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Impurity-induced spin polarization and NMR line broadening in underdoped cuprates

R. Kilian, S. Krivenko,* G. Khaliullin,* and P. Fulde
Max-Planck-Institut fu¨r Physik komplexer Systeme, No¨thnitzer Strasse 38, D-01187 Dresden, Germany

~Received 20 January 1999!

We present a theory of magnetic (S51) Ni and nonmagnetic Zn impurities in underdoped cuprates. Both
types of impurities are shown to induceS5

1
2 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 impurity spinS5

1
2 . 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 corresponding17O NMR 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.
@S0163-1829~99!15121-X#
su
re

o
ne
a
e

o
is
ti
p
of
im

e

w
ca

to
n

-
-

d

e
d

on
e
-

t
ri

ag
dt

re-
is

ery
es

o-
in
the

s,
of

ort-
n-

ng
tal

nd
an,

rate
om.
tes
ile
su-

ine
of

f
ing
in

he
I. INTRODUCTION

The normal state of underdoped cuprates exhibits unu
magnetic properties which are believed to be intimately
lated to the mechanism of high-Tc superconductivity. Most
peculiar in this respect are the simultaneous occurrence
magnetic pseudogap and the persistence of antiferromag
~AF! correlations as holes are doped into the antiferrom
netic insulator and the system becomes metallic. It is on
the most challenging theoretical problems in the physics
high-Tc cuprates to reconcile the gaplike features remin
cent of a spin liquid with the presence of antiferromagne
correlations signaling the closeness of the system to a s
ordered Ne´el state. Experimentally, insight into the nature
these anomalous features can be gained by introducing
purities into the magnetically active Cu sites. A subsequ
NMR probe on nuclei coupled to the CuO2 planes yields
information on the local magnetic structure. In this paper
present a microscopic theory of the impurity-induced lo
spin polarization of CuO2 planes and its impact on the NMR
linewidth.

Introducing magnetically active or inert impurities in
underdoped cuprates leads, in both cases, to the formatio
local magnetic moments. Specifically, Cu (d9), with an ef-
fective in-plane spinS5 1

2 , can be replaced by Ni (d8) with
S51 or Zn (d10) with S50. Superconducting quantum in
terference device~SQUID! measurements of the macro
scopic susceptibility1 reveal an almost perfect 1/T Curie be-
havior. Recently, Bobroff et al.2 presented NMR
measurements on17O for the underdoped compoun
YBa2(Cu12xMx)3O6.6, with M5Zn or Ni. The polarization
of Cu spins in the presence of impurities leads to a broad
ing of the NMR line. In contrast to the aforementione
SQUID measurement, the linewidth displays a marked n
Curie behavior, indicating an inherent temperature dep
dence of the polarizability of CuO2 planes. This was sug
gested by Morr et al.3 to be a clear indication for a
temperature dependence of the AF correlation length. S
another interesting observation can be made by compa
the two experiments: While the NMR study shows nonm
netic Zn to have a more pronounced effect on the linewi
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than Ni, measurements of the macroscopic susceptibility
veal a reversed effect. Since only the NMR experiment
sensitive to a spatial variation of the spin polarization, a v
different shape of the spin density induced by the two typ
of impurities can be inferred.

In the following, we present a microscopic theory of m
ments induced by magnetic and nonmagnetic impurities
the spin gap phase of underdoped cuprates. We analyze
different nature of coupling between Cu and impurity spin
and derive expressions for the local spin polarization
CuO2 planes. The presence of the spin gap and of sh
range AF correlations is shown to strongly modify the co
ventional Ruderman-Kittel-Kasiya-Yosida~RKKY ! picture.
Finally, we derive expressions for the NMR line broadeni
which account well for the peculiarities of the experimen
data.

II. IMPURITY MODEL

The relevant physics of the CuO2 planes of high-Tc cu-
prates is believed to be described by the large-U Hubbard or
t-J model. The dualism between itinerant charge motion a
local electron interaction that is inherent to these models c
in an approximate way, be captured by introducing sepa
quasiparticles for spin and charge degrees of freed
Within this picture, the normal state of underdoped cupra
is viewed as a phase in which spins form singlet pairs wh
coherence between holes that would eventually lead to
perconductivity has not been established. We follow this l
of thinking but restrict ourselves to the magnetic sector
the Hilbert space. Our starting point is the spin-1

2 AF Heisen-
berg modelHJ5J(^ i j &sisj . Keeping in mind the presence o
itinerant holes which prevent the system from develop
long-range magnetic order, we treat this Hamiltonian with
resonance valence bond~RVB! mean-field theory4 — this
accounts well for the spin-liquid features of cuprates. T
mean-field Hamiltonian is

HRVB52 (
^ i j &s

~D i j f is
† f j s1H.c.!. ~1!
14 432 ©1999 The American Physical Society
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Original spin operatorssi have been expressed in terms
fermionic operators bysi5

1
2 (ss8tss8 f is

† f is8 , with Pauli
matrix vectort5(tx,ty,tz). The local constraint prohibiting
a double occupancy of sites has been relaxed to a global
The mean-field bond parameter is D i j 5Dd

5J(s^ f i 1d,s
† f is&0, where^¯&0 is the expectation value tha

corresponds to Hamiltonian~1!. The phase of this mean-fiel
parameter is yet undetermined, and has to be chosen su
to resemble the experimental situation most closely. An
propriate choice for the spin gap regime is the flux pha5

D6x5 iD6y[D. Dividing the lattice into two sublatticesA
and B and going to the momentum representation, Ham
tonian ~1! can be diagonalized

HRVB5(
kn

jk
n f kn

† f kn, ~2!

with index n56. The spectrum of spin excitations o
spinons is

jk
6562D~cos2 kx1cos2 ky!1/2.

It has nodes at (6p/2,6p/2), yielding a V-shaped
pseudogap in the density of states centered at the sp
chemical potentialms50: r (0)(v)5uvu/D2 ~defined per
spin up/down state!, where D52ApD is the spinon half-
band-width.

To simulate first a nonmagnetic Zn impurity we introdu
into Hamiltonian~1! a local chemical potentiall acting on
site R50, which by convention lies on sublatticeA. In the
limit l→` spinons are expelled from that site, creating
vacancy. The Hamiltonian is then

HZn5HRVB1l(
s

f 0s
† f 0sul→` . ~3!

To describe a magnetic Ni impurity, into the empty site w
insert an impurity spinS0 with S51, which is coupled anti-
ferromagnetically to the surrounding Cu spinssd . The cor-
responding Hamiltonian is

HNi5HRVB1l(
s

f 0s
† f 0sul→`1H imp, ~4!

with the exchange interaction term

H imp5J8(
d

S0sd .

Formally, Hamiltonian~4! differs from Eq.~3! only in the
presence of an additional termH imp}J8. In the following,
we put emphasis on the case of a magnetic impurity w
J8.0. A nonmagnetic impurity can be simulated by setti
J850, which decouples the impurity site from the rest of t
system. TheS51 impurity spin is then free and can easily b
disregarded. We discuss this limit in the following, but on
shortly. More detailed treatments on nonmagnetic impuri
are given in Ref. 6 as well as in Refs. 7–9.

III. LOCAL MAGNETIC MOMENTS

We analyze an impurity spinS51 embedded in a spin
gap system as described by Hamiltonian~4!. Spinons stem-
ne.

as
-

l-

on

h

s

ming from the initial Cu spin at siteR50 are ejected by the
local potentiall. The impurity spin, which is placed in th
vacant site, is conveniently represented by two spins1

2 , i.e.,
S5Sa1Sb . An infinitely strong ferromagnetic interactio
Hc52JcSaSb between these two spins is assumed. Expre
ing Sa and Sb in terms of fermionic operatorsas and bs ,
respectively, a mean-field decoupling can be performed:

H imp52(
ds

S Dd8
as

†1bs
†

A2
f ds1H.c.D 2JcSaSb . ~5!

Introducing operators f 0s5(as1bs)/A2 and ds5(as

2bs)/A2, one obtains

H imp52(
ds

~Dd8 f 0s
† f ds1H.c.!2JcSeffs0 . ~6!

The impurity spin has thus been decomposed into twoS
5 1

2 effective spinsSeff ands0 . The former is represented b
operatorsds , the latter by operatorsf 0s . Due to the first
term in Eq.~6!, the f spinons on the impurity site hybridiz
with the ones on adjacent Cu sites. This process is contro
by the local mean-field parameterDd85J8(s^ f ds

† f 0s& replac-
ing Dd on bonds connecting to the impurity. A system
itinerant spinons extending over the whole lattice includi
the impurity site is formed. These itinerant spinons cou
ferromagnetically to the localized spinSeff . In the presence
of a magnetic field this coupling is responsible for a pol
ization of the spinon system to be discussed in Sec. IV. T
T matrix that describes scattering of spinons on the locali
spin vanishes asT(v)}v lnuvu in the flux phase.6 This
means that the effective local spinSeff becomes asymptoti
cally free in the limit of low energies. In the remainder of th
present section we analyze this low-energy fixed point, e
phasizing the role of bond parametersDd8 that induce an in-
homogeneity in the spinon sector.

First we consider the special case of equal exchange i
grals J85J. Regarding the spinon sector, the impurity s
becomes indistinguishable from the rest of the system
Dd85Dd . The spins0 takes the role of the original Cu spin a
R50, and a homogeneous spin liquid, as described
HRVB , Eq. ~1!, is formed. Generally, the two exchange int
grals differ,J8,J, and translational invariance of the spino
system is broken. The bond parameter then acquires an
ditional spatial dependence which has to be treated s
consistently. To simplify the discussion, however, we dist
guish only between bonds that do and do not connect to
impurity ~see Fig. 1!, respectively:

D i j 5H Dd8 for i 50 or j 50

Dd for i , j Þ0,

where Dd is the mean-field parameter of the impurity-fre
system. The two parametersDd8 and Dd are assumed to ex
hibit the same phase relation, but in general their amplitu
differ. As a result, spinons scatter on the impurity bonds.
study this effect we write the spinon part of Hamiltonian~4!
as

HNi
sp5HRVB1~12x!(

ds
~Ddf 0s

† f ds1H.c.!, ~7!
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whereHRVB represents the impurity-free system. The sc
tering amplitude (12x) with x5uDd8 /Ddu is controlled by
the ratio of J8 to J. It vanishes forJ85J, and has to be
treated self-consistently forJ8,J. Approximately, we find
x5J8/J. At this point, we introduce spinon propagato
gl

(0)( iv)52^Tt f l(t) f l
†(0)& iv

0 5( iv2jl)21 and gll8( iv)
52^Tt f l(t) f l8

† (0)& iv for the pure and impurity-doped sys
tem. These can be related by a scattering matrixTll8( iv):

gll8~ iv!5gl
(0)~ iv!dll81gl

(0)~ iv!Tll8~ iv!gl8
(0)

~ iv!.
~8!

A simplified notationl5(k,n) and Matsubara frequencie
iv5 i (2n11)pT, whereT denotes temperature andn inte-
ger numbers, are employed. TheTll8 matrix in Eq. ~8! de-
scribes scattering of spinons on the four bonds that con
the impurity site to its nearest neighbors. We find it to
given by the expression

Tll8~ iv!5
tll8~ iv!

ivG(0)~ iv!1p2
, ~9!

with

tll8~ iv!5
12x

11x
G(0)~ iv!~ iv2jl!~ iv2jl8!

1
x

11x
~2iv2jl2jl8!2 iv.

Here G(0)( iv)5(lgl
(0)( iv)52(2iv/D2)ln(D/uvu), and p2

5x2/(12x2). The important point is that in the flux phas
the scattering matrix of Eq.~9! has two poles that are dete
mined by the roots of

vG(0)~ iv→v1 i01!1p250. ~10!

One of the poles lies below the spinon chemical poten
which signals the formation of a spinon bound state. This
be interpreted as follows: Due to impurity substitution, o
Cu spin loses its RVB singlet partner. In a spin gap system
which short-range spin-singlet correlations dominate, t
unpaired spin does not dissolve into the RVB ground s
but rather forms a local moment distributed over Cu sites
the proximity of the impurity. At finite couplingJ8 this mo-
ment forms a local singlet with the impurity-site spinonf 0s .
The characteristic binding energyvK and lifetimedK of the

FIG. 1. Mean-field parametersDd8 andDd are assigned to bond
that do~dashed line! or do not~solid line! connect to the impurity
site denoted by a large dot.
t-

ct

l
n

in
is
te
n

resulting bound state are given by the real and imagin
parts of the pole, respectively. ForJ8!J, one obtains

vK5
p

4

J8

ln D/J8
, dK5

p

4

vK

ln D/vK
. ~11!

In the following, two different energy scales are disti
guished:v,vK and v.vK . These control the physics a
large and short distances from the impurity as compared
RK5D/vK , respectively, whereRK is measured in units o
lattice spacing.

First we analyze the low-energy fixed point of the syste
with a magnetic impurity for whichJ8 and hencevK are
finite. It is determined by the regimev,vK and applies to
distancesR.RK from the impurity site. We calculate th
impurity contributiondr(v) to the density of states from th
Green’s functiondG( iv)5(ll8gl

(0)( iv)Tll8( iv)gl8
(0)( iv)

5(]/] iv)ln@ivG(0)(iv)1p2#. For v!D, the latter is

dG~ iv!5
2G(0)~ iv!

ivG(0)~ iv!1p2
, ~12!

which yields

dr~v!5
2

p
vKdK

uvu

~v22vK
2 !21~2vKdK!2

. ~13!

Figure 2~a! schematically shows the spinon density of sta
r (0)(v) and r(v)5r (0)(v)1dr(v) for the pure and
impurity-doped system. The very existence of a magne
pseudogap is found to be unaffected by the presence of
impurity – r (0)(v) as well asr(v) vanish linearly in the
limit v→0. As a consequence, the static spin susceptibil
which is related to the spinon density of states by10

x~T!5
1

4TE2`

`

dx
r~x!

cosh2~x/2T!
, ~14!

vanishes as}T at low temperatures. This indicates that
the low-energy limit all spins~exceptSeff which is not part of
the spinon system! participate in the formation of singlets
The spinon bound state discussed above hence part
screens the impurity spin by forming a Kondo singlet w
s0 . An effective S5 1

2 impurity spin Seff remains. In this

FIG. 2. Schematic plot of the spinon density of states for~a!
J8.0 and ~b! J850 corresponding to magnetic and nonmagne
impurities, respectively. Solid lines represent the impurity-dop
system, dashed lines the pure system. The spinon chemical pote
ms lies in the center of the gap, and thed function in ~b! is artifi-
cially broadened.



rg
e:
-

e
o

ia
m
m
w
c

es
ex
e

e
s

t
s
rit
g

a
ta
tia

te
e

e

ri
e

t

o
el
.

un

a
hi
r C
el

r-

ent
ore

ty.

of

At
in

n

pu-
tes.

ted
y.

ion

ent

u-
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underscreened Kondo problem, the spinon binding ene
vK of Eq. ~11! plays the role of the Kondo temperatur
TK5vK . For temperaturesT@TK , the susceptibility associ
ated with the spinon bound state is that of a free spin1

2 , i.e.,
x(T)51/(4T); simultaneously, the originalS51 impurity
spin is recovered. We note that the Kondo temperature
hibits an unconventional power-law dependence on the c
pling parameterJ8, contrasting the conventional exponent
behavior. This peculiarity is ascribed to the fact that the i
purity spin couples to bound spinons which are predo
nantly in localized rather than bandlike states. Finally,
shortly discuss how the presence of a Kondo singlet affe
the properties of the spinon system atT!TK . Although the
impurity does not fill the magnetic pseudogap, it neverthel
renormalizes its slope. The leading term in a low-energy
pansion of Eq.~13! is related to the density of states of th
pure system by

dr~v!5
1

p2
r (0)~v!, ~15!

valid for J8!J. At low energy and large distance from th
impurity, the spinon system hence behaves qualitatively a
the impurity-free case.

To finish the discussion of magnetic moments, we turn
the case of a nonmagnetic impurity. The relevant physic
modelled by decoupling the spinon sector from the impu
site, settingJ850, and by discarding contributions stemmin
from the impurity spin which is now free. SincevK conse-
quently vanishes, one is always in the regimev.vK . A
Kondo singlet cannot form even in the zero-energy limit
the impurity carries no inherent spin. The spinon bound s
induced by the impurity lies at the spinon chemical poten
in the center of the pseudogap@see Fig. 2~b!#:

dr~v!5d~v!. ~16!

This is associated with the magnetic susceptibility 1/(4T) of
a free spin1

2 which holds down to zero temperature. We no
that the impurity-induced moment is broadly distributed ov
planar Cu sites on sublatticeB that does not contain th
impurity site, its density falling off asR22 with distance
from the impurity.6

To summarize, magnetic Ni and nonmagnetic Zn impu
ties are both associated withS5 1

2 magnetic moments. Thes
are, however, of very different natures~see Fig. 3!: In the
former case, the spinon bound state partially screens
original S51 impurity spin. One is left with an effective
impurity spin 1

2 ferromagnetically coupled to an ensemble
inherent spinons that, in the absence of a magnetic fi
behaves qualitatively the same as an impurity-free system
the latter case, the moment is carried by the spinon bo
state itself, and is broadly distributed over Cu sites.

IV. SPIN POLARIZATION

The effective impurity moments discussed in Sec. III c
be polarized by applying an external magnetic field. In t
section we analyze the incidental local response of plana
spins. In the case of a magnetic impurity, the applied fi
acts on a localized impurity spin12 ferromagnetically coupled
to the spin liquid. Cu spins respond via a RKKY-type inte
y
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action. In the case of a nonmagnetic impurity, the mom
itself resides on Cu sites. Applying a magnetic field theref
directly polarizes the Cu spins.

We first discuss the situation of a magnetic impuri
The static polarizability is defined by KNi(T,R)
5^TtsR

z (t)Seff
z (0)&v50 , wheresR

z andSeff
z denote thez com-

ponents of a given Cu spin at siteR and of the effective
impurity spin, respectively. It is expressed in terms
Green’s functions as~see Fig. 4!

KNi~T,R!52T2(
«,«8

Pd~ i«8!Jc~ i«2 i«8!P f~ i«,R!,

~17!

with particle-hole convolution functions

Pd~ i«!5D2~ i«!,

P f~ i«,R!5G~ i«,2R!G~ i«,R!.

Here the impurity Green’s function is D( iv)5
2^Ttds(t)ds

†(0)& iv51/(iv), and the intersite spinon
Green’s functionG( iv,R)52^Tt f 0s(t) f Rs

† (0)& iv . Opera-
tors d and f act on separated sectors of the Hilbert space.
site R50, however,f spinons are polarized by the local sp
Seff due to the ferromagnetic interaction of bare strengthJc .
This coupling is accounted for by the vertex functio
Jc( iv). Employing a ladder approximation it is

Jc~ iv!5
Jc

11JcPc
iv

5
1

Pc
iv

, ~18!

FIG. 3. ‘‘Snapshot’’ of the low-energy fixed point of a RVB
liquid state with~a! the S51 magnetic impurity, and~b! the non-
magnetic impurity denoted by a dot. In the former case, the im
rity spin is partially screened by moments induced on Cu si
Effectively, a local impurity spin1

2 and a ‘‘healed’’ spin liquid
results. In the latter case, the impurity induces a broadly distribu
moment that resides on Cu sites in the proximity of the impurit

FIG. 4. Diagrammatic representation of the static polarizat
KNi(T,R) of a Cu spin at siteR due to RKKY coupling to the
localized impurity moment. Dashed and solid ovals repres
particle-hole convolution functionsPd( i«8) for the local moment
andP f( i«,R) for itinerant spinons, respectively. The effective co
pling is described by the vertex functionJc( i«2 i«8) denoted by a
circle.
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with

Pc
iv52T(

«
D~ i«1 iv!G~ i«,R50!.

The second equality in Eq.~18! holds due toJc being infi-
nitely large. Replacing the vertex function by its zer
frequency limit,J( iv)→J(0), thepolarizability of Eq.~17!
can be factorized. Within this approximation, which is va
at low temperatures, one obtains

KNi~T,R!5xeff~T!Jc~0!xpl~T,R!. ~19!

The polarizability has thus been decomposed into the m
netic susceptibility of the effectively free12 impurity spin,
xeff(T)51/(4T), the nonlocal magnetic susceptibility o
CuO2 planes,xpl(T,R), and an effective coupling paramet
Jc(0). The susceptibilities are defined asxeff(T)
5^TtSeff

z (t)Seff
z (0)&v5052T(«Pd( i«) and xpl(T,R)

5^TtsR
z (t)s0

z(0)&v5052T(«P f( i«,R).
To further analyze the polarizability in Eq.~19!, Jc(0)

and xpl(R) have to be evaluated. This requires the on-s
and intersite spinon Green’s functions

G~ iv,R!55 S p

x D 2 G(0)~ iv!

ivG(0)~ iv!1p2
for R50

1

x
G(0)~ iv,R! for R.RK ,

~20!

whereG(0)( iv,R) is defined for the impurity-free system

G(0)~ iv,R!52
2i uvu

D2
w~R!K1S Ruvu

D D , ~21!

with a modified Bessel function of the second kind,Kn(x).
Equation~21! holds for sites on sublatticeB; contributions
from sublatticeA containing the impurity are found to b
negligible. The angular dependence is determined by
phase factor

w~R!5
1

2
~R̃1eipR1/21R̃2eipR2/2! ~22!

with R65Rx6Ry and R̃65(Rx6 iRy)/R. We are now in
the position to calculate the effective coupling parame
from the zero-frequency limit of Eq.~18!,

Jc~0!5H D for J85J

2vK for J8!J,
~23!

and the nonlocal spin susceptibility of CuO2 planes in the
presence of the impurity,

xpl~R!52
3

4p

1

Jx2

F~R!

R3
, ~24!

the latter being valid forRPB with R.RK . The phase fac-
tor in Eq. ~24! is defined byF(R)5uw(R)u2. Finally, com-
bining these results, we obtain
g-

e

e

r

KNi~T,R!52
3

16p

Jc~0!

Jx2

F~R!

R3

1

T
, ~25!

which describes the polarizability of a Cu spin at siteRPB
responding to a magnetic field that acts on the effective
purity spinSeff ; contributions from sublatticeA are found to
be small. We note that theT21 Curie behavior displayed by
Eq. ~25! stems solely from the susceptibilityxeff(T) of the
effective impurity spin. Within the present mean-field trea
ment, the planar susceptibility is independent of temperat
xpl(T,R)5xpl(R).

We now briefly review the result for a nonmagnet
impurity which was derived in Ref. 6. Here the Cu spi
carry the impurity-induced moment, and can therefo
be directly polarized by the magnetic field. The polarizabil
is given by the local susceptibility of the impurity-induce
moment, KZn(T,R)5dxpl(T,R)5(R8@^TtsR

z (t)sR8
z (0)&v50

2^TtsR
z (t)sR8

z (0)&v50
0 , yielding

KZn~T,R!5
1

2p

F~R!

R2

1

T ln D/T
. ~26!

Equation~26! is valid for RPB, while contributions from
RPA are again negligible. The polarizability is found to d
cay slowly asR22 with distance from the impurity which
compares to aR23 behavior in the case of Ni, reflecting th
delocalized nature of the moment induced by a Zn impur
Further, a logarithmic correction to the Curie-like tempe
ture behavior is to be marked.

In deriving Eqs.~25! and~26! for the polarizability of Cu
spins, we have, up to this point, built upon RVB mean-fie
theory. This picture accounts well for the spin liquid featur
of underdoped cuprates including the presence of a magn
pseudogap. Its strength lies on the description of long-ra
properties controlled by low-energy excitations. The me
field treatment does, however, severely underestimate l
AF correlations which reflect the proximity of a critical in
stability toward AF spin ordering. As a consequence,
above expressions contain no reference to the AF correla
length, which was suggested to introduce a temperature
pendence beyond the Curie behavior of free moments.3 Fur-
thermore, mean-field theory yields a polarizability of C
spins on one sublattice only, undervaluing the stagge
magnetization of spins on the opposite sublattice. This is
disaccord with NMR measurements2 that yield no overall
shift of the 17O line, as would be expected from the pola
ization of only one sublattice as well as with numeric
studies.11

To compensate for these deficiencies of the mean-fi
treatment, we simulate the closeness of the spin system
wards an antiferromagnetically ordered state by performin
random-phase approximation~RPA! in the magnetic suscep
tibility. In the momentum representation, the susceptibility
planar Cu spins then becomes

xpl
RPA~T,q!5xpl~q!S~T,q!, ~27!

with the Stoner enhancement factor

S~T,q!5
1

11Jqxpl~T,q!
, ~28!
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whereJq52J(cosqx1cosqy). We closely follow the theory
of a nearly AF Fermi liquid,12 which maps Eq.~27! onto a
phenomenological expression involving the AF correlat
lengthj(T). Within this picture,xpl

RPA(T,q) is assumed to be
controlled solely by the momentum region close to the
wave vectorQ5(p,p). However, we do take a slightly dif
ferent point of view in this respect: The momentum dep
dence of the bare susceptibilityxpl(q) in Eq. ~27!, which
describes the long-range characteristics of spin correlat
in the presence of a magnetic pseudogap, is explicitly k
Only the scaling functionS(T,q), which controls short-range
AF correlations, is expanded aroundQ5(p,p). Identifying
Jxpl(T,Q)/@124Jxpl(T,Q)#5j2(T) and 1/@Jxpl(T,Q)#
5a, Eq. ~28! can be written in phenomenological form

S~T,q!5
aj2~T!

11~q2Q!2j2~T!
, ~29!

wherea'1 on a mean-field level. We note that the expli
form of j(T) lies beyond the accessibility of a mean-fie
treatment, and has to be chosen according to general phy
considerations.

Turning back to real space, the nonlocal susceptibility

xpl
RPA~T,R!5 (

R8PB

xpl~R8!S~T,R2R8!. ~30!

For distances R@j(T), it can be approximated by
xpl

RPA(T,R)5xpl(R)j2(T)/2 with interpolation formula for
the A sublattice xpl(RPA)52(1/z)(dxpl(R1d). Analo-
gous expressions are obtained for the local susceptib
dxpl(T,R) induced by a nonmagnetic impurity. Combinin
these results with Eqs.~25! and ~26! and performing an an
gular average over phase factorsF(R), one finally arrives at
the following expressions for the polarizability of Cu spins
the impurity-doped system:

KNi~T,R!5cos~QR!
3

64p

Jc~0!

Jx2

1

R3

j2~T!

T
, ~31!

KZn~T,R!52cos~QR!
1

8p

1

R2

j2~T!

T ln D/T
. ~32!

These equations now hold for both sublattices,RP$A,B%,
the staggered nature of spin correlations being manifeste
the alternating sign implied by cos(QR). Further, the depen
dence upon the AF correlation lengthj(T) is now explicitly
accounted for.

V. NMR LINE BROADENING

The impurity-induced polarization of Cu spins in
magnetic-field affects the energy levels of nuclear spins
supertransferred hyperfine interaction. The coupling o
given nuclear spinI to electron spinssi on close by Cu sites
is described by

Hhf5gngeChf(
i

si I , ~33!
-

ns
t.

cal

ty

in

ia
a

wheregn and ge denote the nuclear and electron gyroma
netic ratios, respectively, andChf is the supertransferred hy
perfine coupling constant. In the following, we restrict ou
selves to NMR measurements on17O nuclei (I 5 5

2 ). On a
mean-field level,si can be replaced by its average val
^si&5K(T,Ri)H0 with external magnetic fieldH0 and polar-
izability K(T,Ri), given by either one of Eqs.~31! and ~32!
for the two types of impurities. Since each17O nucleus lies
symmetrically in between two Cu sites that belong to diffe
ent sublattices with spins polarized in opposite directions,
impurity-induced energy shift partially cancels~see Fig. 5!.
At large enough distance from the impurity, the shift is th
effectively determined by the spatial derivative of the pol
izability,

v~R!5k
]uK~T,R!u

]R
cosf, ~34!

wheref denotes the angle enclosed byR and thex or y axis
andk5gngeChfH0 .

In a system with randomly distributed impurities of co
centrationc, the superposition of energy shifts induced
different impurities leads to a broadening of the NMR lin
We calculate the line shape that follows from Eq.~34!, em-
ploying the formalism of Ref. 13. The line-shape functio
g(n) is defined as the Fourier transform of the characteri
or free-induction function

f ~ t !5expF2c(
R

~12eiv(R)t!G . ~35!

Integrating over lattice sites, for Ni and Zn, respectively, o
obtains

ln f ~ t !5H 2LNiutu1/2

2LZnutu2/3,
~36!

with

LNi5
2A6pG~3/4!

G~1/4! Fk
3

64p

Jc~0!

Jx2

j2~T!

T G 1/2

c,

FIG. 5. Schematic cut through a CuO2 plane, showing the posi-
tion of O ions ~diamonds! placed in between successive Cu sit
with staggered spin polarization~arrows!. The magnitude of the
polarization falls off with distance from the impurity~circle! asR23

in the case of Ni, and asR22 in the case of Zn.
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LZn5
2A3p2

G2~1/3!
Fk 1

8p

j2~T!

T ln D/TG2/3

c.

Figure 6 shows the different line shapes induced by Ni a
Zn impurities as obtained by performing a Fourier transf
mation onf (t). Comparing to the Lorentzian shape that r
sults from lnf(t)}2utu in conventional RKKY theory, one
finds a marked difference in both shape and width. Using
numerical values shown in the inset of Fig. 6, we fina
arrive at the following expressions for the full linewidth
induced by magnetic and nonmagnetic impurities:

DnNi5230.22~LNi!
2, ~37!

DnZn5230.51~LZn!
3/2. ~38!

VI. COMPARISON WITH EXPERIMENT

In this section, we compare the impurity-induced17O
NMR line broadening as described by Eqs.~37! and ~38!
with experimental data of Bobroffet al.2 obtained on
YBa2(Cu12xMx)3O6.6 with M5Zn or Ni.

The following constants are chosen: The superexcha
parameters are specified byJ50.13 eV for Cu-Cu interac-
tion and J85J/2 for Cu-Ni.14 A self-consistent treatmen
yields a scattering amplitude (12x)50.5, whereD5 1

4 has
been used. The Kondo temperature is obtained by num
cally solving Eq.~10! which givesTK5560 K. Below this
temperature, the Ni spin is partially screened and behave
a spin 1

2 ferromagnetically coupled to the CuO2 plane. The
effective coupling constant of this interaction given by E
~23! is Jc(0)50.1 eV. The hyperfine coupling constant b
tween 17O nuclear and Cu electron spins isChf53.3 T/mB .3

The magnetic-field strength used in the experiment isH0
57.5 T, and the concentration of Ni and Zn impurities
1%. The effective impurity concentration within CuO2
planes, which is larger by a factor of3

2 , is finally c51.5%.
Next, an expression for the AF correlation lengthj(T)

has to be specified. It is argued in Ref. 15 that below

FIG. 6. Line-shape functiong(n) obtained by performing a Fou
rier transformation on the characteristic functionf (t)5exp
@2Lutuh#, with h5

1
2 for Ni and h5

2
3 for Zn. For comparison, the

Lorentzian line shape of conventional RKKY theory withh51 is
indicated by a dashed line. Numerical values for the half width
half height~HWHH! are given in the inset.
d
-
-

e

ge

ri-

as

.

a

critical temperatureTcr specified byj(Tcr)'2, the correla-
tion length assumes the form

j~T!5
1

a1bT
, ~39!

wherea andb are fitting constants of the theory. Saturatio
of j(T) at low temperatures is neglected here.

Figure 7 shows the impurity-induced line broadeni
Dn imp scaled with temperature. The curves are fitted to
experimental data by settinga50.07 andb50.0007, which
correspond to an AF correlation length ofj54.8 in units of
lattice spacings atT5200 K. This compares well toj55.9
obtained in Ref. 16. No further fitting parameters are need

The theory correctly accounts for the peculiar experim
tal observation of Zn having a more pronounced effect on
NMR signal than Ni – this seems to be in contradiction
SQUID measurements on the macroscopic susceptibil1

We are able to ascribe this behavior to the different spa
dependence of the polarizability:K(T,R) decays asR23 in
the case of Ni, but only asR22 in the case of Zn. Averaging
over all impurity site, this leads to an enhanced lin
broadening effect of Zn~see Fig. 6!. Our theory further cor-
rectly describes the anomalous non-Curie temperature
pendence exhibited by the NMR linewidth—this seems to
in disaccord with an almost perfectT21 behavior exhibited
by the macroscopic susceptibility.1 One can resolve this dis
agreement by assuming a temperature dependence of th
correlation lengthj(T) which enters the polarizability of Cu
spins. Good agreement with experiment is obtained by e
ploying j(T) of the form given in Eq.~39!.

VII. CONCLUSION

In summary, we have studied local moments induced
underdoped cuprates by doping with magnetic (S51) Ni
and nonmagnetic Zn impurities. In the presence of a s
gap, both types of impurities are associated withS5 1

2 mag-
netic moments in the CuO2 planes. These are, however,
very different natures. Ni as well as Zn disturb the spin l

t

FIG. 7. Impurity-induced NMR line broadeningDn imp multi-
plied by temperature. The theoretical result is indicated by so
lines fitted to experimental17O data for 1% Ni-doped~triangles!
and 1% Zn-doped~diamonds! YBa2(Cu12xMx)3O6.6, M5Ni or
Zn.
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uid formed by planar Cu spins, resulting in a magnetic m
ment residing on Cu sites in the proximity of the impurity.
the case of Ni, this moment partially shields the impur
spin below a critical temperatureTK in what resembles an
underscreened Kondo model; an effective impurity spin1

2

results. Since predominantly localized rather than band
states are involved in the screening of the impurity spin,
Kondo temperature exhibits an unconventional power-
dependence on the coupling constant. In the case of Zn
the other hand, one deals with aS5 1

2 moment broadly dis-
tributed over Cu sites. We have further investigated
RKKY-type response of Cu spins in a magnetic field. T
0

o

.

B

-

e
e

on

e

spin polarization is found to decay asR23 with distance
from a Ni impurity, but only asR22 in the case of Zn. This
different behavior reflects the delocalized character of
moment and explains why Zn has a stronger impact on
NMR linewidth than Ni. Further, accounting for the presen
of temperature-dependent AF correlations in underdoped
prates, we can successfully describe the non-Curie beha
of the impurity effect on the NMR linewidth. In general, i
can be concluded that the anomalous impurity properties
underdoped cuprates are a clear manifestation of the pecu
mixture of spin-singlet and antiferromagnetic correlatio
present in these compounds.
or
se
is
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