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Optical absorptivity of La 1.87Sr0.13CuO4 below the superconducting plasma edge
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We have directly measured the far-infrared absorptivity of single crystal La1.87Sr0.13CuO4 at 2 K for radiation
between 6 and 420 cm21 polarized along thec axis. We have computed the dielectric functions«c(v) and
conductivitysc(v) using a Kramers-Kronig analysis. The existence of nonzero losses below the plasma edge
and down to the lowest frequency measured is consistent with a model of a superconducting gap with nodes.
From the calculation of«c(v), we deduce a value of 230610 cm21 for the unscreened plasma frequency in the
superconducting state. A small peak in thes1

c(v) is seen near 10 cm21. @S0163-1829~99!04701-3#
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I. INTRODUCTION

The far-infrared conductivitysc(v) in the direction per-
pendicular to the CuO2 planes of the La22xSrxCuO4 ~214!
family of high-Tc superconductors depends both on the n
mal state conductivity and on the symmetry of the superc
ducting gap. Neither is well understood at present, espec
in compounds that are less than optimally doped. Two m
els have been proposed to describe this normal-state con
tivity. One scenario, put forward by Anderson and collab
rators, postulates the absence of any coherent transpo
carriers along thec axis in the normal state.1 In this picture,
strong electronic correlations decouple the spin and cha
degrees of freedom of the carriers, and, as a consequenc
carriers are ‘‘confined’’ to the CuO2 planes. The optical re
sponsesc(v) resembles that of an ionic insulator, and the
is little or no spectral weight at far-infrared frequencies.
the compound is cooled, the tendency of the system to lo
its kinetic energy, and thus overcome the ‘‘confinemen
drives the superconducting transition and the correspon
condensation of Cooper pairs. Josephson tunneling of C
per pairs restores coherent transport in the supercondu
state. This model predicts that the superconducting trans
is accompanied by the appearance of a distinct plasma
in the optical response corresponding to collective exc
tions of charge pairs. In the second, very different scena
the material is a bad but fairly conventional metal, with
extremely anisotropic mass and scattering rate for the
carriers.2 In this picture the change in the optical spectru
induced by superconductivity is explained by the tempe
ture dependences of both the density of superconduc
pairs and the scattering rate of normal-state carriers.
differences between the far-infrared responses predicte
the two models are subtle.3

Optical measurements on 214 materials have been m
since the early days of high-Tc superconductivity4 and have
recently generated renewed interest. Initially, polycrystall
films were studied and a reflectivity edge was observed n
50 cm21 for temperatures belowTc .5–9 More recently, single
crystals have become available, and thec-axis optical re-
PRB 590163-1829/99/59~1!/647~7!/$15.00
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sponse has been measured separately from the in-plane
cal response.2,10,11,12Above Tc , the far-infrared reflectivity
along thec axis is typical of a doped insulator, with stron
phonon peaks seen on top of an electronic backgrou
While there is no disagreement about the position of
peaks,13 the interpretation of the continuum between the
remains in dispute. Kimet al. point11 to signatures of inco-
herent transport aboveTc , i.e., a Drude liquid with an ex-
tremely high scattering rate and plasma frequency~‘‘dirty’’
limit parametrization.! However, Tamasakuet al.,2 and later
Henn et al.,12 interpret very similar data using a Drud
model with a small scattering rate and plasma frequency~pa-
rametrization approaching the ‘‘clean’’ limit.!

Below Tc the optical response is dominated by the plas
edge. Thec-axis absorptivity in 214 materials is much larg
than the in-plane absorptivity, and hence the plasma e
dominated the loss seen in the early investigations using
polycrystalline samples. The single crystal reflectivity e
periments from several groups at frequencies above
plasma edge are in qualitative agreement with each othe
least at temperatures well belowTc .2,10,11,12Below the edge,
the reflectivity is difficult to determine because the abso
tivity becomes smaller than the;1% accuracy of typical
reflectivity measurements. In addition, far-infrared measu
ments become increasingly difficult in general as the f
quency is reduced. Although in-plane studies of the opti
response have been recently extended to mm wavelengt14

relatively little is known about the details of the out-of-plan
response. Optical measurements at low temperature
both \v and kT!kTc probe the absorptivity below the su
perconducting gap energy and hence should contribute to
investigation of the symmetry of the order parameter. Su
studies may also shed some light on the dynamics of Jos
son plasma excitations in 214 compounds, in particular
the issue of the longitudinal versus transverse excitation
the Josephson plasmons in small crystals.15

In this paper we extend the existing optical data ofsc(v)
for La1.87Sr0.13CuO4 to lower temperatures and lower fre
quencies by directly measuring the far-infrared absorptiv
of a single crystal (Tc531 K) between 6 and 420 cm21 for
647 ©1999 The American Physical Society
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648 PRB 59J. T. BIRMINGHAM et al.
radiation with the electric field polarized along thec axis at 2
K. These measurements complement ellipsometric reflec
ity measurements12 made on the same sample between
and 700 cm21 at 10 K. We have found that there is signifi
cant absorption at 2 K at frequencies down to 10 cm21.
Moreover, there is structure in the absorptivity at frequenc
below the plasma edge. Our ability to determine the mec
nism for the small losses at frequencies below the plas
edge is limited by questions of sample quality. We note t
nominally identical crystals10 have been measured that ha
narrower phonon linewidths and lower overall electron
background conductivities than the one used in this study
preliminary report of our early results has appea
previously.16

II. EXPERIMENT

The La1.87Sr0.13CuO4 single crystal measured was grow
at the University of Amsterdam by the traveling-solve
floating-zone method.17 The material grew as a cylindrica
crystal~7 mm diameter and several cm in length!, with thec
axis oriented along one diameter. A;1 mm thick semicir-
cular slice was cut from the large crystal for use in the
sorptivity measurements. The~100! surfaces of the sampl
were mechanically polished, and the orientation of the a
was determined by Raman scattering and Laue x-
diffraction.12 The sample had aTc of 31 K as measured by
transport and magnetization measurements. Details of
sample characterization can be found elsewhere.12,18

We used the La1.87Sr0.13CuO4 crystal as the absorbing e
ement in a composite bolometric far-infrared detector19,20 in
conjunction with a step-scanned Michelson Fourier sp
trometer to directly measure its optical absorptivity. We d
termined the absorptivity of the La1.87Sr0.13CuO4 by compar-
ing the detector response with that of another bolometer w
a well-characterized gold absorber. The cryogenic portion
the apparatus was built by Milleret al.,21 and is shown sche
matically in Fig. 1. Chopped infrared radiation from th
spectrometer passes through a light pipe and both warm
cold low-pass filters and is split approximately symme
cally by a roof mirror into two beams. The cold filter
chosen to minimize background optical loading that lim
detector sensitivity. A 15mm thick black polyethylene filter
is used for the high frequency measurements; a 50mm thick
MIR-X filter22 is used for frequencies between 20 and
cm21, and a 1 mmthick Fluorogold23 filter is used for fre-
quencies below 20 cm21. One beam passes through a g
polarizer24 with a 3.6mm grid period to the superconductin
sample bolometer; the other beam is directed to a refere
bolometer with a well-characterized gold film sputtered
sapphire as the absorbing element. The crystal was
pended in vacuum by nylon threads, with a small neutr
transmutation-doped~NTD! Ge thermistor25 and a NiCr
heater glued to its back side. The time constantt5C/G of
the bolometer is determined by the heat capacityC of the
crystal and the attachments to it and by the thermal cond
tanceG of the electrical leads which connect the;2 K ther-
mistor to the heat sink at;1.5 K. The effects of asymmetr
in the two optical paths are discussed below.

We measured the responses of the La1.87Sr0.13CuO4 and
gold reference bolometers with a lock-in amplifier synch
v-
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nized with the chopper. The measured output spectrum f
the sample detector can be expressed as

Fs~v!5Ls~v!T~v!As~v!Ss~ f !, ~1!

whereLs(v) is the infrared spectrum incident on the samp
bolometer,T(v) is the transmittance of the polarizer,As(v)
is the absorptivity of the sample, andSs( f ) is the responsiv-
ity of the sample detector to absorbed optical power chop
at the frequencyf 57 Hz. The output spectrum from the re
erence detector is given by a similar expression,Fr(v)
5Lr(v)Ar(v)Sr( f ), where the polarizer transmittanc
T(v) has been replaced by unity. If we assume that
spectrum reflected off each side of the roof mirrorL(v) is
the same for each bolometer, the absorptivity of the sup
conducting sample can be determined from the measu
output spectra and the responsivities of the two bolomet

As~v!5
Fs~v!Sr~ f !Ar~v!

Fr~v!Ss~ f !T~v!
. ~2!

The absorptivityAr(v) of the gold reference film is wel
described21 by the classical skin effect with n
53.631022 cm23 and r55.9mV cm. The polarizer trans-
mittanceT(v) was directly measured and is shown in Fig.
of Ref. 24. At 50 cm21, the transmittance is close to the ide
value of 0.5 but falls to 0.35 at higher frequencies, primar
because of reflection and absorption by the Mylar substr
The transmittance of crossed polarizers varies from 2 to 6
over the frequency range of our measurement. Thus, the
larizer leakage does not significantly affect ourc-axis results.

The responsivities of the two bolometers to absorbed
tical power were obtained from a combination of electric
and optical measurements. We dissipated electrical powe
7 Hz in NiCr heaters attached to the bolometers and m
sured the responses of the Ge thermistors to determine
electrical responsivities at this frequency. We then measu
the frequency dependence of the response of each bolom
to chopped optical and electrical power and confirmed t

FIG. 1. Cryogenic portion of the experimental apparat
Chopped radiation from the spectrometer is split symmetrically
the roof mirror and directed through beamstops toward the sam
and reference bolometers.
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PRB 59 649OPTICAL ABSORPTIVITY OF La1.87Sr0.13CuO4 . . .
they were identical. Thus, the same simple thermal circ
could be used to model the devices for both optical a
electrical loading, and the electrical responsivities could
equated with the responsivities to absorbed optical powe

Our measurements are affected by the following erro
We measuredL(v) to be the same for each bolometer with
5%, differing only by a multiplicative factor independent
v that arises from asymmetry in the two optical paths. T
responsivitiesSr( f ) and Ss( f ) are also independent ofv
and were measured to better than 10% accuracy. The p
izer transmittanceT(v) introduces a frequency-depende
error of less than 3%. The signal-to-noise ratios of the out
spectraFr(v) andFs(v) are about 100 for all but the lowes
frequencies measured. After accounting for the abovem
tioned factors, the absorptivity is known to within a scali
factor of approximately 15%, while the shape is known to
few percent. If the sample reflectivity is 99%, for examp
the conservative estimate of 15% error in the absolute va
of the absorptivity translates into an error of 0.15% in t
reflectivity, much better than what can be directly obtain
from reflectivity measurements. The uncertainty becom
significantly larger for frequencies below 15 cm21. At high
frequencies where the reflectivity is small, the advantage
absorptivity measurements disappears.

III. ABSORPTIVITY MEASUREMENTS

In Fig. 2 we plot thec-axis reflectivityRc ~solid curve! of
the La1.87Sr0.13CuO4 crystal at 2 K between 6 and 420 cm21

calculated from a measurement of the absorptivityAc. Be-
cause the sample is sufficiently thick, there is no transmi
light, andRc512Ac. The optical phonons12 at 312 and 352
cm21 are clearly seen. We have replaced and augmented
data between 358–381 and 419–489 cm21 with the reflec-
tivity calculated from ellipsometric measurements12 made on
the same sample. In these regions of low polarizer trans
tance~dotted curve! we believe the ellipsometric measur
ments to be more trustworthy than our absorptivity data.

In Fig. 3 we show the effect of a 10% absorptivity scali
error on the derived reflectivity. The solid curve shows t
measured data from Fig. 2. The dotted and dashed cu
correspond to multiplying the absorptivity by 0.9 and 1
respectively.

In Fig. 4 we compare our results with reflectivit

FIG. 2. Reflectivity along thec axis of a La1.87Sr0.13CuO4 crystal
deduced from absorptivity measurements at 2 K~solid curve! and
ellipsometric measurements~Ref. 12! at 10 K ~dotted curve!.
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measurements11,12 from two groups. The reflectivity derived
from our absorptivity measurement is shown as a so
curve. We have not included the polarizer correction b
tween 358 and 381 cm21. The reflectivity shown as a dotte
curve was measured by ellipsometry on a mosaic sam
one crystal of which we used for our absorptivity measu
ments, and was used to support the clean limit scenario.
other ~dashed curve! was measured on a La1.85Sr0.15CuO4
sample from the same grower and was used to support
dirty limit scenario. All three curves agree qualitatively.
the frequency range where we expect the largest system
errors in our measurement, the differences between
curves agree within the experimental noise~see Fig. 3!. In
the restrahlen band, where the smallest error for our exp
ment is expected, the two curves that have been measure
the same sample agree better with each other than with
third curve. This comparison shows that sample issues
still important, even though sample preparation techniq
have reached considerable maturity. The higher reflecti
in the restrahlen region measured in the sample used in
study is evidence that it is of higher quality than the oth
sample.

The steep fall of reflectivity at approximately 41 cm21,
which is identified as the screened Josephson plasma

FIG. 3. Reflectivity at 2 K along thec axis of a La1.87Sr0.13CuO4

crystal deduced from absorptivity measurements~solid curve! and
from absorptivity data multiplied by 0.9~dotted curve! and 1.1
~dashed curve!.

FIG. 4. Reflectivity along thec axis of a La1.87Sr0.13CuO4 crystal
deduced from absorptivity measurements~solid curve!, from ellip-
sometric measurements~Ref. 12! on a mosaic sample that include
the crystal used in this work~dotted curve!, and from measurement
~Ref. 11! on a La1.85Sr0.15CuO4 sample from the same growe
~dashed curve!.
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650 PRB 59J. T. BIRMINGHAM et al.
quency, occurs at a frequency 1–2 cm21 higher in the ab-
sorptivity measurements at 2 K than in the ellipsometric
data12 at 10 K on the same sample. This may indicate t
additional carriers are added to the condensate upon coo
the material from 10 to 2 K. The position of the reflectivi
minimum is comparable to that found in the ellipsomet
data.12 The shapes of the curves above the minima
slightly different but consistent within the uncertainty of th
measurements. Below the plasma edge, the reflectivity
mains smaller than 100%, rising from 91% at 40 cm21 to
more than 99% at 15 cm21.

The absorptivity below 40 cm21 is replotted in Fig. 5 on
logarithmic axes. It drops rapidly with decreasing frequen
until approximately 12 cm21. Below this frequency it rises to
a small peak or shoulder at 10 cm21 and then falls at even
lower frequencies. Although this structure is weak, it appe
to be a real feature in the optical response
La1.87Sr0.13CuO4, since it was reproduced in different expe
mental runs involving different optical path geometries a
filtering. The dotted and dashed lines are fits of the abso
tivity between 12 and 35 cm21 to square-law (Ac}v2) and
linear (Ac}v) dependences. The linear correlation coe
cients of the fits are 0.98 and 0.85, respectively.

IV. KRAMERS-KRONIG ANALYSIS

We use the Kramers-Kronig~KK ! relations in conjunction
with our data from Fig. 2 to determine the complex dielect
function and the complex conductivity of La1.87Sr0.13CuO4.
Since we have measured the absorptivity over a finite
quency range, we must incorporate reflectivity data fr
other measurements as well as low and high frequency
trapolations. This is the standard procedure when using
KK relations. Our low-frequency extrapolation assumes t
the reflectivity is unity below 5 cm21. The high-frequency
extrapolation contains data11 from reflectivity measurement
(490,v,15 000 cm21), a model function11 for the inter-
band transitions (15 000,v,106 cm21) and a free-electron
response above. Within the frequency range of the abs
tivity measurements we have replaced our absorptivity d
by reflectivity data11 in the region (60,v,220 cm21)
where the absorptivity is high and hence less reliable t
reflectivity data, as discussed in conjunction with Fig. 3. W

FIG. 5. Absorptivity at 2 K along the c axis of a
La1.87Sr0.13CuO4 crystal. The dotted line is the best square law
(Ac}v2) between 12 and 35 cm21, while the dashed line is the bes
linear fit (Ac}v).
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have retained the absorptivity maximum from our expe
mental data, in spite of the uncertainty in the absolute va
since we want to investigate the position of the plasma e
at low temperature.

We compute the phase functionu~v! using the Kramers-
Kronig relation

uc~v!5
v

p E
0

` ln Rc~v8!2 ln Rc~v!

v22v82 dv8. ~3!

In this manner we recover the phase information that is
in the absorptivity measurement. FromRc(v) and uc(v),
we compute«c(v) andsc(v). We show the calculated rea
and imaginary parts of the complex dielectric function
Fig. 6. Numerical simulation shows that the results are
sensitive to the low-frequency extrapolation used. Below
cm21, whereRc(v) is above 0.99, the uncertainty inRc(v)
rather than the extrapolation dominates the uncertainty
uc(v) and hence in«c(v) and sc(v). The details of the
high-frequency extrapolation are somewhat more import
as they add a small contribution to the conductivity that
roughly linearly dependent on frequency, but no reasona
extrapolation changes«c(v) or sc(v) qualitatively.

The«1
c(v) calculated using the KK analysis@Fig. 6~a!# is

indistinguishable from that measured ellipsometrically
frequencies between 35 and 100 cm21. In Fig. 7 we plot the
real part of the conductivitys1

c(v) for v,160 cm21 calcu-
lated from the KK analysis to compare with the much nois

FIG. 6. Real~a! and imaginary~b! parts of thec-axis dielectric
function of a La1.87Sr0.13CuO4 crystal at 2 K deduced from the
Kramers-Kronig analysis.
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ellipsometric measurement12 of s1
c(v) made on the mosaic

including our sample. We also plots1
c(v) for a

La1.84Sr0.16CuO4 crystal (Tc534 K) calculated by KK analy-
sis of reflectivity data2 above 25 cm21. In this last data set
and also in our data, a small bump is seen ins1

c(v) near 50
cm21. This resonance has been discussed by Basovet al.,26

but its significance remains unclear.

V. DISCUSSION

It is clear from Fig. 5 that there is finite absorptivity alon
the c axis of La1.87Sr0.13CuO4 at least down to 6 cm21. The
approximatev2 dependence ofAc(v) below 35 cm21 sug-
gests that a fraction of the carriers remains unpaired and
be described as a normal Drude liquid, even below 2 K. T
loss may result from pair-breaking and thus suggest
strongly asymmetric superconducting gap with nodes, s
as thed-wave gap which has been proposed and suppo
by microwave, NMR, magnetic, photoemission, and Jose
son tunneling measurements.27

Following the two-fluid Gorter-Casimir model,28 for the
frequency range below the phonon transitions we w
«c(v) as a sum of contributions from phonons, a superc
ducting London liquid with unscreened plasma frequen
vps , and a normal Drude liquid with scattering rateG and
plasma frequencyvp0 :

«c~v!5«`2
vps

2

v2 2
vp0

2 2vps
2

v~v1 iG!
. ~4!

In this modelvps
2 is proportional to the number of supe

conducting carriers, andvp0
22vps

2 is proportional to the
number of unpaired carriers. As already mentioned, ther
disagreement over the description of the normal state. It
been proposed both that the superconductivity
‘‘clean’’ with vps'vp0 ~«`520, vp05260 cm21, and G
5120 cm21!12 and ‘‘dirty’’ with vps!vp0 ~«`525, vp0
51320 cm21, andG54670 cm21.!11 Equation~4! can be in-
verted to solve forvps(v) in terms of«c(v), «` , andvp0 :

FIG. 7. Real part of thec axis conductivity at 2 K of a
La1.87Sr0.13CuO4 crystal computed by Kramers-Kronig analysis
described in the text~solid curve!, measured~Ref. 12! directly with
ellipsometry on the same sample~dotted curve!, and computed by
Kramers-Kronig analysis ofc-axis reflectivity data~Ref. 2! at 8 K
for La1.84Sr0.16CuO4 ~dashed curve!.
an
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vps
2 ~v!5v2S «`2«1

c~v!1
«2

c~v!2v2

v2@«`2«1
c~v!#2vp0

2 D .

~5!

In Fig. 8 we plotvps(v) for both the clean and dirty norma
fluid descriptions. The extrapolation ofvps(v) asv→0 de-
pends only weakly on the parametrization used and yield
value ofvps of about 230 cm21. This measurement is con
sistent with the observed reflectivity edge which occurs
the screened plasma frequencyvp5vps /(«`)1/2. The
plasma frequency obtained with Eq.~5! from the ellipsomet-
ric measurements12 on the same sample is 260640 cm21.

The predictions for the frequency dependence of the c
ductivity in the superconducting state are qualitatively diffe
ent for models assuming an isotropics-wave ord-wave gap
parameter. In the isotropics-wave case, below the gap th
conductivity drops rapidly towards zero with decreasing f
quency. In thed-wave case the superconducting carrier pa
with zero or near zero binding energy are responsible
significant absorptivity asv→0. The addition of impurity
scattering increases the low-frequency absorptivity for b
the isotropics-wave and thed-wave case. Carbotteet al.
have considered the effects of impurity scattering and h
argued29 that the in-plane conductivity in YBa2Cu3O72d is
more consistent with thed-wave prediction. We should kee
in mind that it is not possible to distinguish between
d-wave gap of thekx

22ky
2 variety and a strongly anisotropi

ukx
21ky

2u s-wave gap solely from measurements of the o
of-plane conductivity.30 Our out-of-plane 214 results ar
consistent with calculations30,31 for a gap with nodes; how-
ever, a detailed theoretical treatment is needed to rule ou
possibility of impurity scattering.

While we cannot assign the absorptivity feature at
cm21 to a specific excitation, we suggest that it may be
lated to the second plasmon resonance which appears15 at
temperatures just belowTc in very low-frequency~;3 cm21!
reflectivity measurements on 214 materials placed in la
external magnetic fields. The resonance has not been stu
at low temperatures. It has been proposed that this sec
mode is a longitudinal plasmon that is optically active due
finite sample size and magnetic excitation. Absorptivity me
surements at a number of temperatures and magnetic

FIG. 8. vps(v) for a La1.87Sr0.13CuO4 crystal at 2 K computed
from «c(v) using Eq.~5! for a clean limit~Ref. 12! ~solid curve!
and a dirty limit parametrization~Ref. 11! ~dotted curve! of the
normal fluid.
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652 PRB 59J. T. BIRMINGHAM et al.
strengths would be necessary to determine if the 10 cm21

feature corresponds to the same mode.

VI. CONCLUSION

We have used bolometric direct absorption technique
investigate the frequency- and temperature-dependent
ductivity of a La1.87Sr0.13CuO4 single crystal at 2 K in the
far-infrared region, down to approximately 6 cm21, where
the reflectivity is above 99%. A steep fall of reflectivity ob
served at approximately 41 cm21 is identified as the screene
Josephson plasma frequency. This occurs at a frequency
cm21 higher than in the ellipsometric measurements12 at 10
K made on the same sample. The difference suggests
additional carriers are added to the condensate upon coo
the material from 10 to 2 K. We have used a Kramers-Kro
analysis to compute the dielectric function«c(v) and con-
ductivity sc(v). Our measurements of the«c(v) give an
unscreened plasma frequencyvps5230610 cm21. This
plasma mode is regarded as being of the Josephson
involving pair tunneling between CuO2 layers.3,10,32,33The
existence of losses down to the low-frequency limit of o
s
i
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a

t

K

-

r

t-

.

to
n-

–2

at
ng
g
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absorptivity measurements~6 cm21! is consistent with a gap
with nodes, such as thekx

22ky
2 d-wave gap model which

enjoys nearly universal favor. Small peaks in thes1
c(v)

have been detected at 10 and 50 cm21. While we are not able
to assign them to specific excitations, we note that the
cm21 structure has been observed previously,2,26 and we sug-
gest that the 10 cm21 structure may be related to a seco
Josephson plasmon resonance seen in reflect
measurements.15
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