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Infrared studies of ab-plane oriented oxide superconductors
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New results covering a wide frequency and temperature range are presented for the infrared
properties of YBa;Cu3O7-; for light polarized in the ab plane. The normal-state optical conduc-
tivity can be described by two processes: a low-frequency Drude absorption that tracks the tem-
perature dependence of the dc conductivity and a temperature-independent midinfrared band. In
the superconducting state most of the oscillator strength of the Drude absorption moves to zero

frequency and the reflectance spectrum is dominated by a plasma edge at 500 cm ~'.

conducting gap cannot be seen in our spectra.

I. INTRODUCTION

The infrared properties of the high-temperature super-
conductors have attracted considerable attention recent-
ly,' 7! with many attempts to determine the supercon-
ducting energy gap as well as some controversy over
whether the midinfrared spectrum is a simple Drude ab-
sorption centered at zero frequency or a strong midin-
frared band. In this paper, we present the results of a de-
tailed study of the temperature dependence of the infrared
properties over a wide range of frequencies in ab-plane
oriented samples of YBa;Cu3O7-5. We find that, aver-
aged over the ab plane, the midinfrared region is dominat-
ed by a strong, nearly temperature-independent absorp-
tion band, possessing around 80% of the infrared oscillator
strength. In addition, at temperatures above the super-
conducting transition temperature, a Drude contribution
is observed in the far infrared; the temperature depen-
dence of this Drude term is in agreement with the dc con-
ductivity.

Below T., the Drude contribution is not in evidence,
suggesting that most of the carriers responsible for the dc
transport have condensed to form a collective state. A
finite residual absorption remains at low temperatures,
possibly the low-frequency tail of the midinfrared band;
an energy-gap structure is not discernable in the
frequency-dependent conductivity of our samples. Al-
though a peak is seen at 500 cm ~! in the superconducting
to normal reflectance ratio of crystals, this peak is not the
energy gap. Instead, it can be associated with a plasmon-
like mode of the superconducting electrons, sufficiently
screened by the positive contribution to the dielectric
function of the midinfrared absorption band so that it ap-
pears in the far infrared. '?

II. EXPERIMENTAL DETAILS

Our measurements have been made on ceramic samples
and on mosaics of small crystals. As we have shown previ-
ously,® the as-grown surface of pressed-pellet ceramic
samples can have a high degree of orientation, with about
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80% of the surface consisting of tilelike crystallites, 10 um
in size, with their a and b axes lying in the surface. We
call these samples “textured” ceramic samples. The crys-
tal mosaic consisted of ten to twenty small flux-grown
crystals, each 300-1500 um in size. On account of the
well-known ab twinning which occurs in YBa;Cu3;07—5
crystals, the reflectance of each crystal in the mosaic is an
average of the g-axis and b-axis response.

The crystals were grown from copper oxide rich flux of
molar composition 4CuQ:1YBa;Cu307 in alumina cruci-
bles. The thermal treatment conditions involved holding
at 1065°C for 10 h followed by cooling to 750 °C over 60
h. The sample was quenched to 500°C and cooled to
300°C over 40 h. A stream of pure oxygen was bubbled
through the charge during all of the above stages.

Typical crystals were thin (50-100 um) rectangular
plates 1-2 mm on an edge. Chemical analysis by the neu-
tron activation technique indicated an aluminum content
of the crystals of 2-6 at.%. The T, for the crystals from
the same growth batch measured by the Meissner effect
was 85+ 2 K. This is consistent with published results on
aluminum-doped YBa,Cu307—; crystals. !

We measured the far-infrared through near ultraviolet
reflectance of our samples between liquid helium and
room temperature. Following the measurement, the sur-
faces of the sample were coated with an ordinary metal
(Pb or Al) and the reflectance of the coated surface was
measured in order to estimate the amount of incident light
lost due to imperfect sample surfaces. Because of the
rough surfaces of the textured ceramics and the incom-
plete parallelism of the crystals making up the mosaic this
coating was an extremely important part of the measure-
ment procedure. The frequency-dependent conductivity
and dielectric function were determined by a Kramers-
Kronig analysis of the reflectance and by least-squares fits
to oscillator models.

III. RESULTS

We find two principal contributions to the ab plane in-
frared conductivity of YBa;Cu307-5 a Drude part in the
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far-infrared and a midinfrared band. In addition, in the
textured sample, there is an additional contribution of
sharp lines from phonons. These are illustrated in Fig. 1,
which shows the 110-K frequency-dependent conductivity
of a textured ceramic sample. The smooth curve is the op-
tical conductivity calculated from a fit to the measured
reflectance of a dielectric function of the form
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where the first term is a Drude contribution characterized
by plasma frequency w,p =5900 cm ~! (0.74 eV) and re-

laxation rate 1/t=300 cm ~! (9.037 eV); the second is

+ +€ao,

from six optical phonons, with frequencies w;, damping
constants y;, and oscillator strengths S;; the third the con-
tribution of the midinfrared absorption band, represented
by a highly overdamped oscillator with center frequency
w.=2100 cm ~' (0.26 eV), strength wp, =21000 cm ~'
(2.6 €V), and width y, =8400 cm ~! (1 eV); the last the
high-frequency value of ¢, here taken to be ¢ =3.8. The
individual contributions of the far-infrared Drude term
and the midinfrared absorption are shown as dashed lines
in Fig. 1.

The far-infrared Drude conductivity is consistent with
the dc conductivity, both in magnitude and in temperature
dependence. Figure 2 shows the frequency-dependent
conductivity at three temperatures. With decreasing tem-
perature, the low-frequency (100 cm ~') conductivity in-
creases steadily. In contrast, the midinfrared conductivity
shows minimal temperature dependence; most important-
ly, it does not narrow as it would if there were a single
Drude conductivity in the entire infrared range. The inset
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FIG. 1. The optical conductivity of the textured ceramic of
YBa;Cu30O7-5 obtained by Kramers-Kronig transformation of
the reflectance is shown as points. The smooth curve is a fit of
the reflectance to a dielectric function that uses Lorentz oscilla-
tors to describe the phonons and a broad band for the midin-
frared oscillator strength in addition to a Drude absorption cen-
tered on zero frequency. The dashed curves show individual
contribution of the Drude and the midinfrared bands to the con-
ductivity.

T. TIMUSK et al. 38
4000 T T
1.5 5
e -
o H[{
1.0
G g
E .
_— 3000
‘e
@)
T
G
>
> 2000
—
>
—
-+
8]
3
O
c
o
< 1000 ’
ju v YBa,Cuy0, textured ceramic
100 K
[ — 200 K
[ 300 K
0 1 1
0 1000 2000 3000
-1
Frequency (cm )

FIG. 2. Temperature dependence of the conductivity. Inset:
the resistivity, measured by far-infrared means of 100 cm ~!, as
a function of temperature. It shows the characteristic linear
resistivity of oxide superconductors. The amplitude of the broad
mid-infrared band at 2000 cm ~' changes little with tempera-
ture.

to Fig. 2 gives the temperature dependence of the resistivi-
ty p measured by far-infrared means; the resistivity is the
inverse of the 100-cm ~! conductivity. The resistivity is
linear in temperature, with a relatively small zero-
temperature intercept, typical of high-quality YBas,-
CU3O7—5.

The magnitude of the far-infrared resistivity is about
50% larger than the measured dc resistivity for the ceram-
ic sample, a difference which we attribute to a combina-
tion of the inaccuracies of the two methods and the fact
that the dc measures the entire bulk whereas the far in-
frared measures only the surface.

Figure 3 shows the reflectance for a single-crystal mo-
saic at 100 K in the normal state, and at low temperature
in the superconducting state. A simple model fit to the
normal-state data is also shown: a Drude absorption at
zero frequency with ®,=9700 cm ™' (1.2 eV) and
1/t=250 cm ™' (0.03 eV) and a midinfrared band repre-
sented as before with a single broad oscillator. This oscil-
lator has center frequency w,=1500 cm ~' (0.19 eV),
strength wpe =20700 cm ~1(2.6 eV), and width 7, =3600
cm ~! (0.45 eV). Compared to the parameters which fit
the textured sample of Figs. 1 and 2, the crystal mosaic
yielded for the midinfrared band a slightly lower frequen-
cy and about half the width but essentially identical oscil-
lator strength. Finally, calculations of reflectance which
use only a Drude term are also shown in Fig. 3. The
higher reflectance curve uses parameters that fit the far
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FIG. 3. Reflectance of a single-crystal mosaic of

YBa;Cu307-5 at 100 K in the normal state and at 2 K in the su-
perconducting state (solid, thick curves). In the superconducting
state the reflectance does not reach unity. The shoulder that de-
velops av around 400 cm ~! we associate with a plasma edge.
The dashed curves show various model fits described in the text:
— — —, Drude plus midinfrared oscillator; — - -—--—,
Drude fit to midinfrared; ---, Drude fit to far infrared;
— -— -—, plasma model for the superconducting state. The
best fit to the normal state curve is obtained by assuming a
midinfrared band and a low-frequency Drude band. There is no
evidence of a superconducting gap in these data.

infrared (given above) while the lower curve fits the
midinfrared region with a single Drude expression with
wp=25000 cm ™! (3.1 eV) and 1/7=4100 cm ' (0.5
eV). It is clear that a single Drude expression cannot fit
the whole curve.

IV. DISCUSSION

A. Normal-state properties

The fit to the reflectance of the crystals shows that 80%
of the infrared oscillator strength is in the midinfrared
band, with only about 20% in the low-frequency Drude
absorption. The total oscillator strength, given by
(02p+wpe) =(2.9 eV)? is close to what is found by ear-
lier fits to a single Drude model, which found’ wp, =25000
cm”! (3.1 eV) and 1/r=7500 cm ™! (0.9 eV). The
Drude plasma frequency seems to be the most sample-
dependent quantity, being some 60% higher in the case of
the crystal mosiac than in the textured ceramic, reflecting
the higher dc conductivity and greater degree of orienta-
tion of the crystals.

We can estimate the mean free path from the relaxation
time found in the fit. Using /=uvrr, and taking
vr=2x107 cm/sec, our relaxation rate of 1/7=300 cm ~!
yields /=35 A. This is a much more reasonable value
than the 1-2 A mean free path estimated from the
1/t=4100 cm ~! required to fit the reflectance to a single
Drude dielectric function.
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B. Superconducting state properties

Because an ordinary superconductor has no loss for
photon energies smaller than the energy gap, 2A, the
reflectance is unity below the gap, and falls to join the
(Drude) normal-state reflectance at frequencies substan-
tially above the gap. The ratio of the reflectance in the su-
perconducting state at low temperature to the normal-
state reflectance above the superconducting transition
temperature, denoted R;/R,, has a maximum near 2A.
Attempts to use measurements of R;/R, to determine the
superconducting gap in the new high-T, materials from
analogy to ordinary superconductors have been made by
many groups,®”1271% with estimates of 2A/kzT, ranging
from 1.5 to 8.

The high-7, materials have a complex dielectric
response: it has been shown!? that in superconducting
La;-,Sr,CuO4 a plasma edge develops in the far in-
frared. This edge looks deceptively like a BCS gap edge
in that it appears in concert with the superconducting
transition and that its position and amplitude change with
temperature following the BCS order parameter. These
changes in reflectance can be traced to the real part of the
dielectric function €;(w), which is large and negative at
very low frequencies due to the zero-frequency A-function
response of the condensed superfluid electrons, but which
becomes nearly zero in the far infrared due to the screen-
ing of the large positive contribution to (@) from pho-
nons and the midinfrared band. The position of this plas-
ma edge is determined by a balance between the oscillator
strengths of the mid-infrared band and the phonons on the
one hand and the oscillator strength of the condensate on
the other; it does not indicate the energy gap. >

Sherwin, Richards, and Zett]' have introduced a simple
zero-parameter model, the plasmon model, to describe the
superconducting state in La;—,Sr,CuQy. This model as-
sumes that all of the oscillator strength which in the nor-
mal state resided in the Drude band of width 1/7 has been
shifted to a delta function at zero frequency. The model
does not involve any particular value for the gap so long as
20> 1/1.

The dramatic changes seen in the reflectance on passing
through the superconducting transition are due to the
transfer of most of the oscillator strength of the normal
electrons with their Drude response to the zero-frequency
delta-function response of the condensate. In the clean
limit, the width of the Drude o;(w) is smaller than the
gap, making the magnitude of the conductivity at @ =2A
rather small. In other words, the shoulder at the gap in
the Mattis-Bardeen'® conductivity vanishes in the clean
limit. In addition, there remains a finite conductivity
from the midinfrared absorption to further diminish the
importance of any contribution from the superconducting
electrons at and above the gap. Thus there is no sharp
feature in the clean-limit reflectance at the gap frequen-
cies; the far-infrared reflectance is determined by the in-
ductive response of the condensate and the reactive and
absorptive contribution of the midinfrared band.

The only parameter that can be found from an analysis
of infrared data in the clean limit is the temperature
dependence of the condensate fraction. Sherwin et al.'
used BCS theory in the weak-coupling limit to calculate
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this fraction; however, similar temperature dependences
can be found for other models such as gapless supercon-
ductivity or boson condensation models. The accuracy of
experiments at this stage does not allow a choice among
the detailed functional dependence for the various models.
Sherwin et al. found that not only was it impossible to ex-
tract an energy gap from the data, it was not possible to
distinguish between the plasmon (clean limit) and
energy-gap (dirty limit) response without an a priori
knowledge of the gap value. In the present work, we have
shown that the dirty limit is inappropriate and that the
measurements can be explained well by any clean-limit
model, independent of the value of the gap.

The dash-dot line in Fig. 3 shows R, calculated from
the plasmon model. The calculation assumes that the
superconducting-state dielectric function consists of €,
the midinfrared absorption, and the superconducting-state
response. Figure 4 shows the ratio R;/R, of the crystal
mosaic. The shape of the data is in good agreement with
other results’ on ab-plane crystal surfaces. A band of
2%-4% strength can be seen peaking at 500 cm ~'. The
plasmon model calculation is also shown. The model de-
scribes the position of the peak correctly but it is impor-
tant to stress that because there remains a low-frequency
absorption in our sample, the reflectance does not reach
the expected 100% at low frequency.

The plasmon model assumes the extreme clean limit
1/1 < 2A for the normal-state conductivity at low temper-
ature. Figure 5 shows the results of a series of calcula-
tions of where this assumption is not made. It can be seen
that the true gap can only be seen in the dirty limit > 1
where n=(27A) ~! while in the clean limit R,/R, is dom-
inated by the plasma maximum at 500 cm ~! for all values
of the gap. We used parameters fitted to the reflectance in
the normal state to describe the normal-state properties
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FIG. 4. The ratio of the reflectance in the superconducting
state to the reflectance in the normal state at 100 K. This ratio
would peak at the energy gap 2A in a BCS superconductor.
Shown as a dashed line is a calculation that simply assumes that
the electrons have condensed to highly conducting state and that
the gap is larger than 1/t. The peak is associated with a de-
crease to nearly zero in the real part of the dielectric function.
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FIG. 5. Calculated reflectance ratio R;/R, for a BCS super-
conductor with 2A/kg T, of 3.5 (bottom) and 7.0 (top) for vari-
ous values of 7=(27A) ~'. When this parameter is large the su-
perconducting gap, shown as an arrow, can be seen in the
reflectance ratio. For <1 the plasma maximum dominates the
reflectance and the gap cannot be seen. The calculation uses the
parameters from the normal-state fit to YBa,;Cu3O7-5 shown in
Fig. 3.

and the Mattis-Bardeen'® expression for the supercon-
ducting state. The midinfrared oscillator is assumed to be
temperature independent and not changed in the super-
conducting state.

It should be emphasized that the plasma edge seen in
the superconducting state at 500 cm ~ ! is a direct conse-
quence of the dispersion caused by the strong midinfrared
oscillator strength. Single-crystal R;/R, data’ show a
maximum near 500 cm !, indicating the plasma model
with the same parameters used here can explain those re-
sults. No gap value can be inferred from the existing far-
infrared data.

C. Midinfrared absorption

The midinfrared absorption has been termed a Drude
absorption,’ ~° but we would like to reserve this term for
an absorption that is centered at zero frequency with a
constant relaxation time. Physically a Drude absorption
corresponds to elastic-scattering processes, typically by
impurities or other defects in the crystal such as thermally
generated phonons. The zero-frequency limit of the
Drude conductivity is the dc resistance. The far-infrared
absorption in the ab-plane samples, as we have shown, has
this Drude behavior.
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Is it possible that the midinfrared absorption is the
high-frequency portion of another Drude band due to a
parallel channel of carriers with a very short
temperature-independent relaxation time? We can rule
out this notion from the lack of saturation of the dc resis-
tance at high temperature. The overall conductivity of the
midinfrared absorption is about 1500 @ ~'cm ™! mea-
sured at 1000 cm ~!. If this conductivity persisted to zero
frequency, the dc conductivity, at high temperature,
would be expected to saturate at this value when the
temperature-dependent (low-frequency Drude) conduc-
tivity became negligible. From the analysis of the high-
temperature resistivity of Gurvitch and Fiory'” one can
estimate that the high-temperature saturation conductivi-
ty of our sample is less than 300 @ “'cm ~!. Thus, any
temperature-independent parallel conductivity channel
would have to have a lower conductivity than this. It fol-
lows that the midinfrared band is a true inelastic absorp-
tion process involving finite energy excitations and not an
elastic process centered at zero frequency.

There are several possible mechanisms for this absorp-
tion process. On the one hand, it could be due to an in-
teraction between the charge carriers and some excita-
tions such as lattice vibrations, spin fluctuations (spinons),
or excitons. In this case, it would be a Holstein sideband
of the zero-frequency (Drude) mode. Such a band would
always be very broad. At low temperature, the low-
energy shoulder is at the average frequency of the scatter-
ing excitation; the band peaks at several times this fre-
quency and falls off as 1/w? at high frequencies.'® On the
other hand, the absorption could be the result of a direct
excitation of a charge degree of freedom such as a charge
transfer (exciton) or an interband excitation. The great
width of the band is not inconsistent with the exciton pic-
ture, as one would not expect to see narrow hydrogenic ex-
citon lines in strongly correlated systems.

The midinfrared band is not unique to YBa;Cu3O7-;
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but has been observed in all the oxide superconductors. In
La;—,Sr,CuQOy4 (Refs. 4 and 19-21) ceramics it has been
shown to follow the dopant Sr concentration closely, al-
though the shape of the band in ceramics is heavily dis-
torted by the random orientation of the highly anisotropic
grains, as pointed out by Orenstein and Rapkine.?? Simi-
larly, in BaPb, - Bi, O3, there is a non-Drude absorption
at 2000 cm ~! of =2000 o ~'cm ~! strength that ap-
pears only for x values that result in superconductivity. 23
The earliest of the perovskite superconductor discovered,
doped SrTiO;, also shows a well-defined non-Drude
peak?* centered at 2000 cm ~'. The last two examples are
single-crystal measurements in cubic crystal structures
without any interference from anisotropy complicated by
ab-plane domain disorder. In these cases the peak seems
to be better defined than in our results here. Recent im-
portant results?® on single-domain YBa;Cu307—; crystals
also show a well-defined conductivity peak polarized
mainly in the b direction at 2500 cm ~' (0.3 eV). This
strong anisotropy is an indication that the optical response
that gives rise to the midinfrared peak in YBa;Cu3O7 -5 is
not confined to the copper-oxygen planes and that an exci-
tonic coupling to atoms not in this plane may well be im-
portant in high-temperature superconductivity.
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