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COMBINED POTENTIAL AND SPIN IMPURITYSCATTERING IN CUPRATES�G. Hara«Institute of Physis, Wroªaw University of TehnologyWybrze»e Wyspia«skiego 27, 50-370 Wroªaw, Polandand A.D.S. NagiDepartment of Physis, University of WaterlooWaterloo, Ontario, Canada, N2L 3G1(Reeived June 21, 2001)We present a theory of ombined nonmagneti and magneti momen-tum-dependent impurity sattering in the d-wave superondutor. Afterderiving a formula for the initial suppression of the ritial temperature wedisuss the experimental data for Zn and Ni substitutions as well as eletronirradiation defets in uprates. We suggest, that the unequal pair-breakinge�et of Zn and Ni may be related to a di�erent struture of the magnetimoments indued by these impurities.PACS numbers: 74.20.�z, 74.62.�, 74.62.Dh, 74.72.�hUnusual for the d-wave superondutivity in the disordered systems weakpair-breaking e�et of impurities in uprates [1�13℄ suggests, as a possibleexplanation, anisotropi impurity sattering [14�16℄. Indeed, inlusion ofnon s-wave sattering hannels in the impurity potential leads to a quanti-tative agreement of the theoretial preditions with the experimental data.In this paper, we generalize our former approah to a ombined potential andmagneti impurity sattering. Suh a study is motivated by the existene ofa nontrivial magneti struture of simple defets in uprates. Residing in themagnetially ative in-plane Cu (3d9, S = 1=2) sites the nominally nonmag-neti Zn (3d10, S = 0) atoms indue the magneti moments on the neigh-boring Cu sites [17�20℄ whereas the magneti Ni (3d8, S = 1) substitution� Presented at the XII Shool of Modern Physis on Phase Transitions and CritialPhenomena, L¡dek Zdrój, Poland, June 21�24, 2001.(3459)



3460 G. Hara«, A.D.S. Nagiresults in a more loalized sreened impurity spin [19, 20℄. As indiated bymarosopi suseptibility and NMR measurements [17�19, 21, 22℄ the mag-nitude of the impurity-indued magneti moments dereases with hole dop-ing from 0:86�B for Zn, and 1:9�B for Ni in underdoped YBa2Cu3O7�Æ(Y-123) to 0:36�B=Zn and 1:6�B=Ni in the optimally doped system. InLa2�xSrxCuO4 (La-214) the same impurity substitutions lead to magnetiproperties orresponding to loal magneti moments of 1:0�B=Zn and0:6�B=Ni [23℄. Below, we disuss within the anisotropi impurity satteringsenario the pair-breaking e�et of extended and loalized impurity-induedmagneti moments in the d-wave superondutor.We onsider randomly distributed impurities at low onentration inter-ating with ondution eletrons through a potential u(k;k0) = v(k;k0) +J(k;k0) �S��, where �S is a lassial spin representing the impurity and �� isthe eletron spin density. The potential in both nonmagneti and magnetihannels is anisotropi and de�ned asv �k;k0� = vi + vaf (k) f �k0� ; (1)J �k;k0� = Ji + Jaf (k) f �k0� ; (2)where vi (va), Ji (Ja) are isotropi (anisotropi) sattering amplitudes in thenonmagneti and magneti sattering hannel, respetively and f (k) = �1.The anisotropy funtion is hosen to vanish after averaging over the FermiSurfae (FS) momenta, i.e., hfi = RFS dSkn(k)f(k) = 0, where n(k) is anormalized angle resolved FS density of states, RFS dSkn(k) = 1. In addi-tion, f (k) is normalized, suh as hf2i = 1. We use the above potential tosimulate sattering potentials of Zn and Ni impurities in uprate superon-dutors. A sreened loalized magneti moment [19, 20℄ of Ni orrespondsto Ja=Ji � 1, while a broadly distributed over Cu sites Zn-indued mag-neti moment [17�20℄ is approximated by Ja=Ji � 1, i.e., omparable inmagnitude sattering in both isotropi and anisotropi hannels. We alsoassume that the nonmagneti sattering represents the dominant ontribu-tion to the impurity potential and take Ja=va < 1, Ji=vi < 1. Given theimpurity potential we study its e�et on the anisotropi superondutingstate determined by the order parameter �(k) = �e(k), where e (k) isa momentum-dependent funtion normalized, suh as he2i = 1. For thedx2�y2 -wave state e(k) = p2 os 2� in a polar angle notation. Taking theeletron-impurity sattering within the Born approximation and negletingthe impurity-impurity interation, [24℄ the diagonal and o�-diagonal orre-tions to the Green's funtion averaged over the impurity positions and spinorientations read [24, 25℄
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~! (k) = ! + �niN0ZFSdSk0n �k0� ~! �k0� �v2�k;k0�+J2�k;k0�S (S+1)�h~!2�k0�+ ~�2 �k0�i1=2 ; (3)~� (k) = � (k)+�niN0ZFSdSk0n �k0� ~� �k0� �v2�k;k0��J2�k;k0�S (S+1)�h~!2�k0�+ ~�2 �k0�i1=2 ;(4)where ! = �T (2n+1) is the Matsubara frequeny, T is the temperature, N0is the single-spin density of states at the Fermi level, and ni is the impurityonentration. The self-energies (3), (4) are determined by v2 �k;k0� andJ2 �k;k0� whih aording to de�nition (1) readv2 �k;k0� = v20 � v21f (k) f �k0� ; (5)J2 �k;k0� = J20 � J21 f (k) f �k0� ; (6)where v20 = v2i + v2a, v21 = 2jvivaj, J20 = J2i +J2a , and J21 = 2jJiJaj. Note thatv21 � v20 and J21 � J20 . Before proeeding further, we introdue the intrinsisattering rates �0 = �niN0v20 , �1 = ��niN0v21 , G0 = �niN0J20S (S + 1),and G1 = ��niN0J21S (S + 1). It is easy to see that �1 � �1=�0 � 1and �1 � G1=G0 � 1. We use the above parameters to simulate the mag-neti struture of sattering enters. The Zn-indued extended magnetimoment is de�ned by G1=G0 � 1 while the loalized moment generatedby Ni substitution is determined by G1=G0 � 1. Taking a separable pairpotential V �k;k0� = �V0e (k) e �k0�, V0 > 0, and following a standard pro-edure [14, 25℄ we obtain the ritial temperature, T, equationln TT0 = �1� hei2 � hefi2� � �12��  �12 + �0 +G02�T ��+hefi2 � �12��  �12 + �0 +G0 +G1 � �12�T ��+hei2 � �12��  �12 + 2G02�T�� ; (7)where T0 is the ritial temperature in the absene of impurities. Compar-ing the above equation with the one for nonmagneti sattering (Eq. (24) ofRef. [14℄) we notie that the spin-�ip sattering manifests in Eq. (7) througha single term determined by the exhange rate 2G0. The remaining terms



3462 G. Hara«, A.D.S. Nagiorrespond to the ones obtained for potential sattering [14℄ with some newe�etive sattering rates being ombinations of the sattering rates in themagneti and nonmagneti hannels: ��0 = �0 +G0; ��1 = �1�G1. The roleof anisotropy in the impurity potential is expressed by the dimensionlessparameter hefi2 whih is positive and does not exeed the Fermi surfaeaverage of the absolute value of the order parameter hjeji2. For the d-wavestate and a ylindrial Fermi surfae hjeji2'0:81. In the quantitative analy-sis of the experimental data we onsider the T redution in the limit of lowimpurity onentration ni ! 0 whih is determined by the initial slopedTd�0 ' �0:614 !2pl [�+ (1� �)�M � �A℄K=�
m ; (8)where �0 is the residual resistivity at the zero frequeny, [14℄ and !pl is thein-plane plasma frequeny in eV. For the sake of brevity we have also intro-dued � = 1�hei2, �A = hefi2 ��1= ��0 (anisotropy fator), and �M = 2G0= ��0(magneti fator). We �nd that in the d-wave state (� = 1) the initial Tsuppression (8) is determined solely by the dimensionless anisotropy fator�A. The in�uene of the spin-�ip sattering is present through the renor-malized sattering rates in the isotropi and anisotropi sattering hannels:��0 and ��1. In Tables I�III we give the anisotropy fators �A needed toaount for the experimental data of Zn, Ni and oxygen vaany-induedT suppression in Y-123, La-214 and Bi-2212 ompounds. Exept for Nie�et in overdoped Y-123 �lms (Ref. [12℄) the anisotropy fator does notexeed the maximal allowed value of 0.81. Worth noting are signi�antlylower values of �A for Zn substitution than those for Ni. This feature anbe attributed to a di�erent nature of the magneti moments assoiated withthese impurities. While the Zn-indued moment is broadly distributed overneighboring Cu sites, G1=G0 � 1, the one reated by Ni is sreened on alarger distane and is more loalized G1=G0 � 1. Therefore, for ompara-ble amounts of isotropi sattering by these impurities [26℄, ��0 = �0 + G0,the anisotropy fator �A � (�1 �G1) = (�0 +G0) of Ni sattering potentialshould exeed the one of Zn impurity. The above analysis depends on therelative magnitude of the magneti to nonmagneti sattering. Therefore, todeide de�nitely about the role of spin sattering in high temperature super-ondutors with simple defets a quantitative estimate of the rates G0=�0and G1=�1 is needed.Conluding, we �nd that even in the presene of the spin-�ip proessesthe senario of anisotropi impurity sattering aounts quantitatively forthe experimentally observed T suppression due to Zn, Ni and oxygen va-any sattering. Moreover, a di�erent partition of the magneti satteringrates into isotropi and anisotropi sattering hannels an be used in theinterpretation of the weak Ni-indued and relatively strong Zn-indued pair-breaking.



Combined Potential and Spin Impurity Sattering in Cuprates 3463TABLE IY-123: �A anisotropy fator of the impurity potential reproduing the T sup-pression in the Y-123 ompound within the d-wave superondutivity senario,i.e., � = 1. (1:1 eV � !pl � 1:4 eV; ov. = overdoped, op. = optimally doped,un. = underdoped).Defet Sample �dTd�0 �exp [K/�
 m℄ Anisotropy fator: �A(ov.) single rystal [5℄ �0:674 0:093 � �A � 0:440Zn (ov.) single rystal [6,9℄ �0:57 0:233 � �A � 0:526impurity (op.) thin �lm [10℄ �0:241 0:676 � �A � 0:780(op.) thin �lm [11℄ �0:520 0:300 � �A � 0:568Ni (ov.) erami sample [9℄ �0:333 0:552 � �A � 0:723impurity (ov.) �lm [12℄ (�0:063) � (�0:044) 0:915 � �A � 0:963oxygen (ov.) single rystal [2℄ �0:30� 0:04 0:542 � �A � 0:784vaany (ov.) �lm [1℄ �0:187 0:748 � �A � 0:845TABLE IILa-214: �A anisotropy fator of the impurity potential reproduing the T sup-pression in the La-214 ompound within the d-wave superondutivity senario,i.e., � = 1. (!pl = 0:84 eV; notation as in Table I.)Defet Sample �dTd�0 �exp [K=�
 m℄ Anisotropy fator: �AZn (ov.) single rystal [6℄ �0:37 0:146impurity (un.) �lm [7,8℄ �0:233 0:462oxygen (un.) �lm [3℄ �0:127 0:707vaany TABLE IIIBi-2212: �A anisotropy fator of the impurity potential reproduing the T sup-pression in the Bi-2212 ompound within the d-wave superondutivity senario,i.e., � = 1. (!pl = 0:9 eV; notation as in Table I.)Defet Sample �dTd�0 �exp [K=�
 m℄ Anisotropy fator: �Aoxygen (ov.) single rystal [4℄ �0:28 0:437vaany
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