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Coherence, incoherence, and scaling along theaxis of YBa,Cu3O0¢.y
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The optical properties of single crystals of Yfa,Og., have been examined along theaxis above and
below the critical temperatur€l,) for a wide range of oxygen dopings. The temperature dependence of the
optically determined value of the dc conductivity,c) in the normal state suggests a crossover from incoherent
(hopping-type transport at lower oxygen dopindgs=<0.9) to more coherent anisotropic three-dimensional
behavior in the overdopetk=0.99 material at temperatures closeT@ The assumption that superconduc-
tivity occurs along the axis through the Josephson effect yields a scaling relation between the strength of the
superconducting condensdj® ., a measure of the number of superconducting cajriée critical tempera-
ture, and the normal-stateaxis value fofoy. just aboveT: ps > 4T This scaling relation is observed along
the c axis for all oxygen dopings, as well as several other cuprate materials. However, the Josephson coupling
model does notequire incoherent transport, so that the observed agreement with this model does not conflict
with the normal-state results which point to coherent behavior at high oxygen dopings.
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I. INTRODUCTION =3000 (x=<0.70 just aboveT.. For these reasons, trans-
port along thec axis in the normal state in the underdoped
The cuprate-based high-temperature superconductors afaterials is governed by hopping and is considered to be
share the common feature that the superconductivity i§hcoherent; belowf, superconductivity normal to the planes
thought to originate within the highly conducting copper-is thought to involve Josephson couplitfg?? However, as
oxygen planes. The conductivity perpendicular to the planefe material becomes nearly stoichiometric, or “overdoped”
along thec axis is much poorer and is in fact activated in (Xx=0.99, the c-axis properties change dramatically. Unlike
many cuprates; the resulting transport is due to hoppin the underdo_ped systems, the resistivity rises linearly with
along this direction and the large anisotropy in the resistivity!» although with a large, temperature-independent compo-
results in the two-dimensioné2D) nature of these systerhs. nent. Furthermorepc/p,=30 at room temperature, and is
The importance of the 2D character of these materials as 38a/y temperature independent in the normal stataarac-

necessary prerequisite for superconductivity has beeﬁenstlc of an anisotropic three-dimensiortdD) metal. This

discussed,and it has recently been suggested that upon en-Gh"j“’.'og3 is even more pronounced in the Ca-doped
: ) . . materials® In addition, the anisotropic resistivity of the
tering the superconducting state a dimensional Crossovey

. . ouble-chain material YB&u,Og also suggests an
from two to three dimensions occuté.Transport measure- incoherent-to-coherent  crossover in the  out-of-plane

ments on a number of cuprate systems suggest that suchya -8 This suggests that transport along thexis of

dimensional crossover may occur in the normal state in reygco is becoming more coherent at high oxygen dopings
sponse to carrier doping in the copper-oxygen pldn€A  anq that a crossover from 2D to 3D behavior may occur; this

convenient system to examine is Y@apOes.x (YBCO),  could have important consequences for the nature of the su-
where the oxygen doping determines not only the in-plangerconductivity.

carrier concentration, but also the nature of thaxis trans- In this work we examine the optical properties alongthe
port. This material is one of the most thoroughly studied, andhxis of YBa,Cu;0s., for a wide range of oxygen dopings in
there have been numerous reports of the response of thRe normal and superconducting states. The normal-state
physical properties to changes in oxygen doping, includingransport suggests that a dimensional crossover may occur in
transport** and optical technique’$;*?to name a few. the overdoped YBCO samples. The strength of the conden-
In YBCO oxygen dopings below the optimal vali®  sate along the axis is consistent with the Josephson cou-
=0.95 for the critical temperatur@, the dc resistivity along  pling between the planes. However, because the Josephson
the ¢ axis is p.« T%, where a=<-1, indicative of activated effect may be observed for both coherent and incoherent
behavior. In these underdoped materials, the anisotropy beransport along the axis (tunnel and nontunnel junctions
tween thea-b planes and the axis, as gauged by the resis- the condensate does not necessarily favor incoherent trans-
tivity, is quite large: p./p,=65 at room temperature, and port in the overdoped material, where the normal-state prop-
increases rapidly with decreasing temperature piép,  erties suggest the system tends toward coherent behavior.
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800 — LAY L N B TABLE I. The doping-dependent values in Yf&2,Og.y for the
i YB0;Cu30g, Ellc critical temperaturéT,), andc axis far-infrared conductivityoyo
= L 4 measured just abovk,, the strength of the condensate, expressed as
£ 600 |- - a plasma frequency(wpso), and the penetration deptiin,
O - -
= i ] =1/(2mwys)].
S [ 4
2 400 [ — X T (K)  oge (Q7tem™?2  wpee (em™) Ao (um)
= i 1
e [ 1 0.50 53 9+2 204+20 7.80
g 200 ¢- - 0.60 58 1242 244+20 6.52
O F 0.70 63 14+2 315+30 5.05
A
t 0.80 78 27+4 465+35 3.42
% 00 200 800 085 89 47+7 79050 2.01
Frequency (cm-1) 0.90 915 88+10 1003+60 1.59
0.95 93.2 220+20 1580+70 1.01
FIG. 1. The real part of the optical conductivity for light polar- 4 gg 90 450+30 2070490 0.77

ized along thec axis of YBaCuOg4, at T=T, for a variety of
oxygen dopings. The extrapolated values of the dc conductivityTaken atw— 0 limit for T=T,.
ogc=01(w—0) are shown as symbols. The most heavily doped re-
gime (x=0.99 is representative of a weakly metallic system and thecrease with decreasing temperature %o£0.85, in agree-
conductivity displays a Drude-like frequency_dt_apendence. The loWient with the activated response observed in transport; once
est oxygen concentration shown héxe:0.80 is in the pseudogap  5qain the resistivity varies exponentially with doping. How-
regime, with an activated frequency response. ever, forx=0.9 the resistivity decreases dramatically with
increased doping and no longer follows the simple exponen-
Il. EXPERIMENT tial relation. In addition, the temperature response of the re-
sistivity is now “metallic,” particularly so for the overdoped
sample> This change in behavior also occurs close to the
nlylott maximum value for metallic behavidML ), estimated
to be p.~10 mQ cm in these materiaf. The overdoped
material is clearly the most metallic, and displays a Drude-
like conductivity, an important result that was noted in earlier
studiest’ The Drude model for the dielectric function de-
scribes the properties of a simple metal quite welk)
:ew—wgl[w(wﬂl“)], where wj, is the classical plasma fre-

Large, twinned single crystals of YBCO were grown by a
flux method in yttria-stabilized zirconia crucibfésand sub-

x=0.50—0.99. TheT.s are sharply defined and vary over a
large range, from a low of ;=53 K in the most underdoped
material (x=0.50 to a maximum ofT;=93.2 K in the opti-
mally doped material(x=0.95. In the most overdoped
sample(x=0.99, T, is suppressed somewhat Tg=90 K.
The reflectance polarized along thexis was measured over
a wide frequency range and at a variety of temperatures us-
ing an overfilling techniqué® The real part of the optical

illlli

conductivity oy (w) was determined from a Kramers-Kronig 100 | i | 3

analysis of the reflectance. E‘~§\ } I ]

SR N T

lll. RESULTS AND DISCUSSION e I *} 3 §]| 1

[= ~ S

A. Normal state 2 10 | ML _)i\ﬂ .

The optical properties along the axis have been thor- Q C YBa,CuyO,.. Ellc | &~

oughly investigated by us and othéfst*1%-1%and will be C 6 295K s 9

discussed only briefly. The optical conductivity of YBCO is - o TeT, I ]

shown along the axis in Fig. 1 forT=T, at a variety of T .

oxygen dopings. In the overdoped regime the conductivity 05 06 07 08 09 1
has a metallic temperature and frequency dependence. How- X

ever, Wlth. decrgasmg doping a pseudogap develops, ar_1d oG 2 Resistivity pgc=1/04(w—0) for YBa,CugOg., along
nonmetglllc activated response IS obsgrved. A convenle%ec axis at 295 K andr =T as a function of oxygen doping. At
connection between the thlcal F’mper"es and trgnqurt Rom temperatureyy. increases exponentially with decreasing oxy-
that oqc=01(w—0) as indicated in the plot and "Ste‘?' !n gen doping, as indicated by the dashed line. HowevefT foiT., a
Table | (for T=Ty). The extrapolated values for the resistiv- |inear fit applies only to the dopings between 0s50<0.85, or the

ity pgc along thec axis are shown in Fig. 2 for a variety of ynderdoped regiofdotted ling; values forx>0.9 fall below this
oxygen dopings at room temperature ahetT.. At room jine. This indicates that in the underdoped region resistivity in-
temperature the resistivity increases exponentially with decreases with decreasing temperature, while in the overdoped region,
creasing dopingp. > pge?*, throughout the entire doping precisely the opposite behavior is observed at roughly the Mott
range. At low temperature the resistivity is observed to in-minimum limit for metallic conductivity(ML).
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quency,I'=1/7 is the scattering rate, and, is a high-

frequency contribution. The Drude conductivity is(w) YEOijsgsKﬂ
=04/ (1+w?7?), which has the form of a Lorentzian centered Ie.
—0.99

at zero frequency with a width at half maximum of71 For
T=T,, the optical conductivity of the overdoped system
shown in Fig. 1 does have a Drude-like frequency response,
o1(w)*x1/w? In addition oy.=0oy(w—0)=~450Q7tcm™?

for T=T, is well above the Mott minimum value for metallic
conductivity of=100Q ™t cmit in these materials.

Previous investigations of overdoped systems resulted
in large values for both the plasma frequency
wpc (=4000 cm 1) and the scattering rate %/
(=1000 cm?).1217 A principal objection to coherent trans-

port along thec axis has been the large values forrdwhich FIG. 3. The doping-dependent behavior ¢fa?e, (@) for T

lead to mean free paths that are substantially less than ar_ in thew— 0 limit this quantity is the plasma frequency of the
lattice spacind. If the c-axis conductivity is modeled using a condensate along theaxis, wpsc- The low-frequency extrapolation
two-component approactDrude component to model free employed in the Kramers-Kronig analysis belew0 cnil is in-
carriers, plus Lorentzian oscillators to represent bound excicluded as a guide to the eye. The strength of the plasma frequency
tationg, then it is possible to estimate tleeaxis plasma fre- s decreasing dramatically with decreasing oxygen dopiiadyle |).
quency and scattering rate. This approach yields values of

wpc=3200 cm* and 1/,=380 cnt* at 100 K, smaller
than previously observed valu&sThese results may be
compared to the values in the copper-oxygen planes alo
the a axis for the overdoped materf8l of w,,
=10000 cm' and 1/r,=120 cm™. The resistivity aniso-
tropy is then expected to bﬁC/pa:(wg’aTa)/(wgycrc)230,
wherew? ./ w5 .= 10, which is in good agreement with ban
structure estimate®. Furthermore, taking=7x 10° cm/s
gives a mean free path along tleeaxis (I;=vg7,) of I

-w?e, (w) (cm™)

6"ps,c =

o .
0 50 100 150 200
Frequency {cm-')

Psc = 650cT ¢, (2

r]\%/here the right and left hand side of the expression have
units of cm2. We note that several other workers have ar-
rived at a similar relationship based on different
4. assumptiond>=® If the clean limit is assumedall the
normal-state carriers collapse into the condensalten for
T<T,. the response of the dielectric function is purely real,

o) ()= e — w2 ] 2
=60 A, which is more than five times the size of the unit &%) = €Ll®)= &~ &y So that the plasma frequency of
the condensate 8., .=~w"€; () in the limit of w— 0. The

cell, suggesting the possibility of coherenBloch- psc™ _ o
Boltzmann transport in the overdoped material for=T.17 ~ freduency dependence Fw?e; («) is shown in Fig. 3 for
The increasingly coherent transport along thexis has also & Variety of oxygen dopings fof <T.. The low-frequency
been discussed in relation to the strength of the inelasti€xtrapolations employed in the Kramers-Kronig analysis of

scattering in the copper-oxygen plariés. the reflectancétypically below 40 crmit) are included to al-
low the w— 0 values to be determined more easily. The es-
B. Superconducting state timate of wps. assumes that the responseegf(w) at low

frequency is dominated by the superconducting condensate.

In YBCO the onset of superconductivity is accompamed.l_he overdoped material is known to have a large amount of

by the drama'tic formation of a plasmg edge in.th?“rEfleCtanc%w-frequency residual conductivity foF<T,, which may
along thec_aX|s for all the oxygen dopings studiéd:*In the lead to an overestimate af,;.. However oneC,of ugs.v.D)
copper-OX|de_ _supercqn(_juctors, the or_der parameter Ras developed a self-consistent technifuenerebye, (w)
thou_ght to orlgmate within the planes, ywth bulll< supercon- ay be used to calculate correctionsdg,(e) and subse-
ductivity achieved through coherent pair tunneling betwee y T h

quently allow an accurate determination of the valuegf..

the planes occurring from the Josephson effé¢h such a Th ) icall less th ; h
case thec-axis penetration depth. is determined by the e corrections are typically smaless than atew % the
values forw, are listed in Table I, and are in good agree-

Josephson current density, and is \Z=#c?/8n°del ; : :
1/dJ,, whered is the separation between the plaf&®In ment with values recently obtained from zero-field electron
(3] 4

: i SR studies®’
the BCS theoryy, is related to the energy gap(T) and the ~ SP'" reson_ancéE . . .
: : : : 4 The optically determined values for the superfluid density
tunneling resistance per unit area in the normal sRatby® pec VErsusaqT, for YBCO are shown in the log-log plot in

wA(T) A(T) Fig. 4. In addition, thec-axis results for YBgCu,Og,!
Jc:ﬁ M T | (D) TI,Ba,Cu0s.5* HgBaCUO,.,* and Lg.,SKCuo, (Ref,
39) are also shown. All the points fall on a line approximated
Adopting the BCS isotropis-wave gap weak-coupling value by the scaling relatiom, .= 3504.T., which is close to the
of A(T<T,)=1.7&gT, and assuming thaR,=pyd, then result from Josephson couplifgln the log-log representa-
J.«T./R, at low temperature, and lﬁocadCTc, whereoy.is  tion of Fig. 4, the numerical constant in the scaling relation is
the extrapolated dc conductivity along tbexis in the nor-  the offset of the line. The line may be shifted by assuming
mal state(T=T,).2>2* From 1/\=27w,s the strength of the different ratios between & and kgT; the initial value of
condensate i;aszwss, yielding =65 was based on the weak-coupling value a/RsT,
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T omes, A the assumption of an isotropic gap is qualitatively correct,
107 S :g::gzsgeu eso 1 yielding a reasonable agreement between theory and experi-
. E o Lo, Sr.Cu0, o a ment. The Josephson result might have been expected for the
D " e T1,Ba,Cu0,,, s 1 underdoped materials where the transport alongcttais
E 10° E o HgBo,CuO,,, ”e E was activated and considered incoherent. However, it is less
- E v NdygsCeg sCu0, < 17 3 obvious for the optimally and overdoped systems; the over-
ng‘ 105 b o __ doped material in particular gave indications of anisotropic
Iy )g = 3D normal-state transport, and as such some deviation from
& C % ! . ] this behavior might have been expected. Thus, it would be
100 2 ¢ axis < tempting to assume that the observed scaling> oy.T,
n—-Fﬁ.. =350, Te 3 along thec axis justifies the view that the coupling between
AR I RN BT R the planes is always incoherent. However, it is important to

102 103 10+ 108
odc Tc (Cm-z)

note that both tunnel junctiongsuperconductor-insulator-
superconductofSIS)] in the case considered here, as well as
nontunnel junctiongsuperconductor-normal-superconductor
FIG. 4. The optically determined strength of the condengate  (SNS] can show the Josephson effect with a nearly identical
Vs oyl along thec axis in YBgCusOg.y for various oxygen dop-  Josephson currefit-°As a result, the qualitative agreement
ings (labeled from the lowest to the highest oxygen doping in as-with the Josephson coupling model does not conflict with the
cending ordex, as well as results for other single and double-layernormal-state results, which indicate that the transport is be-
copper-oxide superconductors. The data are described reasonallyming more coherent at high oxygen dopings.
well by the dashed lingys = 350.T.. The dotted line is the result
of Josephson coupling assuming a BCS isotropic gap in the weak-
coupling limit, psc=6504.T.. The arrow indicates that the-b
plane data may also be scaled on the same dashed line asutie
data(see Ref. 38

IV. CONCLUSIONS

The optical and transport properties in the normal state of
YBCO suggest that the material shows signs of anisotropic
3D metallic transport at high oxygen dopings fb=T.. A

=3.5, while the observed value e£35 implies a smaller scaling relatiorp, .~ 3504cT, is observed along theaxis, in

ratio 2A/kgT.=2. Previous studies along tleaxis of the  54reement with the result expected from Josephson coupling
cuprate materials considered the dependencegefwith

30 : _ _ __in the BCS weak limit case. We note that the Josephson
o4a°” underdoped materials followed this scaling behav'orcoupling model does not require incoherent transport, sug-
reasonably well, but deviations were observed for optima esting that the transport may indeed tend towards more co-
and overdoped materials. It is surprising that the Josephsqilrant behavior in YBCO at higher oxygen dopings.
coupling result describes the scaling behavior along che
axis as well as it does given the assumption of a B@&ve
isotropic energy gap, when there is strong evidence to sug-
gest that the energy gap in copper-oxygen planes of YBCO is We would like to thank D. N. Basov, S. L. Cooper, V. J.

d wave in nature and contains nod€$! A possible expla- Emery, J. C. Irwin, M. V. Klein, T. R88m, M. Strongin, and
nation may be that the-axis properties are particularly sen- J. J. Tu for helpful discussions. This work was supported by
sitive to the zone boundaryr,0), (0,7) part of the Fermi the Natural Sciences and Engineering Research Council of
surface where the superconducting gap is observed to open@anada, the Canadian Institute for Advanced Research, and
T, in optimally doped materials4?-4¢ In this case the the Department of Energy under Contract No. DE-ACO02-
d-wave nature of the superconducting gap is not probed an88CH10886.
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