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Qiang Han'? Tianlong Xia? Z. D. Wangl2* and X.-G. Lt
IHefei National Laboratory for Physical Science at Microscale and
Department of Materials Science and Engineering, University of Science and Technology of China, Hefei, Anhui 230026, China
’Department of Physics, University of Hong Kong, Pokfulam Road, Hong Kong, China
(Received 28 May 2003; revised manuscript received 15 December 2003; published 28 Juyne 2004

Impurity states ind-wave superconductors with a competing antiferromagri@i® order are investigated
by solving the Bogoliubov—de Gennes equations. The potential scati@&8gnodel with moderate strength
and the Anderson impurit§Al ) model with on-site hybridization are employed to describe the weak impurities.
In zero external field, the impurity-induced AF order is rather weak and both models are able to give rise to
impurity resonant states with close energy and similar profile of the local density of states. In the mixed state,
the effect of magnetic-field-induced AF order on the impurity quasiparticle excitation is also examined. We
find that the response of the impurity state to the presence of a local AF order is quite different for the two
impurity models when a superconducting vortex is pinned by the impurity. For the PS model, the impurity
resonance is subtly dependent on the sign and strength of the scattering potential, while for the Al model in the
strong hybridization regime, the low-lying resonance is pinned near the Fermi level within the small gap
opened by the AF order and is insensitive to the strength of the coupling between the impurity spin and the
conduction electron. Based on our numerical results, we think that the two models give rise to different
behaviors of the impurity resonances for both the nickel and zinc impurities in the magnetic field and the
prospective scanning tunneling microscopic observation might give a clue to the dominant mechanism of the
impurity states in the high cuprates.

DOI: 10.1103/PhysRevB.69.224512 PACS nunier74.25.Jb, 72.15.0m, 73.20.Hb

[. INTRODUCTION spin should be included and interact with the conduction
Electrons. For instance, according to the Anderson impurity
(Al) model!?13the internal degrees of freedom of the impu-
rity are described by the Andersahelectrons, and the im-
a;:_)urity interaction is expressed in real space as

The recent development of atomic-scale scanning tunne
ing microscopy(STM) has triggered much interest in the
problem of impurity scattering in highz d-wave cuprates. A
series of beautiful STM experiments have revealed local qu
siparticle excitations induced by various defécespecially HM =) eqdld, +U dmedIdl +t>, (cf,d,+H.c), (2)
by impurity atoms(e.g., Zn and Nji directly doped into the o o
CuG, planes?® which proved the ability of impurities as a . .

; ; ; o whereey is thed-electron energy level anty is the strength
powerful local probe in studying higl superconductivity f the hybridization of the moment with the conduction elec-

(HTS). However, there are still some controversies about th . S
mechanism of the impurity resonant state and the modelin on. Th_e on-site hybridization b_etvveen thidevel and the
onduction electron as shown in E@) was found to be

of the impurity interaction in HTS, especially when the im- levant to the Ni impurity2 while the Zn impurity may be
rity carries or induces magnetic moments as observed . e L ,
burtty ! incu gney v escribed by the four-site hybridizatiéhln this paper, we

the nuclear magnetic resonaficéNMR) and neutron ) .
scattering experiments. The potential scatteringPS S|mply accept the existence of the magnetic moments as an
modef-° treats the impurity atom as a simple potential scat_ﬁ]xaptieor:]mental fact and will not address their microscopic for-
terer and, e.g., thé-function-type impurity interaction is As will be seen later, both the PS model with a moderate
HFS: (Vo + Vm)CgTCoT + (Vg Vm)C&Cow (1) strength of attractive scalar potential and the Al model with
on-site hybridization are able to lead to the impurity quasi-
wherec],, creates an electron of spinat the site 0 contain- particle resonance with quite similar quasiparticle spectra,
ing the impurity. Vs (V,,) denotes the strength of the scalar consistent with one of the two impurity statésssociated
(magneti¢ potential. According to the PS model, resonantwith each Niatom observed by the STM experim&fio
states within the energy gap are produced by the scalar p@xamine the dominant mechanism of the impurity state, in a
tential scatterers in dwave superconductor, which has beenprevious work® we studied the variation of the impurity
identified as one of the signatures of thevave pairing sym-  resonance when a superconducting vortex with a normal me-
metry. In the PS model, the impurity spin is treated as aallic core was pinned right on the impurity site. However,
classical magnetic moment. On the other hand, differenthe single LDOS peak associated with the vortex core in a
from the classical treatment of the impurity spin, several thenormal metallic state of purd-wave superconductdishas
oretical work$®-3attributed the origin of the impurity state never been observed experimentally. As studied theoretically
to the quantum spin dynamics of impurity-related magneticfor HTS with strong electron correlation, competing order-
moments. In other words, the degrees of freedom of impurityngs such as the antiferromagneti&F) (Refs. 16—20 order
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and the staggered fl&&?2 order might nucleate around the Lagrange multiplien,. Accordingly, the mean-fielth! be-
vortex core where the superconducting order is suppressasbmes H{ =3 &f'f +1.3 (c] f,+H.c)+\y(b3-1) with

and thus a subgap opens at the vortex core, as observed pyhormalized parameteg= e + 1o andt,=tyby.

STM experiment$? Recent experimerits 2 have indicated Based on the self-consistent mean-field approximation
the existence of AF order inside the vortex in various cu-and the Bogoliubov transformation, diagonalization of the

prates. Here, we will examine the response of the impurity4amiltonianHys.+H, can be achieved by solving the follow-
state to the presence of the static AF order. We find that iflg Bogoliubov—de Genne®dG) equations:

the PS model, the impurity state is produced at the vicinity of
the vortex core state and the resonance energy is sensitively Hio A U,no Uiy,
dependent on the sign and magnitude of the scattering poten- > A —-H oy =Eq o)’
tial. On the other hand, in the Al model the lowest-lying 7 7
impurity resonance is generated with the spin polarizatiorwhere u",v" are the Bogoliubov quasiparticle amplitudes
contrary to that of the vortex center. For both models, thewith corresponding eigenvalug,. In the PS modeli,  rep-
impurity states lose the particle-hole dualism due to the deresents the index of the 2D lattice siteljj ,=—d(rj+7
struction of the superconducting orddry the AF ordeyin — —r)t; ;+8(r;—r)[Ungz—pu+8(ri—ro) V] with 7 the unit vec-
the vortex core. tors 8, and #8,. n;,, is subject to the self-consistent condi-

The rest of the paper is organized as follows. In Sec. lltions
we describe the effective Hubbard model to studydiveave
superconductivity with a competing AF order. In Secs. I nsz |ui“T|2f(En), (5)
and 1V, the impurity states in both the PS model and the Al n
model are studied in zero field and in the mixed state. We
give a brief summary in Sec. V. i, = > [ A1 - f(E)], (6)

n

(4)

* *

] i ij,o

Il. MODEL AND BASIC EQUATIONS where f(E)=[exp(E/kgT)+1]! represents the Fermi distri-
In this work, we adopt a well-establishédJ-V Hubbard bution function. In terms ofy,, the staggered magnetization
modef on a two-dimensional2D) lattice with the on-site Of the AF order parameter is defined by
r_epuIS|on(U) and the nearest—pelghb(j\dN) pairing interac- M= (- )i(niT -1y). 7)
tion (V) to model the competing AF order and thevave - . . _ _
superconducting(DSC) order, respectively. The model Here, the pairing potentia,; ; is defined between a pair of

Hamiltonian is expressed as NN sites on the 2D lattice and is calculated self-consistently,
\% * * E
Hose™ = 2 tC,Ciot 2 (4yciic]) +H.c) A(rr) = A= — 2 (Ul +u?Tvi”l)tan)'< . ) (8)
(i) Y 4% 2kg
+ (Unjz-— ,u)cit,ci(,, 3 and the gauge-invariard-wave order parametek, is de-
io fined as
where ciT(, creates an electron of spin at theith site.n;,

1 . .

=(c! ¢, is the electron density with spiar. In an external Aqy(ri) = ZE A(ry 1+ P it Dgl ), 9)
magnetic field, the hopping integral can be writtentgs T
=t exdie(ri,rj)] with qS(ri,rj)=—i(w/d>o)f§{A(r)-dr forthe  whered(r)=0,7/2,7,3m/2 for 7=8,, &, —&, and &,.
NN sites(i, ), A(r) the vector potential, and,=hc/2e the In the Al model,i,j in Eq. (4) should include an extra
superconducting flux quantum. The internal field induced byindexig representing the degree of freedom of thievel in
supercurrents around the vortex core is neglected since higiaddition to the 2D lattice. There are hopping matrix elements
T. cuprates can be treated as extreme type-ll supercondudietween the index of the 2D latticg and iy, namely
ors. ThereforeA(r) is approximated ag0,Bx,0) in a Lan-  H; i ,=Hi; = 8(ri—rot,. And furthermoreHidid,U:?d. The
dau gauge, wherB is the uniformly applied external mag- expression of the bosonic number is
netic field. u is the chemical potential; ; is the bond paring ) - -
potential defined ad;; =(V/2)((ci;¢; )= (Ci ;). bp=1-> {lu (B + o) 11 -f(ET.  (10)

In the treatment of the Al model at low temperaturgg, "
in Eq. (2) is assumed to be infinite as usual, which forbids  With the help of the derived equatiori4)—10), we can
double occupancy of electrons on ttiéevel. Therefore, the perform the self-consistent calculation as follows. For a
slave-boson mean-field thedfycan be applied as in Refs. given initial distribution of various order parameters, ire,,
11-13, where thel-electron operator is written ad =f'b and4, ;, the BdG equations are numerically diagonalized and
with f,, the spin-carrying fermion operator atdthe holon the obtained quasiparticle spectrum is used to calculate the
operator. Furthermore, the single occupancy constraintew order parameters for the next iteration step. The results
>,f'f,+b'hb=1 should be obeyed. At the mean-field level, are obtained when expected accuracy is achieved with the
the holon operators andb' are approximated by @number  relative errors oh;, andA; ; between two consecutive itera-
by and the constraint is enforced on average by introducing @on steps being=0.1%. Furthermore, for the Al model, the
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FIG. 1. The local density of states as a func-
tion of energy at the impurity sit€d,0), NN site
(1,0, and NNN site(1,1) in the PS model with
Vs=-3(a) and in the Al model withe4=-0.5 and
t,=1.0 (b), respectively. The dotted lines repre-
sents the local density of states(46,16, i.e., on
the boundary of the 3% 32 subsystem. The ther-
mal broadening temperature is 0.02.

Lagrange multipliei\y is determined by minimizing the free As a model calculation, we choose the pairing interaction
energy of the system anld, is self-consistently calculated V=1.2 and the on-site repulsidf=2.4 such that the-wave
according to Eq(10). Once the self-consistent quasiparticle superconducting state overwhelms the AF order at the opti-

spectrum is obtained, we calculate the LDOS, mal dopingx=0.15 (in other words, the average electron
number per sit@=0.85 in the absence of magnetic field. At
p(ri,E) = = 2 [Ju} %' (Eq = B) + [u]} P (Eq + B)], near-zero temperature where our calculations are performed,
n

the above parameters give riseAg=0.09 in zero field and
(11) accordingly we find thad y,,~0.36, with #A,,,denoting the
. , , ) ) energy positions where the coherence peaks of the LDOS
which is proporqonal to the Q|ﬁerentlal tunneling conduc- ;e are located, as shown in Fig®IFigures 1a) and 1b)
tance observed in STM experiments. plot the local density of states as a function of energy around

In the following sections, the energy and length will be o impurity site in the PS model with a negatitractive
measured in units of the hopping integtadnd the lattice scattering potentialV=—3 and the Al model withe,

constant. =-0.5 t,=1.0(strong hybridization regimerespectively. As

shown in the figure, both models give rise to impurity reso-
nance states with very close energy vatiel,,,=0.3 and

In this section, we study the impurity states without ap-the impurity quasiparticle excitation has both electron and
plying the magnetic field. To make the exact diagonalizatiorhole components. The electron pauf(w)|?, which corre-
of the BAG equations feasible and achieve the desired reseponds to an LDOS peak ai in Fig. 1, has the largest
lution to resolve the impurity resonance in energy, we ad-amplitude right on the impurity site and decays rapidly with
dress the system made of a periodic arlly X M) of sub-  the distance from the center. On the other hand, the hole part
systems each with the siz&,xXN, in the numerical |vj(w)|? leading to an LDOS peak atw-has vanishing am-
calculation. We then define the Bloch states labeled by litude on the impurity and the NNN site with its largest
Bloch  momentum k=(27m,/M,N,)&+(27m,/M;N,)&,  value on the NN site of the impurity. The resonance energy
with m,,=0,1,... M, ,—1 and then the Hamiltonian of the and the spatial distribution of the quasiparticle resonant state
total system is block-diagonalized for eachTherefore, the are consistent with the STM experiménof Ni-doped
eigenvalue problem of the whole system with siZgN, Bi,Sr,CaCyOg, s Our numerical results are also consistent
X MyN, reduces to diagonalize the subsystem of smaller sizeith the non-self-consistent Green’s-function analysis of the
N, X N, for eachk. For each subsystem, the periodic bound-Al model in the continuum modéPf. According to our self-
ary condition is applied. This method is well established anctonsistent study, in both models the coherence peak&ap+
has been applied to study the effect of various inhomogeneare reduced at the vicinity of the impurity site due to the
ities such as impurities and surfaceslivave superconduct- suppression of the DSC order. On the other hand, the LDOS
ors. In our study, the total system consists of<II0D sub-  at the impurity site is largely altered within the whole energy
systems each with the size 332. range in the PS model, while in the Al model the LDOS is

lIl. IMPURITY STATES WITHOUT MAGNETIC FIELD
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hardly changed in the energy axis opposite to the resonance ()
energyw, indicating that the spectra of the Al model agree
with the STM observation better. Similar results can also be
seen from the LDOS of the NN and NNN sites of the impu-
rity in Fig. 1.

IV. IMPURITY STATES IN THE MIXED STATE

In the presence of a strong magnetic field, the supercon-
ductor is in the mixed state. A magnetic unit cell which
accommodates two vortices is selected as the subsystem
with linear dimensions satisfying\,N,=2d,/B according
to the theory of the magnetic translation group. Similar to
the problem studied in the absence of a magnetic field, we
are able to numerically handle the smaller subsystem for
each of the magnetic Bloch quasimomektaNote that in
agreement with the symmetry of the magnetic translation
group, the modified periodic boundary conditiis applied LI B B A R B L A
and accordinglyAy(r;) satisfies the following translation
relation: Agy(ri+R)=A4(r)exdix(ri,R)], where x(r;,R)
=27/ ®g)A(R) -ri+4mmnandR=mNg+nNg, is the mag-
netic translation vector. Here a X010 array of the magnetic w
unit cell is chosen with the size of each unit cell>2@0. o

Before studying the impurity state in the vortex center, for
comparison we need first to study the electronic structure of
the impurity-free vortex lattice ad-wave superconductors. It
was first shown in Ref. 17 that the LDOS at the vortex core
exhibited a double-peak structure near the Fermi level due to
the local AF order induced near the vortex core where DSC
order was suppressed, and later such an issue was intensivelyg. 2. (a) The spatial distribution of the staggered magnetiza-
studied and similar results reproduced by many authbl.  tion M, in four adjacent vortex unit cells with total size 4@40. (b)

Here we adopt a configuration of the AF order in which theThe LDOS at the vortex corésolid line) and at the site midway
AF order alternates sign from one vortex to its NN vorteXpetween two NN vorticegdotted ling. The thermal broadening
along both theg, and &, directions as shown in Fig.(d, temperature is 0.02.

which plots the pattern of the staggered magnetization of the

local AF order as defined in Eq7). This configuration is respectively. Small peaks outside of the subgap are the
different from that in Ref. 17, where the AF order only suppressed DSC coherence peaks and peaks corresponding
changes sign along one of two directions, and that in Ref¢o the von Hove singularity.

18 and 19, where the AF order has the same periodicity as Next we study the impurity state at the vortex core in the
the vortex lattice. Although the configuration we take haspresence of AF order in the PS model. Due to the presence of
slightly higher free energy than that reported in Ref. 19 forimpurity scattering, both the staggered magnetization of the
higher magnetic fieldi.e., smaller magnetic unit cgllour  AF orderMg and the electron numbex=n;; +n; are varied
configuration ensures that the AF order parameter vanishewound the impurity site. In Fig. 3, the variation M, andn

at the border of the vortex unit cell where DSC order recov-s displayed along th€l,0) direction across the vortex core
ers and might come closer to the most favorable configurad@mpurity site) at (11,11 for a set of values of. According

tion in low field as in the STM experiments. Despite this, theto Fig. 3, the effect of the potential scattering My extends
impurity state in the vortex center is mainly related to thea few lattice sites while that on is quite local. From Fig.
localized nature of the AF core and is therefore insensitive t®3(a), except for the weak potentigk=-1, the potential scat-
the detailed configurations of the AF order. Figuf@)is-  tering tends to reduce the magnetization right on the impurity
plays the LDOS at the vortex core together with that at thesite regardless of the sign of the potential, and more interest-
midpoint between two NN vortices in full agreement with ingly we observe a net spiSE% by summing the local
previous works®1°1t can be seen that the AF order induced moments induced around the impurity. Combining with the
around the vortex core splits the zero bias peaBP) (Ref.  result in the zero-field case as reported recently in Ref. 30,
15) of the LDOS predicted for a puidwave superconductor we find that the magnetic field also plays an important role in
with normal metallic core due to the lifting of the spin de- the local moment formation in addition ¥, andU. More-
generacy by the AF order. The AF order opens a small efever, we find from Fig. @) that the sign of the variation of
fective gap with gap edges denotedfAandB in Fig. 2(b). n due to the potential scattering is always opposite/ip
The LDOS peaksA and B come from the contributions of which is consistent with the fact that the negatipesitive
vortex core states with spin-up and spin-down polarizationpotential attractgrepely electrons to(from) it. Because of
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(Vs exceeds a critical vald®. Therefore, even though the
scattering potential in the PS model might jpeintlike and
scalar itself, its overall effect isextendedand magnetic
within the vortex centers with the induced AF order. Accord-
ing to Fig. 3, the impurity-induced variation &g andn is
short-ranged within a few lattice sites of the scatterer and the
main contribution comes from the scattering center, so the
total impurity effect can be treated simply as a point mag-

netic potential scattering withvVs=Vs+Udny/2 and V,,
=-UéMg/2, wheredng and SMy, denote the value afh and
oM, at the impurity site, respectively. From Fig. 3, we have
V,~-98.8,-2.0,-0.76,0.52,2.2,98.8 and,~-0.4 (ex-
cept forvmzo.o for Vg=-1) for V4=-100,-3,-1,1,3,100
andU=2.4. The magnitude 0~f’s is less than that o¥ since
the sign ofén is always opposite t&/,. And for the param-

eters we studiedy,, is negligibly weak compared to the
relatively large scattering potentifV =3 while important
for weak Vg at the vicinity of 1.
1 6 11 16 2 The resulting LDOS at the impurity site in the PS model
lattice site in (1,0) direction is shown in Fig. 4 with various strengths of the scattering
potential. Inspection of the impurity-induced states shows
FIG. 3. The magnetizatioM, (a) and electron numbar (b) as  that they have close relevancy with the AF vortex core states
a function of lattice site in thél,0) direction across the vortex core. [peaksA andB in Fig. 2b)]. Here we pay attention to the
low-lying impurity states within the subgap,g.3! From the
the self-consistent nature of the BdG equation, the impurityfigure, we find that in each case the appearance of the impu-
induced variations oM andn (in other wordsn;; andn;;),  rity state and the suppression of the vortex core states happen
i.e., SMg=My(Vo) —M4(0) and sn=n(Vy)—n(0), are reflected together at the impurity site. For the negative potential, there
in the mean-field Hamiltoniai3), resulting in the original is an impurity resonance peak at the left side of the vortex
pointlike nonmagnetic impurity acting as an extended classistate peakA. The low-lying LDOS peak within the subgap
cal magnetic scatterer with an effective unscreened magneti€,g is located at the right side of peakfor Vs=-3 and at
moment 1/2 when the potential scattering is large enougithe left side of pealB for Vs=—1. For the larger positive

O T, W e
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FIG. 4. The LDOS at the impurity sitesolid line) in the PS model with/;=-3 (a), Vs=-1 (b), Vs=3 (¢), andV=1 (d). The LDOS at
the vortex core without impuritydotted ling is displayed for direct comparison.

224512-5



HAN et al. PHYSICAL REVIEW B 69, 224512(2004)

1.2 = ing to the impurity state is even strengthened because the
- 3 impurity resonance is located at the middleEaf where the
1.0 |- residual density of states is low and therefore the intrinsic
i e width of the impurity resonance is narrowii) the impurity
08 state is simply electronlike and has no hole counterpart due
I : to the destruction of the DSC order at the vortex cdiie)
EI 06 L : 4 8 12 16 20 the spatial pattern of the electron part of the quasiparticle
o : . X excitation is the same as that of the impurity resonance with

zero field, as shown in the inset of Fig. 5.
To get a better understanding of the results shown in Figs.
4 and 5, we also performtamatrix analysi$3? of the above-
mentioned results for both models. At the vortex core, the
DSC order parameter is so suppressed that the anomalous
X e L1 Green’s functions are vanishingly small and for the pointlike
5 4 8 2 44 0 1 2 3 4 5 scatterers we need only to know the impurity-free normal
E/A Green’s functions of spin up and down, which are con-
gap structed fromE,, u,;, andv, obtained by solving the BdG
equationg4),
FIG. 5. Same as Fig. 4 except that an Anderson impurity is
located at the vortex core. The inset plots the spatial dependence of \um(o,o)|2
p(r,w) at the lowest-lying resonance energyAg,,=0.1 in one G1(0,0B) = E-E+il’ (12
vortex unit cell. n n

0.4

0.2

potentialV;=3, the LDOS in the full energy range displayed lvn,(0,0)[2
in Fig. 4(c) is reduced and we find no impurity state lying G,,(0,0E) => L (13
within E,g except one at the right side of pedk For n E+E+iT

Ve=1, the“? IS a high peak in th(_e vicinity O.f the.Ferml P wherel is the broadening parameter with small and positive
As shown in Fig. 4, the scattering potential with the Iargervalue Figure 6 plots the real part 6, andG,, as a func-
magnitude decreases the spectral weight on the impurity sitt(ia . 1 4

. ion of E, where we find steep jumps B Ay,,=-0.4 in(a)
more than that with the smaller one because a large potentl_%lﬂd 0.4 in(b), corresponding to thé and B peaks in Fig.

tends to exclude the quasiparticle from the scatterer, and ) : " ;
PR i : e (b). In Fig. 6a), the energy positions of the marksandA
the large limit(unitary) the LDOS right on the impurity site are slightly different because a small but finite broadening

:pﬁggzhseﬁafg% sl?rge?zd,eiwgnfsl?:tethlaitnwﬂjtl’);hgngdtﬁe o yarameter’=0.02 is selected in calculating the Green'’s
e? band: the ei eneger@fgv o etg/erg\]/vith theya rOXi- unctions technically. Theoretically for infinitesimal, Ep
gy ' 9 s 109 PP =En; ReG;;(0,0,E) should diverge as the energy ap-

mate eigenfunctions; = & o andv;=0, which indicates that at : .
the impurity site all the spectral weight belonging to theproaChe£A from both sides and the curve connectihgnd

low-energy states will transfer to this high-energy state an(f‘ will vamsh. For Fig. @)’ we have the same conclgsmn.
thus gives rise to the vanishing of the LDOS of the impurity . According to _thet-matnx thepry, the existence of impu-
site within the energy band. Furthermore, unitary impuritiesmy resonances in PS models is determined by
(in our studyV¢s=+100) give rise to impurity resonances
infinitely close to the subgap edges, i.e., pe&ksand B,
without any evidence of the near-zero resonant peaks both g4}
the impurity site and around it.

In the Al model, we find that the variation of the magne- VRV
tization and the electron number around the impurity site is (V= Vi)™ =ReG,(0,0w)), (19
rather small without giving significant modification of the where w; (w|) corresponds to the resonance energy of the
impurity Hamiltonian. For the same parameters as in Figimpurity state with the spin-up-down) polarization. There-
1(b) we find that the net magnetic moment generated aroungbre, at energy points where the horizontal lines cross with
the impurity is rather small witl$,=0.06, indicating that the the line of the real part of the Green’s functions as shown in
impurity spin is strongly screened by the surrounding quasithe figure, one finds resonance peaks consistent with the self-
particles. For comparison to the PS model, Fig. 5 shows theonsistent results in Fig. 4. For example, fdg=-1, the
results of LDOS at the vortex core for the Al model. For thecorresponding horizontal Iin(§/5+vm)‘l intersects with the

parameters in the. strong _hypr|d|zat|on regime, a onv-energ urve of ReG;; at E<E, and thus we get an impurity reso-
impurity quasiparticle excitation state is readily obtained an ant peak at the left side of peak similarly an LDOS peak

pinned slightly above the Fermi level witth/Ag,;=0.1 in ; :
addition to another impurity resonance with a slightly highera~ppears rather close to peBikbecause the horizontal fine

_~ _1 . .
energy at the left side of peak Moreover, comparing with (Vs~Vm) ™™ intersects with R&,, at the energyE<Eg.
the impurity resonance for the Al model without magnetic Moreover, the lines of(Vg+V,) = (Vs-V,) =0 corre-
field [Fig. 1(b)], we find that(i) the LDOS peak correspond- sponding to the unitary impurity do not cut the curves of the

(Vs+ V)™ =ReG(0,0,0,) (14)
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uu

Re G

FIG. 6. Real parts of them (@ andGu (b) at the vortex core as a function of f energy are shown by the solid lines. Dashed Ilnes from
bottom to top correspond t()V +Vm) 1=-1.32,-0.42,0.56,1.92 ita) and (V Vm) 1=-1.32,-0.63,0.38,1.09 iib) with V¢=
-3,3,1. Dsplayed in the dotted slope line is tMgff(E) (E-¢y)(t) "2 The broadening parametEr=0.02.

Green'’s functions in the subgap region, so there is no lowwhile that of thepositivePS model has the same polarization
energy impurity resonance. as the magnetization of the core.

On the other hand, for the Al model, after we integrate out Specifically, for the Niimpurity our numerical calculation
the impurity degree of freedom, the conduction electron atndicates that in the PS mod@Vs=-3) the impurity state in
the impurity site will feel anenergy-dependenpointlike  the vortex core has a resonance energy quite close to that of
scattering potential withV;%(E)=(E—"ed)(fh)‘2, where g the vortex statde,, while in the Al model(t,=1) the impu-
~0.5 andf,~ 0.82 derived from calculation of the minimum rity resonance energy is close to zero, resulting in an LDOS
of the free energy. Then in the Al model, the equations depeak much sharper than that of the PS model. Future STM

termining the impurity resonant energies will be observation of the Niimpurity in the magnetic field will shed
. light on the dominant mechanism of the impurity resonant
Veii(@) = ReG;1(0,0,0;) (16)  state in the HTS.
or

1 V. SUMMARY AND DISCUSSION
In this work, we have compared the potential scattering

V_i(E) is plotted as the dotted line in Fig. 6. Becadg(E) model with the Anderson model by examining the quasipar-
crosses R&, at the energy point which is very close to that ticle excitation around the Ni impurity doped @wave su-
of the PS model with/;=-1, the LDOS peak at the left side perconductors. At zero field, both the PS model and the Al
of peakA in Fig. 5 is similar to that in Fig. é). And the fact model can produce the impurity resonant state with the reso-
that it intersects with R& || in the subgafE,g gives rises to  nant energy and spatial pattern qualitatively consistent with
the low-lying impurity resonance as shown in Fig. 5. one of the two differential conductance peaks within the su-

From Fig. 6, we find that both the PS model and the Alperconducting gap observed around the Ni atom doped in
model are able to produce the low-lying impurity resonanceHTS by the STM experiment. After applying an external
for certain parameters. However, to achieve a clear-cut immagnetic field larger than the lower critical field, the impu-
purity state which separates with the vortex core states apity states generated by both models are quite different from
parently, the resonance energy should lie within a regiorthose in zero field. In the Al model, the impurity state is
smaller than the subgdf,g. We find that the impurity states pinned within the subgap opened by the static AF order at
in the PS model have shown a behavior which is sensitivelghe vortex core with extreme particle-hole asymmetry. Fur-
dependent on the scattering potential. Nevertheless, for tHthermore, the impurity state has a spin polarization contrary
Al model as long as the strength of hybridization betweerto that of the AF order of the vortex core, while in the PS
thed electron and conduction electrons is strong enotigh, model, both the resonant energy and the spin polarization of
=1, there is always an impurity resonance pinned near théhe lowest-lying resonant state are rather sensitive to the sign
Fermi level according to our numerical calculations. More-and strength of the scattering potential. We propose high-
over, the lowest-lying impurity staténearest to the Fermi resolution spin-polarized STM experiments to probe not only
level) of the Al model andnegativePS model has opposite the spin structure of the vortex core but also the existence
spin polarization to the magnetization of the vortex core,and polarization of possible low-lying impurity quasiparticle
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excitations when vortices are pinned by the doped impurityzero field both the PS model in the unitary liffitand the Al
atom such as Ni in the Cuplanes of HTS. model?13[or alternative models taking into account the ef-
From the impurity Hamiltonian, the remarkable differencefect of the magnetic moment induced around &ef. 10]
between the PS and Al models is that the Al model intro-can give rise to the impurity resonance, explaining qualita-
duces an additional degree of freedom to describe the magively the experiment dathHowever, in the presence of the
netic momenta carried/induced by the impurity site. In theflux line on the impurity site, we obtaino low-lying impu-
framework of the Green’s function theory, this extra degreeity state within the small subgap opened by the static AF
of freedom can be integrated out, which results in the Alorder for the larggnegative and positiyescattering poten-
impurity actinglike a scalar potential scatterer. However, thetial, while for the Al model for Zn with the four-site hybrid-
effective potential corresponding to the Al impurity is ization proposed in Refs. 12 and 13, the impurity resonant
energy-dependenivhich makes the PS model and Al model state with near zero energy is séémherefore, to examine
essentially different because in the PS model the scatteringhether or not the low-lying impurity excitation exists when
potential is energy-independent. In this paper, by depositinghe magnetic field is applied in the Zn-doped superconduct-
the impurity in the insulating vortex core with a small gap ing material may help us to elucidate the dominant mecha-
opened by the staggered magnetization, which plays a keyism of the impurity resonance.
role in the suppression of the superconducting order in the
vortex core for both cases and is consistent with the STM
observatiorf® we have displayed such differences between
the PS and Al models. Note that, even if the static AF order We thank Q.-H. Wang for helpful discussions. The work
vanishes and the vortex core becomes metallic, the impuritywas supported by the RGC grant of Hong Kong under Grant
states of the PS and Al models are still different, whichNos. HKU7092/01P and HKU7075/03P, the 973-project of
agrees with what we found in an earlier wdrk. the Ministry of Science and Technology of China under
Finally, we wish to discuss also the impurity state of Zn Grant Nos. G1999064602 and G1999064603, the URC fund
briefly, when a vortex line is pinned on it with the induced of HKU, and the National Natural Science Foundation of
static AF order. Similar to the case of Ni studied above, inChina under Grant Nos. 10204019 and 10334090.
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