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Temperature dependencies of the optical spectra of La2−xSrxCuO4 with x=0.12 and 0.15 were carefully
examined for a polarization parallel to the CuO2-plane over a wide frequency range down to 8 cm−1. Selection
of well-characterized crystals enabled us to measure purely in-plane polarized spectra without any additional
peak. The weight of superconductingsSCd condensate estimated from the missing area ins1svd well agrees
with the estimate from the slope ofs2svd vs 1/v plot, showing no evidence that the Ferrell-Glover-Tinkham
sum-rule is violated in the optical spectrum. We demonstrate that the optically estimated SC condensate is
much smaller than the value obtained from themSR measurement of magnetic penetration depth. We also find
an anomalous increase of conductivity in submillimeter region towardsv=0 below Tc, which suggests the
microscopic inhomogeneity in the superconducting state. Both observations are discussed in relation with the
inhomogeneous electronic state that might be inherent to high-Tc cuprates.
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I. INTRODUCTION

The superconductingsSCd condensate, one of the essen-
tial parameters for a superconductor, has been a subject of
discussion in high-Tc superconducting cupratessHTSCd. The
recent progress in scanning tunneling spectroscopy has re-
vealed a strange inhomogeneous distribution of the gap in
Bi2Sr2CaCu2O8 sBSCCOd.1 The effect of this real-space gap
inhomogeneity on a superconductingsSCd condensate is un-
clear. On the other hand, the angle-resolved photoemission
spectroscopy sARPESd has demonstrated a distinct
k-dependence of the gap at the Fermi surface in the pseudo-
gap state or the stripe ordered state.2,3 For the system with
such a partially gapped Fermi surface, the source of SC con-
densate is not obvious.

As one of the direct methods to detect a SC gap and the
weight of SC condensate, optical studies have been exten-
sively performed for HTSC. A clear conductivity depression
was observed below,500 cm−1 in YBa2Cu3Oy sYBCOd
sRefs. 4–7d and BSCCO.8 Then, the weight of the SC con-
densatesrs,vps

2 d was estimated from the missing areasAd
of the real parts1svd of conductivity spectrum or from the
low-frequency behavior of its imaginary parts2svd.

The estimate of SC condensate from optical spectra, how-
ever, has been subject to uncertainty. One of the reasons is
that, unlike the case of conventional superconductors, there
often remains some conductivity below the gap energy,
forming a Drude-like increase towardsv=0.9 Since the
missing area ofs1svd is large in YBCO and BSCCO, the
remaining conductivity effect is relatively small in estima-
tion of SC condensate. By contrast, in the case of lower
Tc-HTSC such as La2−xSrxCuO4 sLSCOd, it may affect the
result more seriously. Nevertheless, this residual conductivity
was ignored in most of the previous estimate of SC conden-
sate except for a few works.10,11The origin of this remaining
conductivity is an important problem to be solved.

The other reason for the difficulty in determining SC con-
densate of LSCO is linked to the difficulty in obtaining a
pure in-plane spectrum. Since the early stage of HTSC re-
search, various different in-plane spectra have been reported
for LSCO sRefs. 10–15d and La2CuO4+d.

16,17 Some of the
reported in-plane spectra show rich features in a far-infrared
sFIRd region,13,14,16 which are ascribed either to the
LO-phonons13 or to the excitation related to the polarons.14

According to the variety of spectra, different values of the
London penetration depthlL

FIRs=1/2pvpsd were derived,
ranging from 250 to 430 nm for the samples near
x=0.15,10–14,16which do not correlate with theTc-value of
the studied sample. Namely the scattered data cannot be ex-
plained by the possible difference in Sr-content or oxygen
content. Some of them are considerably different from the
value determined by muon spin rotationsmSRd
measurements.18,19

The purpose of this work is twofold. The first one is to
clarify the origin of such a confusing situation in optical
study of LSCO. We report a purely in-plane polarized spec-
trum of LSCO and demonstrate the effect of thec-axis com-
ponent mixing, by comparing with the “dirty” spectra con-
taminated by thec-axis component. Possible reasons for the
c-axis component mixing are discussed. The second and
main purpose is to examine the electrodynamic response in
the low energy region and to estimate the SC condensate,
based on the purely in-plane polarized optical spectra of
La2−xSrxCuO4 sx=0.12 and 0.15d. The spectra were mea-
sured over a wide range of frequency 8–30000 cm−1, down
to the submillimeter region. AtT!Tc, we have found a de-
pression of conductivity below 200 cm−1 s70 cm−1d for
x=0.15 sx=0.12d but a steep increase of the conductivity
below 40 cm−1 s10 cm−1d, which leads to a significantly
small missing area compared to the value estimated from the
London lengthlL determined bymSR measurement. We
conclude that a discrepancy of the SC condensate between
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the optical andmSR-estimations is commonly observed in
many HTSC. Possible scenarios for these anomalous features
are discussed.

II. EXPERIMENTS

Single crystals of La2−xSrxCuO4 with x=0.12 and 0.15
were grown by a traveling solvent-floating zonesTSFZd
method. The superconducting transition temperatureTc is
36 K for x=0.15 and 30 K forx=0.12. Fixing crystal axes
by observing x-ray Laue patterns at the surface of as-grown
crystal rods, we cut the crystals along thec-axis and took
several pieces of samples with a thickness of about 2 mm.
We call them “ac-face” sample hereafter. For comparison,
we also cut some crystal pieces with thec-axis perpendicular
to the measurement surfaces called “ab-face” sample. In
both cases,a- and b-axes are not distinguished although
there is a small difference between them. After a number of
trial measurements of far-infrared spectra, we realized that
even Laue-characterized crystals were sometimes multido-
mains, showing thec-axis phonon admixture.

The second characterization method to detect a multido-
main is to observe the surface using a polarized optical mi-
croscope. Prior to this observation, the sample surfaces were
polished with Al2O3 powder of different particle sizes at sev-
eral steps. The particle diameter for the final polishing was
0.3 mm. It was found that some pieces of crystals consisted
of multidomains. We carefully selected the single domain
crystals for measurement of a purely in-plane polarized spec-
trum. A typical diameter of the sample disks is about 5 mm.
A spot size of the incident light is about 3 mm, smaller than
the sample size.

Optical reflectivity spectra were measured using a
coherent-source spectrometer20 in a millimeter and submilli-
meter wavelength regions8–33 cm−1d, a Fourier transforma-
tion type spectrometer for infrared regions30–8000 cm−1d,
and a grating type one for higher energy region above near-
infrareds4000–30000 cm−1d. Both a sample and a gold mir-
ror were mounted on a copper plate in a He-gas flow cryostat
for temperature control. Before each measurement of a
sample spectrum, a spectrum of the gold mirror was mea-
sured as a reference. Since high accuracy of reflectivity value
is required in a millimeter and submillimeter region where
reflectivity approaches 100%, we took the literature values of
gold reflectivity instead of assuming 100% reflectivity of
gold to calculate the absolute values of sample reflectivity.
Reflectance of polarized light was measured with the
s-polarized geometry at the incident angle of about 5°.

In order to compare the SC condensate estimated from the
other experimental methods, we measured the London pen-
etration depth using muon spin rotationsmSRd technique. To
improve the reliability of the missing area analysis and dis-
cussion, themSR measurement has been carried out on the
same single crystal as used in the optical study. The analysis
of the field distribution of a vortex lattice in the applied
transverse fieldHt=0.2 Tesla has been performed using a
London model21 with a Lorentzian cut-off22 of 4.5–6.5 nm
as a nonlocal correction. Other possible contributions for the
broadening of the field distribution, such as random pinning,

are corrected by assuming an additional Gaussian relaxation
with the relaxation rate 0.39–0.43 MHz.

III. RESULTS AND ANALYSIS

A. Effect of c-axis component admixture

Figure 1 shows the far-infrared reflectivity spectra at
room temperature for several samples. LSC#1 is the almost
perfectly in-plane polarized spectrum measured for the
ac-face of the La1.85Sr0.15CuO4 crystal, while LSC#2, the
spectrum for anotherac-face La1.85Sr0.15CuO4 crystal cut
from different part of the rod, shows the bumps centered at
around 300 cm−1 and 520 cm−1. It turns out that the frequen-
cies of these structures coincide with those observed as pho-
non reststrahlen bands in the reflectivity spectrum with
c-polarizationsEicd. Namely, the bumps clearly result from
mixing of thec-polarized component into the in-plane spec-
trum.

We can reproduce a spectrum similar to that of LSC#2,
using LSC#1 as a pure in-plane reflectivity datasRa/bd and
the measuredc-polarized reflectivity datasRcd, with the
simple formula23 Ru=Ra/b cos2sud+Rc sin2sud. The short-
dashed curve in Fig. 1sad represents the calculated reflectiv-
ity spectrum foru=15° deviation of the polarization direc-
tion from the pureasbd-axis or equivalently the 6.7%-
admixture of misoriented volume. Corresponding to the
rapid drop of reflectivity above 600 cm−1, the dip at v
,470 cm−1 and the suppression below 250 cm−1 in the
c-axis spectrum, the weak reflectivity suppressions giving
the bump features in LSC#2 are well reproduced in the cal-
culated spectrum. A good demonstration was made in the
optical spectra of intentionally misaligned films of
sLa,Ced2CuO4,

24 where only 1° misorientation results in a
clear feature of thec-axis phonons in the spectra.

FIG. 1. Comparison of the in-plane reflectivity spectra of two
La1.85Sr0.15CuO4 crystals at 300 K. Both of LSC#1 and LSC#2
were measured on theac-faces with polarizationEia. The spectra
of LSC#2 shows a substantial contribution from thec-axis spec-
trum. Thec-axis spectrum of LSCO is indicated by a gray curve as
a reference. We can reproduce a similar profile to LSC#2, using the
pure in-plane spectrumsLSC#1d and thec-axis spectrum, as de-
scribed in the text. The calculated reflectivity assuming a 15° rota-
tion around theac- /bc-plane or equivalently the 6.7%-admixture of
the c-axis component is indicated by a short-dashed curve.
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Other than the exposure of thec-axis optical phonons in
the “nominal” in-plane spectrum, the admixture of thec-axis
spectral component seriously influences the conductivity and
scattering rate spectra calculated from the reflectivity spec-
trum via Kramers–KronigsKK d transformation. As shown in
Fig. 2sad, the c-component admixture creates a broad con-
ductivity dip between 300 and 1000 cm−1, a sharp peak
around 500 cm−1 and a broad peak below,200 cm−1. These
are artifacts arising fromc-axis admixing: The low-v broad
peak arises as a consequence of suppression of reflectivity in
the lowest frequency region due to the superposition of the
“insulatingc-axis spectrum.” Its peak height and position are
quite sensitive to a small change in magnitude of the low-v
reflectivity as well as a change in thev→0 extrapolation of
the spectrum. These features were identified in the reported
spectra of LSCOsRefs. 13 and 14d and La2CuO4+d,

16 which
we interpret to indicate the admixture of thec-axis compo-
nent. Figure 2sbd demonstrates that the double peak in
1/tsvd reported by Startsevaet al.13 can also be considered
as the same admixture effect.

There are several possible causes for thec-axis compo-
nent mixing, such assid miscut of crystals,sii d multidomains
in as-grown crystals,siii d p-polarization admixture. Miscut
of as-grown crystals is the most probable mistake that gives
a misoriented surface for reflectivity measurement. This is
the case particularly with the LSCO crystals, because the
cutting procedure is inevitable for extracting a sizable
sample from an as-grown crystal rod. The effect of miscut is
serious in measurement on theab-face, while the measure-
ment on theac-face is not affected by the miscut as far as it
is done with polarization perpendicular to thec-axis and per-

pendicular to the incident planess-polarizationd. In the case
of YBCO and BSCCO crystals grown by a flux method,
natural surfaces can be used for optical measurement. The
BSCCO crystals, even if grown by the TSFZ-method, are so
easily cleaved that crystal cutting is not necessary to extract
the ab-face samples.

The multidomain problem is serious in the TSFZ-grown
crystals of LSCO and the related compounds. It often ap-
pears in the early stage of crystal growth, namely, in the
crystal portion close to a seed. It is hard to confirm that a
sample is of single domain by a usual x-ray Laue pattern
measurement, because a typical x-ray spot size is much
smaller than the sample surface area of about 333 mm2.
This was the case for LSC#2. In order to scan the whole area
of sample surface, we need an x-ray topography measure-
ment. An easier way to examine the existence of a multido-
main feature is to observe a polished sample surface using a
polarized optical microscope. Even if a sample passes these
checks, there could be cases where the far-infrared spectrum
shows some admixture of different direction component. The
misoriented domain hidden behind the surface within a pen-
etration depths,1 mmd of far-infrared light is a possible
origin. Although the dielectric response of the light penetrat-
ing through multidomains would be generally complicated,
and the obtained reflectivity could not merely be expressed
by the weighted summationRu, the spectrum with thec-axis
component admixture shows the artificial features addressed
above.

Even when we have samples with pureab-plane surface,
a problem related to thep-polarization must be considered in
the case of measurement without using a polarizer. In this
case, thec-axis component manifests itself as notches in the
in-plane reflectivity spectrum at the frequencies of LO-
modes, as was demonstrated by Van der Marelet al.25 to
explain the spectra reported by Reedyk and Timusk.26 Van
der Marelet al. pointed out that in a typical reflectivity mea-
surement with the incident angle of 8°–12° the electric field
parallel to the plane of incidencesp-polarizationd causes the
c-axis phonon modes to leak. In order to gain a signal, we
sometimes did not use a polarizer for theab-face measure-
ment because the light intensity is reduced to about a half
when going through a polarizer. Since unpolarized light
should have a component ofp-polarization, this type of mea-
surement has a possibility to yield a spectrum with features
corresponding to thec-axis phonons. Such possibility is seen
in part of the data by Lucarelliet al.14 About a half of the
seven spectra were measured on theab-face without a polar-
izer, and they show a clear feature corresponding to the
c-axis phonon.27

All the problems due to thec-axis component mixing be-
come serious only in strongly anisotropic systems, namely,
when the reflectivity values are markedly different in theab-
and c-polarized spectra. In fact, less anisotropic materials
such as well-oxygenated YBCO with metallicc-axis conduc-
tion have seldom shown thec-axis component in the spec-
trum measured with the in-plane polarized light. Therefore,
the measurement of in-plane spectrum for LSCO and prob-
ably TFSZ-grownsNd,Ced2CuO4 requires particularly high
quality samples without any multidomain feature, high accu-
racy in cutting angle, and careful polarization measurements.

FIG. 2. sad Comparison of the in-plane conductivitys1svd of
La1.85Sr0.15CuO4 sLSC#1d and thec-axis component mixed data for
u=15°.sbd Comparison of the scattering rate 1/tsvd for LSC#1 and
the c-axis component admixture case. It is clear that the double
peak is a result of thec-component admixture. It is also demon-
strated that the kink at,700 cm−1 even at 300 K and is indepen-
dent of the superconducting response below 200 cm−1.
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sThe measurement on theac-face withs-polarization geom-
etry is most preferable to avoid the admixture of thec-axis
component.d These requirements are quite severe, compared
to that for other measurement techniques such as neutron
scattering.

B. In-plane optical spectra

Hereafter we focus on the results of the sample for LSC#1
which we believe the purely in-plane polarized spectrum,
and for comparison on the results of thex=0.12 sample with
the ac-face which was also well characterized. Figure 3
shows the in-plane reflectivity spectra forx=0.15 sad and

0.12 sbd at various temperatures. Phonon peaks are almost
screened by free carriers except for the small structure at
,370 cm−1 ascribed to the in-plane oxygen bending mode
phonon. No admixture of thec-axis component is observed
in both sample spectra. The FIR reflectance is smoothly con-
nected to the sub-millimeter reflectance as shown in the inset
of Fig. 3sad. When the temperature is lowered belowTc, the
reflectance forx=0.15 exhibits a rapid increase below
150 cm−1 and a plateau below 40 cm−1, which could be
originating from the transfer of low frequency spectral
weight todsvd at v=0. A similar feature is observed in the
in-plane SC spectra of YBCO and BSCCO, but at higher
frequency of,500 cm−1, probably owing to the larger en-
ergy scale of SC gaps.

The reflectance is transformed to the complex conductiv-
ity ssvd by utilizing KK relations. Figure 4 shows the real
part of the conductivitys1svd that can be smoothly extrapo-
lated to a dc value at each temperature aboveTc as shown in
the inset, justifying the validity of our KK analysis. The low-
v s1svd for x=0.15 increases with decreasing temperature,
forming a Drude-like peak atv=0, as is seen in Fig. 4sad.
When the temperature decreases belowTc, s1 starts to be
suppressed below 250 cm−1, corresponding to the SC gap
opening. This SC response is, however, followed by an un-
usual Drude-like increase below 40 cm−1 even at 5 K!Tc. A
similar Drude-like response is also seen in the low-v upturn
of the spectrum forx=0.12fFig. 4sbdg. The Drude-like peak
width is narrower in thex=0.12 sample than that forx
=0.15. A huge amount of residual conductivity atT!Tc has
also been reported in a direct measurement of conductivity of

FIG. 3. sColor onlined Temperature dependence of in-plane re-
flectivity spectra of La2−xSrxCuO4 with x=0.15 andx=0.12 with
Eia or b. The inset of the upper panel shows the spectra forx
=0.15 in submillimetersSMMd and far-infraredsFIRd regions sepa-
rately. The inset of the lower panel shows the room temperature
spectra in a wider range of frequency.

FIG. 4. sColor onlined Temperature dependence of in-plane con-
ductivity spectra of La2−xSrxCuO4 with x=0.15 andx=0.12 with
Eia or b. Inset figures show the low-v spectra and the dc conduc-
tivity. The optical data can be smoothly extrapolated to the dc
values.
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La1.84Sr0.16CuO4 film in the submillimeter wavelength
region.10 Moreover, this feature seems to be common in
many HTSC such as YBCO and BSCCO,9 which should
affect the estimation of the SC condensate.

To compare with the previous results of LSCO,13

YBCO,28 and BSCCO,29 we derive anv-dependent scatter-
ing rate 1/tsvd=svp

2/4pdRef1/ssvdg for x=0.15 as plotted
in Fig. 2sbd. Here vp is obtained from the integral
e0

v0s1svddv=vp
2/8. We takev0=10000 cm−1 so that the in-

tegral range includes the reflectance plasma edge, but is well
below the charge transfer excitation energys,16000 cm−1d
in La2CuO4.

30 The spectrum of 1/tsvd clearly shows a kink
at 650 cm−1 at all temperatures. The kink in 1/tsvd is com-
monly observed at nearly the same frequency at low tem-
peratures for many HTSC studied so far.29 This has been
ascribed to the opening of a pseudogapsor a SC gapd and/or
the coupling of carriers with a magnetic collective mode ob-
served as a resonance peak in neutron scattering.31 An alter-
native candidate for this kink is the coupling with a phonon
that is proposed as a source for the kink in energy-dispersion
curve of angle-resolved photoemission spectrumsARPESd.32

The present result confirms that 1/tsvd shows a kink at
700–800 cm−1 as many other HTSCs do. The 1/t-kink in
LSCO is different from that in YBCO or BSCCO in that it is
not a low-T phenomenon but is observable at room tempera-
ture or even higher for an optimally doped sample
sx=0.15d. It is not clear whether the kink is caused by the
pseudogap opening, because there is a controversy on the
presence or otherwise of the pseudogap in LSCO. From the
T-dependence of in-plane resistivityrab, a pseudogap tem-
perature is claimed to be as low as 70–80 K forx=0.15,33

whereas the temperature below which the uniform suscepti-
bility starts to decreasesor the Hall coefficient starts to
increase34d is higher than 300 K. What is clear with the kink
in LSCO is that it is not directly linked toT* in the
rabsTd-curve. Another important result is the suppression of
1/t upon opening of the SC gap is observed at
v,100 cm−1 that is far below the kink frequency. This is in
sharp contrast to the continuous development from a
pseudogap to a SC gap observed in the other HTSC such as
YBCO and BSCCO.28 The present observation suggests that
the kink feature has nothing to do with a SC gap, and prob-
ably is not related to pseudogap. We think that the kink in
1/t represents a crossover from the low-v charge dynamics
to the high-v one. The former as well as the dc conductivity
is governed by the Fermi surface around the nodal point,
while the electronic excitations in the antinodal region are
also involved in the latter.

IV. DISCUSSIONS

A. SC condensate

The observed SC response is most naturally interpreted as
the signature of formation of SC condensate associated with
a SC gap opening. When a delta-function peak develops at
v=0 in s1svd at the expense of its suppression in the low-v
region, s2svd behaves as proportional tovps

2 /v. There are
two ways to estimate the SC condensatevps

2 from the optical

spectrum. One is to calculate the missing areaAs=vps
2 /8d in

s1svd, and the other is to estimatevps from the slope of
s2svd vs 1/v. In the case of HTSC, it is not a trivial issue
that these two methods give an identical value ofvps, since a
possibility of kinetic energy contribution has been suggested
by both theory35 and experiment.36,37 We compare the two
optically obtained values to check the Ferrell-Glover-
TinkhamsFGTd sum rule, and also compare them with those
estimated from the London penetration depths that were de-
termined bymSR measurement.

Below, we focus on the condensate weight at the lowest
temperatures,5 Kd well below Tc. The conductivity miss-
ing area forx=0.15 is defined by the integral

Asv0d = s120/pdE
0+

v0

fs1sv,40 Kd − s1sv,5 Kdgdv, s1d

where we setv0=10000 cm−1. We first put the lower limit of
the integral at 8 cm−1 which is the limit of our optical mea-
surementslabeled as MA#1d. In Fig. 5sad, the missing area
AmSR=1/8s2plL

mSRd2 expected fromlL
mSR=280 nm obtained

by themSR study38 is shown by the hatched area. It is obvi-
ous thatAmSR is much larger than the missing area in the
optical conductivity spectrum between 40 and 5 K. The ratio
of the optical missing areaAsv0d and themSR valueAmSR is
plotted in Fig. 5sbd as a function ofv0. Asv0d /AmSR increases
and then saturates to 0.25±0.05, showing no appreciable
change up to 10000 cm−1. The penetration depth correspond-

FIG. 5. sad Optical conductivity of La1.85Sr0.15CuO4 sTc

=36 Kd with Eia or b at sT=40 Kd and 5 K. The missing areaAmSR

expected fromlL=280 nm obtained in themSR study is shown by
a hatched area. The solid circle indicates the dc conductivity at
40 K. sbd The ratio of the missing area obtained from the present
optical studyAsv0d to AmSR. MA#1 represents the ratio forAsv0d
calculated with the lower limit of integral of 8 cm−1. MA#2 is for
the data ofAsv0d calculated by the dashed curve extrapolation in
sad.
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ing to this value ofAsv0d is 530 nm. Even if we eliminate
the contribution of the Drude-like component at 5 K and
replace it by a straight linefshown by a dashed line in Fig.
5sadg which mimics a d-wave SC behavior,Asv0d /AmSR
amounts only to 0.5. This is plotted as a dashed curve labeled
as MA#2 in Fig. 5sbd, giving an upper limit of the missing
areasor the lower limit oflL

FIR=400 nmd in our experiment.
The anomalously small missing area is also observed for

x=0.12. Compared to the SC condensate estimated from the
mSR lL

mSR=310 nm, the optical conductivity missing area
Asv0d is substantially small with the ratioAsv0

=10000 cm−1d /AmSR,0.1. The optically determined pen-
etration depth turns out to be,1 mm in this case.

Strictly speaking, the missing area which is connected
with the SC condensate should be calculated from the differ-
ence between the normal and the superconducting conductiv-
ity at T=5 K. In the above estimation ofA0sv0d, we assume
that es1sv ,40 Kddv=es1

nsv ,5 Kddv, where s1
nsv ,5 Kd is

the conductivity in the case that the system keeps the normal
state down toT=5 K. In a conventional metalssupercon-
ductord, this assumption holds well, because the low-T resis-
tivity is almost constantsthe residual resistivity regimed. In
the case of LSCO withx=0.12 and 0.15, the “normal state”
resistivity realized by the application of intense magnetic
fields increases weakly with loweringT below Tc,

39 sugges-
tive of a “normal” state rather similar to the conventional
one. As regards the observedT-dependence of the normal-
state spectrum, Fig. 4sand its insetd indicates that the fre-
quency range wheres1 shows an appreciableT-variation
shrinks with decreasingT. For the spectrum atT=50 K, a
difference from that atT=100 K is seen restricted below
30 cm−1. The trend suggests that theT-dependence ofs1

n

arises predominantly from the Drude term. From this, and
also from the result of dc resistivity measured under intense
fields, we guess that, if the normal state persists belowTc,
the Drude term would not change significantly from that at
Tc, and hence the difference betweens1s40 Kd ands1

ns5 Kd
would be small.

Another problem in estimation using Eq.s1d is the pos-
sible contribution from the higher frequency spectrum. Re-
cently the spectral weight reduction in the high energy region
above 10000 cm−1 has been observed in BSCCO by two in-
dependent methods and the change in kinetic energy at su-
perconducting transition has been reported.36,37We have also
found smallT-dependence of the present spectra in the vis-
ible frequency region, which gives additional weight to
Asv0=10000 cm−1d. However, the integral up tov0

=30000 cm−1 increasesAsv0d only by 20% at most. Possible
kinetic energy contribution to the condensation energy can-
not explain the small missing area in the present results.

The second method to estimate the SC condensate is to
use s2. In Fig. 6, s2 is plotted as a function of 1/v. It is
substantially deviated from the linear-relationship, because a
large amount of remaining conductivitys1svd below
50 cm−1 strongly influencess2svd. In order to remove the
contribution of this residual conductivity, we adopt the
method proposed by Dordevicet al.40 First, we assume
s1svd at 5 K as the conductivity of unpaired carrierss1

ressvd
which do not condense atv=0. Next, we calculates2

ressvd

corresponding tos1
ressvd using a KK-relation. Then, the

s2
ssvd which should represent the “true” superfluid response

is obtained ass2
ssvd=s2svd−s2

ressvd.
The obtaineds2

ssvd is proportional to 1/v both for x
=0.12 and 0.15, indicating a SC response in this frequency
range. The SC condensates givinglL

FIR=990 nm for x
=0.12 and 590 nm forx=0.15 are estimated from the slopes,
respectively. These are in agreement with the valuess1 mm
for x=0.12 and 530 nm forx=0.15d obtained from the miss-
ing area ins1svd. It means that this method for estimation of
SC condensate is self-consistent within the optical spectra,
and thus it is concluded that the FGT sum rule almost holds
within an infrared frequency range. The same conclusion has
been drawn for optimally doped YBCO in the recent paper
by Homeset al.41 The present result does not completely
exclude a possibility of small contribution from the high-v
region, namely, the kinetic energy contribution to the con-
densate weight, as was observed in BSCCO,36,37 but it is
beyond the accuracy of our measurement.42

The previously reported values oflL
FIR for the optimally

doped LSCO range from 250 nm to 430 nm, depending on
the sample and the research group but not on theTc-value.
From the simulation, as in Figs. 1 and 2, we learned that the
value oflL

FIR estimated from thec-axis admixed spectrum is
strongly dependent on how and to which extent the
c-component is mixed, as well as the accuracy of the low-v
reflectivity measurement. In some case, as we demonstrated
in Fig. 2sad, the admixture of thec-axis component tends to
form an artificial peak at low frequency in the normal-state
conductivity, which is not robust against a small change in
the magnitude andv→0 extrapolation of reflectivity. Such
an artificial peak in the normal-state conductivity leads to a
large error in estimation of missing area.

However, the large scattering in the value oflL
FIR in the

previous works mainly arises from whether or not the low-v
residual spectral weight in the SC state is correctly ac-
counted. If the measurement is not done to low enough fre-
quencies and the low-v spectrum is assumed to be flat with
R=1, the missing area ins1svd must be overestimated. Since
the residuals1 strongly affects the low-v behavior ofs2, the
estimation oflL

FIR from s2 is also subject to large uncer-
tainty, unless the residual “normal-state” component is sub-

FIG. 6. Imaginary part of condutivitys2svd of La1−xSrxCuO4

for x=0.12 and 0.15 at low frequencies.Eiasbd andT=5 K. s2
res is

calculated from the residuals1svd at 5 K using the KK-relation.
When s2

res is substracted,s2 scales well with 1/v, which is the
signature of the superconducting carrier response.
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tracted froms2. The present results are free from these prob-
lems. The spectra were measured down to 8 cm−1 and the
residual conductivity was taken into account for evaluation
of SC condensate within the error shown in Fig. 5.

The relatively larger missing areasor equivalently the
shorterlL

FIR=250 nmd, reported in the paper by Gao12 may
partly result from this overestimation of the missing area,
because the 5 K-s1svd was set to zero below 70 cm−1. A
similar problem is seen in the result by Quijada16 reporting
lL

FIR=310 nm. Although the low-v residual conductivity was
clearly detected by Startseva,13 it was not subtracted when
they estimatedlL

FIR from the plot ofe1 vs v−2, resulting in an
overestimation of SC condensate. The measurement by Gor-
shunovet al.10 on the La1.84Sr0.16CuO4 film sTc=39.5 Kd,43

which covered the frequency range down to 5 cm−1, clearly
detected a narrow Drude-like band with the large weight
vp,7800 cm−1 at 5 K. Subtracting the Drude-like spectral
contribution by fitting, they obtained a long penetration
depth lL

FIR=400 nm. A little longer penetration depthlL
FIR

=430 nm was reported by Somalet al.11 for a single crystal.
These values are in fairly good agreement with our estimate
of the shorter limit oflL

FIR. Therefore, we conclude that the
spectra successfully measured give a similar value oflL

FIR

s400–500 nmd that is longer than the estimate
s250–310 nmd for which the low-v residual conductivity is
not correctly evaluated.12,13,16

The microwavesMWd conductivity measurement gives a
similar large values=lL

MW =400±100 nm forx=0.15d to our
FIR result, although the error bar is quite large in this
technique.44 By contrast, themSR penetration depth18,19 is
clearly shorter than the FIR and microwave values. Forx
=0.12, our estimate from the FIR data islL

FIR=990 nm, the
recent FIR data forx=0.125 by Dummet al.45 showslL

FIR

=630 nm, and the microwave data forx=0.12 is lL
MW

=500±200 nm.44 Note thatlL
FIR as well asTc is very sensi-

tive to the Sr-contentx aroundx=0.12 owing to the so-called
1/8-anomaly46 sTc is most suppressed whenx is tuned to
0.115d. Even if taking into account this situation, we can
conclude that the values oflL

FIR are much longer than the
mSR estimatelL

mSR=310 nm.
A similar discrepancy between the FIR- and the

mSR-penetration depths is also seen in the case of YBCO
and BSCCO particularly in the underdoped regime. In the
optimally doped YBCO, the average value ofa- and
b-polarized dataslL

FIR=160 nm for Eia and 117 nm for
Eibd sRefs. 6 and 7d is larger than themSR value
flL

mSRsabd=112 nm sRef. 47dg. Comparing the conductivity
spectra of optimally and underdoped YBCO,28,48we find that
the missing area ofs1 in the underdoped YBCO withTc
=56–59 K is about 20% of that for the optimally doped one
with Tc=93 K. This suggests the penetration depth of about
300–400 nm for the underdoped YBCO. The recent estima-
tion of lL

FIR by subtracting the low-v residual conductivity is
about 280 nm for YBa2Cu3O6.6.

41 This is much longer than
the mSR valueslL

mSR=170 nmd.47 A longer FIR penetration
depth is also reported for underdoped BSCCO withTc
=70 K.37 Compared with the mSR penetration depth
s,190 nmd for BSCCO withTc=75 K,19 the reported value
of lL

FIR s=680 nmd for the Tc=70 K sample37 is extremely

long. We summarize the comparison of the FIR- and
mSR-penetration depths for various HTSC in Table I. As is
clearly seen in the table, the discrepancy between the FIR
andmSR data is quite robust for HTSC.

One may consider the possibility that a FIR spectrum is
not correctly measured by some reason, for example, by the
f110g surface geometry problem arising from thed-wave
symmetric gap, as recently pointed out by Tuet al.49 It is,
however, unlikely because a small estimate of SC condensate
was obtained by various measurements with various surface
geometries.

It is also a general trend that the discrepancy becomes
larger as one goes to more underdoped regime. This is sug-
gestive of electronic inhomogeneity as a possible origin of
the discrepancy. The SC order parameter may not be uniform
in real space and vanish in some parts, according to the re-
cent observation of STM on BSCCO.1 In LSCO, the stripe
fluctuation may introduce electronic inhomogeneity. As we
discuss below, the presence of nonsuperconducting area ap-
pears to be correlated with the residual conductivity in the
SC state, which is responsible partly for the reduced missing
area ins1svd.

A distinct difference from themSR results was recognized
in the impurity-substituted YBCO,7 YBa2Cu4O8 and many
other disordered HTSC.50 Disorder, impurity or defect, de-
creases the FIR SC condensateslL

FIRd−2 at a much steeper
rate than that expected from the linearTc−slL

mSRd−2 relation-
ship observed bymSR. For example, 0.4% Zn-substitution
for optimally doped YBCO suppressesTc from 93 K to 85 K
and duplicateslL

FIR s,340 nm forEiad, while lL
mSR is ex-

pected to increase only 20% at most by the same
Zn-substitution.51 The discrepancy between the FIR andmSR
data seems to be universal in the disordered or inhomoge-
neous cuprates, including the underdoped cuprates for which
STM suggests an inherent spatial modulation of the SC order
parameter over a length scales of a few nm. It may follow
that the FIR measurement is more sensitive to microscopic
inhomogeneity thanmSR, and that the ordinary relationship
betweenrs andlL srs,lL

−2d no longer holds for such micro-
scopically inhomogeneous SC-states.

TABLE I. Comparison of penetration depths estimated from FIR
andmSR measurements.sThe FIR data of YBa2Cu3Oy are forEia,
while themSR data are the average within theab-plane.d

La2−xSrxCuO4 YBa2Cu3Oy Bi2Sr2CaCu2Oz

x=0.15 x=0.12 y<6.9 y<6.6 Tc<70 K

lL
FIR snmd 400–530 630a–990 160b 280c 680d

lL
mSR snmd 280e 310f 112g 170g 190f

aFrom Ref. 45.
bFrom Ref. 7.
cFrom Ref. 41.
dFrom Ref. 37.
eFrom Ref. 38.
fFrom Ref. 19.
gFrom Ref. 47.
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B. Low-v residual conductivity at T™Tc

Finally we discuss the residual conductivity in the SC
state. The Drude-like up-turn of conductivity towardsv=0 is
observed almost in all HTSC even atT well belowTc.

9 In the
present study, the low-v Drude-like spectral weigh atT
!Tc is smaller forx=0.12 than forx=0.15, the Drude-like
peak width being narrower in the former. This is consistent
with the general trend that the spectral weight of the residual
conductivity increases with doping.52

The low-v conductivity remaining atT!Tc is an indica-
tion of the presence of the nonsuperconducting region. So far
known are three types of inhomogeneous states in HTSC:sid
the presence of a non-SC region within the SC area, either
metallic as speculated for overdoped cuprates by FIRsRef.
53d and mSR measurements,54,55 or pseudogapped as ob-
served by STM for underdoped BSCCO;1 sii d alternating ar-
ray of antiferromagneticsAFd and SC stripes;56 siii d local
suppression of the SC order around impurities such as Zn, as
was directly observed by STM.57

The impurity-induced inhomogeneityfcasesiii dg has been
investigated by many experimental techniques. In the optical
spectra, Zn-substitution creates a huge residual conductivity,
which dramatically depresses the missing area.7 A similar
observation was reported for the Zn-doped YBa2Cu4O8 sRef.
50d and in the irradiated YBCO,58 giving evidence for the
sensitiveness of the FIR probe to microscopic inhomogene-
ity.

The casesii d, the spin and charge stripe order can be con-
sidered as an “ordered” inhomogeneous state, which has
been detected by neutron scattering experiment as a static
order in sLa,Nd,Srd2CuO4,

56 and probably as a dynamical
form in LSCO,59 where the Sr-contentx=0.12s,1/8d is ex-
pected to be closer to the static order. In this case, the charge
stripes on which SC order might develop are separated by
the AF spin domains, and would form a periodic Josephson
coupled array. A weak spatial modulation of the Josephson
coupling strength between the stripes, due to e.g. stripe me-
andering, is a possible source of the low-v conductivity
peak, as was observed in thec-axis optical response.60–62

When the Josephson coupling strength is increased and
strongly modulated spatially by decreasing an average spac-
ing between stripes and/or by enhanced stripe fluctuation, the
weight of residual conductivity would increase and be dis-
tributed over a fairly wide frequency range.

V. CONCLUSION

The in-plane polarized spectra of LSCO withx=0.12 and
0.15 were carefully measured. The peak at,500 cm−1 that
was observed in the previous reports and/or in some of our
samples was assigned to thec-axis phonon modesA2ud. Vari-
ous possible sources for this admixture ofc-axis spectral
component were examined. Inaccurate angle of crystal cut-
ting and/or multidomains in the TSFZ-crystals possibly in-
troduces some amount of the dielectric response forEic.
Measurement onab-face with nonpolarized light or with
p-polarization geometry also results in thec-axis component
mixing. In any case, the problem originates from the large
anisotropy in the electronic system of LSCO where only a
small amount ofc-axis component makes a serious effect on
the in-plane spectrum, and therefore, this is the problem pe-
culiar to a strongly anisotropic material like LSCO.

The obtained purea/b-axis spectrum showed a clear su-
perconducting response, the suppression ofs1svd and
1/v-behavior ofs2svd. The estimation both froms1 ands2

give a consistent value of SC condensate, which indicates
that the kinetic energy contribution is not appreciable. We
find that the SC condensate is much smaller than that deter-
mined bymSR. This discrepancy is possibly caused by mi-
croscopic inhomogeneity in the electronic state of supercon-
ducting CuO2-planes, probably related to the stripe
fluctuation in the case of LSCO. It is guessed that FIR-
measurement is a probe sensitive to disorder which sup-
presses the SC order parameters over a length scale of na-
nometer. The inhomogeneous electronic state also seems to
manifest in the spectrum as a residual Drude-like response at
very low frequencies below 50 cm−1 in the SC state.
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