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Role of anisotropic impurity scattering in anisotropic superconductors
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A theory of nonmagnetic impurities in an anisotropic superconductor including the effect of anisotropic
(momentum-dependenimpurity scattering is given. It is shown that for a strongly anisotropic scattering the
reduction of the pair-breaking effect of the impurities is large. For a significant overlap between the anisotropy
functions of the scattering potential and that of the pair potential and for a large amount of anisotropic
scattering rate in impurity potential the superconductivity becomes robustwissiapurity concentration. The
implications of our result for YBCO high-temperature superconductor are discussed. The experimental data of
electron irradiation-induced, suppressiofiPhys. Rev. B0, 15 967(1994] are understood quantitatively and
a good qualitative agreement with the iie*) damage and Pr substitution-inducggd decrease datgPhys.

Rev. B50, 3266(1994)] is obtained[S0163-182(06)02145-5

There now exists considerable experimental evidence sugeneral and valid for any superconducting order parameter
porting thed-wave superconductivity in the cupraté®r  described by a one-dimensiondD) irreducible representa-
review see Refs. 1)4Nevertheless, this scenario still faces tion of the crystal point group we discuss the results for a
some theoretical difficulties. One of these is the predictedi-wave superconductor in the context of high-temperature
extreme suppression of the critical temperatligeby non- superconductivity. In a certain limit, the effective scattering
magnetic impuritieS'° Experimentally, however, the ob- rate in our model is identical to that of Milligt aI.S.We.
served suppression df, by impurities or radiation damage compute T, as a function of planar residual resistivity.
in YBCO is much more gradual:**This issue was critically ~ Within a certain range of scattering potential parameters val-
examined by Radtket al® who considered isotropic impu- Ues we find a quantitative agreement of our results with the
rity scattering within the second Born approximation by ap-€lectron irradiation dat¥ Also for an appropriate choice of
plying the Eliashberg formalism. Their predictions in both the impurity potential coefficients a good qualitative fit to the
weak- and strong-coupling theory gaveTa suppression Pr substitution and Neirradiation datd' is obtained. We
which was close to the Abrikosov-Gorkov scaling take/Zi=kg=1 throughout the paper.
functiorf*® with an effective impurity scattering rate. This ~ We consider randomly distributed nonmagnetic impurities
led to an approximate universal dependenceTpfon the N an anisotropic superconductor. Treating the electron-
planar residual resistivity,, which did not depend on the impurity scattering within second Born approximation and
details of the microscopic pairing. In order to verify the re- Neglecting the impurity-impurity mteractldﬁ, the normal
sults of Radtkeet al® systematic electron irradiation experi- @nd anomalous temperature Green’s functions averaged over
ments on YBCO were carried out by Giapintzakisal!?  the impurity positions read
The measured initial slope of impurity-inducéd suppres- .
sion wasd To/dp~—0.30 K/uQ) cm!? whereas the predicted G(w.K)= — o+ & 1)
value was in the range from—0.74 to —1.2 K/uQ cm? @)= 24+ §k2+|Z(k)|2’

While discussing the experimental results in Ref. 12 the au-

thors invoked the issue of the anisotropic impurity scattering. Z(k)
They understood their data within a model of Milks al® FlokK)= ——=——. (2
assuming a value of 0.5 for a dimensionless paramgter @%+ &S +[AK)|

which describes the anisotropy of the scattering potential ang,ore the renormalized Matsubara frequedik) and the
modifies the bare isotropic impurity scattering rate a€- o ormalized order parametzl(k) are given by
cording to 1#=(1—g,)/7, where 1# is the effective scat-

tering rate. Thus the analysis by Giapintza&tsal1? brings 3/
out the significant role of the anisotropic scattering in under- Tu(k):w+inif lw(k—k")|?G(w,k") , 3
standing the impurity effect oml-wave superconductivity (2m)®
and calls for more detailed theoretical studies.

In this paper we consider in detail the problem of non- ~ 2 ) 3k’
magnetic impurities in an anisotropic superconductor for the A(k):A(k)Jrnif [w(k—Kk")[*F(w,k") (2m)3 )

case of anisotropitmomentum-dependenimpurity scatter-

ing by applying weak-coupling approximation. We find a In the abovew=xT(2n+1) (T is temperature and is an
remarkable change in th&, suppression which becomes integer number & is the quasiparticle energy; is impurity
more gradual when the anisotropy function defining anisot{defec} concentrationw(k—k’) is a momentum-dependent
ropy of the impurity potential overlaps with the anisotropy impurity potential, andA(k) is the orbital part of a singl&t
function of the order parameter. Although our formalism issuperconducting order parameter defined as
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A(k)=Ae(k), (5 Whereu(w,k) and e(w,k) separate into the isotropicub-
scripts) and anisotropig¢subscripta) parts as follows:
wheree(k) is a real basis function of a 1D irreducible rep-

resentation of an appropriate point group, which seems to be U(w,kK)=ug(w)+u,(w)f(k), (10
good approximation for higfi-, superconductorsWe nor-
malizee(k) by taking(e?=1, where(:--) denotes the aver- e(w,k)=eyw)+e,(w)f(k), (11)

age value over the Fermi surface. ) . ) )
The impurity scattering potential is assumed to be sepathich are determined by the self-consistent equations
rable and given by
T f q K 1+u(w,k) 12
[W(k=K)[2=[wo[2+ [wi () T(K), () U@ =To ] 480 e Raope 12

where|wg| (jw4]) is isotropic (anisotropi¢ scattering ampli-

tude andf (k) is the momentum-dependent anisotropy func- _ 1+u(w,k)

tion. We assume that the overall scattering rate is determined Ua(@) =Ty FSdSKn(k)f(k) [@2+|A(K)[2]Y2 (13
by the isotropic component and impose the constraints

wil=<lwol2, (F)=0, (f3)=1. @ ) =T [ sl —p 20 g
_ . Fs [@2+]A(k)|?]22
Therefore the Fermi surface average of the scattering poten-
tial is (w(k —k")|?=|w,|? and the momentum-dependent part
in Eq. (6) represents the deviations from the isotropic scat- e (w)zrlf ds.n(k)f(k) e(k)te(w,k) . (15
tering. It is clear that this kind of anisotropic scattering can- a Fs [@2+|A(k)|?]Y2

not affect the properties of the isotropic superconductor, but ) _ _

it can play a certain role in the case of a superconductor witti Writing the above we have introduced the isotroficand
an anisotropic order parameter. Although the structure ofnisotropicl’y impurity scattering ratedl’;<I')

scattering potential is postulated in E) this approach is

rather general since no additional assumption ati¢ki is I'o=mNoni|wo
made in contrast to previous F“eth‘?dé-We note from~|§q. The gap function is given by the weak-coupling self-
(3) and from the form of impurity potentidEq. (6)] that® is consistent equation
k dependent. This means that the electron self-energy due to

impurity scattering and consequently the quasipatrticle life- K(k’)
time are anisotropic and change over the Fermi surface. Fur- AK)=—T> D V(k,k") =

ther, it yields from Eqs(4) and(6) that the impurity scatter- ® K D2+ &, +|AKN|?
ing may change the symmetry of the renormalized order ) )
parametenA (k) depending on thé(k) symmetry. In this re- with the phenomenological separable pair potentié k")
spect our approximation differs from that by Markowitz and taken as

Kadanoff® who assumed only a change of a degree of order- ) ,

parameter anisotropy but not the anisotropy function itself. V(k,k")=—Voe(k)e(k’). (18)
Moreover in Ref. 15, the anisotropy of the order parametegoing standard procedutd,we obtain the equation for
was introduced in a way appropriate for weak anisotropyna critical temperatur@, as
only. In the more recent study of anisotropic scattering by ¢
Millis et al® the authors also assumed that the anisotropic T

impurity potential does not change the symmetry of the elec- In T—C= ZWTCE
tron anomalous self-energy. We may also mention that our Co ®>0
approach is different than that by Brink and Zuckerm&hn,

where the scattering potential was essentially isotropic but its

2

. Ty=mNoni|wy |, (16)

17

1
[f(@)]a=o~ ;} (19

amplitude varied with the superconducting channels. o TRk
To proceed further, we restrict the wave vectors of the [f(w)]kozf ds.n(k) ek |atk) . (20
electron self-energy and pairing potential to the Fermi sur- - FS wo(k) | A A0

face and replacdd®k/(27)° by NofdSn(k)[dé,, where
N, is the overall density of states at the Fermi surf¢e®), ~ whereT, is the critical temperature in the absence of impu-
n(k) is the angle-resolved FS density of states normalized t@jties and@o(k)=a(K),_o. Using Eqs(8)—(15), we get for a
unity, i.e., [gsdSn(k)=1, and[rdS, denotes integration A—0Q limit

over the Fermi surface. Using Eqd), (2), (5), and(6) in

Egs. (3) and (4) and performing the integration oveg wo(k)=w+Tjsgn w) (21
(particle-hole symmetry of quasiparticle spectrum is as-
sumed we write an
(K) = [ 1+U(w,k)], ®) Ak] ITol I,
A A:O—e(k)+ o] <e>+—|w|+1“0—1“1<ef>f(k)'

A(k)=Ale(k)+e(w,K)], (9) (22)
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The last two terms on the right-hand side of E2R) repre-  A(k)=Ae(k) is assumed. It may be mentioned thdk) and
sent the possible impurity-induced anisotropy of the renorA(k) have the same anisotropy given leyk) function if
malized order parameter, which is absent in the works of (k)==*e(k)((e)=0) only. Based on Eq920)—(22) we get
Markowitz and Kadanotf as well as of Milliset al.® where  from Eqg. (19

T, 1

Lo
27T, Eo (N+ 12+ T ol2a T[N+ 12+ (To— L )27 T,]

AR ARCE
NotoaT.) Y2

+(ef)?

(23

Te
In =—=((e)?—1
T =@ D
where y(z) is digamma functiort® The first term on the right-hand side of E@3) gives theT, suppression due to the
isotropic scattering. Since the second term which couples the anisotropy funetiorsnd f (k) is always non-negative, .

does not decrease as fast as for the isotropic scattering only. In other words, an anisotropic potential of the form given by Eq.
(6) diminishes the suppression of superconductivity if the scalar prdeédtvalue is nonzero, which may be the case in many
cuprate superconducting compounds. For an isotropic superconedcterl({e)=1, (ef)=0) and it yields from Eq(23) that

the critical temperature does not depend on the impurity scattering which is in accordance with the Anderson’s'theorem.
Finally, Eq.(23) may be written in a more compact form as

(1 ro) 1
Not2aT.) Y2

In ;z((e>2+(ef>2—1)
Co

o]

Our model has two more dimensionless parametersvhich is the isotropic scattering casend yields a consider-
than the isotropic scattering model. First i(sef)2 able critical temperature suppression fée)#1. When
=[frdSn(k)e(k)f(k)]?, which describes the interplay be- (e)=0 then Eg.(26) gives aT. suppression curve for a
tween the pair potentiaV/(k,k’) [Eq. (18)] and the aniso- d-wave superconductor with isotropic scattering and is the
tropic part of the scattering potentipb(k—k')|? [Eq. (6)].  weak-coupling version of the form used by Radékeal® In
This parameter is determined by the symmetry of the supeithe case of strong anisotropic scatterlngl’',=1 and theT
conducting statde(k)] and that of the impurity scattering equation reads
matrix elemenff(k)]. According t20 the normalization of the 1
order-parameter orbital functige)=1 [Eq. (5)] and that of c 2 2 0
the anisotropy function of the impurity potentidf)=1 [Eq. In Te. ((e)™+(eH~ 1)[ w(f * ZWTC) B ‘”(E) }

(7)] the parametete f)? takes values between 0 and 1. When ° (27)
(ef)®=0 then thee(k) and f(k) functions are orthogonal, N )
which means that the pair potenth(k,k’) and the impurity It is easy to see that the critical temperature suppression be-
scattering potentigv(k—k')|? do not couple and th&, de- ~ COMes more gradua! now and may be even reversedrinto
crease in Eq(24) is due to isotropic scattering only. On the increase for a 5'9”'f'ca”t2 overlap betweetk) and f(k)
other hand, foref)?=1 we deal withf(k)==e(k) and the ~functions, that is whexef)“~1. _ .
pair-breaking effect is minimized by the anisotropic part of ~Our results for the dependence®f/ T, on the isotropic
the scattering potential which is proportional to the pair po-scattering ratel“OIZWTCO are shown in Figs. (B)-1(d) for a
tential. In this case Eq(7) yields (e)=0 and Eq.(24)  selection of the model parametefsf)?=0.2, 0.4, 0.8, and
become®’ 0.95 andl'y/T',=0, 0.5, 0.9, 0.95, and 1.0. We have assumed
here (€)=02Y Based on these we make the following re-

Te 1 1 L'y marks:(1) In all curves the depression @t, in the limit of
In T, dj(i) B z,//(§+(1—g,) 27T, (25 impurity concentratiom,—0 is given by the initial slope
with g,=I';/T'y, which leads to the pair-breaking parameter d(Te/Te,) w2 o2 r,
(1-9,)To/(27T,). On the other hand, if we calculat ATzt~ 2 1—(ef) Ty (28)

coefficient defined in Ref. 8 with the impurity potential from
Egs.(6) and(7) we getg, :<e>22+<ef>2(rl/ro), which re-  which decreases drastically ésf)?I',/I'y approaches unity;
duces to our value d, for (ef)°=1and(e)=0. Thusin this  (2) for a given value of"/Ty, the value off'¢/27 T, needed

case our pair-breaking parameter is identical to the one olyy suppress superconductivity increaseéa? is increased;

tained by Millis et al.” The second parameter in our model. (3) when there is a significant overlap between the anisot-
grl/roy represents the amount of anisotropic scattering rate IDopy functionse(k) andf (k), e.g.,(e)2~0.8[Fig. 1c)] the
impurity potential normalized by the isotropic scattering rate, 5o of [y/27T, needed to destroy superconductivity is
[Eq.(16)], its value ranges also from O to 1. FByI';=0 we . Co

obtain increased considerably whéh/T'y becomes large.

In order to make contact with experiment, we estimate the
T 1 Ty planar residual resistivity,, which is a normal-state prop-
In == =((e)?— 1)[ ¢(— + ) — l/,(—” (26)  erty and according to Eq21) depends on the isotropic scat-
TCo 2 27T, tering ratel’y exclusively. It is worth mentioning here that in
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FIG. 1. Normalized critical temperatuﬂ'eC/TCO as a function of the normalized isotropic scattering MWTCO for different values of
the normalized anisotropic scattering rdtgl’y=0.5 (dotted curvg 0.9 (short-dashed curye0.95 (long-dashed curye 1.0 (dot-dashed
curve. The solid curve represents the isotropic scattering pair-breaking éffgty=0). We have takel(Ief)Z:O.Z(a), 0.4(b), 0.8(c), 0.95

(d), and(e)=0.

the normal state the influence of the impurity scattering onin the electron irradiation experiment in YBCO Giapintzakis
the electron self-energy is reflected by the frequency rescakt al? obtainedd T./dp~—0.30+0.04 K/uQ cm (p is resis-

ing only [Eq. (21)], and hence the scattering process is chartivity at 145 K anddT./dp=dT./dp,). Taking the plasma
acterized byl'y parameter completely. Therefore neither of frequencyw,, ranging from 1.1 to 1.4 eV, which is the ex-
anisotropic scattering parameters enters the equations detgerimental estimate olog, for YBCO,*? we find from Eq.
mining the normal state properties. Using a Drude form of(30) that the experimental data can be reproduced by the
the low-frequency residual electrical conductivity at zero fre-anisotropic scattering parameters with values given by a con-
quencyo=w§|ﬂ47-r, where wy, is the plasma frequency and straint 0.55<(I";/I'o)(e f)?<0.78. The range of values of the
1/7=2T"y, we represefitthe planar residual resistivity in scattering parameters stem from an uncertainty of the plasma
terms of the dimensionless pair-breaking parametefrequency and thd T./dp measurement accuratyOur cal-
culation focused entirely on a single Cufflane seems to be

a good approximation here since the low-energy electron ir-

FO/ZWTCO

_ 8’7T2 FO
po=10.18<102 Zﬁ TCO(

with w in eV andT, in K. From Eqs.(28) and(29) we get
the initial slope for ad-wave superconductor

dT. )
d—po— —0.615%¥ wp|

2 77'TCO

2
1—(ef) T K/nQ cm. (30

ud cm (29

radiation, used in this experiment, displaces the oxygen at-
oms only and an appropriate measurement method probes
the contribution toT, suppression due to these oxygen de-
fects on the Cu@planes:? The two-dimensional approach is
not so justified in the interpretation of the experimental data
of Ref. 11 where Pr substitution and iéNe") damage were
applied. The Pr substitutes onto the Y site and a similar
defect is probably induced by ion irradiation since fhg
suppression induced by both methods is analogous. Consid-
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this feature may be due to a slight orthorhombic anisotropy
of the systenf! which was neglected in our calculation by
the assumption ofe)=0.

Before concluding, we give some critical remarks con-
cerning our approach. We have employed a weak-coupling
approximation neglecting the strong-coupling corrections.
We expect that as in Ref. 6, the strong-coupling effects
would rescale the scattering rates. Further, while calculating
T. as a function of residual resistivity, we have neglected the
interaction between the nearest Gu@anes, restricting our
considerations to a single copper-oxide plane. This simplifi-
cation may not be valid for the interpretation of the experi-
mental data of Ref. 11, where the defects are not in the,CuO
planes. Finally, we have assumed a model separable
momentum-dependent impurity potential, which is obviously
not the most general way of treating the problem, but is more
general than the one applied in the previous stutfés.

In summary, we have given a theory of anisotropic impu-

superconductor with the critical temperature in the absence of imtity scattering in anisotropic superconductors. The impurity

puriies T, =90 K vs residual resistivity for(ef)?=0.95,
I')/T,=0.96,(e)=0 and plasma frequencies, between 1.1 and

1.4 eV. The experimental data of Ref. 11 for YBCO are shown with

circles (Pr substitution and crossesion damagge

ering this caveat, our theoretical results and the experiment
data of Ref. 11 are shown in Fig. 2 for an illustrative purpos

mainly. The data were read from Fig. 4 of Senall! and
the region between the curves corresponds toTtheom-
puted from Egs(24) and(29) with (e)=0, (ef)?=0.95, and
I',/T',=0.96 for plasma frequencias, ranging from 1.1 to

potential is assumed to be separable according to(&q.
There are two parameters characterizing the scattering an-
isotropy in our approach. The first of theife f)z) represents
the interplay between the symmetry of the superconducting
order parameter and that of the impurity potential, the second

é][“lll“o) gives the amount of anisotropic scattering versus the

isotropic one. We find that for a significant overlap between

She pair potential and the impurity potential that is for large

(ef)? values, and for a large value b%/T,, the anisotropic
superconductivity becomes robust vis a vis the impurity con-
centration. The experimental data of the electron irradiation-
induced T, suppression in YBCQRef. 12 is understood

1.4 eV. We did not try to adjust the amount of anisotropicquantitatively within our model. We also obtain a good
scattering present in our model so as to get a best fit to thgualitative agreement with the observdq decrease in
data. Nevertheless, we note a good qualitative agreement f/BCO due to ion(Ne*) damage and Pr substitutioh.

the theoretical results with the experimental data of Ref. 11. We thank J. Taylor for numerical assistance. This work

The experimental data show, however a long Taisuppres-
sion which is not reflected in the computégd. We think that

was supported by the Natural Sciences and Engineering Re-
search Council of Canada.
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