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Zn-induced T, Reduction in High-T, Superconductors: Scattering in the Presence
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The depression off. with fraction y of Zn substitution is studied across the underdoped and
overdoped regions in La-214 and (Y,Ca)-123. The overdoped region is well described by elastic
scattering at the unitarity limit with @-wave strong-coupling superconducting order parameter. The
underdoped region shows a marked increase/lp/dy, consistent with unitary scattering in the
presence of an anisotropic normal-state pseudogap which depletes the density of stateBrabout
[S0031-9007(97)04858-8]

PACS numbers: 74.25.Bt, 74.25.Dw, 74.62.Dh, 74.72.—-h

The effects of impurity substitution in highi- supercon-  experiments claimed that while tlimplicit dependence of
ductors (HTS) fall into three categories: (i) altervalent sub-T.. on superfluid density agreed with tdewave model [1]
stitutions in the noncopper sites which change the dopinthe explicit dependence df . on Zn content did not. We
state, i.e., the hole concentratipn (ii) isovalent substitu- suggest that the discrepancy arises from the use of the
tions in the noncopper sites which have a remarkably smailveak-couplingZ-wave model for which there is an unam-
effect on superconducting properties; and (iii) substitutiorbiguous relation between the scattering strength and either
in the copper site which very rapidly depresgés The T. or Ay [2]. Here we show for La-214 and (Y,Ca)-123
last behavior is now qualitatively understood in terms of athat the explicit dependence of . (and, by implication,
d-wave order parameter which is strongly suppressed bthe superfluid density [1]) on Zn content in the overdoped
isotropic elastic scattering ik space [1,2]. Much atten- region is quantitatively consistent with unitary scattering
tion has focused on the marked differencinreduction  within a strong-couplingd-wave scenario in which the
between Zn and Ni substitution in YB@u; O;—5 (Y-123).  critical Zn concentration is determined fralm, rather than
However, Y-123 appears to be anomalous in the case of Ni.,. A similar conclusion has been reported for La-214 by
due to altervalent partial substitution on the chains. In thévlirza et al. [10]. Moreover, by assuming an anisotropic
other HTS cuprates the effect of Ni substitution Bnis  pseudogap as suggested by previous heat capacity [8,11],
much the same as that of Zn [3,4]. Recently, it has beeARPES [12], and NMR [7] studies, and calculating the re-
noted that in underdoped cuprates there is a universal [%Juction in the normal-state DOS &t due to the pseudogap
and more rapid [3] suppression @f than on the over- we are able to reproduce tlig suppression as a function of
doped side. Here, we advance a simple framework to unp across the entire superconducting phase diagram for both
derstand this difference. The unitarity limit pair-breaking (Y,Ca)-123 and La-214vith no adjustable parameters.
rate varies as the concentratiprof scatterers and the in- A series of samples of )4Ca),Ba,Cls 3,213,075 €s-
verse of the density of states (DOS) [2]. Beginning in thesentially free of Ca substitution on the Ba site were syn-
lightly overdoped region and extending back into the unthesized as described earlier [1]. Samples were annealed
derdoped region, the normal-state pseudogap appears amer a range of temperatures and oxygen partial pressures
grows, progressively depleting the DOS ngar[6,7]. On  then quenched into liquid nitrogen to fix the oxygen defi-
the other hand, with the disappearance of the pseudogap @iencyé. The thermoelectric power (TEP) was measured
the more overdoped region, the DOS remains largely unas a function of temperature and has been reported else-
changed with doping [8]. As a consequence the rate oivhere [13]. The room-temperature TEP was used to deter-
suppressiondT./dy, should remain constant on the over- mine the hole concentration [14] and, except for the most
doped side but climb rapidly with underdoping due to theoverdoped samples, was found to be independent of Zn
appearance of the pseudogap. This is our first key poirdoncentration showing that Zn substitution does not alter

and we will see this is exactly what is found. the doping state [15]. La,Sr.Cu;-,Zn,O, samples were
Our second point is that the quantitative descriptionsynthesized by standard solid-state reaction at 2G50
of these effects must build in the observationsbfong Figure 1(a) showg'. plotted as a function of hole con-

coupling(2A¢/kT. = 8). We have previously shown [1] centration(p = x) for La,—,Sr,.Cu;—,Zn,O, with y =
from wSR studies on La-214, Y-123, and (Y,Ca)-123 that0%, 1%, 2%, and 3%. For the (Y,Ca)-123 samples the pri-
the combined reduction in superfluid density afidby  mary data off. versusé was shown in Fig. 1 of Ref. [1]
Zn substitution is consistent with unitary scattering withand we plot7,. as a function ofp for these samples in

a d-wave order parameter. Nachueti al. [9] in similar  Fig. 1(b) for 0%, 2%, 4%, and 6% Zn substitution. The
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50 —In(Te/Teo) = ¢[1/2 + T'/QmkpTc)] — ¢[1/2], (1)
40 where [x] is the digamma functionT., = T.(y = 0)
30 and for unitary scatterind” = n;/mwg(Er) is the pair-
= breaking scattering rate. HepéEr) is the DOS per spin
= 20 at the Fermi level ana;(=ay,/abc) is the density of
10 impurity scatterers witly,;, being the concentration of Zn
0 atoms in the Cu® plane,a being the number of CuQ
planes per unit cell and;, b, and ¢ being the lattice
80 parameters. For La-214 = 1 andy,, = y while, for
60 Y-123, @ = 2, andy,;, = 3y/2. Forweak couplinghe
o 40 critical scattering rate for suppression of superconductiv-
&= ity T'. = 0.412A.. = 0.88k3T., but we note that many
20 spectroscopies [8,16,18] indicate that HTS are in the
0 strong-couplingregime with2A/kzT. =~ 8. Should we
0.0 . - . therefore defind’. in terms of A or T.,? Our experi-

p mental observation is that the former is satisfied across the
FIG. 1. T. plotted as a function of hole concentration entire phase curve. F_urthermore, we do find it p_IausibIe
p for different values of zn substitution annotated in %. that the energy scale is set By. and not by, which,
(@ La-.Sr,Cu-,Zn,0, and (b) YpsCa,BaCus-3,Zn;,-  under strong-coupling corrections, is reduced due to pair
0;-5. Solid squares: Y-,CaBaCwOs wherep = x/2. breaking bythermally excitecdbosons. This mechanism is

- . . not likely to influence the critical concentration of impu-
sloping line falling to zero ap = 0.19 denotes the doping s At whichT, — 0 and thus the relation betwedh

dependence of the pseudogap enefgyas determined for A s .
. . » IS probably unaffected by strong-coupling correc-
these samples from NMR [7] and from heat capacity [8], iNjons  In the absence of a better theory we adBpt=

both cases assuming an anisotropic pseudogap. It_ is NB412A..(=1.65k T, ) Which provides a weaker suppres-
table that the phase curves for each Zn concentration d9,, of 7. than in the weak-coupling case. Finally, the

not collapse symmetrically about the optimal doping levelpqg may be determined from the temperature coefficient
for y = 0 as might be expected from pair breaking due to

X . : i . ; of the heat capacity = Cy /T using:
simple elastic scattering with a pair-breaking strength per 5 5
Zn atom which is constant, independent of hole concen- y = (2/3)m kg (EF) . (2)

tration. Rather, they are progressively displaced to highethese relations are more clearly summarized in the

hole concentration and appear to collapse about the d@nearized A-G equation for small:
scending pseudogap line. Similar behavior is seen in
Fig. 1(a) for La-214 and here, in the absence of reliable Te/Teo = 1 = 0.69T/Tc = 1 = (29a/yAx)yas» (3)
data forE, ( p) for this compound, we have used the samewhere y is in units of J/molK?. For a T- and p-
pseudogap linéE,(p) from Fig. 1(b) rescaled b¥.max  independent DOS this means that the initial slope of the
and shown by the dashed line in Fig. 1(a). This is moti-depression ifT. is constant, independent of dopipgand
vated by our previous observation [7] th&t scales with  independent off,,. In the overdoped region where the
T..max for a wide range of cuprates with. max values rang-  pseudogap is absent, the normal-stater Y 3Ca,Ba-
ing over a factor of 3 (La-214 at the low end, throughCu;0;-5 was found [8] to be constant with = 1.9 mJ/
La-2126 to Hg-1223 at the high end). The more rapidg atomK? = (13 — §) X 1.9 mJ/molK?. ThusdT./dy.,
depression off. on the underdoped side together with should at most vary only weakly with oxygen content
the collapse about the pseudogap line is just what woulth the overdoped region. Figure 2 sho®s plotted as
be expected if the DOS &t. were depressed due to the a function of Zn content for each of the oxygen (or
normal-state pseudogap as has been clearly demonstrateole) concentrations investigated. This shows a series
from both heat capacity [16] and NMR [7] studies. Thisof data curvesT.(y) extending down from a value
problem, namely elastic scattering withdawave super- T., = T.(y = 0) which, with increasingp, rises to a
conducting order parameter together with an anisotropicnaximumT,, = 85.5 K at optimal doping then falls on
pseudogap (having three energy scalgsA, and E,),  the overdoped side. Filled symbols with solid lines denote
does not appear to have been considered theoretically [1verdoped samples, and open symbols with dashed curves
Here we present an approximate treatment which modeldenote underdoped samples. As expected, the overdoped
the data remarkably well. region shows a series of curves progressively moving
TheT. reduction for elastic scattering in weak-coupling down in parallel. The solid curves, calculated from the
d-wave superconductors follows the Abrikosov-GorkovA-G equation (1) fit the data rather well. On the other
(A-G) equation [2]. This is subject to the condition, to hand, beginning already with the optimally doped samples
be confirmed later, that the coherence lengfth) suitably  (p = 0.16) and extending into the underdoped region, the
exceeds the mean spacingbetween impurities. Thus dataT.(y) falls progressively more rapidly due to the
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100 —_— : — (a) First, we note from NMR studies that while Zn
2 ] substitution locally suppresses the pseudogap at nearest
80 itgll _ neighbors it does not affect the pseudogap more distantly

until the Zn density is about twice the critical value for
full suppression of superconductivity [15,20]. We thus
300 assumer, is independent of. ForE,(p) we use the solid

60

100 200

&4, linear curve shown in Fig. 1(b) and for the pseudogap we
e 40 1 adopt a normal-state DOS with anisotropic gagk) =

E.|coq26)| [7]. As an effective value ofy we take
1 (y)r, = S/T atT,, sinceS/T is the average value of
between 0 and’. The entropys is determined from

20

10 S — —2k f gEfInf + (1-)In(1—f)]dE, (6)

wheref(E/kT) is the Fermi function. Values &(T)/T

FIG. 2. Experimental and calculated (curves) valueg.ofor thus calculated are plotted in the inset to Fig. 2 for values

YsCa,BaCus_3,Zm;, 0,5 plotted versus Zn concentration Of E, corresponding to each doping level for the data

for different values ofé spanning from underdoped (open shown in the main part of the figure. For eacly)r,

ingg;& ngh:sd OCfUF\éEiZ) Otol 3%\Eeor)doge1(119(f(lig) Sé’nlgo(lé) solicshown by the crosses is read off and used to calculate the
urves). u . , 0. , 0. , ; : e P

0.196 (@), 0.217(l)f)and 0.224(#). Inset: The temperature T. _reductlon using Eqg. (1). Thl$ IS ;hown in Fig. 2 by'the

dependence af/T in mJ/g atomK? whereS is the electronic solid and dashed curves. Cons_lderlng there are no adjusted

entropy calculated from Eq. (6) ignoring superconductivity. Parameters, the fit to the data is extremely good.

Curves are for(p,T.,E,) values of (0.135,77.5,285 K), (b) Similar agreement is obtained by using taeeri-

(0.149,83.5,213 K), (0.16,85.5,156 K), (0.196,76.5,0 K),  mentalvalues [8] ofS/T which are reproduced in the in-

(0.217, 58,0 K), and (0.224,47.5,0 K).  Crosses mark values ge g Fig. 3. Thes§/T curves confirm the constancy of

of S/T atT,. the DOS on the overdoped side and its suppression on the

opening of the pseudogap. We return to this but firstinderdoped side. The data in Fig. 2 are summarized in
consider the validity of the A-G model which has beenFig. 3, which shows the experimental values for the ini-
questioned recently by Frawt al. [19]. tial slope[dT./dyly~o plotted (filled circles) as a func-
As noted by these authors A-G is self-consistent iftion of dopingp, together with values calculated using our
E(T) = vé&y(1 — T/Te) /2 exceeds the mean spacing anisotropic pseudogap model (crqsses) as well as using
ri = a//ya between impurities. Here is a constant the e>§per|mentaS/T values atT, '(d|am0nds). All vgl-
of order unity &0.74 for s-wave BCS). The bounding Ues dls_play the noted constancy in t.he ove_rdoped _S|de gnd
temperaturd, at which these lengths equate is given by the rapid rise on the underdoped side which begins with
Ty/Teo = 1 — yap(véo/a) ) the opening of the pseudogapat= 0.19. This provides
bl fco YabiV50/G) , strong confirmation of unitary scattering, for, in the Born
We thus require thal’. should exceed’,. Comparing |imit T « ¢(Er) anddT, /dy., would be expected to de-
with Eqg. (3) we find crease with the opening of the pseudogap.
éo/a > (5.41/v)[a/yAL]? =272/v,  (5) (c) Figure 3 shows the result of our third calculation
for optimal Y-123 whereA.. = 320 K [8]. While this  (solid curve). Here we note th&l. = 0.4124. If Agis
condition is just satisfied for Y-123 other HTS will meet reinterpreted as the low-temperature magnitude of the or-
it more easily. Moreover, in the overdoped region whereder parametef, then this is reduced by the presence of
2A0/kpT. remains constant [8,18k, diverges asT, ! the pseudogap. Following [16] and Bilbro and McMillan
ensuring increasing validity of A-G with overdoping. [21], when superconductivity and a normal-state gap com-
Turning now to the effect of the pseudogap in thepete for the same section of Fermi surface the quasiparticle
underdoped region, we use three approaches to estimagacitations may be modeled 0§ = &; + A? = &; +
the changes to the A-G model. The pair-breaking strengtih’? + Eg so thatAf = A} — Eg where A is the total
is given by the ratio of the two energy scalEsandA...  spectral gap. ThugT./dy., = 14.6/y = 14.6/[1.9 X
First, we vest the effect of the pseudogap entirelylin  1073(13 — 8)y/1 — (E,/A¢)*]. As notedA, = 320 K
via the reduction iny which we (a) calculate theoretically across the underdoped region [8]. Taking this andjthe
and (b) take from experimental data. Second, we takdependence of, shown in Fig. 1(b) we obtain the solid
the alternative approach that, because the underlying DO&irve fordT, /dy plotted in Fig. 3 which again agrees well
is constant,I" is also constant and vest the effect of with the experimental data.
the pseudogap i\, via the pseudogap-suppressed order Turning to La—,Sr,CuQy, Fig. 4 shows the Zn-induced
parameter. This is route (c). A more rigorous approactf,. reduction forx = 0.10, 0.15, 0.20, and 0.22 taken
would treatl’, Ay, andE, all on an equal footing [17]. We from Ref. [3]. The same trend as seen for (Y,Ca)-123
consider each of these in turn. is evident. The solid curves are again calculated from
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T substitution on the CuQplanes. There appear to be no
additional intrinsic scattering terms (arising, for example,
from the interactions giving rise to the pseudogap) that re-
sult in significant low-temperature pair breaking:y =
v(T=0) is found to be very small or zero across the en-
tire phase curve [8,11]. One clear implication is that there
is a well-defined hole concentration, possibly the same in
La-214 as in (Y,Ca)-123, at which the pseudogap opens,
namelyp = 0.19.
PPy In summary, the depression 6f with in-plane Zn sub-
stitution can be understood in terms of unitary scattering
5 ' . with a d-wave order parameter, combined, in the under-
0.15 0.20 0.25 doped and lightly overdoped region, with the pseudogap-
p induced depression in the DOS. The pseudogap appears
FIG.3. The p dependence ofdT,/dy for YosCa,Ba- tbo close at a well-defined hole concentratjor= 0.19 for
Cu;_3,Zn;,0, s extending from the under- to overdoped oth subject materials and almost certainly is the cause of
region. Experimental data: (solid circles); Calculated datathe crossover between insulating and metallic states ob-

From theoretical S/T (crosses), from experimentab/T  served forp < 0.18 whenT — 0 [24].

(diamonds), and from the order parameter model (solid

curve). Inset: Experimental curves /T as a function

of T from Ref. [8] for a range ofé values. T. oc-

curs at the points of discontinuous slopgs,T.) values

are (0.04,50.2), (0.054,54.4), (0.125,68.8), (0.195,79.9),
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