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We have performed transverse-field muon spin relaxation measurements of the Zn-substituted cuprate
high-T. superconductors: La,Sr,(Cu;—,Zn,)Os and YBa(Cu,-,Zn,);O0s6;. The superconducting
carrier densityeffective mass:;/m* ratio atT — 0 decreases with increasing Zn concentration, in a
manner consistent with our “swiss cheese” model in which charge carriers within aﬁrafgaaround
each Zn are excluded from the superfluid. We discuss this result in the context of Bose condensation,
pair localization, and pair breaking. [S0031-9007(96)02011-X]

PACS numbers: 74.62.Dh, 76.75.+i

Zn substitution for Cu in the higlz cuprates Transverse field muon spin relaxation (JFSR) is a
dramatically suppresses superconductivity. In botipowerful method for studying type-Il superconductors.
La,—,Sr(Cu—,Zn, )04 (La-214) and YBa(Cuj—, X The muon spin relaxation rate is related to the mag-
Zn,)306+, (Y-123) compounds, an impurity concentra- netic field penetration depth, and consequently te, /m*
tion y of 2—3 at. % (per Cu) reducek. to half or less (superconducting carrier density/effective mass)gas
the value for unsubstituted systems over a wide regiom 2 « n,/m* [10]. Note thatn,/m* represents a charac-
of hole doping levelx [1-3]. In Y-123 which has both teristic energy scale of superconducting carriers [11]. In
CuG, planes and CuO chains, divalent Zn or Ni atomsY-123, La-214, and many other cuprate superconductors,
are believed to selectively substitute the planar Cu sitewe have found “universal correlations” betwe&pn and
[4] without changing the charge doping. In a lattice of o(T — 0) o« n,/m*: T, increases linearly withi;/m*
antiferromagnetically coupled Cu moments, nonmagnetievith increasing carrier doping in the underdoped region,
Zn** ions may cause an effect similar to that of magnetichen shows saturation in the optimufp-region [10,11].
impurities in nonmagnetic environment. NMR studies ofIn the overdoped TI-2201 systems, b@thandn,/m* de-
spin susceptibility in Zn-substituted Y-123 (Y-123:Zn) creasewith increasing hole doping [12,13], bringing the
systems have shown that Zn induces localized momentsajectory in therl,. versuso plot back to the origin. Com-
on neighboring copper ions [4,5]. In the phase diagram abining (1) the pseudo gap behavior which suggests forma-
a function of hole doping in Y-123 [2,4], Zn substitution tion of preformed pairs abové&. and (2) the universal
reduces the superconducting region, while enlarging theorrelations in the underdoped and optimum region, one
region with a spin-glass-like disordered-magnetic groundtan develop a model for high- cuprates in terms of evo-
state between the antiferromagnetic and superconductirigtion from Bose-Einstein to BCS condensation [14].
regimes. In this paper we report SR measurements of the Zn-

Investigations of the suppression of superconductivitysubstituted Y-123 € + x = 6.63) and La-214 systems
in Zn-substituted cuprates may illuminate the mechanisméc = 0.15 and 0.2). We study the variation af /m™ (in
of high-T. superconductivity. So far, models for Zn- addition to that ofT.) as a function of Zn concentration
substituted cuprates have focused on the effects of mag- and compare with various theoretical models for the
netic and potential pair-breaking scattering on fheof  suppression of superconductivity. In particular, we have
d-wave superconductors [6—8]. However, these theoriefound that the reduction ofi,/m* with increasingy
fall somewhat short in explaining observed results. Theoccurs in a manner consistent with a model in which
T. reduction in irradiated samples of Y-123 is fit by the charge carriers in the region af&2, (£. is the in-
pair-breaking theory only if the pair-breaking scatteringplane coherence length) around each Zn impurity on the
rate is + of the transport scattering rate [9]. The sameCuQ;, planes are excluded from the superconductivity.
situation exists for Zn-substituted systems, as we shall s@ur preliminary results for La-214:Zn were presented
later. Recently, Fukuzumét al.[3] found that thea-b  recently [15].
plane sheet resistance approaches a universal 2D sheeRecently Bernharat al. [16] reporteduSR studies in
resistance:/4e> when superconductivity disappears with Y-123:Zn and an overdoped La-214:Zn. Their experi-
increasing Zn concentration in originally underdoped Y-mental data are qualitatively consistent with the results
123 and La-214 systems. This observation suggests thit the present paper. Treating impurity concentraticas
the suppression df. may be related to the localization of an implicit parameter, they interpreted their results to be
paired electrons. consistent with a pair-breaking model in the unitary limit.
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In this paper we show that the pair-breaking model is inseries. Zn substitution markedly reduce&” — 0) by a
sufficient to account for the dependencelpf(andn,) on  factor of% for y = 0.005. Similar results are obtained
the planer Zn concentration. in the La-214 ¢ = 0.20) series. The X = 0.15,y =

In transverse external magnetic fields(H.; < H < 0.01) sample exhibits weak static magnetic order below
H.), the depolarization rate- of the TFuSR signal in 5 K. This magnetism is manifested as a divergence
type-Il superconductors is proportional to the widtif  of o(T) below 5 K and was confirmed by zero-field
of the field distribution in the sample, leading to (ZF) SR measurements. ZESR on the La-214x( =

0.20,y = 0.01), (x = 0.15,y = 0.005), and Y-123 ( =

o % AH « \72 = (4mne’/m*c)[1/(1 + £/D]. (1) 0.01) samples reveals no indications of static magnetic
order down ta@.5 K.

To estimateé,, /! in our specimens, we assumed the
density of states for a two-dimensional Fermi gas, the

) - /5 Sommerfeld parameter derived from specific heat mea-
constant of proportionality betweem and A™* depends g, rements [18] and the scattering timeinferred from

on the symmetry and regularity of the flux lattice, which resistivity measurements [3], and obtainge= 52, 59,

we assume to be independent of the system in thiand 101 A for the La-214x(= 0.15,y = 0.01), (x =
paper. For ceramic samples of highly anisotropic cupratg 5, y = 001), and Y-123 6 + x _ 6.63,y Z 0.01)
superconductors, the angular average of the penetratiQspectively. These lengths increase with decreasing
depth is dominated by the-b plane valuesi,;, thus y. He =635T for La-214 @ = 0.15) was derived
reflecting the in-plane effective mass,, and coherence o conductivity measurements on Zn-free crystals [19],

length £.,. Assuming the same angular averaging foryherery — 61 T completely suppressed the superconduc-
different specimensg (T — 0) can be used to study tivity at /T, = 0.04. This givesé,, = 22.7 A for La-

system dependence of the ground state values bfi),. 214. Assuming an empirical trerfd,,(T = 0) = T,, we

The temperature at whichr rises significantly above its estimatet,, = 18.3 A for the underdoped Y-123. Hence
T > T, value marks the onset of superconductivity. these sanﬁples fall near the clean limit.

The samples were prepared by a standard solid-state re-, Fig. 2 we plot 7, versuso(T — 0) for the Zn-

action described elsewhere [17]. ThSR measurements substituted series, without corrections fg/l, along
were performed at the M15 and M20 surface muon changiih the data for other pure samples of La-214, Y-

nels at TRIUMF. Most of the data points were taken123, and the overdoped TI-2201 systems. The La-
using a standard Janis gas-flow cryostat (a IoWimit of 514 ngints which start on the overdoped branch move
2.2 K), with the samples mounted on pressed rust powdp,yard the “universal” underdoped line, while the Y-

to minimize backgrounds. The measured asymmétry 153 points which start out on the universal line shift
was fit to a phenomenological form along the line toward the origin. Thus the trajectory in

Fig. 2 for Zn-substituted systems follows the behavior of
pure systems with varying carrier doping. These results
strongly suggest that, regardless of charge or impurity

In clean-limit superconductors whose mean free fath
is sufficiently longer than the coherence length one
obtains a simple relationship- =« A™2 « n,/m*. The

A(t) = Agexp(—a?t*/2) codwt + ), (2)

whereA, is the initial asymmetry of the decaying muons,
and w is the modal frequency in the sample. This form

is appropriate for the line shape in a ceramic sample, 100 ' ' '
where the typical Abrikosov lattice line shape has been off —-@x000
broadened into a Gaussian-like peak around 80 o o b :
In Fig. 1 we show the temperature dependencerof [
for the La-214 ¢ = 0.15) and Y-123 6 + x = 6.63) 6 | 123 A ]
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o FIG. 2. A plot of the muon spin relaxation raie(T — 0)
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Temperature (K) Temperature (K) versusT, for Zn-substituted (closed symbols; including=

reference samples) and pure (open symbols) La-214 and Y-
FIG. 1. (a) The TFuSR relaxation rater as a function of 123 systems. The solid line is the “universal” line for the
temperature for the La-214x (= 0.15) series, and (b) for the underdoped cuprates found in [10]. Also included are the
Y-123 (6 + x = 6.63) series. results for overdoped TI-2201 systems [12].
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doping, it is the parameter,/m™ that determined. of  different trajectories of’./T. ur lines for these two La-
the La-214 and Y-123 systems. 214 series when plotted versys, (Fig. 3 of Ref. [3]),

To study the dependence ef,/m* and T. on Zn although they show impressively similar behavior when
concentration, it is important to plot the results againsiplotted versug,;, in Fig. 3(b).
the planar Zn concentration,,. For Y-123, y,, is To account for the reduction of;/m™ with increasing
1.5 times larger thany [3,4]. Figure 3 shows such y,,, we propose a “swiss cheese” model in which charge
plots in a reduced scale relative to the values in thearriers in a given area around each Zn impurity are ex-
unsubstituted pure systems. The results for the tweluded from superconductivity. There are several obser-
La-214 series are nearly identical, in bothe« n;/m*  vations which suggest that the electronic structure on the
[Fig. 3(a)] andT. [Fig. 3(b)], for all of the measured,, = CuO, plane involves such a separation of normal and su-
values. Similar trends have been seen in measurementspérconducting regions in real space. They include: (1)
the superconducting plasma edge [20] in ¢kexis optical  the T-linear component of the specific heat remains finite
reflectivity. The reduction of,/m* [Fig. 3(a)] for Y-123 at T — 0 in Zn-substituted systems, and the residyal
occurs more slowly than for La-214 with increasing . increases with increasing [21], suggesting an increas-

In Fig. 3(b) theT./T..pure points for all the three series ing ungapped volume fraction even beldly; and (2)
follow an approximately common line. This feature is NMR results [4,5] show that the nearest neighbor Cu sites
consistent with the results of Fukuzurnet al. [3], who  around Zn impurity carry localized moments with a spin
found that7,/T..,u for underdoped cuprate systems,susceptibility different from that of other bulk Cu atoms
plotted against the residua-b plane resistivity p,,, inthe CuQ planes.
follows a universal line. Since,, = y./n [3] in the Let us assume that the superconducting wave function
unitary scattering limit, and the transport carrier densityis forced to zero at the edge of each Zn impurity.
n (per planar Cu) for the underdoped Y-123 is aboutSuperconductivity recovers at a radigg,, similar to the
the same as that of La-214 with = 0.15, T./Tc.pure response outside a flux vortex. In our model, each Zn
for these two series follows the same behavior whetheremoves the carriers in a regiomfﬁb from n;. The
plotted againsty,;, or p,,. Regarding the normal-state remaining superconducting region resembles a slice of
charge transport, Fukuzundgt al.[3] found n ~ x for  swiss cheese. At first, decreases linearly with,;,, but
La-214 ( = 0.15) and» ~ (1 — x) in overdoped La- then tends to saturate as the Zn-affected areas overlap at
214 (x = 0.2) systems. This difference caused markedlylargery,,. Analytically, this is given as

(a) ' ' i ns(.))ab)/ns(o) = Hle‘/plal‘e[l - ,B/(Vplane - iaz)]» (3)
1.0 —— Swiss Cheese
- 123 pb
0.8 ™ R Eb . whereB = w &2, /a? is the number of lattice sites where
5 0.6 | i the superconductivity is suppressed,is the a- or b-
Q Py axis lattice constant, antl, .. is the number of lattice
o 0.4 1 1237 sites in a plane. The solid lines in Fig. 3(a) show
0.2 214 the calculated results for La-214 series with;, =
0.0 . . - 18.3 A (we assumed thaf,, is approximately the same
. ous ;_15 for x = 0.15 and 0.2), and underdoped Y-123 series
1.0 * 2W Sr 0.20 T with &, = 22.7 A. These two lines, calculated without
, 0.8 ® 1230665 ] any adjustable fitting parameter, agree well with the
2 0.6 | experimental results. This calculation, however, should
= d still be regarded as approximate, since we did not include
D 0.4 ] the possible change @&f,, with increasingy.;,.
02 } oS Figure 3 also shows predictions from pair-breaking the-
N21 . . -
0.0 b - ories for d-wave superconductors. Sun and Maki [8]
0.0 0.5 1.0 15 calculated the behavior of; and T, for a d-wave su-
Planar Zn Concentration y perconductor as a function of the scattering rate=
(% per Cu site n;/mN(0) where n; is the impurity concentration and

FIG. 3. The dependence of (a) the relaxation ratef’ — N(0) the normal-sta}te d'ensity of states at the Fermi Ie\{el.
0) « n,/m* and (b)T. of La-214 & = 0.15, 0.20) and Y-123  The broken lines in Fig. 3 represent their results with
(6 + x = 6.63) on the concentratiory,, of Zn on the Cu@  N(0) obtained from specific heat results [18]. Radtke
planes. In both (a) and (b), the vertical axis is normalized byet al. [6] also calculated the variation df, as a func-
the values for pure ¥, = 0) systems. The solid lines in (&) tion of the residuab-b plane resistivityp,,: They found

show the prediction of the swiss cheese model. The broke tT /T foll imatel . | beh
lines in (a) and (b) show the prediction of the pair-breaking"'& ¢/ Te:pure follows an approximately universal behav-

model of Sun and Maki [8], and the shaded area in (b) ofior for systems with varioug,.. if plotted against a pa-
Radtkeet al. [6]. rametera « papn/Tepue. Since the underdoped Y-123
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system and th@. = 90 K Y-123 system have approxi- the difference between various theoretical models with the
mately the same,/T..,u, We replot their results for the explicit y,, dependence in Fig. 3.
latter so as to represent the results for the underdoped Y- We acknowledge financial support from NSF (DMR-
123 system, drawn as the shaded region in Fig. 3(b). BotB5-10453, 10454) and NEDO (International Joint Re-
of these pair-breaking estimates predict dependences séarch Grant).
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those observed. Similar disagreement is apparent in the
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