the j = 3 and 4 infrared-active
phonons and for Raman-active phonons are known
from recent studies [-15, 21, 40]. At high temperatures
(above 190 K) the oscillator strengths of all phonon
resonances decrease with increasing temperature
(Fig. 7). The transition from the normal to the superconducting state influences the resonances differently
(Table 1), namely the j = 2 phonon is uninfluenced,
the j = 3, 4 and 5 phonons show a small increase of
oscillator strength but no change of the halfwidth;
i.e. these phonons have negligible or weak interaction
with the charge carriers of the superconducting state.
For the j = 1 phonon both the oscillator strength and
the halfwidth decrease by a factor of two (Table 1).
This indicates that thej = 1 phonon has a direct interaction with the charge carriers that are responsible
for the superconductivity. Weaker damping may occur because the quantum energy of a phonon is not
sufficient to break up a Cooper pair. Since the j = l
phonon (with strong B a - O amplitudes) is a vibration
of ions near the C u - O a - b planes the observed interaction of this vibration with Cooper pairs is consistent with superconductivity in these planes.

VL Conclusion

In this paper we report results of a study of the farinfrared reflectivity and dynamical conductivity of
YBa2Cu3OT. We find evidence for anomalous behav-
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ior of the dynamical conductivity above T~ that may
either be due to superconducting fluctuations or by
normal charge carriers with a small scattering rate.
We determine for the superconducting energy gap for
T~ T~ a value 2A/kT~-4.6 that is larger than values
concluded from earlier far-infrared studies on sintered
high-T~ superconductors but smaller than a value of
8 concluded from a study of a crystalline sample. We
observe an influence of the superconductivity on
phonon modes; especially the lowest-frequency phonon is less damped in the superconducting state than
in the normal state. Our results give support for twodimensional character of the superconductivity.
Finally we want to remark that the reflectivity
of our sample is extraordinarily high. Besides a good
flatness, the preferred orientation of crystallites in the
sample surface with their e-axes perpendicular to the
surface and a good contact behavior for the dynamical currents between different crystallites may be important for the high reflectivity. The high quality of
our sample made it possible to obtain new information about the superconducting state in YBa2Cu30 7
which will be useful for further experimental and theoretical investigation.
We would like to thank L. Genzel for very stimulating discussions;
we also acknowledge discussions with U. Schr6der. We are indebted
to the Bruker Analytische MeBtechnik G.m.b.H. for making available their Fourier spectrometer IFS 113 V and to G. Zachmann
for experimental assistance. The work was supported by the Bundesministerium fiir Forschung und Technologic.
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