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ABSTRACT

The experimental results are presented Zn sutigtitin copper oxide superconductors has a strofigeince on
the critical temperature.Tand offers an opportunity to characterize the Hiigsuperconducting state. Most experimental
and theoretical studies have been conducted tondigie or explain the Jdepression as a function of Zn content. In this
paper we show the results of resistivity measurdésnen the single crystals of Zn-substituted XBx07-, (Y123) and
La,«SrCuQ, (La214) with different levels of hole doping. HoletZn-induced residual resistivity varies with hdénsity
and establish the depairing relation betwegmid the two-dimensional resistance which wouldesas a constraint for
various theoretical models. It is highlighted t&at probe a remarkable difference in the electratite between under

doped and over doped superconducting regime.
KEYWORDS: Transport Properties, Effect of Crustal Defect, Dgmnd Substitution
INTRODUCTION

Zn substitution in copper oxide superconductossdatrong influence on the critical temperatyrarnd offers an
opportunity to characterize the high-T, supercotidgcstate. Since a small concentration of Zn intfmg introduced into
the CuQ plane produces a significant change in the lowggnepin fluctuation as evidenced by the NMR (1a2d

neutron scattering (3,4) experiments.

Compared with the magnetic studies mless efforts have been devoted to the study of Zn-substitigitect on
the charge dynamics in the doped Gu@anes. Most experimental and theoretical stutli@ge been conducted to
determine of explain the @epression as a function of Zn content. Zn in th®{plane is itself a non-magnetic impurity

with a closed d shell and is expected to be stpmigntial scatterer for charge carriers.

In this paper we shoe the results of resistivitgasurements on the single crystals of Zn of sulbstt
YBLCu:07-y (Y123) and La,SrCuQ,(La214) with different levels of hole doping. Wenalenstrate how the Zn-induced
residual resistivity varies with hole density amstablish the depairing relation betweep and the two-dimensional
resistance which would serve as a constraint foloua theoretical models. It is highlighted that giobe a remarkable

difference in the electronic state between undpedand over doped superconducting regime.
CRYSTAL GROWTH AND CHARACTERIZATION

Single crystals of Zn doped Y123 were grown by eB&D self-flux method using an,®; crucible to avoid

contamination from the crucible. This is crucial fbe present experiments. As we are concernedtidttzn doping level
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of 1%. The oxygen concentration was controlled byealing the crystals at 66@ for 12 hours in a sealed quartz tube
together with Y123 powders which had a prescribgggen concentration. Then we cooled them slowlyptomote
oxygen ordering and to ascertain the same oxygeaoertration as that of the powders. The crystadsvgrand annealed
by these processes have high quality and homogenkith are evidence by a sharp superconductingsitian as well as
by the lowest normal-state resistivity’'s among ao reported values, and thus allow for a systenmtid quantitative
study. We cheeked the sample dependenpg, afsing several crystals grown and annealed ataime sime. The variation
of T, among different crystals was within 1 k and thigbgwas within 5%. A rather sharp superconducting fteomseven
for Zn-doped crystals and systematic increase énrtbrmal-state resistivity’s with z as shown belprvide further

evidence for homogeneous distribution of Zn.
In Plane and Out-of-Plane Resistivity

The temperature dependence of the resispiyi/shown in figure. for y=0.37 and 0.07 of Y123wi#n content
ranging up to z = 0.04. The compound with y = 0.888ws Zn substitution effects typical of underdbpeprates. The
effects of Zn-substitution are two-fold: (i) Fapidly reduced and the superconductivity disappesr Zc~0.03.

(i) A T-independent component, (residual resistivity) adds to the T-dependenistegty. No-tably the y = 0.37
compound becomes insulating when the supercondiyciev destroyed and a superconductor-insulato) {insition
occurs atpeo~ 40QuQ cm (we have got a crystal with Z&-03 which is incidentally very close to the catigoint).
This value corresponds to the two-dimensional (&8)stance ~ 6.8Ckper cuQ plane (not per bilayer) and is close to the
universal valué\/4€~6.5 kQwhich is predicted to separated superconductingimswdating behavior at T = 0 in 2D (8,9).

This also the case with the0.15 compound of la 214 as shown in figure 2.

The overdoped superconducting compound shows guitentrasting behavior. As demonstrated~fer 0.20 of
La214, the material remains metallic even afterghperconductivity disappears for z > 0.03. The ¥AR3 (y = 0.07)
would behave in the same manner, when more Zn dmiidtroduced, judging from considerably smalideal resistivity
as compared with the 60K-Y123 (y = 0.37).

A notable fact in Figure 1 is that the Zn dopimglices a T-independent term pg, without changing the
T —dependent term. This is the case also with fakygenated Y123 as shown in the insert of Figuferldetwinned
single crystals with z= 0 and 0.02 in which Zn doesaffect the T-linear term j»,. Particularly, in the case of the oxygen
reduced compound, even for the z = 0.04 where sapductivity disappears, the feature, i(T) around a characteristic
temperature Tremains, although the carriers tend to localizew&0 K. The results demonstrate that the Zn dppioes
not affect the characteristic temperaturénp.,which indicates the temperature below which the sgip starts to open
(10, 11). Thus we may conclude that Zn doping iases the elastic scattering rate without much émiting the inelastic

scattering process.
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Figure 1: The Temperature Dependence of the In-Plane Resistivitgf Zn-Substituted
YBa CuzO7. with y = 0.37 (Solid Curves) and y = 0.0M@shed Curve)

Figure 2: In-Plane Resistivityfor Zn-Substituted La,-ySr, CuO, with = 0.15 and0.20

We show in Figure3 the temperature dependencep. for the oxygen reduced crystewith and without Zn
doping. The relationship between the interplanegdhdransport and the spin gap formation has rgceeen suggeste
for underdoped Y123 (12, L3t is shown that a crossoverp (T) from metallic T dependence (at high temgures) to
nonmetallic one take pia at temperature neT,in this regard, the semiconductipg(T) is moresensitive to the opening
or otherwise of a pseudogdpis remarkable that both magnitude ar- dependence gf, do not change with z- doping,

providing another evidender the persistence of the spin gap in the Zn daqmedpounds

Universal T, Depression

Figure 4 illustrates how the -plane resistivity varies with changing oxygen contbetween 6.68 and 6.!
measured for a Zn-and a Xitbstituted Y123 crystal with z= 0.02 in comparisath the variation opg, for Zn-free Y 123
(dashed curves). One repozes that the magnitude of the residual restgtiig fairly large in the und doped regime
(y< 6.83) and is much reduced for higher oxygent&ms. Using the results in lures1, 2 and 4, the varies of T
normalized to the value Jfor Znfree compound are plotted in lure 5 against 2DPesidual resistivity for the two syste
La214 and Y123 Figure 5 display another asof the universal Jdepression in the unddoped cuprates. Irrespective
material and doped hole density dieea for the under doped cuprates are near alpaaking curve which points towa
the universal 2D resistand#4€’ as 1.—0. The universal Tdepressioris reminiscent of the universal linear relat
between T andn/m (the superconducting carrier density divided by ¢ffective mass) discovered by Uemura et al
most of the known highi; cuprates in the unc doped regime (14).

By Contrast, the results for the o doped cuprates show much steepgp,icharacteristic which apparently
depend on the material and the dopant concentr For comparisona theoretical estimate (15) assuming nor
impurities in a dwave superconductor mapped on Figure 5. Actually the theoreticaive is near the data for 90 1

Y123 but it is not clear if the santkeoretice estimate can fit the universal-g, Y123characteristic in the under doped
regime.
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Figure 3: Temperature Dependence of the Out-Of-Plam Resistivity
for the Crystals with z =0, 0.01 and 0.02 (y 6.37)
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Figure 4: The Temperature Dependence of the In-PlanResistivity of YB,, (Cu;-,Zn;) 3 Oz
and YB& (Cus-,M,); O7., with z = 0.02 for Various Oxygen Contents betweed.68
and 6.93 (from Tdp Bottom). The Data for z = 0 Crystals are Showby the Dashed Curves

Figure 5: Normalized Critical Temperature TJ/T, Plotted as a Function of the In-Plane Residual
Resistivity (Per Cu@Plane) due to Zn (Ni) Impurities in Y 123 and La24. Theoretical
Estimates by Radtke et al. for a @ave Superconductor with Non-Magnetic Impurities
are in the Region between the Dash€drves. The Solid Curve is a Guide for the Eyes

DISCUSSIONS

A possible explanation for this contrasting bebawiould be that the over doped material is a tuliegensional
(3D) superconductor. Certainly, it is a generahdr¢hat the magnitude of the anisotropic resistiyit/p.,) is decreased
with increase of dopant concentration (5, 16). Heevethe recent c-axis optical and transport stuay demonstrated that
the normal-state charge dynamics in the over dopgidne is not strictly 3D and that a truly 3D st&teealized in the over
doped non-superconducting region (17). An altemeagixplanation in the non-universal behavior indkier doped regime
may result from a phase separated state, thatrierraal metallic phase may coexist in the over dogpeperconducting
compound. Imagine that a normal fluid in which #tectrons are not easily localized due to Zn intmgiforms a parallel

circuit with super fluid which readily lose supencluctivity and become insulating for Zn-substitatiat z = 0.02.
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Then, the superconductivity would disappear atstasce appreciably smaller thame? and the material would keep
metallicity. There is no direct evidence for suttage separation in the over doped cuprates.

Turning to the Zn-substitution effect in the notnstate, the residual resistivity determined frome thearly
parallel shift of the (T) curves and/or from the zero temperature imerof the T-linear part gfis plotted as a function
of Zn content in Figure 6. In every caseincrease linearly with z but the rale,/dz for the underdoped materials is about
4 times faster than that for the over doped oneloWwing the analysis made by Chien et. al. (6§ thsistivity arising
from s-wave impurity scattering in two dimensioapé=4 (h/€)n/n) sirf &,
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Figure 6: Variation of the Residual Resistivity witt Zn Content in YBa,Cuz0-.,= 0.37
and 0.07 and in (La- ,srycuo,). With x = 0.15 and 0.20. The Soild (Dashed)
Line Indicate the Unitarity Limit with Carrier Dens ity n=x (n=1-,)
Whereni is the impurity concentration ardg is the s-wave phase shift. The straight line inheealumn is the
value in the unitarity limitd, -/2) with the carrier density=x doped hole density per Cu (2). For Y 123 we asstinain

=~ 0.23 fory =0.07 and = ,~ 0.14 for y = 0.37 (21, 22) and that Zn atomssattestituted only on the plane Cu (2) sites
such thahi = 3/2 z (1,2).

It turns out that the experimental valuegoffor the under doped materials are close to (on déager than) the
unitarity limit with n =x. The carrier density in the under doped regime ghtuls be identified with the density of doped
hole number. The residual resistivity for the odeped materials becomes substantially smaller tharunitarity limit
(n =x) but is near the uniarity limit with n = 1x-Then, the decreag® is either from decrease &gorfrom increase im

toward the overdoping limit whereis identified with 1 x as in the usual Fermi liquid. The result showniguFe 7.

Finally, we discuss the Zn-doping effect on thensport properties in relation with the magnetioperties
investigated for Zn doped Y 123 and Y 124 and Y .18MR studies have presented quite significant ltesaf the
Zn- doping effect on spin dynamics. For Y123 an®¥ Which are in the under doped regime,T(T" of Cw, proportional
to the susceptibility €(Q w ~O) with Q = £, n) representing antiferro magnetic (AF) wave-vestioows a Curie-Weiss
like T dependence at high temperatures. As temprergpes down. ¢T) * is reduced relative to the Curie Weiss behavior

below a temperature indicating spin gap formatiod as a result form a peak well aboveUpon Zn doping the peak of
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(T.T) tis washed out and (T) ™ continues to increase ith lowering temperaturd.(24is result seems in to indicate that
the spin gap at Q =i(n) disappears. The sensitiveness aff{T* to Zn doping is in sharp contrast to fhdependences of
pan (T) and p, (T). In particular p, (T) which is expectedhave a more intimate connection with the sgp, ghows no
significant change with Zn doping. This fact maglicate that the spin gap @t Q has no direct connection to the charge

transport.
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Figure 7: Variation of the Residual 2D Resistivity(per 1%2Zn) with Doped Hole Density in Y123 and La24

As evidenced by the recent NMR experiment (2Znampurity effects the Cu (2) sites only in it€iiity and it
does not change the global feature of the spindusgap. We may conclude that the charge transgartahconnection

with the global feature in the spin fluctuationghie momentum space, not nith a particular spin gap ag = Q (27).

The effect of Zn doping does not change the medture in the high temperature region. A differebeeomes
apparent only in the low temperature region, wizecearie term in % due to local magnetic develops progressively &ith
The induced moment is estimated to be ~@@er Zn. A surprising fact is that the Curie termdavidence for the
localized magnetic moments induced by non-magngtic manifests itself in X, (T) even for Z < 0.04hereas the
in-plane resistivity is metallic over the entiranjgerature range above Tc without showing any indinafor carrier
localization. This is quite anomalous in view oBthNMR evidence that Cu (3d) and O (2p) holes foemstrongly
hybridized sate that is the decoupling into lo@diZCu (3d) spins and O (2p) charge carriers doesake place in the
CuG; plane. Formation of localized moments in the nlietatate is a challenging problem for both Feriguid and
non-Fermi liquid theories. In the Fermi liquid pict where the same electron carries both chargepindit seems hard
to suppose that the strong impurities, in the uitytacattering limit, produce localized magnetioments in the metallic
state. Actually, in the highly doped material 90K23, Zn induces a reduced magnetic moment and dgzmetic moment

is much more reduced in the over doped
La2xSr,CuQ, with x = 0.30
CONCLUSIONS

We have presented the experimental results ofubstgution effects on the in-plane resistivitysifigle crystals
high T. cuprates with various hole densities. It is fotinat the doped Zn acts as a strong scatterer éointplane charge
transport, but the principal feature in thelependences of the transport coefficients, assat@ossible with the opening

of a spin pseudo gap, is not affected by Zn doptngm these results we conclude that the chargspmat has relevance
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to local spin fluctuations not restrictedja Q in the momentum space, It is also characte$tthe under doped spin gap
regime that Zn induces a fairly large local magnatoments (~04%) even when charge carriers are not localized.

Zn probes a critical change in the electronicestgion traversing between the under doped andwedoped
superconducting regime, and reveals a universdepression and a subsequent. Superconductor timstriansition in the
under doped regime. The results suggest a firsgtroetectronic phase transition or/ and an abrupt3RPDdimensional

crossover occurring between the under doped anoviiredoped regime.
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