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Explanation of NMR experiments on doped cuprates using the frustration model
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~Received 2 December 1996; revised manuscript received 10 March 1997!

The doping dependence of the Cu NMR line shapes measured in YBa2Cu3O61x is explained by a planar
antiferromagneticXYmodel with quenched frustrated ferromagnetic bonds. A numerical algorithm for finding
the ground state of the model is described, as well as a method for comparing the numerical results to the
experiments. Good agreement with the experiments is obtained.@S0163-1829~97!06125-0#
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I. INTRODUCTION

The important role of magnetism in the CuO2-based su-
perconductors has been pointed out by several authors.1,2 For
example, both La22ySryCuO41x and YBa2Cu3O61x ex-
hibit rich magnetic phase diagrams with high sensitivity
doping which indicates the important role played by disor
in determining their physical properties.1,2

In the insulating antiferromagnetic~AF! regime ~small
x,y), the doping gradually destroys the spin long-range or
as seen, for example, by the decrease of the Ne´el temperature
TN with increased doping.

1–4 One of the effects of doping is
the introduction of holes into the CuO2 planes. At low dop-
ing, the holes are localized on the oxygen ions in th
planes.5 The influence of these holes on the magnetic beh
ior may be explained by the change in the sign—from AF
ferromagnetic~F!—as well as the magnitude of the exchan
interaction between the Cu spins neighboring the hole. T
leads to frustration which causes a canting of the spins,
reducing the spin long-range order.6 This canting yields a
spin-mediated effective dipolar interaction between
holes, which may provide a pairing mechanism between
charge carriers in the superconducting state and explain
dependence ofTc on x in the superconducting regime.

7 Here
we concentrate on the insulating AF regime.

The magnetic structure of La22ySryCuO41x and
YBa2Cu3O61x has been studied using various experimen
techniques including nuclear magnetic resonance~NMR!,8,9

muon spin rotation (mSR!,10 and neutron scattering.1,2 In
particular, information on the dependence of the local fi
distribution onx can be obtained using NMR~Refs. 11,12!
andmSR ~Refs. 13,14! measurements. Mendelset al.12 stud-
ied the AF state of YBa2Cu3O61x for 0,x,0.3 through Cu
zero field NMR at low temperatures~1.2 and 4.2 K!. They
found that the line shapes could be described by a sum
Lorentzians; the peak positions and widths of the NMR lin
start to change with increased oxygen doping ab
x50.15; the dependence of the NMR Larmor frequen
~peak position! and the measured half linewidth at half max
mum for the central Larmor line (;90 MHz! on the oxygen
dopingx is shown in Figs. 1 and 2, respectively. The pe
positions shift towards lower frequencies while the widt
increase with increased doping. Similar qualitative resu
have also been reported by Matsumuraet al.11

Kiefl et al.14 have also studied the same material us
muon spin rotation below 90 mK. They used the results
560163-1829/97/56~2!/661~7!/$10.00
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their measurements to calculate the average internal fie
the muon site as well as its rms deviation. Their results
given only for a few levels of dopingx. It can be seen,
however, that the average field in the AF regime decrea
with increased doping, whereas the rms deviation increa
Similar results for the average field in La22ySryCuO4 have
been reported by Weidingeret al.13

In the present paper we use the frustration model6,7 to
reproduce the experimentalx dependence at low tempera
tures by finding numerically the ground state of a tw
dimensional~2D! XY AF model with a small concentration
of quenched frustrated F bonds and using the results to
culate experimentally measured properties. The use of
XY model is justified by the experimental observation th
the spins order in the CuO2 planes.15 We ignore the spin
fluctuations, and take the low-temperature magnetic prop
ties of the system to be described by its ground state.

The paper is organized as follows. In Sec. II we descr
the model and the numerical procedure we have used. In
III we describe the numerical results, in Sec. IV we comp
them to the experimental results described above, and in
V we summarize our conclusions. Details of many numeri
checks of various details in our numerical algorithm can
found in Ref. 16.

FIG. 1. The experimentally measured dependence of the N
Larmor frequency on the oxygen content in YBa2Cu3O61x , to-
gether with our numerical results. The experimental data po
were taken from Ref. 12.
661 © 1997 The American Physical Society



en

w

et
g

f

h
ra
lly
o
n

will
ins
we

s,
ins
de-
tion
nta-
g-
ts

to

e

try
try
for
en-
oint
ions

s of

.
he

e-

rect
d
lat-
a

e
e

ke

662 56CHAY GOLDENBERG AND AMNON AHARONY
II. THE MODEL AND THE NUMERICAL PROCEDURE

The Hamiltonian of the classical AFXY model~2D clas-
sical spins! on a square lattice is given by

H52(
^ i , j &

Ji , jSi•Sj , ~1!

where uSi u51. The nearest-neighbor exchange coeffici
Ji , j is AF, Ji , j52J, for most of the bonds~we takeJ51 for
simplicity!, whereas for some randomly chosen bonds
take Ji , j5lJ ~in our case,l520, see discussion below!—
that is, we have an antiferromagnet with some strong
bonds.

We find it more convenient to work with a ferromagn
with some AF bonds. We therefore perform the followin
gauge transformation on the spins and their interactions:

Si5e iSi ,

Ji , j52Ji , j , ~2!

wheree i5(21)m1n, m andn are Cartesian coordinates o
the spins~in units of lattice constants! in the plane.

Our aim is to find the ground state of such a system. T
problem is nontrivial, since the AF bonds introduce frust
tion; for l.1 they cause canting of the ferromagnetica
coupled spins in their vicinity: when we have a single is
lated AF bond, the two spins coupled by it will align perpe

FIG. 2. The experimentally measured dependence of the m
sured half linewidth at half maximum for the central Larmor lin
(;90 MHz! on the oxygen content in YBa2Cu3O61x , together
with our numerical results. The experimental data points were ta
from Ref. 12.
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dicular to the average magnetization, and their neighbors
cant towards them in order to minimize the energy. Sp
farther away will also cant, but to smaller extents, as
move away from the impurity~see Fig. 3!. It can be
shown,6,17–20using a continuum approximation for the spin
that far away from the AF bond the deviations of the sp
from the direction of the average magnetization can be
scribed by the Laplace equation, whose appropriate solu
is a dipolar dependence on the distance and on the orie
tion of the spin relative to the AF bond: if the average ma
netization is along they axis, then the spin componen
along thex direction are given by

Si
x5µ•r /r 2, ~3!

whereµ is the effective dipole moment, directed parallel
the AF bond, andr is the vector~in units of lattice constants!
connecting the spin to the ‘‘dipole,’’ which is located on th
center of the AF bond.21

Qualitatively, the effective dipole momentuµu depends on
l in the following way: for l,1, uµu50. For l.1, uµu
increases and saturates at large values ofl. The dependence
of uµu on l is discussed in more detail in Ref. 16.22 As
mentioned above, we have chosenl520, which is in the
saturation regime. Our results concerning thex dependence
of the NMR line shapes do not depend significantly onl,
even for values below the saturation regime~see Ref. 16!.

The dipole description introduces an additional symme
into the problem: in addition to the usual rotation symme
of the vector spins, there is a discrete inversion symmetry
the two spins coupled by the AF bond, which are perp
dicular to the average magnetization: e.g., they can p
either towards or opposite to each other. These two situat
correspond to two different signs for the dipole momentµ
associated with the bond, which describes the deviation
the spins in Eq.~3!. The relation betweenµ and the local
spin configuration around the AF bond is shown in Fig. 3

If we have more than one AF bond, further use of t
continuum approximation6,17–19yields the following expres-
sion for an effective spin-mediated dipolar interaction b
tween dipoles~located on the centers of the AF bonds!,
namely

Vi j52
1

r i j
2 Fµ i•µ j22

~µ i•r i j !~µ j•r i j !

r i j
2 G , ~4!

whereµ i ,µ j are two dipole moments andr i j is the vector
connecting them. This expression is expected to be cor
for large enoughr i j .

23 In our calculations we have use
semi-rigid boundary conditions—that is, the spins on the
tice boundary are all kept fixed in the same direction, with

a-

n

FIG. 3. The mapping between dipole orientations and local spin configurations.



e

m
a-
u
lly
,
ry

e

o

o
it
th
he
ja
o
g-
th

id
es
e

h
a
of
o

e
tio
nd

o
n
d
t
io

ig
te

lar

AF
as
in-

the
lar,
by

re-
ces
ec-

the
ed
for
tes
rs
We
gy
ple
in

to

spin
c-
-
a-
lso
he
of

s,

ft

56 663EXPLANATION OF NMR EXPERIMENTS ON DOPED . . .
weaker F couplingJ8 to the other spins, compared to th
usual F coupling in the lattice~we usedJ85J/2). These
boundary conditions, unlike the periodic ones used in so
previous papers,19,24 enable us to use the dipole approxim
tion as derived in the case of an infinite system, witho
having to consider additional contributions from periodica
repeated replicas of the system using Ewald-like sums
done by Saslow and Parker.19 In order to use these bounda
conditions we have left an outer margin of the lattice~five
lattice constants wide! free of impurities, to prevent edg
effects~see Ref. 16!.

We now divide the problem of finding the ground state
the system into two stages: we first find the ground state
the system of dipoles; for each dipole we identify the sign
µ i by direct enumeration: we associate a dipole moment w
each AF bond. The AF bonds are chosen randomly on
lattice by first selecting a random spin on the lattice and t
selecting one of its bonds at random. We do not allow ad
cent AF bonds. The dipoles are parallel to the direction
the AF bonds~see Fig. 3! and they all have the same ma
nitude. We then calculate the total interaction energy of
dipoles, by summing Eq.~4! over all dipoles, for each of the
2N21 possible dipole configurations forN dipoles~there are
two possible signs for each dipole, and we need to cons
only N21 dipoles since changing the signs of all dipol
will not change the energy!. The ground state is then the on
with the lowest dipole interaction energy.

After finding this dipole ground state, we generate t
appropriate spin configuration, using the dipole approxim
tion for the deviations of the spins from the direction
average magnetization. The contributions from each dip
to this deviation according to Eq.~3! are summed:

Si
x5(

k
µk•r ik /r ik

2 , ~5!

wherer ik is the vector~in units of lattice constants! connect-
ing the spini to the dipolek. The two spins coupled by th
AF bond are set perpendicular to the average magnetiza
with signs according to the sign of the dipole in the grou
state~see Fig. 3!.

We assume that each dipole configuration is close t
locally stable spin configuration and that the spin grou
state is close to the dipole ground state generated as
scribed above. We therefore relax the system towards
spin ground state by iterating the local equations of mot
~see, for example, Refs. 24–26!:

Si5
H i
loc

uH i
locu

,

H i
loc5(

^ i , j &
Ji , jSj

~orienting each spin along its local field!. The spins are up-
dated alternately on staggered sublattices~in each half-
iteration we update only spins which are not nearest ne
bors!, so that there is no bias in the order of spin upda
This is repeated until the criterion
e
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uSinew2Sioldu
2/N<« ~6!

is met~this is similar to the criterion used in Ref. 26!. In our
calculations, we used«51027.16 We take the resulting spin
configuration to be the spin ground state for the particu
distribution of impurities.

As a test of the validity of Eq.~4! for more than one pair
of dipoles, we relaxed~as described above! all the 2N21

dipole states for several random configurations of
bonds.16 We found that if the distance between dipoles w
kept greater than three lattice constants, the total dipole
teraction energy gives a very good approximation for
total spin energy for all the dipole states and, in particu
that the lowest energy spin state among those obtained
relaxation from dipole states is found when starting the
laxation from the dipole ground state. For smaller distan
between the dipoles the dipole approximation for their eff
tive interaction@Eq. ~4!# fails. Therefore, if we have dipole
pairs with smaller distances, we modify the procedure in
following way. We find the dipole ground state as describ
above. However, we do not perform the relaxation only
the dipole ground state, but also for all the dipole sta
derived from it by flipping dipoles belonging to dipole pai
whose distance is smaller than four lattice constants.
then identify the spin configuration with smallest spin ener
after relaxation as the global spin ground state. A sam
spin configuration obtained using this method is shown
Fig. 4.

This procedure seems to be more efficient compared
the method suggested by Gawiec and Grempel24 for treating
the same problem, since in order to find the ground-state
configuration it uses the dipole approximation for the effe
tive interaction of the impurities for finding a spin configu
ration close to it, instead of using random initial configur
tions and then random rotations of groups of spins. It is a
probably more likely to find the real ground state of t
system. However, it is limited to small concentrations

FIG. 4. A 45345 sample spin configuration with 14 impuritie
together with the values ofH8532H int at each spin site, where
H int is the effective magnetic field for NMR. The outer margin le
free of impurities is not shown.
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664 56CHAY GOLDENBERG AND AMNON AHARONY
frustrated bonds—both because it relies on the dipole
proximation which holds only for large enough distances
tween the impurities, and because we are using direct e
meration for finding the dipole ground state—which requi
a computation time which is exponential in the number
impurities ~this limitation may be removed by using fast
methods of solving the problem, which however do not gu
antee finding the exact dipole ground state!.

III. NUMERICAL RESULTS

In our calculations of the NMR line shapes, we used l
tice sizes from 25325 to 85385. The number of impurities
was up to 28, leading to impurity concentrations up
c51.55%. The concentration is calculated using

c5
N

2~L22W!2
, ~7!

whereN is the number of frustrated bonds,L is the lattice
length, andW is the width of the outer margin kept free o
impurities ~see Sec. II!, in units of lattice constants. In gen
eral, we found no size dependence in our results. Howe
in our discussion of the results we present them for all lat
sizes. In order to compare the results of our simulations
the experimental data, we need to calculate the influenc
the impurity concentration on the NMR line shape. Since
NMR resonance frequency is proportional to the local m
netic field, at least part of the dependence of the NMR l
shape on the hole concentration should result from chan
in the distribution of the local fields acting on the Cu nucl

The Cu nuclear spinI0 is coupled not only to the electro
spin of the same Cu atom but also to its four nearest ne
bors, through the Hamiltonian:27

H5AI0•S01B(
^0,k&

I0•Sk , ~8!

whereA is the component of the on-site hyperfine coupli
tensor parallel to the CuO2 plane andB is the transferred
hyperfine coupling, assumed to be isotropic.S0 denotes the
electron spin of the Cu ion andSk are the electron spins of it
nearest neighbors. The ratioA/B is estimated to be
0.8–1.12,28TakingA/B51, the effective field seen by the C
nuclear spin is proportional to

H int}S01 (
^0,k&

Sk ~9!

~our quantitative results are not sensitive to the value
A/B in the range mentioned above!.16

Before calculating the field distribution we perform
gauge transformation@Eq. ~2!# to return to an antiferromag
net with F impurities, which is the physical case to which w
compare our results. The fields at the spin sites in the o
margin left free of impurities~as mentioned in Sec. II! were
not included in the calculation of the field distribution,
prevent edge effects. In calculating the field values we u
Eq. ~9! with the proportionality constant equal to 1, whic
givesH int53 for all the sites in an undoped AF lattice~i.e.,
c50). In order to calculate the expected NMR line sha
we need to calculate the distribution of the magnitudes
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H int over the spin lattice. Building a histogram of the valu
of H int proved to be problematic, due to sensitivity to th
selection of bin size~especially when trying to compare la
tices of different sizes—for which we have different numbe
of values ofH int). Therefore we did not use the histogram
for quantitative evaluations. However, it is still helpful t
understand the histogram qualitatively, and a sample hi
gram, calculated for the lattice shown in Fig. 4~of 45345
spins with 14 F bonds,c50.0057) is shown in Fig. 5. In the
histogram we can distinguish several features: there is a l
peak aroundH int53. As noted above, this is the value o
tained for spins which are far away from all the impurities.
is also the maximum possible value. The height of this pe
decreases with increasing impurity concentration, while
width increases. Two additional, much smaller peaks can
seen aroundH int.2.15 andH int.2.65. Unlike the large peak
at H int53, their heights, as well as their widths, increa
with increasing impurity concentration.

These features can be explained by examining the va
of H int shown for each spin site in Fig. 4. We see that d
ferent field values are obtained in different locations relat
to the impurities: close to the impurities, where the relat
spin orientations are very different from those in the undop
antiferromagnet, the values ofH int are very different from 3.
These correspond to the small peaks observed in Fig
Since each impurity contributes several sites to these pe
their height increases with increasing impurity concentrati
The peak nearH int53 is obtained from the contributions o
sites which are farther away from the impurities: the fie
values approachH int53 rapidly as we get farther from a
impurity since in those regions the spin structure is nea
ferromagnetic. The widening of the peak with increasing i
purity concentration is related to this description: as we h
more impurities, we get less field values closer to 3 and m
which are farther from 3.

In order to get a more quantitative explanation of the
sults nearH int53, we calculate the expected field distrib
tion analytically. It is quite simple to find the field distribu
tion for a single impurity bond. Substituting Eq.~3! in Eq.

FIG. 5. A sample histogram of effective field values. The sp
configuration used is the one shown in Fig. 4. A margin of fi
spins was ignored in the calculation of the field histogram~see text!.
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56 665EXPLANATION OF NMR EXPERIMENTS ON DOPED . . .
~9! yields the following expression for the effective fie
magnitudeH int for each spin site:

H int~r !532
1

r 4
1OS 1r 6D , ~10!

wherer is the distance of the spin site from the center of
impurity bond ~there is no dependence on the angle up
order 1/r 4). We can see that the maximum value ofH int is 3,
and it decreases asr decreases. We are interested in t
resulting field distribution aroundH int53. If we define
H8532H int , we can then obtainP(H8), the distribution of
H8, from Eq. ~10! in the following way:

P~H8!dH85P~r !dr5P~r !U drdH8
UdH85

p

2
r 6dH8

5
p

2
~H8!23/2dH8, ~11!

so that the distribution ofH8 has a maximum atH850
(H int53) and it decreases as a power law~with exponent
23/2) at increasingH8 (H int smaller than 3!. This behavior
is confirmed by our numerical calculations16 with a single
impurity at the center of the lattice.

A similar calculation with more than one impurity is mo
complicated. We therefore estimate the peak position
width of the distribution by calculating the average field a
its standard deviation, respectively. We use Eqs.~5,9! and
assume there is no correlation between the dipole direct
in the ground state~we neglect the correlation caused by t
effective dipole interaction!. We then find, for a uniform dis-
tribution of the dipoles with concentrationc, that to first
order in c, the average field and its standard deviation
now given by16

^H int,i&532
3a

2
c,

sH5AS 9a1
9b

4 D c1O~c2!.CAc, ~12!

wherea}Skr ik
22 , b}Skr ik

24 . The proportionality constant
are of order unity. We can test this prediction by calculat
these quantities numerically for different impurity concent
tions ~averaging over 15 samples with the same lattice s
and number of frustrated bonds, but with different distrib
tions of the frustrated bonds!. We use only fields larger tha
2.9 in this calculation, since we want to avoid the sm
peaks discussed above which are not relevant to our calc
tion. The numerical results are given in Fig. 6. As can
seen, the agreement with our results is quite good for c
centrations up to aboutc50.008.

IV. COMPARISON WITH EXPERIMENTS

Since experimentally there is a nonzero width of t
NMR line at zero impurity concentration, in order to com
pare our results to the NMR experiments described in Se
we should take a convolution of the field distribution d
cussed in Sec. III with the NMR line shape at zero impur
concentration. This can be done as a direct convolution
e
o

d

ns

e

g
-
e
-

l
la-
e
n-

. I

a

histogram ofH int with the Lorentzian found experimentally
to describe the ‘‘pure’’ material NMR line shape, or equiva
lently from adding up Lorentzians centered around each l
cal field value, with the ‘‘pure’’ NMR linewidth. We used
the latter method since it avoids the problem, mentioned
Sec. III, of selecting the bin size for the histogram.

Using this method, we calculated the influence of the im
purities on the NMR line shape for different impurity con
centrations and for different lattice sizes. Fitting the resultin
line shapes~averaged over 15 samples with the same lattic
size and number of frustrated bonds, but with different di
tributions of the frustrated bonds! by Lorentzians~which
were also used for fitting the experimental curves!, we could
find the dependence of properties of the line shape—name
its peak position, its width and its intensity—on the impurity
concentration~and lattice size!. The line shapes were calcu-
lated withH int on the same scale as the histograms describ
in Sec. III, and the relative width of the Lorentzians wa
chosen to be the same as the experimental one: The value
the ‘‘pure’’ experimental Lorentzian peak position and width
at small oxygen concentration~YBa2Cu3O6.08) were found
to be 89.69 and 1.33 MHz, respectively.12 However, these
values do not seem to be representative of those presente
somewhat higher oxygen concentrations. As discussed
low, we use in our calculations a ‘‘pure’’ Lorentzian width
of 0.05 ~the maximum field isH int53).

In order to compare our calculations with the experimen
tal data, we have to relate the oxygen concentrationx mea-
sured experimentally to the impurity concentrationc used in
our model, believed to be equal to the concentration of hol
nh in the CuO2 planes. Its relation to the oxygen doping in
YBa2Cu3O61x and La22ySryCuO41x or to the Sr doping in
La22ySryCuO41x has been discussed in severa
experimental29–35 as well as theoretical36–39 papers. It is
quite widely accepted that in La22ySryCuO41x the hole
concentration in the CuO2 planes is equal to the level of Sr
or O doping.40 In YBa2Cu3O61x the situation is less clear:
most of the existing literature concentrates on the superco

FIG. 6. The calculated average effective field~closed symbols!
and its standard deviation~open symbols! as a function of the im-
purity concentration, for different lattice sizes, together with linea
~solid line! and quadratic~dashed line! fits, respectively, performed
for concentrationsc,0.008.
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666 56CHAY GOLDENBERG AND AMNON AHARONY
ducting regime, where the doping is higher than in the
regime in which we are interested, and the different estim
are not entirely in agreement with each other. Based on
available information, we assumed that in YBa2Cu3O61x
holes are introduced into the CuO2 planes above a certai
doping levelx0, and that the dependence of the hole conc
trationnh on x ~in the AF regime! is linear:

c5nh5H 0 x<x0 ,

x2x0
a

x.x0 ,
~13!

where the appropriate ranges for the parametersx0 anda are
x050.1520.2 anda55210 ~chosen based on the valu
suggested by different authors29–39!.

A further complication is that the holes may not be loc
ized on a single oxygen atom, so that they can affect m
than one bond. The localization length at smallx was actu-
ally estimated to be about two lattice constants.41 This will
probably renormalize the spin-spin exchange interaction18

but would not change our picture as long asl, the ratio
between the AF and F interactions, is large enough after
renormalization. We expect that at small impurity concen
tions, the effective concentration of frustrated bonds will s
have the behavior of Eq.~13!.

Figures 1 and 2 show, respectively, our numerical res
for the NMR Larmor frequency~corresponding to the pea
position in our calculations! and for the linewidth of the
central Larmor line (;90 MHz! together with the experi
mental results. The values of the peak position and w
were scaled appropriately to give frequencies which can
compared with the experimental NMR results. We ha
found that the experimental results are fit better by our
merical ones if we take the ‘‘pure’’ Lorentzian peak positi
and width at zero hole concentration to be 89.9 and 1.5 M
respectively, implyingsL50.05. These values also seem
be more representative of the low concentration range
those given by the authors forx50.08 ~89.69 and 1.33
MHz!. To map our numerical results onto Figs. 1 and 2,
usedx050.155,a57. These values are within the rang
given above. As can be seen in Figs. 1 and 2, the nume
results fit the experimental ones quite well.

Both the peak position and the linewidth seem to be
dependent of the lattice size, and to depend linearly on
impurity concentration. The linear dependence of the p
position after the convolution is consistent with our resu
from Sec. III. The field standard deviation found in Sec.
was proportional to the square root of the concentrat
However, to calculate the widthsconv after the convolution,
e
y

e

es
e

-

-
re

is
-
l

ts

h
e
e
-

z,

an

e

al

-
e
k
s

.

we should add the squares of the standard deviations o
original distribution,sH5CAc, and of the Lorentzian width
sL50.05: sconv5AsL

21sH
2 . If sH!sL ~as indeed seen

from the values ofsH in Fig. 6!, we can write

sconv5sLA11
sH
2

sL
2.sLS 11

C2c

2sL
2 D , ~14!

so that even thoughsH is proportional to the square root o
the impurity concentration, the linewidth is linear in it, a
seen in our numerical results~Fig. 2!.

In the experimental results, the NMR linewidth seems
deviate from its low concentration constant value atx as low
as 0.12~see Fig. 2!. This is lower than the typical oxygen
concentration at which most experimentally measured qu
tities in YBa2Cu3O61x start to differ from their low concen-
tration values. This experimental behavior is still consist
with our numerical results if we allowx0 to be equal to 0.12.
This would also be consistent with the dependence of
peak position on the oxygen concentration~Fig. 1!. We can-
not explain, however, the apparently observed minimum
the peak position found aroundx50.05.

V. CONCLUSIONS

We found that the dipole approximation for the spin ca
ing and effective impurity interaction is valid even at qui
small distances. The numerical procedure we describe is
ful for finding the ground state of systems with low impuri
concentrations.

The good agreement with the experimental results in
cates that the frustration model gives a good description
the spin structure in the~low doping! doped AF regime at
low temperature. The agreement with the experimental
sults can also be interpreted as affirming the relation we h
used between hole concentration and oxygen concentra
in YBa2Cu3O61x @Eq. ~13!#, as well as the fact that the rati
l between the F interaction on impurity bonds and the
interaction on the other bonds is indeed in the satura
regime~that is, significantly larger than 1!. We note that the
height of the small peaks in the internal field distributio
described in Sec. III increases with doping, and they may
observed experimentally in the AF regime at higher dopi
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