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Optical study of c-axis charge dynamics in YBaCu3O,:
Carrier self-confinement in the normal and the superconducting states
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The optical conductivity spectra of YB&u3O, crystals have been investigated with polarizafigjc over
a wide doping range from the heavily underdoped to the overdoped regime, focusing on the charge dynamics
in the c direction. For overdoped crystals, the conductivity speatfaw) show a completely metalli@ and
o dependence, which can be analyzed by an extended Drude model. However, the obtained quasiparticle
scattering ratey, is one order larger than the in-plane value, which is quite different from the case of a
conventional low-dimensional material with a strong mass anisotropy. It is evidence for a non-Fermi-liquid
state in high¥. cuprates and suggests unconventional charge dynamics alomgatkie such as incoherent
hopping. With decreasing oxygen contgntemperature dependence of the lanconductivity changes from
a metallic to a semiconducting one, being consistent withTthdependence of the dc resistivipt. The
conductivity for the underdoped crystals witp(T)/dT<0 are characterized by a suppression of the con-
ductivity below wgppressich~500—800 cm 1). This doping dependence of,(w,T) indicates a change from
a strongly confined regime for low doping to a weakly confined regime for high doping, and suggests that the
mechanism of carrier confinement is closely related to strong electron correlation. The carrier-confined state
which is symbolized by a large scattering rate leads to a dirty limit behavior forctd@ection in the
superconducting state, whereas it is in a clean limit in the plane direction. There are a couple of experimental
facts which suggest d-wave gap. A huge amount of unpaired carriers and no decrease of maximum gap
amplitude were found for the overdoped crystals, which does not support the mean-field theory for explanation
of the T drop in the overdoped regimgS0163-182@7)07109-9

[. INTRODUCTION the metallic in-plane resistivity,;, might indicate the two-
dimensional nature of HTSC'’s, because it is the most re-
Among many characteristic features of the hihsuper-  markable difference from conventional low-dimensional sys-
conducting cupratesHTSC's), one of the most attractive tems. A good reference is gRuO, which is a recently
properties is “a strong anisotropy” in the electronic system.discovered superconductor withi,=0.9K.3 Although its
The question whether it is really two dimensional or aniso-crystal structure is the same as that of,LaSr,CuO,
tropic three dimensional has been discussed by many the¢gt SCO), a typical HTSC, and the mass anisotropy is almost
rists and experimentalists. The problem is, in other wordsthe same or rather larger than LSCO, the temperature depen-
how to treat “anisotropy.” If it can be described by a massdence of thec-axis resistivity is metallic at low temperature.
anisotropy, the system turns out to be anisotropic three din this sense, SIRuQ, is a ‘“strongly anisotropic three-
mensional, even if the mass is renormalized by a strong indimensional” material.
teraction. The origin of the semiconducting dependence g in
A recent observation of a Josephson current indhdi-  HTSC'’s has been discussed by many research grbéps.
rection of Bi,Sr,CaCu,0g,, (BSCCO is strongly sugges- some theoretical modetsthis is crucial for hight, super-
tive of a two-dimensional nature of HTSC'sOur optical  conductivity. Recently Takenalet al.reported that the char-
study of this system, indicating that theaxis superfluid acteristic temperature at whichp,/d T changes its sign from
plasma frequency should be much lower than the farpositive to negative scales with the spin-gap temperature and
infrared region, also supports a Josephson plasma pittributed this transition to the opening of a spin §agrom
ture in BSCCCG: However, for another typical HTSC, an optical study, Homest al. have found a gaplike structure
YBa,Cu;0y (YBCO) with smaller anisotropy, there is no around 200 cm! in the c-axis optical conductivity of
direct observation of a Josephson current alongcthgis. It YBa,Cuy,O4 ; well aboveT,.” This seemed to support a spin-
should be noted that if the coherence lengik smaller than  charge separation model in which a spin gap causes a charge
the interplane distance, the axis supercurrent becomes a gap in thec-axis conductivity® However, since the spectrum
tunneling current through Josephson junctions. Thereforehas a rich structure due to phonons and/or other excitations,
the Josephson current along tbeaxis can be, in general, resulting in a complicated temperature dependence, this
understood within a conventional Fermi-liquid model if one pseudogap problem has not been resolved yet. On the other
assumes a large effective mas$ and a smalk; . hand, an effort to examine the low{imit behavior of p. is
For the normal state, the semiconducting temperature den progress, suppressing superconductivity by a strong mag-
pendence of the-axis resistivitydp,/dT<O0 together with  netic field® Moreover, the fact that the highly oxygenated
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YBCO shows a metallid andw dependenc® might throw 1000
a doubt on the argument that the divergimgin the low-T
limit is essential for HTSC's.

Concerning a superconducting gap, there has been a long
debate whether a superconducting gap is observable in the
in-plane reflectivity spectrum or nét. Using the two- [ |
component model in which a spectrum is decomposed into a L y=6.5
T-dependent Drude part and &independent midinfrared -
absorption part, Kamara al. claimed that a gap cannot be 100 o \ B
observed in the in-plane spectrum because of clean-limit U 6.6 ]
superconductivity? However, the origin of the midinfrared
absorption is not clear, and it is questionable whether the
midinfrared absorption can be regarded as an incoherent con-
duction channel that does not interfere with the coherent
part. The other approach is based on the one-component
model, which gives a gap of about 500 th'® This problem
seems to be still controversial. By contrast, since there is no
remarkable effect of the midinfrared absorption on the 6.9

c-axis far-infrared spectrum, one could expect to observe a I . 1
gap in the far-infrared spectrum, which enables us to discuss I 1
gap energy, its symmetry, its relation T, etc. 2t . ;

For the study of the temperature dependence of the elec- -
tronic c-axis conductivity, the YBCO system has the advan- () I 4 !
tage, in contrast to other HTSC’s such as BSCCO and 0 160 200 300
LSCO, of its relatively high conductivity in the direction.
In this paper, we report on the precise temperature depen-
dence of thec-axis optical spectrum of YBCO with various FIG. 1. Temperature dependence of the out-of-plane resistivity

oxygen contents, focusing on the electronic properties. By, YBa,Cu,0, with various oxygen contentg, measured by a

subtracting phononic contributions, a systemgtic chang(_a 1Ryur-probe method.
the temperature dependence of the electronic conductivity
spectrum is revealed. On a basis of this result, we discuss th@as controlled by a preceding quench process, and then an-
c-axis conduction mechanism in the normal and the supermealed at 550 °C for a week. The oxygen content of the
conducting states of HTSC's. polycrystalline powders was determined by an iodometric
titration analysis to bg=6.8, 6.7, 6.6, and 6.5. The oxygen
content of each single crystal is expected to be the same as
that of the polycrystals annealed in the same tube. The crys-

Large single crystals were grown from the melt of tals for resistivity measurements were annealed in the same
BasCusOg and Y,BaCuQ; in Y ,05 crucibles by a modified tube as the corresponding pieces for optical measurement.
Czochralski method. Details of the crystal growth are de-The ac-susceptibility measurements were performed on the
scribed in Ref. 14. A typical size of an as-grown crystal issame samples used in the optical study.
10X 10X 5 mnt, which is limited by the crucible size. Ob- The superconducting transition temperatligevas deter-
serving the x-ray Laue pattern, a crystal is cut alongdhe mined by the ac-susceptibility and the dc-resistivity measure-
axis into several pieces with thicknesses of about 1 mmments. The details of the transport properties such as resis-
Each piece was then annealed under different conditions itivity, Hall coefficient, Seebeck coefficient are reported in a
order to attain the required oxygen content. separate papér.Owing to our large crystal size, the resis-

The composition ratio and the impurity levels were ana-tivity measurement by the four-probe method can be carried
lyzed by an inductively coupled plasma method. The atomi®ut not only in theab but also in thec direction. Figure 1
ratio of Y, Ba, and Cu was exactly 1:2:3 within a measure-shows the temperature dependence of the out-of-plene
ment error of 2—3%, indicating no impurity phase. No otheraxis) resistivity for various oxygen contenys These results
element, such as Al, Ti, Mg, Sr, and Pt was detected. Thare in good agreement with those reported byeltal*® As
composition analysis by electron-probe microanalysis alséhe oxygen content decreases, the resistivity increases dra-
confirmed that there is no secondary phase such awmatically. Only fory~6.9, thec-axis resistivity exhibits a
Y,BaCuQ, and BgCus0g. complete metallic temperature dependence dowR.tof 88

For full oxygenation, the crystal pieces were annealed aK which is slightly lower thariT,, of 92 K for y~6.81" The
380-400 °C in oxygen atmosphere for 1—-3 months. This anlow resistivity and the lowT. in the crystal withy~6.9
nealing process gives an oxygen contgrt6.9. To prepare strongly suggest an overdoped state of this crydt@ther
a complete insulating crystal with~6.1, we annealed a evidence for overdoping for~6.9 was reported in Refs. 15
crystal at 600 °C in Ar atmosphere for a week. For preparaand 18 in detail. Thec-axis resistivity for optimal doping
tion of oxygen deficient crystals with 6<1y<6.9, the crys- (y~6.8) decreases with decreasing temperature and shows a
tal pieces were encapsulated in an evacuated quartz tube tslight upturn close tdl.. For all the othery, p. increases
gether with polycrystalline powders whose oxygen contentwvhen the temperature approacfies To confirm the homo-
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geneity of oxygen content, we have also measured the 1.0 s —— ,
acsusceptibility of the crystals for all oxygen contents. It was : YBa,Cu;0, 3
found that the superconducting transition is sharp in all the 3 . B
crystals AT.=0.5 K for y=6.9 and 2 K fory~6.6), indi- 08F T A » Ellc

cating homogeneous oxygen distribution within the crystals.

All superconducting crystals show a fine twin structure.
The average domain size is about 4 in theab direction
and 100um in thec direction, which was observed using an
optical polarized microscope. The ac faces, large enough for
an accurate measurement of far-infrared spectra, were pol-
ished by ALO; powder with a size of 0.3um, prior to the
optical measurement.

The optical reflectivity spectra were measured using a
Fourier transformation-type infrared spectrometer and a He-
gas flow cryostat in the wave number region from 30 to 9000 E R L
cm ! and a grating-type spectrometer in the range from > 078200 T T80 2 3
4000 to 30000 cm'. The reflected light was polarized Frequency { cm™ )
along thec axis by wire grid polarizers on polyethylene sub-
strate foro=30-300 cm?® and on KRS-5 substrate fas
=250-4000 cm?' as well as a quartz polarizer fow
>4000 cm ! The incident light was focused on the sample
surfaces with a spot diameter of about 2 mm. The reflectivity The systematic lows spectral growth with increasing
intensity was compared to that reflected from a Au-was reported in detail for room temperature by Cooper
evaporated mirror, which was precisely replaced for theet al?° Our results have confirmed it in a wider doping range
sample at each temperature. The angles of the sample and thhem almost nondoped insulator to the metal in the over-
mirror surface were aligned relative to the optical path bydoped regime. This loww spectral growth with doping is
using a He-Ne laser during measurement. By evacuating thebserved also in LSCCRef. 21) and thus probably common
cryostat and the spectrometer simultaneously, we could udeature in thec-axis spectrum of the higli; materials. As
thin polyethylene film 30um as cryostat windows in the reported in Ref. 20 and also seen in Fig. 2, the spectral
far-infrared range. Owing to the thin window, we could get growth below 0.5 eV in the-axis spectrum is slower than
high signals and see the focus of the visible part of the rathat in the in-plane spectrum. This seems to imply that, in
diation on the sample. The latter advantage enabled us taddition to the strong correlation effect which disturbs the
readjust the sample position after cooling, which is necessarnyinerancy of carriers in the low doping regime, theaxis
because with reducing temperature the sample holder shrinkharge conduction is strongly disturbed even in the high dop-
and consequently the focus moves on the sample surface. iig regime.
this way, the reproducibility of reflectivity measurement is  The c-axis reflectivity spectra at 10 K are shown in Fig. 3
excellent, and the accuracy in the reflectivity better than 1%for variousy in comparison with the normal state spectra at

100 K. More precise temperature dependence of the reflec-

tivity spectra were reported in our previous papefor
ll. RESULTS AND ANALYSIS y~6.9 an appreciable temperature dependence is observed

up to high frequency around 2000 ch With reducingy,
the temperature-dependent spectral region becomes limited

Figure 2 shows the-axis room-temperature reflectivity to the far-infrared region. In the spectrum fpr=6.9, the
spectra of YBaCu;O, for variousy. Fory~6.1, five pho-  |ow-w reflectivity increases remarkably beldly, while it
non peaks which are predicted for the tetragdnéil, sym-  decreases between 400 and 800 émforming an edge
metry by group theory are clearly observed. The electronistructure around 300 cit. For y~6.8, this edge shifts to
contribution is negligible. As the oxygen content increasesabout 200 cm?, and fory~ 6.6, lower than 100 cmt. Usu-
free carrier contribution increases, resulting in an increase adlly an edge-like feature is associated with the opening of a
the average far-infrared reflectivity. For the highly oxygen-superconducting gap. In dirty limit, the frequency below
ated crystal withy~6.9, the reflectivity is very high in the which the reflectivityR is exactly equal to 1.0 corresponds to
far-infrared reg|on and a clear plasma minimum is observe@ superconducting gap energy 2while in the case of a
around 2000 cm*. Five small peaks due to phonon absorp-d-wave or gapless superconductor, the edge structure due to
tions are superposed on this plasma spectrum, which is coteviation fromR=1.0 is smeared out. On the other hand, a
sistent with the group-theoretical analysis for the orthorhomsharp reflectivity edge must not necessarily indicate a gap
bic D2h symmetry, except for the missing Ba-vibrational energy. For a special case, if the screened plasma energy for
phonon at the lowest frequency that might be screened by theuperconducting carriers is smaller than the gap energy, it
free carriers. With reducing the oxygen content, another phorepresents a collective excitation of the superfluid plasma.
non peak grows around 630 ¢ while the peak at 570 This was typically observed in the-axis spectrum of
cm ! loses its strength. Both are associated with the apicalSCO?2 where the screened plasma frequency of supercon-
oxygen vibrational mode, which is strongly affected by theducting carriers, corresponding to the zero-crossing fre-
oxygen coordination of the Gl chain site*® quency ine€;(w), lies below a superconducting gap. The

Reflectivity

FIG. 2. The room-temperature reflectivity spectra of
YBa,Cu0O, with E|c for variousy.

A. Reflectivity spectra
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FIG. 3. Doping dependence of tlieaxis reflectivity spectra of
YBa,Cuz0, in the superconducting staid0 K) in comparison FIG. 4. Temperature dependence of thaxis optical conduc-
with the normal state spectra at 100 K. tivity spectra of YBgCu;0, for y=~6.9(a), 6.8(b), 6.7(c), 6.6(d),

and 6.5(e), in which the phonon contributions are subtracted by

spectrum fory~6.6 in Fig. 3 is similar to the spectrum of fitting based on the modified Lorentz oscillator model.
La, g8 14Cu0,?? suggesting the latter special case, and _ o _
then the shift of the edge with doping indicates an increase iRhonon absorptions are subtracted by fitting to obtain the
the superconducting carrier density. When the plasma edg@ectronic conductivity spectra. The conductivity spectra in-
energy exceeds the gap energy, the reflectivity threshol@luding phonon contributions as well as the fitting procedure
as in a conventional case wifiw,>2A. This crossover is Phonon peaks are almost symmetric and can be well fitted
observed betweeg~6.8 and 6.9, which can be confirmed with (_:onventlonal Lorentz oscillators. However, with de-
by the conductivity spectra shown in the next subsection. Créasing oxygen content, some phonon peaks show asym-

In addition to the appearance of a sharp edge, there i@_etrlc line shapes. Thus, a modified Lorent; (_)scnlator model
another dramatic change around 500 ¢nfor the under- with asymmetric parameter was used for fitting. After sub-

doped crystals. It is linked with the phonon anomaly for thetraction of all sharp phonon resonances, a broad peak around
in-plane oxygen bending mod&?3 450 cm ! remains. Although it grows as a result of spectral

weight transfer from the in-plane oxygen bending mode at
320 cm !, suggesting a phononic origin of this peak, the
peak profile is so broad that a further decomposition of the
A Kramers-Kronig analysis for the reflectivity data was spectra in a proper way is impossible. As the oxygen content
performed to obtain the conductivity spectra. For the high-decreases, the low frequency conductivity @t-0 de-
frequency extrapolation, reflectivity above 4 e82 000 creases, which is consistent with the doping dependence of
cm™ 1) is assumed to be constant up to 10 eV and to decreashe dc resistivity shown in Fig. 1. In Fig. 5, one can see a
asw~ % above it. For low frequencies, the reflectivity spectrasystematic shift of the zero-crossing frequency in the dielec-
were extrapolated using a Drude formula abdveand a tric function €;(w) at 10 K, which causes the sharp reflec-
two-fluid model belowT .. We have tried several extrapola- tivity edge belowT,. In the underdoped regime, at this zero-
tion and checked their effects on the results. crossing frequency, one can see a sharp reflectivity edge but
Figures 4 and 5 show the real part of the complex conno distinct structure in the conductivity spectrum in Fig. 4,
ductivity spectra and the real part of the dielectric function ofwhich confirms that this reflectivity edge does not corre-
YBCO for various oxygen contents, corresponding to thespond to a superconducting gap but to a plasma edge for the
data in Figs. 2 and 3. In Fig. 4, sharp peaks due to thsuperconducting carriers. In the overdoped crystal for

B. Conductivity spectra
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. . . shown in this paper and disappears in the optimally doped

0 —— (P crystal withy~6.8, that is, this phenomenon is dependent on
R 7 1 the doping'® The spectra of overdoped LSCO also show a
& =200+ /1 - 100K @y=69 _ similar behavio?*
. — 10K 1 The normal-state spectrum fgr~6.8 is almost flat and
-400+ 7 less temperature dependent. When the temperature decreases
— I f from 300 down to 200 K¢, increases over a wide frequency
0—— "Vv"’“/‘v range, which can be understood as a result of reduction of
(b)y=6.8 ] plasma damping, although it is a highly damped plasmon.
& -2001 7 Then, when the temperature further decreasgsjecreases
I I only below 500 cm?. This o; decrease at low frequencies
-4001 ] proceeds also beloW,, forming a gaplike structure with a
5 ; f long tail. The temperature dependenceogfat w—0 is in
o 4 (c)y=6.7 | good agreement with the dc resistivity behavior in Fig. 1,
_ 0 A M e ) ] which shows the sign changedp/d T between 200 and 100
@ 0 VA ; K. As mentioned above, the spectral behavior above 200 K
can be understood as a change of plasma damping. However,
-40r | ‘ . ) the low-w suppression below 200 K strongly suggests a dif-
30 ! ‘ ' i ferent mechanism, governing the temperature dependence of
. (d)y=6.6 1 the c-axis conductivity.
_ 40 ) 3 The o4 suppression at loww from far aboveT, is com-
“ O_ A//\’\/—\\ ] monly observed in the underdoped crystals. ¥eo16.7, 6.6,
- J/ 1 and 6.5, the conductivity below 250 crhis almost flat and
-40 | . , ] monotonously decreases with decreasing temperature. The
40 ' ' ‘ | conductivity above 800 citt is almost temperature indepen-
I (€)y=6.5 | dent. A complicated and dramatic temperature dependence
- 0 AN _ of the spectrum is seen for intermediate frequencies. Ignor-
® | | ing the spectral growth around 400 Ty a clearo; sup-
4ok _ pression is observed below 700 ¢hin our data for
I ! ) y~6.6 and 6.5, which disagrees with the phonon subtracted
0 200 400 600 800 spectra reported by Homes al?® The growth of a new peak

FREQUENCY (cm-!) around 400 cm® makes it difficult to identify a gap struc-
ture. Although a monotonous decrease of low

. . _1 . .

FIG. 5. Temperature dependence of the real part of the dielectriff’'ConducwIty b?"?W 200 cm . b.eIO.WTC indicates an open-
function ey(w) of YBa,Cu;0, for y~6.9 (a), 6.8 (b), 6.7 (c), 6.6 Ing of a gap, a finite conductivity is clearly observed at the
(d), and 6.5(e), which were calculated from the reflectivity spectra lowest temperature.
in Fig. 4 by a Kramers-Kronig analysis.

y~6.9, the frequency at which a pronounced reflectivity IV. DISCUSSION
drop is observed beloW, roughly corresponds to the thresh-
old frequency for the conductivity decrease, indicating that
the appearance of a reflectivity edge is due to an opening of In discussion about the conduction mechanism along the
a gap. c axis, the metallicT dependence ofp, in the well-

The room-temperature conductivity fgr~6.9 is about oxygenated YBCO has often been referred to. Sifigdor
250 0! cm™! at w—0 and it becomes more than 600 the most anisotropic material, BSCCO with a semiconduc-
QY cm ! at 100 K. This is the highest, value of YBCO torlike p., is almost the same as that for the least anisotropic
reported so far, implying the high doping level of this crys- material, YBCO with a metallip., dimensionality seems to
tal. With decreasing temperature, the lemeonductivity in-  have no relation to the highz superconductivity. Some-
creases, forming a Drude-like curve. The metallic temperatimes, in the theoretical model which stresses the interlayer
ture dependence of the far-infrared conductivity is consistenhopping for thec-axis conduction mechanisffi,fully oxy-
with the dc resistivity behavior in Fig. 1. BeloW, the con- genated YBCO is regarded as an exception. On the other
ductivity is strongly suppressed at<650 cm !, as aresult hand, for the theoretical model which insists on a metallic
of the spectral weight transfer to&function atw=0. The  conduction in thec direction, YBCO is a preferable
threshold frequency of about 650 ¢ therefore, seems to compound’ Therefore, it is of great importance to examine
correspond to a superconducting gap energy. However, evemhether YBCO can be regarded as an anisotropic three-
at 10 K, well belowT ., there remains a pronounced conduc-dimensional metal or not, in other words, whether the anisot-
tivity at low frequencies, suggesting a gapless superconducepy can be described by a large mass anisotropy or not.
tivity. The Drude-like conductivity increase below 200  The first approach is to analyze the conductivity spectrum
cm ! suggests the existence of unpaired carriers in the swen the assumption of the metallic regime. The most typical
perconducting state. This upturn of conductivity was ob-metallic behavior of thec-axis conductivity is observed in
served also in the other overdoped YBCO crystaist the overdoped YBCO witly~6.9. Only at this composition

A. Normal state
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sistivity originates not only from the mass anisotropy, but
also from the scattering rate anisotropy. In a conventional
Fermi-liquid metal the real-space anisotropy in the scattering
rate is not strong. Therefore, the difference of an order of
magnitude in the scattering rate indicates a completely dif-
ferent scattering mechanism between the in-plane and the
out-of plane directions. The origin of this large must be
related with an incoherent conduction mechanism, which is
more typically seen in BSCCQRef. 2 and LSCO?®?*In

this sense, even overdoped YBCO with the least anisotropy
cannot be regarded as an anisotropic three-dimensional metal
but rather as a two-dimensional system. In fact, the mean-
free pathl, (~5.8 A), which was estimated from, (~2800
cm™ 1) and wp, (~5700 cni't),*® is shorter than the inter-
layer spacing €11 A). This implies that the-axis conduc-

tion is not coherent.

m*/my
N

It may be worthwhile to compare HTSC's with the re-
cently discovered superconductor,BuO, (Ref. 3 that is
1 isostructural to LSCO. Owing to its layered structure, the
anisotropy in the resistivity is of the same order as in LSCO.
The most remarkable difference from HTSC's is the metallic
temperature dependence pf at low temperature. Corre-
spondingly, in thec-axis reflectivity spectrum, a sharp
plasma edge appears in the normal statadicating a small

FIG. 6. Temperature dependence of the effective nmaséw) scattering rate at low temperature. From this viewpoint, this
and the scattering rate dkw) = y(w) for y~6.9, which were cal- system seems to be a strongly anisotropic three-dimensional
culated from the phonon-subtracted complex conductivity based ofFermi liquid. In contrast, the peculiarity of HTSC’s is un-
an extended Drude model. usual anisotropy which is not given by an anisotropic effec-

tive mass alone, but rather governed by the anisotropic scat-

the plasmon is well defined at room temperature, thatsis, tering mechanism.
crosses zero above the highest phonon frequency. Subtract- The next problem is the semiconducting temperature de-
ing the phonon peaks and the midinfrared absorption by @endence of the-axis conductivity, which is observed in
Lorentz oscillator fit, we obtain the electronic conductivity oxygen deficient YBCO and most other HTSC's. Ignoring
spectra which can be analyzed by an extended Drude modgie steplike structure at 250 ¢rh which has noT andy

as follows: dependenc& and the broad peak growing around 400
1

|
0 1000 2000
Frequency (cm™)

o cm ! at low temperaturé®?® we find in Fig. 4 that the
e(0)= €, — wp () 1) normal-state conductivity is suppressed far beyond 250
* wtiey (o)’ cm! for all of the underdoped crystals. According to the
spin-charge separation model in which the spinon-holon re-
w2 4mne? combination governs the-axis conduction, the-axis con-
wp (0)= m (@) 2 ductivity is expected to be suppressed below a critical fre-

quency when a gap opens in a spin excitation specfrim.
Here the frequency dependences of the effective massis scenario, the crossover temperatilig,s, at which
m*(w)=m[1+\(w)] and the scattering ratey*(w)  dp./dT changes its sign, should correspond to the spin gap
= y(o)m/m*(w) originate from the coupling of carriers temperaturel g, (~120 K).** However, the observel;oss
with some optically inactive excitation via the coupling con- js far aboveT i, and is rather close t@* (~400 K) which
stantA(w). In Fig. 6, m*(w) and y(w) are shown, calcu- s the critical temperature for reduction of the uniform
lated from the complex conductivity spectrum in Figéa)4  susceptibility*> Moreover, if we compare the critical fre-
and 3a). First, one realizes that the strong temperature dequency for this conductivity SUPPressiong ppression
pendence ofp. is mainly caused by a strong temperature500—800 cm*?) with the spin gap energywspi =32 meV)
dependence of,, not by that ofm? . (The data scattering in determined by the neutron-scattering measureriteitt,is
m? below 400 cm?! are due to imperfect subtraction of the found thatwgppressiodS MuUch higher thamogy,.
phonon contributions. The extrapolation of the high- Another possible approach is based on the following phe-
frequency curve gives more reliable valuerof at w—0.) nomenological expressions:
Second, the value o, is extremely large. Using the re-
ported values fow,, andy, in thea direction?® the anisot-

. 2 pc=Ci1pat Ca/T (€
ropy ratio of the dc resistivity d./p,~40—100) can be
roughly explained by the multiplication of the mass ratio
[(wpa/wpc)2~7] and the scattering rate ratigy{/y,~10).
Note that the mass ratio of 7 is in good agreement with the
band calculatiod® This implies that a strong anisotropic re- pc=Cipat Coexp(A /KT). (4)
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The former expression was proposed for the Luttinger-liquid7 y.>2A), which is equivalent to the relatidr€ &;. When
interlayer hopping by Anderson and Zoand the latter is an the plasma frequency decreases with reducing doping level,
experimentally deduced model by Ong and co-worRéis. it becomes harder to determine the scattering rate. Note that
our previous paper, we examined several models to analyzeappearance of a sharp reflectivity edge is not an indication of
the c-axis resistivity data for the overdoped crystal, andthe strong suppression ¢f belowT.. The combination of a
found that the metalli@ dependence can be well fitted to the large gap A and a largey. could give a sharp reflectivity
above formula. The terms in series for the resistivity mearedge, as recently demonstrated by Kémal>°
that there are two scattering mechanisms. The first term in Although a gaplike conductivity suppression is observed
Egs. (4) and (5) arises from the in-plane scattering and thebelow T. in Figs. 4a) and 4b), the spectral profile at the
second represents the interplane hopping that is an origin ddwest temperature does not look like a conventional
the non-Fermi-liquid behavior in the-axis charge dynamics. s-wave superconductor with a clear cut¢i(w)=0] but
Since it is not a parallel conduction but a series, a complishows a long tail. The threshold frequency, which might cor-
cated spectral behavior is expected, in other words, it is difrespond to the maximum gap frequency, 2, of an aniso-
ficult to extract only one of these two contributions from thetropic gap, is about 600 cnt for y=~6.8 and 650 cm?! for
observed spectrum. However, we can discuss the limiting~6.9>° In the underdoped crystals with<6.7, it is diffi-
cases that either the first or the second term dominatetn  cult to determine the threshold frequency for a superconduct-
the former case, the conductivity spectrum is metallic, whileing gap, because the conductivity is suppressed from the
in the latter it becomes a semiconductorlike spectrum. higher frequencyws,ppression€ven aboveT.. What we can
Returning to our experimental data, the spectrum for theleduce from Fig. 4 is that/£2,,,< wsyppression FUrthermore,
overdoped crystalFig. 4a)] seems to represent the former there remainso-independent finite conductivity even at the
case. Therefore, we could tentatively analyze the conductitowest temperature. It turns out that a clear gap as well as its
ity by an extended Drude model. Here, a contribution of thedoping dependence is not observable in the underdoped re-
second term manifests itself in a large. On the other hand, gion. Instead, we observe, in the reflectivity spe¢fa. 3),
for the underdoped crystals, the contribution of the first terma decrease of Josephson plasma frequency with redyging
is much weaker as in the latter case. Thelependence of which could be caused by a decrease in the superconducting
the second term contribution depends on the model. In cagslasma frequency or the interlayer tunneling probability. One
of the model for Eq(4), the conductivity between Luttinger should notice in Fig. 4 that in spite of a low& for over-
liquids in the resonating valence bond state is predicted t@oping than for optimum doping,&,.« s slightly larger for
behave aso(w)~w**, a being the Luttinger-liquid y~6.9 than fory~6.8, that is, a gap energy does not scale
exponent® On the other hand, for the model which predicts with T. in the overdoped region. This suggests that The
a charge gap in the directiorf a gaplike structure should be drop in the overdoped regime cannot be explained by the
observed in the conductivity. Even if such a gap has amean-field theory but is rather caused by a kind of pair
s-wave symmetry, a small contribution of the first term couldbreaking. Further evidence for pair breaking is a huge
smear the gap structure, causing a gradual reduction of themount of residual conductivity forming a Drude-like in-
conductivity with decreasing frequency. An even more comrease towardo=0 [Fig. 4(a)], which was discussed in de-
plicated behavior is expected for a gap wittwave symme-  tail in our previous papet®

try. The localization picture which also gives a similaf  In order to argue the-axis conduction in the supercon-
suppression at low frequencies is unlikely, because it is inducting state, we have estimated the London penetration
compatible to the completely metallic spectrum in theli-  depth\ from the missing ared in the conductivity spec-

rection for the same material. Whatever the model for tharum belowT, as follows.
second term is, the above concept of a series of resistivity
implying the existence of two scattering mechanisms is nec-
essary to explain the spectral change with doping and tem-
perature. As a result of combination of the two terms, the
critical frequency foro; suppression changes with doping, In the case of clean limit superconductors, we can estimate
depending on the admixing of the first term, even if the gaghe anisotropic ratio from the ratidaZ/\; which gives
energyA. is constant. Therefore, the observed tendency thang/m} . However, comparing our estimation of
the conductivity suppression becomes more pronounced with,~12 000 A fory~6.9 with the reported in-plane value
reducingy, as seen in Fig. 4, can be understood by the in\,~1500 A, we obtain the rati¢§/k§~64 which is much
crease in the second term contribution and/or the increase larger than the mass ratio estimated from the plasma fre-
the gapA. with reducingy. quency ratiow},/w5.~7. This is a strong support for dirty
limit superconductivity in the direction, because for a dirty
superconductor only a part of the Drude weight for
hw<2A condensates into & function atw=0. It follows

In the in-plane spectrum, observation of a superconductthat the penetration depth ratio estimated from the missing
ing gap has been a hotly disputed issue. One of the opiniorarea is not equal to the plasma frequency ratio in the normal
is that the quasiparticle scattering rate is so small that it istate. This peculiar feature, clean limit in thé direction
difficult to observe a gap structure, implying clean limit and dirty limit in thec direction, can be explained by the
superconductivity? In contrast, in the direction it is clear model in which clean-limit superconducting layers couple
that the system is in a dirty limit because the obtaingd weakly with each other and form an array. According to this
(~1000 cm'l) is larger than the possible gap frequencymodel, the supercurrent along the array direction flows

A;2=A6<w>=§2fw<02—ai)dw. )
c“Jo

B. Superconducting state
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0.08 proportional to)\gz(T). The problem for estimation of; is
the cutoff frequency for integration in E@6). As seen in
Fig. 4, the lowest temperature spectrum crosses the normal
state spectrum for 100 K around 600 c¢hin the frequency
range between 600 and 2000 chthe conductivity &6 K is
a little larger than that at 100 K, while it i§ independent
above 2000 cm!. This means that the missing spectral
weight belowT .. is not completely transferred to&function
at w=0 but partly to a higher frequency range. Therefore,
0 20 40 60 80 100 the penetration depth estimated from the missing area below
2000 cm ! is larger than that estimated from the area below
T (XK) 600 cni L. Both fory~6.8 and 6.9, the temperature depen-
dences ofA. are different from the normal BCS behavior.
0.02 T 1 l | The missing area, i.e)x,g(O)/Ag(T) increases more linearly
_ with reducing temperature than in the BCS case, which is
y=6.8 . : o X .
preferable for an anisotropic superconductivity with nodes in
a gap, being consistent with the results of the microwave
measurement’

Although it is difficult to conclude the gap symmetry
from the optical measurements, there are a couple of obser-
vations in the present work which suggest a strongly aniso-
tropic superconducting gap. The first is the conductivity
spectral profile alT < T, showing a tail towards =0, which

(b) T (K) indicates a finite absorption at— 0. This spectral profile is
in good agreement with the theoretical prediction for a

FIG. 7. Temperature dependence of the missing area (o)  d-wave symmetry by Gradt al*° The second is the fact that
below 600 cm* (solid circle and 2000 cm® (solid triangle for & finite density of states appearskst very easily owing to
YBa,Cu;0, with y~6.9 (a) and 6.8(b), which is proportional to  some kind of pair breaking. Besides the present result of the
N2(0)/\3(T). The solid curve is the expectation from the BCS overdoping effect, our preliminary measurement on the Zn-
theory for the case of 600 cm. substituted YBCO(Ref. 41 indicated a strong absorption

o _ _ within the gap. It is consistent with the results of the other
t_hrc_)ugh Josephson junctions and beha_ves as in _the diréchniques which revealed a finite density of state€at
|||'n|t.36 Another pred|Ct|0n Of th|S mOdel IS the I’elatl(mi Owing to pair breaking by impurities SUCh as fnThe th”'d
«\ "% Recently Basowt al. demonstrated that the relation is the temperature dependence of the penetration depth men-
o=\ ? roughly holds among many of the HTSC's, assum-tioned just above. From all these results, a strongly aniso-

0.04

Missing Area (eVz)

0.00

E

0.01

Missing Area (eVz)

0.00

0 20 40 60 80 100

ing a constant gap energy.>’ tropic gap is more plausible than an isotropigvave.
This intrinsic Josephson coupling in one direction could
occur in highly anisotropic materials where the interplane V. CONCLUSION

spacing d is larger than the coherence length For
example, also in the organic superconductor The optical reflectivity spectra of YB&Lu;O, single
«-(BEDT-TTF),CUN(CN),]Br where the anisotropy ratio crystals were measured for the polarization wific over
is of the order of 100, the conditiog<d is satisfied®  wide doping, temperature, and frequency ranges. The large
Therefore, thec-axis Josephson current can be understoodizes of our crystals enabled us to determine the reflectivity
within a Fermi-liquid picture and is not the direct evidencewith high accuracy in the far-infrared region. By subtracting
for unconventional charge transport along thexis. How-  the phonon contributions, we successfully extracted the elec-
ever, the confinement of the quasiparticles is also observabteonic components of the conductivity spectwa(w) for
in the superconducting state. Although it is difficult to deter-YBa,CuzO, with variousy, which reveal a unique elec-
mine the scattering rate of the quasiparticles belqw the  tronic state in HTSC's that is characterized by “the carrier
fact that the superconductivity is in dirty limit for thedi-  confinement” both in the normal and superconducting states.
rection (.<&.) and in clean limit for thea direction The non-Fermi-liquid state called “carrier confinement”
(éa<l1,) with anisotropic coherence lengthg & ¢&,), im-  manifests itself in a large anisotropy in the carrier scattering
plies that mean-free paths are strongly anisotropie(,). rate 1f for the overdoped YBCO and in theaxis conduc-
Furthermore, as is mentioned below, the missing area estiivity suppression below 500—800 crh for the underdoped
mated below 2000 ci is smaller than that estimated below YBCO, which is in strong contrast to a Fermi-liquid metal.
600 cm ! (Fig. 7). This indicates that the confined state Assuming a two scattering mechanism, i.e., series resistivity
which is piled up to the higle spectral region does not for the conventional Boltzmann scattering and the incoherent
move back to the lowo coherent state even beloly,. interlayer hopping, and taking into account of their doping
Finally we discuss the gap symmetry. It is often referreddependence, we can understand the whole dopinglaae-
to the temperature dependence of the penetration depth. pendence of the-axis conductivity spectrum.
Fig. 7, we plot the temperature dependence of the missing This carrier confinement regime seems to be maintained
area in the conductivity spectra fgr=6.8 and 6.9, which is even belowT.. An appearance of a sharp edge in the
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c-axis reflectivity spectrum beloW, does not imply a rapid amplitude does not decrease in spite of Thesuppression.
decrease in the quasiparticle scattering rate, but is simply anhis, together with an increase of the residual unpaired car-
indication thatﬁw,’35<2A. The dirty limit behavior evi- riers atT<T., indicates a peculiar pair-breaking mechanism
denced by a large penetration depth ra)tiimi together causing a decrease ®f in the overdoped regime.
with the clean limit in the plane direction, implies a large
anisotropy in the mean-free path, i.e., an anisotropy in 1/
Moreover, the conductivity spectral weight pushed above
600 cmi'! due to the confinement in the normal state does The authors are indebted to Y. Yamada and Y. Shiohara
not seem to condense intosfunction atw=0. at Superconductivity Research Laboratory for the crystal
For highly oxygenated crystals a superconducting gaplikgrowth of YBa,CuzO, . They thank S. Uchida at the Uni-
feature is clearly observed in the-axis optical spectra. versity of Tokyo for useful discussion. This work was par-
There are a couple of observations suggesting a strongly atially supported by NEDO for R&D of Industrial Science and
isotropic gap. In the overdoped regime, the maximum gag@echnology Frontier Program.
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