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The local density of states (LDOS) around a magnetic impurity in high-7.. superconductors is studied
using the two-dimensional ¢-J model with arealistic band structure. The order parameters are determined
in a self-consistent way within the Gutzwiller approximation and the Bogoliubov—de Gennes theory. In
sharp contrast with the nonmagnetic impurity case, the LDOS near the magnetic impurity shows two
resonance peaks reflecting the presence of spin-dependent resonance states. It is also shown that these
resonance states are approximately localized around the impurity. The present results have an immediate
connection with the scanning tunneling spectroscopy observation of Bi,Sr,Ca(Cu;—,Ni[Zn],),0s+ 5.

PACS numbers. 74.62.Dh, 74.72.Hs

Because of the recent development in technology, scan-
ning tunneling spectroscopy (STS) data on high-T,. super-
conductors including impurities now serve to probe their
quasiparticle properties as well as the nature of the su-
perconducting phase [1,2]. Among various impurities in
high-T,. superconductors, Zn and Ni impurities are fun-
damental perturbations for the ground states because they
are believed to be substituted for Cu in the CuO, plane
and then strongly disrupt the surrounding electronic struc-
ture, especialy the spin configuration. Thusit is clear that
information of quasiparticle states around Zn or Ni impu-
ritiesis useful to reveal the mechanism or low-temperature
transport properties of high-T,. superconductors.

Quite recently, Pan et al. succeeded in the STS observa-
tion of quasiparticle resonance states in Bi, Sr,Ca(Cuy — -
Zn,),0g.+s with high spatial and energy resolution [3]. In
the vicinity of the Zn impurities, they found an intense
quasiparticle resonance peak at near zero bias in the
STS spectrum. The corresponding resonance states were
observed to be highly localized with fourfold symmetry
around the Zn impurities. Theoretically, the existence of
impurity-induced bound states in d,.—,»-wave supercon-
ductors was first predicted by Balatsky et al. using the
T-matrix approximation [4—6]. Further, in our previous
studies based on the ¢-J model with a nonmagnetic impu-
rity [7,8], it was shown that the resonance states induced
by the impurity actualy give rise to a resonance peak in
the local density of states (LDOS) which can be identified
as that observed by Pan et al. It was aso shown that the
resonance states are approximately localized around the
impurity. The obtained spatial dependence of the reso-
nance states can reproduce the STS result if we take
into account the overlapping of the wave functions
between STM tip (s-wave symmetry) and quasiparticles
(dy>—y2-wave symmetry) in the CuO, plane [9].
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Here, we must consider the next question of the quasi-
particle states around Ni impurities. The significant differ-
ence between Zn and Ni impuritiesisthat, if they maintain
the nominal Cu*>* charge, the Zn** impurity would have
a(34)'°, S = 0 configuration, while Ni** a(3d)%, S = 1
configuration. In this framework, the question is how
the magnetic moment of the Ni impurity affects impurity-
induced quasiparticle states. Although there are some
theoretical works on quasiparticle states around a mag-
netic impurity in d,>—,.-wave superconductors [10-12],
no LDOS for direct comparison with STS data on Ni
impurities has been obtained theoretically. On the other
hand, STS observation of Ni-doped Bi,Sr,CaCu,Og+ 5
(BSCCO) is only a matter in time. Therefore it is ur-
gent to study the LDOS around a Ni impurity in similar
detail to the Zn impurity case [7]. In this Letter, we study
the quasiparticle states around a magnetic impurity in the
same way as in the nonmagnetic (Zn) case.

A Zn impurity in a CuO, plane is considered to be a
unitary scatterer with § = 0. Thus, it has been reasonably
modeled by a pointlike repulsive potential [4—8,13—15]
or a vacant site [16,17] in the previous theoretical works.
On the other hand, behavior of a Ni impurity in a CuO,
plane can be rather complicated. To take into account
the (3d)%,S = 1 configuration of the Ni impurity and
d>—2-wave pairing state with a short coherence length
in high-T, superconductors, we start here with the model
studied by Poilblanc et al. [11]. This model is the ¢-J
model with a magnetic impurity, which is allowed to cou-
ple to its nearest-neighbor spins via an exchange coupling
Jo only (i.e., the electron transfers onto the impurity siteis
excluded). In order to reproduce the realistic band struc-
ture, the next-nearest-neighbor hopping term is added to
this model. Thus the Hamiltonian of the present model is
written as
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in the standard notation where (i, j) and (i,j) mean
the summation over nearest-neighbor and next-nearest-
neighbor pairs, Sy represents impurity spin operator with
spin 1, and 0 + 7 represents the nearest-neighbor sites of
the impurity site. The Gutzwiller's projection operator
P isdefined as P = I1;(1 — n;n;)). Note that the four
bonds connected to the impurity are excluded in the first
three terms. The last term of Eq. (1) corresponds to the
coupling of the impurity to the neighboring spins of the
system. When the impurity coupling Jy vanishes, Eq. (1)
reduces to the vacancy model which simulates a Zn
impurity in a CuO, plane. Throughout this Letter, we
take J/r = 0.2, '/t = —0.4, and the hole doping rate
8 = 0.15. This set of model parameters corresponds to
BSCCO near optimal doping [3].

Although Eq. (1) is a simplified model for CuO, plane
with a Ni impurity, it is difficult to treat even in a mean-
field theory. Therefore, we make a further simplification
to this model; i.e., the impurity spin Sy is treated as a
fixed Ising-like spin: (S§). Thus, the last term of Eq. (1)
reduces to

Jo(S§) D 8% = hegr Y SZ. )

Now the effect of the magnetism of the impurity is rep-
resented by the effective magnetic field heir = Jo(S§) on
the nearest-neighbor sites of the impurity. On the basis of
the above simplification, we can proceed to a mean-field
calculation using the Gutzwiller approximation [18], and
then we obtain the Bogoliubov—de Gennes (BdG) equa-
tion and a set of self-consistent equations similar to that in
our previous works [7]:

(e )(h)-= () o
with
Hf = —§<g,t + %gsj‘fji>5j,i+r(1 = 8i0)(1 — 8jp)
- thflﬁj,iﬂ(l — 8i0)(1 = 8j0)
- (M + %heff(si,o+r>5ij,

N 3
Fi = —ZZgSJ(l — 8i0)(1 — 8;0)4ij0ji+r» (4

=
wherei + 7andi + v represent the nearest- and the next-
nearest neighbor sites of the site i, ¢ = *1, and g,, g;
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are the renormalization factors in the Gutzwiller approxi-
mation given by

26 4
= — s = T . 5
5T 1+s BT 1+ ©)
The self-consistent equations are
1 * o, a a, o a
Ajj = <C,T1c;rl) = vy Z(ula v+ ujv, )sgn(E“),

t 1 . .
€ijo = (CigCjo) = vy D (ufud — v v )sgn(E®).
o

(6)
Inthefollowing, weassume &;;; = &;; = &;; andthat A;;
isasinglet pairing, i.e, A;; = Aj;. Since we consider a
well-isolated impurity, wu is fixed to the bulk value ug
determined without impurities.

In the present calculation, we regard the 25 X 25 square
lattice as a unit cell of which the impurity is located at
the center. We assume a trandational symmetry of A;;
with respect to this unit cell. We have confirmed that this
choice of the size of the unit cell does not have boundary
effects and that the results for an isolated impurity can be
simulated. Then we make use of the Fourier transform
of the BAG equation, for which we take the number of
the unit cells N. = 20 X 20. We solve numerically the
BdG equation and carry out an iteration until the self-
consistent equations for A;; and ¢;; are satisfied. Using
(uf (k), v{(k)) and E“(k), which are the eigenvectors and
eigenvalues of the Fourier transformed BdG equations, we
calculate the LDOS defined by

Ni(E) = < STl (P S(E ®) ~ )

¢ k,a

+ v )PS(E (k) + E)], (7)

where i represents a site, « isthe index of the eigenstates,
and k is the Bloch wave number to the impurity unit cells.

First, we compare the LDOS around the magnetic
impurity with one around the nonmagnetic impurity.
Figure 1 shows that the LDOS obtained on the nearest-
neighbor site for 1(a) z.¢ = 0 (nonmagnetic) and for 1(b)
iS hess = 0.16¢. Note that the dashed lines in Figs. 1(a)
and 1(b) represent the LDOS obtained on the site located
a the corner of the unit cell, which reproduces the bulk
d-wave density of states with V-shaped gap structure.
Here, the superconducting gap edges recover to their
bulk value E = £0.171 for the present parameter choice.
Thus, we can confirm that the impurity is well isolated
in our calculations. In both nonmagnetic and magnetic
cases, we find peaks near the Fermi energy, reflecting
resonances caused by impurity scattering. The energy
levels of the peaks are distinctly different in two cases. In
the nonmagnetic case (ks = 0), the resonance peak is
found at dightly below zero energy in the LDOS athough
the impurity scattering is in the unitary limit. When
t' = 0, on the contrary, the resonance peak was found
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FIG. 1. Theloca density of states around the (a) nonmagnetic
and (b) magnetic impurity (he;r = 0.16¢). Solid lines are LDOS
obtained on the nearest-neighbor site of the impurity. Dashed
lines represent the LDOS obtained on the site on the corner of
the unit cell.

at dightly above zero energy [7,15]. This difference is
due to the change of the band structure; here the Van
Hove singularity exists at £ = —0.085¢, i.e., below the
Fermi energy. The ratio of the resonance energy to the
energy gap obtained here (~5%) shows a good agreement
with the experimental result (~3%) in Zn-doped BSCCO
[3]. In the magnetic case, on the other hand, we can
see that the resonance peak splits into two. Since the
obtained superconducting order parameters are real, the
peak splitting is not due to the superconducting state with
broken time-reversal symmetry (e.g., thed + is state) but
due to the effective magnetic field h.¢r. These two peaks
correspond to the up and the down spin components of the
quasiparticles. The peaks are shifted from the resonance
energy for the nonmagnetic case because of the energy
gain (loss) during the scattering process [19].

It is interesting to investigate the spatial extension of
the impurity-induced resonance states corresponding to the
resonance peaksin Figs. 1(a) and 1(b). In Fig. 2, the DOS
with the resonance energies are plotted as afunction of po-
sitions around 2(a) the nonmagnetic and 2(b) and 2(c) the
magnetic impurity. We can see that these three states are
approximately localized around the impurity (located on
the center). In contrast to the system near half filling [7],
the spatial oscillating behavior of these resonance states is
not visible because its period given by the inverse of the
Fermi momentum is incommensurate with 2a, where a is
the lattice spacing.

@)

FIG. 2. Spatia variations of the local density of states at the
resonance energy plotted over 17 X 17 sites around the (a) non-
magnetic and (b),(c) magnetic impurity (he;r = 0.167). The
resonance energies are (@) £ = —0.01¢, (b) £ = 0.022¢, and
(c) E = —0.032¢.

Next we study the relation between the amplitude of
the peak splitting and the effective magnetic field heg.
Figure 3(a) shows the LDOS on the nearest-neighbor site
of the magnetic impurity for various values of hep. AS
hee IS increased, the amplitude of the peak splitting
becomes larger and the two peaks become broader and
smaller. It is thus confirmed that the splitting is due to
the effective magnetic field. The h.sr dependence of the
splitting amplitude D is explicitly plotted in Fig. 3(b).
We observe that D is approximately proportional to Zegr
when ke < 0.24t.

Here, let us discuss whether the peak splitting obtained
here can actualy be observed in STS experiment or not.
In order to observe the peak splitting, its amplitude should
be larger than the energy resolution in STS spectra.  If
we assume that the present model qualitatively describes
the effects of a Ni spin in a CuO, plane, the ampli-
tude of her = Jo(S§) plays a crucia role in the peak
splitting. However, in general, it is difficult to estimate
(§§) and Jy. Recently, in the spin gap state of the ¢-J
model, it was shown that the Ni spin (S = 1) is partidly
screened by the Cu moments, resulting in an effective im-
purity spin S = 1/2 [17]. In that paper, Jy is also esti-
mated as Jo = J/2. Using these values as a reference,
we abtain k. ~ 0.25J = 0.05¢ and the expected split-
ting amplitude is D ~ 0.015¢ from Fig. 3(b). If we use
J = 0.13 eV asaplausible value for CuO, plane, this es-
timation gives D ~ 9.8 meV. Of course, we should note
that the mean-field calculation of the r-J model may not
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FIG. 3. (a) Thelocal density of states obtained on the nearest-
neighbor site of the impurity for various values of he; = Jo(S§).
The dashed line represents the LDOS obtained on the corner
of the unit cell. (b) The A dependence of the amplitude of
the peak splitting D obtained on the nearest-neighbor site of
the impurity.

give reliable numbers. However, even taking this point
into consideration, we believe that the value of D is till
in order of meV. In the recent STS experiments, sub-meV
resolution in energy is already accessible [3]. Thus the
peak splitting would be observed in STS experiments with
high resolution. In order to make the splitting amplitude
D (i.e., {(S§)) larger, the observation in an applied magnetic
field would be effective. At thistime, it is anatural ques-
tion whether the splitting observed under the applied mag-
netic field is due to the magnetic field itself. We speculate
that the amplitude of Zeeman splitting due to the exter-
nal magnetic field of afew teslais apparently smaller than
that of the peak splitting obtained here. Thus, the effect
of magnetic impurity will be well identified by checking
the difference in Ni-doped BSCCO and Zn-doped BSCCO
under the same magnetic field.

In our calculation, so far, an antiferromagnetic order pa
rameter and a d.,,-wave superconducting order parameter
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which could be locally induced around the impurity have
not been taken into account. In particular, it is an inter-
esting problem to reveal whether or not a d.,-wave order
parameter with broken time-reversal symmetry is induced
around a magnetic impurity [20,21]. However, in the stan-
dard ¢-J model, ad,,-wave order parameter is not favored,
so that some extension of the model is needed.

In summary, we have investigated the LDOS around
the magnetic impurity in the d,-—,.-wave superconduct-
ing state with short coherence length based on the 7-J
model. Within the Bogoliubov—de Gennes theory and the
Gutzwiller approximation, we predict the splitting of the
resonance peak in LDOS near the impurity which is ready
to be checked experimentally.
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