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Local quasiparticle states near a Zn impurity with induced magnetic moment
in a high-T. 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 daneave 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-T cuprate can be explained if the blocking effect of BiO surface layer between the tip and probgd CuO
plane is taken into account.
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The scanning tunneling microscof$TM) turns out to be mate below. Valence counting suggests that the Zn impurity
a powerful probe of the local effects of individual impurity maintains a nominal Ci charge, the ZA" [3d*°] with S
atoms or defects on the fundamental properties of fligh- =0 configuration indicates it would act as a nonmagnetic
cuprates.—3 The measurements reveal the induction of a vir-impurity. According to Ref. 19, the second and third ioniza-
tual bound quasiparticle state around the individual impuritytion energies for Zn are respectively 18 eV and 39.8 eV,
providing strong evidence of thé-wave pairing symmetry while the third ionization energy of Cu is 36.9 eV. In the
of high-T,, superconductor§This experiment was motivated cuprates, the relevantd3Cw?" electrons form a narrow
by the earlier predictions of Balatsky, Salkola, andd,_,2 band with bandwidth less than 2 eV. The center of the
co-workers>® However, the high resolution STM imaging of band, where the chemical potential lies, is located around
the effect of individual impurity atoms Zn substituted in a —36.9 eV below the vacuum. The top ofl¥ level of a
controlled manner for Cu in Bsr,CaCyOg, s (BSCCO Zr?* ion is at—39.8 eV which is below the bottom of the
(Ref. 1) also presented an unexpected spatial distribution ofl,2_,2 band. The conduction electrons near the chemical po-
the local density of stated.DOS) strength at the resonance tential will experience a repulsive local potential,
energy. It has a strongest intensity directly on or above the-(—18 eV)—(—36.9 eV)=18.9 eV at the Zn site. For
Zn site, local minimum on its nearest-neighbor sites and losuch a large local potential as compared to the bandwidth, Zn
cal maximum on second-nearest-neighbor sites. This distriean almost be regarded as a unitary impurity, which has also
bution is opposite to all theories based on the strong atomidseen evidenced experimentaifyOur present considerations
like nonmagnetic impurity modél,® which show a are thus very different from the case studied in Ref. 13 where
vanishing density of states directly at the impurity site and ghe authors assume the Zn impurity has a weak attractive
strong resonance peak on its nearest neighbors. Recent NMgdtential.
measurements of Zitor Li) doped YBaCu;Og ., (Refs. In this Communication we study the LDOS spectrum
9-11) and the specific heat measurement of Zn-dopedround a very strong nonmagnetic impurity with a Kondo-
YBa,Cu;04 o5 (Ref. 12 indicate that a Kondo like magnetic like magnetic moment induced at its nearest neighbors in a
moment withS= 3 is induced at the nearest neighbor sites ofd-wave superconductor. Based on this model, it is shown that
the Zn(or Li) impurity. Motivated by the latter experiments, the presence of the strong potential scattering from the im-
the Kondo effect on the local quasiparticle states around apurity leads to a stronger single resonant peak in the LDOS
induced magnetic moment in dswave superconductor has directly at the site of the magnetic moment, in contrast to the
been theoretically studied by several grotps® All these  case for a single magnetic impurity*> Compared with the
results show widely-split double-peak structure with respectase of a single nonmagnetic unitary impurity, the LDOS is
to the zero bias at the impurity sites, and therefore do nostrongly enhanced by the Kondo effect from the induced
agree with the STM imaging of the effects of a Zn impurity. magnetic moment. We also show that the pattern observed in
We believe that these studies seem to be more suitable the STM experiments can be qualitatively explained by tak-
describe the Kondo impurities such as Mn and Co substitutethg into account the blocking efféétof the BIiO surface
for Cu in highT, cuprates instead of Zn or even Ni whose layer which exists between the tunneling tip and the €uO
spin is believed to have a ferromagnetic coupling with con{plane where the Zn impurities are located.
duction electron$®~*8In order to compare with experiments, ~We model thed-wave superconductor defined on a two-
the scattering of quasiparticles due to both Zn and the indimensional lattice within a phenomenological BCS frame-
duced magnetic moment around it needs to be carefully inwork. The unitary impurity is taken to be at the origip
vestigated. So far this problem has not been properly ad=(0,0). On nearest-neighbors to the impurity, the induced
dressed, particularly in view of the scattering strength of anagnetic moment is described by the Andersed ex-
Zn impurity being close to the unitary limit as we will esti- change model. The repulsive interaction on the site, where
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the moment sits, is assumed to be infinite so that the double
occupancy on this site is forbidden. We use the slave-boson
mean-field approaéh® to study the Kondo effect of the

induced magnetic moment. The system Hamiltonian can then
be diagonalized by solving the Bogoliubov—de Gennes

' En I y (1)
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with the bosonic numbeb, and thed-wave bond pairing
amplitudeA; subject to the self-consistent condition

g..
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FIG. 1. The local density of states on the nearest-neighboring
Here sites of the close-to-unitary impurith=(1,0) (a), B=(0,1) (b),
N andC=(—-1,0) (c). Also shown with the dashed line the LDOS on
Ui the corner site of the supercell, which resembles the bulk DOS for
vin a cleand-wave superconductor. Here tAssite is the position of the

induced moment with the impurity located at t@0) site.
is the quasiparticle wave function with eigenvake, which
is measured with respect to the chemical potengialThe  value of the coupling strength,~0.9, below which the mo-
single particle HamiltonianH;;=—t;—ud&+r j+Vody,  mentis decoupled from the conduction band. Compared with

+(€q+No) 3¢ 8, WhereVy is the strength of impurity po- the single Kondo impurity case, the largérobtained here is

tential, €4 is the bare energy level of the moment electrongturgnt? tgee rziscée;[jhifq m‘z '?r(]mdrl'JtCth)'rt]e er:ggig)srl-ndee'nrslgscl)r'lns
with respect tou, and )\ is the Lagrange multiplier intro- gly dep impurity si '9 Ing

duced to enforce the single occupancy constraint. The renof> the moment so that the screening effect is weakened.
hen V>V, this free local spin state gives way to the

malized coupling strengtlh;=Vbo for (ij)=(r1+&r1) OF  kondo screened state. For=1.0, it is found that=2.15
(ry,r1+ ) andt otherwise, whereV is the bare coupling 4 by=0.56. The self-consistent solution also gives a

strength between the moment and conduction electionss, y.\yaye order parameter which is strongly suppressed around
the ho_ppmg integral between co.nductlon electrofis, are the strong impurity at the scale of the coherenég
the unit vectors of the square lattice. The strengtd-efave —fve/mA,, wherevr is the Fermi velocity and ;~0.4 is

= gr g

pairing inte_raction is representey , the value of which is o pulkd-wave energy gap.

g;=0 for (ij)=(ry+&ry) or (ry,r;+8) upon the assump- e the self-consistent solution is obtained, the LDOS is
tion of different nature of the conduction and momenty,on calculated according to

electroné* and constang otherwise. The Fermi distribution
function f(E) =[ 1+ expE/ksT)] . Without loss of general-
ity, we temporarily assume the magnetic moment to be at Pizzg [IUl?8(En—E)+|v]|?8(Es+E)],  (4)

I’1= (1,0) .

Our numerical calculation is performed on a square latticavhich is proportional to the local differential tunneling con-
with size N =N, X N,=35x 35 and averaged over 36 wave ductance as measured by the STM experiments. Our numeri-
vectors in the supercell Brillouin zone. The strong scatteringal result indicates that the LDOS is vanishing at the impu-
potential from the impurity is taken to bé,=100, which  rity site, consistent with previous calculatio‘hé.Figure 1
yields a phase shift 0.487 (very close to 0.z for the uni-  shows the LDOS as a function of energy on nearest-neighbor
tary limit), the bare energy level;=—2, the chemical po- sites to the impurity siteA=(1,0) [i.e., the magnetic mo-
tential = — 0.2, and the pairing interactiay=1.2. Here we  ment sitd, B=(0,1), C=(—1,0), D=(0,—1) and on the
measure the energy in units band the length of the lattice corner site of the supercell. Due to the spatial inverse sym-
constanta. A trivial solution to Eq.(1) with N\g=—€4 and  metry, the LDOS on siteB andD are identical. Notice that
bo=0 is always found, which describes the moment decouthe LDOS on the corner site of the supercell recovers the
pled from the conduction electrons. However, the physicallybulk density of states of a cleatkwave superconductor,
desired value of these two parameters are determined hwyhich indicates that the supercell size and the number of
minimizing the free energy with the procedure as detailed inwave vectors in the Brillouin zone is large enough to uncover
Ref. 14. With the chosen parameter values, we find a criticalhe physics intrinsic to an isolated impurity with an induced

060501-2



RAPID COMMUNICATIONS

LOCAL QUASIPARTICLE STATES NEARA XA . .. PHYSICAL REVIEW B 64 060501R)

moment. The LDOS on the nearest-neighbor sites shows the 25
existence of near-zero energy resonant states through the
near-zero energy peaks. Compared with a strong nonmag- 2
netic impurity or a single Kondo impurity, the close-to-
unitary impurity with an induced moment shows much richer
characteristics of the quasiparticle resonant states in its vi-
cinity: (i) In striking contrast to a single Kondo impurity
case!*!® the LDOS on the magnetic moment sieeonly
displays a strong single near-zero-energy peak, which comes
in a unique manner from the presence of the strong impurity
scattering. (ii) Different from a strong nonmagnetic !
impurity,>8the LDOS on siteB and siteD exhibits the split- 0
ting of the near-zero-energy peak. This difference is mainly o T E

due to the presence of the moment near the unitary impurity,

which p|ays the role of a weak Scattering center and reduces FIG. 2. The local density of states on the nearest-neighboring
the effective hopping integral locally. As a comparison, wesite of the nonmagnetic cIo_s_e-to-unitgry impurity after the average
have also considered(a0)-oriented dimer consisting of two over the_ four moment-posmon configurations. As a co_mpar_lson,
nearest-neighboring close-to-unitary impurities and founOShO,Wn with the dashgd Ilng, the.LDO.S on the correspondlng site for
that the splitting is much increased. Therefore, in the Kondd Singlé close-to-unitary impurity without induced magnetic mo-
resonance regime, the close-to-unitary impurity plus gnent

nearby moment composite can be effectively regarded as
very strong nonmagnetic impurity with a tail. Since the in-
fluence of the induced moment is very weak on €itethe

fhe c-axis is always the BiO layer. The superconducting
CuG, layer on which Zn impurities are located and the STM

LDOS on this ste ony shows a snle nearzero energff 1000 e 0 exolore ek cboyt 1.4 below e arace
peak.(iii) As a result of the Kondo resonance, the intensity yer. Y

of the near-zero-enerav peak on sids about four times as _ Vertically on the top of each Cu atom or Zn atom, and there
gy p is also an O atom associated with SrO layer between them.

large asr;chatfon Othir three nee:jrest(—jneki]ghlbor Isites of the ilni'Nhen the STM tip is trying to probe the Cu/Zn sites, the core
purity. Thus far we have considered the local quasiparticle | o . : Al
ectrons of the Bi ion (with radius 1.03 A and also &

resonant states around the strong impurity with a moment . - o e S 1
induced statically. When a Zn impurity is substituted for Cu with rad|u§ 1.4 Asitting on top'of it wil |ney|tably block
the tunneling current from directly passing through the

: i - . .
in a highT, cuprate, theS=; moment associated with €l Cu/Zn sites, where both &t and Zrf* have the ionic ra-

'S remo_ved fro_m the system. As a result the Io_cal an_t_lferro—dius 0.7Z A . Because the STM image has such a high spatial
magnetic pairing is broken and a moment with spiris

induced at any of the four neighbor sites of the impurity with :Ie SgliﬂznégéhelZrtg?;cosnﬁalg;St,t?i%:l:ggillli?rﬂrfl;rrser::;lflrgrrz;he
equal probability. Our treatment here is consistent with th P P y '

NMR experimental indication thahe Zn impurity only re- he linear dimension of which is about one lattice constant.

veals already-existing moments, localized on Cu sites of th‘é"herefore, the measured LDOS above fiiebed Zn or Cu

doped antiferromagné and the induced spins on the near- s!te is ma?nly contributed from .its four nearest-neighboring
est neighboring copper sites are not correlatédt is differ- sites, \Q'Vh'Ch can be_ approximately expr.essed A )
ent from the approach based on a putative single momenrt AZPi+ 5. HereA<1 is a constant depending on the dis-
around the Zn impurity like a spin cluster. After averagingtance between the tip and the four nearest-neighboring Cu
over the four moment-position configurations around the im-
purity, the combined contribution from sités-through D
leads to the averaged LDO&" %= (pa+ pg+pc+pp)/4 at

. . L] 3 . . . - . . .

any of these four sites. As shown in Fig.4%?is character- R S S
ized by a very strong sharp peak close to zero en@rgy. e e o @ 0 o o .
Compared to the case of a single close-to-unitary impurity, RN N BRI
the corresponding peak intensity is enhanced by about 40%. c e - @ - . . ® - . -
Also interestingly, the LDOS spectrum shows a narrow side-

peak with a rather weak intensity. The highly asymmetric c e - @ - @ -
double-peak structure distinguishes it with a sharp and nar- s e e 0 s @ 0 .+ o .
row dip in between and their separation is only about 5% of e o o8 + 8 o ® o ® o

2A4. In comparison, the double peaks obtained for a single
Kondo impurity has a separation as large as 50%df 2*

To understand the LDOS spectrum and the spatial distri-
bution of its strength at the resonance bias observed in the F|G. 3. A two-dimensional bubble view of the spatial distribu-
STM experiment, we need to know the nature of the surfacéon of the local density of states at the resonance enErg{.02
layer in BSCCO on which the tip is directly probing. There is around the nonmagnetic unitary impurity with a magnetic moment.
ample experimental evidence that the cleaved surface alorthe bubble size on each Cu site scales with the LDOS intensity.
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atoms. As a result, the STM spectrum on the Zn site ob- To conclude, we have considered the effect of a very
served by experiment is in good agreement wifti® at i strong nonmagnetic impurity with induced magnetic moment
=(0,0) which has the identical characteristic as that showrn @ d-wave superconductor. To be applicable to the Zn im-
in Fig. 2. Experimentally, a small-side peak adjacent to thePurity substituted for Cu in copper-oxide cuprates, the model
left of the strong resonant peak was indeed observed in thg@S taken care of both the strong potential scattering from
STM measuremerttThis is consistent with our result in Fig. thiS nonmagnetic impurity itself and the Kondo effect of the
2 and it could very well be a signature of the induced Kondo-nduced moment. We find that the induced magnetic moment
like magnetic moment around the impurity. On the otherstrongly _enhances the I_o_cal quaSIpart_che density of states
hand, we find thatp™? shows no resonant peak on the near the impurity. In addition, the_ blocking effect of the BiO
second-nearest neighbor sites while a resonant peak with _séjrface Igyer betwe{-zn the STM tip and the probed CuO plane
weaker intensity on the third-nearest neighbor sites. All thdS essential to explam the observed resonance peak.on the Zn
resonant peaks, if showing up at some of the sites around tI‘Ete and the spatial patFern O.f the differential tunneling con-
impurity, are actually located at the same energy position an uctance around a Zn impurity in BSCCO.
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