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We present a theory of combined nonmagnetic and magnetic momen-
tum-dependent impurity scattering in the d-wave superconductor. After
deriving a formula for the initial suppression of the critical temperature we
discuss the experimental data for Zn and Ni substitutions as well as electron
irradiation defects in cuprates. We suggest, that the unequal pair-breaking
effect of Zn and Ni may be related to a different structure of the magnetic
moments induced by these impurities.

PACS numbers: 74.20.-z, 74.62.—c, 74.62.Dh, 74.72.-h

Unusual for the d-wave superconductivity in the disordered systems weak
pair-breaking effect of impurities in cuprates [1-13] suggests, as a possible
explanation, anisotropic impurity scattering [14-16]. Indeed, inclusion of
non s-wave scattering channels in the impurity potential leads to a quanti-
tative agreement of the theoretical predictions with the experimental data.
In this paper, we generalize our former approach to a combined potential and
magnetic impurity scattering. Such a study is motivated by the existence of
a nontrivial magnetic structure of simple defects in cuprates. Residing in the
magnetically active in-plane Cu (3d?, S = !/5) sites the nominally nonmag-
netic Zn (3d'°, S = 0) atoms induce the magnetic moments on the neigh-
boring Cu sites [17-20] whereas the magnetic Ni (3d®, S = 1) substitution
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results in a more localized screened impurity spin [19,20]. As indicated by
macroscopic susceptibility and NMR measurements [17-19,21,22] the mag-
nitude of the impurity-induced magnetic moments decreases with hole dop-
ing from 0.86 up for Zn, and 1.9 ug for Ni in underdoped YBaoCusO7_;
(Y-123) to 0.36 up/Zn and 1.6 ug/Ni in the optimally doped system. In
Lag_,Sr,CuOy (La-214) the same impurity substitutions lead to magnetic
properties corresponding to local magnetic moments of 1.0up/Zn and
0.6 up /Ni [23]. Below, we discuss within the anisotropic impurity scattering
scenario the pair-breaking effect of extended and localized impurity-induced
magnetic moments in the d-wave superconductor.

We consider randomly distributed impurities at low concentration inter-
acting with conduction electrons through a potential u(k, k') = v(k,k’) +
J(k,k')S&, where S is a classical spin representing the impurity and & is
the electron spin density. The potential in both nonmagnetic and magnetic
channels is anisotropic and defined as

—~

v

k,k') = vit+vaf (k) f (k:') , (1)
J (k. E') Ji+ Lf (k) f(K), (2)

where v; (v,), Ji (Ja) are isotropic (anisotropic) scattering amplitudes in the
nonmagnetic and magnetic scattering channel, respectively and f (k) = %1.
The anisotropy function is chosen to vanish after averaging over the Fermi
Surface (FS) momenta, i.e., (f) = [ngdSkn(k)f(k) = 0, where n(k) is a
normalized angle resolved FS density of states, [nqdSpn(k) = 1. In addi-
tion, f (k) is normalized, such as (f?) = 1. We use the above potential to
simulate scattering potentials of Zn and Ni impurities in cuprate supercon-
ductors. A screened localized magnetic moment [19,20] of Ni corresponds
to Ja/Ji < 1, while a broadly distributed over Cu sites Zn-induced mag-
netic moment [17-20] is approximated by J,/J;i ~ 1, i.e., comparable in
magnitude scattering in both isotropic and anisotropic channels. We also
assume that the nonmagnetic scattering represents the dominant contribu-
tion to the impurity potential and take J,/v, < 1, Ji/v; < 1. Given the
impurity potential we study its effect on the anisotropic superconducting
state determined by the order parameter A(k) = Ae(k), where e (k) is
a momentum-dependent function normalized, such as {e?) = 1. For the
dy2_,2-wave state e(k) = v/2cos2¢ in a polar angle notation. Taking the
electron-impurity scattering within the Born approximation and neglecting
the impurity-impurity interaction, [24] the diagonal and off-diagonal correc-
tions to the Green’s function averaged over the impurity positions and spin
orientations read [24,25]
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where w = T (2n+1) is the Matsubara frequency, T is the temperature, Ny
is the single-spin density of states at the Fermi level, and n; is the impurity
concentration. The self-energies (3), (4) are determined by v? (k,k’) and

J? (k, k') which according to definition (1) read

v? (k,K') = v§£oif (k) f (K, (5)
T (k') = Jg £ Jif (k) f (K') (6)

where vf = v + 02, v} = 2|vv,|, J§ = J2 + J2, and J? = 2|.J;J,|. Note that
v? < v and J? < JZ. Before proceeding further, we introduce the intrinsic
scattering rates Iy = mn;Novd, I1 = £mniNov?, Gy = mniNgJZS (S + 1),
and G = +mn;NoJ2S (S +1). It is easy to see that —1 < I/l < 1
and —1 < G1/Gy < 1. We use the above parameters to simulate the mag-
netic structure of scattering centers. The Zn-induced extended magnetic
moment is defined by G1/Go ~ 1 while the localized moment generated
by Ni substitution is determined by G1/Gg < 1. Taking a separable pair
potential V (k, k') =—Voe(k)e (k:'), Vo > 0, and following a standard pro-
cedure [14,25] we obtain the critical temperature, T, equation

HTL = (1- (&)~ (ef?) [w (%) —v G* F;%TGOH

o[y ()5 2550
ORI R

where T¢, is the critical temperature in the absence of impurities. Compar-
ing the above equation with the one for nonmagnetic scattering (Eq. (24) of
Ref. [14]) we notice that the spin-flip scattering manifests in Eq. (7) through
a single term determined by the exchange rate 2Gy. The remaining terms
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correspond to the ones obtained for potential scattering [14] with some new
effective scattering rates being combinations of the scattering rates in the
magnetic and nonmagnetic channels: I'b=Ty+Go, It =TIt —Gq. The role
of anisotropy in the impurity potential is expressed by the dimensionless
parameter (ef)? which is positive and does not exceed the Fermi surface
average of the absolute value of the order parameter {|e|)?. For the d-wave
state and a cylindrical Fermi surface (|e|)?2~0.81. In the quantitative analy-
sis of the experimental data we consider the T reduction in the limit of low
impurity concentration n; — 0 which is determined by the initial slope
T
e & 0614w [+ (1= ) dut = da] K/ e (®)
where pq is the residual resistivity at the zero frequency, [14] and wy,; is the
in-plane plasma frequency in eV. For the sake of brevity we have also intro-
duced x = 1—{e)?, pa = {ef)?I /I (anisotropy factor), and ¢\ = 2Go/ T
(magnetic factor). We find that in the d-wave state (xy = 1) the initial Tt
suppression (8) is determined solely by the dimensionless anisotropy factor
¢a. The influence of the spin-flip scattering is present through the renor-
malized scattering rates in the isotropic and anisotropic scattering channels:
Iy and I';. In Tables I-1II we give the anisotropy factors ¢ needed to
account for the experimental data of Zn, Ni and oxygen vacancy-induced
T, suppression in Y-123, La-214 and Bi-2212 compounds. Except for Ni
effect in overdoped Y-123 films (Ref. [12]) the anisotropy factor does not
exceed the maximal allowed value of 0.81. Worth noting are significantly
lower values of ¢ for Zn substitution than those for Ni. This feature can
be attributed to a different nature of the magnetic moments associated with
these impurities. While the Zn-induced moment is broadly distributed over
neighboring Cu sites, G1/Gy ~ 1, the one created by Ni is screened on a
larger distance and is more localized G1/Gy < 1. Therefore, for compara-
ble amounts of isotropic scattering by these impurities [26], Iy = Iy + Go,
the anisotropy factor ¢a ~ (It — G1) /(Lo + Go) of Ni scattering potential
should exceed the one of Zn impurity. The above analysis depends on the
relative magnitude of the magnetic to nonmagnetic scattering. Therefore, to
decide definitely about the role of spin scattering in high temperature super-
conductors with simple defects a quantitative estimate of the rates Go/Ij
and G1/I7 is needed.

Concluding, we find that even in the presence of the spin-flip processes
the scenario of anisotropic impurity scattering accounts quantitatively for
the experimentally observed 7. suppression due to Zn, Ni and oxygen va-
cancy scattering. Moreover, a different partition of the magnetic scattering
rates into isotropic and anisotropic scattering channels can be used in the
interpretation of the weak Ni-induced and relatively strong Zn-induced pair-
breaking.
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TABLE 1

Y-123: ¢ anisotropy factor of the impurity potential reproducing the T, sup-
pression in the Y-123 compound within the d-wave superconductivity scenario,
e, x = 1. (1.1eV < wp < 1.4€V; ov. = overdoped, op. = optimally doped,
un. = underdoped).

Defect Sample (‘gg )exp [K/p€ cm] | Anisotropy factor: ¢a
(ov.) single crystal [5] —0.674 0.093 < ¢ < 0.440
Zn (ov.) single crystal [6,9] —0.57 0.233 < ¢4 < 0.526
impurity (op.) thin film [10] —0.241 0.676 < ¢a < 0.780
(op.) thin film [11] ~0.520 0.300 < da < 0.568
Ni (ov.) ceramic sample [9] —0.333 0.552 < ¢a < 0.723
impurity (ov.) film [12] (—0.063) =~ (—0.044)| 0.915 < ¢po < 0.963
oxygen | (ov.) single crystal [2] —0.30+0.04 0.542 < ¢pp < 0.784
vacancy (ov.) film [1] —0.187 0.748 < ¢pa < 0.845
TABLE 11

La-214: ¢ anisotropy factor of the impurity potential reproducing the 7. sup-
pression in the La-214 compound within the d-wave superconductivity scenario,
i.e., x = 1. (wp1 = 0.84 eV; notation as in Table L.)

Defect Sample (‘;ZS) [//p€) cm] | Anisotropy factor: ¢a
exp
Zn (ov.) single crystal [6] —0.37 0.146
impurity (un.) film [7,8] —0.233 0.462
oxygen (un.) film [3] —0.127 0.707
vacancy
TABLE III

Bi-2212: ¢ anisotropy factor of the impurity potential reproducing the T, sup-
pression in the Bi-2212 compound within the d-wave superconductivity scenario,
i.e., x = 1. (wp1 = 0.9 €V; notation as in Table I.)

Defect

Sample

(

dT,
dpo

)..., [K/u0 em]

Anisotropy factor: ¢a

oxygen
vacancy

(ov.) single crystal [4]

—0.28

0.437
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