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Explanation of NMR experiments on doped cuprates using the frustration model
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The doping dependence of the Cu NMR line shapes measured inQ(B&®g., , is explained by a planar
antiferromagnetiXY model 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 obtdiB€d63-18207)06125-(

[. INTRODUCTION their measurements to calculate the average internal field at
the muon site as well as its rms deviation. Their results are

The important role of magnetism in the Cy®ased su- given only for a few levels of doping. It can be seen,
perconductors has been pointed out by several auttfdfsr ~ however, that the average field in the AF regime decreases
example, both La_,Sr,CuO,,, and YBaCu3Og,, ex-  Wwith increased doping, whereas the rms deviation increases.
hibit rich magnetic phase diagrams with high sensitivity toSimilar results for the average field in ba,Sr,CuO, have
doping which indicates the important role played by disordetbeen reported by Weidinget al®
in determining their physical propertié$. In the present paper we use the frustration mbtied

In the insulating antiferromagnetiAF) regime (small  reproduce the experimental dependence at low tempera-
X,Y¥), the doping gradually destroys the spin long-range ordetures by finding numerically the ground state of a two-
as seen, for example, by the decrease of thel Menperature  dimensional(2D) XY AF model with a small concentration
Ty with increased dopind-* One of the effects of doping is of quenched frustrated F bonds and using the results to cal-
the introduction of holes into the Cu(planes. At low dop- culate experimentally measured properties. The use of the
ing, the holes are localized on the oxygen ions in theseXY model is justified by the experimental observation that
planes’ The influence of these holes on the magnetic behavthe spins order in the CuQplanest® We ignore the spin
ior may be explained by the change in the sign—from AF tofluctuations, and take the low-temperature magnetic proper-
ferromagnetidF)—as well as the magnitude of the exchangeties of the system to be described by its ground state.
interaction between the Cu spins neighboring the hole. This The paper is organized as follows. In Sec. Il we describe
leads to frustration which causes a canting of the spins, thuthe model and the numerical procedure we have used. In Sec.
reducing the spin long-range ordefThis canting yields a 11l we describe the numerical results, in Sec. IV we compare
spin-mediated effective dipolar interaction between thethem to the experimental results described above, and in Sec.
holes, which may provide a pairing mechanism between th& we summarize our conclusions. Details of many numerical
charge carriers in the superconducting state and explain thghecks of various details in our numerical algorithm can be
dependence 6f . on x in the superconducting regimiedere  found in Ref. 16.
we concentrate on the insulating AF regime.

The magnetic structure of La,Sr,CuO,,x and
YBa,Cu;04. has been studied using various experimental
techniques including nuclear magnetic resonafit®R),%°
muon spin rotation £SR),!° and neutron scattering In 90.0 i
particular, information on the dependence of the local field I }
distribution onx can be obtained using NMRefs. 11,12 a0 L { { , { |
89.6

90.2 T

and 4 SR (Refs. 13,14 measurements. Mendeg$ al1? stud-

ied the AF state of YBgCu3Og., , for 0<x<<0.3 through Cu

zero field NMR at low temperaturgd.2 and 4.2 K. They

found that the line shapes could be described by a sum of

Lorentzians; the peak positions and widths of the NMR lines

start to change with increased oxygen doping above o Experimental Data { i

x=0.15; the dependence of the NMR Larmor frequency # Numerical Data

(peak positiopand the measured half linewidth at half maxi- 89.2 ‘ ‘ ‘

mum for the central Larmor line<90 MHz) on the oxygen 0o 01 02 03

dopingx is shown in Figs. 1 and 2, respectively. The peak

positions shift towards lower frequencies while the widths

increase with increased doping. Similar qualitative results FIG. 1. The experimentally measured dependence of the NMR

have also been reported by Matsumetaal Larmor frequency on the oxygen content in Y@3;Og,, to-
Kiefl et all* have also studied the same material usinggether with our numerical results. The experimental data points

muon spin rotation below 90 mK. They used the results ofwere taken from Ref. 12.
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2.0 ‘ dicular to the average magnetization, and their neighbors will
cant towards them in order to minimize the energy. Spins
o5 | { * 3 i farther away will also cant, but to smaller extents, as we
3 move away from the impurity(see Fig. 3 It can be
. shown®1"=2%ysing a continuum approximation for the spins,
_ 207 M PR | that far away from the AF bond the deviations of the spins
g . /-"I | from the direction of the average magnetization can be de-
<5 . . o ° scribed by the Laplace equation, whose appropriate solution
B) * is a dipolar dependence on the distance and on the orienta-
105 7 tion of the spin relative to the AF bond: if the average mag-
netization is along the/ axis, then the spin components
0.5 | o Experimental Data along thex direction are given by
% Numerical Data . ,
%0 o1 02 03 S=perirs, &

x wherey is the effective dipole moment, directed parallel to
the AF bond, and is the vector(in units of lattice constants

FIG. 2. The experimentally measured dependence of the meagonnectlng the spin to the “dipole,” which is located on the

1
sured half linewidth at half maximum for the central Larmor line center qf the AF bond: . .
(~90 MH2) on the oxygen content in YBEu;Oq.,, together Qualitatively, the effective dipole momeft| depends on

with our numerical results. The experimental data points were takept i the following way: forA<1, |u[=0. Forx>1, [u|

from Ref. 12. increases and saturates at large values.dthe dependence
of |u| on \ is discussed in more detail in Ref. #6As
Il. THE MODEL AND THE NUMERICAL PROCEDURE mentioned above, we have choser 20, which is in the

L , saturation regime. Our results concerning xhdependence
The Hamiltonian of the classical AKY model (2D clas- of the NMR line shapes do not depend significantly an

sical sping on a square lattice is given by even for values below the saturation regifsee Ref. 15
The dipole description introduces an additional symmetry
H=— 2 JiiS-S, (1) into the problem: in addition to the usual rotation symmetry
(i) of the vector spins, there is a discrete inversion symmetry for
where |S|=1. The nearest-neighbor exchange coefficient® tWo spins coupled by the AF bond, which are perpen-
J;; is AF,J; ;= —J, for most of the bondéwe takeJ=1 for dicular to the average magnetization: e.g., they can point

&£ither towards or opposite to each other. These two situations
correspond to two different signs for the dipole momgnt
that is, we have an antiferromagnet with some strong pissociated with the bond, which describes the deviations of
bonds. the spins in Eq(3). The relation betweep and the local

We find it more convenient to work with a ferromagnet spin configuration around the AF bond is shown in Fig. 3.

with some AF bonds. We therefore perform the following !f we have more th%ﬁ?g AF bond, further use of the
gauge transformation on the spins and their interactions: cOntiNUUM approximatior yields the following expres-
sion for an effective spin-mediated dipolar interaction be-

simplicity), whereas for some randomly chosen bonds w
take J; j=\J (in our case\ =20, see discussion belgw-

S=¢S, tween dipoles(located on the centers of the AF boinds
namely
3=—di, 2)
Y Y _ . 1 (M- i) (- 1ij)
wheree;=(—1)™"", m andn are Cartesian coordinates of Vis— Wi —2—— = |, 4

the spins(in units of lattice constantsn the plane. Y Y

Our aim is to find the ground state of such a system. Thisvhere; ,y; are two dipole moments ang; is the vector
problem is nontrivial, since the AF bonds introduce frustra-connecting them. This expression is expected to be correct
tion; for A\>1 they cause canting of the ferromagnetically for large enoughr;; .2 In our calculations we have used
coupled spins in their vicinity: when we have a single iso-semi-rigid boundary conditions—that is, the spins on the lat-

lated AF bond, the two spins coupled by it will align perpen-tice boundary are all kept fixed in the same direction, with a
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FIG. 3. The mapping between dipole orientations and local spin configurations.
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weaker F couplingl’ to the other spins, compared to the
usual F coupling in the latticéwe usedJ’'=J/2). These
boundary conditions, unlike the periodic ones used in some
previous papers>?*enable us to use the dipole approxima-
tion as derived in the case of an infinite system, without
having to consider additional contributions from periodically
repeated replicas of the system using Ewald-like sums, as
done by Saslow and ParkEtin order to use these boundary
conditions we have left an outer margin of the lattifiee
lattice constants widefree of impurities, to prevent edge
effects(see Ref. 15

We now divide the problem of finding the ground state of
the system into two stages: we first find the ground state of
the system of dipoles; for each dipole we identify the sign of
Y; by direct enumeration: we associate a dipole moment with
each AF bond. The AF bonds are chosen randomly on the
lattice by first selecting a random spin on the lattice and then
selecting one of its bonds at random. We do not allow adja-
cent AF bonds. The dipoles are parallel to the direction of FIG. 4. A 45x45 sample spin configuration with 14 impurities,
the AF bonds(see Fig. 3 and they all have the same mag- together with the values dfi’=3—H,, at each spin site, where
nitude. We then calculate the total interaction energy of theH;, is the effective magnetic field for NMR. The outer margin left
dipoles, by summing Eq4) over all dipoles, for each of the free of impurities is not shown.
2N~1 possible dipole configurations fo¢ dipoles(there are
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two possible signs for each dipole, and we need to consider )

only N—1 dipoles since changing the signs of all dipoles > 1S~ S, IN<e (6)
will not change the energyThe ground state is then the one '

with the lowest dipole interaction energy. is met(this is similar to the criterion used in Ref. 26n our

After finding this dipole ground state, we generate thecg|cylations, we used=10"".16 We take the resulting spin

appropriate spin configuration, using the dipole approximagonfiguration to be the spin ground state for the particular
tion for the deviations of the spins from the direction of yistripution of impurities.

average m.ag.netization.. The contributions from each dipole Ag 3 test of the validity of Eq(4) for more than one pair
to this deviation according to E¢3) are summed: of dipoles, we relaxedas described aboyeall the 2V~1
dipole states for several random configurations of AF
. ) bonds!® We found that if the distance between dipoles was
S :zk: Hic- Tk /i () kept greater than three lattice constants, the total dipole in-
teraction energy gives a very good approximation for the
total spin energy for all the dipole states and, in particular,
that the lowest energy spin state among those obtained by
elaxation from dipole states is found when starting the re-
dxation from the dipole ground state. For smaller distances
between the dipoles the dipole approximation for their effec-

wherer;, is the vector(in units of lattice constantsonnect-
ing the spini to the dipolek. The two spins coupled by the
AF bond are set perpendicular to the average magnetizatio
with signs according to the sign of the dipole in the ground

state(see Fig. N i . . .
W((a assugmeathat each dipole configuration is close to gve interaction[Eq. (4)] fails. Therefore, if we have dipole
airs with smaller distances, we modify the procedure in the

locally stable spin configuration and that the spin groun . ) . .
stateyis close tg the digole ground state generpateg as deo_llowmg way. We find the dipole ground state as described

scribed above. We therefore relax the system towards th bove. However, we do not perform the relaxation only for

spin ground state by iterating the local equations of motior;[ e dipole ground state, but aiso for all the dipole states

R derived from it by flipping dipoles belonging to dipole pairs
(see, for example, Refs. 2426 whose distance is smaller than four lattice constants. We
then identify the spin configuration with smallest spin energy

_ H!OC after relaxation as the global spin ground state. A sample
S_F!O_Cy spin configuration obtained using this method is shown in
Fig. 4.
This procedure seems to be more efficient compared to
Hloc— 2 J.S the method suggested by Gawiec and Grefidel treating
bodn T the same problem, since in order to find the ground-state spin

configuration it uses the dipole approximation for the effec-
(orienting each spin along its local figldThe spins are up- tive interaction of the impurities for finding a spin configu-
dated alternately on staggered sublatti¢es each half- ration close to it, instead of using random initial configura-
iteration we update only spins which are not nearest neightions and then random rotations of groups of spins. It is also
borg, so that there is no bias in the order of spin updatesprobably more likely to find the real ground state of the
This is repeated until the criterion system. However, it is limited to small concentrations of
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frustrated bonds—both because it relies on the dipole ap- . . ‘
proximation which holds only for large enough distances be- n
tween the impurities, and because we are using direct enu-
meration for finding the dipole ground state—which requires
a computation time which is exponential in the number of
impurities (this limitation may be removed by using faster
methods of solving the problem, which however do not guar- -
antee finding the exact dipole ground s}ate EfZO i

Ill. NUMERICAL RESULTS

In our calculations of the NMR line shapes, we used lat-
tice sizes from 2% 25 to 85<85. The number of impurities
was up to 28, leading to impurity concentrations up to 0L ‘ ]
c=1.55%. The concentration is calculated using 20 22 24 2.6 2.8 3.0

int

N

= 22w "

FIG. 5. A sample histogram of effective field values. The spin
configuration used is the one shown in Fig. 4. A margin of five

whereN is the number of frustrated bonds, s the lattice spins was ignored in the calculation of the field histogage text

length, andW is the width of the outer margin kept free of
impurities (see Sec. )| in units of lattice constants. In gen-
eral, we found no size dependence in our results. HoweveH;,, over the spin lattice. Building a histogram of the values
in our discussion of the results we present them for all latticexf H;,, proved to be problematic, due to sensitivity to the
sizes. In (-)rder to compare the results of our Slmulatlons t%e|ection of bin Sizéespecia"y when try|ng to compare lat-

the experimental data, we need to calculate the influence Gfces of different sizes—for which we have different numbers
the impurity concentration on the NMR line shape. Since thef yajues ofH,,). Therefore we did not use the histograms
NMR resonance frequency is proportional to the local magy,, qantitative evaluations. However, it is still helpful to

netic field, at least part of the dependence of the NMR lin€ , jestand the histogram qualitatively, and a sample histo-

shape on the hole concentration should result from chang - P
in the distribution of the local fields acting on the Cu nucle|.ﬁ?gﬁﬂﬂff%g%gﬁ (I)a(t)t(I)Cs(-:‘?)SiZO:;]nO\I/CnFi:]glg%f 455 Ir?ltshe

The Cu nuclear spily is coupled not only to the electron hist distinauish | feat - there is a |
spin of the same Cu atom but also to its four nearest neigh-'s ogram we can distinguish several fealures. there IS a jarge
bors, through the Hamiltoniat: pgak around_-hm: 3'. As noted above, this is thg valge ob-

tained for spins which are far away from all the impurities. It
is also the maximum possible value. The height of this peak
H=AI0-SO+BE lo- S (8) decreases with increasing impurity concentration, while its
(0k) width increases. Two additional, much smaller peaks can be
whereA is the component of the on-site hyperfine couplingseen arouné,=2.15 andH;,=2.65. Unlike the large peak
tensor parallel to the CuDplane andB is the transferred at Hi=3, their heights, as well as their widths, increase
hyperfine coupling, assumed to be isotroffig.denotes the With increasing impurity concentration.
electron spin of the Cu ion arf, are the electron spins ofits ~ These features can be explained by examining the values
nearest neighbors. The ratid/B is estimated to be Of Hiy shown for each spin site in Fig. 4. We see that dif-
0.8-128TakingA/B=1, the effective field seen by the Cu ferent field values are obtained in different locations relative
nuclear spin is proportional to to the impurities: close to the impurities, where the relative
spin orientations are very different from those in the undoped
antiferromagnet, the values bff,; are very different from 3.
HinSo+ 2 S (9 These correspond to the small peaks observed in Fig. 5.
(0k) . . : . :
Since each impurity contributes several sites to these peaks,
(our quantitative results are not sensitive to the value otheir height increases with increasing impurity concentration.
A/B in the range mentioned abové® The peak neaH;,;=3 is obtained from the contributions of

Before calculating the field distribution we perform a sites which are farther away from the impurities: the field
gauge transformatiofEg. (2)] to return to an antiferromag- values approachi;,;=3 rapidly as we get farther from an
net with F impurities, which is the physical case to which weimpurity since in those regions the spin structure is nearly
compare our results. The fields at the spin sites in the outderromagnetic. The widening of the peak with increasing im-
margin left free of impuritiegas mentioned in Sec.)llivere  purity concentration is related to this description: as we have
not included in the calculation of the field distribution, to more impurities, we get less field values closer to 3 and more
prevent edge effects. In calculating the field values we usedhich are farther from 3.

Eq. (9) with the proportionality constant equal to 1, which  In order to get a more quantitative explanation of the re-
givesH;,,=3 for all the sites in an undoped AF lattifee.,  sults neaH;,,=3, we calculate the expected field distribu-
c=0). In order to calculate the expected NMR line shapetion analytically. It is quite simple to find the field distribu-
we need to calculate the distribution of the magnitudes ofion for a single impurity bond. Substituting E() in Eq.
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(9) yields the following expression for the effective field 3.000 0.04
magnitudeH,,, for each spin site: © @ 25x25 lattice
<H>=3-1766c O m 45x45 lattice]
1 1 2.995 e A A 85x85 lattice]
Hint(r):3_r_4+o r_6)’ (10) {0.03
2.990 r
wherer is the distance of the spin site from the center of the o o T 7
impurity bond (there is no dependence on the angle up tc % 2.985 | 1002 2
order 1f%). We can see that the maximum valueHf, is 3, *
and it decreases as decreases. We are interested in the 2080 - ézﬂ/ *
resulting field distribution aroundH;;=3. If we define /Aﬁ*‘% ,0.044+3.9600-256.3" . 1001
H’=3—H;,, we can then obtaif(H"), the distribution of 0075 |
H’, from Eq.(10) in the following way:
dr T 2970 300 0.005 0.010 0015 0028
P(H ,)dH, = P(r)dr: P(r) W dH’ :EerH, Impurity Concentration
a
:E(H ") T3HY, (11 FIG. 6. The calculated average effective fiébtbsed symbols

and its standard deviatiofppen symbolsas a function of the im-

so that the distribution oH’ has a maximum aH’=0
(H;+=3) and it decreases as a power lawith exponent
—3/2) at increasindd’ (H;,, smaller than R This behavior
is confirmed by our numerical calculatidfiswith a single
impurity at the center of the lattice.

A similar calculation with more than one impurity is more
complicated. We therefore estimate the peak position an
width of the distribution by calculating the average field and
its standard deviation, respectively. We use Hgs9 and

purity concentration, for different lattice sizes, together with linear
(solid line) and quadrati¢dashed lingfits, respectively, performed
for concentrationg<0.008.

histogram ofH;; with the Lorentzian found experimentally
to describe the “pure” material NMR line shape, or equiva-
tently from adding up Lorentzians centered around each lo-
cal field value, with the “pure” NMR linewidth. We used
the latter method since it avoids the problem, mentioned in

assume there is no correlation between the dipole direction8ec. lll, of selecting the bin size for the histogram.

in the ground statéwe neglect the correlation caused by the
effective dipole interaction We then find, for a uniform dis-
tribution of the dipoles with concentratiog, that to first

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 resulting

order inc, the average field and its standard deviation ardine shapegaveraged over 15 samples with the same lattice

now given by®

3a
<Hint,i>=3_ 7Cv

9b
9a+ —

O'H:\/ 4

12

)c+0(cz):c\/6,

size and number of frustrated bonds, but with different dis-
tributions of the frustrated bongdy Lorentzians(which
were also used for fitting the experimental cupyege could

find the dependence of properties of the line shape—namely,
its peak position, its width and its intensity—on the impurity
concentrationand lattice size The line shapes were calcu-
lated withH;,; on the same scale as the histograms described
in Sec. lll, and the relative width of the Lorentzians was

whereax3, 1.2, bxS,r 4. The proportionality constants chosen to be the same as the experimental one: The values of

are of order unity. We can test this prediction by calculatingt® “Pure” experimental Lorentzian peak position and width
these quantities numerically for different impurity concentra-at Small oxygen concentraticYBa,Cu3Og,09 Were found

tions (averaging over 15 samples with the same lattice siz0 be 89.69 and 1.33 MHz, respectl\_/éfyHowever, these

and number of frustrated bonds, but with different distribu-values do not seem to be representative of those presented at
tions of the frustrated bongisWe use only fields larger than Somewhat higher oxygen concentrations. As discussed be-

2.9 in this calculation, since we want to avoid the small

low, we use in our calculations a “pure” Lorentzian width

peaks discussed above which are not relevant to our calcul®f 0-05 (the maximum field isH;,=3).

tion. The numerical results are given in Fig. 6. As can be

In order to compare our calculations with the experimen-

seen, the agreement with our results is quite good for coni@l data, we have to relate the oxygen concentrationea-

centrations up to abowt=0.008.

IV. COMPARISON WITH EXPERIMENTS

Since experimentally there is a nonzero width of the
NMR line at zero impurity concentration, in order to com-
pare our results to the NMR experiments described in Sec.
we should take a convolution of the field distribution dis-
cussed in Sec. lll with the NMR line shape at zero impurity

sured experimentally to the impurity concentratouased in

our model, believed to be equal to the concentration of holes
ny in the CuG; planes. Its relation to the oxygen doping in
YBa,Cu30¢. 4 and La,_,Sr,CuQ, or to the Sr doping in
La, Sr,CuQ,,, has been discussed in several
experimenta’ > as well as theoretici~3° papers. It is
duite widely accepted that in La,Sr,CuO,., the hole
concentration in the Cu@planes is equal to the level of Sr
or O doping® In YBa,CuzO4. , the situation is less clear:

concentration. This can be done as a direct convolution of aost of the existing literature concentrates on the supercon-
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ducting regime, where the doping is higher than in the AFwe should add the squares of the standard deviations of the
regime in which we are interested, and the different estimatesriginal distribution,o;=C+/c, and of the Lorentzian width
are not entirely in agreement with each other. Based on th9£:0_05: O com™ \/—2—2

. . . . ortogy. If oy<o, (as indeed seen
available information, we assumed that in Y®306:x  fom the values ofr,, in Fig. 6), we can write
holes are introduced into the Cy(lanes above a certain

doping levelxy, and that the dependence of the hole concen- ‘Tr24 C2c
tration n,, on x (in the AF regime is linear: Teonv=0,\/ 1t =0, 1+ —2) (14)
(Tc 20‘6
0 X=Xop, so that even thoughr, is proportional to the square root of
c=np=1{ X—Xg (13)  the impurity concentration, the linewidth is linear in it, as
o X>Xo, seen in our numerical resul¢sig. 2).

In the experimental results, the NMR linewidth seems to
where the appropriate ranges for the parameigenda are  deviate from its low concentration constant value ais low
Xp=0.15-0.2 andae=5—10 (chosen based on the values as 0.12(see Fig. 2 This is lower than the typical oxygen
suggested by different authé¢s™9. concentration at which most experimentally measured quan-

A further complication is that the holes may not be local-tities in YBa,Cu3O4. , start to differ from their low concen-
ized on a single oxygen atom, so that they can affect morgration values. This experimental behavior is still consistent
than one bond. The localization length at smalvas actu-  with our numerical results if we allow, to be equal to 0.12.
ally estimated to be about two lattice constéthis will  This would also be consistent with the dependence of the
probably renormalize the spin-spin exchange interactibns, peak position on the oxygen concentrati@ig. 1). We can-
but would not change our picture as long ®sthe ratio  not explain, however, the apparently observed minimum in
between the AF and F interactions, is large enough after thithe peak position found around=0.05.
renormalization. We expect that at small impurity concentra-
tions, the effective concentration of frustrated bonds will still V. CONCLUSIONS
have the behavior of Eq13). . L .

Figures 1 and 2 show, respectively, our numerical results We found that the dipole approximation for the spin cant-

for the NMR Larmor frequencycorresponding to the peak Ing and_ effective impurity ir]teraction is valid even at quite
position in our calculationsand for the linewidth of the small distances. The numerical procedure we describe is use-

central Larmor line 90 MH2) together with the experi- ful for finding the ground state of systems with low impurity

mental results. The values of the peak position and Widthconcentratlons.

were scaled appropriately to give frequencies which can be The good agreement with the experimental results indi-

compared with the experimental NMR results. We haVecates that the frustration model gives a good description of

found that the experimental results are fit better by our nu:[he spin structure in théow doping doped AF regime at

merical ones if we take the “pure” Lorentzian peak position low temperature. The agreement with the experimental re-

and width at zero hole concentration to be 89.9 and 1.5 MHzSUItS can also be interpreted as affirming the relation we have

respectively, implyingr,=0.05. These values also seem to !Js\e(%;)eévuv egn ho[lé C(()f:;:)?n;rsaclvoer;l thzhgxf};%??h;?tnhceep;%lon
be more representative of the low concentration range th 2-UgPex [ED- '

those given by the authors for=0.08 (89.69 and 1.33 between the F interaction on impurity bonds and the AF

MHz). To map our numerical results onto Figs. 1 and 2 Weinteraction on the other bonds is indeed in the saturation

usedx,=0.1552=7. These values are within the ranges regime(that is, significantly larger than)1We note that the

given above. As can be seen in Figs. 1 and 2, the numeric%eight of the small peaks in the internal field distribution
results fit thé experimental ones quité well ' escribed in Sec. lll increases with doping, and they may be

Both the peak position and the linewidth seem to be ir1_observed experimentally in the AF regime at higher doping.

dependent of the lattice size, and to depend linearly on the
impurity concentration. The linear dependence of the peak
position after the convolution is consistent with our results We acknowledge discussions with |. Ya. Korenblit, and
from Sec. lll. The field standard deviation found in Sec. Ill support from the Israel Science Foundation and from the
was proportional to the square root of the concentrationGerman-Israeli Foundation for Scientific Research and De-
However, to calculate the widthr,,,, after the convolution, velopment.
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