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Van Hove features in Bi2Sr2CaCu2O8¿d and effective parameters for Ni impurities
inferred from STM spectra

Jian-Ming Tang and Michael E. Flatte´
Department of Physics and Astronomy, University of Iowa, Iowa City, Iowa 52242-1479

~Received 3 May 2002; published 9 August 2002!

We present a detailed quantitative comparison between theoretical calculations of the local density of states
and recent experimental measurements of scanning tunneling spectra around Ni impurities in
Bi2Sr2CaCu2O81d . A double-peak structure on the hole side of the spectrum at the Ni site is identified as the
spin-split Van Hove singularity in the band structure. The Ni atom induces local changes in hopping matrix
elements comparable in size to the induced on-site spin-dependent potential. We find evidence from the
measurements of order-parameter suppression in the vicinity of the Ni impurity. These extracted impurity
parameters can be of use in quantitative calculations of macroscopic response properties, such as the ac
conductivity.
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The response of a superconductor to impurities can de
mine several macroscopic electromagnetic properties, s
as the magnetic penetration depth and high-freque
losses.1 For high-temperature superconductors it is advan
geous to study the impurity problem in real space rather t
in momentum space,2 not only because the impurities destro
the translational invariance, but also because these do
systems are intrinsically inhomogeneous.3 High-quality elec-
tronic spectra, using the technique of scanning tunneling
croscopy~STM!, around individual impurity atoms in supe
conducting Bi2Sr2CaCu2O81d have recently become
available.4,5 Quantitative comparison between calculations
the local density of states~LDOS! and these STM measure
ments can lead to effective impurity parameters that are
ful for calculating macroscopic properties.

A number of theoretical studies of the STM spectra n
impurities ind-wave superconductors have already been c
ried out by various authors.2,6–12 These previous studies fo
cused on qualitative features, such as the existence of q
particle resonances, the spatial structure of the resonan
and the differences among systems with various pairing s
metries. Often the model for an impurity only consisted
effective potentials at the impurity site, or relied on an un
alistic band structure for the host superconductor. There
still significant quantitative disagreements between the th
retical and experimental LDOS.10–12Of the types of impuri-
ties and defects for which high-quality STM spectra a
available, the Ni impurity provides a good opportunity
resolve some of these issues. Because the perturbation t
local environment caused by a Ni impurity is weak,5,13 we
find that with some extensions to the potential model
STM spectra can be well reproduced by our calculations
addition to the short-ranged potentials at the impurity s
we also include the change of the hopping matrix eleme
from the impurity site to its nearest neighbors, and the s
pression of the order parameter.

We also find an interesting interplay between the und
lying band structure and the superconducting coherence
near a Ni impurity. In the spectrum of the Ni site there is
large peak on the hole side~below the chemical potential!,
right outside the gap edge. We find that this peak, previou
thought as the remnant of the coherence peak, is largely
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tributed by a density-of-states peak in the underlying ba
structure. One special and important feature of hole do
cuprate superconductors is that a Van Hove singularity
close to the Fermi level. It has been suggested by vari
authors14–20 that the existence of the Van Hove singulari
could affect the mechanism of superconductivity, and a
account for the unusual normal-state properties. Ang
resolved photoemission ~ARPES! experiments on
Bi2Sr2CaCu2O81d show that a flat band exists slightly belo
the Fermi surface.21,22 Note that quasiparticles associate
with the resulting Van Hove singularity have narrow lin
widths for T!Tc ~the conditions of Ref. 5!. Despite this, a
density-of-states peak~aside from the coherence peaks! in
the superconducting state has never been directly reporte
tunneling experiments. Traces of this feature were sugge
to explain the asymmetry of the coherence peaks,23,24and the
sharpness of the coherence peaks. A Van Hove peak was
found to shift the energies of the midgap impurity resonan
near an impurity.25

We find that the Ni impurity provides a sensitive probe
the Van Hove peak. The Van Hove singularity is likely ve
close to the Fermi level, therefore, in the superconduct
state the Van Hove peak cannot be resolved from the co
ence peak. The Ni impurity will locally suppress the coh
ence peak, but only weakly perturb the underlying ba
structure. As a result, the Van Hove peak shows up unmas
in the spectrum at the impurity site. Our calculation is bas
on the following tight-binding Hamiltonian:

H52 (
^ i , j &, s

~ t i j 1dt i j !cis
† cj s

1(
^ i , j &

@~D i j 1dD i j !ci↑
† cj↓

† 1~D i j* 1dD i j* !cj↓ci↑#

1~V01VS!c0↑
† c0↑1~V02VS!c0↓

† c0↓ , ~1!

wherei andj label sites~the impurity resides at site 0! ands
labels spin. The hopping matrix elementst i j are taken from a
one-band parametrization of the ARPES data.26 The numeri-
cal values in units of meV are 148.8,240.9, 13, 14, and
212.8 for the hopping to the first five nearest neighbors. T
©2002 The American Physical Society04-1
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measured value for the gap maximumD0 at a site away from
the impurity is 28 meV.5 The order parametersD i j are as-
sumed to be real, and to haved-wave symmetry. They are
only nonzero on the bonds between two nearest-neigh
sites, and D i ,i 1 x̂52D i ,i 1 ŷ5D0/4. The momentum-
dependent order parameter resulting from a homogene
system with theseD i j is Dk5(D0/2)(coskx2cosky), where
the lattice spacing between two Cu atoms is unity.

We assume that the magnetism of the Ni impurity is d
scribed by a classical spin model. At the Ni site, we us
potential that consists of a magnetic part,VS , and a nonmag-

FIG. 1. A schematic diagram showing our model of a Ni imp
rity on the Cu-O plane. Parameters extracted from fitting to the d
are listed on the right.

FIG. 2. LDOS spectra at various sites near a Ni impurity. T
left panels show the spectra in the normal state~Ref. 30!. The right
panels show the spectra in the superconducting state. Solid
show the calculated results. Dashed and dotted lines show the
spin components.~a! and ~b! are the spectra at a site about 30
away from the Ni impurity.~c! and ~d! are the spectra right at th
impurity site.~e! and~f! are the spectra on the nearest-neighbor s
~g! and ~h! are the spectra on the next-nearest-neighbor site. O
circles (+) show the STM data~Ref. 5!. The data was rescaled by
constant factor identical for all the spectra.
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netic part,V0. It is found that the Ni impurity induces a
change in the hopping,dt i j , to the nearest-neighbor site
and a suppression of the order-parameter magnitudes,dD i j ,
on the four bonds connected to the Ni site, and on the o
twelve bonds connected to the nearest-neighbor sites. A s
matic diagram of our model and the fitting parameters u
for the Ni impurity are shown in Fig. 1.

Calculations presented here are based on a Koster-S
technique.2,8,27,28 The homogeneous Green’s functio
g(r i ,r j ,v), in the Nambu formalism is first constructed. F
a givenr i2r j , the computation for an energy range of 20
meV around the Fermi level with a 1-meV quasiparticle lin
width can be done in a few minutes on a personal compu
In the presence of an impurity modeled byV, the Gor’kov
equation,G5g1gVG5(I2gV)21g, is solved by numeri-
cally inverting the matrices. A single impurity only affects
few lattice sites~Fig. 1!, therefore the computation for th
matrix inversion can be done in less than a minute. T
LDOS is the imaginary part of the Green’s function
(21/p)Im@G11(r i ,r i ,v)2G22* (r i ,r i ,2v)#.

In the following, we will discuss how various paramete
influence our calculations. Although six parameters includ
the chemical potential are introduced in the model, there
particular features in the LDOS spectra associated with e
of them. This allows us to determine each parameter mo
independent from the others.

Let us first consider the chemical potential. From t
ARPES parametrization,26 the chemical potential for an op
timally doped sample is2130.5 meV. However, we know
from STM measurements that the doping concentration
locally varying, and is correlated with the superconducti
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FIG. 3. Evolution of the spectra as a function of distance fro
the Ni atom. Left panel shows the calculations and the right pa
shows the data from Fig. 4 in Ref. 5. The spin splitting of t
resonance peaks inside the gap is constant as one moves away
the impurity site. The spin splitting of the Van Hove singulari
decreases as the distance increases.
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gap magnitude.3 A region with a gap magnitude of 28 meV
overdoped. The fit to STM spectra is optimal if the shift
chemical potential relative to the optimally doped region
about225 meV. This amount of shift changes the locati
of the Van Hove singularity from 34 meV to 9 meV belo
the Fermi level, shown in Fig. 2~a! for D i j 50.29 In the su-
perconducting state the Van Hove singularity cannot be
solved from the coherence peak at the hole side, show
Fig. 2~b!. The chemical-potential shift also sharpens the
herence peaks and contributes to the asymmetry betwee
two peaks. Although not direct evidence for the Van Ho
singularity in STM, the agreement between the calculati
and the measurements is certainly improved.

We now describe the modeling of the Ni impurity focu
ing first on the single-site potential model with only the o
site potentialsV0 and VS . For a weak potential, the mai
effect of these potentials is to set the energies of the re
nances. Since the resonance peaks for Ni are at 9.2
18.6 meV, and the perturbation from Ni is weak, bothV0
1VS andV02VS should be negative. OurV0 does not differ
greatly from that found in a simple model.31 The two on-site
parameters,V0 andVS , are both required to fit the energie
of the two resonance peaks.32 Note that we have no contro
over the peak height or width in the spectra using this sim
model. We find, due to extended states within the gap,
the resonance peaks will be broader than the cohere
peaks. In the observation, however, the width of the re
nance peaks appears comparable, or even sharper, tha
coherence peaks.

In order to reduce the coupling to the extended states
increase the localization of the resonance states, we the
06050
-
in
-
the

s

o-
nd

le
at
ce
-
the

nd
as-

sume that the hopping to the nearest-neighbor sites,dt01, is
reduced. With only a 20% change in the nearest-neigh
hopping, we can reproduce the linewidth of the resona
peaks.V0 and VS must be adjusted slightly whendt01 is
introduced in order to keep the resonances at the fixed e
gies. Our calculations show that the magnitudes of the
site potentials change to even weaker values, and chara
ize an even weaker impurity potential. Using these th
parameters for calculating the effect of a Ni impurity in th
normal state@shown in Fig. 2~c!#, one can see that the ban
structure is not highly distorted. The Van Hove peak rema
reasonably sharp, and splits into two spin components. C
paring Fig. 2~c! to the superconducting state shown in F
2~d!, we can identify the two peaks on the hole side, rig
outside the gap edge, as the spin-split Van Hove peak
similar connection between the normal-state electronic st
ture and an impurity’s influence on the superconducting s
has been identified in calculations for impurities ins-wave
superconductors.27,28 Another distinction between the mid
gap resonances and the Van Hove peaks is that the spin
ting of the resonance peaks inside the gap remains inde
dent of distance from the impurity site. The spin splitting
the Van Hove singularity, however, decreases as the dista
increases.

Once the large peak at the hole side was identified as
Van Hove peak, a noticeable disagreement between the
culation and the data became apparent. The calculated
tive energy difference between the resonance peaks and
Van Hove peaks is somewhat larger than the observed v
if the gap maximum is constant everywhere. In thed-wave
superconducting state, the position of the Van Hove pea
ith
s

FIG. 4. ~Color! Spatial structure of the LDOS
around a Ni impurity in the normal state at~a!
215 meV,~b! 250 meV @near Van Hove peak
positions in Fig. 2~c!#, and in the superconducting
state at ~c! 19 meV and ~d! 29 meV. The
Wannier function is assumed to be Gaussian w
a width of half the lattice spacing. The LDOS i
shown in logarithmic scale and in units of eV21.
The color bar for~b! is the same as for~a! and the
color bar for~d! is the same as for~c!. The lattice
orientations in~c! and ~d! need to be rotated by
45° when compared to Fig. 2 in Ref. 5.
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dominated by the gap edge. One cannot increase the a
ment by tuningV0 because that shifts all peaks by almost
equal amount of energy. We could obtain good agreeme
the gap maximum were about 22 meV instead of 28 meV
principle, self-consistent calculations can account for this
fect, however, the self-consistency conditions involve
pairing mechanism, which is controversial. Taking a ph
nomenological approach, we can identify the suppressio
the order parameter around the impurity from the data. T
then becomes a constraint on pairing theory. We find that
parameter is locally suppressed more than 50%~see Fig. 1!.

So far, we were only fitting the spectrum right at the
site. Nevertheless, good agreement in spatial structure is
obtained. Detailed comparisons for the spectra on neigh
ing sites are shown in Figs. 2~e!–~h!, the spatial decay of the
resonance peaks is shown in Fig. 3, and the spatial map
given energies are shown in Fig. 4. These are direct comp
sons with the data in Figs. 2–4 of Ref. 5.

Two key additional features are found from the spa
structure. The first one is that the hole component of
resonance hasd-wave symmetry.2,13 The second is that the
perturbation, due to the Van Hove singularity, is strong
along the diagonals of the lattice. At a given energy,
secondary peaks are always located at the next-nea
neighbor sites rather than the nearest-neighbor sites rel
to the main peaks. This is because, around the Fermi le
the saddle points that give rise to the Van Hove singularity
the density of states are near the (6p,0) and (0,6p) points
in momentum space. The main contribution to the real-sp
Green’s function largely comes from these high density-
states regions,
ett
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g~r i ,r j ,v!5E d2k

~2p!2
eik•(r i2r j )g~k,v!. ~2!

For r i2r j5(61,61), the four regions add up construc
tively, while for (61,0) or (0,61), the contributions from
(6p,0) cancel with those from (0,6p). As a result,
ug((1,1),(0,0),v)u@ug((1,0),(0,0),v)u for energies near the
chemical potential. This is also consistent with the larg
spin splitting of the Van Hove peak at the next-neare
neighbor sites compared to the nearest-neighbor sites.

In this study we have assumed that the STM spectra
directly related to the electronic structure of the Cu-O pla
regardless of the presence of the intermediate Bi-O plane
was argued in Ref. 5, the energies and linewidths of
resonances should be the same. We find the principal e
of a d-wave filter33 in our parametrization is to~roughly!
change the sign ofV0. Therefore, the evidence for the redu
tion of hopping and suppression of the order parameter
still clear.

In summary, the presence of a Ni atom on the Cu-O pla
produces a weak perturbation to the system. We show di
evidence for a density-of-states peak in the STM meas
ments and local suppression of the order parameter. The
pression of the order parameter can constrain the s
consistency condition and thus the pairing mechanism.

We thank E. W. Hudson and J. C. Davis for providing da
shown in Figs. 3 and 4 of Ref. 5. This work was support
by the ONR Grant No. N00014-99-1-0313.
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