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Local quasiparticle states near a Zn impurity with induced magnetic moment
in a high-Tc superconductor
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The local quasiparticle density of states around a very strong nonmagnetic impurity with a Kondo-like
magnetic moment induced at its nearest neighbors in ad-wave superconductor is studied. We show that the
interference between the strong impurity potential scattering and the Kondo effect leads to novel quasiparticle
spectra around the impurity, which are strikingly different from the case of a single unitary or magnetic
impurity. The recent STM image of the local differential tunneling conductance around the Zn impurity in a
high-Tc cuprate can be explained if the blocking effect of BiO surface layer between the tip and probed CuO2

plane is taken into account.
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The scanning tunneling microscopy~STM! turns out to be
a powerful probe of the local effects of individual impuri
atoms or defects on the fundamental properties of highTc

cuprates.1–3 The measurements reveal the induction of a v
tual bound quasiparticle state around the individual impur
providing strong evidence of thed-wave pairing symmetry
of high-Tc superconductors.4 This experiment was motivate
by the earlier predictions of Balatsky, Salkola, a
co-workers.5,6 However, the high resolution STM imaging o
the effect of individual impurity atoms Zn substituted in
controlled manner for Cu in Bi2Sr2CaCu2O81d ~BSCCO!
~Ref. 1! also presented an unexpected spatial distribution
the local density of states~LDOS! strength at the resonanc
energy. It has a strongest intensity directly on or above
Zn site, local minimum on its nearest-neighbor sites and
cal maximum on second-nearest-neighbor sites. This di
bution is opposite to all theories based on the strong atom
like nonmagnetic impurity model,5–8 which show a
vanishing density of states directly at the impurity site an
strong resonance peak on its nearest neighbors. Recent N
measurements of Zn~or Li! doped YBa2Cu3O61y ~Refs.
9–11! and the specific heat measurement of Zn-dop
YBa2Cu3O6.95 ~Ref. 12! indicate that a Kondo like magneti
moment withS5 1

2 is induced at the nearest neighbor sites
the Zn~or Li! impurity. Motivated by the latter experiment
the Kondo effect on the local quasiparticle states around
induced magnetic moment in ad-wave superconductor ha
been theoretically studied by several groups.13–15 All these
results show widely-split double-peak structure with resp
to the zero bias at the impurity sites, and therefore do
agree with the STM imaging of the effects of a Zn impuri
We believe that these studies seem to be more suitab
describe the Kondo impurities such as Mn and Co substitu
for Cu in high-Tc cuprates instead of Zn or even Ni who
spin is believed to have a ferromagnetic coupling with co
duction electrons.16–18In order to compare with experiment
the scattering of quasiparticles due to both Zn and the
duced magnetic moment around it needs to be carefully
vestigated. So far this problem has not been properly
dressed, particularly in view of the scattering strength o
Zn impurity being close to the unitary limit as we will est
0163-1829/2001/64~6!/060501~4!/$20.00 64 0605
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mate below. Valence counting suggests that the Zn impu
maintains a nominal Cu21 charge, the Zn21 @3d10# with S
50 configuration indicates it would act as a nonmagne
impurity. According to Ref. 19, the second and third ioniz
tion energies for Zn are respectively 18 eV and 39.8
while the third ionization energy of Cu is 36.9 eV. In th
cuprates, the relevant 3d Cu21 electrons form a narrow
dx22y2 band with bandwidth less than 2 eV. The center of t
band, where the chemical potential lies, is located aro
236.9 eV below the vacuum. The top of 3d10 level of a
Zn21 ion is at239.8 eV which is below the bottom of th
dx22y2 band. The conduction electrons near the chemical
tential will experience a repulsive local potentialV0

'(218 eV)2(236.9 eV)518.9 eV at the Zn site. Fo
such a large local potential as compared to the bandwidth
can almost be regarded as a unitary impurity, which has a
been evidenced experimentally.20 Our present consideration
are thus very different from the case studied in Ref. 13 wh
the authors assume the Zn impurity has a weak attrac
potential.

In this Communication we study the LDOS spectru
around a very strong nonmagnetic impurity with a Kond
like magnetic moment induced at its nearest neighbors
d-wave superconductor. Based on this model, it is shown
the presence of the strong potential scattering from the
purity leads to a stronger single resonant peak in the LD
directly at the site of the magnetic moment, in contrast to
case for a single magnetic impurity.14,15 Compared with the
case of a single nonmagnetic unitary impurity, the LDOS
strongly enhanced by the Kondo effect from the induc
magnetic moment. We also show that the pattern observe
the STM experiments can be qualitatively explained by t
ing into account the blocking effect21 of the BiO surface
layer which exists between the tunneling tip and the Cu2
plane where the Zn impurities are located.

We model thed-wave superconductor defined on a tw
dimensional lattice within a phenomenological BCS fram
work. The unitary impurity is taken to be at the originr0
5(0,0). On nearest-neighbors to the impurity, the induc
magnetic moment is described by the Andersons-d ex-
change model. The repulsive interaction on the site, wh
©2001 The American Physical Society01-1
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the moment sits, is assumed to be infinite so that the do
occupancy on this site is forbidden. We use the slave-bo
mean-field approach22,23 to study the Kondo effect of the
induced magnetic moment. The system Hamiltonian can t
be diagonalized by solving the Bogoliubov–de Genn
equations,14

(
j

S H ij D ij

D ij* 2H ij
D S uj

n

v j
nD 5EnS ui

n

v i
nD , ~1!

with the bosonic numberb0 and thed-wave bond pairing
amplitudeD ij subject to the self-consistent condition

D ij 5
gij

2 (
n

~ui
nv j

n* 1uj
nv i

n* !tanh~En/2kBT!, ~2!

and

b0
25122(

n
$uur1

n u2f ~En!1uv r1

n u2@12 f ~En!#%. ~3!

Here

S ui
n

v i
nD

is the quasiparticle wave function with eigenvalueEn , which
is measured with respect to the chemical potentialm. The
single particle Hamiltonian H ij 52 t̃ ij 2md iÞr1,j1V0d ir 0

1(ed1l0)d ir 1
d ij , whereV0 is the strength of impurity po-

tential, ed is the bare energy level of the moment electr
with respect tom, andl0 is the Lagrange multiplier intro-
duced to enforce the single occupancy constraint. The re
malized coupling strengtht̃ ij 5Vb0 for ( ij )5(r11d,r1) or
(r1 ,r11d) and t otherwise, whereV is the bare coupling
strength between the moment and conduction electronst is
the hopping integral between conduction electrons,d’s are
the unit vectors of the square lattice. The strength ofd-wave
pairing interaction is representedgij , the value of which is
gij 50 for (ij )5(r11d,r1) or (r1 ,r11d) upon the assump
tion of different nature of the conduction and mome
electrons24 and constantg otherwise. The Fermi distribution
function f (E)5@11exp(E/kBT)#21. Without loss of general-
ity, we temporarily assume the magnetic moment to be
r15(1,0).

Our numerical calculation is performed on a square lat
with sizeNL5Nx3Ny535335 and averaged over 36 wav
vectors in the supercell Brillouin zone. The strong scatter
potential from the impurity is taken to beV05100, which
yields a phase shift 0.487p ~very close to 0.5p for the uni-
tary limit!, the bare energy leveled522, the chemical po-
tentialm520.2, and the pairing interactiong51.2. Here we
measure the energy in units oft and the length of the lattice
constanta. A trivial solution to Eq.~1! with l052ed and
b050 is always found, which describes the moment dec
pled from the conduction electrons. However, the physica
desired value of these two parameters are determined
minimizing the free energy with the procedure as detailed
Ref. 14. With the chosen parameter values, we find a crit
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value of the coupling strengthVc'0.9, below which the mo-
ment is decoupled from the conduction band. Compared w
the single Kondo impurity case, the largerVc obtained here is
due to the fact that the conduction electron density
strongly depressed on the impurity site nearest-neighbo
to the moment so that the screening effect is weaken
When V.Vc , this free local spin state gives way to th
Kondo screened state. ForV51.0, it is found thatl052.15
and b050.56. The self-consistent solution also gives
d-wave order parameter which is strongly suppressed aro
the strong impurity at the scale of the coherencej0
[\vF /pDg , wherevF is the Fermi velocity andDg'0.4 is
the bulkd-wave energy gap.

Once the self-consistent solution is obtained, the LDOS
then calculated according to

r i52(
n

@ uui
nu2d~En2E!1uv i

nu2d~En1E!#, ~4!

which is proportional to the local differential tunneling co
ductance as measured by the STM experiments. Our num
cal result indicates that the LDOS is vanishing at the imp
rity site, consistent with previous calculations.6,7 Figure 1
shows the LDOS as a function of energy on nearest-neigh
sites to the impurity site,A5(1,0) @i.e., the magnetic mo-
ment site#, B5(0,1), C5(21,0), D5(0,21) and on the
corner site of the supercell. Due to the spatial inverse sy
metry, the LDOS on sitesB andD are identical. Notice that
the LDOS on the corner site of the supercell recovers
bulk density of states of a cleand-wave superconductor
which indicates that the supercell size and the numbe
wave vectors in the Brillouin zone is large enough to unco
the physics intrinsic to an isolated impurity with an induc

FIG. 1. The local density of states on the nearest-neighbo
sites of the close-to-unitary impurityA5(1,0) ~a!, B5(0,1) ~b!,
andC5(21,0) ~c!. Also shown with the dashed line the LDOS o
the corner site of the supercell, which resembles the bulk DOS
a cleand-wave superconductor. Here theA site is the position of the
induced moment with the impurity located at the~0,0! site.
1-2
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moment. The LDOS on the nearest-neighbor sites shows
existence of near-zero energy resonant states through
near-zero energy peaks. Compared with a strong nonm
netic impurity or a single Kondo impurity, the close-to
unitary impurity with an induced moment shows much rich
characteristics of the quasiparticle resonant states in its
cinity: ~i! In striking contrast to a single Kondo impurit
case,14,15 the LDOS on the magnetic moment site-A only
displays a strong single near-zero-energy peak, which co
in a unique manner from the presence of the strong impu
scattering. ~ii ! Different from a strong nonmagneti
impurity,6,8 the LDOS on site-B and site-D exhibits the split-
ting of the near-zero-energy peak. This difference is mai
due to the presence of the moment near the unitary impu
which plays the role of a weak scattering center and redu
the effective hopping integral locally. As a comparison,
have also considered a~10!-oriented dimer consisting of two
nearest-neighboring close-to-unitary impurities and fou
that the splitting is much increased. Therefore, in the Kon
resonance regime, the close-to-unitary impurity plus
nearby moment composite can be effectively regarded
very strong nonmagnetic impurity with a tail. Since the i
fluence of the induced moment is very weak on site-C, the
LDOS on this site only shows a single near-zero ene
peak.~iii ! As a result of the Kondo resonance, the intens
of the near-zero-energy peak on site-A is about four times as
large as that on other three nearest-neighbor sites of the
purity. Thus far we have considered the local quasipart
resonant states around the strong impurity with a mom
induced statically. When a Zn impurity is substituted for C
in a high-Tc cuprate, theS5 1

2 moment associated with Cu21

is removed from the system. As a result the local antifer
magnetic pairing is broken and a moment with spin-1

2 is
induced at any of the four neighbor sites of the impurity w
equal probability. Our treatment here is consistent with
NMR experimental indication thatthe Zn impurity only re-
veals already-existing moments, localized on Cu sites of
doped antiferromagnet10 and the induced spins on the nea
est neighboring copper sites are not correlated.25 It is differ-
ent from the approach based on a putative single mom
around the Zn impurity like a spin cluster. After averagi
over the four moment-position configurations around the
purity, the combined contribution from sites-A through D
leads to the averaged LDOSr i

avg5(rA1rB1rC1rD)/4 at
any of these four sites. As shown in Fig. 2,r i

avg is character-
ized by a very strong sharp peak close to zero energ26

Compared to the case of a single close-to-unitary impur
the corresponding peak intensity is enhanced by about 4
Also interestingly, the LDOS spectrum shows a narrow si
peak with a rather weak intensity. The highly asymmet
double-peak structure distinguishes it with a sharp and
row dip in between and their separation is only about 5%
2Dg . In comparison, the double peaks obtained for a sin
Kondo impurity has a separation as large as 50% of 2Dg .14

To understand the LDOS spectrum and the spatial dis
bution of its strength at the resonance bias observed in
STM experiment, we need to know the nature of the surf
layer in BSCCO on which the tip is directly probing. There
ample experimental evidence that the cleaved surface a
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the c-axis is always the BiO layer. The superconducti
CuO2 layer on which Zn impurities are located and the ST
tip would like to explore, lies about 5.1 Å below the surfa
BiO layer. The crystal structure shows that each Bi atom
vertically on the top of each Cu atom or Zn atom, and th
is also an O atom associated with SrO layer between th
When the STM tip is trying to probe the Cu/Zn sites, the co
electrons of the Bi31 ion ~with radius 1.03 Å! and also O22

~with radius 1.4 Å! sitting on top of it will inevitably block21

the tunneling current from directly passing through t
Cu/Zn sites, where both Cu21 and Zn21 have the ionic ra-
dius 0.74 Å . Because the STM image has such a high spa
resolution to the atomic scale, the tunneling current from
tip to the CuO2 plane is only distributed within a small area
the linear dimension of which is about one lattice consta
Therefore, the measured LDOS above theprobedZn or Cu
site is mainly contributed from its four nearest-neighbori
sites, which can be approximately expressed asr i

exp

5A(dr i1d
avg . HereA,1 is a constant depending on the di

tance between the tip and the four nearest-neighboring

FIG. 3. A two-dimensional bubble view of the spatial distrib
tion of the local density of states at the resonance energyE50.02
around the nonmagnetic unitary impurity with a magnetic mome
The bubble size on each Cu site scales with the LDOS intensit

FIG. 2. The local density of states on the nearest-neighbo
site of the nonmagnetic close-to-unitary impurity after the aver
over the four moment-position configurations. As a comparis
shown with the dashed line, the LDOS on the corresponding site
a single close-to-unitary impurity without induced magnetic m
ment.
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atoms. As a result, the STM spectrum on the Zn site
served by experiment is in good agreement withr i

exp at i
5(0,0) which has the identical characteristic as that sho
in Fig. 2. Experimentally, a small-side peak adjacent to
left of the strong resonant peak was indeed observed in
STM measurement.1 This is consistent with our result in Fig
2 and it could very well be a signature of the induced Kond
like magnetic moment around the impurity. On the oth
hand, we find thatr i

avg shows no resonant peak on th
second-nearest neighbor sites while a resonant peak w
weaker intensity on the third-nearest neighbor sites. All
resonant peaks, if showing up at some of the sites around
impurity, are actually located at the same energy position
their intensities become much reduced as the sites get a
from the impurity. After the blocking effect is taken int
account, the exhibited oscillation pattern in the spatial dis
bution of r i

exp at the resonance energy~see Fig. 3! agrees
qualitatively with the measured differential-tunneling co
ductance image.1
nd
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To conclude, we have considered the effect of a v
strong nonmagnetic impurity with induced magnetic mom
in a d-wave superconductor. To be applicable to the Zn i
purity substituted for Cu in copper-oxide cuprates, the mo
has taken care of both the strong potential scattering fr
this nonmagnetic impurity itself and the Kondo effect of t
induced moment. We find that the induced magnetic mom
strongly enhances the local quasiparticle density of sta
near the impurity. In addition, the blocking effect of the Bi
surface layer between the STM tip and the probed CuO pl
is essential to explain the observed resonance peak on th
site and the spatial pattern of the differential tunneling co
ductance around a Zn impurity in BSCCO.
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