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In a Clean High-T, Superconductor You Do Not See the Gap
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The frequency-dependent conductivity of laser-deposited YBa2Cu307-& thin films shows an onset of
midinfrared absorption at —140 cm ' and structure in the 400-500-cm ' region. These low-energy
absorptions occur both above and below T„making them unlikely to be the superconducting gap in the
usual BCS sense. The absorption across the gap is weak because the high-T, materials are in the clean
limit; this weak absorption is masked by the midinfrared absorption.

PACS numbers: 78.30.Er, 74.70.Vy, 78.20.Ci

Most studies of the infrared properties of high-T, su-

perconductors' have focused on the superconducting en-

ergy gap and the nature of the strong midinfrared ab-

sorption. In ab-plane-oriented material two spectral
features have been assigned to the superconducting gap.
One ' is an absorption onset at —140 cm ', below

which the superconducting-state reflectance %', is

(within experimental error) 100%. This frequency corre-
sponds to (3.1-3.2)kttT, for the reduced-T, samples of
Ref. 2 and 2. 1kgT, for the T, =91 K samples of Ref. 3.
The other is a shoulder in the superconducting-state
reflectance %, (at 440 cm ' in YBa2Cu307 s). When
the ratio of superconducting to normal-state reflectance,
R,/R„, is measured, this shoulder becomes a maximum

at 460-480 cm ', or 7.3kqT, when T, =92 K.
The normal-state infrared properties have also re-

ceived various interpretations. Early discussions of crys-
tals of films —largely at room temperature —used a
Drude model with a constant, very short, relaxation
time. Because this simple model fails to account for
the temperature dependence of the infrared properties, '

either a generalized Drude model, with a strongly
frequency-dependent relaxation rate and effective
mass, ' or a model of parallel conduction by several

types of carriers having differing concentrations and re-
laxation rates has been used in recent analyses. A
fourth picture attributes most of the midinfrared absorp-
tion to a direct electronic excitation.

In this paper we discuss the infrared reflectance of ep-
itaxially grown laser-deposited films of YBa2Cu307 —b.

We conclude that neither the absorption onset at 140
cm ' nor the structure at 440-480 cm ' should be as-
signed to the superconducting gap. Both are present in

the normal-state data at essentially the same frequencies.
Furthermore, we demonstrate that the clean limit
holds, ' making the gap di%cult to see by infrared ab-
sorption.

Our films were made by pulsed-eximer-laser (248 nm,
30 ns) deposition ' from a composite YBa2Cu307 s tar-

get onto 700-750 C SrTi03 substrates. An oxygen
background pressure of 200 in mTorr was maintained
during the deposition. Three films, thicknesses between
2000 and 5000 A, have been measured. The highly
oriented films are extremely smooth and have the c axis
normal to the surface; helium-ion-channeling experi-
ments, which observe less than 3% scattering, indicate
that the ab-plane orientation is as good as in crystals.
The normal-state resistivity is linear, with an extrapolat-
ed zero-temperature intercept of 0+ 2 p 0 cm. The films

are superconducting with T, of 89-91 K, depending on

sample, and h, T, =0.2 K.
Reflectance measurements were made with a Bruker

interferometric superconductor over 50-5000 cm
(0.0062-0.62 eV) and with a grating monochromator
over 1000-32000 cm ' (0.12-4 eV). The 300-K
reflectance was measured relative to an Al reference and
corrected for the known reflectance of the Al. Because
of the high quality of the surfaces there was no need to
coat the samples with a metal to estimate the scattering
losses. A continuous-flow cryostat was used to cool the
sample to temperatures down to 20 K. The temperature-
dependent reflectance was measured relative to the 300-
K reflectance.

The low-frequency reflectance of two samples is shown
in Fig. 1. The upper panel shows a film with T, =91 K;
the lower one with T, =89 K. To within experimental
error of ~0.5%, the low-temperature %', is unity up to
=140 cm ' in both samples; above this frequency %',
falls off slowly, with a pronounced shoulder at 440 cm
and a broad reflectance edge in the near infrared. ' ' '
The reflectance was essentially temperature independent
below —60 K; above this temperature decreased
reflectance was observed at all frequencies.

From the reflectance we determined the frequency-
dependent conductivity ot(co) and real dielectric func-
tion e&(to) using Kramers-Kronig analysis. The Kra-
mers-Kronig procedure has trouble where %', is unity ~
noise: as %' 1, the signal is not %' but l —%', making
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Lorentzian contribution. For the fits below T, we col-
lapsed the Drude term to a b function but kept the
remaining terms unchanged.

To fit the broad-band rnidinfrared absorption requires
three components, at 300, 740, and 3300 cm
Higher-frequency electronic excitations, previously seen

by ellipsometry, ' are here lumped into t. . In the fit,
the wings of the first two Lorentzian terms are broader
than the structure in a ~ (m), indicating that these are not

particularly good model dielectric functions. [It has re-

cently been shown' that a simple model of strong cou-

pling between the bound carriers and a phonon in the
52-meV (430-cm ') range can give the observed an-

tiresonance structure in o~(co). This electron-phonon
model replaces the two Lorentzian terms at 300 and 740
cm ' with a single band at 400 cm ' linearly coupled
to a phonon at 433 cm '.]

The curves in the upper part of Fig. 3 were obtained

by subtracting the Drude part of a~(ro) for our T, 89-
K sample, using the parameters from the reflectance fit.
The result for our T, 91 K sample would be similar,

except for a larger low-frequency cr&(r0). In Fig. 3 it can

be seen that without the free-carrier contribution, the
normal-state a~(co) has the same form as the supercon-

ducting state o~(co): an onset near 140 cm ', a max-

imum around 350 cm ', a minimum at 430 cm ', and a
second broad maximum near 750 cm '. With decreas-

ing temperature the 430-cm ' minimum grows deeper
and the 140-cm ' edge becomes a bit steeper; this trend
continues below T, . Because the 140-cm ' onset is

present in the normal state up to 300 K it is unlikely to
be the superconducting gap. Similarly, there is no obvi-

ous absorption feature in the 400-500-cm ' region

below T, which is absent above T, . (In fact, the shoul-

der in the reflectance which has been the principal evi-

dence used in support of a 480-cm gap is quite evi-

dent in normal-state data. ' '
There are two other reasons why we suspect that nei-

ther feature is the superconducting gap. First, both
occur at nearly the same energy in reduced-T, crystals
and T, =91 K films, both those reported here and else-
where, and thus do not scale with T,. Second, a nearly
identical conductivity spectrum occurs' in T, =85 K
crystals of Bi2Sr2CaCu208, with the exception that the
onset for T & T, occurs at 300 cm ' and the first

minimum is at —500 cm . The presence in the normal

state of this absorption is clearly seen in 8'„and in

a~(co) above T„(see Fig. 4 of Ref. 13). If the onset in

these materials were the gap, one would have

2A/ks T, = 2.2 in films, 2h/ks T, = 3.1-3.2 in 0-
deficient crystals, and h2/k s, T=5. 1 in Bi2SrqCaCu20s.
An alternative interpretation is that the onset is a direct
electronic absorption, whose energy is determined by the
material.

Why is absorption across the superconducting gap not

seen . In our view, this is because YBa2Cu307 b is in

the clean limit, normal skin eAect regime of supercon-
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FIG. 4. Real part of the dielectric function, plotted against
co . The range of the data shown is 300-70 cm

ductivity' (I/r«26; (o« l «XL). The parameters of
the fits to %'„support this view. At T=100 K we find

cu~D =8800 and 1/r =100 cm ' for the T, =91 K film
and co~D =8200 and 1/r =110 cm ' for the T, =89 K
film. The plasma frequency is weakly T dependent while
the scattering rate is essentially T linear (like the resis-
tivity) with zero intercept:

—= (100 cm )1 T (2)
z 100 K

The 100-K value corresponds to z 5.3x10 ' sec and
(if UF 3X10 cm/sec) a mean free path of i=160 A.
Thus at 100 K, I/r-1. 4kgT„which is definitely smaller
than the BCS gap value of 3.5kgT, . At 20 K, we expect
a still smaller value of I/z and a stronger inequality.

According to the clean-limit picture, ' all of the oscil-
lator strength of the Drude conductivity appears under
the zero-frequency 8 function in cruz., none is left for
transitions across the superconducting gap. ' Then, the
real part of the dielectric function at low frequencies is'

2
Npg (3)
N

where e~b is the bound-electron contribution to e/(clp)

[i.e. , the zero-frequency sum of all the Lorentzians in

Eq. (1)] and co~s, the plasma frequency of the supercon-
ducting charge carriers, equals the Drude plasma fre-
quency. Figure 4 shows the real dielectric function of
our T, 91 K film, plotted against N . Below 50 K
e~ (ro), a straight line over most of the range, satisfies Eq.
(3). We find ro~s 9000+ 400 cm ', very close to the
normal-state fitted result at 100 K for this film of
NpD 8800 cm '. Confidence in the correctness of the
clean-limit picture is a posteriori based on the agreement
between the superconducting and normal-state deter-
minations of the plasma frequency.

We note that the slope of e~(ro) vs c0 is essentially a
direct measurement of the London penetration depth,

I/2zco~s (co~s in cm '); we obtain XL =1750~ 100
A. This value, which is less than the film thickness, is

somewhat larger than the 1400-A ab-plane XL found
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from muon-spin-rotation measurements in 8=0 sam-20

ples. Some —but probably not all—of the difference be-
tween the two measurements might be attributed to
slightly lower oxygen content in the films.

We turn now to the midinfrared absorption in these
materials, which has been variously attributed to a
strongly frequency-dependent scattering, to parallel
conduction by several types of conduction electrons hav-

ing differing concentrations and relaxation rates, and to
a direct electronic excitation. ' Frequency-dependent
scattering can be due to a Holstein ' process, in which
an electron absorbs a photon of energy hm, emits some
excitation at 6 0, and scatters. To conserve energy, one
must have Aco & A. O. By assuming a narrow band of ex-
citations in the 250-500-cm ' range strongly coupled
(k = 3-9) to the conduction electrons, the strongly
temperature-dependent far-infrared behavior and the
temperature-independent midinfrared absorption can be
described within a Holstein picture. ' No direct mid-
infrared absorption is included in these models.

Two factors argue against this picture. First, strong
coupling to the excitations leads to a pronounced devia-
tion from a T-linear dc resistance, in disagreement with
experiment. ' ' ' The T-linear resistivity is consistent
with a weak coupling to low-energy (hQ«60 cm ')
excitations. Using 1/r 2rrkrsT, our fitted 1/r implies
X=0.2. This in turn leads to a weak frequency depen-
dence in cx~(co) at co-0, but this is smaller than the de-
viations from Drude behavior shown in Figs. 2 and 3.
Second, if there is a superconducling gap then the Hol-
stein process requires that the photon energy provide
both the gap energy 2h, and the energy of the emitted ex-
citation 6 0, causing a shift of the Holstein structure in

o~(co) to higher frequencies below T, . However, there is
no feature in Figs. 1-3 which shifts to higher frequencies
belo~ T,.

The T-linear resistivity also rules out several parallel
conduction channels. If there were temperature-
independent conduction in parallel with temperature-
dependent conduction, the resistivity would show signs of
saturation at high temperatures.

Our data support the idea that the midinfrared ab-
sorption is a direct electronic excitation. Earlier we had
suggested a (Frenkel) exciton, ' but other possibilities
obviously exist.

In conclusion, we make the following points: (1) Al-
though plausible arguments have been made for super-
conducting gaps in YBaqCu307 —b at 140 cm ' and at
480 cm ', neither of these features is the gap since they
are seen in the normal state. (2) These features become
more visible below T, because the Drude free carriers
have condensed. (3) The high-T, superconductors are
clean-limit superconductors, with essentially all of the
conduction-electron oscillator strength under the zero-
frequency b function. (4) The midinfrared absorption is

a direct electronic absorption, with an onset at 140 cm
in YBaqCu307 —~ and 300 cm in BiqSrqCaCuq08, indi-

cating a complex low-energy excitation spectrum in these
materials.
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