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The influence of various kinds of impurities on the isotope shift expoaeot high-temperature supercon-
ductors has been studied. In these materials the dopant impurities, like Sy iRStguQ,, play different
roles and usually occupy different sites than impurities like Zn, Fe, Ni, etc., intentionally introduced into this
system to study its superconducting properties. In this paper the in-plane and out-of-plane impurities present in
layered superconductors have been considered. They differently affect the superconducting transition tempera-
ture T, . The relative change of isotope shift coefficient, however, is a universal functidp/@t, (T, refers
to an impurity-free systejmi.e., for angle independent scattering rate and density of states function it does not
depend on whether the change Bf is due to in- or out-of-plane impurities. The role of the anisotropic
impurity scattering in changing oxygen isotope coefficient of superconductors with various symmetries of the
order parameter is elucidated. The comparison of the calculated and experimental dependénge where
aq is the clean system isotope shift coefficient, BV T is presented for a number of cases studied. The
changes ofr calculated within the stripe model of superconductivity in copper oxides reasonably well describe
the data on LagSr, .Cuy, _,(Fe,Ni),O,, without any fitting parameters.
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[. INTRODUCTION temperature due to impurities as/T¢=f(Tso,v), Where
v symbolizes all relevant parameters other tfagp itself,
It is hard to overestimate the role played by the impuritiesthan a/ag= 0 In T ./dIn M/dinT/dIn M can easily be calcu-
introduced into otherwise clean superconductor. In respondated from the explicit knowledge of functiof(Tg, y).
to impurities the superconducting properties of the material It is the purpose of this work to systematically study the
change. The changes include superconducting transition tergffect of disorder on the isotope effect of superconductors by
perature, slope and jump of the specific heat, upper criticakssuminghat dependence af/a, on T./T., can be solely
fie|d, Superﬂuid density, and other thermodynamic and e|ecattributed to the effect of impurities. The impurities intro-
tromagnetic characteristi¢s. duced into the superconductor modify the quasiparticle spec-
One of the parameters of great experimental and theoreftum, interaction parameters, and induce pair breaking. This
ical importance is the isotope coefficieat defined by the Tesults in a change of the superconducting transition tem-
power-law dependence of superconducting transition temP€rature and the isotope coefficient.

perature T, on the isotope mas#l of the element:T The motivation for the present analysis partially comes
c e . .
%M~ of a=—3InT,/dInM. In the BCS model of super- from the recent experiments which suggest a strong effect of

L . : lectron-phonon coupling on th namics of electrons in
conductivity it has been predicted to take on the umversaﬁe on-p coupting e dy ¢s ot electro

: ~ 1 and verified mentally f ber of igh-temperature superconduct8rs.
valu€ agcs=; and veriled experimentally 1or a NUmber o “rpe ghift of T, with ionic mass was a crucial experiment

superconducting elements and simple compounds. In chéMjs ¢qnfirm the electron-phonon mechanism of superconduc-
cally complex multicomponent systems one usually definegyiry in BCS superconductors. Similarly the systematic stud-
the partial coefficients; = —JIn T¢/dIn M;, whereM; is the e of various isotopic substitutions in HTS'’s are important to
isotope mass of theth component. In high-temperature su- ynderstand the role of electron-phonon interaction in these
perconductorgHTS's) typically O'® is replaced™ by O'°.  materials. After early experiments with contradictory
This defines the so-called oxygen isotope coefficieft  conclusiond >t has later been unequivocally established
Limited data are available on the copper isotope skiftin  that the oxygen isotope shift is nonzero, and takes smallest
these material$’ value for optimally doped materials. It increases when one
The effect of impurities introduced into the supercon-moves into the underdoped region.
ductor on itsT, strongly depends on the symmetry of the  Our paper extends the recent work of Operehal,'
order parameter. It is known that nonmagnetic impuritieswho considered the effect of magnetic and nonmagnetic im-
hardly change th&; of swave superconductof@nderson purities in swave andd-wave superconductors and that of
theorem. On the other hand non magnetic impurities areKresinet all? who study the isotope effects gawave super-
effective pair breakers in spin singlétwave and spin-triplet conductors doped with magnetic impurities and those show-
p- or f-wave superconductors. On the contrary, magnetic iming the dynamic Jahn-Teller and proximity effects. Our aim
purities break time-reversal symmetry and strongly affect thénere is to elucidate the rol@gn changinga) of the out-of-
T, of all superconductors includingwave ones. Changing plane impurities in layered systems and the effect of impurity
the T, of the material, impurities indirectly influence all its anisotropy. We also analyze the change of the isotope effect
parameters. In particular this is true for isotope coefficient due to Zn impurities in the striped phase model of high-
If one finds the change of the superconducting transitiorsuperconductors. In view of the recent interest in supercon-
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ductivity and the critical role of impurities played in the Matsubara frequencg, andG, are the Nambu-Gorkov
SrL,RuQ, possibly spin-triplet superconductdtswe shall  (imaginary time Green's functions, is calculated here in the
consider isotope coefficient for thewave order parameter. Born approximatiort1®

In Sec. Il we explain the approach and apply it to the
layered systems in which carriers mainly reside in active c > =20 s
layers(CuO in HTS'9, while impurities are placed either in 3 (Kiwn) =Nin 2 [Vin(K=0)|273Gg(iwn) 73
the active or in the passive layer. It turns out that due to low
angle scattering these out-of-plane impurities have small ef- c > 2t i~
fect on superconducting transition temperature. However, +n°“‘26 [Vou(k=0)[*rsGq(iwn)7s, (4
their effect on the isotope coefficient is universal in a sense . .
that a/ @y depends only oiT./T. In Sec. lll we analyze whereVi, andV, represent in-plane and out-of-plane impu-
the role of in plane anisotropic scatterers in changing transilty potentials whilen;, andnq,, their concentrations. After
tion temperature and the isotope coefficient. Sec. IV contain§eel we assume Ehe out-of-plane impurity potential to be of
discussion of the results and comparison with experimentaghort-range typ&(r)=uo/(r?+d?), whered is the distance
data. The predictions of the change &f by Zn impurities ~ of the impurity from the conducting plane ang its scatter-
obtained recently by the stripe theory of superconductivitying amplitude. Fourier transform of this potential is ex-
lead to the isotope coefficient, which is calculated in Sec. VPressed in terms of modified Bessel function of the second

q

We end with conclusions. kind Ko(d|k—Kk’|), which is a strongly decreasing function
of its argument. Therefore we approximate it by conskést
Il. IN-PLANE AND OUT-OF-PLANE IMPURITIES IN for d||z— IZ’|>1 and zero otherwise. This means that the mo-
LAYERED SUPERCONDUCTORS mentum transfeh?— IZ’| in the scattering process by the out-

f-plane impurities is limited to small values. In two dimen-
ions this translates into small-angle scattering. There is no
uch limitation on the momentum transfer in the scattering
y the in-plane impurities. Therefore we také’

In this section we shall compare the effect of in-plane ancg
out-of-plane impurities in high-temperature superconductor§
on T, and «. The Hamiltonian of the superconductor con- b
taining both kinds of impurities takes the form

Vour for o¢—¢'<6,

N Vout(c_i): :
H=3 (si—p)cy,Cint > Vin(KK)Ch Ciry 0 otherwise
ko kk'o and
— —), + . L. + + R N -
+|2kzl Voul(K,K )Clzgckltr-l—lzzli Vk,qCETC—KLCQLCQT’ Vin(Q)=Vi,.

(1) In the following we shall calculate the changesTgfand «
due to both kinds of impurities in superconductors.

whereey is the single-particle energy chemical potential
c; (ci,) denotes the creatiofannihilation operator for a A. Impurities in d-wave superconductors

spin o electron in a staté&. The second term describes the ~Now we specialize the calculations to specific symmetries
scattering of carriers by in-plane while the third by out-of- of the order parameter starting with ttievave one with the
plane impurities. The pair potentisl; is assumed to take on order parameted (k) = Aqcos 2p. To proceed we introduce

the separable fornV;=—V,¢(K)¢(q) dependent on the angle dependent density of sta30S) function Ne(),

wave vector directiorf<=IZ/|IZ|. The superconducting order F‘%rma"zfd to. |tshaverage valgea and assuwe Eto t_>e energy
parameter is defined by independent in the energy window near the Fermi energy.

The integrals overd— u) can be easily performed and we

find
A(K)=2, Viz(c_a car) ) — e .
- kq ql™qt i(lzl~ ) ] V2 2,n_d¢/N (d),)lwn_A((b,)Tl
lon)= —NipVi, 2 NF NotaWw VR
and the self-consistent equation for it, easily derived by the 0 oyt A%(e7)
Green’s-function technique, redfls - - -
Vi N )
_ -n —— ——.
AB-S v 1 5 A(q) . wfoutf, 2 TRT T GTER2(¢)
q ki o Z>§+(sq—,u)2+|3(ﬁ)|2' We are interested in the change of the superconducting tran-

sition temperature and simplify the equations by neglecting
wherew,, andA(q) are the renormalized frequency and or- powers ofA(¢) higher than the first.
der parameter in an impure system. Even though it is possible to continue calculation for gen-
The correction to the self-energy due to impurity scatter-eral Ng(¢), let us for a moment takBl(¢)=Ng indepen-
ing 3 (iw))=Gpl—G,*, where w,=(2n+1)mkgT, is  dent of¢, as is appropriate for the circular Fermi surface, to
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Underlin?‘th‘? effect of Small-angle Scattering Only. ASSUmianr Z means that the in_p|ane impurities are Strong pair
thatu,=A/|w,| is independent of the angle we get breakers ird-wave supeconductors. By the same token non-
zero value of the integral multiplying 44,; means that the

~ 1 Oc ~ out-of-plane impurities are much weaker pair breakers. This
W~ W= _+ Sgl’h)n, . ée _ . . .
27in  2Tout explains® the long-standing puzzle of why dopant impurities
do not kill thed-wave superconductivity in HTS’s.
~ A1 (o ) Performing the integral oveg’ in the last equation and
(A—=Ap)cos 2p= _|Z) | PR d¢'cos 2¢p projecting the result onto cogiunction we get the equation
n I
1 f‘f’”’c A(6) 1 [sin26
+ de’'cos2p'|. (6 X A= ¢ c_ P02
210n) s ¢ 2¢ ) (6) A(6)—Ag= o Tl 2 tg24sin?6.|, (7)

In writing this equation we made use of the fact thd(te)

=A cos2p andA does not depend op for the considered Which together with that forw, allows us to solve for
DOS. Vanishing of the integral multiplying 4/ in Eq. (6)  Un(6c) =A(6.)/|w,|. The result reads

Un= 1 (sin26, Iy ' ®
|wn+ 2 0ur+ T sgnw,| 7| 2 tg2¢ sinfo,
|
Gap equation(3) is linearized neafl, and standard manipu- @ 1
lations allow us to find thd, changes due to the simulta- — =104 | 5+ v(0) |, (11
neous presence of both in-plane and out-of-plane impurities,
T, * 1 where ' denotes the derivative of the di-gamma function.
IN===—(6c) X, .9 This solution of the impurity problem has been obtained
TC n=0 1 . . .
° N+ =||n+ =+ vy(6;) under the assumption of constafie., angle independent
2 2 density of states functioNg(¢) and scattering rate.
where to the lowest nonvanishing orderdp The solution of Egs(6) with ¢ dependent density of

states can also be easily obtained by assuminguk@t’)

) . 1 263
00 = g kaTe | ZroumkaTo| 3 1

plays the role of pair-breaking parameter. Note that the first 098

and second ordefin 6;) contributions due to out-of-plane
impurities vanish. This has previously been derived in Ref. 094

0.96

16, where the change of thE, due to the out-of-plane im- g 092
purities has been calculated. Equati@ is valid to all or- B o9
ders in 1, and 1/, but to the lowest nonvanishing order ¢ ;oo
in 6.. It slightly generalizes the previous resfilto the si- 0.85
multaneous presence of in- and out-of-plane impurities. '

The sum on the right-hand side of HE) is expressed via 084
digamma function/(z) as 082
0.8

s — g 2 L e 10

nT—co—l/fE Y5 T . (10

. . . FIG. 1. Effect of in-plane(thick solid line and out-of-plane
Figure 1 shows large changes of superconducting transitiopy, yities thin lineg in d-wave HTS's oriT, for different values of
temperature due to in-planghick solid ling and much y "ang for 1/2;,=0. The two groups of curves correspond to two
weaker for out-of-plane impurities for two values @f (thin - valyes ofg,=0.2,0.3, while different labels refer to diferent angle
lines). dependent density of states functioAsand A’ are calculated with

For small values of). even strong impurities have a neg- N(¢)=1,B and B’ with N(¢)=m/2/cos 24, C and C’ with
ligible effect onT, . The change of the isotope shift exponentN(¢)=mn/2|cos 44|. Note the much weaker influence of out-of-
can be easily calculated and found to read plane impurities orT.
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=A(¢")/|wy| is a slowly varying function of the angle for
angles¢’ e (¢, ¢+ 6.) and we obtain

|T°—1F/4d N $2 ! (1+ 0
nT_co_a_OO IN(p)cos2¢| | 5| = P| 5+ pc( b, 6c) .|
12 g

with the pair breaking parameter ot

e — 1

pc(¢v 0C) ZWkBTCT(¢, HC) (13)
and angle dependent relaxation timgp, 6) 0 ~ - - - 1
1 1 1 [e+ec cos 2/’ Te/Teo
=—+— d¢'N(¢'><1— ) : ve
m($,0:) Tin  Tout) ¢ COS 2¢ FIG. 2. Effect of the density of states on relative isotope effect.

(14 The curve labeled A refers to constant density of sthltes)=1, B
L toN =/2 , and C toN =7/2 .
The parameteg, is given by 0 N(¢)=mf2|cos 24}, an ON(¢) = m/2lcos 4|
b curve in the figure corresponds to=0 and thus to the
a0=f dpN(p)cos26. (15 changes induced by the out-of-plane impurities while the top
0 one corresponds to the case with all impurities occupying

The first and second terms contributing ta-(k, 6;) come in-plane positions. The assumptiep = 74, iS not a realistic
from frequency renormalization by the in- and out-of-plane®ne. In fact to get the whole curve far=0 one has to take
impurities, respectively, while the third one is due to gapunphysically large values of &/yTco. o
renormalization by out-of-plane impurities. In-plane impuri-  Figure 4 shows the changes of the normalized isotope
ties do not renormalize the gap, as is seen from(Bx. coefficient with disorder characterized by the rafio/ Tco
The effect of the angle dependent density of states on tholid curve together with experimental dafa® on
suppression off . is also illustrated in Fig. 1. To facilitate La1.85510.15CU;—xM O, (points. A theoretical line has been
comparisons we have properly normalized all the densities ofalculated fod-wave superconductor witg(¢) =1 and an
states. The observed dependences are easy to understap@gle independent scattering rate. As discussed above angle
Strong changes, witkp, of the functions appearing in Eq. dependence adds a new degree of freedom.
(12) diminish the integral on its right-hand side and this re-
sults in a weaker decrease ©f. Physically it means that B. Impurity effects in swave layered superconductor
due to the angular dependence of spectrum the phase space is .
reduced and scatterers are effectively weaker pair breakers. N the swave superconductor the order parameigk)
Straightforward differentiation leads to the following ex- =40, and nonmagnetic isotropic impurities change neither

pression for the isotope coefficieat T, nor the isotope coefficient. This is true for both in-
plane and out-of-plane impurities.
ag 1 (nl4
—=1- —f dpN(p)cos2¢pc( b, ) 5 — . . .
@ aoJo \
1 4l i
X' E+pc(¢uac))- (16)
The effect of angle dependenceltz(¢) on isotope coeffi- . Sr ‘*:\\ T
cient is illustrated in Fig. 2. It is very small in relatively 3 "73»:;?_
clean samplesilarge T./Ts) and increases for smaller © 2} .
T./T.o. In order to see the simultaneous effect of both types
of impurities on the isotope coefficient we have assumed tha
fraction x of impurities goes into planes while the rest into
out-of-plane positions. Assuming that both types of impuri-
ties can be characterized by the same value of relaxation rat  °, Py oz o5 o8 y
parameter, i.e., xf,=1/7,,= 1/7, we rewrite Eq.14) as Te/Tep
1 1 b+l , cos 2p' FIG. 3. Simultaneous effect of in-plane and out-of-plane impu-
U X+(1-x) J¢ d¢'N(¢ )( 1- c0s 2 ” rities on the isotope coefficient for various valuesxoffrom the

(17) bottom curvex=0.0, 0.01, 0.03, 0.1, 1)Gvhich measure the rela-
tive contribution of in-plane impurities to the total scattering rate
Figure 3 illustrates the changes @fa with x. The bottom  [c.f. Eq.(17)].
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IIl. ANISOTROPIC MAGNETIC AND NONMAGNETIC
. IMPURITY POTENTIALS

High-temperature superconductors are strongly aniso-
i tropic systems with relatively low carrier concentration and
layered structure. This means that the screening is not very
effective and the impurity-quasiparticle interaction is aniso-
] tropic. This motivates the study of anisotropic impuritfés
HTS’s. The effect of anisotropic magnetic and nonmagnatic
impurities onT . of superconductors with the general form of
1 the order parametek (k) =Ae(k) have been considered in
Ref. 20. These authors have taken the momentum-dependent
12 impurity potentialu(k,k’)=v(k,k')+J(k,k')S- o, (where

Sis a classical spin of the impurity and the electron spin
FIG. 4. The solid curve shows the universal dependence of thelensity and assumed a separable form of scattering prob-

normalized isotope coefficient versus normalized transition temabilities,
perature calculated for tretwave impure superconductor with con-

stantNg . The data points are experimental values for a number of v2(K,K’ )—vo+vlf(k)f(k ), (21
materials. Optimally doped LasSryCu; M0, with M=Co
(opened triangles Zn (filled diamondg, and Ni (crossef over- JZ(IZ,IZ’)ZJg-i-J%g(IZ)g(IZ’), (22)

doped LagySrhCu M, O, with M=Ni (filled traingles, Fe

(filled circles (Ref. 18; Y;_,_,PrCaBaCu0;_5 with x=0.2  wherevy(v4), Jo(J1) are isotropic(anisotropi¢ scattering

and for y=0.15 (opened circles 0.25 (filled squares  amplitudes for nonmagnetic and magnetic potenti(g),

VB2 (Cly—,2N;)50; - 5 (open squargsRef. 19. g(k) are the momentum-dependent anisotropy functions in
Contrarily, the magnetiqin-plane impurities are pair the nonmagnetic and magnetic scattering (ihannel, respec-

breakers irs-wave superconductors and do chafge**° tively. The averages over the Fermi surfacd @) andg(k)

vanish(f(k))gs=0 and are normalized 4$2(k))rs=1. The

change of transition temperature calculated in the Born ap-

proximation is given in Ref. 20 and the isotope effect is

| T (1 1
nT—CO—l// 5|~ ¥l 5t pel (18
found to be

where p.=1/27kgT .7, T, iS the corresponding magnetic
relaxation time. This leads to the changes of the isotope ef- @ _ ) )
fect 1-(1-(e)*=(ef)?)- k

a

11 (FO+ Go
2\ 2mkg T,

(19 —(ef)

,[TotGo+Gy—
27TkBT

1 Tot+Go+Gy— 2G,
X| 5+ —(e)?
2 2’7TkBT 27TkBTC

2G,
2 2akeT,

ag @ _ 1+
o pct’ Pc

C. Impurity effects of p-wave layered superconductor

The order parameter of thp-wave superconductor is
taken here as X

A(¢p)=AyCc0So. 20
(#)=Agcose 20 where FozwniNovo, I'i=mn, Novl, Go=wniNoJSS(S
Repeating the calculations for the in-plane and out-of-plane+ 1), andG;= 7n;NyJ5S(S+1) are the respective scatter-
impurities in thep-wave superconductor with constant den-ing rates.

(23

sity of states we get Eq$9)—(11) with The dependence af/aq on T./T,, has been shown in
5 Fig. 5. The value of anisotropy of tHef)? and the scatter-

0 )= N 1 & ing I'; present new degrees of freedom which can be used to

Y(0c)= 27inmkeTe  27oumKgTe fit experimental data. The universality seen for isotropic scat-

o _ tering is lost in this scenario.
It is important to note that for a constant density-of-states

function the calculated changes of the isotope coefficient fol-
low the universal curve independently which is the cause of
the changing superconducting transition temperature. The Let us start the comparison of the obtained results with
universala/ aq vs T,/ T, dependence is presented by curveexisting experimental data with a word of caution. There
A in Fig. 2. Note that numerically this dependence for themay exist a number of factors which can affect the value of
d-wave superconductor is the same as that obtained for magsotope coefficient of the impure system In particular
netic impurities in thesswave material. electron-phonon interaction and the phonon spectrum may

IV. COMPARISON WITH EXPERIMENTS
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slightly differing curves. This additional degree of freedom

1 allows for a better fit to the experimental data. The fit, how-
ever, is ambiguous. The same changes can be induced by
anisotropy of scattering and the anisotropy of the order pa-
rameter.

o/ 0,

V. ISOTOPE EFFECT IN IMPURE STRIPED CUPRATES

The strong sensitivity of ; to in-plane impurities in high-
temperature superconductors, independently on their mag-
1 netic nature, and the difficulties of the existing theories to
fully describe the wealth of experimental data has resulted in
0 0.2 0.4 0.6 08 1 1.2 new approaches to the problem. In a recent work Smith

Te/ Teg et al®* have developed the scenariof suppression by Zn
impurities, based on the stripe picture of high-oxides.
Assuming that the doped Zn does not affect the superfluid
density the authors considered the increase of local inertia of
the stripe due to pinning forces and local slowing down of
their dynamics. The calculations within this model give, in

change after the impurity doping. We do not take such effect@9reement with experimental findings, the suppressioh,of
into account. which is linear in the concentration of impurities It also

We have also implicitly assumed that electron-phonon in9ives the quadratic dependence of critical Zn concentration
teraction does play a role in driving the superconducting inZc (Z iS the concentration at which superconductivity disap-
stability of the system and makes the clean material coeffiP€ars on the superconducting transition temperature of Zn-
cienta, nonzero albeit it may take on very small value. This, ffe€ (‘clean”) systemsTc,.
however, seems to be well established by various experimen- The resulting formula foff . suppression in the regime of

FIG. 5. The isotope coefficient of thé wave supercondutor
({e)=0.0), for different values of the normalized anisotropic scat-
tering rate(from top): I'; /I"'3=0.0,0.5,0.9,0.95,1.0. We have taken
(ef)2=0.2 and assumed nonmagnetic impurities.

tal techniqueg®?? incompressible stripes™s

Here we concentrate on the oxygen isotope effect, but it
has to be noted that interesting results have also been ob- E—l— vz (24)
tained in the studies of copper isotope substitutions. The TCO Tgo’

negative value ofac, observed in some underdoped
YBa,Cu;0;_ s sampleS:” have been recently explairfddis ~ wherez is the concentration of Zior other in-plane impu-
due to scattering of electrons by low-frequency phonons withities), y is a factor dependininter alia on the stripe dis-
large momenta. It is to be checked whether the same mechgnce and lattice constaat In the optimally doped and over-
nism is responsible for negative oxygen isotope effect in aloped region, where charged stripes behave as a
very clean SfRuQ, p-wave superconductéf. compressible quantum fluid, tfg reduction has been found

The oxygen isotope shift in high-temperature superconto be universal and given by
ductors does depend on the concentration of carriers. The
explanation of this dependence has been a subject of a num- Te 1— z o5
ber of paperé>~3°The authors invoke such effects as: anhar- T =z 9
monicity, zero-point motion, mass dependence of carrier
concentration, energy dependence of the density of state®jth constaniz.. _ _
Opening of the normal-state pseudogap, and'ﬂ’pehanges In the Stl’lpe senario we find that the Change of the ISOtOpe
due to impurities. coefficient due to impurities reads

In the present work we contribute to the elucidation of the 5
role played by various impurities in changifig and « of al ay= = —
superconductors. Because fRereduction due to dopant im- (Te/Te,)
purities like Sr in La_,Sr,CuQ, is small their influence on . . : .
a follows the standard curve like one presented in Fig. 4" the incompressible region and
The departures would be seen for a smaller ratid ofT . alay=1 (27)
as is evident from Fig. 3. Small values 6f which reflect ) ) )
weaker pair breaking character of out-of-plane impurities ddn the compressible regiofSee Fig. 6.
not influence the slope of the/ aq vs T, /T, curve. Isotope Roughly inverse dependenceafa, onT. /T, atlowT,
changes due to impurities in systems with the same baris in good qualitative agreement with experimental dafa
scattering rate but with differing values @f, follow the  Fig. 4 and gives credit to the stripe picture of superconduc-
same universal curve. tivity in this material.

On the other hand, the effect of anisotropic impurity scat- It is, however, hard to explain the difference between Fe
tering changes the universal dependence. Isotope coefficieragd Ni  substitution to the otherwise overdoped
of the systems with various degrees of anisotropy followLa, g5Sr 1£CuQ, sample. According to the thedtyone ex-

Co

1 (26)
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0 01 02 03 04 05 06 07 08 09 1
T/ Teg

FIG. 6. The isotope effect in impure striped cuprates. The con-

tinuous line is given by Eqs(26) and (27). The data points are
experimental values for overdoped;lggSry >lCuU; - M, Oy, with Ni
(filled triangles, Fe (circles (Ref. 18.

PHYSICAL REVIEW B8, 014504 (2003

the role to makexy#0. These issues have been recently
addressed® The x-ray appearance hear-edge structure ex-
periments revealed a large oxygen isotope effect on the stripe
formation temperaturd*, as also on effective supercarrier
mass. This shows that electron-phonon interaction does play
a role in a stripe model of superconductivity and validates
the above analysis and conclusions.

VI. CONCLUSIONS

We have studied the effect of various impurities on the
isotope coefficiente. While the in-plane and out-of-plane
impurities affect the superconducting transition temperature
quite differently(c.f. Fig. 1), their influence onv is universal
for the angle independent scattering relaxation rate and
density-of-states function.

Experimental changes af/ «g with T./T, for a number
of high-temperature copper oxides can be well described
solely by the effect of impurities od-wave superconductors.

pects in this material incomensurate stripes and thus no infhe angle dependence of relaxation rate did¢) or the

fluence of impurities on botfi; and «. The difficulty arises
from the fact that both impuritie€Ni and Fe do change the

simultaneous presence of anisotropic scatterers of magnetic
and nonmagnetic nature adds new degrees of freedom which

transition temperature but the isotope shift is nearly constargan be used to quantitatively describe the data.

for Ni substitution. One explanation is that concentration of

These mechanisms @f. and @ changes operate for both

carriers may change in the doping process. The divalent Nilopant(like Sr) and extra impuritieslike Ni or Zn). How-
does not change the concentration and the position of thever, they do not differentiate between underdoped and over-
Fermi level remains roughly constant while trivalent Fe ionsdoped systems. On the other hand, the stripe model of super-
change it driving the system effectively into an underdoped-onductivity describes the detrimental effect of Ni or Zn on
or optimally doped regime. If this is true the Fe doped sys-T¢-. The stripe theory predicts an increasenofvith impurity

tem is thus expected, within the stripe scenario, to changeoncentration on the underdoped side of the phase diagram

both T, and a.
It is obvious that the isotope coefficieat of the impure

and no change of it in the overdoped region. This agrees with
datd® on Ni and Fe doped LSty »dCu; _¢Ni(Fe),O,.

system can take nonzero values only for those systems for

which T, depends on an isotope mass angd: 0. The ques-
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