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Zn-doping effect on thec-axis charge dynamics of underdoped high-Tc cuprates

Y. Fukuzumi, K. Mizuhashi, and S. Uchida
Department of Superconductivity, University of Tokyo, Yayoi 2-11-16, Bunkyo-ku, Tokyo 113-8656, Japan

~Received 16 April 1999!

Thec-axis resistivity and infrared spectrum are investigated for Zn-doped YBa2Cu3O72y and La22xSrxCuO4

in the underdoped regime. We find that the normal-state pseudogap in thec-axis optical conductivity is robust
in the presence of Zn impurities and that the pseudogap and the divergentc-axis resistivity persist even when
Tc is suppressed near zero by Zn doping. In the superconducting state a rapid decrease in thec-axis Josephson
plasma frequency is observed, but the plasma edge remains sharp reflecting the robustness of the low-energy
gap feature against Zn doping.
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I. INTRODUCTION

The unconventional metallic and superconducting stat
high-Tc cuprates manifests itself in their underdoped regim
in particular in theirc-axis charge dynamics. In the norm
state thec-axis resistivity (rc) is ‘‘semiconducting’’ ~rc in-
creases with lowering temperature!, while the in-plane resis-
tivity ( rab) is metallic.1 This turns out to be associated wi
the development of a pseudogap in thec-axis optical conduc-
tivity @sc(v)# spectrum below a characteristic temperatu
T* well above Tc .2 As a consequence of the pseudog
which suppresses the hopping of carriers between C2
planes, the CuO2 planes form a Josephson coupled array
the superconducting~SC! state, giving rise to the appearan
of a sharp plasma edge in thec-axis reflectivity spectrum
well inside the SC gap region.3 This edge is now identified a
a Josephson plasma mode.4

The contrasting behavior ofrab and rc has been ad-
dressed in the context of both Fermi liquid5 and non-Fermi
liquid.6 For the non-Fermi liquids thec-axis conduction is
supposed to be nonmetallic in the ground state so tharc

diverges asT→0, whereasrc of Fermi liquids recovers me
tallic conduction at sufficiently low temperatures. In real m
terials the low-temperature regime is cut off atTc , so that
we cannot know the ground-state property, if supercond
tivity is not suppressed with, for example, an intense m
netic field or impurity doping. The former was employed
Ando and Boebinger7 using a 60-T pulsed magnetic field fo
single-layer cuprates, La22xSrxCuO4 ~La214! and
Bi2Sr2CuO61y ~Bi2201! as they have relatively low uppe
critical fields. They found thatrc diverges logarithmically
for both systems, although it is difficult to pursue th
pseudogap in pulsed fields.

Zn substitution for planar Cu sites radically suppressesTc
with only a few percent substitution sufficient to kill S
completely. Fukuzumiet al.8 has demonstrated for unde
doped cuprates that a superconductor-insulator~SI! transition
is induced by Zn doping at the critical sheet resistance n
h/4e2. When the Zn contentz exceeds the critical valuezc ,
bothrab andrc diverges asT→0. In recent years, aiming to
understand these anomalous Zn-doping effects on the m
scopic ground, the effects on Zn doping on the spin dyna
ics have extensively been studied.9–12 A focus of these stud-
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ies is on how Zn affects the gap in the spin excitati
spectrum~spin gap! of the underdoped cuprates. The sp
gap manifests itself as a peak in the temperature depend
of 63Cu spin-lattice relaxation rate (T1

21) ~Ref. 13! and is
closely tied to the pseudogap insc(v) as well as that ob-
served in the angle-resolved photoemission~ARPES!.14 The
result on naturally underdoped YBa2Cu4O8 ~Y124! and
oxygen-reduced YBa2Cu3O72y ~Y123! show that the peak in
T1

21 is radically suppressed with Zn doping suggestive o
collapse of the spin gap.9

The Zn-doping effect on the charge transport is quite c
trasting. Mizuhashiet al. reported that Zn in YBa2Cu3O72y

~Y123! increases the elastic scattering of carriers but d
not affect the temperature-dependent part of both in-pl
resistivity (rab) and c-axis resistivity (rc).

15 The T depen-
dence ofrab for underdoped materials changes at a char
teristic temperatureT* (.Tc) which is correlated with the
temperature of the onset of a pseudogap insc(v) as well as
the opening of a spin gap.16 The finding of Mizuhashiet al.
implies that probably the excitation spectra relevant to
inelastic charge scattering are not altered by the Zn dop

In this paper, the Zn doping effects on thec-axis charge
dynamics are investigated for a typical bilayer cuprate s
tem YBa2Cu3O72y ~Y123! and a single-layer La22xSrxCuO4

~La214! in the underdoped regime. The advantages of
doping as a probe for charge and spin dynamics are~i! it is
applicable to any cuprate system, and~ii ! feasible to the op-
tical study to pursue the pseudogap asTc→0. We show that
Zn does not affect the basicT dependence ofrc , and that the
semiconducting behavior persists down to nearT50 when
Tc is suppressed. The persistence of the semiconductinrc

arises from the fact that the low-energy region of t
pseudogap insc(v) is almost unaffected by Zn doping an
continues to deepen with decreasing temperature. This
pears to be linked with a rapid low-energy shift of the J
sephson plasma edge in the SC state.

Single crystals of YBa2~Cu12zZnz)3O72y and
La22xSrxCu12zZnzO4 were grown by the flux method usin
a Y2O3 crucible and by the traveling-solvent-floating-zon
~TSFZ! method, respectively. The details in crystal grow
and the sample characterization were described in the pr
ous papers.8,15 The optical spectra were measured at vario
627 ©2000 The American Physical Society
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628 PRB 61Y. FUKUZUMI, K. MIZUHASHI, AND S. UCHIDA
temperatures withc-axis polarized infrared radiation in th
frequency range above 20 cm21.

II. EXPERIMENTAL RESULTS

A. Charge transport

The temperature dependences of the in-plane andc-axis
resistivity are plotted in Figs. 1 and 2 for a typical 60-
phase YBa2Cu3O6.63 and La1.85Sr0.15CuO4, respectively, with
various Zn contents up toz50.04. Both compounds hav
nearly the same hole density, andz50.03 is very close to the
critical value (zc) at which an SI transition takes place.
this respect,x50.15-La214 is identified to be in the unde
doped regime.8 For Y123 with z50.03, Tc is suppressed

FIG. 1. Temperature dependence of the in-plane (rab) and
c-axis resistivity (rc) for Zn-doped YBa2Cu3O6.63. The inset shows
the low-temperature part ofrab and rc for the z50.03 crystal lo-
cated close to the SI transition. The superconductivity obser
below 1.3 K is killed by applying a magnetic field~8 T! parallel to
the c axis.

FIG. 2. Temperature dependence of the in-plane andc-axis re-
sistivity for La1.85Sr0.15Cu12zZnzO4 with z up to 0.04.
below 2 K and the in-plane resistivity (rab) is metallic down
to 2 K, whilerc remains semiconducting (drc /dT,0). The
semiconductingrc and metallic rab are found to persist
down toT50.5 K when minor superconductivity seen in r
sistivities below 1.3 K is further suppressed by an appl
magnetic field of 8 T as shown in the inset. It is evident fro
Fig. 1 that the effects of Zn doping onrc are very small. At
high temperatures Zn only slightly increases the magnit
of rc . At low temperatures the semiconductingT depen-
dence persists, not much affected by Zn doping. As a res
rc increases divergently asTc is suppressed to near zero
z.zc . The observedrc(T) fits T2a(a;2) down to ;60
K,1 but shows weaker, either logarithmic or weak power-la
~T2a with a;0.5! temperature dependence below 60 K.

The contrasting behavior betweenrab andrc is also seen
for the Zn-doped single-layer La214 withx50.15 ~Fig. 2!.
The evolution ofrab andrc with Zn doping is basically the
same as that for Y123, though the increase inrc with low-
ering temperature is much weaker, therc(T) curve shows an
up shift with Zn doping. For comparison, we show the res
for an overdoped La214 withx50.20 in Fig. 3. For this
compound 4%-Zn substitution almost completely destro
superconductivity, but bothrab andrc remain metallic. Thus
the divergent resistivity only in one direction is characteris
of the underdoped cuprates. This is not a localization p
nomenon but an evidence for unconventional charge tra
port in high-temperature superconductors~HTSC’s!, point-
ing toward the charge confinement within the CuO2 plane.6

One may point out an experimental result on the intri
cally underdoped Y124 which shows metallicrc at low
temperatures.17 Y124 is perhaps an exceptional system,
which the in-plane charge transport is dominated by the c
riers in the double Cu-O chains.18 The estimated hole densit
is higher in the chains, which together with much fewer d
order than the chains in Y123, makes the chain conducti
higher than the plane conductivity. Actually, a recent expe
ment of Y124 has demonstrated that either interchain
chain-plane hopping dominates thec-axis charge transport in
this system.19

d
FIG. 3. Resistivities for overdoped materia

La1.80Sr0.20Cu12zZnzO4 with z up to 0.04~from bottom to top!.
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B. c-axis reflectivity spectrum in the superconducting state

In the c-axis reflectivity spectrum of the compoun
Y123O6.63, the Josephson plasma edge is seen at;40 cm21

for temperatures well belowTc . The edge rapidly shifts to
lower frequency with Zn doping and soon goes out of o
frequency limit forz exceeding 0.01. In order to experime
tally follows the change of the edge frequency with Zn do
ing, the oxygen content of the crystal has been increase
6.75 which remains in the underdoped regime and the b
features of thec-axis dynamics are not changed. Thec-axis
reflectivity spectra at the lowest temperature are shown
Fig. 4 for z50, 0.01, and 0.02. Forz50.03 the edge move
below our experimental limit, but the material goes sup
conducting (Tc;15 K) according to the resistivity and mag
netization measurements. The SI transition takes place azc
;0.04 for this oxygen content. Essentially the same cha
is observed in thec-axis reflectivity spectrum of Zn-dope
La214 withx50.15. The plasma edge is located at 60 cm21

for Zn-free compound and shifts to 30 cm21 for z50.01,
quantitatively the same as in Y123O6.63. Note that in both
systems the edge remains sharp even for Zn-doped mate

Reduction of the Josephson plasma frequency (vps) with
Zn doping is demonstrated in Fig. 5, where unscreened v
of vps at T!Tc is plotted againstrc at T5Tc on the loga-
rithmic scales.vps is given by the relationvps

2 5e`vps82,
vps8 , ande` being the plasma edge frequency and the die
tric constant abovevps8 . vps is related to thec-axis London
penetration depthlc by vps51/2plc . Also shown in Fig. 5
are theTc vs vps (;1/lc) plots for Zn-free Y123 with vari-
ous oxygen contents as well as theTc vs 1/lab ~lab is the
in-plane London length and is inversely proportional to t
in-plane plasma frequency of the superconducting carri!
determined by the muon-spin-resonance~mSR! measuremen
for Zn-doped Y123 with oxygen content of 6.63.20 The in-
plane data follows the well-known universal relationship21

betweenTc and lab , Tc;lab
22 @shown by the line denoted

by ~mSR!#.
It turns out that bothc-axis and in-plane data roughl

follow the l21 vs Tc curves for Zn-free compounds. Th

FIG. 4. c-axis polarized reflectivity spectra in the supercondu
ing state atT510 K for YBa2Cu3O6.75 ~upper panel! and at T
58 K for La1.85Sr0.15CuO4 ~lower panel! with various Zn contents.
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contrasting behavior between in-plane andc-axis property
indicates that, while thelab

21 vs Tc relation is a direct con-
sequence of pair-breaking, i.e., a decrease in the super
densityns with z, lc

21 ~or vps! vs Tc reflects a decrease i
the strength of the Josephson coupling between plane
linear scaling betweenvps

2 andrc(Tc)
21 was found for Zn-

free materials with various hole densities.22,23 As illustrated
in the lower panel of Fig. 4, it might be possible to infer th
Zn doping decreasesvps through the increase in the valu
rc(Tc). The scaling is reminiscent of the Ambegaoka
Baratoff relation for a Josephson-junction array,24 thus sug-
gesting thatvps

2 is proportional to the critical current densit
between planes.

C. c-axis pseudogap and superconducting gap

The optical conductivity spectrasc(v) which are ob-
tained via the Kramers-Kronig transformation of thec-axis
reflectivity data are shown in Fig. 6 for the Zn-doped Y1
O6.63 with z50, 0.01, and 0.03. The evolution ofsc(v) with
Zn doping is basically the same for Y123 with oxygen co
tent 6.75. The normal-state spectrum for the Zn-free cry
shows a pseudogap belowT* ;250 K. The pseudogap deep
ens with lowering temperature and continuously transfor
into a superconducting gap belowTc;60 K. Suppression of
conductivity due to the pseudogap and /or the SC gap

-

FIG. 5. c-axis Josephson plasma frequency plotted againstTc

for Zn-free Y123 with various oxygen contents and for Zn-dop
crystals with oxygen content of 6.75. Also shown is the in-pla
plasma frequency of the superconducting condensate determine
the mSR measurements for Zn-doped YBa2Cu3O6.63 ~Ref. 20!. The
lower panel illustratesvps vs rc(Tc) for various Zn-free and Zn-
doped crystals of Y123 and La214.
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tends to 400–500 cm21 or higher, but the actual gap edge
not clear owing to the dramatic redistribution of the phon
oscillator strengths which takes place belowT* and gives
rise to a broad peak centered around 400 cm21. These fea-
tures are essentially the same as those previously reporte
Homeset al.,2 although the origin of the 400-cm21 peak is
not understood yet.

From Figs. 6 and 7 where the spectra with phonons
moved ~except for the 400-cm21 feature! are shown it is
clear that the Zn doping does not change the basic featu
the low-energy spectrum below;150 cm21 where the spec-
trum is nearly flat and the conductivity continues to be u
formly suppressed due to the pseudogap and SC gap.

Note that thec-axis pseudogap manifests itself even wh
superconductivity is suppressed. This is consistent with
recent scanning-tunneling spectra of the vortex cores, d
onstrating that the normal-state pseudogap goes over
tinuously into a true SC gap as one moves across the bo
of the vortex cores.25

The robustness the low-energy spectrum against Zn d
ing is in accord with the result of the dc resistivity shown
Fig. 1 as well as the sharpness of the Josephson plasma
The result is in agreement with the work done by Ha
et al.,26 but in contrast to that on Zn-doped Y124 measu
by Basovet al.27 The difference between Y123 and Y12
might again be ascribable to the dominant chain contribu
in Y124.

The gap structure insc(v) for Zn-free crystal is some
what ambiguous at high frequencies due to the appearan
a broad peak centered around 400 cm21.2 Zn radically sup-
presses this anomaly as recently reported by Hauffet al.,26

which makes the high-frequency gap structure legible. T
comparison betweenz50.01 and 0.02 and the spectra wi
phonons removed~not shown! indicate that the effect of Zn
is apparent only at frequencies above;150 cm21.

FIG. 6. Kramers-Kronig transformedc-axis optical conductivity
spectra at various temperatures for Zn-doped YBa2Cu3O6.63 with z
50 (Tc560 K), z50.01 (Tc540 K), andz50.03 (Tc,2 K).
by

-

of

-

e
-

n-
er

p-

ge.
f
d

n

of

e

In the case of La214 the pseudogap effect onrc(T) and
sc(v) is relatively weak which may be attributed to th
single-layer system or to the stronger fluctuation of str
order in La-based cuprate.28 However, the opening of a su
perconducting gap is clearly seen insc(v) below Tc .29 Es-
sentially the same Zn doping effect is seen in the SC
spectrum of La214 as illustrated in Fig. 8. No phon
anomaly is discernible for La214, so we subtract the phon
from the spectra assuming that the phonon contributions
not change acrossTc . Actually, as shown in Fig. 8, the con
ductivity difference betweenT540 K ~just aboveTc! and
T58 K for x50.15 shows a monotonous variation withv
except for spikelike ‘‘noises’’ near the phonon frequencie
In view of the almost flatsc(v) at T540 K,3 the difference
spectrum should display the reduced electronic contribu
due to the opening of a superconducting gap. In Fig. 8
shown thesc spectra with phonons removed for Zn-dop
(z50.01) La214 withx50.15 at temperature well below
Tc . For x50.15 the Zn-free crystal shows a clear SC g
feature, which can roughly fit a model calculation based
the d-wave pairing in the CuO2 planes which weakly and
diffusively couple along thec-axis.30,31 Within this model
sc(v) is directly connected to the in-plane density of sta
and shows a knee at;400 cm21 corresponding to the maxi
mum 2D0 of thed wave,D0(coskxa2coskya), gap. The im-
purity doping would increase the conductivity over th
whole gap region. However, as in the case of the underdo
Y123 most of the Zn-induced spectral weight is located
the high-energy gap region, and the spectrum below;150
cm21 is not appreciably affected.

The observed Zn-induced change in the SC gap~or
pseudogap! spectrum is not anticipated by the theoretic
calculations30,31 based on a Fermi-liquid picture assumin
interlayer diffusion model for an impured-wave layered su-

FIG. 7. c-axis optical conductivity spectra atT510 K for
YBa2~Cu12zZnz)3O6.63. The phonons are removed from the spec
shown in Fig. 6 except for the broad peak centered around
cm21.
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PRB 61 631Zn-DOPING EFFECT ON THEc-AXIS CHARGE . . .
perconductor. This model predicts a uniform increase of
c-axis conductivity over the gap region, leading to a decre
in the c-axis dc resistivity as a result of impurity-assist
interlayer charge hopping.5

III. DISCUSSIONS

A. Zn-doping effect on thec-axis gap spectrum

It is worthwhile to compare the presentc-axis results with
the Zn-doping effects on the in-plane charge dynamics.32,33

In contrast to thec-axis dynamics, Zn seriously affects th
low-energy in-plane dynamics. In the normal state Zn acts
an elastic potential scatterer in the unitarity limit,8 giving rise
to a large residual resistivity as well as deforming the Dru
like peak in the in-plane optical conductivity spectrum. B
sovet al.33 reported that the Drude peak atv50 in the pure
Y124 crystal changes into a peak positioned at finite f
quency in Zn-doped crystals. In the SC state, they sho
that Zn produces residual conductivities in the SC gap reg
of the in-plane optical spectrum, filling in the entire ga
down to v→0. This results in a radical reduction inns as
observed bymSR,20,34 which is connected to the rapid sup
pression ofTc . Therefore the in-plane charge dynamics
influenced by Zn doping over a wide energy range fromv
50 to energy comparable to the width of thec-axis
pseudogap and/or SC gap.

As mentioned earlier, the measurements of63Cu T1
21 for

Zn doped Y123 and Y124 show that the peak soon dis
pears upon Zn doping.9 On the other hand, the neutron in
elastic scattering has revealed that the gap persists again
doping.10,11The 63Cu NMR T1

21 has large contribution from
the spin fluctuations near the antiferromagnetic~AF! wave
vector ~p,p! in the unit of the reciprocal-lattice constant.35

As the spin gap has thed-wave symmetry, the gap nod
exists for momentum parallel to~p,p!, and the gap magni
tude is maximum at~p,0!. The NMR and neutron result
suggest that Zn affects the spin fluctuations selectively
momenta near~p,p! ~for instance, Zn might widen the gap
node region36!, while the effect on the spin gap near~p, 0! is
relatively weak~Zn may slightly decrease the gap magn
tude!.

In connection with this, the unique Zn-doping effect o
the c-axis dynamics may result from momentum-depend
interplane hopping. Suppose that the interplane hoppingtc)
has larger contribution from quasiparticles around~p,0!, as
the band-structure calculations yield for bilayer cuprate37

such thattc;(coskxa2coskya)2. Also, assuming that Zn ha
weaker effect on these quasiparticles, then thec-axis charge
dynamics would sensitively respond to the pseudogap wh
maximally opens around~p,0! and be affected only weakly
by Zn doping. Furthermore, owing to dominant contributi
to sc from near~p,0!, one may expect a considerably wid
flat region in the gappedsc(v) spectrum as well as th
robustness of the flat region against Zn doping.

Similar arguments have already been applied to the
plane dynamics in terms of ‘‘hot spot’’38 or ‘‘cold spot’’ 39

invoking strongly momentum-dependent scattering of el
trons. The hot spot is a small region on the Fermi surf
near~p,0! where the carriers suffur unusually strong scatt
ing, e.g., from the antiferromagnetic spin fluctuations. B
e
e
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cause of d-wave symmetry the gap, either spin gap
pseudogap arising from pairing fluctuations, most stron
affects the electrons near the hot spot, and hence the co
bution to the in-plane resistivity, as experimentally observ
by a downturn from linear inT behavior belowT* .16 As-
suming again that Zn has minor effect on the hot spot@or
spin fluctuations at~p,0!#, the basicT dependence ofrab
would not change with Zn doping,9 consistent with the ob-
servation by Mizuhashiet al.15

In relation to thec-axis pseudogap, we briefly conside
the phonon anomaly which is easily suppressed with Zn d
ing. The anomaly is observed around 400 cm21 which is
incidentally near the maximum 2D0 at ~p, 0! of the d-wave
anisotropic gap. Thus one may speculate some kind of re
nance taking place between optical phonons and electr
gap excitations near 2D0 . As we have shown, the Zn-dopin
effect is prominent in the high-frequency gap region, sme
ing or shifting the structure at;400 cm21 in sc(v). On the
other hand, Hauffet al.26 have suggested a corresponden
with the collapse of a peak in theT dependence of NMRT1
by Zn doping which signals the change of spin fluctuatio
near~p,p!. At present the origin of the 400 cm21 anomaly is
not fully understood. The detailed information of the phon
dispersions from neutron experiments is not available for
underdoped Y123.

B. Zn-doping effect on the superconducting condensate

Moving to the superconducting state, the decrease of
plasma frequencyvps , e.g., atT58 K, appears to be ex

FIG. 8. ~a! Difference conductivity spectrum betweensc(v) at
T540 K ~normal state, dashed curve! andsc(v) at T58 K ~super-
conducting state, dot-dashed curve! for La1.85Sr0.15CuO4. ~b! Elec-
tronic contribution to thec-axis conductivitysc

el(v) in the super-
conducting state (T58 K) for La1.85Sr0.15Cu12zZnzO4 with z50
and 0.01. The thick dashed curves are thed-wave model calcula-
tions after Ref. 30 with 2D05370 cm21 for La214 with x50.15.
The impurity effect~in the unitarity limit! on sc(v) expected from
the model in Ref. 30 is shown by the thin dashed line in the low
panel.
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632 PRB 61Y. FUKUZUMI, K. MIZUHASHI, AND S. UCHIDA
plained by relating it to the decrease in the missing area
the spectrum between the normal (T5Tc) and the SC (T
58 K) states as normally done for conventional superc
ductors,

vps
2 /85E

0

vc
@sc

N~v,T5Tc!2sc
S~v,T58 K!#dv, ~1!

wherevc is a cutoff frequency, normally (2;4) times the
gap width, and the superfixesN and S indicate the normal
and SC state, respectively. The results in Figs. 6 and 8 i
cate that for both Zn-free and Zn-doped materials a ma
contribution to this integral comes from the missing ar
below;150 cm21 due to the opening of a SC gap.sc(v) in
this frequency region is nearly flat both atTc and 8 K due to
the pseudogap and SC gap effect, andsc(v) at T58 K is
not much influenced by Zn doping. Hence the integral
approximated by the area of a rectangular with the heigh
sc(T5Tc) and the width of;150 cm21. The value of
sc(v,T5Tc) is nearly identical torc

21 in the flat region, so
the missing area decreases asrc

21(Tc) increases with Zn
content. If one equates it tovps

2 , then vps
2 roughly scales

with rc
21(Tc) in qualitative agreement with the experimen

result.
However, we have seen in Fig. 1 that for 60 K Y12

rc
21(T);T20.5 at low temperatures. From this the relatio

vps
2 ;rc

21(Tc);Tc
20.5 results which does not reproduce th

observed relationvps;Tc displayed in Fig. 5. Quantita
tively, the rigorous estimate of the missing area is subjec
large uncertainty due to the phonon anomaly centered aro
400 cm21 in the case of underdoped Y123 and to the pr
ence of gigantic phonon mode at;250 cm21 in La214.

A rigorous form of the conductivity sum rule should in
clude the integral like Eq.~1!, but the normal-sate conduc
tiviy should be sc

N(v,T58 K), instead ofsc
N(v,T5Tc).

Equation~1! is based upon an implicit assumption that t
normal statesc(v,T) would be almost identical tosc(v,T
5Tc) at anyT belowTc . Alternatively, Eq.~1! assumes tha
the development of the pseudogap suddenly stops atTc .
However, as we have demonstrated here, the normal-
conductivity in the low-v region continues to decrease wh
super-conductivity is suppressed by Zn doping, a
sc

N(v,T58 K) is close tosc
S(v,T58 K) below 150 cm21.

Hence the integral in Eq.~1! would be significantly smaller
than thec-axis weight of the condensate (5vps

2 /8). Ander-
son argued that, while hopping of single electrons betw
planes is inhibited due to ‘‘confinement,’’ tunneling of pai
is allowed and the formation of pairs results in a gain
kinetic energy which stabilizes the superconducting state
explains the discrepancy between thec-axis spectral weight
of the condensate and the missing area in the conductivi40

In this interlayer tunneling~ILT ! model thec-axis spectral
weight of condensate is related to the change in thec-axis
kinetic energy between normal and superconducting st
i.e., the condensation energy or Josephson coupling en
E0 ,

vps
2 54pE0•~2ed!, ~2!

d being the interlayer spacing.E0 is estimated from the spe
cific heat which is available for Zn doped Y123.41 Although
of
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quantitative test of the ILT model is difficult due to the u
certainties involved in extractingE0 from the measured spe
cific heat, a decrease inE0 with Zn doping is obvious. If one
assumes the scaling ofE0 to Tc

2, then a linear relation be
tweenvps andTc would result, in good agreement with th
result for Zn-doped Y123 shown in Fig. 5. As long as t
Zn-doping effect is concerned, the ILT model appears to
better the change ofvps . However, the empirical relation
reminiscent of Ambegackar-Baratoff, is still applicable to
wide class of high-Tc cuprates and remains to be explaine

IV. SUMMARY

We have investigated the Zn-doping effect on thec-axis
charge dynamics of the prototypical high-Tc cuprates in the
underdoped regime. It is found that the semiconducting te
perature dependence ofrc , characteristic of the underdope
cuprates, persists at low temperatures whenTc is suppressed
by Zn. This arises from the robustness of pseudogap in
c-axis optical conductivity spectrum in the presence of
impurities. Thus the pseudogap is stable even when the
perconducting state is inhibited, and can exist without sup
conductivity. It is anomalous that Zn does nothing to t
c-axis charge transport, it neither assists nor disturbs
charges to hop between CuO2 planes.

Although the result on underdoped Y123 is different fro
that reported for a related bilayer systems, Y124, it is qu
tatively the same as that for a single-layer La214. In view
the not extremely large anisotropy in the present two syste
and minor contribution from the chains in Y123, the prese
results would be generic to thec-axis charge dynamics o
HTSC. From these, it can be concluded that the low-ene
c-axis charge dynamics is not affected by Zn doping. This
turn, gives a credit to the insight that the divergentrc asT
→0, while rab remains metallic, is an intrinsic property
evidencing the charge confinement and thus the uncon
tional electronic state of high-Tc cuprates.

In the superconducting state the predominant effect of
doping is to decrease the superfluid density in the Cu2
plane, which leads to a reduction inTc . The decrease of the
Josephson plasma frequency with Zn doping is indicative
a decrease in the Josephson coupling between planes
appears to be connected with the continuous increase
rc(Tc) asTc is reduced. The Zn doping effect on thec-axis
charge dynamics is in contrast to that on the in-plane cha
and spin dynamics in which the effect is weighted towa
low-energy region down tov50. The result is suggestive o
momentum dependent interplane hopping and lifetime of
quasiparticles.
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