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Role of zinc and nickel impurities in high-temperature superconductors
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The local changes produced in the electronic structure and their effect on the physical properties
of the superconducting and normal phases when zinc and nickel are substituted for copper

are examined on the basis of a multibgied model. It is shown that strong electronic correlations
suppress th&=1 configuration of Ni* and cause the superposition of tBe 1/2 and

S=0 states of nickel. The change in the density of statgs iand n-type systems is studied,

and the peculiarity of Zn impurity fop-type systems and Ni impurity far-type systems

is shown. The universal dependence of theon the residual resistance in lightly doped
superconductors and deviations from it in optimally doped systems are discussed.
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It is well known that transition-metal impurities in high- netic impurities for copper are being studied in a multielec-
temperature superconductdepper oxide HTSQslead to  tron multibandp—d model*?*3|t has been shown that strong
behavior that is unusual from the standpoint of the BCSelectronic correlations suppress the magnetic st3¢hliz*)
theory. Both magnetic and nonmagnetic impurities stronglywith spin S=1 and realize quantum-mechanical superposi-
suppressT,, and the degree of suppression fpitype tion of the paramagnetid®L(S=1/2) and diamagnetic
HTSCs is greatest for the nonmagnetic impurity Zn and leasti*®L?(S=0) states*
for the magnetic impurity Nt=3 This effect of Zn is often As a result, the impurity of the formally magnetic i
considered in the literature to be a manifestation of potentiafictually acts as a diamagnetic impurity Zn. This effect is due
scattering in ad-type superconductd:® The basis for this to the factoru3, expressing the probability of tr#°L? con-
hypothesis is the appearance of a large residual density diguration. For this reason, the suppression of thellyeint
states N,.s(g;)#0) as a result of nonmagnetic impurities in lightly doped antiferromagnets satisfies
for anisotropic superconductors with an order parameter that
possesses zeros on the Fermi surfadée potential and dTy dTy
magnetic scattering effects are analyzed in the normal-metal- W(N') dx
state model. For HTSCs this approach is hardly applicable
for lightly and optimally doped compositions with anoma- In what follows, we shall examine and compare the
lous metal-phase behavior characterized by strong shorthanges produced in the electronic structure by substitution
range antiferromagnetic correlations. of Zn and Ni for Cu. Fomp-type systems Zn impurities act

A different picture is observed fan-type HTSCs. The like electronic doping, leading to the formation of additional
magnetic impurities Ni and Co suppre§s much more within-gap states witha; symmetry of the deep-impurity-
strongly than the nonmagnetic impurity Zn in polycrystalline level type, while Ni impurities act like additional hole dop-
samples L_,CeCuQ,, s (L=Pr, Nd, Sm, El This is inter- ing, changing only the intensity of already existing peaks in
preted to be a manifestation of a gap wiHype symme- the density of states of the impurity band wiih symmetry.
try.2° Investigations of Pr,CeCuQ,.; single crystals We see in this a microscopic reason why the effects of Zn
have shown that Zn does not dissolve in them and substitiand Ni are different, because the appearance of Zn impurity
tion of Ni and Co for Cu gives a recordor cuprateg sup- levels can result in a strong resonance scattering of the
pression ofT, with dT./dx=—20 K/at.%, an increase of carrierst> which does not happen in the case of Ni impuri-
the residual resistance 420)-cm/at.%, and a change in the ties. Conversely, fon-type superconductors, the substitution
sign of the Hall constari® of Ni for Cu results in coexistence of electronic and hole

The residual resistancg,.s in various p-type HTSCs states, which is well-known from experiments.

(La-214, Y-123, Bi-221p correlates withT.: The increase

in pyes iS proportional to the decreageT ., which suggests

that the same mechanigm produces both eﬁ_ects._ Moreove], c 5 RMATION SCHEME OF THE QUASIPARTICLE BAND

the dependenc& (p,es) in different HTSCs with different  grrycTURE

Zn impurity concentrations is universal for lightly doped

compositions. The universality breaks down for optimally In the multiband, multielectrop—d model, the Hamil-
doped compositionk: tonian of the Cu@ layer can be written in the hole represen-

The effects of the substitution of magnetic and nonmag+tation

(Zn)=uj. (1)
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nl;nly —
H= erat.an, Sun(X" M) =ny, (4)
I\ where ny, is the hole density per cellp,=1+x for
N . L, S CuO, anplnh= 1—x for Pr,_,CgCu0;,. _
+2 > Vit 280 o, @ik yog@in 0,0 0, For us the important states are the ground terms with
M Aih2917205% n=0,1, and 2; the vacuum sta@) with n=0 corresponds
N to thed'°p® configuration. The single-hole state witk=1 is
+Z }\; G i o @n 0 - (20 a superposition ofd® and d*!L configurations. The main
(13) Mhoo term with spinS=1/2 and projectionr= +1/2 is
Here a;,, IS an operator annihilating a hole in a Wannier o o o
state at the sité (copper or oxyge) in orbital A, and with [10)=u]0:d1;0) ~v(|py, 730;0) +]0;0:py, ) V2,
spin . We took acqount of two copper orbitald, 2 an_d Wl=(1+68/v)2, vi=1—u?, »2= 52+8T2d. (5)
d,2) and onep orbital (p, or py) on each oxygen site. P
Among the Coulomb matrix elements, the intra-atomic Hub-Hered,=d,_,2 and the vectof. . .;...;...) denotes vari-
bard Uy(U,) matrix elements for repulsion on one copper ous multielectronic states of a O—Cu-O cluster.
(oxygen orbital with opposite spins, interorbitaV/y(V,) The two-hole states are a superposition of the configura-
Coulomb and exchanga;(J,) matrix elements as well as tions d®,d°L, andd*’L2. We write the ground term in the
the interatomic parameters of the Coulohy and ex-  form
changel, 4 copper—oxygen interactior(gvhich, for simplic-
ity, we apssume to be the same for all orbitalBhe last term 2,8) = uo|d*L2) +vo|d°L) +wo|d®), (6)
in Eq. (1) descrzibezs interatomic2copper—oxygen hops withyyhere the spin is 0 or tcrossover between the singfeaq
the parameterts, ¥ *=T,q andt;;=T,q/\3 and oxygen— and the triplet®By, is possiblg.** Strong correlations sup-
oxygen hops with the parametefj=t,,. We denote the press the weight of the® configuration. For the parameters
charge-transfer energ§=e,—sq, , and the energy split-  w2<0, 1, which are realistic for oxides, the Zhang—Rice sin-
ting of thed level in a uniaxial component of the crystal field glet makes the main contribution. In the limity—o, ne-
asAy= €2 €gx2—y2. glectingwy, the coefficientaly andvy can be written ana-
In the generalized tight-binding methddhe band struc- lytically as
ture of the quasiparticles can be calculated, taking account of ) ) )
strong electronic correlations, in two stages: At the first stage Up=(1—A0/v0)% vo=1-up,
the lattice of the Cu@layer is divided into elementary cells Az SV 2_ A2, gT2
and the Hamiltonian inside a cell is diagonalized exactly. 0 pd: Yo~ 20 pd-

The cells can be chosen to be either nonoverlapping €U0 Fermi-type quasiparticles in a strongly correlated system

or overlapping (Cu@, and in the latter case the additional can be determined by analogy with the Landau Fermi-liquid

solved®'® The multielectronic molecular orbitals
m=|n,|) (wheren=0,1,2, ... is the number of holes ina  Q(n,ly,1)=E(n+1]l)—E(n,l,). )

cell, | denotes the collection of all other orbital and spin . : N
Intercluster hops lead to dispersion of these quasiparticles.

indiceg, which are obtained by diagonalizing the Hamil- . . o : S
tonianH, of a cell, are used to construct the Hubbard opera:rhe single-particl¢hole) excitation scheme is shown in Fig.

g ) 1, where to simplify the figure only the two lowest terms
tors XP9=|p)(g| of this cell. :
. . . with n=1 and 2 are shown. Here the numbered arrows enu-
At the second stage all intercellular hops and interactions

. : . _merate different types of holes: A quasiparticle 1 forms an
are rewritten exactly in the Hubbard—operator representation : )
e émpty conduction ban¢n the electronic languagend the
and the Hamiltoniar§2) assumes the form

quasiparticles 2 and 3 form the valence-band top. For both
and p types, there exist hole in-gap states, whose spectral
H=HO+HDO=3 E XM weight is proportional to the carrier density. These holes are
Lm denoted by the number 4 far-type systems and they are
described by a superposition df. states of copper and the
+> > X Tmi:iximlnlx?zmz- (3 a; molecular orbital of oxygeR® For p-type HTSCs the im-
(L) M1ng M2, purity holes are denoted by the number 5 in Fig. 1 and are

. : 4
Here the lattice sitesand] refer only to the centers of the formed in the ground, orbitals of oxygerf* _
clusters(copper atoms The spectral weight of quasiparticles is determined by

Various variants of perturbation theory with respect tothe so-called terminal factdP, which for Fermi quasiparti-
the intercellular hops are known for the Hubbard cles is the sum of the particles occupying the initial and final
model!>9-21|n the strong correlations regime they all lead States
toa quasiparti_cle band_structure that depends on the tempera- Flq,lp)=(XntUuin+diay L xnlzinzy (8)
ture and carrier density through the occupation numbers
(x™™ of the termsE,,. The latter can be calculated self- The occupation numbers themselves are found self-
consistently using the equation for the chemical potential consistently by solving the equation for the chemical poten-
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FIG. 1. Scheme of multielectronic terms in various sectors of Hilbert spacer|G. 2. Change in the quasiparticle spectra ip-ype CuQ layer due to
with n=0, 1, and 2 holes per cell. The cross marks indicate partial filling of substitution of zino@) and nickel(b) for copper. For Zn there is an addi-
different terms fom-type (a) andp-type (b) systems. The numbered arrows tional hole impurity state witta, symmetry.

show the possible Fermi quasiparticlds:— conduction-band botton2,

3 — singlet and triplet excitations at the valence-band &5 — impurity

states fom- and p-type systems.

rity, giving a hole in the cell, whera,=2, lies above or

tial (4). These solutions af=0 in the paramagnetic phase below the_ cell bnistead of a Cupsquare we have ZnO
and for this celln,=0.

for three cases of interest to us — without doping and with Cells where Sr and Zn act simultaneously are unimpor-

b- a;)d S:é/gSeccjjOg/ns%e;n aielas follows: tant. In the first place such an encounter is unlikely because
h— = x andy are small and in the second place compensatiqmr of

(X9 =0, (Xloloy=1/2, (X?%28=0; (90  andn-type doping occurs in such cells.

The change in the density of states in the lightly doped
case k<<1,y<1) can be easily followed in Fig. 2, which
(X099 =0, (XM17)=(1-x)/2, (X*%29=x; (100  shows the quasiparticle scheme for the spatially averaged
3) n-type dopingn,=1—x, picture. Here the occupation numbers of the terms are

2) p-type doping,ny=1+Xx,

(X% =x, (XM1=(1-x)/2, (X*9*%=0. (11) (X% =y, (XL =(1-x-y)/2,
The structure of the solutions is similar in the antiferromag- (X20:20 =y
netic phase with the spin degeneracy lifted in each sublattice. '
The change in the density of states as a result of within-gap

(12)

2. CHANGES IN THE ELECTRONIC STRUCTURE DUE TO states is
SUBSTITUTIONS OF ZINC AND NICKEL FOR
COPPER (SN(E)Ny(s(E_81’1+80)+X5(E_82’0+81’1). (13)

Each substitution of Z&t (d'°) for Cu?*(d®) decreases Here the second term is associated withimpurity states,
the number of holes by one, so that the hole density, fowhich merge with the valence-band top as the hole density
example, in the system La,SrCu;_yZn0O, is np=1+x increases, forming a band responsible for superconductivity.
—y. At the same time the substitution of Ni(d®) for  The first term in Eq(13) is due to holes witta,; symmetry.
CU?*(d% increases the number of holes, and in the systenThese are impurity states, which lie beyond the edge of the
La, ,SrCu_yNi,O, the hole density isn,=1+x+y. In  ground band withh,_ symmetry. According to Ref. 15, the
other words, from the standpoint of electrical neutrality thepresence of such a state could be the reason for the strong
substitution of Zn is equivalent to-type doping and the resonance scattering in the unitary limit. Hops between LuO
substitution of Ni is equivalent tp-type doping. The small clusters give, as is well known, narrow Hubbard bands with
spatial radius of impurity states distinguishes them from mo-a typical width of less than 0.5 e¥.Since the band widths
bile carriers formed by doping with ¢& or SP*.14 are small, here we neglect the dispersion of the bands and

In the system La ,Sr,Cu;_,Zn O, two types of unit analyze not the entire density of states but only the impurity
cells in the Cu@ layer can be distinguished) a Sr impu-  part, i.e. the part proportional to the hole density.
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In the case of Ni substitution for Cu with,=1+x different hole densitie$! It is important that universality oc-
+vy, the solution of the self-consistency equation for thecurs for lightly doped systems and breaks down for optimally
chemical potential is and heavily doped systems. In lightly doped systems holes

0:0\ _ Lodoy 1y are in regions with antiferromagnetic short-range order. The

(XTD=0, (X )=(1=x=y)l2, size of these regions is of the order §fr),. Diamagnetic
(X2020 =x 1y, (14)  substitution for the C&i spin destroys the equivalence of the
. . sublattices and a magnetic moment from the uncompensated
In this case, as one can see from Fig. 2b, the electronic

. . . 2 .
structure is formed by the same quasiparticles as in the ak%Ublattlce appears near the impurity"Zn This moment has

A . > P een observed experimentaff® Hole scattering with spin
sence Of.N' n Fig. 1t.)' The main doping-induced change InfIip by such a defect will suppress superconductivity, just as
the density of states is

in the BCS theory! If it is assumed that scattering with spin
ON(E)~(x+Yy)S(E—€p0t€19). (15  flip in lightly doped samples is the main mechanism for the
As a result, the substitution of Ni for Cu leads primarily iupt))prt(re]s_?lon %TC’ then v(\j/etarrl\{e adttgettr\:vo conclusions tTat

to a renormalization of the density of states without any ) both T, andpres are determined by the same pa"’.‘gﬂe ers
o ; so that there is a universal dependefigéo,.s) and 2 Ni

gualitative changes to it. . v o di i bstituti h b b'linﬁ
Conversely, inn-type superconductors the substitution impurity gives diamagnetic substitution with probab

of Ni for Cu changes the density of states substantially. Let© that forT, andpres a relation of the form1) should hold:

us consider the system PrCegCu_,Ni,O,. The super- dT.(Ni) / dT.(Zn) . )

conductivity and electrical properties of the single crystals dx dx =pres(Ni)/ pres(ZN)=ug. (18

have been investigated in Refs. 10, 26, and 27. Here the ) ) o

average Hall density ib,=1—x+y. For cells with Cu im- For optw_nally and heavily doped syst_ems the situation is

purity h,=0, while for NiO, squaresh,=2. The solution of ~More complicated because for thefey is small and the

Eq. (4) is assumption that spin scattering plays a dominant role is in-

. , correct. Potential scatteringy here predominates over spin

(X0 =x, (X119 =(1-x-y)/2, scatteringl’s. The relative contributions of these mecha-
(X20:20 =y (16) nisms are different for each hole density and the function

- ~ Tc(pres is no linger universal. Analysis of the suppression
Hole quasiparticles are formed by the same excitationgyf d,2_,2 type superconductivity in Y-123 with Zn substi-
as in Fig. 2a. The change in the density of states as a result @fted for Cu led? to the conclusion thaf s/T'=<0.1. Poten-
the impurity states is tial scattering by Ni impurities irp-type systems is much
SN(E)~XS(E—g1 1+ o) +YS(E—epgt£19). (17  Wweaker than for Zn, since it is not of a resonant character.

. ) . . ) Conversely, in the-type case a resonant character can occur
In this case Ni forms an impurity state withy symmetry. 549 gives record high suppressionTof.
This state is split from the conduction band bottom and can |, closing, we note that our goal was to relate the ob-

lead to a strong scattering of current carriers. Reype  served differences in Zn- and Ni-substituted systems of both

systems Zn impurity plays a passive role, just as Ni forp andn type to the changes occurring in the electronic struc-

p-type systems. Moreover, as shown in Ref. 27, Zn does nqf,re \We showed that, based on a multielectronic approach

dissolven-type single crystals. taking account of strong electronic correlations, differences

indeed arise at the microscopic level: Fetype systems the

Zn impurities form an impurity level with symmetry differ-

ent from that of the valence band top while Ni impurities do
Oxygen nonstoichiometry can also be a sourcp-tfpe  not; for n-type systems even the Ni impurity forms a level

carriers inn-type systems even in the absence of Ni. Thewith symmetry different from that of the conduction-band

complicated temperature dependence of the Hall constatuottom.

Ru(T), which changes sign from negative to positive with | thank Henri Alloul and Kurt Westerholt for stimulating

decreasing,?® indicates the coexistence of two types of car-discussions.

riers. As shown in Ref. 10, the substitution of Ni for Cu This work was supported by the State Program on High-

destroys the balance between the electrons and holes, af@émperature Superconductivifgrant No. 9502).

even fory>0.7 at.% the Hall constant becomes positive at

all temperatures._ Qur conplusion that the_ hqle density in;E_ma”: sgo@post krascience rssi.ru

creases when Ni is substituted is in qualitative agreement

with experiment” ? L.H P. Barboux, W. R. Mcki W. Hull

~ Since the residual resistance is formed by carrier scatter-% b O?Ir:r?gg,nk. N bﬁﬁi‘?gﬂzdneifa‘r’]‘é"é S Mcni‘;f"m‘;’; %e ool ull

ing at the same impurity levels, it is obvious that the sup- g3g3 (1987,

pression ofT is proportional to the changes in the residual 2J. Clayhold, N. P. Ong, P. H. Hor, and C. W. Chu, Phys. Re88B7016

resistancep, . and it follows from our calculations fqu-type (1988.

_ . g . . .
HTSCs thatp,es(ZNn)> p,es(Ni). We also wish to comment ;37'5);'?1‘39'\3' Z. Cieplak, J. Q. Xiao, and C. L. Chien, Phys. RevaB

on the universal depend_end'Q(pres), _found for different K. Ishida, Y. Kitaoka, N. Ogata, T. Kamino, K. Asayama, J. R. Cooper,
214 and 123 systems with Zn substituted for Cu and with and N. Athanassopoulou, J. Phys. Soc. §#.2803(1993.

3. DISCUSSION
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