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Impurity-induced spin polarization and NMR line broadening in underdoped cuprates
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We present a theory of magneti8€1) Ni and nonmagnetic Zn impurities in underdoped cuprates. Both
types of impurities are shown to induéiec% moments on Cu sites in the proximity of the impurity, a process
which is intimately related to the spin gap phenomenon in cuprates. Below a characteristic Kondo temperature,
the Ni spin is partially screened by the Cu moments, resulting in an effective impuritySsp%n We further
analyze the Ruderman-Kittel-Kasiya-Yosida—type response of planar Cu spins to a polarization of the effective
impurity moments and derive expressions for the correspondi@yNMR line broadening. The peculiar
aspects of recent experimental NMR data can be traced back to different spatial characteristics of Ni and Zn
moments, as well as to an inherent temperature dependence of local antiferromagnetic correlations.
[S0163-18299)15121-X

I. INTRODUCTION than Ni, measurements of the macroscopic susceptibility re-
veal a reversed effect. Since only the NMR experiment is
The normal state of underdoped cuprates exhibits unusuakensitive to a spatial variation of the spin polarization, a very
magnetic properties which are believed to be intimately redifferent shape of the spin density induced by the two types
lated to the mechanism of highs superconductivity. Most of impurities can be inferred.
peculiar in this respect are the simultaneous occurrence of a In the following, we present a microscopic theory of mo-
magnetic pseudogap and the persistence of antiferromagnetieents induced by magnetic and nonmagnetic impurities in
(AF) correlations as holes are doped into the antiferromagthe spin gap phase of underdoped cuprates. We analyze the
netic insulator and the system becomes metallic. It is one dflifferent nature of coupling between Cu and impurity spins,
the most challenging theoretical problems in the physics ofind derive expressions for the local spin polarization of
high-T. cuprates to reconcile the gaplike features reminis-CuQ, planes. The presence of the spin gap and of short-
cent of a spin liquid with the presence of antiferromagneticrange AF correlations is shown to strongly modify the con-
correlations signaling the closeness of the system to a spirventional Ruderman-Kittel-Kasiya-Yosid&RKKY) picture.
ordered Nel state. Experimentally, insight into the nature of Finally, we derive expressions for the NMR line broadening
these anomalous features can be gained by introducing inwhich account well for the peculiarities of the experimental
purities into the magnetically active Cu sites. A subsequendata.
NMR probe on nuclei coupled to the Cu®lanes yields
information on the local magnetic structure. In this paper we
present a microscopic theory of the impurity-induced local II. IMPURITY MODEL

s_pin polarization of Cu@planes and its impact on the NMR The relevant physics of the Cy(lanes of high¥, cu-
linewidth. prates is believed to be described by the latyetubbard or
Introducing magnetically active or inert impurities into t-3 model. The dualism between itinerant charge motion and
underdoped cuprates leads, in both cases, to the formation gical electron interaction that is inherent to these models can,
local magnetic moments. Specifically, Cd%, with an ef-  in an approximate way, be captured by introducing separate
fective in-plane spir=3, can be replaced by Nidf) with  quasiparticles for spin and charge degrees of freedom.
S=1 or Zn (d*) with S=0. Superconducting quantum in- \ithin this picture, the normal state of underdoped cuprates
terference device(SQUID) measurements of the macro- is viewed as a phase in which spins form singlet pairs while
scopic susceptibilityreveal an almost perfectTL/Curie be-  coherence between holes that would eventually lead to su-
havior. Recently, ~Bobroff etal? presented NMR perconductivity has not been established. We follow this line
measurements on*’O for the underdoped compound of thinking but restrict ourselves to the magnetic sector of
YBay(Cuy - ,My) 3066, With M=Zn or Ni. The polarization  the Hilbert space. Our starting point is the spirF Heisen-
of Cu spins in the presence of impurities leads to a broaderperg modeH;=JZ;;,ss; . Keeping in mind the presence of
ing of the NMR line. In contrast to the aforementioned jtinerant holes which prevent the system from developing
SQUID measurement, the linewidth displays a marked nontong-range magnetic order, we treat this Hamiltonian within
Curie behavior, indicating an inherent temperature depenresonance valence bor®VB) mean-field theoy — this
dence of the polarizability of CuOplanes. This was sug- accounts well for the spin-liquid features of cuprates. The
gested by Morretal® to be a clear indication for a mean-field Hamiltonian is
temperature dependence of the AF correlation length. Still
another interesting observation can be made by comparing
the two experiments: While the NMR study shows nonmag- Hova= — E (A f1f_+H.c). 1)
netic Zn to have a more pronounced effect on the linewidth RVE (iNo Wit
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Original spin operators; have been expressed in terms of ming from the initial Cu spin at sitR=0 are ejected by the
fermionic operators bys=3%3,, 7., f fi,», with Pauli local potential\. The impurity spin, which is placed in the
matrix vectorr= (7*,7¥,7%). The local constraint prohibiting vacant site, is conveniently represented by two spinse.,

a double occupancy of sites has been relaxed to a global on8=S,+S,. An infinitely strong ferromagnetic interaction
The mean-field bond parameter is Aj=A; H.=-J.S,S, between these two spins is assumed. Express-
=J3 (fl, s.oTioyY, where( )% is the expectation value that ing S, and S, in terms of fermionic operatora,, and b,,,
corresponds to Hamiltoniail). The phase of this mean-field respectively, a mean-field decoupling can be performed:
parameter is yet undetermined, and has to be chosen such as

to resemble the experimental situation most closely. An ap- +T Do
propriate choice for the spin gap regime is the flux phase Himp= -2 2
A.,=iA.,=A. Dividing the lattice into two sublatticea

and B and going to the momentum representation, Hamil-Introducing operatorsf,,=(a,+b,)/y2 and d,=(a,

t t

Al fotHC|—-3S8S,. (5

tonian (1) can be diagonalized —b,)/\/2, one obtains
Heve= 2 &fifion @ Himp= = 2, (Af0,fartH.C)=JSer%o.  (6)
with index »==*. The spectrum of spin excitations or The impurity spin has thus been decomposed into vo
spinons is =1 effective spinsS,; andsy. The former is represented by
. " operatorsd,,, the latter by operator§,,. Due to the first
&k = = 2A(cos ky+cos k) V2 term in Eq.(6), thef spinons on the impurity site hybridize

It has nodes at £m/2,+w/2), yielding a V-shaped with the ones on adjacent Cu sites. This process is controlled

; > T
pseudogap in the density of states centered at the spindlY the local mean-field parametaf=J'2(f 5,fo,) replac-
chemical potentialus=0: p®(w)=|w|/D? (defined per N9 A s on bonds connecting to the impurity. A system of

spin up/down stale where D=2/7A is the spinon half- itinerant spinons extending over the whole lattice including
band-width. the impurity site is formed. These itinerant spinons couple

ferromagnetically to the localized sp®. In the presence
into Hamiltonian(1) a local chemical potential acting on  ©f @ magnetic field this coupling is responsible for a polar-
site R=0, which by convention lies on sublattide In the Ization of the Spinon system to be d|scgssed in Sec. IV. .The
limit A— spinons are expelled from that site, creating al matnx t'hat describes scattenn.g of spinons on the quahzed
vacancy. The Hamiltonian is then spin vanishes ad(w)*w Injo| in the flux phasé. This
means that the effective local sp8; becomes asymptoti-
cally free in the limit of low energies. In the remainder of the
Hzo=Hrve+ A2 f,foolh e (3  present section we analyze this low-energy fixed point, em-
7 phasizing the role of bond parametér§ that induce an in-
To describe a magnetic Ni impurity, into the empty site wehomogeneity in the spinon sector.

To simulate first a nonmagnetic Zn impurity we introduce

insert an impurity spirg, with S=1, which is coupled anti- First we consider the special case of equal exchange inte-
ferromagnetically to the surrounding Cu spis The cor-  gralsJ’=J. Regarding the spinon sector, the impurity site

responding Hamiltonian is becomes indistinguishable from the rest of the system as
A5=A 5. The spins, takes the role of the original Cu spin at

Hui=Hrus A D 2 foulsmt Hins, 4 R=0, and a homogeneous spin liquid, as described by
NI TTRVE za: osfooly mp @ Hrve. Eq. (1), is formed. Generally, the two exchange inte-

grals differ,J’ <J, and translational invariance of the spinon
system is broken. The bond parameter then acquires an ad-
ditional spatial dependence which has to be treated self-

Himp=J’E SoSs- consistently. To simplify the discussion, however, we distin-

o guish only between bonds that do and do not connect to the

Formally, Hamiltonian(4) differs from Eq.(3) only in the  impurity (see Fig. ], respectively:
presence of an additional terk;,,><J’. In the following, , o .
we put emphasis on the case of a magnetic impurity with o Ag for i=0o0rj=0
J’>0. A nonmagnetic impurity can be simulated by setting YlAs; for i,j#0,
J'=0, which decouples the impurity site from the rest of the

system. The&s=1 impurity spin is then free and can easily be
disregarded. We discuss this limit in the following, but only SYStem. The two parametess; and A ; are assumed to ex-

shortly. More detailed treatments on nonmagnetic impuritiedPit the same phase relation, but in general their amplitudes
are given in Ref. 6 as well as in Refs. 7—9. differ. As a result, spinons scatter on the impurity bonds. To

study this effect we write the spinon part of Hamiltonigai

with the exchange interaction term

where A 5 is the mean-field parameter of the impurity-free

I1l. LOCAL MAGNETIC MOMENTS as
We analyze an impurity spis=1 embedded in a spin HP=Hount (1—X AL f-+He 7
gap system as described by Hamiltoni@h Spinons stem- i~ Hrve t )% (Asfoof o ) @)
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I I FIG. 2. Schematic plot of the spinon density of states (8r
J'>0 and(b) J’=0 corresponding to magnetic and nonmagnetic
FIG. 1. Mean-field parameters; andA ;5 are assigned to bonds impurities, respectively. Solid lines represent the impurity-doped
that do(dashed ling or do not(solid line) connect to the impurity  system, dashed lines the pure system. The spinon chemical potential
site denoted by a large dot. us lies in the center of the gap, and tlefunction in (b) is artifi-
cially broadened.
whereHgyg represents the impurity-free system. The scat-
tering amplitude (+x) with x=|A%/A 4 is controlled by resulting bound state are given by the real and imaginary
the ratio ofJ’ to J. It vanishes forJ’=J, and has to be parts of the pole, respectively. Fdf<J, one obtains
treated self-consistently fal’ <J. Approximately, we find
x=J'/J. At this point, we introduce spinon propagators _7 J’ s _m oK (11
901 w)=~(T AN, = (0= &) " and g,y (iw) 4 hpy’ ™ 4InDlog
= _<Trf)\(7')f1'(0)>iw for the pure and impurity-doped sys-
tem. These can be related by a scattering maifix (i w):

In the following, two different energy scales are distin-

guished:w<wg and w>wg . These control the physics at
gW(iw)zg(AO)(iw)ﬁw+g§°)(iw)TW(iw)g(ﬁ)(iw)- large and short distances from the impurity as compared to

(8) Rx=D/wy , respectively, wher®y is measured in units of

L . _lattice spacing.

A simplified notationk = (k,») and Matsubara frequencies  First we analyze the low-energy fixed point of the system

lo=i(2n+1)nT, whereT denotes temperature andnte-  ith a magnetic impurity for which)’ and hencewy are

ger numbers, are employed. Thig,, matrix in Eq.(8) de- finite. It is determined by the regime<wy and applies to

scribes scattering of spinons on the four bonds that connegfistancesR>R, from the impurity site. We calculate the

the impurity site to its nearest neighbors. We find it to béjmpuyrity contributionsp() to the density of states from the

given by the expression Green's functiondG(iw) =2,/ (i ) Ty (iw)g (i w)

= (91 i w)IN[iwGO(iw) +p?]. For w<D, the latter is

Tovlio)= —atle)l ©
i0GO(iw)+p? 5G(iw):M "
i iwGO(iw)+p?’
1-x which yields
tm'(iw)=mG(O)(iw)(iw—gx)(iw—gh,) 2 y
w
Qi & &) -0, o) O T 2anga?

J’_ —_—
1+x
Oy ) ) ) ) Figure Za) schematically shows the spinon density of states
Here G™(i ) = 3,0} (iw) = = (2iw/D?)IN(D/|w]), andp*  ;O)(,) and p(w)=p©(w)+ sp(w) for the pure and
=x*/(1—x). The important point is that in the flux phase impurity-doped system. The very existence of a magnetic
the scattering matrix of Eq9) has two poles that are deter- pseydogap is found to be unaffected by the presence of the
mined by the roots of impurity — p(®(w) as well asp(w) vanish linearly in the
limit «—0. As a consequence, the static spin susceptibility,

0)/; int 2_
0GO(iw—w+i0")+p=0. (10 which is related to the spinon density of state$%hy
One of the poles lies below the spinon chemical potential
which signals the formation of a spinon bound state. This can 1 (= p(X)
be interpreted as follows: Due to impurity substitution, one x(T)= a7 ., Xm' (14

Cu spin loses its RVB singlet partner. In a spin gap system in

which short-range spin-singlet correlations dominate, thisranishes as<T at low temperatures. This indicates that in
unpaired spin does not dissolve into the RVB ground statehe low-energy limit all spingexceptS. which is not part of

but rather forms a local moment distributed over Cu sites irthe spinon systemparticipate in the formation of singlets.
the proximity of the impurity. At finite couplind’ this mo-  The spinon bound state discussed above hence partially
ment forms a local singlet with the impurity-site spinfy}. . screens the impurity spin by forming a Kondo singlet with

The characteristic binding energy and lifetime 5, of the  s,. An effective S=3 impurity spin Syt remains. In this
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underscreened Kondo problem, the spinon binding energy

wy of Eq. (11) plays the role of the Kondo temperature: - —
Tk = wy . For temperature$>Ty , the susceptibility associ- | | | | /
ated with the spinon bound state is that of a free gpine., | |
x(T)=1/(4T); simultaneously, the originab=1 impurity —_ —_ e

spin is recovered. We note that the Kondo temperature ex-
hibits an unconventional power-law dependence on the cou- — —
pling parameted’, contrasting the conventional exponential I I I |
behavior. This peculiarity is ascribed to the fact that the im- — —

purity spin couples to bound spinons which are predomi-

nantly in localized rather than bandlike states. Finally, we (a) ®
shortly discuss how the presence of a Kondo singlet affects ) ) ] ]
the properties of the spinon systemTa& Ty . Although the FIG. 3. “Snapshot” of the low-energy fixed point of a RVB

impurity does not fill the magnetic pseudogap, it neverthelesliduid state with(a) the S=1 magnetic impurity, andb) the non-
renormalizes its slope. The leading term in a low-energy exMagnetic impurity denoted by a dot. In the former case, the impu-

pansion of Eq(13) is related to the density of states of the rity spin is partially screened by moments induced on Cu sites.
pure system by Effectively, a local impurity spin% and a “healed” spin liquid

results. In the latter case, the impurity induces a broadly distributed

1 moment that resides on Cu sites in the proximity of the impurity.

sp(w)=—p(w), (15 . o
p action. In the case of a nonmagnetic impurity, the moment

valid for J’<J. At low energy and large distance from the gisrzlét@s‘;%?asrggscﬁlzngi gﬁﬁlsylng a magnetic field therefore

impurity, the spinon system hence behaves qualitatively as in We first discuss the situation of a magnetic impurity.

the impurity-free case. : il : : .

To finish the discussion of magnetic moments, we turn tolh(('al' st(ti;'gz (8?;arlzak\)l\|llr|1té/re Slf ancélesfln%de no?é, tKh “;(IOF;)
the case of a nonmagnetic impurity. The relevant physics is oneTntRs of ea‘;f ivewnzoéu Spin gt sife gfrf]d of the effective
modelled by decoupling the spinon sector from the impurityﬁn urity Soin gres ective? It is expressed in terms of
site, setting)’ =0, and by discarding contributions stemming Grgen'g fuﬁctions g@ee Fiy. 3 P
from the impurity spin which is now free. Sinegx conse- 9.
qguently vanishes, one is always in the regime wy. A

Kondo singlet cannot form even in the zero-energy limit as  Ky(T,R)= —TZE I4(ie") I (ie—ie")Is(ie,R),

the impurity carries no inherent spin. The spinon bound state e’ 1
induced by the impurity lies at the spinon chemical potential 17)
in the center of the pseudogégee Fig. 2o)]: with particle-hole convolution functions

Sp(w)=d(w). (16) I4(ie)=D(ie),

This is associated with the magnetic susceptibility T/ 4f . o .
a free spint which holds down to zero temperature. We note Ii(ie,R)=G(ie,~R)G(i&,R).

that the impurity-induced moment is broadly distributed overHere the impurity Green’s function isD(iw)=
planar Cu sites on sublattid® that does not contain the —(T d (7)d’(0));,=1/(i»), and the intersite spinon
impurity site, its density falling off asR™2 with distance  Green's functionG(i w,R) = —(T,fo,(7)f L (0));, . Opera-
from the |mpunty‘.‘ o _ _ _torsd andf act on separated sectors of the Hilbert space. At
_ To summarize, magnetic N'l and nonmagnetic Zn impuri-gjte R=0, howeverf spinons are polarized by the local spin
ties are both associated wiBx ; magnetic moments. These g que to the ferromagnetic interaction of bare strerljth
are, however, of very different naturésee Fig. 3 In the  This' coupling is accounted for by the vertex function
former case, the spinon bound state partially screens thfc(iw). Employing a ladder approximation it is

original S=1 impurity spin. One is left with an effective

impurity spin; ferromagnetically coupled to an ensemble of J 1
inherent spinons that, in the absence of a magnetic field, J(iw)= —clw =—, (18
behaves qualitatively the same as an impurity-free system. In 1+J:I07 I

the latter case, the moment is carried by the spinon bound

state itself, and is broadly distributed over Cu sites. e >.i—:>
RN . R

IV. SPIN POLARIZATION

o . . . FIG. 4. Diagrammatic representation of the static polarization
The effective impurity moments discussed in Sec. lll cang, (T R) of a Cu spin at siteR due to RKKY coupling to the

be polarized by applying an external magnetic field. In thisiocalized impurity moment. Dashed and solid ovals represent
section we analyze the incidental local response of planar Carticle-hole convolution functionBl4(ie’) for the local moment
spins. In the case of a magnetic impurity, the applied fieldandIl;(ie,R) for itinerant spinons, respectively. The effective cou-
acts on a localized impurity spi ferromagnetically coupled pling is described by the vertex functidn(ie—ie’) denoted by a

to the spin liquid. Cu spins respond via a RKKY-type inter- circle.
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with
TR S ORI

M°=-T> D(ie+iw)G(is,R=0). _ _ o _
e which describes the polarizability of a Cu spin at e B

_ L responding to a magnetic field that acts on the effective im-
The second equality in Eq18) holds due tal. being infi- ity spins,.: contributions from sublattica are found to
nitely large. Replacing the vertex function by its zero- o small. We note that tHe~* Curie behavior displayed by
frequency limit,J(i w) —J(0), thepolarizability of EqQ.(17) g4 (25) stems solely from the susceptibility,:(T) of the
can be factorized. Within this approximation, which is valid g¢ective impurity spin. Within the present mean-field treat-

at low temperatures, one obtains ment, the planar susceptibility is independent of temperature:
— XpI(T1R):Xp|(R)'
Kni(T.R) = Xe(T)Jc(0) xpi(T.R). (19 We now briefly review the result for a nonmagnetic

The polarizability has thus been decomposed into the magdMPUrity which was derived in Ref. 6. Here the Cu spins

netic susceptibility of the effectively freé impurity spin, Ccay the impurity-induced moment, and can therefore

Yer(T)=1/(4T), the nonlocal magnetic susceptibility of be directly polarized by the magnetic field. The polarizability

CuO, planes,y(T,R), and an effective coupling parameter is given by the local susceptibility of the |mpgr|ty-|nduced
zZ

J«(0). The susceptibilities are defined asyer(T)  Moment Kzo(T,R)=xp(T.R)=Zr/[(T:Sr(7)Sr/(0))w=0

=(T.Se(7)Sei(0))w=0= — T Il4(ie) and  xu(T,R) —(T,5&(7)8/(0))q—0. Yielding
=<TTS§2(T)Sé(O)>w:0:_TESHf(iis)'
i ility i 1 &(R 1
To further analyze the polarizability in Eq19), J.(0) Ky (T.R) = (R) 26)

and x,(R) have to be evaluated. This requires the on-site 27 R2 TInD/IT
and intersite spinon Green'’s functions

Equation(26) is valid for Re B, while contributions from

p\2  GOiw) Re A are again _nzegli_gible_. The polarizability is fo_und to de-

(;) T YR— for R=0 cay slowly asR™“ with qllstgnce from the |mpur|ty WhICh
Glio.R) = oG (iw)+p (20  compares to & 3 behavior in the case of Ni, reflecting the
delocalized nature of the moment induced by a Zn impurity.
;G(O)(iw,R) for R>R, Further, a logarithmic correction to the Curie-like tempera-

ture behavior is to be marked.

whereG©(iw,R) is defined for the impurity-free system In deriving Eqs.(25) and(26) for the polarizability of Cu
spins, we have, up to this point, built upon RVB mean-field
2i| o) R|o| theory. This picture accounts well for the spin liquid features

GO(>iw,R)=— 0?2 @(R)Kl( D ) (22 of underdoped cuprates including the presence of a magnetic

pseudogap. Its strength lies on the description of long-range
properties controlled by low-energy excitations. The mean-
. ; o N field treatment does, however, severely underestimate local
Equat|on(21) holds for's!tes on S.UblatF'CB’ contributions AF correlations which reflect the proximity of a critical in-
from_ s_,ublattlceA containing the Impurity are fognd to be stability toward AF spin ordering. As a consequence, the
nﬁgllgll?le.t The angular dependence is determined by thgbove expressions contain no reference to the AF correlation
phase tactor length, which was suggested to introduce a temperature de-
1 pendence beyond the Curie behavior of free momeFts:-
go(R):—(ﬁ*ei”R+’2+ﬁ*ei’TR_’2) (22) thgrmore, mean-field _theory yields a po!arizability of Cu
2 spins on one sublattice only, undervaluing the staggered

with a modified Bessel function of the second kitd,(x).

. . - . . magnetization of spins on the opposite sublattice. This is in
with R™=R,*R, and R*=(R,*iR,)/R. We are now in disaccord with NMR measuremehtthat yield no overall
the position to calculate the effective coupling parameteihift of the 17O line, as would be expected from the polar-

from the zero-frequency limit of Eq18), ization of only one sublattice as well as with numerical
studies'
for J'=J To compensate for these deficiencies of the mean-field
J.(0)= (23

treatment, we simulate the closeness of the spin system to-
wards an antiferromagnetically ordered state by performing a
and the nonlocal spin susceptibility of Cu@lanes in the random-phase approximatigRPA) in the magnetic suscep-

2w for J'<],

presence of the impurity, tibility. In the momentum representation, the susceptibility of
planar Cu spins then becomes
3 1 ®(R)
Xol(R=— 75— (24 Xp (T.0)=xp(@S(T,Q), (27)

with the Stoner enhancement factor
the latter being valid foRe B with R>Ry . The phase fac-
tor in Eq. (24) is defined by®(R)=|¢(R)|2. Finally, com-

bining these results, we obtain S(T.g=

T 3T ) 28
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where J,=2J(cosq,+cosq,). We closely follow the theory

of a nearly AF Fermi liquid? which maps Eq(27) onto a
phenomenological expression involving the AF correlation
length£(T). Within this picture xj7(T,q) is assumed to be
controlled solely by the momentum region close to the AF
wave vectorQ= (1, ). However, we do take a slightly dif-
ferent point of view in this respect: The momentum depen-
dence of the bare susceptibility,(d) in Eqg. (27), which
describes the long-range characteristics of spin correlations
in the presence of a magnetic pseudogap, is explicitly kept.
Only the scaling functio®(T,q), which controls short-range

AF correlations, is expanded aroud= (7, 7). ldentifying !
Ixp(T,Q)/[1-4Ixn(T,Q) 1= &(T) and 1 Ixp(T, Q)] FIG. 5. Schematic cut through a Cy@lane, showing the posi-
=a, Eq.(28) can be written in phenomenological form tion of O ions(diamonds placed in between successive Cu sites
with staggered spin polarizatiofarrowsg. The magnitude of the
agz(T) polarization falls off with distance from the impuritgircle) asR ™3
S(T,a) (29 in the case of Ni, and @2 in the case of Zn.

1+(q-Q%(M)’
wherea~1 on a mean-field level. We note that the explicit Where y, and y, denote the nuclear and electron gyromag-
form of £(T) lies beyond the accessibility of a mean-field NetiC ratios, respectively, artdy is the supertransferred hy-
considerations. selves to NMR measurements 6f0 nuclei (=3). On a
Turning back to real space, the nonlocal susceptibility ismean-field level,s can be replaced by its average value
(s)=K(T,R;)H, with external magnetic fielt, and polar-
P izability K(T,R,), given by either one of Eq$31) and(32)
XHATR = 2 xp(R)S(T,R-R'). (30)  for the two types of impurities. Since eadfO nucleus lies
R'eB symmetrically in between two Cu sites that belong to differ-
For distances R>£(T), it can be approximated by entsublattices with spins polarized in opposite directions, the
XSPAT,R) = xp(R)E(T)/2 with interpolation formula for impurity-induced energy shift partially cancelsee Fig. 3.
the A sublattice y,(Re A)=—(1/2)S jxp(R+ ). Analo- At Iarge enough dllstance from the_ impurity, _the shift is then
gous expressions are obtained for the local susceptibilitgffectively determined by the spatial derivative of the polar-
Sxp(T,R) induced by a nonmagnetic impurity. Combining izability,
these results with Eq$25) and (26) and performing an an-
gular average over phase factdr§éR), one finally arrives at
the following expressions for the polarizability of Cu spins in
the impurity-doped system:

| K(T,R)|C

w(R)=« R

0S¢, (34)

where ¢ denotes the angle enclosed Ryand thex or y axis
3 J.(0) 1 &) and k= ¥, ¥eCniHo-
R)% 2 o T (3D In a system with randomly distributed impurities of con-
Jx° R centrationc, the superposition of energy shifts induced by
different impurities leads to a broadening of the NMR line.
E(T) We calculate the line shape that follows from E84), em-
Km(T,RF_COS(QR)ggw- (32 ploying the formalism of Ref. 13. The line-shape function
g(v) is defined as the Fourier transform of the characteristic
These equations now hold for both sublatticBs; {A,B}, ~ ©r free-induction function
the staggered nature of spin correlations being manifested in
the alternating sign implied by cd3R). Further, the depen- f(t)zex;{ —CE (1—gloRt
dence upon the AF correlation lengdiT) is now explicitly =
accounted for.

Kni(T,R)=cogQ

. (35

Integrating over lattice sites, for Ni and Zn, respectively, one

V. NMR LINE BROADENING obtains
The impurity-induced polarization of Cu spins in a — Apilt]?
magnetic-field affects the energy levels of nuclear spins via In f(t):[ o3 (36)
supertransferred hyperfine interaction. The coupling of a — Az t]*5

given nuclear spir to electron sping on close by Cu sites

is described by with

12

2\6aT'(3/4)

3 J.(0) £(T)
Hi=7n7eChi s, (33) MN="F s | “6an

“6ar 352 T
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FIG. 6. Line-shape functiog(») obtained by performing a Fou- FIG. 7. Impurity-induced NMR line broadening v, multi-

rier transformaticin on the chazlracteristic functiof(t)=exp  plied by temperature. The theoretical result is indicated by solid
[—Alt|), with »=3 for Ni and »= 35 for Zn. For comparison, the jines fitted to experimental’O data for 1% Ni-dopedtriangles

Lorentzian line shape of conventional RKKY theory with=1 is and 1% Zn-dopeddiamond$ YBa,(Cu;_4M,)30s6, M=Ni or
indicated by a dashed line. Numerical values for the half width atz, '

half height(HWHH) are given in the inset.

critical temperaturel, specified by&(T.)~2, the correla-

43 tion length assumes the form

Zn

2487 1 ()
T T13) 87 TInD/T

1
Figure 6 shows the different line shapes induced by Ni and §D=7p7 (39
Zn impurities as obtained by performing a Fourier transfor-
mation onf(t). Comparing to the Lorentzian shape that re-\yherea andb are fitting constants of the theory. Saturation
sults from Inf(t)<—[t| in conventional RKKY theory, one f £(T) at low temperatures is neglected here.
finds a marked difference in both shape and width. Using the  Figyre 7 shows the impurity-induced line broadening
numerical values shown in the inset of Fig. 6, we f_lnaIIyAVimp scaled with temperature. The curves are fitted to the
arrive at the following expressions for the full linewidths experimental data by settirm=0.07 ando=0.0007, which
induced by magnetic and nonmagnetic impurities: correspond to an AF correlation length 4.8 in units of
lattice spacings at =200 K. This compares well t§=5.9

— 2
Avry=2X0.22AN)", (37) obtained in Ref. 16. No further fitting parameters are needed.
oo The theory correctly accounts for the peculiar experimen-
Avza=2X0.51(Azy)™" (38 tal observation of Zn having a more pronounced effect on the
NMR signal than Ni — this seems to be in contradiction to
VI. COMPARISON WITH EXPERIMENT SQUID measurements on the macroscopic susceptibility.

We are able to ascribe this behavior to the different spatial

In this section, we compare the impurity-inducédd  dependence of the polarizabiliti¢(T,R) decays a3 in
NMR line broadening as described by Eq87) and (38)  the case of Ni, but only aB ™2 in the case of Zn. Averaging
with experimental data of Bobroffet al? obtained on over all impurity site, this leads to an enhanced line-
YBa,(Cu, 4 M,) 305 ¢ With M=Zn or Ni. broadening effect of Ziisee Fig. 6. Our theory further cor-

The following constants are chosen: The superexchangectly describes the anomalous non-Curie temperature de-
parameters are specified By=0.13 eV for Cu-Cu interac- pendence exhibited by the NMR linewidth—this seems to be
tion and J’=J/2 for Cu-Ni* A self-consistent treatment in disaccord with an almost perfe@t ! behavior exhibited
yields a scattering amplitude (1x)=0.5, whereA=1% has by the macroscopic susceptibilityOne can resolve this dis-
been used. The Kondo temperature is obtained by numeragreement by assuming a temperature dependence of the AF
cally solving Eq.(10) which givesT,=560 K. Below this  correlation lengthé(T) which enters the polarizability of Cu
temperature, the Ni spin is partially screened and behaves a&pins. Good agreement with experiment is obtained by em-
a spins ferromagnetically coupled to the Cy@lane. The ploying £(T) of the form given in Eq(39).
effective coupling constant of this interaction given by Eqg.
(23) is J.(0)=0.1 eV. The hyperfine coupling constant be-
tween *’O nuclear and Cu electron spinsGg=3.3 T/ug.>
The magnetic-field strength used in the experimenHis In summary, we have studied local moments induced in
=7.5 T, and the concentration of Ni and Zn impurities isunderdoped cuprates by doping with magnet®&=() Ni
1%. The effective impurity concentration within CygO and nonmagnetic Zn impurities. In the presence of a spin
planes, which is larger by a factor &f is finally c=1.5%. gap, both types of impurities are associated vth3 mag-

Next, an expression for the AF correlation lengtir) netic moments in the CuOplanes. These are, however, of
has to be specified. It is argued in Ref. 15 that below avery different natures. Ni as well as Zn disturb the spin lig-

VIl. CONCLUSION
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uid formed by planar Cu spins, resulting in a magnetic mo-spin polarization is found to decay & 3 with distance
ment residing on Cu sites in the proximity of the impurity. In from a Ni impurity, but only asR™ 2 in the case of Zn. This

the case of Ni, this moment partially shields the impurity different behavior reflects the delocalized character of Zn
spin below a critical temperaturg¢ in what resembles an moment and explains why Zn has a stronger impact on the
underscreened Kondo model; an effective impurity shin NMR linewidth than Ni. Further, accounting for the presence
results. Since predominantly localized rather than bandlikef temperature-dependent AF correlations in underdoped cu-
states are involved in the screening of the impurity spin, theprates, we can successfully describe the non-Curie behavior
Kondo temperature exhibits an unconventional power-lawof the impurity effect on the NMR linewidth. In general, it
dependence on the coupling constant. In the case of Zn, oaran be concluded that the anomalous impurity properties of
the other hand, one deals withSa= 3 moment broadly dis- underdoped cuprates are a clear manifestation of the peculiar
tributed over Cu sites. We have further investigated themixture of spin-singlet and antiferromagnetic correlations
RKKY-type response of Cu spins in a magnetic field. Thepresent in these compounds.
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