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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 multibandp–d model. It is shown that strong electronic correlations
suppress theS51 configuration of Ni21 and cause the superposition of theS51/2 and
S50 states of nickel. The change in the density of states inp- andn-type systems is studied,
and the peculiarity of Zn impurity forp-type systems and Ni impurity forn-type systems
is shown. The universal dependence of theTc on the residual resistance in lightly doped
superconductors and deviations from it in optimally doped systems are discussed.
© 1999 American Institute of Physics.@S1063-7834~99!00704-2#
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It is well known that transition-metal impurities in high
temperature superconductors~copper oxide HTSCs! lead to
behavior that is unusual from the standpoint of the B
theory. Both magnetic and nonmagnetic impurities stron
suppressTc , and the degree of suppression forp-type
HTSCs is greatest for the nonmagnetic impurity Zn and le
for the magnetic impurity Ni.1–3 This effect of Zn is often
considered in the literature to be a manifestation of poten
scattering in ad-type superconductor.4–6 The basis for this
hypothesis is the appearance of a large residual densit
states (Nres(« f)Þ0) as a result of nonmagnetic impuritie
for anisotropic superconductors with an order parameter
possesses zeros on the Fermi surface.7 The potential and
magnetic scattering effects are analyzed in the normal-me
state model. For HTSCs this approach is hardly applica
for lightly and optimally doped compositions with anom
lous metal-phase behavior characterized by strong sh
range antiferromagnetic correlations.

A different picture is observed forn-type HTSCs. The
magnetic impurities Ni and Co suppressTc much more
strongly than the nonmagnetic impurity Zn in polycrystalli
samples L22xCexCuO41d ~L5Pr, Nd, Sm, Eu!. This is inter-
preted to be a manifestation of a gap withS-type symme-
try.8,9 Investigations of Pr22xCexCuO41d single crystals
have shown that Zn does not dissolve in them and subs
tion of Ni and Co for Cu gives a record~for cuprates! sup-
pression ofTc with dTc /dx5220 K/at.%, an increase o
the residual resistance 450mV•cm/at.%, and a change in th
sign of the Hall constant.10

The residual resistancer res in various p-type HTSCs
~La-214, Y-123, Bi-2212! correlates withTc : The increase
in r res is proportional to the decreaseDTc , which suggests
that the same mechanism produces both effects. Moreo
the dependenceTc(r res) in different HTSCs with different
Zn impurity concentrations is universal for lightly dope
compositions. The universality breaks down for optima
doped compositions.11

The effects of the substitution of magnetic and nonm
5341063-7834/99/41(4)/5/$15.00
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netic impurities for copper are being studied in a multiele
tron multibandp–d model.12,13 It has been shown that stron
electronic correlations suppress the magnetic stated8(Ni21)
with spin S51 and realize quantum-mechanical superpo
tion of the paramagneticd9L(S51/2) and diamagnetic
d10L2(S50) states.14

As a result, the impurity of the formally magnetic Ni21

actually acts as a diamagnetic impurity Zn. This effect is d
to the factoru0

2, expressing the probability of thed10L2 con-
figuration. For this reason, the suppression of the Ne´el point
in lightly doped antiferromagnets satisfies

dTN

dx
~Ni!Y dTN

dx
~Zn!5u0

2 . ~1!

In what follows, we shall examine and compare t
changes produced in the electronic structure by substitu
of Zn and Ni for Cu. Forp-type systems Zn impurities ac
like electronic doping, leading to the formation of addition
within-gap states witha1 symmetry of the deep-impurity
level type, while Ni impurities act like additional hole dop
ing, changing only the intensity of already existing peaks
the density of states of the impurity band withb1 symmetry.
We see in this a microscopic reason why the effects of
and Ni are different, because the appearance of Zn impu
levels can result in a strong resonance scattering of
carriers,15 which does not happen in the case of Ni impu
ties. Conversely, forn-type superconductors, the substitutio
of Ni for Cu results in coexistence of electronic and ho
states, which is well-known from experiments.

1. FORMATION SCHEME OF THE QUASIPARTICLE BAND
STRUCTURE

In the multiband, multielectronp–d model, the Hamil-
tonian of the CuO2 layer can be written in the hole represe
tation
© 1999 American Institute of Physics
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H5(
ils

« i
lails

1 ails

1(
i , j

(
l1l2s1s2s3s4

Vi j
l1l2ail1s1

1 ail1s3
ail2s2

1 ail2s4

1(
^ i , j &

(
l1l2s

t i j
l1l2ail1s

1 aj l2s . ~2!

Here ails is an operator annihilating a hole in a Wanni
state at the sitei ~copper or oxygen!, in orbital l, and with
spin s. We took account of two copper orbitals (dx22y2 and
dz2) and onep orbital (px or py) on each oxygen site
Among the Coulomb matrix elements, the intra-atomic Hu
bard Ud(Up) matrix elements for repulsion on one copp
~oxygen! orbital with opposite spins, interorbitalVd(Vp)
Coulomb and exchangeJd(Jp) matrix elements as well a
the interatomic parameters of the CoulombVpd and ex-
changeJpd copper–oxygen interactions~which, for simplic-
ity, we assume to be the same for all orbitals!. The last term
in Eq. ~1! describes interatomic copper–oxygen hops w

the parameterstpd
x22y2,x[Tpd andtpd

z2x5Tpd /A3 and oxygen–
oxygen hops with the parametertpp

x,y[tpp . We denote the
charge-transfer energyd5«p2«dx22y2 and the energy split-
ting of thed level in a uniaxial component of the crystal fie
asDd5epz22edx22y2.

In the generalized tight-binding method14 the band struc-
ture of the quasiparticles can be calculated, taking accoun
strong electronic correlations, in two stages: At the first st
the lattice of the CuO2 layer is divided into elementary cell
and the Hamiltonian inside a cell is diagonalized exac
The cells can be chosen to be either nonoverlapping (Cu2)
or overlapping (CuO4), and in the latter case the addition
problem of constructing the Wannier functions
solved.16–18 The multielectronic molecular orbital
m5un,l & ~wheren50,1,2, . . . is the number of holes in
cell, l denotes the collection of all other orbital and sp
indices!, which are obtained by diagonalizing the Ham
tonianH0 of a cell, are used to construct the Hubbard ope
tors Xpg5up&^gu of this cell.

At the second stage all intercellular hops and interacti
are rewritten exactly in the Hubbard–operator representat
and the Hamiltonian~2! assumes the form

H5H ~0!1H ~ l !5(
i ,m

EmXi
m,m

1(
^ i , j &

(
m1 ,n1

(
m2 ,n2

Tm1n1

m2n2Xi
m1n1Xj

n2m2 . ~3!

Here the lattice sitesi and j refer only to the centers of th
clusters~copper atoms!.

Various variants of perturbation theory with respect
the intercellular hops are known for the Hubba
model.15,19–21In the strong correlations regime they all lea
to a quasiparticle band structure that depends on the temp
ture and carrier density through the occupation numb
^xm,m& of the termsEm . The latter can be calculated sel
consistently using the equation for the chemical potentia
-

of
e

.

-

s
n,

ra-
rs

(nln^Xnl;nl&5nh , ~4!

where nh is the hole density per cell,nh511x for
L22xSrxCuO4 andnh512x for Pr22xCexCuO4.

For us the important states are the ground terms w
n50,1, and 2; the vacuum stateu0& with n50 corresponds
to thed10p6 configuration. The single-hole state withn51 is
a superposition ofd9 and d11L configurations. The main
term with spinS51/2 and projections561/2 is

u1,s&5uu0;d1s ;0&2v~ upx ,s;0;0&1u0;0;px ,s&)/A2,

u25~11d/n!/2, v2512u2, n25d218Tpd
2 . ~5!

Hered1[dx22y2 and the vectoru . . . ; . . . ; . . .& denotes vari-
ous multielectronic states of a O–Cu–O cluster.

The two-hole states are a superposition of the configu
tions d8,d9L, and d10L2. We write the ground term in the
form

u2,S&5u0ud10L2&1v0ud9L&1w0ud8&, ~6!

where the spin is 0 or 1~crossover between the singlet1Alg

and the triplet3Blg is possible!.22 Strong correlations sup
press the weight of thed8 configuration. For the parameter
w0

2<0, 1, which are realistic for oxides, the Zhang–Rice s
glet makes the main contribution. In the limitUd→`, ne-
glecting w0 , the coefficientsu0 and v0 can be written ana-
lytically as

u0
25~12D0 /n0!2, v0

2512u0
2 ,

D05d2Vpd , n0
25D0

218Tpd
2 .

Fermi-type quasiparticles in a strongly correlated syst
can be determined by analogy with the Landau Fermi-liq
theory as local excitations with energy

V~n,l 1 ,l 2!5E~n11,l 1!2E~n,l 2!. ~7!

Intercluster hops lead to dispersion of these quasipartic
The single-particle~hole! excitation scheme is shown in Fig
1, where to simplify the figure only the two lowest term
with n51 and 2 are shown. Here the numbered arrows e
merate different types of holes: A quasiparticle 1 forms
empty conduction band~in the electronic language! and the
quasiparticles 2 and 3 form the valence-band top. For bon
and p types, there exist hole in-gap states, whose spec
weight is proportional to the carrier density. These holes
denoted by the number 4 forn-type systems and they ar
described by a superposition ofdz2 states of copper and th
a1 molecular orbital of oxygen.23 For p-type HTSCs the im-
purity holes are denoted by the number 5 in Fig. 1 and
formed in the groundb1 orbitals of oxygen.24

The spectral weight of quasiparticles is determined
the so-called terminal factor,25 which for Fermi quasiparti-
cles is the sum of the particles occupying the initial and fi
states

F~ l 1 ,l 2!5^Xn11,l 1 ;n11,l 1&1^Xn,l 2 ;n,l 2&. ~8!

The occupation numbers themselves are found s
consistently by solving the equation for the chemical pot
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tial ~4!. These solutions atT50 in the paramagnetic phas
for three cases of interest to us — without doping and w
p- andn-type doping — are as follows:

1! undoped system,nh51,

^X0;0&50, ^X1,s;1,s&51/2, ^X2,0;2,0&50; ~9!

2! p-type doping,nh511x,

^X0;0&50, ^X1,s;1,s&5~12x!/2, ^X2,0;2,0&5x; ~10!

3! n-type doping,nh512x,

^X0;0&5x, ^X1,s;1,s&5~12x!/2, ^X2,0;2,0&50. ~11!

The structure of the solutions is similar in the antiferroma
netic phase with the spin degeneracy lifted in each sublat

2. CHANGES IN THE ELECTRONIC STRUCTURE DUE TO
SUBSTITUTIONS OF ZINC AND NICKEL FOR
COPPER

Each substitution of Zn21(d10) for Cu21(d9) decreases
the number of holes by one, so that the hole density,
example, in the system La22xSrxCu12yZnyO4 is nh511x
2y. At the same time the substitution of Ni21(d8) for
Cu21(d9) increases the number of holes, and in the sys
La22xSrxCu12yNiyO4 the hole density isnh511x1y. In
other words, from the standpoint of electrical neutrality t
substitution of Zn is equivalent ton-type doping and the
substitution of Ni is equivalent top-type doping. The smal
spatial radius of impurity states distinguishes them from m
bile carriers formed by doping with Ce41 or Sr21.14

In the system La22xSrxCu12yZnyO4 two types of unit
cells in the CuO2 layer can be distinguished: a! a Sr impu-

FIG. 1. Scheme of multielectronic terms in various sectors of Hilbert sp
with n50, 1, and 2 holes per cell. The cross marks indicate partial filling
different terms forn-type ~a! andp-type ~b! systems. The numbered arrow
show the possible Fermi quasiparticles:1 — conduction-band bottom;2,
3 — singlet and triplet excitations at the valence-band top;4, 5 — impurity
states forn- andp-type systems.
h

-
e.

r

m

-

rity, giving a hole in the cell, wherenh52, lies above or
below the cell; b! instead of a CuO4 square we have ZnO4
and for this cellnh50.

Cells where Sr and Zn act simultaneously are unimp
tant. In the first place such an encounter is unlikely beca
x andy are small and in the second place compensation op-
andn-type doping occurs in such cells.

The change in the density of states in the lightly dop
case (x!1, y!1) can be easily followed in Fig. 2, which
shows the quasiparticle scheme for the spatially avera
picture. Here the occupation numbers of the terms are

^X0;0&5y, ^X1,s;1,s&5~12x2y!/2,

^X2,0;2,0&5x. ~12!

The change in the density of states as a result of within-
states is

dN~E!;yd~E2«1,11«0!1xd~E2«2,01«1,1!. ~13!

Here the second term is associated withb1 impurity states,
which merge with the valence-band top as the hole den
increases, forming a band responsible for superconductiv
The first term in Eq.~13! is due to holes witha1 symmetry.
These are impurity states, which lie beyond the edge of
ground band withb15 symmetry. According to Ref. 15, the
presence of such a state could be the reason for the st
resonance scattering in the unitary limit. Hops between Cu4

clusters give, as is well known, narrow Hubbard bands w
a typical width of less than 0.5 eV.20 Since the band widths
are small, here we neglect the dispersion of the bands
analyze not the entire density of states but only the impu
part, i.e. the part proportional to the hole density.

e
f
FIG. 2. Change in the quasiparticle spectra in ap-type CuO2 layer due to
substitution of zinc~a! and nickel~b! for copper. For Zn there is an addi
tional hole impurity state witha1 symmetry.
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In the case of Ni substitution for Cu withnh511x
1y, the solution of the self-consistency equation for t
chemical potential is

^X0;0&50, ^X1,s;1,s&5~12x2y!/2,

^X2,0;2,0&5x1y. ~14!

In this case, as one can see from Fig. 2b, the electro
structure is formed by the same quasiparticles as in the
sence of Ni in Fig. 1b. The main doping-induced change
the density of states is

dN~E!;~x1y!d~E2«2,01«1,1!. ~15!

As a result, the substitution of Ni for Cu leads primari
to a renormalization of the density of states without a
qualitative changes to it.

Conversely, inn-type superconductors the substitutio
of Ni for Cu changes the density of states substantially.
us consider the system Pr22xCexCu12yNiyO4 . The super-
conductivity and electrical properties of the single cryst
have been investigated in Refs. 10, 26, and 27. Here
average Hall density ishh512x1y. For cells with Cu im-
purity hh50, while for NiO4 squareshh52. The solution of
Eq. ~4! is

^X0;0&5x, ^X1,s;1,s&5~12x2y!/2,

^X2,0;2,0&5y. ~16!

Hole quasiparticles are formed by the same excitati
as in Fig. 2a. The change in the density of states as a resu
the impurity states is

dN~E!;xd~E2«1,11«0!1yd~E2«2,01«1,1!. ~17!

In this case Ni forms an impurity state withb1 symmetry.
This state is split from the conduction band bottom and
lead to a strong scattering of current carriers. Forn-type
systems Zn impurity plays a passive role, just as Ni
p-type systems. Moreover, as shown in Ref. 27, Zn does
dissolven-type single crystals.

3. DISCUSSION

Oxygen nonstoichiometry can also be a source ofp-type
carriers inn-type systems even in the absence of Ni. T
complicated temperature dependence of the Hall cons
RH(T), which changes sign from negative to positive w
decreasingT,28 indicates the coexistence of two types of ca
riers. As shown in Ref. 10, the substitution of Ni for C
destroys the balance between the electrons and holes,
even fory.0.7 at.% the Hall constant becomes positive
all temperatures. Our conclusion that the hole density
creases when Ni is substituted is in qualitative agreem
with experiment.10

Since the residual resistance is formed by carrier sca
ing at the same impurity levels, it is obvious that the su
pression ofTc is proportional to the changes in the residu
resistancer res and it follows from our calculations forp-type
HTSCs thatr res(Zn)@r res(Ni). We also wish to commen
on the universal dependenceTc(r res), found for different
214 and 123 systems with Zn substituted for Cu and w
ic
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different hole densities.11 It is important that universality oc-
curs for lightly doped systems and breaks down for optima
and heavily doped systems. In lightly doped systems ho
are in regions with antiferromagnetic short-range order. T
size of these regions is of the order ofjAFM . Diamagnetic
substitution for the Cu21 spin destroys the equivalence of th
sublattices and a magnetic moment from the uncompens
sublattice appears near the impurity Zn21. This moment has
been observed experimentally.29,30 Hole scattering with spin
flip by such a defect will suppress superconductivity, just
in the BCS theory.31 If it is assumed that scattering with spi
flip in lightly doped samples is the main mechanism for t
suppression ofTc , then we arrive at the two conclusions th
1! both Tc andr res are determined by the same paramet
so that there is a universal dependenceTc(r res) and 2! Ni21

impurity gives diamagnetic substitution with probabilityu0
2

so that forTc andr res a relation of the form~1! should hold:

dTc~Ni!

dx Y dTc~Zn!

dx
5r res~Ni!/r res~Zn!5u0

2 . ~18!

For optimally and heavily doped systems the situation
more complicated because for themjAFM is small and the
assumption that spin scattering plays a dominant role is
correct. Potential scatteringGN here predominates over spi
scatteringGS . The relative contributions of these mech
nisms are different for each hole density and the funct
Tc(r res) is no linger universal. Analysis of the suppressi
of dx22y2 type superconductivity in Y-123 with Zn subst
tuted for Cu led32 to the conclusion thatGS /GN<0.1. Poten-
tial scattering by Ni impurities inp-type systems is much
weaker than for Zn, since it is not of a resonant charac
Conversely, in then-type case a resonant character can oc
and gives record high suppression ofTc .

In closing, we note that our goal was to relate the o
served differences in Zn- and Ni-substituted systems of b
p andn type to the changes occurring in the electronic str
ture. We showed that, based on a multielectronic appro
taking account of strong electronic correlations, differenc
indeed arise at the microscopic level: Forp-type systems the
Zn impurities form an impurity level with symmetry differ
ent from that of the valence band top while Ni impurities
not; for n-type systems even the Ni impurity forms a lev
with symmetry different from that of the conduction-ban
bottom.
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