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We examine the effect of a nonmagnetic impurity in a two-dimensional spin liquid in the spin-gap phase,
employing a drone-fermion representation of spin-1/2 operators. The properties of the local moment induced in
the vicinity of the impurity are investigated and an expression for the nuclear-magnetic-resonance Knight shift
is derived, which we compare with experimental results. Introducing a second impurity into the spin liquid an
antiferromagnetic interaction between the moments is found when the two impurities are located on different
sublattices. The presence of many impurities leads to a screening of this interaction as is shown by means of
a coherent-potential approximation. Further, the Kondo screening of an impurity-induced local spin by charge
carriers is discussefiIS0163-182807)01542-1

I. INTRODUCTION doped cuprates. In order to describe the spin degrees of free-
dom of these systems we start with the Heisenberg antifer-
Substitution of Cu ions in the conduction planes of high-romagnet on a square lattice, employing a drone-fermion
T. cuprates by different nonmagnetic ions presents an imporepresentation of spin-1/2 operatotsA mean-field decou-
tant experimental tool for the study of the metallic state ofpling of the Hamiltonian leads to solutions corresponding to
these strongly correlated systems. Unusual effects have be@RVB state in the flux phas®™that exhibits a pseudogap
revealed especially when these materials were doped witl the spin-excitation spectrum. A single spin vacancy intro-
Zn, Al, or Ga. Among these interesting features is the ap_duced into the spin liquid produ_ces a local moment which is
pearance of a magnetic moment derived from the Observézrefjommantly Iocz_ited on the_snes _clo_se to the vacancy. We
tion of a Curie-Weiss behavior of the magnetic derive an expression for the impurity-induced NMR Knight

susceptibility! Further studies have been performed by elecShift and fit it to experimental data. Introducing a second
tron paramagnetic resonafce (EPR and Vvacancy into the spin liquid leads to an antiferromagnetic

nuclear-magnetic-resonariceé (NMR) experiments. Mea- INtéraction between the two moments. In the presence of

surements of the NMR Knight shift indicate that the Many impurities this interaction is scrgened as is shown by

impurity-induced local moments reside predominantly on CMSing @ coherent-potential approximati@@PA). We further

sites neighboring the dopaht.It has been argued that the @nalyze the effect of nonmagnetic impurities on the relax-

appearance of these local moments can account for a signififion of the nuclear magnetic moment in terms of local spin

cant reduction off; .2 fluctuations induced by the vacancies. Finally, we discuss
On the theoretical side, impurity-induced moments havelualitatively the low-temperature Kondo screening of the

been studied for a variety of quantum disordered spin sysmPurity-induced spins by charge carriers.

tems, including, for instance, spin ladders and spin-Peierls

systems,® as well as underdoped cupraféS.A common Il. THE MODEL

feature of these systems is the existence (@sgudo} gap in We start from the Hamiltonian of a two-dimensional

the spln-e'x'czltann speptrum. This spin gap is rela}ted to th%quare lattice spin-1/2 Heisenberg antiferromagnet
singlet-pairing correlations in the ground state, which can be

described in terms of resonance valence btnd@VB) or a
valence-bond solidvBS) state!? Within this picture the ap- H=J> S-S, (1)
pearance of a Curie-type susceptibility can be understood as (i
an unpaired spin that is generated by the substitution of where ( ) indicates summation over pairs of nearest-
spin site by a vacancy. neighbor sites. The spin operators in the Hamiltor{iBrare

In the present paper we investigate the effect of nonmageommonly expressed in terms of pseudo-fermions which re-
netic impurities on the local magnetic properties of weaklyquires us to impose the restriction that each site is occupied
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by exactly one pseudoparticle. Since it is rather difficult to The fermionic spectrunk(k) = * &, is determined by the
account for these local constraints one usually treats thersymmetry exhibited by the bond paramefgy. In a phase of
only on the average. Here we will follow a different mixed symmetry defined by

approact® by employing a drone-fermion description for

spin-1/2 operators given by Ar=A=—A_;=A=A (8)
_ one finds
S =flx, s =xfi, S=ffi-3, )]
whereS" = (S'+iSY)/\/2. The operatof creates a spinless :Rm 9
fermion at sitei; the presencdabsencg of an f-fermion & J2 SITKTCOS Ky, ©)

corresponds to an updown) spin state. The real drone-
fermion operator Xi= X. with  commutation rules
[xiixjle= ,J is needed to provide the proper commutation
rules for spin operators on different sites. Expressing th
Hamiltonian (1) in terms of the representatid2) one ob-

whereD =4,2JA is the half-width of the band and the lat-
tice constant has been set equal to unity. At low energies the
éjensny of states is determined by the neighborhood of the
two isolated roots of Eq.9) and exhibits a V-shaped
pseudogap’(w) =2|w|/(wD?) corresponding to the one

tai
ns found in the flux phase of conventional fermion mean-field
: byt theoriest*1®
HZJ(Z) {(fixixifj+ He)+(Fifi—(f{f—2)}. (3 The bandwidth parametdd in Eq. (9) is obtained from
ij

the self-consistency relation
Mean-field solutions to the HamiltonidB) corresponding
to the RVB states of conventional fermion mean-field theory 2\/_32 /N
are found by employing a Hartree-Fock factorization with i tan 22T

bond parametersA;; =(x;xi) andiZij=<ijfi) defined for o 12 ny .
nearest-neighbor pairs, yielding the following mean-ﬁeldWhere7"<_(S'n.2 k.X+COSZ k)", N is the number of sites, and
HamiltonianL® kg=1. In the limit of T—0 Eq.(10) reduces to

) , (10

3 3 2[ 2J
HMF=J<iEj> {(—i(Ay+ A F =i xix;+ H.c) 1D
X X2 ielding a numerical value oDy~1.355). The correction
28 A A @ gD(T)gto D, for small but finiteotemperatures is given by
For spin rotational symmetry of the ground sta"}@:Aij T\3
holds. In the following we assume _the order parameter to SD(T)=— — _) _ (12)
depend only on relative site indicesd;j=A; with & Do

e{X,—x,y,—y}, wherex andy are the lattice unit vectors. In the following we study the effect of a spin vacancy

D(;viging th: ng'?‘re éatt_:_che into tW?. Slléb:_?tticf?‘sar.‘d B, located at site @sublatticeA) on the local magnetic proper-
we defineie A andj e B. The mean-field Hamiltonia¥) o5 of the system described by Hamiltoni@h. We simulate

can then be diagonalized by expressingitiznd y operators atiwis spin defect by decoupling site 0 from the rest of the
in momentum representation and employing the canonic ystem. This is done in two steps: First, the drone-fermion

transformation bond parameter connecting the impurity site with its nearest
FA= (2t b/ 2 neighbors is set to zerdoAq s=(xsxo0)=0. This decouples
K K the drone fermions of site O from the rest of the system.
. Then, a local chemical potential,—< acting on site 0 is
fe=(a—bexlieg/\2, ®)  added to Hamiltoniar@?),p ° ’
= (Cetd/V2, Himp=Huie+ Nof ifo. (13)
XE:(Ck—dk)eXF(i gok)/\/z (6) It induces an empty site &=0 with respect to the spinoh

operators and suppresses the low-endrdggrmion degrees
where  expilp) =AK/|Ay with  the  definition of freedom at this site. We will show below that the presence
A=1Z 5 A sexp(=ikd). Thus, the Hamiltoniar4) becomes of the local potential also leads to a vanishing spinon bond
parameter connectlng the impurity site with its nearest neigh-
Hype= E gk(_alak"—blbk) bors,iAg 5—(f5f0) 0, and therefore completely decouples
the impurity. Further, one mferAR’Rm—ARVRM for all R
e A which manifests the equivalent treatmentf aind drone
+ke%m §k(—CICk+dldk) 7) fermions as required by spin rotational symmetry.

. . Ill. LOCAL MOMENT
with &,=2J|A,]. Thek summations extend over the full and

half magnetic Brillouin zone, respectively, and the constant In this section we study the uniform properties and the
terms in Eq.(4) have been omitted. spatial distribution of a local moment induced by a spin va-
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cancy. We first calculate the impurity contributions to thement of the local constraints on the pseudoparticle occupa-
spinon density of states and the uniform spin susceptibilittion number which is characteristic for those theories.
by means of the uniform Green’s functio(iw,) We analyze the spatial distribution of the impurity-
=—1INS(T,f(7)f(0)), given by induced moment by means of the local Green’s function
! Gliw,;RR)=—(Tfg( T)fJ,;(O))wn which is given by
G(iw,)=NG (iw,)+ 6G(iw,) (14

G(iwy;RR) =G %iw,)+ 6G(iwy;R,R). 21
with fermionic frequenciesw,=(2n+1)=T. The Green's (Ton ) () (e ) @)
function in the absence of the impuri®®(iw,) and the Depending upon whethd lies on theA or B sublattice the
correctiondG(iw,) due to the impurity are given by impurity contributionsG(i w,;R,R) is

1 8G(iwy,RR)=|A(iw,;R)|?/G%iw,), ReA,
Giwn) =52 90 wnik),
ko 8G(iwy,RR)=—|B(iw,;R)|?G%iw,), ReB (22
1 with
8G(iwn) =52 Gulion K T(iwngiiogik) (19
k,v
' 1
. . _ - 0,: . .
with g0 wn;K)=1/(iog— (- 1)"&), ve{l,2. The T ma- AllonReA)= 52, g)lionikexplikR),
trix in Eq. (15) describes successive scattering at the vacancy

and is obtained from usual scattering theory; in the limit _ 1 o "
No— itis T(iw,)=—1/G%iw,), yielding B(iwn;ReB)= N% g,(iwn;K)(—1)"
(9 o .
5G(iwp) = P In G%iwy). (16) Xexp —iggtikR). (23
n

Evaluating Eqs(22) one finds
Evaluating Eq.(16) one obtains

42A(R) V2R| w,| —
0 D @n |“’n|

for ReA,

(17 wD?

1-In"t

D ) 8G(iwy;RR)=

) 1
0G(lwp)= K

n |wn|

From Eq.(17) we calculate the impurity correction to the
; — Aty -
density of state$p(w) /7 ImSG(w+i0™): . 4D, (R) 2Rl 0|
6G(iwy ;R R)=—

K? iwln’lD
1 1 w02 '\ D " oy

. (18
2|o| (7/2)2+1n2(D/|w)|) (18

Op(w)=6(w)—

for Re B, (24

The first and second terms on the right-hand side of( ). where theK; are MacDonald’s functiort$ and the angular

describe, respectively, the formation of a spinon bound Stataependence is determined by
at the Fermi surface and the destruction of a spinon singlet in

the spin background. Integrating E@.8) over all occupied ®,(ReA)=(1+cosTR,)/2,

states one finds a reduction in the number of particles by 1/2.

This is in agreement with the fact that the local chemical Pg(ReB)=[1—-(2R¥R®~1)cosmR,]/2. (25
potential Ay induces an empty site &=0 with respect to

the f fermions, while in the absence af, the average - From Egs.(24) we determine the impurity contribution to
fermion occupation number is 1/2. the local density of statesdp(w;R)=—1/7 IméG(w

With the help of Eq.(17) we evaluate the impurity con- +i0™;R,R). It is found that the local moment resides pre-
tribution 6x(T) to the uniform spin susceptibility by em- dominantly on theB sublattice; forR|w|<J one obtains
ploying the relation

; So(w:R B)_2<I>B(R) S(w) . 1
SY(T)=T ——6G(iwy). (19 PReReRmIRe | In(D/[e]) 2wl
lwp n
For T<J one obtains % 1 (26)
. 5 (m12)?+1n*(D/|w]|)
ox(T)= ﬁ<1—ln‘17). (200 while sp(w;ReA) is negligible.

Our particular interest is the local spin polarization in the
The formation of a spinon bound state is thus found to leadicinity of the impurity as this quantity is needed below to
to a Curie-like spin susceptibility of a free spin 1/2 with derive an expression for the NMR Knight shift which we
logarithmic correction. We note that conventional fermionwill compare to experimental data. In the presence of a uni-
mean-field theor} only reproduces one-half of the above form magnetic field the spin polarization on siecan be
result. This shortcoming has its origin in the mean-field treat-obtained from the local spin susceptibility
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Sx(T;R)=T>, —— 8G(iwn;R,R). 27) 50 |
fon dlwy

40t

Evaluating Eq(27) for R|w|<J with Re B one obtains _
w30 ¢t

Sy(T:ReB)= 1 Ps(R) f(T R)ln*lE (28) X
ALRE 27T R2 : T Lo0t
with a correction factor 1.0 |

4\2TR 0.0 ' . :
f(T,R)=(xK 2 x= , 29 0 100 200 300
(T.R)=(xK1(x))", x=——5 (29) i

which approaches unity fof R<J. Due to theR™? decay FIG. 1. Temperature dependence of the inverse of the impurity-
of 6x(T;R) the spin polarizability is found to be strongest induced Knight shift 15K(T) on the impurity nucleus. The solid
on the nearest-neighbor sites of the vacancy. Contributine is a fit employing Eq(36) to experimental data by Ishidzt al.
tions from sublatticeA are again negligible. The logarithmic for 3% 2’Al-doped La; ¢:Sr, 1CuO, indicated by circles.
correction in Eq.(28) is due to the marginal character of
the bound state: its spectral weight at a given lattice sitgnagnetic fieldH, coupled to the surrounding electron spins
vanishes logarithmically a®— 0. Integrating Eq(28) over S is
R once again obtains the contribution to the uniform suscep-
tibility 6x(T)=1/(4T) as required.
We now turn to the spinon bond parameter Hy=ynHo- | +Athi S, (34)
iAgris=(fk, sfr) defined forRe A, which we express in
terms Of the Green’s function G(| wp ; R,R+ @ where YN -denotes the nUCIear gyromagnetic ratio m|s
=—(T (1)L, £0)),: the coupling constant of the isotropisupertransferrgchy-
n perfine interaction. In the presence of a nonmagnetic impu-
_ rity the local spin susceptibility that determines the on-site
Arprio= —iT2 G(iw,;RR+8). (30)  spin polarization is altered according to Eg8), yielding for
ton the impurity contribution to the Knight shift at distanée
Splitting the Green’s function into an unperturbed and arfrom the vacancy
impurity-correction term one obtains
YAnt

Arr+s=Ast AR+ s (32) HK(T:R) N Z OX(TIREN), 39
with where the sum is over nearest-neighbor lattice sites of the
_ nucleus being probed ang=gug with the g factor of the
Ag= _iTE G%iw,;0,0), Cu?* spin and the Bohr magnetqug . Taking into account
ion only coupling to the most dominant moments that reside on
the nearest-neighbor sites surrounding the vacancy(3j.
Shrres= T 8G(iwy;RR+8), (39  Pbecomes
iop
YAy N 4D
where oK(T)= ™ Zwa(T)In T (36)
O/ . _ H .
Giwn:0,0)=B(iwy;9), The correction factor
5G(iwn;RR+ &) =A*(iw,;R)B(iw,;R+ /G %iw,). V2T

4

(33 f(T)=(yKa(y))%, y="5 (37)
For R=0 one findsG°(iw,;0,8)=— 6G(i w,;0,6) which o . _ .
reconfirms the vanishing spinon bond parameter connectinggduces to unity in the limiT<J. The variablen in Eq. (36)

the impurity site with its nearest neighbors, i&g;=0. denotes the number of sites that are nearest neighbors to the
’ vacancy as well as to the nucleus being probed.
V. KNIGHT SHIET The Knight shift on the impurity nucleus is influenced

predominantly by the local moments residing on the four
Experimentally, the spatial distribution of an impurity- nearest-neighbor sites of the impurity as described by Eg.
induced moment can be investigated by means of the NMR36) with n=4. Figure 1 contains the calculatdddepen-
Knight shift K(T) on either the impurity, Cu, or in the case dence of 16K(T). We setJ=1500 K andg=2; by varying
of YBa,Cu3;0- on the Y nuclei. Further information is ob- the supertransferred hyperfine coupling constapt the
tained from the width of the NMR lines and the relaxation curve is fitted to experimental data obtained by Istadal.
rates of the nuclear magnetic moment. for the Knight shift of 2’Al performed on 3%?2’Al-doped
The Hamiltonian describing a nuclear spim an external  La, gsSrg1£CuO,. From the fit we find for the supertrans-
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ferred hyperfine coupling constant a numerical value of T11=Tp=—1G(iw,,RR),
2Nl yn=18.2 k Gs. This compares well with’An;/ vy
=16 k Gs fo_und by Ishidat a!. . N - T1,=G% i w,;0R)/[G(iw,;RRG(iw,)],
Upon doping the system with impurities, the NMR signal
of Cu and Y is observed to split into a main line accompa- T =G%iw,:RO/[G(iw,:RRG((w,)]. (42

nied by satellite linés) as is discussed in the following.

Within the approximation employed in E(36) we assume The diagonal and off-diagonal elementsTef(i ,) describe
the impurity-induced moments to reside predominantly onsuccessive scattering by one impurity and by the two impu-
the nearest-neighbor sites of the vacancy. Resonance signaiies, respectively. From Eq$40)—(42) one obtains
originating from nuclei that do not lie in the vicinity of the

impurity are affected only little by these moments and con- . d o, o

tribute to the NMR main line. Resonance signals from Cu 5GR('wn):L;i_wn|”(G (fon)Glion;RR)), (43
nuclei on nearest-neighbor sites of the impurity are shifted

with respect to the main line as described by Bf) with ~ whereG(iw,;R,R) is given by Eq.(21).

n=1 and constitute a single Cu satellite line. Resonance sig- By means of Eq(43) we evaluate the two-impurity con-
nals from Y nuclei located on nearest-neighbor and nexttribution to the density of states dpr(w)=—1/
nearest neighbor sites of the impurity are seen as two satellite IN6Gg(w+0"). For Re B one finds a splitting of the
lines corresponding ta=2 andn=1, respectively. These Y resonance energy level

satellite lines have been observed experimentally by Ma-

hajanet al® in 1% Zn-doped YBaCu3Ogg4. Oprep(®)=8(w—I(R))+ d(w+JI(R)), (44)

We now discuss briefly the NMR line-broadening which . o
results from the inhomogeneous distribution of local KnightW.here the parametel(R) controling the level splitting is
shifts in the presence of many vacancies. According to quwen by
(28) moments induced by a vacancy located onAhsublat-
tice are found on all sites of sublattid® with magnitude IR)= D v2®g(R) In~1 7R '
«R™2, R being the distance from the vacancy. As a result the 2R V2®5(R)
nuclear resonance signals contributing to the main and satel- o ) )
lite lines vary with distance from the impurities which can be The level splitting results in an attraction between the two
observed as a broadening of the line. At a finite concentralmpurities due to the formation of a singlet of the induced
tion ¢ of vacancies the linewidtAH can be estimated from Moments. For the shortest distance between vacarities,

Eq. (35), assuming an average distance between vacancies 58 (45 gives J(R)~J as expectedJ is the only energy

(45

=1/c: scale of the model under consideration. In the present mean-
Ra= V1/c: . o . > :
field theory no attraction is found between impurities lying
AH yAy ¢ D on different sublattices, i.eRe A. These findings are also
Ho ™ gy 22" T (38  consistent with exact diagonalization data of Buditall®

who found a binding energy of 0.56] for nearest-neighbor
static vacancies on a4 lattice, while the interaction be-
V. IMPURITY INTERACTION tween vacancies separated Rys negligible ifR,+ R, is an
In this section we study the interaction between two va-cVven nL_meer. We mterpre’!’(R) given by. Eq.(45) as bglng
cancies, first by considering two isolated impurities. Thethe antlferromagne'qc exphange _cou_pllng of |mp_ur|ty mo-
ments. Indeed, the impurity contribution to the spin suscep-

case of a finite concentration of impurities is treated subse-, . X
P tibility calculated from Eq(43) is

quently.
The spinon Green’s function in the presence of two im- 1
purities located at sites 0 arilis SY(T>JI(R))= >
Gr(iwy) =NG%iw,)+ 6Gg(iw,). (39
2 J(R
Employing scattering theory the two-impurity correction 6X(T<J(R))=?exp(—¥), (46)

6GRr(iw,) can be expressed as

i , which is precisely that of two 1/2 spins coupled by an inter-
GO(Iwn;r,O)) i >(GO(W”;OJ) actionHip=J(R)S; - S,.
G%iwp;r,R) RU@n G %iwpy;R,r) From Eq.(45) the interaction potential between two mo-
(40) ments is found to fall off slowly aR~* with distance be-
tween the vacancies. In a real system with finite impurity
concentratiorc, however, one expects this interaction to be

1
SGr(iw,) = NE, (

with the unperturbed Green’s functioG®(iw,;R,R’)

= _<TrfR(T)f;/(0)>S,n and the scattering matrix screened at large distance by the presence of other impuri-
ties. To account for this effect we introduce a finite self-
_ T Ti energy> (w) determined by means of a coherent-potential
TR(""n):(TZl -|-22> (4D approximation(CPA):

with 3 (w0)G%w—3(w))+c=0. (47
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Neglecting the frequency dependenceXdiw) we approxi- fine coupling constam; found in the previous section, Egs.

mate the self-energy b¥ (w)~2(w—0)=—i|2g|, where  (50)—(52) give 1/T;~0.29 m s 1. We compare this value to

3¢ fulfills 1/T;=0.43 ms! observed by Ishidaetal® for 3%
27Al-doped Lay gsSrg14CuO, and find it to be of the same

4 D order of magnitude.
- ——3gn——+c=0. (48)
mD |20 VI. KONDO SCREENING OF LOCAL MOMENTS
Reevaluating the exchange coupling paramé(&) one The two-dimensional Heisenberg model has aelNe

finds an exponential cutoff in the two-impurity interaction ordered ground state and it was implicitly assumed above
potential that the spin-gap disordered state is stabilized by mobile
holes. Naturally, the question then arises how a local mo-
J(R)xexp(—R/Ry), (49 ment induced by a static vacancy will be affected by these

charge carriers. Once the metallic state with finite Fermi sur-

For small distance®<J one recovers again E@45). The face is formed one usually expects Kondo screening of_ the
ocal moment at low temperature. As an exception, a spinon

resent CPA treatment giv litativ ription of th i ) .
present CPA treatment gives a qualitative description of t ound state on a vacancy can coexist with metallic conduc-

screening of the interaction potential of two distant impuri-_~.~ " =™ . : . .
?wty if spin-charge separation occurs with a gap in the spin-

ties, but it neglects important effects such as the formation o itation trum. Underdoned rates. however m
spin singlets among closely spaced moments; a complet%XC ation spectrum. erdoped cuprates, however, seem 1o

analysis of the many-impurity problem should take this ef- ave l_mga!?pe_d p|ec§s of ”é%” origiriairge) Fermi surfa<_:es

fect into account. even in a “spin-gap phase: Therefore the bpund spinon.
Having the interaction scale between moments we caq" the vacancy is screened by gapless. Fermi-surface excita-

give an estimation of the relaxation ratd 16f nuclear mag- tions, although the Kondo temperature is expected to be low

netization resulting from fluctuations of the impurity-induced ﬂue dto the reducled derl;sny ofhlstatets_. Tthil _chtarl]ra(;te”rlstlc
moments in the vicinity of the vacancy. To be specific let us. ondo-energy scale can be roughly estimated in the Toflow-
consider the nuclear-spin relaxation rat& 14t the impurity ing way. L _

site (obtained, for instance, from th€AI-NMR signal in an We mtr_oduce ferm_|on|c f|eld operatorg;, = S?‘P(Ri)
experiment by Ishidat al®). With the supertransferred hy- which annihilate a spinoss,, in a bound state with wave

- : : .~ function ¢(R;), R; being the distance from the spinless va-
perfine interaction of Eq34) the nuclear relaxation rate is cancy. Due to the hopping term in the) model there is a

whereR,,~= V1/c is the average distance between impurities

1 2 finite amplitudet¢(R;) of mixing of the bound spinon with
—~ - 1A%, (Sy Sy, (50  extended states:
T, 3 pr
where 7 is the correlation time of the local moment and H=t.2 (cLMhMLﬁ H.c). (53
f=1. The amplitude of spin fluctuations on nearest-neighbor Lo

sites of the impurity is given by the equal-time spin- The bosonic operators! and ¢/, ;, in Eg. (53) create a

correlation function “holon” and a conduction electron, respectively. In a slave-
boson formulation, the latter is a product of the lattice spinon
S.. Sy )= —3T2 SG(iwn+iv.: 6.8 and holon operators.
525, (S5 S5) iwgym % (Ton*Tvm ) At finite doping,x=(|h;|?)#0, the Hamiltonian(53) al-

lows for a localized spinon to escape the impurity which

X 6G(iwy; 6", 0) leads to a broadening of the bound state. The width of this
2 D resonance controls the low-temperature behavior of the local
=3 ;) In‘z?, (52 spin and is given by ths, fermion self-energy
where 9G(iwy;8,8')=—B*(iwy;8)B(iwn; 8)/G i wp), SHw)=t2TY, 2 ¢*(R)e(R)GNR;)
vm=2mm T are bosonic frequencies, amne 4 is the number voij,68

of nearest neighbors. We assume the correlation tinie XG®_ (RysRiss) (54)
Eq. (50) to be dominated by the exchange interaction among o=t it e s

moments. In principler has a certain distribution due to the At low temperatures the holons are almost condensed, and
random spreading of impurities. We do not go into this deli-the holon Green’s function can be approximated by
cate issue and roughly approximate~1/[zJ(v2R.)], G?,%(X/T)(S,,Yo. Furthermore, we keep only the nonoscilla-
whereJ(\2R,,) is given by Eq(45) and\2R,,= \2/c isthe  tory on-site terms that present the leading contributions to
average distance between impurities located on different sutizd. (54) and employ the normalization conditiah|¢;|?=1.

lattices. One then obtains Then the width of the Kondo resonance is
2 2m? Im 35(0)~ 7wzxN¢(0), (55)
™ zD\/EInT' (52 whereN¢(0)=1/73,Im Gg(w=0) is the on-site density of
electronic states on the Fermi level.
Assuming an impurity concentratiocr= 3%, a temperature In the overdoped-J model with a large gapless Fermi

T=100 K, and using the value of the supertransferred hypersurface the density of states is controlled by the inverse of



11 888 G. KHALIULLIN, R. KILIAN, S. KRIVENKO, AND P. FULDE 56

the full bandwidth, N°(0)~1/(2zt). In the underdoped VIl. CONCLUSION

i < i c i . . .
pseudogap regimext<J, the density of stateN*(0) is In summary, we have studied the localized magnetic

strongly reduced which is due to the fact that the ungappedaies induced by static spin vacancies in underdoped high-
areas of the Fermi surface contributing N5(0) are only 1 "cprates. Starting from the two-dimensional Heisenberg
small. We simply assumB®(0)~x/(2zt) and estimate the  5ntiferromagnet we employ a drone-fermion mean-field

Kondo temperature using E(55) as theory describing a spin liquid in the spin-gap phase. The
impurity induces a spinon bound state residing predomi-
Te(X)~ fxzt_ (56) nantly on the nearest-neighbor sites of the impurity. We have

2 calculated the impurity-induced Knight shift and found it in

. o good agreement with experimental data of Ishédal® for

For a typical value ofx~0.1 andt~0.4 eV this gives Al.doped cuprates. The calculations also account for the ap-
Tk=~70 K. Tk(x) quickly increases withx, causing the pearance of satellite peaks in NMR measurements on Y ob-
vacancy-induced moment to disappear in the optimal anderved by Mahajaet al® in Zn-doped cuprates. Two impu-
overdoped regime. This magnetic-nonmagnetic Kondo crossities are found to attract each other due to the formation of a
over upon hole doping was recently employed by Nagaosainglet of the induced moments. In the presence of a finite
and Leé® to explain the unusual doping dependence of theconcentration of impurities the interaction between moments
residual resistivity of cuprate superconductors. is screened at distances larger than the average separation

One may wonder why the exchange paramétdoes not  between impurities. We estimate the contribution of local
enter in Eq.(56). In fact, the main role of the Heisenberg moments to the NMR relaxation rate which is found to be in
term in this quite unusual Kondo-like behavior of a spinlessreasonable agreement with experiment. Finally, an estima-
vacancy is to produce a spin pseudogap hence creatingt@n of the Kondo temperature of screening of the vacancy-
local moment. It is the hopping term that is then responsiblénduced moments by charge carriers is given, below which a
for converting the spinon bound state into a resonance afionmagnetic impurity behaves as a sharp resonance at the

finite width. Fermi level.
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