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Characteristic optical features in the far-infrared conductivity of YBaxCu3O7-5 crystals have
been studied as a function of doping. We focus particularly on a reflectivity “edge” near 435
cm ! which we find to be both insensitive to carrier concentration (i.e., T.), and present in the
normal state of some samples. These results place tight constraints on possible interpretations of

this feature.

Far-infrared studies of the high-7. superconductor
Y Ba,Cu307 have been principally motivated by a desire to
study both the superconducting energy gap and the low-
frequency excitations that mediate superconductivity in
this compound. Unfortunately, while recent far-infrared
studies of this compound are now in uniform agreement
that a distinct knee in the superconducting-state reflec-
tivity is present near 435 cm ~!, interpretations of this
feature have not reached a similar consensus. For exam-
ple, this feature has been variously attributed to normal-
state particle-hole excitations across a band edge,'™*
free-carrier scattering from excitations having an onset
near 435 cm ~!,* and a large BCS superconducting energy
gap (2A/kpT.~8).°~7 To further complicate interpreta-
tions of YBa;Cu3;O7’s far-infrared properties, there have
been reports of an additional onset of absorption near 150
cm ~! in the superconducting state that appears to exhibit
features characteristic of a BCS gap.>*®

In view of the uncertainties confronting interpretations
of these data, we have studied the optical reflectivity of
YBa,;Cu307—; as a function of & (and consequently, 7.)
in order to elucidate the nature of both far-infrared
features. Evidence is presented that, within the large er-
ror bars characteristic of this high reflectivity region, the
low-frequency feature scales with 7. in a manner con-
sistent with BCS theory. By contrast, the higher-fre-
quency onset of absorption near 435 cm ~! exhibits prop-
erties which make it unlikely to be due to either a conven-
tional superconducting gap or a band edge.

The single-bounce reflectivity results in this study were
performed on numerous crystals (microtwinned in the a-b
plane) having a variety of T.’s. The T.=90 K crystals
used in this study showed full diamagnetism and a large
Meissner fraction. Furthermore, other crystals from the
same batches maintained high surface conductances,®
sharp superconducting onsets in microwave absorption,’
instrumentally limited channeling (xmin=3%-5%) in
Rutherford backscattering,'® and immeasurably small c-
axis misalignment in x-ray scattering'! and electron mi-
croscopy.'? The crystals with lower-T. values were ob-
tained by controlled annealing of YBa,Cu3O7—5 in O,,'?
which changes the carrier concentration by altering the O
concentration in the sample. The 30-K sample was ob-
tained by first substituting ~10% Al on Cu chain sites,
then annealing the sample. All the low-T, samples exhib-
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ited high values of reflectivity, which is the standard that
we use to define good crystals.!* Although the resistive
transitions of the lower-7, crystals are broader than those
having T, =90 K, the estimates of magnetism and crystal-
lographic alignment are otherwise similar to the 90-K
samples. This indicates that the lower-T, samples are not
mixed phase crystals, but rather bulk superconductors
having disordered oxygen. In particular, there is no evi-
dence of phases with higher-7, values in the conductivi-
ty,® magnetic susceptibility,!> or microwave absorption®
of these low-T, crystals. Far-infrared measurements (at
frequencies <700 cm ~!) were performed using a
Michelson interferometer, with light directed at the sam-
ples via a light pipe. An external manipulator was used to
position either sample or Au reference in the beam path.
Reflectivity data at higher frequencies (> 500 cm ~!)
were obtained using a rapid-scanning interferometer, with
incident and reflected beams focused by mirror optics.
The estimated errors associated with these measurements
are less than 1%.

Figure 1 shows reflectivity data in both the supercon-
ducting (T'~20 K) and normal (T—100 K) states for
three T.=90-K (YBa,Cu3O;) samples. The error bars
show an estimate of the combined random error and sys-
tematic uncertainty in absolute reflectivity; the relative er-
ror near the middle of the frequency range is smaller as
indicated by the data scatter. The solid curves in the
normal-state data represent a Drude form, illustrating the
severe deviation of the data from Drude behavior [px (100
K) =30 u0Qcm] above ~350 cm ~!. As we will discuss
below, this deviation betrays the presence of an anomalous
midinfrared absorption band in the conductivity. These
data also illustrate the large changes in reflectivity occur-
ring between the normal and superconducting states of
YBa,Cu30;. The biggest difference between normal- and
superconducting-state spectra in Fig. 1 is the appearance
of a “knee” in reflectivity below T, (arrow), representing
a sudden onset of absorption near 435 cm ~! in the super-
conducting states of these samples. However, whether
this absorption edge is present only in the superconducting
state, or simply obscured in the normal state by increases
in the scattering rate with temperature, cannot be dis-
cerned from these data alone.

More detailed information about the far-infrared region
can be determined from studies of this region as a func-
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FIG. 1. Reflectivity R as a function of frequency v for three
crystals (4, B, and C) of YBa,Cu307. The upper solid circles in
each section are data taken in the superconducting state at
T =20 K, and the solid lines through these points are guides to
the eye. The arrows indicate the knee in the data near v=435
cm ™!, The lower solid circles are data in the normal state at
T =100 K and the solid lines are estimates of the low v resistivi-
ty using the Hagen-Rubens approximation. These fits yield pn
values of 30-60 pQcm and illustrate the slight down turn in
reflectivity near the energy of the knee.

tion of doping. In Fig. 2, for example, the optical
reflectivity of YBa;Cu3O7—; is illustrated below 2000
cm ™! as a function of temperature for samples with
different carrier concentrations (values of 7.). In all sam-
ples presented, the knee is observed at roughly the same
energy, ~435 cm ~! (54 meV), in spite of the fact that
both 7. and the free-carrier concentration!>!¢ change by
approximately a factor of 3. Furthermore, this edge is ap-
parent at higher temperatures in samples with lower car-
rier concentrations, and indeed is clearly present in the
normal state of samples having T.’s of 30 and 50 K. As
we shall discuss below, these results question the interpre-
tation of the 435-cm ~! knee in reflectivity as either a
band-structure edge or a BCS superconducting gap. In
addition to the prominent reflectivity edge near 435 cm ~!
in Fig. 2, there is an additional onset of absorption be-
tween 100 and 200 cm ~! that corresponds to a deviation
from unity reflectivity.>*%!3~!7 This feature disappears
in normal-state reflectivity data in all of our samples.
Notably, in the superconducting state, the high values of
reflectivity in the energy range of this feature hinder a
determination of its properties as a function of doping.
Figure 3 illustrates the normal and superconducting
conductivities of the reflectivities shown in Fig. 2, ob-
tained from a Kramers-Kronig transformation of the data.
These results afford insight into the low-frequency optical
properties of YBa;Cu30O7-5, as well as the 100-200- and
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FIG. 2. Reflectivity vs frequency curves for crystals with
T. =30, 50, 80, and 90 K. For each sample, curves at different
temperatures are shown with values: (7.:7...)=(30 K: 10,
100, 150, 250 K), (50 K: 10, 100, 150, 250 K), (80 K: 10, 40,
80, 150 K), (90 K: 20, 100, 200 K). Lower-energy features, at
which R deviates from one within our experimental uncertainty,
can also be seen.

435-cm ! far-infrared features. For example, Fig. 3
shows that the normal-state conductivity in YBa,Cus-
O7-5 has both a narrow Drude-like contribution and a
broad absorption band above ~400 cm ~!, as observed in
previous results. '24!41® Qur doping studies (Fig. 3) il-
lustrate that both contributions to the conductivity below
3000 cm ! increase with increased doping, suggesting
that the free carriers contribute to the conductivities in
both the Drude-like and higher-frequency components.
This conclusion is also supported by estimates that the
weight in the Drude contribution is insufficient to exhaust
the total free-carrier spectral weight.!® In addition, the
reflectivity edge present in the normal-state reflectivities
of low-T. samples (Fig. 2) manifests itself as a weak
minimum near 435 cm ~! in the conductivities of Fig. 3.
Notably, the 435-cm ~! conductivity minimum becomes
more conspicuous as carrier concentration is decreased.
An explanation for this is provided by the results of Fig. 3,
which suggest that in higher T, samples with a larger
Drude-like component, the 435-cm ~! feature is obscured
by the overlap between Drude and higher-frequency con-
tributions. As the temperature is lowered, the Drude-like
part narrows and the 435-cm ~! edge is resolved, giving
the appearance of a BCS-like temperature dependence in
90-K crystals.>’ Thus, these data suggest that the temper-
ature at which this feature disappears is not related to T,
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FIG. 3. Conductivity as a function of frequency for the crys-
tals whose reflectivities are presented in Figs. 1 and 2 in both the
normal (top) and superconducting (bottom) states. The values
of T for the four curves are 90, 80, 50, and 30 K.

but rather to the breadth, I'(T), and weight of the
Drude-like conductivity.

In the superconducting state, the conductivities of all
samples exhibit a loss of spectral weight relative to the
normal state. For each sample, this “lost” spectral weight
goes into & function at @ =0, further exposing the 435-
cm ! conductivity minimum. The magnitude of the miss-
ing spectral weight in the superconducting state corre-
sponds to the spectral weight in the superfluid condensate,
and indeed our data corroborates London penetration-
depth measurements of the superfluid weight (A~ 1400
A) in T.=90 crystals.!® The superconducting-state con-
ductivities of Fig. 3 also indicate a feature at lower fre-
quencies which appears to increase in energy somewhat
with increased doping. By contrast, the 435-cm ~! onset
of absorption does not shift with 7.

Figure 4 summarizes the energies of the two far-
infrared features as a function of doping (and T.). In
lower T. samples, the low-frequency absorption threshold
appears to vary with 7. in a manner consistent with BCS
theory. However, as shown in Fig. 4, this scaling does not
extend to 7. =90-K samples, in agreement with other re-
sults (solid square).>® It is important to stress that the
properties of this lower energy feature with doping are
difficult to ascertain, since the errors associated with
measuring differences in high reflectivities are large. Fig-
ure 4 also reiterates that the ~435-cm ~! edge (solid cir-
cles) does not shift as a function of T,. For comparison,
other groups’ results on 7. =90-K crystals are also shown
(solid squares). >

from similar crystals with 7. =80 and 70 K. Results from other
groups are plotted as solid squares labeled IBM (Refs. 5 and 7),
McM (Ref. 2), and R (Ref. 6). The solid triangles and open
circles are results for other materials (Refs. 29 and 30) and
pressed pellets (Ref. 31). The line through the upper data set
represents a 7. independence of the 435-cm ~! reflectivity edge,
while the lower line is the prediction of weak-coupling BCS
theory for the superconducting gap energy.

The above results present significant constraints on in-
terpretations of the 435-cm ~! optical feature. Indeed, it
appears that a number of interpretations may be ruled out
by this study: (i) a band-structure feature. The observa-
tion that the reflectivity knee does not shift with doping
suggests that it is unlikely to arise from an onset of ab-
sorption in band structure, as the energy of such an onset
would be sensitive to filling; (ii) a conventional supercon-
ducting gap. Although this feature has an apparent BCS
temperature dependence, "*>7 the absence of a shift with
T., and the appearance of this feature in the normal state
of lower 7. samples, argues that the knee cannot be a
BCS gap; and (ii) scattering of carriers from an excita-
tion whose characteristic energy is ~435 cm ~!, indepen-
dent of carrier density. In a strong scattering interpreta-
tion, the absorption onset should shift by 2A in the super-
conducting state as a gap opens to the free carriers.?° Fig-
ure 3 illustrates that, except for small values of 2A, our re-
sults are not consistent with such a shift.

On the other hand, evidence that the optical feature
may be related to a gap to some type of pair excitation is
offered by photoemission?!"?? and tunneling?>?* measure-
ments of the single-particle density of states in
YBa;Cu3O7-5 These studies exhibit a feature at roughly
half the energy of the conductivity feature near 435
cm ~!, as would be expected if the latter feature was relat-
ed to a pair breaking energy (2A). Indeed, Raman
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scattering measurements also exhibit structure in the su-
perconducting state that is consistent with 2A —~500
cm ~1,2%26  Attributing the absorption onset near 435
cm ~! to an optical gap (2A) can be reconciled with the
appearance of this feature in the normal state of o (Fig.
3) if one assumes that a pairing gap exists in the normal
state. Such a pseudogap would indicate strong normal-
state correlations between carriers that precede the transi-
tion to bulk superconductivity (i.e., normal-state pairing).
Evidence that precursor effects may be present in the nor-
mal state of high-T, superconductors has been chiefly pro-
vided by nuclear magnetic resonance measurements
YBa,;Cu306.7.2” These data show an anomalous decrease
in Cu(2) spin relaxation above T, that has been interpret-
ed as evidence for gap formation in the spin-excitation
spectrum near 7 =100 K. Furthermore, evidence that a
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gap forms in the normal-state spin-excitation spectrum of
La, 35Srg.15CuQO4 has been reported by neutron-scattering
results.?® The results of the present investigation also sug-
gest that the 435-cm ~! optical feature is most consistent-
ly described as a preformed gap in the normal state, al-
though a more thorough consideration of this interpreta-
tion requires theoretical guidance.

In conclusion, we have observed a knee in the a-b plane
reflectivity of YBa,Cu307—; crystals as a function of dop-
ing. The properties of this knee differ substantially from
those expected of a conventional superconducting gap or a
normal-state band-structure feature. For example, this
feature does not shift with carrier concentration (7), and
it is present above 7,. A comparison with other experi-
mental evidence suggests that this feature may indicate
strong carrier correlations in the normal state.
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