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Out-of-plane ¢-axis-polarized optical reflectivity spectra ancraxis charge transport properties are studied
for single crystals of a higfi system Lg_,Sr,CuO, over a wide compositional ranges®k<0.30. The
measurements are made at various temperatures in the normal and superconducting states over an energy range
from 0.003 to 40 eV. The present study focuses on the evolution ot4wes spectrum with doping and
provides a full set of the optical and transport data on this single-layer system together with the previously
published data of the in-plane spect& Uchidaet al, Phys. Rev. B43, 7942(199J)]. As in the case of the
in-plane spectrum, the spectral weight is transferred upon doping from the high- to low-energy region. Differ-
ent from the in-plane spectrum the transferred weight forms a band which is centered at relatively high energy
(~ 2 eV) and does not appreciably move with increasimg\s a consequence, tleaxis optical conductivity
[o(w)] is extremely small in the lowest-energy region@.3 eV) until the compound is overdoped. Particu-
larly, in the underdoped regimex€0.13) the low-energyr.(w) is too small to form a Drude peak, and is
further suppressed with reducing temperature. This is in common with the pseudogap effect, observed for the
bilayer system YBaCu;Og4.,, and is connected to the semiconductogxis resistivity. A Drude peak in
o.(w) develops only in the highly doped compounds=(0.18). Only in the overdoped regime ig.(w)
dominated by a sharp Drude term and the anisotropic resispyity,, almost constant over a wide tempera-
ture range, giving strong evidence for a three-dimensional metallic state. In the superconducting state the
c-axis infrared optical response is quite anomalous as it is characterized by a sharp plasma edge. In the
underdoped regime, the strongly suppressed spectral weight in the normal state gives rise to a sharp plasma
edge within a gap region, which can be identified as a Josephson plasma in the weakly Josephson-coupled
layered superconductor. In the highly doped superconducting regime, an appreciable Drude-like component
remains in the spectrum even at temperatures well b&loweading to a substantial damping of the Josephson
plasma. Such a gapless spectrum is perhaps associated with a crossover from the underdoped to the nonsuper-
conducting overdoped regimgs0163-18206)01821-9

[. INTRODUCTION crystals, and many of the controversies have been resolved
concerning the in-plane optical spectrahe quality of the
The infrared(IR) optical spectrum has successfully beencrystals has progressively been improved, and now single
used to study exotic ground states of recently discoveredrystals with well-controlled compositionéstoichiometry
novel metals such as charge or spin density wavsnse have become available for experimentalisthis has al-
Kondo state of heavy fermiorfsand oxide superconductors lowed them to investigate the evolution of the optical prop-
with low density of stated.Soon after the discovery of high- erties with doping which has accelerated the understanding
temperature superconductivityHTSC) in copper oxide of the electronic state of the doped carriers in the GuO
system¢ a number of optical experiments have been done tplane®1?
unravel the electronic state which gives birth to the unprec- Furthermore, since 1992, thick single crystals have been
edently highT, superconductivity. However, the optical successfully grown at several research groups, and the out-
spectra, in particular the infrared spectra, are much moref-plane optical properties are now being intensively inves-
complicated beyond the researchers expectations. The cortigated to understand the interplane charge dynamics of
plications arise mainly frondi) strong anisotropy in the prop- HTSC. As shown in Fig. 1, the magnitude of the out-of-plane
erties parallel and perpendicular to the Gufllanes which resistivity (p.) differs by more than three orders among vari-
are the key structural element of HTSC, afij extreme ous cuprate materials near optimal doptidhis is in sharp
sensitivity of the properties to the compositiofssoichiom-  contrast to the in-plane resistivity{,) which has nearly the
etry) which control the carrier density in the Cy(plane.  same magnitude in the normal-state values aduhear co-
These difficulties lead to much confusion in the understandefficient near optimal dopintf. The band theoretical calcu-
ing of the electronic state as well as superconducting gaps détions can explain, to some extent, the differencepiras
HTSC. the difference in the band dispersion along théirection®®
Considerable progress was made in single-crystal growthlowever, the band calculations always predict an appre-
at around 1989. Since then, most of the previous data oniable c-axis dispersion and thus an anisotropic three-
ceramic samples have been replaced by the data on singitmensional metallic state. It has often been pointed out that
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spectrum, directly gives the out-of-plane London magnetic

50 ' ' ‘ penetration depth. It was also noted that such an anomalous
40 B optical response can happen when the superconducting gap
—_ ) is larger than the plasma frequency. Since the La214 system
530_ ?\ Single Crystals_| has only one Cu@ plane per unit cell and the coupling be-
®  Ceramics tween the planes would be weak, there would be only one
20 . - energy scale in the superconducting state, a gap associated
with in-plane pairing, which will be relevant to the optical
10~ - response for any polarization. Therefore, we expect that the
. study of the doping dependence of the out-of-plane optical
00 | ()!.1 l 0{2 “—6‘3 response will yield information on how the superconducting
Sr Composition ' gap of HTSC evolves with doping as well as how the out-

of-plane London length varies with doping.
In this paper the experimental results of HTSC are pre-

FIG. 1. Critical t t lotted i .
fitical temperatureTt) plotted as  function of for sented for La_,Sr,CuQ,, a prototype HTSC, emphasizing

the L& _,Sr,CuO, single crystals used in the present study. The h uti f h f-pl ical th d
solid (dotted in parts curve is thex dependence of . for well- the evolution of the out-of-plane optical spectrum with dop-

characterized ceramidfefs. 23 and 2B The vertical line ak = !ng.. In Sec._ Il we describe the crystal growth and character-
0.22 indicates the tetragonal-orthorhombic phase boundary whict¢ation of single crystals used for the measurements of the

also separates the superconducting and overdoped metallic phase.ONt'Of'mar_‘e properties. SEC“OU Il reviews the in-plane
dip atx = 0.12 is a consequence of tfig suppression near= 1/8  SPectrum in the normal state which shows a remarkable and
in La-based cuprates. characteristic change with doping. The out-of-plane optical

spectrum in the normal state is presented in Sec. IV. Central

evidence in support of the band picture is the metdllic concerns are the two dimensionality of the electronic state
dependence ofp. observed for the fully oxygenated and the charge transport mechanism between the ,CuO
YBa,Cu;0-,® which forms the most stoichiometric and Planes.
perfect crystal among the known high-cuprates. Section V deals with the out-of-plane optical spectra in

By contrast, there are theories which presume twolhe superconducting state, and addresses the gap structure
dimensional electronic state realized due to electronic correand the phenomenon so-called Josephson plasma. The focus
lations. An example is the resonating-valence-b¢RY¥B)  is again on the evolution of the gap and the plasma frequency
theory?” which predicts that the charge carriers are confinedvith doping. We conclude in Sec. VI with emphasis on the
within the CuO, plane, allowing for no coherent motion be- unigue and characteristic electronic state of HTSC which can
tween the planes. Actually, there is a general trend that thBe deduced from the out-of-plane optical spectra.
cuprates in the underdoped regime show nonmetalliwith
negativeT coefficient @p /dT< 0).131° Therefore, in order
to understand the charge dynamics in thelirection it is
necessary to study the out-of-plane optical spectrum of La214 single crystals with various Sr compositions=
HTSC as a function of dopant concentration. At present thi®, 0.10, 0.12, 0.13, 0.15, 0.16, 0.18, 0.20, 0.25, and)0.30
is possible only on La ,Sr,CuO, (La214 system for were grown by the traveling-solvent-floating-zoGESF2)
which large high-quality single crystals are available over amethod?? The details of crystal growth and characterization
wide compositional range. We show below how the out-of-by resistivity and magnetization measurements were de-
plane optical spectrum evolves with doping for La214 whichscribed in Ref. 19. Evidence for the high quality of the
will clarify the dimensionality of the electronics as well as present crystals is seen in tfig-x diagram shown in Fig. 1
the out-of-plane charge dynamics. We expect that the resultghich indicates that the dependence of ; coincides ex-
would be universal for all the highi; cuprates irrespective actly with that established for the best-characterized ceramic
of the number of Cu@ planes in a unit cell. sample$>2* The points that should be marked in this dia-

In the superconducting state an enormous number of ingram are the following.
frared studies have thus far been carried out on the jgh- (i) The temperature dependence of thexis resistivity
cuprates as a standard technique that is much less sensitive(j@,) shows a kink forx<0.20 at the temperaturg, corre-
sample surface compared to other technifeNeverthe- sponding to the tetragonal-orthorhombic structural phase
less, the magnitude and symmetry of the superconductinggansition. The values of ; and thex dependence of,
gap are still controversial. This is partly because the in-planevhich were also determined using high-resolution dilatom-
infrared reflectivity is close to unity and thus high accuracyetry method, are exactly the same as those reported
is required to defect a very small change occurring acrospreviously®®
T.. Because of the strong anisotropy this is not the case with (ii) The detailed phase diagram of La214 has characteris-
the out-of-plane spectrum. Tamasaktial?! have clearly tic singularities atx~0.12 and 0.22. The former is related
demonstrated a remarkable charge in the out-of-plane reflegvith the so-called “1/8” anomaly — associated with the
tivity spectrum atT.. A sharp reflectivity edge appearing second tetragonal phase transition in the case of
below T, in the very-low-frequency region was assigned toLa,_,Ba,CuO, — at which superconducting is severely
the plasma edge of the carriers condensed into the supercosuppresseéf The ground state at this composition is perhaps
ducting state. The plasma frequency, determined by than antiferromagneti¢AF) insulator. If there should be an
weight of a § function atw=0 in the optical conductivity inevitable inhomogeneous distribution of Sr content in this

II. SAMPLE CHARACTERIZATION
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. : . - . - w-dependent scattering rate and effective ma§g; the
| “two-component” picture in which thes(w) spectrum is

Hllab decomposed into a Drude peak@t=0 and an absorption
4r Mg . band centered at in the mid-IR region, the so-called
s 5030 mid-IR absorption banf?°
I s ] In the one-component picture, the scattering ratehls
SN h . to increase rapidly witho, so that a small ¥/ is responsible

e ' for the sharp peak ab=0 in o(w) and a large ¥ for the
I //A\ ] long tail at higher frequency. As an empirical approach one
5 ~0.15 can determine thev-dependent scattering rate *(w) [as

well asm* (w)] from the experimental optical data based on

L e . the generalized Drude formalisth

Susceptibility (10~ 7emu/g )

_wp M m(w)
.,,....«-""/ ' 7= L (@) [I—wr(@)]’ W
L | L 1 L i i
0 200 400 where anw-dependent effective mass is introduced to satisfy
Temperature (K)

causality [i.e., Kramers-Kronig relations betweer *(w)
andm/m* (w)]. Many groups have determined *(w) us-

FIG. 2. Temperature dependence of the normal-state magnetieg this approach and found that * appears to depend lin-
susceptibility of La214 single crystals with magnetic field applied early onw for various cuprates with near optimal composi-
parallel to thea-b plane. The dashed curves are the results fortion, just in accordance with theT-linear resistivity
as-grown crystals. (p~ 7 *~T) .2 This result might lead to the conclusion that

the scattering rate %/is linear inT at low w and linear in

solid solution system, the compound near0.12 would be  , at T which gives a basis for various theoretical models of
magnetically contaminated due to this AF phase. ActuallyyTgc31-34
neutron scattering and muon-spin-relaxatiQuSR) experi- In the two-component picture, a Drude component gives a
ments on earlier La214 Single CryStalS with 0.15 showed Sharp peak ab = 0 and a mid-IR component is responsib|e
an indication of magnetic contaminatidnand there ap- for a long tail at high frequencies. One might suppose that
peared a Curie component in the static magnetic susceptibithe Drude and mid-IR terms represent the contribution from
ity. The Curie term in the present crystal wik=0.15 is  the free carriers and the bound electrons, respectively. The
strongly reducedFig. 2) and the preliminary neutron and Dprude carriers couple only weakly with phonons or other
#SR measurements on the same crystals show very tingxcitations(coupling constank <0.3) which gives rise to a
trace of the contaminatioff. sharpo(w) peak atw = 0 as well as th&-linear resistivity

(iii) The singularity at~ 0.22 corresponds to the phase persisting to 1000 K or highef. The T-linear resistivity is
boundary T, = 0, which incidentally coincides with the assumed to arise from the lineirdependence of t/which
boundary between superconducting and nonsuperconductingindependent ok, and the magnitude of resistivity is given

metallic phase$® Inhomogeneous crystals would show ap- by p=4m/w2,7, Wherew,p is the plasma frequency of the

preciable superconducting volume fraction even at the comp,de free garriers and substantially smaller tagnin the
position well higher tharx = 0.22. As we shall see in Sec. “one-component” analysis.
V D, the present crystal witk = 0.25 shows no bulk super-

conductivity. These results guarantee that the Sr composition

is well controlled in our crystals and Sr atortes well as B. Evolution of the in-plane spectrum with doping
oxygen contentare homogeneously distributed over a crys- Theo(w) spectra demonstrate what is going on as doping
tal. proceeds. The undoped compound is characterized by charge
transfer(CT) excitations peaked at 2 eV which correspond
Ill. REVIEW OF IN-PLANE OPTICAL SPECTRUM to the optical transitions across a CT gap formed between

occupied O » band and empty Cudupper Hubbard band.
Upon doping, the low-energy conductivity increases below
Before we go into details of the out-of-plane optical spec-~ 1.2 eV, whereas the intensity of the CT band is reduced.
trum, we review the characteristic features of the in-planeThe analysis of the sum-rul®r N.«(w)], the total spectral
spectrum which have been almost established. This would be&eight below 3-4 eV being nearly unchanged before and
helpful to highlight a remarkable difference in the spectralafter doping, leads to a conclusion that the spectral weight of
features and charge dynamics between the two directionthe CT excitation is transferred to the low-energy excitations.
The in-plane optical conductivity spectra of various cuprateEssentially the same phenomenon has been observed for
materials near optimal dopingx{0.2) have common other cuprate materiafs:?
features’’ a sharp peak ab = 0 and a long tail extending to A physical implication of these results is that doped holes
higher frequencies in the infrargdR) region whereo(w) (electron$ are not free particles in the Op2valence band,
falls asw ! slower thanw 2 decay in the Drude spectrum: but they behave like correlated particles with restrictions on
(i) “one-component” analysis in which both the sharp peakdouble occupancy, as if holes were doped into the lower
and long tail are due to the same carriers with stronglyHubbard band®=°The spectral weight transfer is a general

A. In-plane optical conductivity spectrum near optimal doping
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feature of doped Mott insulators, suggesting that the dopingures for underdopings, likely arises from a coupling with a
redistributes the states which form upper and lower Hubbardero-gap spectrum of spin fluctuations.
bands in a parent insulator. Actually, the spectral weight The characteristic temperatule was also identified in
transfer upon doping is also observed in othérnt@&nsition-  magnetic susceptibitily of La214 at whigh,, shows a peak.
metal oxide system®. What is distinct in HTSC is the very As suggested by recent transport measuren?8ats* is a
rapid transfer rate at initial dopings. This originates from acharacteristic temperature separating different high- and low-
rapid development of a Drude band owing to the distinc-temperature charge dynamics. Different from Y123, the spin
tively high itinerancy of the doped carriers in the CuO gap atq=Q or the spin gap temperatuf; has not been
plane. identified for La214, which might be a reason for the less
At light doping levels the mid-IR band dominates in the dramatic norf-linear resistivity in La214.
low-energy region and a narrow Drude peak grows indepen-
dently atw = 0. Thus, the two-component picture is more
appropriate in this doping regime. As doping proceeds, the
intensity of both components increases, but the mid-IR band
shifts to lower energies, merging into one absorption band in  an understanding of the optical properties in such an an-
the heavily doped region. In this regime, the one-componensotropic medium as HTSC's is not complete without an un-
analysis withw-dependentr seems also to be a good de- derstanding of the out-of-plane optical response. In contrast
scription. Itis a delicate question to ask which analysis, ongg the tremendous number of experimental studies made on
component or two component, is more appropriate near thghe in-plane properties of HTSC’s, much less has been
optimal dopingx~0.15. known about the properties in the direction perpendicular to
the CuG, planes €¢-axis direction. One expects anisotropic
properties from the layered crystal structure, but it is not a
trivial issue whether the actual electronic state is two dimen-
The weight of the Drude component ir,,(w) is @ mea-  sional or not and whether the frequently observed semicon-
sure for the itinerancy of the doped holes. For lightly dopedducting charge transport in tleedirection is intrinsic or not.
materials the mid-IR band is obviously separated from the Previously it was shown for La ,Sr,CuOS5,,°%
Drude band and overweighs the Drude one, indicating thayBa,Cu,0¢. ,> and Bi,Sr,CaCu,04. « (Ref. 54 that the
only a part of the states is itinerant and contributes to the dgut-of-plane resistivity, rapidly decreases with dopant con-
transport. On the other hand, they appear to extend over thgentration and thél coefficient of p, changes sign from
whole band of states in the overdoped region, where th@egative in the underdoped regime to positive in the over-
generalized Drude descriptions may be valid. The evolutiojoped regime. This trend is certainly general of all the high-
of the itinerant states should be reflected in the doping det_ cuprate systems and signals a marked change in charge
pendence of the in-plane dc conductivity and reciprocal Halktransport with doping. In this section we show the evolution
coefficient. Both show strong dependences, increasing of the out-of-plane optical spectrum with doping to clarify
steeply with doping in the optimally doped region. the dimensionality of the electronic state and the charge dy-
The T-linear resistivity over a wide temperature range isnamics between the planes.
observed in a narrow compositional range around the opti- The TSFZ crystals were cut to have a surface containing
mum doping'®** It is superlinear(or quadratic inT) in the ¢ axis, and the surface was mirror polished for optical mea-
overdoped regime. In the underdoped region the in-plane resurements. Thec-axis-polarized reflectivity spectra were
sistivity shows a deviation frorii-linear dependence — the measured in the energy range between 0.003 and 40 eV. The
resistivity appears to be reduced in the low-temperature reinfrared region was covered by a rapid-scan Fourier-type in-
gion. The deviation fronT linearity is more clearly seen in terferometer and the ultraviolet region by synchrotron radia-
the case of YBaCu3Og. 4 (Y123).* For this system, par- tion in the facility of the Institute for Solid State Physics,
ticularly for the T, = 60 K compound X~0.65), there is a University of Tokyo.
strong indication in NMR (Refs. 43,44 and neutron
scattering®*® experiments that a gap opensgat Q, the an-
tiferromagnetic wave vector, in the spin excitation spectrum
at a temperatureT~ 180 K) well above superconducting The c-axis-polarized reflectivity spectra are shown in Fig.
T.. Furthermore, it is suggested that the decreagtafio 3 in the wide energy range between 0.005 and 40 eV. In the
magnetic susceptibility with lowering, characteristic of the high-energy region two prominent edges-atl3 and~ 30
underdoped regime of all the HTSCG%?*4"~**might be eV are seen, associated with the interband excitations involv-
connected to a spin gap that opens repar 0. The decrease ing La 5d/4f —derived conduction bands and the plasma of
of the magnetic susceptibility seems to start at a temperatur@l the valence electrons, respectively.
(T*) higher thanT at which a spin gap opens @t Q. It is These high-energy edges are observed in the in-plane
found that the deviation fronT linearity in the resistivity —spectrum at nearly the same energies, and so the spectrum
starts affT~T* and becomes substantial&t T. This cor- above 5 eV is nearly isotropic. On the other hand, the low-
relation gives evidence for an intimate relationship betweerenergy spectrum dominated by the excitations wifloinbe-
in-plane charge transport and spin fluctuations. The openintyveer) CuO, plands) is strongly anisotropic. While an edge
of a spin gap would lead to suppression of the carrier scatat ~ 1 eV appears upon doping in the in-plane spectrum, the
tering and thus to a reduction in resistivity. In this regard, theout-of-plane spectrum is dominated by the t(tloree opti-
T-linear resistivity, at optimal doping and at high tempera-cal phonon bands at all the compositions. The doping-

IV. OUT-OF-PLANE OPTICAL SPECTRUM
IN THE NORMAL STATE

C. In-plane charge dynamics

A. Out-of-plane optical conductivity spectrum
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Photon Energy (eV) FIG. 4. Evolution of thec-axis optical conductivity spectrum
below 6 eV with dopingo.(w) is calculated via Kramers-Kronig
FIG. 3. c-axis reflectivity spectrum of La_,Sr,CuO, (at room transformation of the data shown in Fig. 3. Expanded spectra in the
temperaturgfor various compositions between= 0.10 and 0.30 lowest-energy regioibelow 0.2 eV are shown in the inset.
(from bottom to top measured over a wide energy range from far

infrared to vacuum ultraviolet. The inset shows the corresponding

in-plane reflectivity spectra fax between 0 and 0.30. we shall see in the next section that(w) in the lowest-
energy regior(below ~ 0.1 eV) is further depressed as the

temperature is lowered.

induced change in the out-of-plane spectrum is very weak. rezr;?v;?wi-r?cnrzgsye 2%?&2;2”;”552&22:j‘?(]flj )nc%rgﬁ; of
One can recognize a very weak edge-aR eV and a nega- gressively : 9
tive slope[of R,(w)] in the lowest-energy region developin for higher dopant concentrations. However, the values of the
raduaﬁ with>c< @ gy reg ping optical conductivity are by orders of magnitude smaller than
9 The e)I/ectronilc contribution tor(e) of the undopedy = those of the in-plane conductivity in the corresponding en-
: c\ @ P N ergy range, and for the underdoped compounds even smaller
0) compound is suppressed to almost zero up-td3 eV

it min__ -1 -1 i _
above which the high-energy interband transitions start. Un'Ehan the critical valuerg™~50 ~“cm ~, which corre

like the in-plane spectrum of L&uO, a feature correspond- iﬂ?ggscéﬁsigi??ean frfoer pitho Closmga;ﬁggest\;v 'FQ(;I:D(::_
ing to the charge-transfer excitations involving @ and Cu : - oc(w) XS Ulo Indep

3d states is not clearly seen. This is consistent with the resuﬁe;r:’ S(_)dt:a;r:gzanrégoéfbgciiﬁir;be(rjalt)gsisDtrgS:nf?r:Eu(I:ir?;/iz?
of the c-axis-polarized x-ray-absorption spectroscopyeratio‘;’] Tr?e small value of ang the absence of a Drude
(XAS),%657 indicating that the fundamental CT excitations : c

are between the states of predominantly in-plane charact:?ﬁeak :;.'UC(‘.") aredewdence qf mcohe;r;znt charge”f[ransport in
(O 2py, and Cu Bhe_2). the c direction and are consistent with nonmetallic transport
Upon doping some spectral weight in the 5-6 eV regionIn the ¢ direction.
is transferred into the low-energy region as in the case of the _ )
in-plane spectruniFig. 4). Similar to o,,(w) in the under- B. c-axis optical phonons
doped regimeg.(w) appears to be composed of twor As seen in Figs. 5 and 6, the electronic contribution to the
more bands separated at 0.25 eV. The higher-energy c-axis conductivity spectrum is so small and featureless that
band, corresponding to the “mid-IR” inr (@), shows a we can easily distinguish the phonon peaks from the ob-
broad peak at- 2 eV. The weight of this band increases served spectrum. At room temperature in the tetragonal
with x, but the peak position does not appreciably shift tophase, two phonon peaks are clearly observed at 29 and 61
lower energies, as if the “mid-IR” is pinned at 2 eV in  meV for E//c [according to a group theory for a crystal with
oc(w). On the other hand, the weight of the lower-energyD3}/ symmetry,I o= 3A,,+4E,+ By +2A14+ 2E,, there
band, corresponding to the Drude im,,(w), is much are three infrared active modeA4,)]. The third phonon is
smaller and does not form a well-defined peakat O until  clearly seen at 43 meV fox=0.10 as a dip superposed on
the material is overdopef. The very small transfer of the the strong 29 meV band. The highest-frequency phonon
spectral weight below 0.25 eV is the reason for the domi-mode is associated with apical oxygen vibration along the
nance of the optical phonons in tlweaxis spectrum. Since ¢ axis, while the 29 meV peak with gigantic oscillator
the suppression of, extends over such a wide energy, it strength is assigned either to the(8g-vibrational mode, or
should be a purely electronic interaction effect, not a localthe in-plane oxygen bending moder these two might acci-
ization effect due to disorder or phonons. Plausibly, thedentally be degenerateThe peak height of this phonon
poorly screened Coulomb interactions in thedirection reaches 100® *cm™? for x = 0 and 0.10. There is no
would play some role. In the underdoped regioi<(0.15)  evidence for a strong coupling between this msdand the
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temperaturd 3, which can be also observed as a kink in the
pc(T) curve®® In the orthorhombic phase, two additional
phonons appear at 16 and 39 meV as most clearly seen for
x = 0.10, reflecting a lower crystal symmet(the phonon
spectrum forx = 0 is essentially the same as that for=
0.10.

As the Sr composition increases from=0.10 to
x=0.20, the TO-phonon frequency for the apical oxygen
mode decreases by 0.4 meV, while the frequency for the
in-plane oxygen mode increases by 0.3 meV. The former
change may be caused by an elongation ofdleis with
increasingx, although it is not consistent with the experi-
mental observation that the bond distance between the apical
oxygen and Cu decreases with increasin§’ The latter
change, the hardening of the in-plane oxygen mode, can be
understood as a result of tlaeaxis shortening with increas-
ing X.

Recently several anomalies in the temperature depen-

0 ' 0.05 ‘ 0.10 dence ofc-axis optical phonons have been reported. One is
fw (eV) an abrupt change in the phonon frequency and/or damping at
T. for the optimally doped YBaCu3;Og. 4, Which is inter-

FIG. 5. Infraredc-axis reflectivity spectra below 0.1 eV at sev- Preted as a superconducting gap effect on the phonon self-
eral temperatures for four compositiors= 0.10, 0.15, 0.20, and €nergy. Itis observed in the Raman-active phonons but is not
0.30. relevant to the infrared-active phonottsAnother is a re-

markable softening of the in-plane oxygen mode from well
electronic backgroun@ow-energy electronic excitations—  ahove T, observed for the underdoped bilayer systems
the absorption spectrum does not show an appreciable asymBa,Cu;0g., 4 and YBa,Cu,04.% Based on the correla-
metry or a significant dependence on temperature and Sjon between temperature dependence of the phonon
composition. Such a strongraxis phonon is not specific 10 frequency and of the spin relaxation tin& ! in NMR,
La214 but is observed for the isostructural MO, and | jvinchuk et al, claimed that this phonon softening is re-
La,CoO,. Probably, the oscillator strength would come |ateq to the spin gap opening via a spin-phonon cougfing.
from higher-energy electronic excitations, reflecting strongyowever, since the charge dynamics also changes dramati-
ionic character(or poor Coulombic screeningf the La-  cajly with reducing temperature in the underdoped regime, it
based KNiF, structure in thec direction. is not clear whether it is an indication of a direct coupling

As the temperature decreases, the crystal symmetryerween phonons and spins. The third anomaly is a broad
changes from tetragonaD§) to orthorhombic D37) at @  peak around 50 meV which grows at low temperatures in
underdoped  YBaCuzOg.,,%°  YBa,Cu,0g,%4 and
Pb,Sr,(Y,Ca)Cu;04.% The appearance of this new peak is
a consequence of the redistribution of the phonon oscillator
strength below a certain temperature. Based on the doping
dependence of the onset temperature as well as the peak
frequency for this anomaly, Sctamannet al. proposed that
this anomaly is related to a spin g&b.

It is of great interest to check these phonon anomalies in
single-layer Lg_,Sr,CuQ,. As the temperature decreases,
except for a weak softening-( 0.2 me\ of the apical oxy-
gen mode observed for=0.15 and 0.20, all other modes
show weak hardeningess than 0.6 me\for x = 0.10 and
0.15, and almost no change far = 0.20. The oscillator
strength can be estimated accurately only for the apical oxy-
gen mode around 61 meV, because it is isolated from the
gigantic mode at 29 meV. Fox = 0.15, the oscillator
strength of the apical oxygen mode increases by 20% as the
temperature is decreased from 300 to 10 K, whereas no re-
markable change is observed for= 0.10 and 0.20. In con-
trast to the phonon anomalies observed in the bilayer sys-
tems, no significant change is identified beldwand below
To(~T*). Neither spectral weight redistribution among

FIG. 6. c-axis optical conductivity spectra below 0.1 eV at sev- phonons is clearly identified in La ,Sr,CuQ,. This indi-
eral temperatures for four compositiors= 0.10, 0.15, 0.20, and cates that such anomalies are pronounced in the bilayer cu-
0.30. prates in conformity with the experimental fact that a pos-
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FIG. 7. o.(w) at various temperatures for a low-doping com-
pound,x = 0.12. A weak pseudogap behavior is seen in the normal

. c ,
state in the energy region below 0.1 eV. FIG. 8. Effective electron number per Cu atoMgf) defined as

a conductivity[ o¢(w)] sum is plotted as a function of energy for
various compositions. The two steps at 0.03 and 0.06 eV are due to
sible spin gap effect on the-axis conductivity is less optical phonon contributions.

pronounced in this single-layer compound than in bilayer

systems as shown in the following section. state. Probably, th&é dependence of.(w) would be essen-
tially the same foix = 0.10, but the electronic contribution

in x = 0.10 is too small for the present experiment to follow
the T dependence of;(w).

For the overdoped material with = 0.30 the electronic Quite similar behaviors have been reported on the Y123
contribution too.(w) allows a Drude fit to extract carrier system® The chemical hole density in the Cy(lane of
scattering rater, .58 The result suggests that, is deter- the fully oxygenated YBaCu;0- is nearx=0.20 of La214,
mined by the larger scale betweenand T. The data actu- and thec-axis spectrum shows basically the sameepen-
ally fit a general expression-glfv max(w®,T%) with 1 dence as that seen for tlke=0.20 compound of La214. On
<a<2 using the generalized Drude formalism of E#),  the other handp(T) of oxygen-reduced compound (~
and ;! is comparable with the in-plane scattering rate60 K) with a hole density corresponding xe=0.15 or less is

~1 67 This yields evidence for coherent charge transport irsémiconducting below 300 K which nearly coincides with

T. .
a?lbthe three directions. the characteristic temperatu€ in p,,(T). The o. spec-

Forx=0.20, it is also possible to describe formally by trum of this_compound clearly show_s a pseudoga_p behavior
ie generalized Drude formua it~ at he lowes: 46" Educing temperire, A possile and exal cxplana
temperatures abovE, .>* It should be noted that the gener- tion Whi)(/:h argues that the seugo a corrgs onds%o a pa in
alized Drude analysis on the in-plane optical conductivitythe <pin excitgation Since tFr)\e charg eptrans OF:t indhﬁrec-g P
spectrumo,,(w) of x=0.20 is also formally possible with . pIn € : ge transpor S
1o as previously discussed on 90 K Y123 which has tion requires a spinon-holon recombination in this picture,

ab P y e . 5869 8the c-axis conductivity is proportional to the spinon density
compgrable hgle d7e1n5|ty<(v0.2) in the plane."™ Although of states. The presence of a spin gap in oxygen-reduced or
a similar relationr, “~ w formally results from the out-of-

. L g Y underdoped Y123 is strongly suggested by NMRefs.
plane optical conductivityr, ~ is much larger tham,, , dué 43 44 and neutron experiment&*® and actually a correla-

partly to the presence of a _slubstanUaI constant @nd  {ion is found between the onset of semiconduciip@T) and
T-independentbackground inr; ~. So we cannot conclude the gpening of the spin g&B.Note that theT dependence of
that the charge dynamics is the same in all directions or tha,;C in both La214 and Y123 systems shows basically the
the charge transport is coherent in theirection. same evolution with doping, though, values differ by an
The electronic component af;(w) in the normal state  order of magnitude. The semiconductipg(T) and theT
for the compoundsX=0.16) is nearly» independent in the  gependence of the-axis spectrum of the underdoped La214,
low-energy regior(Figs. 4 and & An appreciablel depen-  though less pronounced as compared with those observed for
dence is not seen fax = 0.15, reflecting a very weak g0 K Y123, are suggestive of a common mechanism working
dependence op..° For x=0.12, o¢(w) is gradually de- in hoth systems. However, the spin excitation spectrum of
pressed in the energy region below 80 meV (~ 700 | 4214 is apparently differefft’* and the existence of spin

cm™ '), as the temperature is lowered below 20@s€e Fig. gap is not well established experimentally: so further de-
7). This is in accordance with the semiconductinglepen- tailed studies are necessary for this system.

dence ofp. in the low-temperature region beloW~ 200 K

and seems to indicate a deepening of the pseudogap with
decreasing temperature in the normal state. The depression
of the optical conductivity continues through the supercon- Along the line of the analysis on the in-plane
ducting transition, though accelerated beldw due to the spectrunt® the integrated spectral weightigy(w) = (2
transfer of the weight to thé function atw = 0 correspond- mV/weZ)fg”a(ce)(w’)dw’ is estimated, wherer(ce) is ob-
ing to the condensation of carriers into the superconductingained fromo(w) by subtracting the optical phonon contri-

C. Temperature dependence of the electronier.(w)

D. Sum rule and anisotropy



53 c-AXIS OPTICAL SPECTRA AND CHARGE DYNAMICS IN ... 14 565

— T T T T ] o

,: T T T Lag_Sr,Cu0y r Lay 4 Sr,CuOy ] g

R - - 7 0.4t {1 s

4 - - 8

\g L ‘”gc/“’zzlab'/ J % . /O—_—_Oﬁo =

5 . i S B R B

ST -8 - Nég : g

0.2 I S A _ = 0.3 / nh(px,y) et

- % 2 // - , s 4 ,,’ - R

S S L e S e T 2 5

2 é’ ko Neﬁ/ND P / 2@ 0 o /, - A

< kB 50 L _/W’/Y/./I % - ' 4 4
e . ’

o 001 02 03/ . ¢ S

< ) / ’ o1/ Nt o—e 4 T

0.1 Ng _/ : VR g NCAR IS

o

/
/% ° Necﬂ X100

/ o —" 93 >

i 5 / (025eV) st 03 o P

87 . % 0.2- /!/ 02F

27 e 5 | A

0 [ T o A R T S R S S S Z 0.1 _m 0.1 a

0 0.1 < 0.2 0.3 ol g =
0 01 0.2 X 0.3

FIG. 9. N, at 0.25 eV plotted as a function &f For compari-
son, thex dependence of the effective electron number for an in-
plane conductivity sum at- 0.2 eV (open circle is shown, which
is presumed to represent the Drude weight alone. The value
NS¢ is multiplied by a factor of 1¢. The anisotropic ratidNg/
N3P as well as the result of the band theoretical calculati@af.
72) in terms of the squared plasma frequergyy/ 5, is shown in
the inset.

FIG. 10.x dependence of the axis (Ng) and in-plane conduc-
tivity sum (Ngf‘?) at 2.0 eV which roughly approximate the trans-
Offarred spectral weight into the low-energy region of the optical
conductivity spectrum with doping. For comparisardependences
of the transferred spectral weights in the one-particle XAS
[nn(pxy) andnp(p,)] are indicated by the dashed curg&em Ref.
57). The anisotropic ratiofS/N32 and Nh(P2)/NK(Py,y), are dis-

butions. The integrated.(w) is plotted in Fig. 8 as a func- played in the lower panel.

tion of w. The almost discontinuous jumps at two energies o _ . . _
correspond to optical phonons, and the magnitude of théhybridized with O D stategis rapidly transferred with dop-
jump gives the phonon oscillator strength. The phonon coning to the lower-energy region, within 2—-3 eV above the
tributions are thus unambiguously subtracted to yield germilevel, and that the transferred weight increases linearly
purely electronidNS,. Because of a dip at 0.25 eV inthe ~ With x up to x~0.15. This indicates that the doped holes
oo(w) spectrumNS at 0.25 eV ( 2000 cm 1) well ap- make unoccupied states with @2, character available for
proximates the spectral weight of the out-of-plane low-XAS from the O Is core level. . _
energy electronic excitations. The c-axis-polarized O & XAS evolves similarly with

We plot in Fig. 9N, at 0.25 eV as a function of and doping, though the spectral intensities corresponding to the

compare it with the Drude Weigmab which is deduced transitions to the upper Hubbard band and to doping-induced
from the two-component analysis mD(w) While N2° fin states are weaker. This is because the doped holes have pre-
. (). ab jin-

early or quadratically increases upon dopiNg; remains dominantly in-plane characté0 2p, and Cu 3,2 2). The

. f transferred weight in the-axis XAS increases linearly with
very §ma|| ancd pecomes apprecu'_:lble onl_y XOfOC.15. The X up tox=0.20 as that in the in-plane XAS does. The ratio of
variation of N IS strongly superlinear withx (g\leff Vares  the transferred weights in the two polarizations yields the
almost exponentially withx) in contrast toN2” which is ratio of the number of O @, holes to the number of O

Ilnigr |Cn X, and as a consequence, the an|§otrop|c rat@pxjy holes, nn(P)/Nn(Pxy) (Fig. 10. The ratio is nearly
(Np/Ngg) is extremely enhanced with decreasingFor a  constant ¢ 15%) up to x~0.15, and then increases for
comparison with the band theoretical calculation, we show ifhigher dopinggthe ratio of the number of holes with Cu
the inset the values @b} ./w5c, @hap, andwp, being the  3d character, ny(d,2)/ny(dyz_y2), is also constant with
in-plane and out-of-plane plasma frequencies of conductiomuch smaller value{ 2%) as estimated from the Cup2
electrons, respectively, estimated from the result of the banAS]. Note that the anisotropic ration(p,)/Nu(Pyy) is
calculation for Lg_,Sr,CuO,." The values ofwy, /oy,  comparable with the ratidNS/N22 at the photon energy
(~ 28 forx = 0.19 are by orders of magnitude smaller than ,,~ 2 eV (the transferred weight in XAS extends over a few
the experimental values oR3”/NS; [by definition w3,,  eV), though thex dependence of each quantity is different,
(wf,c) should be ATeZNSb (4me®N%;)] and depend weakly reflecting different processes for the spectral weight transfer
on Xx. in the optical and the one-particiXAS) spectrum. How-

It would be of significance to compare the spectral weightever, when we take the valuesigf; at lowerw (e.g., at 0.25
NS also with the result of polarized x-ray absorption spec-eV), N&; and NS,/N3° become by more than an order of
troscopy(XAS).>®%" The a(b)-axis polarized XAS from the magnitude smaller. Therefore, a considerable amount of the
core O Is level has revealed that the weight associated withweight is missing in the low-energy region of tlweaxis
the absorption from O 4 to Cu 3d upper Hubbard band optical spectrum of the underdoped compound.
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E. Out-of-plane charge dynamics problem with the gauge-field theory is that the spin gap
should collapse due to the fluctuations of the gauge field. In
order to stabilize the state with a spin gap in the framework
of non-Fermi-liquid theories, the coupling between spins and
phonons(spin-Peierls distortions(Ref. 78 or the coupling
between adjacent layéPshas to be incorporated. This issue
is still under debate in both theoretical and experimental
studies.

An alternative viewpoint, based on a highly anisotropic
Fermi liquid, incorporates interplanar static disorder and/or
dynamical one due to, e.g., phonons which assists the hop-
%)ing between plané®82n this case the interplane charge

ransport is determined by a competition between coherent

plane directions af<T,. Basically the same behavior is B/0Ch wave propagation via the interplane hopping matrix
observed for YBaCusOg., (Fig. 159,%*7%in which corre- element {.) and the interplane diffusion originating from
X . 1

sponding structural phase transition is not identified. Quitd@ndom(incoherenk interplane scattering. The former pro-
similar to La214, the sign ofip./dT for underdoped Y123 C€ss gives a Drude term and the latter @nndependent
changes from negative to positive at temperature igar ~ background, and both processes are additive.dn For La

The implications of these results would be as follows. 2-xSfKCuO, the background term will overweigh the Drude
First, the change of sign idp./dT is not primarily driven  term in the underdoped regime. As a resui,is essentially
by the structural change but is a generic property of undere independent and the dc resistivity decreases witfi due
doped HTSC associated with the different high- and low-to the dynamical interplane scattering. Both terms are as-
temperature charge dynamics which show a crossover &umed to increase with doping, as the interplanar disorder
T*.%0-53The different charge dynamics are associated, if notncreases(suppose La_,Sr,CuO,) andt. would be en-
all, with the change in spin dynamié$.Second, since.,/  hanced due to reduced Coulomb interaction. If theerm
pap CoONtinues to increase at low temperatures in spite oflominates for the overdoped compounds, then the metallic
dp./dT>0, the charge transport is not strictly three dimen-(coherenk charge transport will result just as observed for
sional (two dimensionality persistin the highly doped su- overdoped La214. However, it should be clarified higws
perconducting regime. This is consistent with the analysis omienormalized with doping and whether this picture can ex-
the scattering time in Sec. IV C. plain the observed strong dependence dflg.

The observed semiconductifgdependence gb, for the Nyhus et al® have proposed that for Y123 dynamical
underdoped compounds appears to be connected with tmmsodulation of the in-plane G8)-apex-G4) bond length by
pseudogap behavior ia.(w). o:(w) does not fit the over- c-axis phonons may contribute to assisted interbilayer hop-
damped Drude model and thus one cannot define a carrigning and the decrease in the @):O(4) bond length may
scattering time for the-axis conduction in the underdoped cause a rapid increase ip (interbilayer hopping rajewith
regime. By contrast, the in-plane infrared conductivity specincrease of doping. Roughly exponential doping depen-
trum in the underdoped regime is characterized by a shargences ofp. andNg; at 0.2 eV, which are observed also for
Drude peak and a well-separated mid-IR band. The contras¥123, are interpreted as a consequence of strong renormal-
ing optical conductivity spectrum indicates a totally differentization of t.. They suggest that, approximately follows
charge dynamics in the direction. The semiconducting dc t.~exd —aw(x)], wherea is a constant ana/(x) is an ef-
resistivity in thec direction, while metallic in the plane, is a fective barrier width that varies linearly with doping due to
consequence of different charge dynamics. the systematic decrease of the (BuO(4) bond length. A

The out-of-plane charge dynamics in hilh-cuprates has role of the G4) phonon in the interlayer scattering has been
been addressed from several theoretical viewpoints. One i§ustrated by thec-axis-polarized Raman scatterifig the
based on the picture of non-Fermi liquid. According to, for(z, z) configuration for Y123, and in addition a strong re-
example, the RVB scenario with spin-charge separation, distribution of thec-axis phonon strengths has been reported
spinon and a holon have to recombine to form a physicaby the infrared optical experimefit However, it is not clear
electron which hops between plariésThe results of the whether the same explanation can be applied to other sys-
gauge-field theory of the uniform RVB stdfeare in overall tems. For example, the apical oxygen does not directly
agreement with the experimental results Rf, and ther-  bridge the Cu atoms in adjacent layers in La214.
mopower in both direction® The gauge-field theory ex- Concerning the dc resistivityp. may either increase or
plains o;(w) as follows. Owing to the bosonic distribution decrease withl' in the highly anisotropic Fermi liquid de-
of the holon momentum, the motion of the physical electrongending on the degree of disorder and the magnitudg, of
between planes is strongly diffusive, so that thexis opti-  which is set by the hole density in the plane. Even when
cal conductivity shows a broad continuum, instead of a sharp_ is increasing toward ., it would eventually decrease at
peak atw = 0. The integrated spectral weighf is then  low temperatures below, if not masked by the supercon-
proportional to the holon density (as well as the spinon ducting transition. This is a critical difference from the non-
density of states In order to explain the observed strorg Fermi-liquid theorie® "% which predict that a positivd
dependence dfig, the theory has to assume the presence otoefficient dp./dT>0) will be observed at sufficient high
a spin gap(a gap in the spinon density of staté$’’ A temperatures and that would continue to increase toward

The temperature dependencepgffor x<<0.20 is charac-
terized by a kink atT, which coincides with the high-
temperature tetragon@hTT) to low-temperature orthorhom-
bic (LTO) structural phase transitionl, starts out high
(>500 K) and rapidly decreases D K atx~ 0.22 where
superconductivity disappeaf8.The x dependence of, is
similar to that of the previously mentioned characteristic
temperaturelT*, thoughT, is somewhat lower thaid* at
low dopings. As clearly seen ip.(T) for low dopings, the
T coefficient ofp. changes sign a,. Thus, there is a com-
positional region where the charge transport is nonmetalli
(dp./dT<0) in thec direction whereas metallic in the in-
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infinity as T is decreased beloW,. Such an argument is, of crease roughly proportionally to the chemical hole density
course, academic, but there is an experimental factgpat & defined by formal valence of Cu, €ti°. As is well known
continues to increase when superconductivity is suppressdtbm the uSR studies* wf,s()\;bz) shows a linear depen-
by applying magnetic field or by substituting Cu with Zh.  dence onT,, for various materials in the underdoped region.
Other than these two, various models for the anomaloughus, it follows thatT.~ & which is suggestive of boson
c-axis transport have been proposed, including anisotropigondensation. Furthermore, it is suggested tbgt roughly
localization witht, renormalized by impurity scatterif,  coincides with the spectral weight of a Drude component in
dynamical dephasing proce¥sand one incorporating an ef- the normal-state optical conductivity spectrum when ana-
fect of superconducting fluctuatiof%.A critical check is lyzed based on the two-component mot¥eThis is roughly
necessary if any of these models can explain all the unusughe case with the materials near optimal doping, and thus in

features of thec-axis charge dynamics presented here. agreement with the superconductivity in the clean limit in
that a superconducting gap is larger in comparison to the
V. OPTICAL RESPONSE IN THE HIGH- T, width of the Drude spectrum so that most of the free carriers
SUPERCONDUCTING STATE condense into the superconducting state.
A. Brief review of the in-plane superconducting response At higher dopingwps no longer increases but saturates

and then decreases as doping proceeds. At higher doping
) - ! wps NO longer increases but saturates and then decreases with
sity (or spectral weight of superconducting condensate  frther. The decrease in, is evidenced by the.SR experi-

two basic parameters which characterize superconductingiants on overdoped '{IEaZCuOG+ 8394 Although a sys-
state for any type of superconductivity, and thus are expecteg natic study of the in-plane optiéal spectrum has yet been
to be relevant to the infrared optical response of the hightompleted in the overdoped superconducting region, a pos-

Tc superconductorsS(HTSC's. As Tanner and Timusk gihje explanation will be given in the next based on the re-
reviewed;" the in-plane infrared spectra of HTSC's in the g its of thec-axis spectrum.

superconducting state is still puzzling. In most cuprates an
onset of absorption, corresponding ta 2n ordinary super-
conductors, is seen between 300 and 600 &rfl00 cm™*
= 12.4 meV). However, there is no correlation between the We have described above why the optical experiment, one
onset andT . of the standard techniques, has yielded no definitive evidence
If there is a true superconducting gap, the reflectivityfor a superconducting gap in HTSC's. Fortunately, the prob-
should be unity up to &. In the highT, materials the 100% lems with the in-plane optical spectrum in the superconduct-
reflectance has not been confirmed so far. The experiment#ig state are less serious in the out-of-plane spectrum. So one
results of Kramers-Kronig{KK) transformed optical con- can unambiguously explore the evolution of the supercon-
ductivity lose their accuracy below 200 cm !, and it is  ducting optical response with doping.
far from clear if there is a true gap at lower frequencies Thec-axis reflectivity spectrum in the normal state of the
below 200 cm!, where the accuracy of the result is poor. compounds withx<0.16 looks like that for insulators. A
Furthermore, it is also possible to interpret the lowest-sharp reflectivity edge was found to develop belbwin the
temperature spectrum as that dominated by the mid-IR bandery-low-frequency region as if an insulator-metal transition
which is not missing belowr . takes place aT.?! Now it has been known that the-axis
Even below 200 cm?! direct absorption mea- spectra of many underdoped cuprates show essentially the
surement&2° which yields much more accurate data, find same spectral change Bg.%%¢>%%As was clearly demon-
for YBa,CuzO- that the absorptivity, +R, is finite and strated for La214! the reflectivity edge corresponds to the
rises toward lower frequencies. So it appears that there is ngasma edge of the superconducting condensate, not to the
true gap seen even in the in-plane optical spectrum of thisuperconducting gap, since the edge arises from the zero of
most perfect and stoichiometric crystal among the varioughe real part of the dielectric functior;(w)=0, not from
high-T. cuprates. o.(w) = 0. Normally, the superfluid density is as high as the
Even though we cannot say anything definite about thearrier density in the normal state, so that the corresponding
gap, the amount of conductivity that condenses into dhe plasma edge is observed in the 1-10 eV region which is little
function atw = 0 is given less ambiguously from the miss- affected by the superconducting transition.
ing area of the optical conductivity spectrum in the super- Usually, a superconducting gap B« <T, is defined by
conducting state. The missing area should be equal to(w) =0 atw=2A.2As ¢ = 0 ande; <0 for w<2A, the
wf,S/8 by the sum rule argument with,s being the plasma reflectivity is unity below A and falls down at higher fre-
frequency of superconducting carriets,s is related to the quencies. Contrary to this, the superconducting response in
superfluid density if) and the effective mass of the con- the present case is governed by a radical change, (@b)
densed carriersn* by wf,s:477nsez/m*. and also to the acrongc. €, in the normal state is positive and nearly con-
London penetration deptt\gy) by A ap=1/2mw,s With @ stant in the Iowest—freq_uency region just Iikz_e for insulating
in cm~ 1. For various cuprates the values\gf, as well as its ~ dielectrics. Upon entering the superconducting stafebe-
temperature dependence beldw are in fairly good agree- Ccomes a rapidly decreasing functionefowardw = 0, and
ment with those determined by other techniques such a&0sses zero at frequenay=w;,. We found that in thisw
wSR92 regione; is well approximated by3(w) = €.~ w54 w? with
The most significant finding about the superfluid densitye.. = 25 andw,235= eww{ji (Fig. 11). The frequencyw,s and
is that for the underdoped materials the valueswﬁg in-  thus the reflectivity edge ab")s shift to higher frequencies

The superconducting energy gédd\) and superfluid den-

B. Anomalous c-axis optical response(Josephson plasmp



14 568 S. UCHIDA, K. TAMASAKU, AND S. TAJIMA 53

50 ‘ 40
| o
‘ g
: ‘_‘Q
0 |
T=32K G
| I
T=30K )
‘ 2
- I =
3 T=25K 3]
-, =
$ E
‘ O
-100 ] g
‘ =3
‘ @)
" n n 1. L
T 0 400 800
: Frequency (cm™)
200 i 5 FIG. 12. c-axis optical conductivity spectra with phonons re-
w (107cm?) moved (thin lines for x = 0.15 and 0.20 in the normal stafjest
aboveT,) and in the superconducting stafé € 8 K, well below
Te).

FIG. 11. Real part of dielectric function of L@asSry1sCuO,
plotted againsty~2. The linear relationship between andw 2 is
characteristic of the superconducting state, and the slope gives tiigres just abové . and well belowT (T=8 K). The optical
value ofwf)s. conductivity at the lowest temperatuf8 K) is depressed

below ~ 600 cm™* (~20kgT.), and seems uniformly sup-

with decrga?;]ng tempergture_i n ac(;:ordagc_e ‘{Vr']th’ €g., thr?ressed to very small values, in the low-frequency region
Incréase In the carrier density condensed in the SUPErcolipq oy — 200 cm 1), The spectral shape looks like that for

ducting state. . LS R
A very sharp plasma edge in theaxis spectrum of a BCS §L11perconductor in the dirty limit with a gap of about
200 cm = (~7kgTy).

HTSC'’s implies that the plasma frequency ) becomes . . . : .
extremely low so that the plasma edge is located within the We have described in the previous section that the dielec-

superconducting gap region. When it is located inside thdric function €5 (), which correspo_nd_s to the one postulated
gap, there is no decay channel for the Superﬂuid plasmé),y the London model of a clean-limit BCS Superconductor,
which gives rise to a very sharp plasma edge. This phenonfipproximates the low-temperature spectrum. On the other
enon is reminiscent of the Josephson plasma which occurs if@nd, the low-temperatuig,(w) looks like one expected for
a weakly coupled Josephson junctfdi.As we shall de- @ dirty-limit BCS superconductor. The apparent contradic-
scribe in the next section, the observedxis plasma edge tion arises from the fact that.(w) is suppressed up to much
can be identified as that associated with a plasma ifigher frequencies than the position of the plasma edge
Josephson-coupled layered superconductors, i.e., Josephstihere e;(w) = 0. Another controversy is that the high-
plasmat®®1%2|n this case the plasma frequency is primarily superconductor seen from the in-plane optical conductivity is
determined by the critical current density in thelirection. ~ the one in the clean limit, while it seems in the dirty limit
While the low plasma frequency arises from the smallfrom the c-axis optical conductivity. This is possible for a
density of carriers in the barrier for a single Josephson juncJosephson-coupled array of superconducting layers in the
tion, the origin of the extremely low,s can be traced back clean limit stacked in the direction!®®
to the c-axis optical conductivity spectrufr(w)] in the As o in the normal state is nearly flat and is suppressed
normal state of underdoped compounds. As demonstrated kniformly below~ 200 cm™* in the superconducting state,
Sec. IV,0.(w) in the underdoped regime is extremely low in the missing area io.(w) which should go into & function
the low-energy regioribelow ~ 2000 cm 1) and is further atw = 0 can be approximated at<<T, by the area of a
reduced by a pseudogap below 700 cm 1. As we see rectangle with the heighp; * (p. is the dc resistivity just
below, an appreciable suppressiorogfin the superconduct- aboveT,) and the width given by an apparent superconduct-
ing state takes place below 200 cm™! (the maximum ing gap width(2A~ 200 cm™!). So the missing area=(3
energy below whiclr is depressed beloW, extends up to wf)s) is roughly equal tOp;lZA/ﬁ. This implies that the
~ 500 cm 1), which is smaller than the width of the out-of-plane magnetic penetration depth-gxis London
pseudogap in the normal state. Therefore, the spectral weighingth A\, (=127w,s With wys in cm~1) scales as
that condenses int6(w) below T, has to be very small due \_?~p_'2A. We shall see thak actually shows a rapid
to the requirement of the sum-rule. increase with reducing just following the rapid increase in
pc (Fig. 16 and see also Ref. B4
For a Josephson-coupled layered supercondugtis re-
lated to the Josephson critical current density by
The c-axis optical conductivity spectra far = 0.15 with ~ Jo=c®/872\2s, whered, is the flux quantum and is the
optical phonons removed are shown in Fig. 12 at temperainterlayer spacind® The critical current density af=0 is

C. Gap structure and evolution of the c-axis response
with temperature
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FIG. 13. Energy loss fun_ction, Im[—1/e(w)], for FIG. 14. c-axis-polarized infrared reflectivity spectra above
La, gsSrg 1Cu0, . The peak appearing beloly corresponds to the (T~ 40 K, dashed cunjeand belowT, (T = 8 K, solid curve for

plasma reflectivity edge. The peak widshis plotted against tem- \ 2i0,s compositions between 0.10 and 0.30. The data at two tem-
perature in the inset. peratures T = 8 and 40 K for x = 0.25 and 0.30 almost coincide,
giving evidence for the absence of bulk superconductivity in the
given by J.= wA/2ep,s with p,, the normal-state resistiv- overdoped regime.
ity. If we assume p,=p.(T.), this relation leads to
A;2=(27-r2/ﬁc2)p;12A which is exactly what we estimate of the plasma. The increase of(w) and the concomitant
for A from the c-axis optical spectrum. This, together with increase in the damping are suggestive of the gapless nature
the x dependence of ., gives evidence that the-axis opti-  of superconductivity.
cal response is determined by the Josephson plasma and thusThe Zn-doping effect on the superconducting spectrum
HTSC is regarded as an alternating stack of superconductingould be useful for discriminating the pairing symmetf.
CuO, planes and insulating building blockésuch as Zzn substituted for Cu in the plane is a strong scatterer of the
La,0, layerg at least in the underdoped regime. The Jo-carriers and radically reducek,. A preliminary result of
sephson coupling between the planes reconfirms the assum@;(w) for La, gSrg 14Cu;_,Zn,0, indicates that Zn does
tion that the pairs are formed within the plane. not reduce the magnitude of the gap, but fills in the gap
Given these materials, one could, in principle, discuss theegion® apparently consistent with the pairing-state gap
gap structure or the pairing symmetry of HTSC under thenodes.
assumption that the pairs are formed within a Gu@ane
and thus there is only one energy scale in the superconduct-
ing state. However, the experimental results are puzzling and
confusing. Some results favor fully gapped superconductiv- D. Evolution of the c-axis response with doping
ity (s-wave gap but others favor gapless superconductivity  An issue that follows is what happens as doping proceeds.
such as the one with gap function having nodes ispace  Reflectivity spectra at the lowest temperature 8 K) and
(e.g.,d-wave gap. The results that favor asrwave gap are just aboveT, are shown in Fig. 14, for various compositions
(i) the spectral shape @f:(w) at T<<T. and(ii) the tem-  of La214 in the range 0.1&x=<0.30. The superfluid plasma
perature dependence @f (A, ). The experimental data for edge shifts to higher frequencies with an increase of doping
x=0.15 appear to fit better to the two-fluid arwave and remains very sharp up t®=0.16. However, for
Ambegaokar-Baratoff modét. Shibauchiet al** also dem-  x=0.18 the edge becomes broad with a shallower dip and
onstrated thak(T) for x = 0.15 determined by the micro- the low-frequency reflectivity does not reach the value close
wave measurement is consistent with gxevave T depen-  to 1 down to the lowest frequency of the experiments. Note
dence of A assumed for a Josephson-coupled array othat such a dramatic response does not take place fer
superconducting layers. 0.25 (andx = 0.30, although a superconducting transition
On the other hand, the results that favat-wave gap are  (T.~ 15 K) is seen in resistivity and magnetic susceptibility
(iii ) the evolution ofo¢(w) with T and (iv) the Zn-doping measurements. This fact indicates that the superconductivity
effect. As temperature rises, the depressed region is filled U x = 0.25 is not a bulk property, and provides a support for
rather uniformly, but an appreciable decrease in the gaghe presence of a boundary between superconducting and
width is not seen with an increase @f which should be nonsuperconducting phasesxat 0.22 in coincidence with
observed for a BCS dirty-limit superconductor. The in-the tetragonal-orthorhombic bound&’/!
creasedoy(w) in the gap region is responsible for the in-  The optical conductivity] o.(w)] spectra are shown in
creasing damping of the plasma edge at higher temperaturesig. 15. In this figure the spectrum in the normal state just
Figure 13 demonstrates the loss function[lml/e(w)] cal-  aboveT. and at two temperatures beldly, T = 8 and 25
culated via the KK transformation. The loss function shows &, are shown in order to demonstrate how much the spectral
well-defined peak ato~w",s and the rapid increase of the weight is missing in the superconducting state. The elec-
peak width withT indicates a rapid increase of the dampingtronic contribution to the spectrum for=<0.16 is consider-
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FIG. 15. c-axis optical conductivity spectra abové & 35 or pe 128 with p; and 2A being the dc resistivity just abovk; and
40 K, thin solid curve and belowT, (T = 25 and 8 K, thick solid the approximate width of the superconducting gap {2 200

s : , \
curves for four compositions in the superconducting phase. cm°, alomst independent of), respectively. The relatively en-

hanced value ol (and of\,,) atx~ 0.12 arises from the sup-

pression of superconductivity near= 1/8.
ably small below~ 2000 cni! in the normal state, and

o.(w) is almostw independent in the lowest-frequency re-  The onset of superconductivity for the highly doped com-
gion. The suppression continues acrdgsand o, at 8 K pounds k = 0.18 and 0.2pis signaled by the depression of
becomes very small. One should note that the energy scale of,(w) below~ 500 cm . In the optical conductivity spec-
the superconducting state, a maximum energy ofsthele-  trum a considerable conductivity remainsTat= 8 K, filling
pression belowT, is ~ 500 cm ! which amounts to 17 up the entire low-frequency region and even increasing to-
kgT. or more and seems not dependentxonor correlated wardw = 0. This is responsible for the appreciable damping
with the T, magnitude. The plasma edge is located in thisof the superfluid plasma. The Drude-like residual conductiv-
gap region which is the reason for the very small dampingity near «=0, which cannot be attributed to quasiparticle
Though o is uniformly suppressed over a fairly wide fre- excitations, is the reason for the reflectivity significantly
guency region, a tinyr. remains even at <T.. Therefore, lower than unity at the lowest frequencies.

strictly speaking, there is no definite gap in the supercon- Since the crystal witlx = 0.20 is near the phase bound-
ducting state. It might be possible that the residual conducary atx~0.22, some portion of the crystal might be a non-
tivity is extrinsic in origin, such as that arising from inhomo- superconducting metg@etragonal phagevhich might be re-
geneous distributions of Sr composition in a crystal. There isponsible for the Drude-like residual conductivity. As a
some magnetic phase in the vicinity &f = 0.122%7 The  rough estimate, the weight of the residual conductivity at 8 K
magnetic phase is probably similar to that clearly identifiedoccupies 10% and 25% of the missitmpndensedspectral

for La,_,Ba,Cu0Q, with x = 0.125 where an antiferromag- weight forx = 0.18 and 0.20, respectively. Such a strongly
netic order is observed at low temperatures, accompaniegapless spectrum is rather suggestive of the presence of an
with the tetragonal phase transition-at60 K.1%81%°A recent  appreciable density of normal carriers in the superconducting
uSR study has confirmed an AF order occurring mear  state!'!

0.12 also in La_,Sr,CuQ, resulting in a suppression of These two types of superconducting spectra depending on
superconductivity® Actually, the plasma edge for our crys- the doping level are also observed in bilayer systems,
tal with x = 0.12 is located at relatively low frequenégnd  YBa,Cu3O¢. (Refs. 63,112 and PbSr,(Y,Ca)Cu;04.%°
correspondingly the out-of-plane magnetic penetration deptfihe o spectrum ofT.=60 K Y123 which is in the under-

is enhanced as we shall see in Fig),ifidicating a suppres- doped regime is essentially the same as that observed for
sion of superconductivity to some extent. This magnetidca214 with x<0.16. Surprisingly, fully oxygenated Y123
phase would be mixed up slightly in a crystal withnear  (T,=90 K) shows a strongly gapless spectrum just like that
0.12 due to compositional fluctuation and would likely be-of La214 withx=0.20. Similar spectra between single-layer
have as magnetic impurities. Gapless superconductivity inand bilayer systems indicate that the properties are deter-
duced by magnetic impurities was suggested by the inelastimined primarily by the doped hole density in the CuO
neutron scattering experiment on a La214 single crystal witlplane. Another important point is that the superconducting
x~0.1411° spectrum has a strongly gapless feature even for
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YBa,Cu;O, which is the most stoichiometric and perfect 93,94]. One can easily deduce that the residaalwould

crystal among the known high; materialst'* Therefore, ~Overcompensate the increase in the normal-state

such a gapless spectrum appears to be inherent to highly The strongly gapless spectrum of highly doped material
doped cuprates. seems to be d-wave superconductor with appreciable den-

In the highly doped regime, the in-plane spectrum of thesity of normal impurities. Since a quite similar spectrum is

fully oxygenated Y123, which was measured by the directObserl\{?d for the most stoichiometric compound ¥Ba

absorptivity®°and hence is much more accurate than thosgCy7: ~ the presence of normal impurities of high density is
determined by the infrared reflectivity measurements, showgn“kely' Th? result is rathgr suggestive of t_he presence of
a very similar gapless feature with a Drude-like peakat normal carriers. The density of normal carriers rapidly in-

0 remained even at 4.2 K. The increase in the residual corgcooc> with doping. The presence of normal carriers may

ductivity in the optical conductivity spectrum, perhaps cor-Slgnal a phase separatiémto superconducting and normal

responding to the increase in normal carrier density, is conmeta”'c phasg or strong fluctuations of the amplitude of

nected to the saturation and subsequent increaggofin- Su%T]rgogrdous?g:/%rort?:t:,v%aerr?r?ﬁéi; two superconducting re-
plane London penetration depttobserved in theuSR P 9

experiments in the highly and overdoped regF& 1 3we gimes is associated with the change in Ttheependence of

see below a similar trend iN, in the highly doped region. the normal-statec-axis resistivity, from semiconducting to

Basically the same feature observed in the superconductin m<_atall|.c. The T depe_ndence op in the highly do_ped
gion is not necessarily the same as that of the in-plane

spectra for both polarizations and for any doping reconfirm sistivity and the resistivity anisotropy, /p,p increases

that the anisotropic gap does not make sense and the pa'mﬁ/\%th lowering temperature. It seems possible to speculate

occurs predominantly within the Cuplane. ; . X
. ; o . that the normal carriers present in the superconducting state
The estimated\. is plotted in Fig. 16 as a function of _ . . Y
= . : . originate from the overdoped metallic phase which is mixed
X. The value ofn for x = 0.15 is 5.5um and is 22 times . ; . :
in the superconducting phase in the highly doped compounds

i _ 91,92 _
!onger thgn the in-plane lengtty, .0'25'“”.]' The an and is responsible for the apparent metapidT) in the
isotropy in \, in terms of the anisotropy in the effective normal state

mass,ms/m,, = A\2/A2,~ 500 which is much larger than
the band theoretical predictiom./m,,~ 28 for x = 0.15
(but is comparable withN3*/NS estimated in Sec. IV D
The x dependence of . is quite distinct from that of the VI. CONCLUSIONS
in-plane London length N,,) determined byuSR which

shows a much slower change in the underdoped regime. TheE{/
2

We have presented the-axis optical spectrum and its
. olution with doping in the La ,Sr,CuO, system. To-
x dependence af;, should arise from the: dependence of  goipar it the re_fultg of the in-ggnexspecsrun){n we published
the superfluid densitys assuming thatnz, is not strongly  previously, we have got now an almost complete set of data
dependent orx. On the other hand, the dependence of for this prototypical hight,, system. The implications of the
A¢ is controlled by the coupling strength between the superregyits of thec-axis optical spectrum go well beyond the
conducting Cu@ planes, namely, by the-axis Josephson eyidence for a strongly anisotropic electronic state of the
critical current densityl; as remarked in the preceding sec- cyprates. Highlights are the completely different charge dy-
tion. J. turns out to be inversely proportional to teeaxis  pamics in thec direction and the anomalousaxis optical
resistivity p. which is determined by the electronic state in response in the superconducting state, particularly in the un-
the CuG, plane, not in the barrier@insulating layers be-  gerdoped regime. They are quite generic and characteristic of
tween the Cu@ planes. Here, one should note tpatshows  the electronic state of HTSC. We suggest that the highly
a semiconducting temperature dependence in most undegpped superconducting regime is a crossover region from the
doped cuprates and that tieeaxis Josephson plasma fre- ynderdoped to the overdoped regime where the charge trans-
quency(or J;) is determined by the value @f; at T¢ (just  port is coherent in all directions and the superconducting
aboveT,). Indeed, the anisotropy in the superconductingdisappears. The-axis optical and transport properties of the
state \Z/\2,, is nearly identical to the resistivity anisotropy highly doped compounds seem to be something like a mix-
pc!/pap at T=T.. This indicates in some sense that the in-ture of those in the two regimes.
terlayer(Josephsoncoupling is determined by at which tem- However, we are still at some distance from complete
perature the superconductivity sets on, or conversglyand  understanding of the electronic state in HTSC. In order to
thus superconductivity may be controlled by the interlayerachieve the complete understanding we have to wait for a
coupling much more complete set of data for the evolution of the spin
In the highly doped region both, and\,, show a ten-  excitation spectrum with doping which enables a detailed
dency for saturatiod* Now that we have seen the strongly comparison between charge and spin dynamics. Below we
gapless spectrum, we understand the reason for the satugummarize thec-axis optical properties in the normal and
tion. The residual conductivities in the superconducting statesuperconducting states of HTSC.
which are observed also in the in-plane spectrum of
YBa,Cu;0- (Refs. 89,90 and may arise from the presence
of normal carriers, increase with doping and compensate the
increase ino in the normal state. For still higher dopings  The in-plane optical conductivity for the same dopant
Ac would increase agaitithe turnover of\,, is widely  concentration is nearly material independent both in magni-
known from uSR experiments on }Ba,CuOg., (Refs. tude andw dependence. By contrast, the magnitude of the

A. Optical spectrum in the normal state
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c-axis optical conductivity as well as tleeaxis dc resistivity  biguity in the low-frequency extrapolation in the Kramers-
is strongly material dependent, that is, dependent on the sp&tronig analysis and from the complications whether the
cies of the building blocks in between the Cu@lanes. mid-IR band is present or not in the in-plane spectrum.
However, what is common with all the materials is the strong Some of the ambiguity with the in-plane spectrum has
doping dependence of theeaxis resistivity and optical con- been resolved by the measurements ofdkeis optical re-
ductivity. Upon doping holes a transfer of the spectral weightsponse. Since the-axis spectral weight of the superconduct-
takes place in the out-of-plane spectrum from high-energyng condensate is extremely small owing to the normal-state
region(5—6 e\) to low-energy regioribelow 3 eVj. Thisis o, severely suppressed over a wide energy range, two di-
basically parallel to the evolution of the in-plane spectrum.mensionality in the electronic state persists into the super-
In the case of the in-plane spectrum, the transferred weightonducting state. As a consequence the superconducting
forms a Drude peak ab = O together with a mid-IR band. pairs are likely formed within the plane, and we expect that
Both bands rapidly develop and the mid-IR band whichthe c-axis optical response is also controlled by an in-plane
dominates in the underdoped regime softens as doping preuperconducting gap.
ceeds. By contrast, in the case of tb@xis spectrum the The c-axis reflectivity spectrum of underdoped material is
transferred weight forms a band peaked at high energ®, found to show an extraordinary response in the supercon-
eV, which does not show an appreciable softening with arducting state. Below ; a sharp plasma edge shows up in the
increase of doping, though the total weight increases. As &ery-low-frequency region. This can be identified as a Jo-
consequence of this “pinning” of the transferred spectralsephson plasma mode in Josephson-coupled layered super-
weight, the low-energy spectral weight is quite small, muchconductors. Due to weak coupling between the layers, the
smaller than that expected from the band calculations. In thetrength of which is determined by theaxis resistivity at
underdoped regime, the conductivity is well below the mini-T,, the plasma edge appears within the superconducting gap
mum value for metallic conduction and is spread over a widg~ 200 cm ! in width). The extremely low plasma fre-
energy range instead of forming a Drude peakat 0. This  quency originates from the suppressed spectral weight in the
is evidence for an incoherent charge transport indfexis  normal state.
direction arising from purely electronic interactions, not Since the Josephson plasma suffers damping only by ex-
from disorder or phonon effects. citations across a superconducting gap at very low tempera-
The suppression is rapidly released, and ¢hexis con- tures (T<<T,.), the evolution of thec-axis Josephson
ductivity eventually forms a Drude peakat=0 in the over-  plasma with doping is closely connected to the development
doped regime. In conjunction with this, the anisotropy inof the superconducting gap or in-gap states with doping. The
transport properties is rapidly reduced with increasing dopanéxperimental results on La,Sr,CuO, indicate that the
concentration. This is a general properties among the knowa-axis optical conductivity spectrum is gapless at any dop-
high-T. cuprates, independent of the species of the buildindng. The gaplessness may be consistent with the results of
blocks. various other experiments, many of which suggestave
Restricted to the underdoped regime, the most surprisingairing in HTSC. However, the-axis spectrum in the low-
and characteristic feature of,(w) is a pseudogap behavior doping regime x<0.16) is only weakly gapless ang is
in that the conductivity below-0.08 eV is further reduced uniformly suppressed in the low-frequency region like that in
with lowering the temperature from aboV¥g. The semicon- a BCSs-wave superconductor in the dirty limit, so that the
ducting c-axis resistivity is connected with this pseudogapdamping of the plasma is very small. Note that the width of
behavior. The observed pseudogap cannot be attributed totlhe gap, the frequency region whese is uniformly sup-
conventional semiconducting gap in the charge excitatiolpressed, does not appreciably decrease with a decrease of
spectrum, since no gap feature is seen in the in-plane sper T.). This suggests that the phase fluctuations of the su-
trum which is dominated by a sharp Drude peak. This isperconducting order parameter might be important in the un-
strong evidence for totally different charge dynamics in thederdoped regimét®
c direction, as also highlighted by the peculiar sign and At higher dopings X>0.16) thec-axis superconducting
dependences of the Hall and Seebeck coefficients. A morspectrum becomes strongly gapless with a Drude-like peak at
pronounced pseudogap is observed for the underdoped Y123 = 0 even atT<<T,, giving rise to a strongly damped
in which it is obviously connected with the “spin gap” ob- Josephson plasma. Such a gapless spectrum is suggestive of
served in the magnetic measurements. In the case of La2lthe presence of a substantial density of normal fluid, perhaps
the correlation between the pseudogapoif{w) and the g precursory effect of a crossover from a superconducting to
magnetic response is not so clear, but the characteristic tem- nonsuperconducting overdoped regime, or fluctuations of

peratures in thec-axis charge transport and the magneticy,o 4mplitude of the superconducting order parameter be-
susceptibility in the underdoped regime are comparableCome dominant as one approaches the overdoped regime.
starting out high ¢ 500 K) at low dopings and dropping
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