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Zn-doping effect on the c-axis charge dynamics of underdoped highF. cuprates
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Thec-axis resistivity and infrared spectrum are investigated for Zn-dopedG®8®;_, and Lg _,Sr,Cu0,
in the underdoped regime. We find that the normal-state pseudogapdrattie optical conductivity is robust
in the presence of Zn impurities and that the pseudogap and the diverggrist resistivity persist even when
T. is suppressed near zero by Zn doping. In the superconducting state a rapid decreasaiisii®sephson
plasma frequency is observed, but the plasma edge remains sharp reflecting the robustness of the low-energy
gap feature against Zn doping.

[. INTRODUCTION ies is on how Zn affects the gap in the spin excitation
spectrum(spin gap of the underdoped cuprates. The spin

The unconventional metallic and superconducting state ojap manifests itself as a peak in the temperature dependence
high-T, cuprates manifests itself in their underdoped regimepf %Cu spin-lattice relaxation rateT{') (Ref. 13 and is
in particular in theirc-axis charge dynamics. In the normal closely tied to the pseudogap in(w) as well as that ob-
state thec-axis resistivity p.) is “semiconducting” (p. in-  served in the angle-resolved photoemissiaRPES.'* The
creases with lowering temperatiravhile the in-plane resis- result on naturally underdoped YER2u,0g (Y124) and
tivity (pap) is metallic! This turns out to be associated with oxygen-reduced YB£u;0;_, (Y123) show that the peak in
the development of a pseudogap in thaxis optical conduc-  T;* is radically suppressed with Zn doping suggestive of a
tivity [oc(w)] spectrum below a characteristic temperaturecollapse of the spin gap.
T* well aboveT..” As a consequence of the pseudogap The Zn-doping effect on the charge transport is quite con-
which suppresses the hopping of carriers between ;CuQrasting. Mizuhashgt al. reported that Zn in YB#£ ;07
planes, the CuPplanes form a Josephson coupled array in(Y123) increases the elastic scattering of carriers but does
the superconductin(SC) state, giving rise to the appearance not affect the temperature-dependent part of both in-plane
of a sharp plasma edge in tleaxis reflectivity spectrum resistivity (p,,) and c-axis resistivity p.).® The T depen-
well inside the SC gap regichThis edge is now identified as dence ofp,;, for underdoped materials changes at a charac-
a Josephson plasma mdtle. teristic temperaturd™* (>T.) which is correlated with the

The contrasting behavior of,, and p. has been ad- temperature of the onset of a pseudogap-ifw) as well as
dressed in the context of both Fermi liqtidnd non-Fermi  the opening of a spin gai.The finding of Mizuhashet al.
liquid.® For the non-Fermi liquids the-axis conduction is  implies that probably the excitation spectra relevant to the
supposed to be nonmetallic in the ground state so ghat inelastic charge scattering are not altered by the Zn doping.
diverges ag — 0, whereag, of Fermi liquids recovers me- In this paper, the Zn doping effects on thexis charge
tallic conduction at sufficiently low temperatures. In real ma-dynamics are investigated for a typical bilayer cuprate sys-
terials the low-temperature regime is cut off&t, so that tem YBaCu0;_, (Y123 and a single-layer La ,Sr,Cu0,
we cannot know the ground-state property, if superconduchazm in the underdoped regime. The advantages of Zn
tivit_y i_s not s_uppre_ssed With, for example, an intense Madgoping as a probe for charge and spin dynamics(iar is
netic field or |mpur|ty d_opmg. The former was emplqyed by applicable to any cuprate system, &iid feasible to the op-
Ando and Boebingérusing a 60-T pulsed magnetic field for tical study to pursue the pseudogapTas-0. We show that
S|.ngle-layer cgprates, ba,SKCuQ, (_La214) and Zn does not affect the basicdependence g¢f., and that the
B'?.Srchoaﬂ (Bi220D) as they haye relatively .lOW upper semiconducting behavior persists down to n€ar0 when
critical fields. They found thap. diverges logarithmically T. is suppressed. The persistence of the semiconduping

for both systems, although it is difficult to pursue the "¢ : he f hat the | : f th
pseudogap in pulsed fields. arises from the fact that the low-energy region of the

Zn substitution for planar Cu sites radically suppresges PSeudogap iw¢(w) is almost unaffected by Zn doping and
with only a few percent substitution sufficient to kill SC continues to deepen with decreasing temperature. This ap-
completely. Fukuzumiet al® has demonstrated for under- Pears to be linked with a rapid low-energy shift of the Jo-
doped cuprates that a superconductor-insuk8brtransition ~ Sephson plasma edge in the SC state.
is induced by Zn doping at the critical sheet resistance near Single crystals of  YB#Cu_,Zn;)3;0;_, and
h/4e?. When the Zn contert exceeds the critical value,, L& xSiCu ,Zn,0, were grown by the flux method using
both p,, andp, diverges ad — 0. In recent years, aiming to a Y,O3 crucible and by the traveling-solvent-floating-zone
understand these anomalous Zn-doping effects on the micr¢TSF2) method, respectively. The details in crystal growth
scopic ground, the effects on Zn doping on the spin dynamand the sample characterization were described in the previ-
ics have extensively been studieéd? A focus of these stud- ous paper§:® The optical spectra were measured at various
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FIG. 1. Temperature dependence of the in-plapg,) and
c-axis resistivity p.) for Zn-doped YBaCu;Og 63 The inset shows
the low-temperature part ¢f,, and p. for the z=0.03 crystal lo-
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cated close to the Sl transition. The superconductivity observed

below 1.3 K is killed by applying a magnetic fie(@ T) parallel to
the c axis.

temperatures witlt-axis polarized infrared radiation in the
frequency range above 20 ¢

Il. EXPERIMENTAL RESULTS

A. Charge transport

The temperature dependences of the in-plane @axis
resistivity are plotted in Figs. 1 and 2 for a typical 60-K
phase YBaCu;Og g3and Lg gsSIp 15CUOy, respectively, with
various Zn contents up ta=0.04. Both compounds have
nearly the same hole density, and 0.03 is very close to the
critical value ;) at which an SI transition takes place. In
this respectx=0.15-La214 is identified to be in the under-
doped regimé. For Y123 with z=0.03, T, is suppressed
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FIG. 2. Temperature dependence of the in-plane @aslis re-
sistivity for Lay gsSrp 1:Cl; —,ZNn,0, with z up to 0.04.
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FIG. 3. Resistivities for overdoped material

La, goShh o — ,ZN,04 with z up to 0.04(from bottom to top.

below 2 K and the in-plane resistivity,) is metallic down
to 2 K, while p. remains semiconductinglp./dT<0). The
semiconductingp, and metallicp,, are found to persist
down toT=0.5K when minor superconductivity seen in re-
sistivities below 1.3 K is further suppressed by an applied
magnetic field of 8 T as shown in the inset. It is evident from
Fig. 1 that the effects of Zn doping qn. are very small. At
high temperatures Zn only slightly increases the magnitude
of p.. At low temperatures the semiconductifigdepen-
dence persists, not much affected by Zn doping. As a result,
pc increases divergently 8, is suppressed to near zero at
z=7.. The observeph(T) fits T~ “(a~2) down to ~60
K, but shows weaker, either logarithmic or weak power-law
(T~ * with @~0.5) temperature dependence below 60 K.
The contrasting behavior betwepp, andp,. is also seen
for the Zn-doped single-layer La214 witt=0.15 (Fig. 2).
The evolution ofp,, andp. with Zn doping is basically the
same as that for Y123, though the increasejrwith low-
ering temperature is much weaker, h&T) curve shows an
up shift with Zn doping. For comparison, we show the result
for an overdoped La214 witlx=0.20 in Fig. 3. For this
compound 4%-Zn substitution almost completely destroys
superconductivity, but both,, andp. remain metallic. Thus
the divergent resistivity only in one direction is characteristic
of the underdoped cuprates. This is not a localization phe-
nomenon but an evidence for unconventional charge trans-
port in high-temperature superconduct@kTSC’s), point-
ing toward the charge confinement within the Gutane®
One may point out an experimental result on the intrisi-
cally underdoped Y124 which shows metallic at low
temperature$’ Y124 is perhaps an exceptional system, in
which the in-plane charge transport is dominated by the car-
riers in the double Cu-O chaif&The estimated hole density
is higher in the chains, which together with much fewer dis-
order than the chains in Y123, makes the chain conductivity
higher than the plane conductivity. Actually, a recent experi-
ment of Y124 has demonstrated that either interchain or
chain-plane hopping dominates tb@xis charge transport in
this systent?®
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FIG. 4. c-axis polarized reflectivity spectra in the superconduct- _10 693 7770688
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In the c-axis reflectivity spectrum of the compound 107 107 10° 1
Y1230 65 the Josephson plasma edge is seer4 cm * Pe (Tg) (R cm)

for temperatures well below.. The edge rapidly shifts to
lower frequency with Zn doping and soon goes out of our FIG. 5. c-axis Josephson plasma frequency plotted agdipst
frequency limit forz exceeding 0.01. In order to experimen- for Zn-free Y123 with various oxygen contents and for Zn-doped
tally follows the change of the edge frequency with Zn dop-crystals with oxygen content of 6.75. Also shown is the in-plane
ing, the oxygen content of the crystal has been increased t@asma frequency of the superconducting condensate determined by
6.75 which remains in the underdoped regime and the basie #SR measurements for Zn-doped YBa;Og 65 (Ref. 20. The
features of thes-axis dynamics are not changed. Thexis lower panel illustratesops vs pc(T¢) for various Zn-free and Zn-
reflectivity spectra at the lowest temperature are shown ifoped crystals of Y123 and La214.
Fig. 4 forz=0, 0.01, and 0.02. Faz=0.03 the edge moves
below our experimental limit, but the material goes super-
conducting T.~15K) according to the resistivity and mag- contrasting behavior between in-plane amdxis property
netization measurements. The Sl transition takes plagg at indicates that, while tha,,' vs T, relation is a direct con-
~0.04 for this oxygen content. Essentially the same changsequence of pair-breaking, i.e., a decrease in the superfluid
is observed in the-axis reflectivity spectrum of Zn-doped densityng with z, )\C‘l (or wpg) vs T, reflects a decrease in
La214 withx=0.15. The plasma edge is located at 60 ém the strength of the Josephson coupling between planes. A
for Zn-free compound and shifts to 30 cifor z=0.01, linear scaling between;lzjs andp¢(T,) ! was found for Zn-
quantitatively the same as in Y123g Note that in both  free materials with various hole densitfés? As illustrated
systems the edge remains sharp even for Zn-doped materiala.the lower panel of Fig. 4, it might be possible to infer that
Reduction of the Josephson plasma frequeneys\ with  Zn doping decreases, through the increase in the value
Zn doping is demonstrated in Fig. 5, where unscreened valug(T.). The scaling is reminiscent of the Ambegaokar-
of w,s at T<T, is plotted againsp. at T=T, on the loga-  Baratoff relation for a Josephson-junction arfayhus sug-
rithmic scales.wps is given by the relationw’=e.w)3,  gesting thatw’ is proportional to the critical current density
wés, ande., being the plasma edge frequency and the dielechbetween planes.
tric constant aboves,s. s is related to thec-axis London
penetration depth . by wps=1/2w\ .. Also shown in Fig. 5
are theT; vs wps (~1/\) plots for Zn-free Y123 with vari-
ous oxygen contents as well as thigvs 1A, (A, IS the The optical conductivity spectra.(w) which are ob-
in-plane London length and is inversely proportional to thetained via the Kramers-Kronig transformation of tb@xis
in-plane plasma frequency of the superconducting cajriergeflectivity data are shown in Fig. 6 for the Zn-doped Y123
determined by the muon-spin-resona@8R) measurement Og g3 With z=0, 0.01, and 0.03. The evolution of,(w) with
for Zn-doped Y123 with oxygen content of 6.63The in-  Zn doping is basically the same for Y123 with oxygen con-
plane data follows the well-known universal relationghip tent 6.75. The normal-state spectrum for the Zn-free crystal
betweenT. and \ 4, Tc~)\;b2 [shown by the line denoted shows a pseudogap beldl¥ ~250 K. The pseudogap deep-
by (uSR)]. ens with lowering temperature and continuously transforms
It turns out that bothc-axis and in-plane data roughly into a superconducting gap belol~ 60 K. Suppression of
follow the A~ ! vs T, curves for Zn-free compounds. The conductivity due to the pseudogap and /or the SC gap ex-

C. c-axis pseudogap and superconducting gap
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FIG. 6. Kramers-Kronig transformemdaxis optical conductivity FIG. 7. c-axis optical conductivity spectra af=10K for
spectra at various temperatures for Zn-doped XBgOs 3 With 2 YBa,(Cu,_,Zn,) ;0565 The phonons are removed from the spectra
=0 (Tc=60K), z=0.01 (T;=40K), andz=0.03 (T;<2 K). shown in Fig. 6 except for the broad peak centered around 400

cm L,
tends to 400-500 cnit or higher, but the actual gap edge is
not clear owing to the dramatic redistribution of the phonon In the case of La214 the pseudogap effectpp(il') and
oscillator strengths which takes place beldw and gives o.(w) is relatively weak which may be attributed to the
rise to a broad peak centered around 400 triThese fea- single-layer system or to the stronger fluctuation of stripe
tures are essentially the same as those previously reported byder in La-based cupraté However, the opening of a su-
Homeset al,? although the origin of the 400-ci peak is  perconducting gap is clearly seend(w) below T..* Es-
not understood yet. sentially the same Zn doping effect is seen in the SC gap
From Figs. 6 and 7 where the spectra with phonons respectrum of La214 as illustrated in Fig. 8. No phonon
moved (except for the 400-cmt featurd are shown it is anomaly is discernible for La214, so we subtract the phonons
clear that the Zn doping does not change the basic feature #om the spectra assuming that the phonon contributions do
the low-energy spectrum below150 cm ! where the spec- not change acrosk, . Actually, as shown in Fig. 8, the con-
trum is nearly flat and the conductivity continues to be uni-ductivity difference betweed=40K (just aboveT;) and
formly suppressed due to the pseudogap and SC gap. T=8K for x=0.15 shows a monotonous variation with
Note that thec-axis pseudogap manifests itself even whenexcept for spikelike “noises” near the phonon frequencies.
superconductivity is suppressed. This is consistent with thén view of the almost flair.(w) at T=40K,3 the difference
recent scanning-tunneling spectra of the vortex cores, denspectrum should display the reduced electronic contribution
onstrating that the normal-state pseudogap goes over codue to the opening of a superconducting gap. In Fig. 8 are
tinuously into a true SC gap as one moves across the bordshown theo. spectra with phonons removed for Zn-doped
of the vortex core$® (z=0.01) La214 withx=0.15 at temperature well below
The robustness the low-energy spectrum against Zn dopF.. For x=0.15 the Zn-free crystal shows a clear SC gap
ing is in accord with the result of the dc resistivity shown in feature, which can roughly fit a model calculation based on
Fig. 1 as well as the sharpness of the Josephson plasma edg®e d-wave pairing in the Cu@planes which weakly and
The result is in agreement with the work done by Hauffdiffusively couple along the-axis3%3! Within this model
et al,?® but in contrast to that on Zn-doped Y124 measureds.(w) is directly connected to the in-plane density of states
by Basovet al?’ The difference between Y123 and Y124 and shows a knee at400 cm * corresponding to the maxi-
might again be ascribable to the dominant chain contributiomum 2, of the d wave, A o(coska—coska), gap. The im-
in Y124, purity doping would increase the conductivity over the
The gap structure i (w) for Zn-free crystal is some- whole gap region. However, as in the case of the underdoped
what ambiguous at high frequencies due to the appearance ¥f.23 most of the Zn-induced spectral weight is located in
a broad peak centered around 400 ¢rhZn radically sup-  the high-energy gap region, and the spectrum bete¥60
presses this anomaly as recently reported by Hat#l,”®  cm™tis not appreciably affected.
which makes the high-frequency gap structure legible. The The observed Zn-induced change in the SC dap
comparison betweern=0.01 and 0.02 and the spectra with pseudogap spectrum is not anticipated by the theoretical
phonons removehot shown indicate that the effect of Zn calculationd®®! based on a Fermi-liquid picture assuming
is apparent only at frequencies abov&50 cm t. interlayer diffusion model for an impuréd-wave layered su-
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perconductor. This model predicts a uniform increase of the
c-axis conductivity over the gap region, leading to a decrease
in the c-axis dc resistivity as a result of impurity-assisted
interlayer charge hoppiry.
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It is worthwhile to compare the presesyaxis results with
the Zn-doping effects on the in-plane charge dynarffics.
In contrast to thec-axis dynamics, Zn seriously affects the
low-energy in-plane dynamics. In the normal state Zn acts as
an elastic potential scatterer in the unitarity lifhigjving rise
to a large residual resistivity as well as deforming the Drude-
like peak in the in-plane optical conductivity spectrum. Ba-
sovet al®® reported that the Drude peakat=0 in the pure
Y124 crystal changes into a peak positioned at finite fre-
guency in Zn-doped crystals. In the SC state, they showed
that Zn produces residual conductivities in the SC gap region
of the in-plane optical spectrum, filling in the entire gap
down to w—0. This results in a radical reduction i as FIG. 8. (a) Difference conductivity spectrum between(w) at
observed byuSR2%** which is connected to the rapid sup- T=40K (normal state, dashed cuivendo(w) at T=8 K (super-
pression ofT.. Therefore the in-plane charge dynamics isconducting state, dot-dashed curfer La, gsSr, 1:CuQ;. (b) Elec-
influenced by Zn doping over a wide energy range from tronic contribution to thec-axis conductivitya®'(w) in the super-
=0 to energy comparable to the width of theaxis conducting state =8 K) for Lay gsSfy 14Cty —,ZNn,0, with z=0
pseudogap and/or SC gap. and 0.01. The thick dashed curves are theave model calcula-
As mentioned earlier, the measurement<$3fu Tl—l for  tions after Ref. 30 with 3,=370cm* for La214 with x=0.15.
Zn doped Y123 and Y124 show that the peak soon disapThe impuriFy effect(in_the unitarity limit) on oc(w) ex_pec?ed from
pears upon Zn dopin?;.On the other hand, the neutron in- the model in Ref. 30 is shown by the thin dashed line in the lower
elastic scattering has revealed that the gap persists against PAe!
doping®** The ®3Cu NMRT; * has large contribution from
the spin fluctuations near the antiferromagnéfé) wave cause ofd-wave symmetry the gap, either spin gap or
vector (m,m) in the unit of the reciprocal-lattice constafit. pseudogap arising from pairing fluctuations, most strongly
As the spin gap has thd-wave symmetry, the gap node affects the electrons near the hot spot, and hence the contri-
exists for momentum parallel tor,7), and the gap magni- bution to the in-plane resistivity, as experimentally observed
tude is maximum af,0). The NMR and neutron results by a downturn from linear ifil behavior belowT* .16 As-
suggest that Zn affects the spin fluctuations selectively asuming again that Zn has minor effect on the hot ot
momenta neafm, ) (for instance, Zn might widen the gap- spin fluctuations at,0)], the basicT dependence op,p,
node regiof), while the effect on the spin gap ndar, 0)is  Would not change with Zn gopirﬂgconsistent with the ob-
relatively weak(Zn may slightly decrease the gap magni- Sérvation by Mizuhashet al. _ _
tude. In relation to thec-ax_|s pseudqgap, we briefly .conS|der
In connection with this, the unique Zn-doping effect on the phonon anomaly which is easily suppressed with Zn dop-
the c-axis dynamics may result from momentum-dependenind- The anomaly is observed around 400 ¢mwhich is
interplane hopping. Suppose that the interplane hopigg ( quental_ly near the maximumA, at (s, 0) of the Q—wave
has larger contribution from quasiparticles aroumg0), as  @nisotropic gap. Thus one may speculate some kind of reso-
the band-structure calculations yield for bilayer cuprites nance taking place between optical phonons and electronic
such that .~ (cosk,a—cosk,a)?. Also, assuming that Zn has 9ap excitations near&,. As we have shown, the Zn-doping
weaker effect on these quasiparticles, thenctaaxis charge ~ €ffect is prominent in the high-frequency gap region, smear-
dynamics would sensitively respond to the pseudogap whicHd or shifting the structure at400 cm * in o(w). On the
max|ma||y opens aroundﬂ-,o) and be affected On'y Weak'y other hand, Haufket a|.26 have Suggested a Correspondence
by Zn doping. Furthermore, owing to dominant contribution With the collapse of a peak in thedependence of NMR';
to o from near(w,0), one may expect a considerably wide by Zn doping which signals the change of spin fluctuations
flat region in the gappedr.(w) spectrum as well as the near(,m). At present the origin of _the 400 _crﬁanomaly is
robustness of the flat region against Zn doping. not fully understood. The detaﬂgd mformatlon of ;he phonon
Similar arguments have already been applied to the indispersions from neutron experiments is not available for the
plane dynamics in terms of “hot spof® or “cold spot”3®  underdoped Y123.
invoking strongly momentum-dependent scattering of elec-
trons. The hot spot is a small region on the Fermi surface
near(,0) where the carriers suffur unusually strong scatter- Moving to the superconducting state, the decrease of the
ing, e.g., from the antiferromagnetic spin fluctuations. Be-plasma frequency,s, €.g., atT=8 K, appears to be ex-

400
w {cm™)

B. Zn-doping effect on the superconducting condensate
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plained by relating it to the decrease in the missing area ofjuantitative test of the ILT model is difficult due to the un-
the spectrum between the normdl=T.) and the SC T  certainties involved in extracting, from the measured spe-
=8 K) states as normally done for conventional superconceific heat, a decrease B, with Zn doping is obvious. If one
ductors, assumes the scaling &, to T2, then a linear relation be-
" tweenwps and T would result, in good agreement with the
wgs/ng c[ag‘(w,T=Tc)—a§(w,T:8 K)]dw, (1)  result for Zn-doped Y123 shown in Fig. 5. As long as the
0 Zn-doping effect is concerned, the ILT model appears to fit

wherew, is a cutoff frequency, normally (24) times the bett_er_ the change obys. However, th_e en_wpirical_ relation,
gap width, and the superfixéé and S indicate the normal reminiscent of Ambegackar-Baratoff, is still applicable to a

and SC state, respectively. The results in Figs. 6 and 8 indi¥ide class of highF. cuprates and remains to be explained.
cate that for both Zn-free and Zn-doped materials a major
contribution to this integral comes from the missing area

below ~150 cm ! due to the opening of a SC ga,(w) in V. SUMMARY
this frequency region is nearly flat both Bt and 8 K due to
the pseudogap and SC gap effect, andw) at T=8K is We have investigated the Zn-doping effect on thaxis

not much influenced by Zn doping. Hence the integral ischarge dynamics of the prototypical high-cuprates in the
approximated by the area of a rectangular with the height ofinderdoped regime. It is found that the semiconducting tem-
o(T=Tc) and the width of~150 cmi*. The value of perature dependence pf, characteristic of the underdoped
oo(w, T=T,) is nearly identical tgp; * in the flat region, so  cuprates, persists at low temperatures whigis suppressed
the missing area decreases @s'(T.) increases with Zn by Zn. This arises from the robustness of pseudogap in the
content. If one equates it tmﬁs, then wf)s roughly scales c-axis optical conductivity spectrum in the presence of Zn
with p_ *(T,) in qualitative agreement with the experimental impurities. Thus the pseudogap is stable even when the su-
result. perconducting state is inhibited, and can exist without super-
However, we have seen in Fig. 1 that for 60 K Y123 conductivity. It is anomalous that Zn does nothing to the
pe {(T)~T %% at low temperatures. From this the relation c-axis charge transport, it neither assists nor disturbs the
wss~p;1(Tc)~T;°'5 results which does not reproduce the charges to hop between Cu@lanes.
observed relationw,s~ T, displayed in Fig. 5. Quantita- Although the result on underdoped Y123 is different from
tively, the rigorous estimate of the missing area is subject tehat reported for a related bilayer systems, Y124, it is quali-
large uncertainty due to the phonon anomaly centered aroungtively the same as that for a single-layer La214. In view of
400 cmi* in the case of underdoped Y123 and to the presthe not extremely large anisotropy in the present two systems
ence of gigantic phonon mode a250 cnm* in La214. and minor contribution from the chains in Y123, the present
A rigorous form of the conductivity sum rule should in- yesults would be generic to theaxis charge dynamics of
clude the integraINIike Eqcl), but the norma'!l-sate conduc- {TSC. From these, it can be concluded that the low-energy
tiviy should be o¢(w, T=8K), instead ofoc(w, T=Tc).  c.axis charge dynamics is not affected by Zn doping. This, in
Equation(1) is based upon an |mpI|C|t.assqmpt|on that theturn, gives a credit to the insight that the divergpptas T
normal stateo¢(w,T) would be almost identical toc(w, T _ 5" \yhile pap femains metallic, is an intrinsic property,
=Tc) atanyT belowT, . Alternatively, Eq.(1) assumes that o ijencing the charge confinement and thus the unconven-

mewdt\a/v?lopm\?vnt kc:fvthed priel:]d(t)rg?p d s#drdentlﬁ]/ Saoeﬁcalt ¢ %ional electronic state of higfiiz cuprates.
OWEVer, as we have demonstrated nere, In€ norma-state |, y,q superconducting state the predominant effect of Zn

conductivity in the lowe region continues to decrease when oping is to decrease the superfluid density in the £uO

super-conduct|y|ty s suppressed by Zn dopmgﬁ, aN%lane, which leads to a reduction T . The decrease of the
oN(w, T=8K) is close too (w,T=8 K) below 150 cm? : JeviEast Ul

cr . . cr - ' Josephson plasma frequency with Zn doping is indicative of
Hence the integral in Ed1) would be significantly smaller 5 yecrease in the Josephson coupling between planes and
than thec-axis weight of the condensate-(v,48). Ander-  gnnears 10 be connected with the continuous increase of
son arg_ue_d t.hgt, while hopplng of single electrpns betweeBC(Tc) asT, is reduced. The Zn doping effect on tbaxis
planes is inhibited due to “confinement,” tunneling of pairs charge dynamics is in contrast to that on the in-plane charge
is allowed and the formation of pairs results in a gain of5. spin dynamics in which the effect is weighted toward
kinetic energy which stabilizes the superconducting state a”ﬁ!)w-energy region down t@=0. The result is suggestive of

explains the discrepancy between thexis spectral weight  ,omentum dependent interplane hopping and lifetime of the
of the condensate and the missing area in the conducffity. quasiparticles.

In this interlayer tunnelindILT) model thec-axis spectral
weight of condensate is related to the change incdaeis
kinetic energy between normal and superconducting state,
i.e., the condensation energy or Josephson coupling energy
Eo,
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