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In-plane optical conductivity of La,_,Sr,CuO,: Reduced superconducting condensate and
residual Drude-like response
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Temperature dependencies of the optical spectra ¢f,5Cu0O, with x=0.12 and 0.15 were carefully
examined for a polarization parallel to the Cufilane over a wide frequency range down to 8 &nSelection
of well-characterized crystals enabled us to measure purely in-plane polarized spectra without any additional
peak. The weight of superconductit§C) condensate estimated from the missing area;ifw) well agrees
with the estimate from the slope of,(w) vs 1/w 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 E®R measurement of magnetic penetration depth. We also find
an anomalous increase of conductivity in submillimeter region toward® below T, 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 Rigluprates.
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I. INTRODUCTION The other reason for the difficulty in determining SC con-
) densate of LSCO is linked to the difficulty in obtaining a
The superconductingSC) condensate, one of the essen- e in-plane spectrum. Since the early stage of HTSC re-

tial parameters for a superconductor, has been a subject ggarch, various different in-plane spectra have been reported
discussion in highf. superconducting cupratédTSC). The  for LSCO (Refs. 10-15 and LaCuOy,5161” Some of the
recent progress in scanning tunneling spectroscopy has reeported in-plane spectra show rich features in a far-infrared
vealed a strange inhomogeneous distribution of the gap i(FIR) region31416 which are ascribed either to the
Bi,Sr,CaCyOg (BSCCO.! The effect of this real-space gap LO-phonons? or to the excitation related to the polardfis.
inhomogeneity on a superconductif§C) condensate is un- According to the variety of spectra, different values of the
clear. On the other hand, the angle-resolved photoemissidmondon penetration depthf' (=1/27w,y) were derived,
spectroscopy (ARPES has demonstrated a distinct ranging from 250 to 430 nm for the samples near
k-dependence of the gap at the Fermi surface in the pseuds=0.151%-141which do not correlate with th@.-value of
gap state or the stripe ordered statezor the system with the studied sample. Namely the scattered data cannot be ex-
such a partially gapped Fermi surface, the source of SC corplained by the possible difference in Sr-content or oxygen
densate is not obvious. content. Some of them are considerably different from the
As one of the direct methods to detect a SC gap and thealue determined by muon spin rotationf uSR)
weight of SC condensate, optical studies have been extemeasurement$:1®
sively performed for HTSC. A clear conductivity depression  The purpose of this work is twofold. The first one is to
was observed below-500 cm! in YBa,Cu;O, (YBCO)  clarify the origin of such a confusing situation in optical
(Refs. 4—F and BSCCC Then, the weight of the SC con- study of LSCO. We report a purely in-plane polarized spec-
densate(ps~wss) was estimated from the missing are® trum of LSCO and demonstrate the effect of thaxis com-
of the real partr4(w) of conductivity spectrum or from the ponent mixing, by comparing with the “dirty” spectra con-
low-frequency behavior of its imaginary parp(w). taminated by the-axis component. Possible reasons for the
The estimate of SC condensate from optical spectra, howe-axis component mixing are discussed. The second and
ever, has been subject to uncertainty. One of the reasons figain purpose is to examine the electrodynamic response in
that, unlike the case of conventional superconductors, therde low energy region and to estimate the SC condensate,
often remains some conductivity below the gap energypbased on the purely in-plane polarized optical spectra of
forming a Drude-like increase towards=0° Since the La,,SrCuQ, (x=0.12 and 0.1p The spectra were mea-
missing area ofr;(w) is large in YBCO and BSCCO, the sured over a wide range of frequency 8—-30000'rdown
remaining conductivity effect is relatively small in estima- to the submillimeter region. AT<T,, we have found a de-
tion of SC condensate. By contrast, in the case of lowepression of conductivity below 200 ¢t (70 cni?) for
T-HTSC such as La,Sr,CuQ, (LSCO), it may affect the x=0.15(x=0.12 but a steep increase of the conductivity
result more seriously. Nevertheless, this residual conductivitppelow 40 cmi* (10 cni?), which leads to a significantly
was ignored in most of the previous estimate of SC condensmall missing area compared to the value estimated from the
sate except for a few work8:'1 The origin of this remaining London length\, determined byuSR measurement. We
conductivity is an important problem to be solved. conclude that a discrepancy of the SC condensate between
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the optical anduSR-estimations is commonly observed in Y | I T 1.0
many HTSC. Possible scenarios for these anomalous features =
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Single crystals of La,Sr,CuO, with x=0.12 and 0.15 T o coriaiin \ 5 (R
were grown by a traveling solvent-floating zof€SF2) ----0=15° \| \Ere
method. The superconducting transition temperaffyres A
36 K for x=0.15 and 30 K forx=0.12. Fixing crystal axes La, g58r5,5C00, RT. N\
by observing x-ray Laue patterns at the surface of as-grown 0400 200 300 400 500 600 700
crystal rods, we cut the crystals along tb@xis and took Wave Number (em™)

several pieces of samples with a thickness of about 2 mm. _ . o

We call them “c-face” sample hereafter. For comparison, FIG. 1. Comparison of the in-plane reflectivity spectra of two
we also cut some crystal pieces with thaxis perpendicular L21e55%0.15CUO, crystals at 300 K. Both of LSC#1 and LSC#2
to the measurement surfaces calleab-face” sample. In were measured on trm:-faces_ with po_Iarl_zatlorEHa. The_ spectra
both casesa- and b-axes are not distinguished although of LSC#2 shows a substantial contribution from ihexis spec-
there is a small difference between them. After a number off U™ Thec-axis spectrum of LSCO is indicated by a gray curve as
trial measurements of far-infrared spectra, we realized tha% reference. We can reproduce a similar profile to LSC#2, using the

. . ., pure in-plane spectrunflLSC#1) and thec-axis spectrum, as de-
even Laue-characterized crystals were sometimes multido-_ . : L : N
- . . . Scribed in the text. The calculated reflectivity assuming a 15° rota-
mains, showing the-axis phonon admixture.

Th d ch L hod to d ltid tion around theac-/bc-plane or equivalently the 6.7%-admixture of
e second characterization method to detect a multi Ohe c-axis component is indicated by a short-dashed curve.

main is to observe the surface using a polarized optical mi-
croscope. Prior to this observation, the sample surfaces were . . . :
polished with ALO5 powder of different particle sizes at sev- are corrected by assuming an additional Gaussian relaxation
eral steps. The particle diameter for the final polishing wagdVith the relaxation rate 0.39-0.43 MHz.

0.3 um. 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- . RESULTS AND ANALYSIS

trum. A typical diameter of the sample disks is about 5 mm.

: . . ' A. Effect of c-axis component admixture
A spot size of the incident light is about 3 mm, smaller than

the sample size. Figure 1 shows the far-infrared reflectivity spectra at
Optical reflectivity spectra were measured using aroom temperature for several samples. LSC#1 is the almost
coherent-source spectrométein a millimeter and submilli-  perfectly in-plane polarized spectrum measured for the

meter wavelength regiof8—33 cm?), a Fourier transforma- ac-face of the LagsSl4CuQ, crystal, while LSC#2, the
tion type spectrometer for infrared regi¢80—8000 crnt),  spectrum for anotheac-face La gsSih15CUO, crystal cut
and a grating type one for higher energy region above neaftom different part of the rod, shows the bumps centered at
infrared (4000—30000 ). Both a sample and a gold mir- around 300 crit and 520 crm. It turns out that the frequen-
ror were mounted on a copper plate in a He-gas flow cryostei€S of these structures co_lnC|de with thpse observed as pho-
for temperature control. Before each measurement of A0N reststrahlen bands in the reflectivity spectrum with
sample spectrum, a spectrum of the gold mirror was meat-polarization(Ellc). Namely, the bumps clearly result from
sured as a reference. Since high accuracy of reflectivity valulixing of the c-polarized component into the in-plane spec-
is required in a millimeter and submillimeter region where trum.
reflectivity approaches 100%, we took the literature values of We can reproduce a spectrum similar to that of LSC#2,
gold reflectivity instead of assuming 100% reflectivity of Using LSC#1 as a pure in-plane reflectivity daRy,) and
gold to calculate the absolute values of sample reflectivitythe measuredc-polarized reflectivity data(R;), with the
Reflectance of polarized light was measured with thesimple formuld® R,=Rg,cos(6)+R.sin’(6). The short-
s-polarized geometry at the incident angle of about 5°. dashed curve in Fig.(&) represents the calculated reflectiv-
In order to compare the SC condensate estimated from thigy spectrum ford=15° deviation of the polarization direc-
other experimental methods, we measured the London petion from the purea(b)-axis or equivalently the 6.7%-
etration depth using muon spin rotatigeSR) technique. To  admixture of misoriented volume. Corresponding to the
improve the reliability of the missing area analysis and dis+apid drop of reflectivity above 600 c the dip atw
cussion, thexuSR measurement has been carried out on the-470 cm! and the suppression below 250 ¢min the
same single crystal as used in the optical study. The analysisaxis spectrum, the weak reflectivity suppressions giving
of the field distribution of a vortex lattice in the applied the bump features in LSC#2 are well reproduced in the cal-
transverse fielcdH;=0.2 Tesla has been performed using aculated spectrum. A good demonstration was made in the
London model with a Lorentzian cut-of? of 4.5—-6.5 nm optical spectra of intentionally misaligned films of
as a nonlocal correction. Other possible contributions for théLa, Ce,CuQ,,2* where only 1° misorientation results in a
broadening of the field distribution, such as random pinningclear feature of the-axis phonons in the spectra.
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1600~k | T | pendicular to the incident plans-polarization. In the case
R La, 4551y 15Cu0, 7] of YBCO and BSCCO crystals grown by a flux method,
1200~ ) E//fa(b) n natural surfaces can be used for optical measurement. The
o - \ BSCCO crystals, even if grown by the TSFZ-method, are so
£ sool easily cleaved that crystal cutting is not necessary to extract
< - : the ab-face samples.
8 400 —300K The multidomain problem is serious in the TSFZ-grown
i o 00KE=1Y ] crystals of LSCO and the related compounds. It often ap-
0 (@) L I L pears in the early stage of crystal growth, namely, in the
5000 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
40001 See s . measurement, because a typical x-ray spot size is much
-~ {Ne e T e smaller than the sample surface area of about33nn®?.
§ 3000F iV e This was the case for LSC#2. In order to scan the whole area
<Q
£ ool s | of sample surface, we need an x-ray topography measure-
T =1 ment. An easier way to examine the existence of a multido-
10000 7 —— 40K 4 main feature is to observe a polished sample surface using a
g 3K polarized optical microscope. Even if a sample passes these
05 00 00015003000 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-

FIG. 2. (8) Comparison of the in-plane conductivity,(w) of etra.tion depth(~1 ,m_\) of f.ar'infrared light is .a possible
Lay g:St 16CUO, (LSC#)) and thec-axis component mixed data for  ©rigin. Although the dielectric response of the light penetrat-
6=15°.(b) Comparison of the scattering rated) for LSC#1 and  INg through multidomains would be generally complicated,
the c-axis component admixture case. It is clear that the doublédnd the obtained reflectivity could not merely be expressed
peak is a result of the-component admixture. It is also demon- by the weighted summatioR,, the spectrum with the-axis
strated that the kink a+700 cnt! even at 300 K and is indepen- component admixture shows the artificial features addressed
dent of the superconducting response below 200'cm above.

Even when we have samples with paeplane surface,

Other than the exposure of tleaxis optical phonons in  a problem related to thg-polarization must be considered in
the “nominal” in-plane spectrum, the admixture of thaxis  the case of measurement without using a polarizer. In this
spectral component seriously influences the conductivity andase, thec-axis component manifests itself as notches in the
scattering rate spectra calculated from the reflectivity specn-plane reflectivity spectrum at the frequencies of LO-
trum via Kramers—KronigKK) transformation. As shown in modes, as was demonstrated by Van der Mateal?® to
Fig. 2(@), the c-component admixture creates a broad con-explain the spectra reported by Reedyk and Tinf§skan
ductivity dip between 300 and 1000 ch a sharp peak der Marelet al. pointed out that in a typical reflectivity mea-
around 500 cm' and a broad peak below200 cnm’. These  surement with the incident angle of 8°~12° the electric field
are artifacts arising frone-axis admixing: The loww broad parallel to the plane of incidendg-polarizatior) causes the
peak arises as a consequence of suppression of reflectivity maxis phonon modes to leak. In order to gain a signal, we
the lowest frequency region due to the superposition of theometimes did not use a polarizer for thk-face measure-
“insulating c-axis spectrum.” Its peak height and position arement because the light intensity is reduced to about a half
quite sensitive to a small change in magnitude of the dow- when going through a polarizer. Since unpolarized light
reflectivity as well as a change in tlaie— 0 extrapolation of  should have a component pfpolarization, this type of mea-
the spectrum. These features were identified in the reporteslirement has a possibility to yield a spectrum with features
spectra of LSCQRefs. 13 and 14and LgCuQy, 5 which  corresponding to the-axis phonons. Such possibility is seen
we interpret to indicate the admixture of teeaxis compo- in part of the data by Lucarelit all* About a half of the
nent. Figure ) demonstrates that the double peak inseven spectra were measured ondhdace without a polar-
1/7(w) reported by Startsevat al'® can also be considered izer, and they show a clear feature corresponding to the
as the same admixture effect. c-axis phonort’!

There are several possible causes for ¢kexis compo- All the problems due to the-axis component mixing be-
nent mixing, such aé) miscut of crystals(ii) multidomains  come serious only in strongly anisotropic systems, namely,
in as-grown crystals(iii) p-polarization admixture. Miscut when the reflectivity values are markedly different in #ie
of as-grown crystals is the most probable mistake that giveand c-polarized spectra. In fact, less anisotropic materials
a misoriented surface for reflectivity measurement. This isuch as well-oxygenated YBCO with metalticaxis conduc-
the case particularly with the LSCO crystals, because th&ion have seldom shown theaxis component in the spec-
cutting procedure is inevitable for extracting a sizabletrum measured with the in-plane polarized light. Therefore,
sample from an as-grown crystal rod. The effect of miscut ishe measurement of in-plane spectrum for LSCO and prob-
serious in measurement on thb-face, while the measure- ably TFSZ-grown(Nd, Ce,CuQ, requires particularly high
ment on theac-face is not affected by the miscut as far as it quality samples without any multidomain feature, high accu-
is done with polarization perpendicular to thaxis and per- racy in cutting angle, and careful polarization measurements.

Wave Number (cm'l)
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FIG. 4. (Color online Temperature dependence of in-plane con-
ductivity spectra of La,Sr,CuO, with x=0.15 andx=0.12 with
Ella or b. Inset figures show the low-spectra and the dc conduc-
tivity. The optical data can be smoothly extrapolated to the dc
values.
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0.12 (b) at various temperatures. Phonon peaks are almost
— 100K screened by free carriers except for the small structure at
200K ~370 cm*? ascribed to the in-plane oxygen bending mode
—300K phonon. No admixture of the-axis component is observed
in both sample spectra. The FIR reflectance is smoothly con-
0.7 I I I necped to the sub-millimeter reflecta_nce as shown in the inset
0 200 400 600 300 of Fig. 3a). Wherl the tempgrgture is onver'ed beldw the
reflectance forx=0.15 exhibits a rapid increase below
Wave Number (cm_l) 150 cmi* and a plateau below 40 ¢ty which could be
originating from the transfer of low frequency spectral
FIG. 3. (Color online Temperature dependence of in-plane re- Weight to 8(w) at w=0. A similar feature is observed in the
flectivity spectra of La_,Sr,CuO, with x=0.15 andx=0.12 with  in-plane SC spectra of YBCO and BSCCO, but at higher
Ella or b. The inset of the upper panel shows the spectraxfor frequency of~500 cn1?, probably owing to the larger en-
=0.15 in submillimete(SMM) and far-infrared FIR) regions sepa- ergy scale of SC gaps.
rately. The inset of the lower panel shows the room temperature The reflectance is transformed to the complex conductiv-
spectra in a wider range of frequency. ity o(w) by utilizing KK relations. Figure 4 shows the real
part of the conductivityr;(w) that can be smoothly extrapo-
(The measurement on tlee-face withs-polarization geom- lated to a dc value at each temperature abyvas shown in
etry is most preferable to avoid the admixture of thexis  the inset, justifying the validity of our KK analysis. The low-
componen). These requirements are quite severe, compared o1(w) for x=0.15 increases with decreasing temperature,
to that for other measurement technigues such as neutrdaorming a Drude-like peak ab=0, as is seen in Fig.(d).
scattering. When the temperature decreases belwo, starts to be
suppressed below 250 ¢f corresponding to the SC gap
opening. This SC response is, however, followed by an un-
usual Drude-like increase below 40 theven at 5 K< T,.. A
Hereafter we focus on the results of the sample for LSC#Ximilar Drude-like response is also seen in the kbwpturn
which we believe the purely in-plane polarized spectrumof the spectrum fox=0.12[Fig. 4(b)]. The Drude-like peak
and for comparison on the results of tke0.12 sample with  width is narrower in thex=0.12 sample than that fox
the ac-face which was also well characterized. Figure 3=0.15. A huge amount of residual conductivityTa& T, has
shows the in-plane reflectivity spectra fa=0.15 (a) and  also been reported in a direct measurement of conductivity of

B. In-plane optical spectra
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La; gsS1h1CUO, film in the submillimeter wavelength o— ! ' '
region’® Moreover, this feature seems to be common in i Tt 71,500 Blia
many HTSC such as YBCO and BSCCQyhich should 2 o«
affect the estimation of the SC condensate. = g = meswaye anpiok:

To compare with the previous results of LSCD, S — 40K
YBCO,?8 and BSCCCG? we derive anw-dependent scatter- = B A
ing rate 1/{w)=(w5/4m)Re1/0(w)] for x=0.15 as plotted &
in Fig. 2b). Here w, is obtained from the integral em j i ;
I goal(w)dw:wf)/& We takewy=10000 cm* so that the in- 0 50 100 150 200 250
tegral range includes the reflectance plasma edge, but is well (a) Wave Number (cm™)
below the charge transfer excitation enefgyl6000 cm?)
in La,CuQ,.2° The spectrum of 14 w) clearly shows a kink L0
at 650 cm? at all temperatures. The kink in Hkw) is com- — MA#1
monly observed at nearly the same frequency at low tem-
peratures for many HTSC studied so &This has been
ascribed to the opening of a pseudogapa SC gapand/or
the coupling of carriers with a magnetic collective mode ob-
served as a resonance peak in neutron scattétiag.alter- , , L
native candidate for this kink is the coupling with a phonon 0 100 200 5000 10000
that is proposed as a source for the kink in energy-dispersion (b) o, (em™)
curve of angle-resolved photoemission spect(éRPES.3?

The present result confirms that A&) shows a kink at FIG. 5. (a) Optical conductivity of LaggSr1:CuQ, (T,
700-800 crit as many other HTSCs do. The A4kink in =36 K) with Ellaorb at(T=40 K) and 5 K. The missing ared,sg
LSCO is different from that in YBCO or BSCCO in that it is expected from\ =280 nm obtained in th@SR study is shown by
not a lowT phenomenon but is observable at room temperaa hatched area. The solid circle indicates the dc CondUCtiVity at
ture or even higher for an optimally doped sample40 K. (b) The ratio of the missing area obtained from the present

(x=0.15. It is not clear whether the kink is caused by the OPtical studyA(wo) to A,sr MA#1 represents the ratio fok(wo)
%Iculated with the lower limit of integral of 8 cth MA#2 is for

seudogap opening, because there is a controversy on tfig o
P gap op g y e data ofA(wp) calculated by the dashed curve extrapolation in

presence or otherwise of the pseudogap in LSCO. From th )

T-dependence of in-plane resistivipy, a pseudogap tem-
perature is claimed to be as low as 70—80 K %er0.153 . o o
whereas the temperature below which the uniform susceptSPectrum. One is to calculate the missing ahéaw;/8) in

bility starts to decreaséor the Hall coefficient starts to ¢i(w), and the other is to estimatg,s from the slope of
increasé’) is higher than 300 K. What is clear with the kink 02(®) vs 1/w. In the case of HTSC, it is not a trivial issue

in LSCO is that it is not directly linked toT" in the that these two methods give an identical valuegf since a
pan(T)-curve. Another important result is the suppression ofpossibility of kinetic energy contribution has been suggested
1/7 upon opening of the SC gap is observed atby both theory® and experiment®3’ We compare the two
w~ 100 cnm! that is far below the kink frequency. This is in optically obtained values to check the Ferrell-Glover-
sharp contrast to the continuous development from d&inkham(FGT) sum rule, and also compare them with those
pseudogap to a SC gap observed in the other HTSC such &stimated from the London penetration depths that were de-
YBCO and BSCC3?® The present observation suggests thattermined byuSR measurement.

the kink feature has nothing to do with a SC gap, and prob- Below, we focus on the condensate weight at the lowest
ably is not related to pseudogap. We think that the kink intemperaturg~5 K) well below T.. The conductivity miss-
1/7 represents a crossover from the lemeharge dynamics ing area forx=0.15 is defined by the integral

to the highew one. The former as well as the dc conductivity 0o

is governed by the Fermi surface around the nodal point,  A(wg) =(120/m) | [04(w,40 K) = o4(w,5 K)]dw, (1)
while the electronic excitations in the antinodal region are 0+

also involved in the latter. _y . .
where we setyy=10000 cm-. We first put the lower limit of

the integral at 8 cnt which is the limit of our optical mea-

IV. DISCUSSIONS surement(labeled as MA#L In Fig. 5a), the missing area
A, sr=1/82m\[S7)? expected from\{*>*=280 nm obtained
by the uSR study?® is shown by the hatched area. It is obvi-

The observed SC response is most naturally interpreted amis thatA,sg is much larger than the missing area in the
the signature of formation of SC condensate associated witbptical conductivity spectrum between 40 and 5 K. The ratio
a SC gap opening. When a delta-function peak develops af the optical missing areA(wy) and theuSR valueA, g is
w=0 in oy(w) at the expense of its suppression in the lew- plotted in Fig. §b) as a function ofvy. A(wg)/A,srincreases
region, o,(w) behaves as proportional tof)slw. There are and then saturates to 0.25+0.05, showing no appreciable
two ways to estimate the SC condensaggfrom the optical  change up to 10000 crh The penetration depth correspond-

A. SC condensate
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ing to this value ofA(wg) is 530 nm. Even if we eliminate 25 o5
the contribution of the Drude-like component at 5K and _ , = ; x=0.12

replace it by a straight lineshown by a dashed line in Fig. "g | ®,~2700cm 0.4 |Gps~ 1600 em’ A
5(a@)] which mimics ad-wave SC behaviorA(wp)/A,sr <2 15 g, - ’ s

P O (4

amounts only to 0.5. This is plotted as a dashed curve labele«Z2 Lok el ,2, v
as MA#2 in Fig. %b), giving an upper limit of the missing = \-” 02 /- s —
area(or the lower limit ofA7'"*=400 nn) in our experiment. o5/ .-27 o0, © 05

The anomalously small missing area is also observed for Zee” | | |
x=0.12. Compared to the SC condensate estimated from thi : 0.0 %=

) s T 0.00 005 010 0.15

HuSR )\’L‘SR:310 nm, the optical conductivity missing area 1/ (cm) 0.00 ?}?os(cm) 0.10

A(wg) is substantially small with the ratioA(wg
=10000 cm*)/A,sg~0.1. The optically determined pen-  FIG. 6. Imaginary part of condutivityry(w) of La;_,SrCu0,
etration depth turns out to bel um in this case. for x=0.12 and 0.15 at low frequencieBla(b) andT=5 K. o5 °is
Strictly speaking, the missing area which is connectectalculated from the residuat(w) at 5 K using the KK-relation.
with the SC condensate should be calculated from the diffetWhen o7 ® is substractedg, scales well with 1k, which is the
ence between the normal and the superconducting conductigignature of the superconducting carrier response.
ity at T=5 K. In the above estimation @&,(w), we assume
that [oy(w,40 K)do=[0"(w,5 K)dw, where o}(w,5 K) is  corresponding tos;®(w) using a KK-relation. Then, the
the conductivity in the case that the system keeps the normat3(w) which should represent the “true” superfluid response
state down toT=5 K. In a conventional metalsupercon- is obtained agr3(w)=o0(w)- 0% (w).
ductop, this assumption holds well, because the [Bwesis- The obtainedo3(w) is proportional to 1k both for x
tivity is almost constantthe residual resistivity regimeln  =0.12 and 0.15, indicating a SC response in this frequency
the case of LSCO witix=0.12 and 0.15, the “normal state” range. The SC condensates giving""=990 nm for x
resistivity realized by the application of intense magnetic=0.12 and 590 nm fox=0.15 are estimated from the slopes,
fields increases weakly with loweriigbelow T, sugges-  respectively. These are in agreement with the valdesm
tive of a “normal” state rather similar to the conventional for x=0.12 and 530 nm fox=0.15 obtained from the miss-
one. As regards the observ@edependence of the normal- ing area inoy(w). It means that this method for estimation of
state spectrum, Fig. fand its inset indicates that the fre-  sC condensate is self-consistent within the optical spectra,
quency range where; shows an appreciabl&-variation  and thus it is concluded that the FGT sum rule almost holds
shrinks with decreasind. For the spectrum af=50 K, &  wjthin an infrared frequency range. The same conclusion has
difference from that aff=100 K is seen restricted below peen drawn for optimally doped YBCO in the recent paper
30 cni™. The trend suggests that tiiedependence ob7 by Homeset al#! The present result does not completely
arises predominantly from the Drude term. From this, andexclude a possibility of small contribution from the high-
also from the result of dc resistivity measured under intensgegion, namely, the kinetic energy contribution to the con-

fields, we guess that, if the normal state persists bélow  densate weight, as was observed in BSG&#,but it is
the Drude term would not change significantly from that atheyond the accuracy of our measurenf@nt.

T¢, and hence the difference betweey(40 K) and o’j(5 K) The previously reported values af'® for the optimally
would be small. doped LSCO range from 250 nm to 430 nm, depending on
Another problem in estimation using E@l) is the pos-  the sample and the research group but not onTthealue.
sible contribution from the higher frequency spectrum. Rerom the simulation, as in Figs. 1 and 2, we learned that the

cently the spectral weight reduction in the high energy regiofyajue of /'R estimated from the-axis admixed spectrum is
above 10000 cit has been observed in BSCCO by two in- strongly dependent on how and to which extent the
dependent methods and the change in kinetic energy at sg-=component is mixed, as well as the accuracy of the dow-
perconducting transition has been repoR®#.We have also  reflectivity measurement. In some case, as we demonstrated
found SmaIIT-dependence of the present spectra in the ViS-i-n F|g Z(a)' the admixture of the-axis component tends to
ible frequency region, which gives additional weight to form an artificial peak at low frequency in the normal-state
A(wp=10000 cm*). However, the integral up tow,  conductivity, which is not robust against a small change in
=30000 cm' increases\(w) only by 20% at most. Possible the magnitude and— 0 extrapolation of reflectivity. Such
kinetic energy contribution to the condensation energy canan artificial peak in the normal-state conductivity leads to a
not explain the small missing area in the present results. |arge error in estimation of missing area.

The second method to estimate the SC condensate is to However, the large scattering in the value)gf® in the
useo,. In Fig. 6, o, is plotted as a function of k. It is  previous works mainly arises from whether or not the lew-
substantially deviated from the linear-relationship, because gesidual spectral weight in the SC state is correctly ac-
large amount of remaining conductivityr;(w) below  counted. If the measurement is not done to low enough fre-
50 cni? strongly influencesr,(w). In order to remove the quencies and the low-spectrum is assumed to be flat with
contribution of this residual conductivity, we adopt the R=1, the missing area io;(w) must be overestimated. Since
method proposed by Dordeviet al*° First, we assume the residuabr strongly affects the lows behavior ofo, the
o1(w) at 5 K as the conductivity of unpaired carrier§Yw) estimation of)\f'R from o, is also subject to large uncer-
which do not condense ai=0. Next, we calculatery {w) tainty, unless the residual “normal-state” component is sub-
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tracted fromo,. The present results are free from these prob- TABLE I. Comparison of penetration depths estimated from FIR
lems. The spectra were measured down to 8'camd the anduSR measurementéThe FIR data of YBgCusO, are forElla,
residual conductivity was taken into account for evaluationwhile the uSR data are the average within tab-plane)

of SC condensate within the error shown in Fig. 5.

The relatively larger missing are@r equivalently the La,,SrCuO, YBa,CuOy  Bi,Sr,CaCy0,
shorter\['"=250 nm), reported in the paper by G&omay
partly result from this overestimation of the missing area, x=0.15 x=0.12 y=6.9 y=66 T.=70K
because the 5 Kr(w) was set to zero below 70 ¢ A \FIR (nm)  400-530 638.990 160  280° 680
similar problem is seen in the result by Quijatlaeportin "
P y Quiddaeporting ASR(nm) 28C° 310 12 170 190

A'R=310 nm. Although the lows residual conductivity was
clearly detected by Startse¥ajt was not subtracted when aFrom Ref. 45.
they estimated | '® from the plot ofe; vs w2, resulting in an ~ "From Ref. 7.
overestimation of SC condensate. The measurement by GdiFrom Ref. 41.
shunovet all on the L3 gSi 1{CuQ, film (T,=39.5 K),*  “From Ref. 37.
which covered the frequency range down to 5 &nelearly ~ “From Ref. 38.
detected a narrow Drude-like band with the large weightFrom Ref. 19.
wp~7800 cm? at 5 K. Subtracting the Drude-like spectral “From Ref. 47.
contribution by fitting, they obtained a long penetration
depth A\['®=400 nm. A little longer penetration deptf'® _ _
=430 nm was reported by Sometl al X for a single crystal. long. We summarize the comparison of the FIR- and
These values are in fairly good agreement with our estimaté&SR-penetration depths for various HTSC in Table I. As is
of the shorter limit of\['®. Therefore, we conclude that the clearly seen in the table, the discrepancy between the FIR
spectra successfully measured give a similar valuaf§t ~ anduSR data is quite robust for HTSC.
(400-500 nm that is longer than the estimate One may consider the possibility that a FIR spectrum is
(250-310 nnh for which the lowe residual conductivity is not correctly measured by some reason, for example, by the
not correctly evaluatetf.13.16 [110] surface geometry problem arising from tldewave

The microwave(MW) conductivity measurement gives a symmetric gap, as recently pointed out by &ual®® It is,
similar large value(:)\["W:4OOi 100 nm forx=0.15 to our  however, unlikely because a small estimate of SC condensate
FIR result, although the error bar is quite large in thiswas obtained by various measurements with various surface
technique** By contrast, theuSR penetration depth®is  geometries.
clearly shorter than the FIR and microwave values. ¥or It is also a general trend that the discrepancy becomes
=0.12, our estimate from the FIR dataN§®=990 nm, the larger as one goes to more underdoped regime. This is sug-
recent FIR data fox=0.125 by Dummet al5 shows\'R  gestive of electronic inhomogeneity as a possible origin of
=630 nm, and the microwave data for=0.12 is A the discrepancy. The SC order parameter may not be uniform
=500+200 nnf# Note that\['R as well asT, is very sensi- in real space and vanish in some parts, according to the re-
tive to the Sr-content aroundx=0.12 owing to the so-called cent observation of STM on BSCCBOn LSCO, the stripe
1/8-anomal§® (T, is most suppressed whenis tuned to fluctuation may introduce electronic inhomogeneity. As we
0.115. Even if taking into account this situation, we can discuss below, the presence of nonsuperconducting area ap-
conclude that the values off'® are much longer than the pears to be correlated with the residual conductivity in the
uSR estimaten/*>*=310 nm. SC state, which is responsible partly for the reduced missing

A similar discrepancy between the FIR- and thearea inoy(w).
uSR-penetration depths is also seen in the case of YBCO A distinct difference from the:SR results was recognized
and BSCCO particularly in the underdoped regime. In then the impurity-substituted YBC®,YBa,Cu,Og and many
optimally doped YBCO, the average value @f and other disordered HTSE. Disorder, impurity or defect, de-
b-polarized data(\['?=160 nm for Ela and 117 nm for creases the FIR SC condensg@¢™)? at a much steeper
Elb) (Refs. 6 and ¥ is larger than theuSR value rate than that expected from the lindar (\/>7)~2 relation-
[\“*Rlab)=112 nm(Ref. 47]. Comparing the conductivity ship observed by.SR. For example, 0.4% Zn-substitution
spectra of optimally and underdoped YBC®*we find that  for optimally doped YBCO suppress&sfrom 93 K to 85 K
the missing area ofr; in the underdoped YBCO witif,  and duplicates\{'® (~340 nm forElla), while MR is ex-
=56-59 K is about 20% of that for the optimally doped onepected to increase only 20% at most by the same
with T,=93 K. This suggests the penetration depth of abouZn-substitutior?’ The discrepancy between the FIR gn8R
300—-400 nm for the underdoped YBCO. The recent estimaeata seems to be universal in the disordered or inhomoge-
tion of A\['R by subtracting the lows residual conductivity is neous cuprates, including the underdoped cuprates for which
about 280 nm for YBzCu;0g 6% This is much longer than STM suggests an inherent spatial modulation of the SC order
the uSR value(\/**R=170 nm.*’ A longer FIR penetration parameter over a length scales of a few nm. It may follow
depth is also reported for underdoped BSCCO with that the FIR measurement is more sensitive to microscopic
=70 K3’ Compared with the uSR penetration depth inhomogeneity thamuSR, and that the ordinary relationship
(~190 nm) for BSCCO withT,=75 K1 the reported value betweerpsandA, (ps~\;% no longer holds for such micro-
of \['R (=680 nm for the T.=70 K samplé’ is extremely  scopically inhomogeneous SC-states.

W
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B. Low-w residual conductivity at T<T, V. CONCLUSION
Finally we discuss the residual conductivity in the SC . . .
state. The Drude-like up-turn of conductivity towards 0 is The in-plane polarized spectra of LSCO witk0.12 and

observed almost in all HTSC evenhtvell belowT.® Inthe ~ 0-15 were carefully measured. The peak-#00 cn* that
present study, the low- Drude-like spectral weigh aT ~ Was observed in the previous reports and/or in some of our
<T, is smaller forx=0.12 than forx=0.15, the Drude-like Samples was assigned to th@xis phonon modeéAy,). Vari-
peak width being narrower in the former. This is consistentous possible sources for this admixture @xis spectral
with the general trend that the spectral weight of the residuatomponent were examined. Inaccurate angle of crystal cut-
conductivity increases with dopirtg. ting and/or multidomains in the TSFZ-crystals possibly in-

The low-w conductivity remaining alT < T, is an indica-  troduces some amount of the dielectric responsekHio.
tion of the presence of the nonsuperconducting region. So fdvleasurement orab-face with nonpolarized light or with
known are three types of inhomogeneous states in HT$C: P-polarization geometry also results in thexis component
the presence of a non-SC region within the SC area, eithghixing. In any case, the problem originates from the large
metallic as speculated for overdoped cuprates by (RBf.  anisotropy in the electronic system of LSCO where only a
53) and uSR measuremen®> or pseudogapped as ob- small amount ot-axis component makes a serious effect on
served by STM for underdoped BSCC®jj) alternating ar-  the in-plane spectrum, and therefore, this is the problem pe-
ray of antiferromagneti¢AF) and SC stripe8® (iii) local  culiar to a strongly anisotropic material like LSCO.
suppression of the SC order around impurities such as Zn, as The obtained pure/b-axis spectrum showed a clear su-
was directly observed by STR. perconducting response, the suppression ogfw) and

The impurity-induced inhomogeneifgase(iii)] has been 1/w-behavior ofo,(w). The estimation both frorr; and o,
investigated by many experimental techniques. In the opticajive a consistent value of SC condensate, which indicates
spectra, Zn-substitution creates a huge residual conductivityhat the kinetic energy contribution is not appreciable. We
which dramatically depresses the missing dréasimilar  find that the SC condensate is much smaller than that deter-
observation was reported for the Zn-doped ¥YBa,Og (Ref.  mined by uSR. This discrepancy is possibly caused by mi-
50) and in the irradiated YBC®? giving evidence for the croscopic inhomogeneity in the electronic state of supercon-
sensitiveness of the FIR probe to microscopic inhomogeneducting CuQ-planes, probably related to the stripe
ity. fluctuation in the case of LSCO. It is guessed that FIR-

The casHii), the spin and charge stripe order can be conimeasurement is a probe sensitive to disorder which sup-
sidered as an “ordered” inhomogeneous state, which hgsesses the SC order parameters over a length scale of na-
been detected by neutron scattering experiment as a statiometer. The inhomogeneous electronic state also seems to
order in(La,Nd, Sy,CuQ,,°6 and probably as a dynamical manifest in the spectrum as a residual Drude-like response at
form in LSCO5® where the Sr-content=0.12~1/8) is ex-  very low frequencies below 50 cthin the SC state.
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 ACKNOWLEDGMENTS
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