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Critical temperature of an anisotropic superconductor containing both nonmagnetic
and magnetic impurities
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The combined effect of both nonmagnetic and magnetic impurities on the superconducting transition tem-
perature is studied theoretically within the BCS model. An expression for the critical temperature as a function
of potential and spin-flip scattering rates is derived for a two-dimensional superconductor with arbitrary
in-plane anisotropy of the superconducting order parameter, ranging from isatregice tod wave (or any
pairing state with nonzero angular momenjuand including anisotropis wave and mixed d+s) wave as
particular cases. This expression generalizes the well-known Abrikosov-Gor’kov formula for the critical tem-
perature of impure superconductors. The effect of defects and impurities in high-temperature superconductors
is discussed.S0163-182808)10037-1

[. INTRODUCTION in irradiated HTSCs are believed to be the main reasons for
the suppression of superconductivity and the increase in
The mechanism of highi superconductivity still remains p,.3°36:44:4551.5254,55
unknown. It is generally believed that elucidation of the The comparison of experimental curv€g py) with the-
symmetry of the superconducting order parametgr) in oretical ones reveals that the observed reductionTgf
high-T. superconductor$HTSC9 could narrow the list of by impurities and radiation defects is more gradual
pairing mechanisms debated. Since the gu&yers are than predicted theoretically for d-wave super-
thought to be responsible for the superconducting pairing irconductors>0:53°657.59-6!a ¢ritical value of p§ at which
HTSCs, the in-plane symmetry &fp) is of primary interest. T.=0 ranges from 200 to 1500 cm depending on the
However, in spite of strong evidence provided fbp_,. type of disorder and the kind of HTSC
in-plane symmetry of\(p), experimental data are somewhat material*40:42:44.4752.33.5557-3yhjle for a d-wave super-
controversiai~*® (though the recent research seems to reconductor with T.~100K the theory gives p§
solve the contradiction in favor of d,» ,» wave’). The ~ ~50 uQ cm.*>**"*'To reconcile the experimental findings
situation is complicated by orthorhombic distortion of GuO With the d-wave symmetry ofA(p) in HTSCs, a number of
layers in some HTSCs, resulting in probable admixture ofSuggestions have been made, including the anisotropy of im-
the s-wave component to otherwise pudewave A(p).181°  purity scattering in the momentum spd€é’ an “interme-
Since HTSCs differ structurally, the form df(p) may ap- diate” (between Cooper pairs and local bosostate of
pear to be material dependent. paired electron&? a depletion of the hole density due to the
One indirect way to distinguish a pue wave from a  Oxygen vacancies in the CyQplanes)® an anomalously
highly anisotropics wave or a mixed ¢+s) wave is to Small value of the plasma frequenty’® the spatial varia-
study the response of HTSCs to intentionally incorporatedion of the order parametéf etc®’
impurities or radiation-induced defects. Depending on the Another way is to abandon thiwave hypothesis in fa-
symmetry of A(p), clear differences are predicted for the vor of anisotropic s-wave or mixed @+s)-wave
variation of experimentally accessible characteristics such amodel$”?%3%3L8¥it must be emphasized that if the relative
the critical temperaturd@,, the superfluid density, ef€~32  weight of the isotropics-wave component in the mixedi(
For example, the rate of, degradation by defects and im- +s)-waveA(p) is large, then the symmetry of such an order
purities in a two-dimensional superconductor is determine@parameter can in fact be viewed as the anisotrepicave
by the value of the Fermi surfadgS) average(A(p))gs one?). However, while the initial slope of an experiment-
(Ref. 20 and should be different id-wave superconductors ally observedT (p,) curve in HTSCs can actually be ex-
with (A(p))rs=0 and anisotropic s-wave or mixed plained by anisotropis-wave symmetry ofA(p),*>3*"the
(d+s)-wave ones with(A(p))es# 0, the specific value of theory faces problems when explaining the complete sup-
(A(p))rs being dictated by the degree Afp) anisotropy or  pression of superconductivity at a finite valuepgf. Indeed,
by the relative contributions af-wave ands-wave compo- the theory predict8?”3%3that T, of a nond-wave aniso-
nents toA(p). tropic two-dimensional superconductor does not vanish at
Numerous experimental studies give evidencelfodeg-  a certain critical value opg [as it does in the case of pure
radation by impurity doping~*® or radiation damad@®  d-wave symmetry ofA(p)], but instead asymptotically goes
of HTSCs, the two effects being remarkably analogous if theéo zero as py increases. This contradicts the experi-
dependence of . on the in-plane residual resistiviy, is  ments mentioned above. Besides, the experimentally ob-
considered® Impurity-induced scattering of charge carriers served form of theT.(p,) curve is usually close to
in doped HTSCs and their scattering by displaced host atorminear24447:52.535557-54hjle the theory predicts a positive
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curvature of theT (pg) curve in a nond-wave supercon- ana priori suggestion is often made about the pdrevave
ductor. symmetry ofA(p).50:56:58

Note, however, that experimentally determined values of In a recent study: the Abrikosov-Gor'kov theory has
po reflect the contribution from different scattering channels,been generalized to the case of a multiband superconductor
while a theoretical analysis of . degradation by defects With arbitrary anisotropy of the interband order parameter

and impurites in HTSCs is usually made for the and arbitrary strength of magnetic and/or nonmagnetic impu-
specific case of  spin-independent  scatteringfity Scattering. Note, however, that the concept of multiband

potential20:23:25.27-32:53,55,57,60-62.64ffaanwhile a lot of ex- superconductivityarising, e.g., from Cu®plains and Cu-O

periments give evidence for the presence of magnetic sca; haing is hardly probable to be applicable to HTSCs. Al-

. . ; o : hough it was argued in Ref. 91 that the mathematical for-
terers (along with nonmagnetic ongsn nonstoichiometric ; .

. - L malism had been proven to be the same for a multiband
HTSCs, e.g., in oxygen-deficient, doped, or irradiated

10.36.45,69-78 e, th . superconductor and a superconductor with a general angular
samples. For example, the oxygen vacancies or eX-anisotropy of the order paramef@ran explicit formula for

cess oxygen atoms carry or induce local magnetic momenige critical temperature of a one-band anisotropic supercon-
and hence play a role of paramagnetic cerfterS:Further-  qyctor containing both nonmagnetic and magnetic impurities
more, doping by Zn induces local magnetic moments residgas not offered in Ref. 91.
ing probably on the nearest-neighbor Cu sites? This is The goal of this paper is to work out a theoretical frame-
supported by studies of nonmagnetic impurities in Heisenwork for a description of theombinedeffect of nonmagnetic
berg antiferromagnet$®! and by numerical calculations and magnetic scatterers on tiig of a two-dimensional su-
within the two-dimensionat-J model®? Besides, there are perconductor with anisotropi&(p) (preliminary results have
intrinsic (hos) magnetic atoms in some stoichiometric been presented in Ref. P3Ve seek to obtain a rather simple
HTSCs, e.g., in GdeﬁlugO7.83 (free from needless theoretical complicatipmsbrikosov-
Though the estimated moment-carrier exchange engrgy Gor’kov-like formula for T, that included physically mean-
may appear to be too small to solely account for suppressioimgful parameters and could be compared with available ex-
of superconductivity in disordered HTSE&san intriguing  perimental data. Within the weak-coupling limit of the BCS
possibility of the magnetic pair-breaking scattering as themodel and without specifying the microscopic mechanism of
common origin of the significant decreaseTip remains®™  superconducting pairing, we derive the expression that re-
Moreover, it is suggest&¥that interaction between Cooper latesT, to relaxation rates of charge carriers by nonmagnetic
pairs and localized magnetic moments in “optimally” doped and magnetic scatterers, as well as to the numerical coeffi-
HTSCs leads to a depressionTf relative to its “intrinsic”  cient y=1—(A(p))2/(A%(p))es. which is a measure of
value. Hence, among other things, the understanding of thihe degree of in-plane anisotropy afp) on the FS. The
role of magnetic scattering in HTSCs is important from therange G<y<1 covers the cases of isotrop&wave (y
viewpoint of search for new materials with highgg. =0), d-wave (y=1), anisotropics-wave (0<y<1), and
Since, first, there exist two channels of carrier scatteringnixed (d+s)-wave (0<y<1) symmetries ofA(p). In two
by magnetic impuritiespotential and spin-flip ongsand,  particular cases ofi) both nonmagnetic and magnetic scat-
second, in general, both magnetic and nonmagnetic scattereging in an isotropis-wave superconductoryE 0) and(ii)
are present in HTSCs, there is a need for a theoretical modebnmagnetic scattering only in a superconductor with arbi-
that could describe the effects of nonmagnetic and magnetigary anisotropy ofA(p) (0<xy<1), our expression foll,
scattering on equal footing. For an isotrogiavave super- reduces to the well-known formuld%8’
conductor this is the Abrikosov-Gor'kov thedfythat pre- The paper is organized as follows. The BCS model for an
dicts a rapidT, suppression by magnetic impurities and in- impure anisotropic superconductor containing both nonmag-
sensitivity of T, to nonmagnetic scattering, in accordancenetic and magnetic scatterers is described in Sec. Il along
with the Anderson theoreffi(a discussion about the validity with the theoretical formalism. The expression for the critical
of the Abrikosov-Gor’kov approaéf®seems to be resolved temperature as a function of potential and spin-flip relaxation
in favor of the standard Green'’s functions techniqi¢ow-  times of charge carriers is derived in Sec. Il for a supercon-
ever, the Abrikosov-Gor'kov formula fof . versus scatter- ductor with an arbitrary degree of the order parameter anisot-
ing rate is not applicable to anisotropic superconductors, noopy. The results obtained are discussed in Sec. IV. In Sec. V
matter what the specific symmetry &f(p) is [d wave, d concluding remarks are given.
+5s) wave, anisotropis wave, or something el$eHence,
this formula cannot be used to describe impurity effects in
HTSCs. On the other hand, theoretical considerations of im-

purity scattering in anisotropic superconductors are com- \ithin the framework of the BCS model, the Hamiltonian
monly  restricted  to  nonmagnetic  scatterersof a superconductor containing both nonmagnetic and mag-
only 20:21:23-25.27-32.60.6288 ,ch a status of the theory of im- netic impurities is as follows:

pure superconductors results in situations when the experi-

ments on thdl ; reduction by impurities or radiation-induced

. MODEL AND FORMALISM

defects in HTSCs are compared w'ﬂe!ther the Abrikosov- A=>, f(p)é;,épﬁ > U(p,g;p',g')agrép,a,
Gor’kov formula for T, of an isotropic swave supercon- p.o p.p o0’
ductor containingnagnetidmpurities’®*”*1"%r the formula

for T, of ananisotropicsuperconductor, that, however, con- +> V(prpl)é,}étpiéfp’lép@ , )
tainsnonmagnetiémpurities only?1°153-%9n the latter case p.p’
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where the operatcﬁ;(,(épg) creategannihilate$ an electron N , i(p—p')R

with the quasimomenturp and the spin projection on the Us(p.p",0) = Un(p.p @ € :

axis o=1 or |, é&(p)=e€(p)— u is the (spin-independept

guasiparticle energy measured from the chemical potential 4Pt ,)2 ~i(p-p'IRg

u, U(p,o;p’,0’) is the matrix element for electron scatter- U (P.P z €

ing by randomly distributed impuritiesdefects from the @

state p’,0’) to the statdp,o), andV(p,p’) is the BCS pair 1 , i(p—p

potengaLa- ) ép,o) (p,p") p + E‘J(p’p )7’026: e i(p—p )Rﬁsz’
Let the following sum,

1 o _
U(r)=Upn(r)+U (1), 2) Uz(p,p’,U)ZEJ(D,D')% e 'PTPIRE(SE—iy,Sh).

be the total interaction between a conduction electron at &ereu,(p,p’), uk(p,p’), andJ(p,p’) are the components
pointr andall impurities present in the samplg,,(r) and  of the matrix element for electron scattering by an isolated
Un(r) being the interaction components due to nonmagnetiémpurity; y,=+1 and—1 for =1 and|, respectively. We
and magnetic impurities, respectively: do not consider the direct effect of nonmagnetic disorder on
the magnetic pair breakinghis effect has been studied in
Refs. 94 and 95 for the case of an isotropizave pairing.
Uy(N=2 uy(r—-R,), Uy(n=2, upn(r— R, (3 In order to account for anisotropy of the superconducting
a B state, we assume a factorizable phenomenological pairing in-
teractionV(p,p’) of the form(see, e.g., Ref. 20

whereu,(r —R,) is the interaction between an electrorr at

and a nonmagnetic impurity &,,, while u(r—Rp) is the V(p,p')=—Vod(n)$(n’), (8
interaction between an electronradnd a magnetic impurity

at Rg. Since, in general, magnetic impurities give rise towhereVy is the pairing energyn=p/p is a unit vector along

both potential and exchange scatterffhgne has the momentum. Then the order parametép) is*
_ _pot . ex . N -~
Un(r = Rp) =Um(r =Rg) +Un(r=Rp),  (4) A(p)==2 V(P.p')ap 8y 1) =Aob(n),  (9)
p

whereuf?(r —Rp) is the spin-independent potential compo-

nent. and where Ay depends on the temperature. The functifm)

specifies the anisotropy ok(p) in the momentum space
[e.g.,¢(n)=1 for isotropics-wave pairing. We assume that
Un(r=Rp)=J(r—Rp)sS; (5)  ¢(n) is temperature independent.
The self-consistent equation fd(p) can be derived by
is the exchange interaction. Hedér —Ry) is the exchange Means of Green's functions techniq(eee, e.g., Ref. 96
energy,S; is the spin of magnetic impurity located B, We c_iefme the normal and anomalous temperature Green’s
ands= ¢/2 is the operator of electron spithe three com- functions
ponents ofo are the Pauli matrices, oy, o,). We shall
assume that orientations of the paramagnetic sfinsre G(p,O';p',O";T)Z—(TTépU(T)é+, ,(0)),
fixed and remain unchanged upon electron scattdiaigng P
into account dynamic transitions of the impurity spin be- R R
tween B5+1 magnetic sublevels have little effect on the F(p,a;p’,o’;T)=(Trafp_a(r)a;,u,(0)>,
results?). (10)
The electron interactionsi,(r—R,) and uP°Y(r—Ry) ~ . - -
with nonmagnetic and magnetic impurities, rergpectiveﬁly, are  GPoplolin=—(Tal, (na p - (0),
spin-independent and hence contribute to the scattering ma-
trix elementsU(p,o;p’,o) only. In their turn, exchange in- E(poip’ 0 ;1) =(T,ap( N3y (0)),
teractions of electron with magnetic impuritiesi(r
—Rp), result in both spin-conserving and spin-flip scatteringand ~ their ~ Fourier  transforms G(p,o;p’,0';w),
events a’nd hence contnbu'Fe tp,o;p’, o) as yvell as to F(p,oip' o w), G(p,op.o":w), E(pop .o o),
U(p,o:p’,—0). Let us write down the matrix element \ here angular brackets stand for the statistical averaging
U(p,o;p’,0’) as with the Hamiltonian(1), the symbolT, denotes the time
ordering, 7 is the imaginary time, and=7T(2n+1) are
U(p,o;p’,a")=U1(p,p',0) 840 +Us(p,p’,0) 85— o Matsubara frequencigsve seth =kg=1 throughout the pa-
(6)  pen.
It is convenient to introduce the matrix Green'’s function
where G(p,o;p’,0';w) in the Nambu representation:
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G(p,oip’ o' w) 1 is the unit matrix 2 2, and the matrixJ(p,o;k,\) that
~ describes the effect of impurity scattering has the form
G(p,o;p',0';0) —F(p,o;p’,0';0)
= _ ) . U(p,o;k,\) 0
—F(p,o;p’,0";0)  G(p,o;p’,0";0) U(p,o;k,\)= 0 —U(p—rik—))
(11 (14)

We stress tha(t;(p,a p’,o’ ;) is nondiagonal in spin space The summation over repeated indices in E®) and below

(since there is spin-flip scattering of electrons on magnetids implied. We note thaGo(p,o, ) depends onr through
impurities as well as in momentum spadantil averaged Yo - _ . o
over impurities coordinates The matrix equation for In order to avoid needless mathematical complications

G(p,o;p’,0’;w) can be written as . e g
(p.oip’,o;w) as possible, we make several simplifying assumptiGnsve

and to express the final results in terms of as few parameters

éal(p Tk )Gk p o w) consider the short-range scattering potentials, so that the ma-

trix elementsu,(p,p’), ub®(p,p’), J(p,p’) are momentum

—U(p, ok, MG\ P 0" 0) =18, 58,00, independent and equal tg,, uf°', J, respectively ¢-wave
(12) impurity scatteringg (i) we treat the impurity scattering in

the Born limit; (iii ) we restrict the momenta of the electron
where Gy(p,a;k,\; ) = Go(p, o, w) 8, k3., is the Green's ~ self-energy and BCS pair potential to the FS.
function of a clean sample, After averaging Eq(12) over impurity configurations and

directions of impurity spins one has
1

GO(p!U!w):_ ﬁ)2+§(p)2+|A(p)|2 <é(p,0’;p/,U,;w»imp:é(p,o',a))(sp’pr(SU’U.r, (15)
wrie A | T A A
YA*(P) Tw—E&p))’ (13 G (p.0,0)=Gy(p,o,0)~M(p,o,0),  (16)

M(p,o,@)=(U(p,o:k,\)G(K,\, @) U(K,\;p,0)imp
(Calunl2+ CnlUBP 2+ CulUS S G(k,0,0)  (Coluy|+ el Ub—colusi) Y Fik,o,w)
k k
(ol Unl+ U 2= Cnl U D F(K,0,) (ol + G U2+ USRS Bk, 0,0)
k k
17)
|
Herec, andc,, are the concentrations of nonmagnetic and o' =o—i(cyuy|®+ cm|uﬁ1°t|2+ Cm|Uﬁ1X|2)
magnetic impurities, respectively, and we have designated _
|u€q2=1J|?S(S+1)/4. Note that|u®¥? includes contribu- «S o'+ &(K) 19
tions from both spin-flip and spin-conserving scattering of "2+ E(K)+]A (K|
electrons due to their exchange interaction with magnetic
impurities, Eq.(5). This is because the matrix element of the B 5 pot|2 ex12
spin-conserving exchange scattering depends on the orienta- Au(P)=A(P)+ (|| *+ | U] " Cr| U {*)
tion of electron spin througly, ; see Eq(7). The coefficient A (K
cmluS? in Eq. (17) enters into the factors at the normal and X () (20
Cm : & o7+ H[ALKP

anomalous Green’s functions with opposite signs, while the
i A 2 pot|2 :

coefficientsc,,|u,|“ andc,|ubY’| 4, which are due to the scat- Then one has from Eq9),

tering by nonmagnetic impurities and the potential compo-

nent of the scattering by magnetic impurities, respectively, A (p')

appear in Eq(17) with the same signs. __ / olP

Making use of Eqs(13), (16), and(17), we obtain Alp) T% 2 Vpp') "2 E2(p" ) +]A (P

(21

G(p,0,0,4)=Go(p,0,0",4,), (18) For further considerations it is convenient to express the
coefficientsc,|uy,| 2, cm|up°t| andc,|usy? in terms of elec-
where tron relaxation times,,, 7", and 7% for scattering by non-
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magnetic impurities, potential scattering by magnetic impu

rities, and exchange scattering by magnetic impurities,

respectively:

1 1

— =2mC,|up|?N(0),  —55:=27C|URIN(0),
Tn Tm

1 (22
—ax=2mCr|UI?N(0),

Tm

where N(0) is the density of electron states at the Ferm
level. The electron relaxation time,, due to magnetic im-
purities is given by the expression

1 1

_:_+
ot
m Tﬁq

1

ex»
m

(23

while the total electron relaxation timedue to all impurities
present in the sample can be found as

1 1 1
e =
™ Tm Tn

1

+ —+ 24
o (24

ex:
Tm

We note that Eqs(22) allow one to express the final results

in terms of three relaxation times{, 77°", 7%) instead of a
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1

1
—=aT.>,

A ‘e o + (U + LR+ 1/72%
n m m

Ur,+ 1/T|Pn0t— 1/T§1X
2|+ |
(28)

X[ (@2(N))es+(p(N))Es

where A =VyN(0) is the electron-boson coupling constant.
The equation for the critical temperatufg, in the absence

jof impurities (i.e., at 1f,=1/77°'=1/78=0) reads

(29

>

1
T cof ¢>2(”)>Fs§ Tol"

Following the standard procedure, we obtain from Eg8)
and(29) the equation for the critical temperatufeg as

T 1
|n(—co> = WTCE :
Te o |o|+3(Ury+ LU 1/759
pot ex
X _2|w| U+ Lry "+ Ly,

<¢(n)>|2:s Ury+ LRt —1/78X
(6°(M)es  2(Jo|+ 1173

(30

large number of unknown parameters such as impurity con-
centrations and scattering matrix elements. Besides, the re- ) o _ ) o
laxation times are associated with the residual resistivity. At this stage it is convenient to introduce the coefficignt

This facilitates a comparison between the theory and exper

ment.

lll. CRITICAL TEMPERATURE OF AN IMPURE
ANISOTROPIC SUPERCONDUCTOR

The critical temperaturé& . can be found from Eqg19),
(20), and(21) as the temperature at which the order param
eter goes to zero, i.eAo—0 in Eq. (9). Setting|A,(k)|?
=0 in the denominators of Eq$19) and (20) and taking
Egs.(22) into account, we have &—T,,

1
=+ 5 (Ut U+ Urysgriw), (25

w

2|w/| (Urn+ 1/721(“_ 1/T§1X)<Aw(p)>FS-

(26)

A,(p)=A(p)+

where the angular brackefs. . )¢ stand for a FS average:

~ )&/f 40,
(.. )Fs= FS(“. [0&(p)/ap] Fs |0é(p)/ap|”
27

Substituting Egs.(25 and (26) in Eq. (21), setting
|A,(p")|?=0 in the denominator of Eq(21), and taking
Egs.(8) and(9) into account, we have

pf anisotropy of the order parameter on the (R&fs. 20 and
31

_, (oEs (AP
X (°(N))Es (A%(p))es’

For isotropics-wave pairing we have\ (p)=const on the
FS; therefore{A(p))2s=(A?(p))gs, and x=0. For a two-
dimensional superconductor witthwave pairing we have
x=1 since({A(p))rs=0. The range & <1 corresponds to
anisotropics-wave or mixed ¢+ s)-wave in-plane pairing.
The higher the in-plane anisotropy afp) (e.g., the greater
the partial weight of a-wave in the case of mixed pairihg
the closer to unity is the value of.

Note thaty=1 holds not only for thed-wave pairing
state, but also for any pairing state with angular momentum
>0, e.g., forp-wave statel(=1), see Eq(31). In its turn,
the range & y<1 generally corresponds to mixing of
s-wave state with some higher angular harmonic state.
Hence, while this paper focuses primarily iwave,
d-wave, and ¢+ s)-wave states, one should keep in mind
that the results obtained are more general and may be applied
to superconductors with other symmetries of the order pa-
rameter.

Making use of the definitiori31) and the formuld

(31)

1

1
o k+y) =W (y) =¥ (x),

k=0

(32

whereV is the digamma function, we obtain from E@O),
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| TCO)— TR 1 e B ~ Ty 39
: T_C =(1=X) 2 27Ty 2 Teff,c_; < 39

1 1 1 1 1 1 where 7. c is the critical value of the effective relaxation
+X{qf §+4WTC(T—n+Em+Tme”—‘P(§)] time 7¢¢¢, defined as
1 1\17x 1 1 1\«
(33 — == =+ ot —ex (40)
Teff Tm n Tm Tm

In two particular cases df) both nonmagnetic and magnetic
scattering in an isotropis-wave superconductor&0) and
(i) nonmagnetic scattering only in a supercon?uctor Withmonotonically with 1#,, 1/7°°', and 1+%*at any value of
. . _ . eX: po — R . L 1 L
"irb'iir)y n Elane(gg)'sm:ggzcgﬁ(p)tél/ T;nhe i T\/r\];ell—lgr']of/)vn with the exception of thte case=0, where 1t does not
=X=2), & 2%‘ depend on M, and 1£°°'; see Eq(40). If x is close to unity
EXpressio [A(p) with strong in-plane anisotrogy then 1fq¢e~1/7,
+1/7°°'+1/7%, i.e., the contribution of nonmagnetic and
Teo 1 1 1 m m
In =V - 5

From Eqgs(39) and(40) one can see thatdds¢ ; increases

-t —— (34 magnetic scattering to pair breaking is about the samg. If

Te 2 2mTcry <1 [almost isotropicA(p)], then 1hes~1/7hy, i.€., Tetf IS

and determined primarily by magnetic scattering. The higher the
anisotropy coefficieny, the greater is the relative contribu-

Teo 1 1 1 tion of nonmagnetic scatterers . suppression as com-
|n(-|-—) :X{‘I’(EJF m) —‘1’<§H, (35  pared to magnetic scatterers.
¢ ¢on We note however that while the concept of the effective
respectively. relaxation timer¢; can be used for evaluation of tleétical

Now let us consider the limiting cases of low and high levelof nonmagnetic and magnetic disorder, it is not possible
impurity concentration Teo— T<T. and T.—0, respec- to expressT, in terms of 7.¢; in the whole range0=T,
tively). At 1/4rToory<1, UdnToorP0'<1, and 1/4rTgorsX  <Tgo; see Eq(33). In other words, the combined effect of

<1 (low impurity concentrationone has from Eq(33), nonmagnetic and magnetic scattering bncannot be de-
scribed by a single universal parameter depending on the
X ( 1 1 ) 1—x/2

X
- e
B} ot ex
2 ™ T

values ofr,, %', 7% andy; see Ref. 93 for more details.
Teo— T~ 4
m

(36) Hence, while the quantity %{s; . characterizes the critical
strength of impurity scattering corresponding Tg=0, the

In particular casegi) and (i) considered above, Eq36)  quantity 1k (When it is less than ;) does not deter-

reduces to the expressiéhs’ mine the value off, unequivocally.

Based on Eqs(39) and (40), it is possible to derive the

Tn

T T~ ™ 37) following expression for the critical value of4{in the pres-
o ¢ 478% ence of magnetic scattering:
and 11 T eorer| M 1
e w2y | A @
mX !
Teo=Te~ 87, 38 This expression is valid as long as its right-hand side is posi-

o _ tive, since otherwise the superconductivity is completely
for initial T, suppression by magnetiat y=0) or nonmag-  suppressed solely by magnetic impurities. The value of
netic (at arbitrary value ofy) scatterers, respectively. 1/7, . decreases as #' and 15" increase at constantor

A he high impuri ncentration, we recall that in ¥ t

s to the high impurity concentration, we recall that In 55, increases at constantr3f! and 145X

the BCS theory, nonmagnetic spattering alone is in.sgﬁicient To conclude this section, it is interesting to note tiat
for the nond-wave two-dimensional superconductivity (0 does not depend op provided that 1#°*=1/r, + 1/72°!; see
<x<1) to be destroyed completetfat 1/72¥=0, the value Eq. (33
of T. asymptotically goes to zero asrl/increases. On the ' '
other handT. of a d-wave superconductor wit=1 van-
ishes at a critical value &} ;= 7T o/y~1.764T 5, with y
=eC~1.781, whereC is the Euler constant. In its turn, mag-  Equation(33) is obviously more general than Eq&4)
netic scattering in the absence of nonmagnetic scatteringnd (35), which are commonly used for the analysis of ex-
(1/7,=0) is known to suppress the isotroevave super- perimental data off; suppression by defects and impurities
conductivity with y=0 at a critical value lﬁfcz 7T.o/2y  in HTSCs; see references in the Introduction. In fact, making
~0.887T., (Ref. 87. use of Eq.(34) or Eqg.(35) one assumea priori that either

On the basis of E(33), it is straightforward to derive the (i) the order parameter in HTSCs is isotropic in momentum
general condition for impuritydefec) suppression of; for ~ space, or(ii) magnetic scatterers are completely absent in
a superconductor having an arbitrary in-plane anisotropy coHTSCs. In our opinion, the experimental dependenci€B;of
efficient y and containing both nonmagnetic and magneticversus impurity concentration or radiation dose should be
scatterers: analyzed within the framework of the theory presented

IV. DISCUSSION
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above; see Eq33). One should noguessas to the degree of — 1 - 1 T T T 1
in-plane anisotropy oA(p) and the type of scatterers, but try
to determinethe value ofy and relative weights of magnetic VT~
and nonmagnetic components in electron scattering througl Y =~
comparison of theoretical predictions with available or spe- ) =~
cially performed experiments. 08 =~ }
We recall that Eq(33) has been derived within the weak- | =~
coupling limit of the BCS model. Note however that the i Y
exact solution of the Eliashberg equations for a particular,
case of ad-wave superconductor containing nonmagnetic
impurities only indicate® that the analyticall. /T, versus
1/7, curve falls near the numerically calculat&éd/T.q ver- 0.4
sus 1f} curve, where s is the scattering rate renormal- o
ized by the strong-coupling effecti is 1/7; that enters the [ ‘ !
formula for the experimentally determined in-plane residual !
electrical resistivitypy). We believe therefore that E¢B3) .o
is also valid beyond the weak-coupling approximation im- Fo)
plying thatr,, 77", and7‘in Eq. (33) are therenormalized N
relaxation times that govern the experimentally measurec °'°o 100 200 300 400 500
physical quantities. It would be interesting to check this by
direct numerical solution of the Eliashberg equations for an Po (H€2ecm)
anisotropic superconductor with nonmagnetic and magnetic FIG. 1. Dependence of the normalized critical temperature
impurities. T./T¢o on the residual resistivitp, due to nonmagnetic and mag-
In order to compare the predictions of theory with experi-Netic impurities in a superconductor wiffi,o=100 K and x=0
ment, it is convenient to represent the electron scatterin§SOtropics-wave pairing for different values of the coefficient
time, Eq. (24), in terms of the in-plane residual resistivity Specifying the relative contribution {a, from exchange scattering.

Te/Teo

: 60 a=0 (solid curve, 0.04 (long-dashed curye 0.5 (short-dashed

po- Following Radtkeet al,™ we have curve, 1 (dot-dashed curye The critical valuepg=1.42 m{) cm
1 1 1 2 for «=0.04. The plasma frequency is taken todyg=1eV. One
= ﬂpo (42) can go to the other values 8%, and w,, through replacing, by
n TR X 4 PO po(Teo/100)w, . whereT g is measured in K, angy, is measured

in evV.

where wp is the plasma frequency. Note that spin-

independent (I, + 1/7°°") and spin-dependent (£} scat- |uex?

te_ri_ng rates variously appear in Eqas_) gn_d (42) for the a= TN |2+m|upot|2+|uex|2. 47

critical temperature and residual resistivity. Hence, for a nt m/1%n m m

g@ven degree of anisotr_opy of the order paraméter, fora e yaiue ofa depends, first, on the scattering strengths of
given value ofy), theuniversaldependence 6F./Teo ONpo  jngividual nonmagnetic and magnetic impuritiérough
cannot be obtained, as opposed to the case dfnave or

SolroD] duct e i matrix elementsi,, ub°', u®*) and, second, on the ratio of
anisotropics-wave Superconductor containing nonmagne ICimpurity concentrations,, /c,. The latter is expected to re-
impurities only®%3! noom

: main constant under doping or irradiation, at least at rela-
tively low (but sufficient to destroy the superconductiyity
doping level or radiation dose. For example, low-energy ir-
radiation of YbaCu,O;_, was found to induce nhonmagnetic

O i = =
wherepg™ is due to electron scattering by nonmagnetic im_defects only)’i.e., C/Cy=0, and hencer=0.

" . : o " Thus the dependence ©f /T, on pg for a given value of
purities and potential scattering by magnetic impurities, . o C o

hile 0% is due t h ttering b He | 'y is specified by the material-dependent and *“disorder-
w |.e po IS due to exchange scattering by magnetic Impurl'dependent” dimensionless coefficieat The greater is the

ties: relative contribution from exchange scattering by magnetic
2 impurities topg, the higher is the value af (a ranges from

i+ iz ﬂpnm (44) 0 in the absence of exchange scattering to 1 in the absence of

T Tt 4m 0 non-spin-flip scattering Substituting Eqs(44) and (45) in

Eq. (33) and taking Eqs(46) into account, we have

Let us expresg, as

Po=po +p5" (43

L _ 951 e 45 T 1
o anPo 49 |n(T—C°>:(1—X)[\If
C

w‘23| \If 1
2" g, V2
From Egs.(22) and(42)—(45) we have

+x| v

1 o 1
E'ﬁ‘mpo -v E . (48

where Figures 1-4 show the plot of. /T,y versusp, in a su-

po"=(1=a)py, p§=apo, (46)



Te/Teo

Po (MQcm)
FIG. 2. Same as in Fig. 1 fop=0.5[a specific case of aniso-
tropic s-wave or @+ s)-wave in-plane pairing

perconductor withT,=100 K andw, =1 eV for different
values ofy and« ranging from 0 to 1. The choice df.q and
wp IS, to some extent, arbitraghough these values df,
and oy, are typical for HTSCs, e.g., for YB&U;Oy;). In
order to go to the other values of, andw, one should just
replacepq in Figs. 1-4 bypo(To/100)w,”, where T is
measured in K, andy, is measured in eV.
From Figs. 1-4 one can see thatyat 1 the rate ofT,

decrease with increase g, becomes higher as increases
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Te/Teo

N 1
0 100

0.0

Po (MQcm)
FIG. 4. Same as in Fig. 1 for=1 (d-wave in-plane pairing In
this case the value df. /T, at a givenp, does not depend oa;
see Eq(49).

the superconductivity is completely suppresség=0) at a
critical value of pg=1.42m)cm, 113 uQ cm, and 56.5
©Q cm for «=0.04, 0.5, and 1, respectively; see Fig. 1. At
x=0.5 (a specific case of anisotropgewave or mixed ¢
+s)-wave in-plane pairingthe value ofT, monotonously
goes to zero asp, increases for =0, while p§
=401 cm, 113u) cm, and 8Qui) cm for «=0.04, 0.5,
and 1, respectively; see Fig. 2. At=0.8 (strongly aniso-

scattering top, increases. Aty=0 (isotropic s-wave pair-
ing) the value ofT. does not depend op, for =0, while

T/ Teo

predominance of thed-wave componeit one has p§
=188 cm, 113u) cm, and 99u) cm for «=0.04, 0.5,
and 1, respectively; see Fig. 3. The curigsép,) for differ-
enta come closer together as the coefficigrihcreases, i.e.,
as the order parameter becomes more anisotropig¢=At
(d-wave in-plane pairingall curvesT.(p,) merge together
(see Fig. 4, i.e., the value ofl./T, at a givenp, does not
depend omny, in accordance with Eq48), the critical value
of pg being equal to 1130 cm at anya. Note that fora
=0.5 the curved (pg) are the same at any value gf see
Figs. 1-4 and Eq48).

Magnetic scatterers in a nahwave superconductor,
even if they are present in a small proportian<€1), result
in pg decrease as compared wijtf of a sample containing
nonmagnetic impurities only. The decreasepfpwith « is
more pronounced at low values gfi.e., in superconductors

having weakly anisotropic order parameter; see Figs. 1-3. At
x as high as 0.8, i.e., in a superconductor having strongly
anisotropic(but different from a purel wave order param-
eter, the value opg for =1 is less than twice as low as that
for «=0.04; see Fig. 3. In such a superconductor, the role of
a small amount of magnetic impurities is to suppress the
superconductivity at a finite value gff as opposed to the
case when exchange scattering is absentQ), though the
curvesT.(po) at «=0 and 0.04 almost coincide in a very
broad range off./T.y; see Fig. 3.

0 100

Po (MQcm)

FIG. 3. Same as in Fig. 1 fop=0.8[a specific case of aniso-
tropic s-wave or @+ s)-wave in-plane pairing
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In our opinion, an argument in favor of other than puretion appears to be incorrect, E@3) for the critical tempera-
d-wave in-plane symmetry of the order parameter in HTSCdure can still be used, the scattering times being given by
(at least in some of thems as follows. A pured-wave Egs.(44) and(45). In that case, however, one faces an addi-
two-dimensional superconductor wigh=1 is characterized tional complication concerning the evaluation of contribu-
by the universaldependence of . on p, that is the same at tions to the residual resistivitp, from magnetic and non-
any value ofe, i.e., at any relative contribution of exchange Magnetic scatterersg™ andpg™, respectively.
scattering to the total value ¢fy; see Eq.(48) and Fig. 4.
Meanwhile, T, versusp, curves and the values qofg in
HTSCs are material-dependent and disorder- The combined effect of nonmagnetic and magnetic de-
dependent#40:42:44.47.52.53.56.57-5¢ g fact attests that the fects and impurities on the critical temperatures of supercon-
value of y varies(though, may be, slightlyfrom one HTSC  ductors with different gap anisotropies was studied theoreti-
to another, while the value af depends both on the kind of cally within the weak-coupling limit of the BCS model. For
HTSC material and on the type of impurities or radiation-the case of short-range scattering potentials, an expression
induced defects. was derived that relates the critical temperature to the relax-

Besides, the experimentally observed form Bf(po) ation rates of charge carriers on nonmagnetic and magnetic

curve in HTSCs is usually close to linear in a very broagscatterers as well as to the coefficient of in-plane anisotropy
range of critical temperaturdd#447:52535557-5%he theoret- of the superconducting order parameter on the Fermi surface.

cal oUVeT(po) has such a form i is dose to unitbut Gt 00 8 (0% B B e
x#1) anda is much less than unity, e.g., #=0.8 anda

~0.04: see Fig. 3. In contrast, the theory predicts the neg dependentimpurity scattering. For example, in the case of

. T f o as’ignificant overlap between the anisotropy functions of scat-
tive curvature ofT¢(po) curve for a pured-wave SUPErcon-  yojnq hotential and that of the pair potential, the anisotropic

duc:tor(no [[natter( howlgrea; is the Iclzontnfbunon 0:;}I_‘:")(Ch"’mgesuperconductivity has been proven to become less sensitive
scattering t0po) (see Fig. 4 as well as for a nom-wave = nonmagnetic impuritie¥ 3% However, it is not clear if

superconductor with strong exchange scattering, and thﬁ]ere is such an overlap in HTSCs
positive curvature offo(po) curve for a nord-wave super- Besides, numerical calculations within an extended Hub-

conductor containing honmagnetic impurities only; see Figs : : o :
1-3. So, we expect that the majority of HTSCs have thebard model point to the spatial variation of the order param

. . ) eter in the \vicinity of impurities in anisotropic
mixed (d+s)-wave order parameter with the predominance y b P

_ superconductor® As a result, suppression &, is signifi-
of a d-wave component (1. X <1) and_ th_at e_xchange scat- cantly weaker than that predicted by the Abrikosov-Gor’kov-
tering by magnetic impurities or radiation-induced defect

4 DR Stype theory. This effect presumably is especially pronounced
Cor]rtrr]'bmzs FQ?O, th?sugh quite |nS|gn|f|?atntI3éc(<1). d in superconductors with short coherence length. However, a

€ admixture ois-wave component o d-wave order complete theory of such an effect remains to be developed.
parameter, e.g.A(p)=Ay(cop,—cop)+As, may be a

X ; . It is worth noting that impurity doping and irradiation
consequence79I90rthorhomb|c dIStOI’tIO.n. of Cz“ﬁ’af‘es n generally result not only in a structural disorder but also in
some HTSC<$/~1°The value of the coefficient contains the

inf . b h ial weight of th in th creation or annihilation of charge carriers. Thus the effects of
Information about the partial weight of that component in e, jer ang impurity concentrations dn of HTSCs should
order parameter, i.e., about the valueAf/A,. So, having

: ; be considered on equal footifiy.Moreover, since high-
determined the value ofy from experimental data on d g g

T . I . temperature superconductivity appears upon doping of par-
radiation-induced and impurity-induced reduction of the g ingyjators, a description of those effects should form the
critical temperature, one can deduce the valueAgfA,

g basis for the future theory of HTSCs.
making use of Eq(31). In conclusion, the results obtained provide a basis for
. Besides, it should be stressed thai(s)-wave symmetry g\ auation of the degree of anisotropy of the superconduct-
is only one of possible candidates for the symmetry of aNyng order parametefe.g., for an estimate of the partial
isotropic pairing state in HTSCs. It is likely to occur in weight of ans wave in a mixed §-+s)-wave order param-
orthorhombic HTSCs. In what concerns purely tetragonaley a5 well as the ratio between nonmagnetic and magnetic
HTSCs, one may expect mixing of an isotropiovave staté  geattering rates in higli, superconductors through careful
with the state having some higher even angular harmoniG,,mnarison of theoretical predictions with the experiments
e.g., with ag-wave state. Such a mixed ¢ s)-wave state, 4, jmpyrity-induced and radiation-induced reduction of the
just as a d+s)-wave state, is also characterizedoyalues  (yiiica| temperature. We hope that the present paper will
in the range from 0 to 1, depending on the partial weights 0kerye a5 a stimulus for further experiments on the combined

s-wave andg-wave components in the order parameter. All gffect of nonmagnetic and magnetic scattering in the copper-
the results obtained in this paper are therefore applicable tgy;qe superconductors.

the case of ¢+ s) pairing, as well as to the case of any other
in-plane symmetry of the order parameter. ACKNOWLEDGMENTS
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