
PHYSICAL REVIEW B 1 FEBRUARY 1999-IVOLUME 59, NUMBER 5
Effect of nickel and zinc substitutions on the electronic charge-density redistribution
in a YBa2Cu3O7 superconductor
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It is shown, on the basis of our electronic structure calculations, that the nature of the perturbations created
by Ni and Zn impurities in a YBa2Cu3O7 superconductor is quite different although both impurities are
divalent. While the charge-density redistribution due to Ni in its neighborhood is weak and well localized, the
one due to Zn is very strong and extended. This indicates that the mechanisms of the degradation ofTc by these
two impurities are quite different. The extended nature of the perturbation due to Zn substitution results in
strong electron scatterings not only from Zn but also from the neighboring atomic sites. The hole carrier
density, which is determined by the distribution of the electronic charge, is as a result also modified locally and
becomes nonuniform in the neighborhood of the Zn impurity, although there is no overall change in the carrier
density. In contrast, in the case of Ni substitution it is primarily the magnetic moments at the Ni site which may
be considered as the primary source for the deterioration of the superconducting transition temperature.
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The elements Ni and Zn substitute primarily at the Cu~2!
sites in the two-dimensional CuO2 planes in a YBa2Cu3O7

superconductor, and have an extremely detrimental eff1

on the superconducting transition temperatureTc . In con-
ventional superconductors nonmagnetic impurities such
Zn depress theTc far less than the magnetic ones such as
Considering the fact that both Ni and Zn are divalent, o
expects the depression ofTc due to Zn to be much less tha
due to Ni. In contrast to this expectation one finds Zn to
much more detrimental toTc in YBa2Cu3O7 where the rate
of depression ofTc due to Zn is nearly three times as mu
as due to Ni.2–5 In the single CuO2 plane superconductors th
effect of the two impurities are nearly the same. The low
depression ofTc due to Ni in YBa2Cu3O7 superconductor
has, therefore, been attributed to a partial substitution o
at the chain copper Cu~1! sites.1 Indeed, recent results6,7 in-
dicate that when one corrects for the concentration of
impurity that does not go to the CuO2 planes, then both N
and Zn depress theTc at practically the same rate i
YBa2Cu3O7 also. Nevertheless, the depression ofTc due to
Zn in cuprate superconductors remains exceptionally la
This has led to an intense debate concerning the mechan
that might be responsible for the depression ofTc by these
impurities. In fact, the case of Zn has been used as a test
for the symmetry of the order parameter for which, on t
basis of the unusual depression ofTc by Zn, adx22y2 sym-
metry has been proposed.8–11

In general, an impurity modifies the electronic structure
the host matrix in its neighborhood, the extent of which d
pends upon the nature of the impurity. This perturbat
serves as a source of electron scattering, and thus the d
dation ofTc , and contributes to the transport properties su
as the electrical resistivity, etc. An impurity can also mod
the carrier density in these superconductors and this dep
PRB 590163-1829/99/59~5!/3381~4!/$15.00
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upon the nature of the impurity and its concentration. T
change in the carrier density can affect theTc since the two
are very intimately related in the cuprates.12 It is known that
Ni and Zn impurities do not appreciably change the ove
carrier density.3,13–15A calculation16 of the carrier density in
YBa2Cu3O7 in the presence of a substantial concentration
Zn at which superconductivity is fully destroyed in this com
pound also showed that the overall carrier density is not
tered in a significant manner from its value in the superc
ducting compound. However, it was found to be ve
nonuniformly distributed. This nonuniformity in the carrie
density perturbs considerably the electronic integrity of
CuO2 planes, and thus contributes to the degradation of
superconducting transition temperature.

For low concentrations of an impurity, the overall carri
density in the compound remains unaffected since the c
tribution of the impurity is rather small due to its very sma
concentration, and can be neglected. In this limit, the mo
fications in the electronic structure and the associa
changes in the carrier density locally in the neighborhood
the impurity, and not the overall changes in the carrier d
sity, are essentially responsible for the changes in the su
conducting transition temperature. In fact a large numbe
experiments have been performed with low concentration
these impurities. With this in mind we have investigated t
effect of isolated Ni and Zn impurities on the electron
structure of YBa2Cu3O7 in the vicinity of these impurities
which we hope will shed some light on the mechanisms t
control the depression ofTc by these impurities. We have
used the tight binding recursion method for this purpose
in our previous work,17 and employed clusters of more tha
13 000 atoms withp functions at the oxygen sites andd at
other sites. This method has the advantage that this is a
space method and therefore does not require periodicity,
3381 ©1999 The American Physical Society
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is thus well suited for studying the electronic structure
defects, especially when the perturbation created by the
of long range. The impurity, Ni or Zn, is placed at the cen
of the cluster at an in-plane Cu~2! site in YBa2Cu3O7, the
crystal structure of which is shown in Fig. 1 in order
clarify the notation for the various atomic positions that w
have used in this paper. The electronic densities of st
~DOS! are obtained at various atomic sites with and witho
the impurity. Since we are dealing with the case of an i
lated impurity in this work, the Fermi level remains prac
cally unchanged from its value in the impurity-free com
pound.

The superconductivity in the cuprate superconductor
controlled by the electronic structure of the two-dimensio
CuO2 planes,17 and that in turn depends upon the antibond
band formed by the interaction between the pla
Cu(2)dx22y2 and O(1)px , O(2)py orbitals. The substitution
of a transition-metal impurity at the Cu~2! site perturbs the
electronic structure of this band, and the nature of this p
turbation depends mainly upon the difference in energy
tween thed levels of the impurity and those of the Cu~2! site.
If this difference is small, the perturbation in the neighbo
hood of the impurity will be small and localized. On th
other hand, if this difference is large the perturbation can
very large and, as a consequence, also very extended.
two impurities, Ni and Zn, fall respectively in these tw
categories. Thed levels of Ni ~Ref. 18! are just 1.5 eV above
those of Cu~2!, so that the antibonding band is push
slightly higher in energy. This results in a slight depletion
the electronic charge from the neighboring oxygen sites
most of the perturbation remains otherwise quite confined
the impurity site. In contrast, in the case of Zn substitution
the Cu~2! site the perturbation is very severe and extend
since thed levels of Zn lie far too low in energy, and ar
fully filled with a d10 configuration. This completely sever
the interaction between a Zn impurity and the neighbor
oxygen atoms. Due to this, the oxygen orbitals that w
previously participating in the formation of the antibondin
band with a given Cu~2! atom now no longer participate i
this interaction and fall below the Fermi energy to low
energies, and charge accumulation therefore occurs at t
sites. Due to this rather drastic modification the electro

FIG. 1. Crystal structure of YBa2Cu3O7 which shows the nota-
tion used in this paper.
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structure is affected not only at the Zn site but at the nei
boring atomic sites as well.

In Tables I and II we have shown the changes in
electronic charges at various Cu~2! and O~1!, O~2! sites in
the CuO2 planes due to Ni and Zn impurities in their neig
borhoods. These charge differences have been obtaine
integrating the local densities of states~LDOS! at these sites
upto the Fermi level with and without the impurity. W
should note here that changes also occur at the chain, a
oxygen, Y, and Ba sites but these are relatively small a
will not be the subject of discussion in this paper.

We notice from Table I that there is a small increase
the charge at the nearest-neighbor Cu~2! sites both due to Ni
and Zn impurities but the increase due to Zn is larger. T
increase in charge reflects a tendency toward the Cu21 ionic
state at these sites, and is thus consistent with the deve
ment of a small magnetic moment of less than 0.2mB ob-
served in optimally doped YBa2Cu3O7 upon Zn
substitution.19 Since the increase in charge due to Ni at t
nearest-neighbor Cu~2! sites is much smaller, the magnitud
of the magnetic moment due to this perturbation due to N
also expected to be much smaller. The intrinsic magn
moment at the Ni site may, however, induce a small mom
at these sites. We also see from Table I that the increas
the electronic charge due to Zn at the Cu~2! sites across the

TABLE I. Change in the electronic charge at different copp
sites at different CuO2 planes due to Ni and Zn impurities.

Site Ni Zn

CuO2 plane of impurity
First neighbor Cu~2! 0.0047 0.0195
Second neighbor Cu~2! 20.0084 0.0004

CuO2 plane across Y
First neighbor Cu~2! 0.0020 0.0168

CuO2 plane across
the Chain
First neighbor Cu~2! 20.0069 20.0096

TABLE II. Change in the electronic charge at different oxyg
sites at different CuO2 planes due to Ni and Zn substitutions.

Site

Ni Zn

a-axis
oxygen

b-axis
oxygen

a-axis
oxygen

b-axis
oxygen

CuO2 plane of
the impurity
First neighbor oxygen 20.0458 20.0557 0.2052 0.1752
Second neighbor oxygen20.0090 20.0094 20.1200 20.0734
Third neighbor oxygen 20.0062 20.0060 0.0048 0.0006
Fourth neighbor oxygen 20.0010 20.0019 0.0268 0.0209

CuO2 plane across Y
First neighbor oxygen 20.0057 20.0041 0.0278 0.0226

CuO2 plane across
the chain
First neighbor oxygen 20.0024 20.0021 0.0220 0.0162
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PRB 59 3383BRIEF REPORTS
plane of Y is as large as at the nearest-neighbor Cu~2! sites in
its own plane, which is not the case with Ni. This is a ma
festation of the extended nature of the perturbation crea
by Zn. An increase in the hyperfine field at the Cu~2! sites
neighboring a Zn impurity has been observed by Maha
et al.13 and is clearly related to this change in the electro
structure.

The largest perturbation due to Ni or Zn impurities
however, felt by the oxygen atoms on the CuO2 plane in the
neighborhood of the impurity, as can be seen from Tabl
which shows a depletion of the electronic charge at th
sites due to Ni and a large pileup due to Zn. We should n
that the charge deficits or pileups at thea-axis O~1! and
b-axis O~2! sites are different due to the chains along theb
axis. We again notice that the perturbation due to Ni is rat
localized since it is mainly the four nearest-neighbor oxyg
atoms surrounding the Ni atom that are the most affected
contrast, Zn perturbs many oxygen sites that are nearest
including those at the CuO2 plane across the plane of Y an
the one just across the chain, where a small increas
charge occurs. However, the most important changes o
at the oxygen sites in the CuO2 plane of Zn where a Friedel
type of oscillation can be noticed. We should mention t
there is much less charge at the Ni site itself compared to
Cu~2! site that it replaces, and has a charge deficit of roug
0.80 electron. This difference combined with the decreas
charge at the neighboring oxygen sites accounts for the
that Ni has one electron less than Cu. Similarly, at the Zn
there is approximately 0.65 of an electron more than at
Cu~2! site that it substitutes for due to the fact that thed band
is completely filled. This increase in charge at the Zn s
together with the charge differences at the sites in its vicin
account for an extra electron that a Zn impurity brings co
pared to copper. All those sites where a significant mod
cation in charge occurs act as potential scattering cente
addition to the impurity itself. Since the hole carrier dens
is determined by the distribution of the electronic char
this charge redistribution also modifies the carrier den
locally and makes it nonuniform, although the overall carr
density remains unchanged for very low impurity concent
tions. These effects need to be included in the interpreta
of the experimental data. In particular, these results are
evant also to the understanding of the local suppressio
the pseudogap14 at the sites neighboring Zn in YBa2Cu3O72d
superconductors, and the fact that no such suppression
curs in the vicinity of Ni. We believe that the large inhom
geneity in the local charge redistribution in the vicinity of Z
plays an important role in the suppression of this pseudog

Our calculations are also relevant to the understandin
the transport properties in the presence of these impuri
The residual resistivityr0 in the presence of, for example
Zn has been usually expressed19 in terms of a singles-wave
phase shiftd0 in two dimensions in the form

r05~4h/e2!~ni /n!sin2 d0 , ~1!

whereni is the impurity concentration, andn the carrier hole
density per CuO2 unit. In this expression a CuO2 plane is
treated as a two-dimensional electron gas and Zn as
s-wave impurity with a charge11 in this jellium. While such
a treatment might be considered to be more appropriate f
Zn impurity in Cu metal, it is abundantly clear that such
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approximation is an enormous oversimplification of both t
true electronic structure of a CuO2 plane and the perturbatio
that a Zn impurity creates in its vicinity. The electronic stru
ture of the CuO2 planes is determined primarily by the hy
bridization between the Cu(2)-d and O~1!, O(2)-p orbitals,
and thes orbitals hardly enter in this electronic structur
This can hardly be represented by a free-electron gas.
ther, by the substitution of Ni or Zn at the Cu~2! site it is
essentially thed band that is affected at the Cu~2! site, if one
ignores the perturbation at the neighboring atomic sites.
mittedly, a full-fledged calculation of the residual resistivi
is difficult since it requires a detailed knowledge of the p
turbation by the impurity and the wave functions at t
Fermi surface of the host. Even with this information, t
calculation for these compounds is extremely laborious
to the complicated nature of the integrals that have to
numerically evaluated. Nonetheless, an approximate exp
sion that takes into account the electronic structure of
host has been proposed20 for the residual resistivityr in the
single-site approximation in which

r5~4h/e2!~ni /n!~0.5/kF!(
l

~ l 11!sin2~d l 112d l !.

~2!

HerekF is an average Fermi wave vector, and

d l 5d l
i 2d l

h , ~3!

where d l
i and d l

h are the phase shifts ofl -type angular
momentum associated with the impurity and the host at
potentials evaluated at the Fermi level. Note that Eq.~2! is
slightly different from Eq.~1!, since Eq.~2! corresponds to
the residual resistivity in a three dimensional solid while E
~1! is the residual resistivity in two dimensions. The termd l

h

in Eq. ~3! corrects in an approximate manner for the fact th
the host background in which the impurity is immersed is n
a free-electron gas~for which d l

h 50! but has a finite phase
shift d l

h . In the limit d l
h 50 we recover the formula for the

residual resistivity of defects in a jellium matrix derived b
Friedel.21

As we have discussed previously, the states involved
the Fermi level for both Ni and Zn impurities are mainly
d-type at the impurity site. Thus if we retain only thel 52
phase shift and ignore the others, Eq.~2! can then be simpli-
fied and written in terms of a single phase shiftd2 :

r5~4h/e2!~ni /n!~0.5/kF!5 sin2 d2 . ~4!

Note that while Eq.~4! is quite similar to Eq.~1! for s-wave
scattering, the contribution from thed-wave scattering is five
times as large for a similar value of the phase shift. In
case of Zn the contribution to scattering at the Zn site ari
mainly from the absence of the host potential since thd
shell of Zn is filled and lies well below the Fermi level. Thu
in a first-order approximation we can writed252d 2

h .
Since the perturbation in the case of Ni substitution

quite localized and mainly confined to the impurity site,
singled-wave phase shift should constitute an adequate
proximation for the interpretation of the experimental da
In the case of Zn the perturbation is, in contrast, quite
tended so that the single site approximation to the resid
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resistivity is not appropriate and contributions from t
neighboring sites should also be included using Eq.~2!.

The localized and weak nature of the perturbation due
Ni as compared to Zn clearly indicates that the depressio
Tc due to Ni is expected to be much smaller than due to
However, the magnetic nature of the Ni ion has not be
included in this discussion. Since the rate of depression oTc
due to Ni is nearly of the same order as due to Zn in
single CuO2 layer superconductors; we can attribute this d
pression ofTc due to Ni in large part to the formation o
large magnetic moments4,22 at the Ni site and the resultin
scattering from these moments. On the other hand, the m
nitude of the magnetic moments at the neighboring Cu~2!
sites in Zn substituted optimally hole doped YBa2Cu3O72d
superconductors is quite small19,23 so that the depression o
Tc in this case owes its origin largely to the extended nat
of the perturbation that it creates in its neighborhood.

In conclusion, our calculations show that despite the f
that both Ni and Zn are divalent, the mechanisms of
depression ofTc due to these impurities in YBa2Cu3O7 su-
perconductor are quite different. In the case of Ni subst
tion at the Cu~2! site the perturbation in the vicinity of Ni is
small and localized, and this should affect theTc only mar-
ginally. Thus the depression ofTc in this case can be attrib
uted essentially to the magnetic moments formed at the
site. This is not the case with the Zn substitution where
contrast, the perturbation in its neighborhood is very stro
and extends much further. Thus although Zn is not magn
,
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and induces only weak moments at the neighboring Cu~2!
sites, the exceptionally large depression ofTc in this case
owes its origin mainly to the extended nature of this pert
bation that plays a major role in the breaking of the coo
pairs. This difference in the nature of the perturbation g
erated by these impurities is clearly reflected in the respo
of the normal-state spin pseudogap. While this pseudoga
suppressed by Zn in its neighborhood, no such suppres
occurs due to Ni impurities.22 The long-range perturbation
created by Zn also shows up in the hole carrier density in
CuO2 planes affected by this perturbation where the car
density is no longer uniform in the neighborhood of a Z
impurity although the overall carrier density remains prac
cally unchanged. This nonuniformity in the hole density is
important factor in the degradation ofTc , and is a distin-
guishing feature of the cuprate superconductors from
classical superconductors whereTc is not so intimately re-
lated to the carrier density as in the cuprate superconduc
We believe that it is important to include this long-ran
nature of the perturbation in the analysis of the experime
data, and also in models for the determination of the symm
try of the order parameter.
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