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We investigate the Néel temperature of Sr2CuO3 as a function of the site dilution at the CusS=1/2d sites
with Pd sS=0d, utilizing the muon spin relaxationsmSRd technique. The Néel temperature, which isTN

=5.4 K for the undoped system, becomes significantly reduced for less than one percent of doping Pd, giving
a support for the previous proposal for the good one-dimensionality. The Pd concentration dependence of the
Néel temperature is compared with a recent theoretical study[S. Eggert, I. Affleck, and M. D. P. Horton, Phys.
Rev. Lett. 89, 47 202(2002)] of weakly coupled one-dimensional antiferromagnetic chains ofS=1/2 spins,
and a quantitative agreement is found. The inhomogeneity of the ordered moment sizes is characterized by the
mSR time spectra. We propose a model that the ordered moment size recovers away from the dopantS=0 sites
with a recovery length ofj<150−200 sites. The origin of the finite recovery lengthj for the gaplessS
=1/2 antiferromagnetic chain is compared to the estimate based on the effective staggered magnetic field from
the neighboring chains.

DOI: 10.1103/PhysRevB.70.094402 PACS number(s): 76.75.1i, 75.25.1z, 75.10.Pq

I. INTRODUCTION

The discovery of high-Tc cuprates has prompted theoreti-
cal and experimental investigations of low-dimensional spin
systems with spin quantum numberS=1/2. There were a
series of neutron diffraction studies reported in the high-Tc
cuprate La2−xSrxCuO4, in which the dynamical spin correla-
tion was measured.1,2 It was found that the inverse correla-
tion lengthj−1sx,Td may be divided into the two terms: the
temperature independent termj−1sx,0d<x which is purely
determined by the doping concentration, and the doping in-
dependent termj−1s0,Td which follows the universal tem-
perature dependence. In samples with Néel ordering, the cor-
relation length divergesj−1→0 at TN, exhibiting long-range
magnetic order. Recently, the effect of static site dilution was
also investigated in La2fCu1−xsMg,ZndxgO4 where Mg and/or
Zn ions substitute Cu ions as nonmagnetic impurities.3 The
Néel temperature was found to disappear at the classical per-
colation thresholdxc=0.407, but the site-dilution dependence
of TN does not follow the mean-field calculation. The reduc-
tion of TN, spin-stiffnessrs, and the equal-time correlation
lengthjsx,Td were compared with the microscopic quantum
mechanical calculations of theS=1/2 Heisenberg model on
a square lattice.3

The localized holes in the lightly doped La2−xSrxCuO4 and
the impurities in the site dilution in La2fCu1−xsMg,ZndxgO4

break the translational symmetry. The ordered moment size
of these systems should not be homogeneous in space. How-
ever, the signature of the spatial inhomogeneity of the or-
dered moment sizes in cuprates is difficult to detect in the
momentum space by neutron diffraction measurement, be-
cause the doped sites are randomly distributed, the spin
quantum numberS is small, and the dimensionality is low.
Consequently, the length scale relevant to the moment size
distribution in the impurity doped cuprates has not been re-
solved.

Site dilution in the quasi-one-dimensional spin systems
exhibits more important features of the quantum spin sys-
tems. One peculiar effect of site dilutions in one-dimensional
spin systems is the creation of a Néel order out of the singlet
ground state, as discovered in the impurity doped spin-
Peierls material CuGeO3

4,5 and the two-leg spin ladder ma-
terial SrCu2O3.

6 These discoveries have promoted the idea
that the Néel state appears as a competing phase to the origi-
nal spin-gapped singlet state of either spin-Peierls or the
spin-ladder. As a result of competition, theories propose a
length scale which determines the spatial variation of the
ordered moment sizes.7,8 In doped spin Peierls compounds,
the spin decay lengthj in the Néel ordered state is deter-
mined by the ratio between the spin-gap magnitudeD and
the intrachain antiferromagnetic couplingJ, such asj /a
=J/D, wherea is the lattice constant of the spins along the
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chain.7 The origin of the decay length suggests that the spa-
tial inhomogeneity of the ordered moment size is a feature of
the spin-gap, and may not appear in the regular quasi-one-
dimensional antiferromagnets with Néel order, which are
gaplesssD=0d and the correlation length diverges.

Recently, a series of measurements of Cu benzoate, a
compound withS=1/2 one-dimensional chains, have identi-
fied the existence of an energy gap induced by the external
magnetic field.9,10 The origin of the energy gap has been
interpreted as the effect of the staggered magnetic field in-
duced on the Cu sites by the combination of the anisotropic
g-tensor and the external field.11 This observation points out
that the S=1/2 spin chain, which has gapless excitations
above the singlet ground state if isolated, may acquire a spin-
gap under a certain type of perturbation. In quasi-one-
dimensional antiferromagnets, the most common perturba-
tion to an isolated chain is the existence of interchain
interactionsJ8. In the mean-field approximation, the inter-
chain interaction induces an effective staggered magnetic
field B<zJ8kszl, where kszl and z are the magnetic order
parameter and the number of the nearest neighboring chains,
respectively. The interchain interaction causes the Néel
order12 which is gapless because of the translational symme-
try of the system. With the impurity doping to theS=1/2
spin-chain, the translational symmetry is broken and the hid-
den features of the effective staggered fields from the inter-
chain interaction may appear in the form of the recovery
lengthj of the ordered moment size. However, this problem
is still an open question.

The effect of site dilution to the long-range Néel order has
been investigated in a few quasi-one-dimensional antiferro-
magnets, such as, CssNi1−xMgxdCl3 which is a S=1
material13 and sCH3d4NsMn1−xCdxdCl3 [Cd-doped tetra-
methylammonium manganese trichloride(TMMC)] which is
a S=5/2 material.14,15 The Néel temperature monotonously
decreases as a function of the nonmagnetic impurity concen-
tration x, and the result was compared with the theoretical
estimate based on the spin-wave expansion and the mean-
field approximation.14,16 A reasonable agreement was pro-
posed in the examples above. For theS=1/2 antiferromag-
netic spin chain, spin-wave expansion may not be a good
approximation because of the large quantum fluctuations; as
shown in Fig. 4 of Ref. 17, Sr2CuO3 and Ca2CuO3 resides in
the regime of the small interchain interactionssJ8 /J!1d
where the spin-wave expansion diverges. Recently, as a
theory of dilution in theS=1/2 case, Eggertet al. calculated
the Néel temperature of doped quasi-one-dimensional
antiferromagnet.18 The predictedTN exhibits a simple reduc-
tion as a function of the doping concentration. Eventhough
the ground state of an isolatedS=1/2 chain is a singlet, there
was no enhancement of the Néel temperature upon impurity
doping, in contrast with the gappedS=1/2 systems, such as
the spin-Peierls systems and the spin-ladders, where doping
creates magnetic order.

In order to experimentally investigate the theoretical pre-
dictions aboutTN, and the uniformity of the ordered moment
sizes in the depleted spin-chains, we have performed an in-
vestigation of Pd-doped Sr2CuO3. The cuprate Sr2CuO3 has
received attention as a model material of theS=1/2 quasi-

one-dimensional antiferromagnet; its low Néel temperature
sTN=5.4 Kd17 and the large in-chain interactions2J<2200
−2600 Kd19–21suggests its good one-dimensionality. The or-
dered moment size<0.06mB has been obtained by neutron
diffraction andmSR measurements.17 This value is strongly
reduced from the full moment sizes=1mBd expected for the
S=1/2 spins. The suppressed ordered moment size of
Sr2CuO3 follows the prediction based on the “chain mean-
field” theory,12 which employs the rigorous results of the
isolated chains and includes the weak interchain interaction
J8 as the mean-field. As the nonmagnetic impurity at the Cu
site, Zn or Mg substitutions are the first choice, as has been
already performed in the two-dimensional cuprates.3 How-
ever in Sr2CuO3, Zn or Mg ions does not go into the Cu site.
We have employed Pd ion instead; Sr2CuO3 has an isostruc-
tural compound Sr2PdO3, in which the Pd2+ ions are in the
low-spin sS=0d state.22 This compound has enabled us to
investigate the nonmagnetic impurity doping to theS=1/2
antiferromagnetic spin-chain.

The structure of this paper is as follows. In Sec. II,
we present the magnetic susceptibility data and the
result of muon spin relaxationsmSRd measurement of
Sr2sCu1−xPdxdO3. The Néel temperature was estimated from
the temperature dependence of the muon relaxation rate. In
Sec. III, we calculate the magnetic field distribution expected
for the depleted spin-chains with Néel order. We assume a
zero-moment at the impurity site and a recovery lengthj to
describe the recovery of the ordered moment size into the
bulk chain. The calculated field distribution is Fourier trans-
formed to obtain themSR spectrum, and employed in the
analysis of the nominally pure as well as the doped samples.
Conclusions are presented in Sec. IV.

II. EXPERIMENTAL RESULTS

We grew single crystals of Sr2sCu1−xPdxdO3, employing
the traveling-solvent floating-zone technique, with CuO as
the solvent. Stoichiometric ratio of SrCO3, CuO, and PdO
powders are prepared, mixed in a mortar for an hour, and
prefired in air at 900°C in an Al2O3 crucible. The powder
sample is again mixed and fired in air at 950°C, before
formed into a pressed rod using a rubber tube and a water
static press. The polycrystalline rod is fired on a Pt plate at
1050°C. It is important to harden the rod by firing at the
highest temperature possible for a stable growth of single
crystal in the floating-zone furnace. We employed a gold-
mirror bifocus furnace made by NEC(Japan).

The magnetic susceptibility of Sr2sCu1−xPdxdO3 crystal is
shown in Fig. 1(a), with the magnetic field applied parallel to
the longest crystallographic axis. An increase of the Curie-
Weiss component was observed as the Pd concentration in-
creases. We assume the conventional form for the magnetic
susceptibility

xsTd =
C

T + QW
+ x0, s1d

whereC is the Curie term,QW is the Weiss temperature, and
x0 describes the temperature independent susceptibility as a

K. M. KOJIMA et al. PHYSICAL REVIEW B 70, 094402(2004)

094402-2



sum of Van Vleck paramagnetism and core diamagnetism.
The parameters to describe susceptibility are shown in

Table I. The Curie term is shown as the concentrationxCurie
of the impurity moments which are assumed to be 1mB. The
calculated concentrations of impurity moments are abouthalf
of the doped Pd concentration, as shown in Fig. 1(b). This Pd
concentration dependence of the Curie term may reflect the
even-odd effect: One Pd ion creates one chain fragment. As-
suming that the intrachain interactionJ is much larger than
the interaction between the chain fragments, the total spin
quantum number of the chain fragment is well defined; it
takes eitherS=0 orS=1/2 value, depending on the length of
the fragment being an even or odd number of spin sites,
respectively.18 The observed Pd concentration dependence of
the Curie term is consistent with the idea that it originates
from the total spin of the created chain fragments. The Weiss
temperatureQW exhibits a nonmonotonic dependence on the
Pd concentration. The origin of this dependence is unknown,
however, its temperature scale is at mostQW,2 K, which is
significantly smaller than the intrachain interaction 2J
<2200−2600 K. This suggests that the interaction between
the chain fragments are negligible compared to the intrachain

interaction, satisfying the condition assumed in the quantum
mechanical theory.18

It is known that the Néel order of Sr2CuO3 is not detect-
able by magnetic susceptibility.21 This is probably because of
the very small ordered moment size<0.06mB. This feature
of the material requires employing the muon spin relaxation
smSRd technique, which has the highest sensitivity among
other experimental techniques to detect the magnetic order
with small and/or dilute magnetic moments. We performed
zero-field muon spin relaxation measurement on
Sr2sCu1−xPdxdO3 crystals at M15 beam line of TRIUMF
(Vancouver, Canada). Muons with 100% spin polarization
were injected into the single crystalline sample with the ini-
tial polarization parallel to the longest crystallographic axis.
This geometry is the same as the one employed in the pre-
vious mSR measurement of nominally pure Sr2CuO3.

17 The
time evolution of muon spin polarization in zero-field is
shown in Fig. 2(a).

In undoped Sr2CuO3, muon spin precession was observed
as a consequence of Néel ordering.17 This indicates that the
ordered moment size is relatively homogeneous in space, and
the local field at the muon sites is well defined. Upon Pd
doping, the muon spin precession disappears and the time
evolution of muon spin is dominated by the relaxation which
has an approximately exponential behavior as a function of
the time. Such an exponential relaxation signal in zero-field
originates either from the 1/T1 relaxation caused by spin
fluctuations, or alternatively from static fields of spatially
distributed magnetic moments. The dynamic and static situ-
ations for the muon spin relaxation may be distinguished by
the “decoupling” measurements under longitudinal fields ap-
plied parallel to the initial muon spin polarization.23 The re-
sults are shown in Fig. 2(b) for the x=1.0% specimen, to-
gether with the analysis using the static relaxation in
Lorentzian field distribution.24 It is clear that the relaxation is
caused by the static field distribution, as is evident from the
time-independent behavior in the long terms.24 This leads to
the conclusion that the muon spin relaxation is caused by a
magnetic order.

We analyze the zero-field muon spin relaxationPmstd in
the doped samples utilizing the phenomenological function

Pmstd = expF−
1

2
sDndtd2Gexps− lmagtd s2d

as shown by the solid lines in Fig. 2(a). In the analysis, the
Gaussian relaxation was assumed to describe the static

TABLE I. Parameters of susceptibility andmSR.

Pd x s%d xCurie s%d QW sKd x0 semu/mold l /j

0 0.04(1) 1.7 −1.8310−5 7.2a

0.2 0.14(1) 0.8 −1.1310−5 (2.1)b

0.5 0.28(1) 0.03 −1.2310−5 (1.0)

1.0 0.37(5) 0.33 −1.3310−5 (0.78)

3.0 0.74(6) 2.1 −1.2310−5 (0.39)

aObtained from an analysis ofmSR spectrum(see Sec. III).
bNumbers in parenthesis are estimates from the Curie the Curie
term.

FIG. 1. (a) Magnetic susceptibility of single crystalline
Sr2sCu1−xPdxdO3, with the magnetic field applied parallel to the
longest crystallographic axis.(b) Pd concentration dependence of
the Curie term. We note that the substitution with one Pd ion creates
half an impurity moment which is assumed to be 1mB.
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nuclear dipolar-fields, and was set toDnd=0.12ms−1 inde-
pendent to the temperature and the sample. The exponential
relaxation ratelmag, which parametrizes the muon spin re-
laxation caused by the(atomic) magnetism, are plotted in
Fig. 3 as a function of temperature. The Néel temperature
was defined as the temperature at which the exponential re-
laxation rate starts to increase; the estimated Néel tempera-
tures are shown in the figure.

III. DISCUSSION

The absence of muon spin precession in Pd doped
samples indicates the fragility of the spatially homogeneous
ordered moment sizes in Sr2CuO3. With only less than one
percent doping of Pd, the coherent precession of muon spin
disappears, indicating that the ordered moment sizes have a
broad spatial distribution under site dilution. The distribution
of the moment sizes may be broader than in Zn- or
Mg-doped CuGeO3, where muon spin precession was ob-
served in the Néel state together with the exponential
relaxation.25 In the doped spin-Peierls compound, the distri-
bution of the local field was consistent with the model that
maximum moment size is induced near the doped center, and

the moment size reduces exponentially with the coherence
length <10 spin sites.25 In Sr2sCu1−xPdxdO3 where the Cu
moments are depleted by Pd impurities, the maximum mo-
ment should be located in the middle of the chain fragments
as shown in Fig. 4. Because of the long coherence length
expected for the gaplessS=1/2 spin chain, the effect of the
nonmagnetic impurity may be extended in a large area; the
maximum moment size of one chain-fragment might
strongly depend on the chain length, and may not have a
well-defined value in the doped system.

In Ref. 17, themSR signal of the nominally undoped
Sr2CuO3 was analyzed by assuming two muon sites each of
which consists of one precession signal and one exponen-
tially decaying signal. The latter was interpreted as 1/T1 re-
laxation of the local field component parallel to the initial
muon spin orientation. The exponentially decaying terms de-
scribe the background relaxation which exhibits a fast front-
end before<1 ms as shown by the dashed line in Fig. 2(a).
The corresponding relaxation rate for the front-end
s<5 ms−1d, however, is too large for the residual dynamics in
the Néel ordered state. In this section, we calculate muon
spin relaxation for the inhomogeneous Néel order with the
existence of spin vacancies, from which the ordered moment
size recovers exponentially with the recovery lengthj as
shown in Fig. 4. The vacancies are the doped Pd ions or the
impurities remaining in the nominally pure sample which
manifest themselves as the Curie term in the magnetic sus-

FIG. 3. Temperature dependence of the exponential relaxation
ratelmag for Sr2sCu1−xPdxdO3. The Néel temperatures are estimated
from the temperature points where the relaxation rate start to rise.

FIG. 4. Spatial evolution of the magnetic moment size assumed
on a chain fragments. The small circles are the doped Pd sites,
which were assumed to behave as anS=0 impurity.

FIG. 2. (a) Zero-field muon spin relaxation in Sr2sCu1−xPdxdO3.
The solid lines for the doped samples are the fits using Eq.(2). On
the spectrum of the sample withx=0, the solid line is a plot of Eq.
(1) in Ref. 17. The dashed line is the sum of two exponential func-
tions to describe the background relaxation.(b) Muon spin relax-
ation in longitudinal fieldfH i Pmstdg for the x=1.0% sample. The
solid lines are the Lorentzian functions in the longitudinal fields as
described in Ref. 24.
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ceptibility (Fig. 1). For the nominally pure Sr2CuO3, the Cu-
rie term corresponds to the impurity spin concentration
xCurie<0.04% which corresponds to the average chain length
of kL0l<1/2xCurie<1000 sites.

With the model shown in Fig. 4, the moment sizeSszd
behaves as a function of the distancez from the end for a
chain fragment with lengthL0.

Sszd = s0H1 −
coshfsz− 1

2L0d/jg
coshs 1

2L0/jd J , s3d

wheres0 is the moment size at infinityss0<0.06mBd andj is
the moment-size recovery length. By assuming that the muon
local field H is proportional to the nearest moment size
[Hszd~Sszd: local moment density approximation], the dis-
tribution functionrsH ;L0d of the local fields be obtained by
the density of the states for the fieldH along the chain frag-
mentL0

rsH;L0d =
dz

dHszd
. s4d

In the doped material, the impurity site should be located
randomly. The experimentally observed field distribution
function rsHd in this situation is the average ofrsH ;L0d for
the Poisson distribution of the chain lengthL0. The same
procedure was taken for the model relaxation employed in
the analysis of themSR spectra of doped CuGeO3
antiferromagnetism.25

The model muon relaxation function and the correspond-
ing local field distribution function for the inhomogeneous
ordered moment size(Fig. 4) are shown in Fig. 5. The be-
havior of the distribution functionrsHd is characterized by
the ratio between the average chain-lengthl=kL0l and the
moment-size recovery lengthj. In comparison to the model
for doped CuGeO3 [Fig. 4(b) of Ref. 25], the local field
distribution [Fig. 5(b)] has the same shape but the field axis
is reversed betweenH=0 and H0. This is because in the
doped CuGeO3, impurities create magnetic moments,
whereas in Sr2CuO3 moments are depleted from the chain,

and the role of the zero-fieldH=0 and the maximum field
H=H0 are reversed between the two cases. As shown in Fig.
5(a), when the ratiol /j@1, there is a coherent precession of
muon spins because the moment size is relatively homoge-
neous and the local field distribution exhibits an isolated
peak atH=H0. As the ratio approaches unity, the precession
amplitude is diminished and atl /j=1, only a weak bump
remains at the position of the first precession peak. Below
l /j=0.5, there is no visible oscillation and the relaxation is
mostly exponential with time. Compared to the model for
doped CuGeO3 [Fig. 4(b) of Ref. 25] with the same level of
background relaxation, the amplitude of the precession sig-
nal component is much smaller in this model for depleted
chains. The reason for the difference stems from the maxi-
mum moment size of the chain fragments: In the model of
doped CuGeO3, it was assumed that the ends of all chains
have the same induced moment sizes0. In this model for
depleted chains, the maximum moment size appears at the
center of the chain fragments, and depends on their length.
This smears the muon spin precession.

If we represent the relaxation function shown in Fig. 5(a)
with a symbolP'st ;H0,l /jd, the muon relaxation function
for one muon site becomes

Pmstd = A'P'st;H0,l/jd + Ai expst/T1d, s5d

whereA'sAid is the amplitude of the local field component
which is perpendicular(parallel) to the initial muon spin po-
larization, andT1 is the spin-lattice relaxation time for the
parallel component. As can be seen from the existence of two
precession frequencies[Fig. 2(a)], there are two muon sites
in Sr2CuO3 which, most likely, correspond to the muons at-
tached to the in-chain and out-of-chain oxygen sites(see the
Appendix). We introduced the local fieldsH0

A andH0
B for the

each site, and obtained the following phenomenological
function for the muon spin relaxation:

Pmstd = A'
A P'st;H0

A,l/jd + A'
B P'st;H0

B,l/jd

+ Ai
A+B expst/T1d, s6d

whereA'
A , A'

B , andAi
A+B are the amplitudes of each compo-

nents. Here, the two 1/T1 signal components are combined
in one relaxation amplitudesAi

A+Bd, since the background re-
laxation rate is too small for the contributions from the two
sites to be distinguished. For the nominally pure sample, the
precession signals can be analyzed with Eq.(6). The solid
line in Fig. 6(a) is the result of the fit and the dot-dashed line
is the contribution from the 1/T1 relaxation term. It is noted
that there are no extrinsic parameters introduced to describe
the damping of the oscillation amplitude nor the early front-
end relaxation. However, Eq.(6) based on the inhomoge-
neous moment size distribution(Fig. 4) describes the overall
feature of the muon spin relaxation fairly well. The ratio
between the average chain-lengthl and the recovery length
j yields l /j<7.2 from the analysis. The fast front-end re-
laxation at t,1 ms is also described by the perpendicular
terms(A'

A andA'
B ). In this analysis, the 1/T1 relaxation rate

of the parallel component(dot-dashed line) is not as large as
the one obtained in the previous analysis of Ref. 17.

FIG. 5. (a) The muon relaxation function and(b) local-field
distribution for the inhomogeneously Néel ordered spin-chain with
its ordered moment size having the spatial distribution of Fig. 4.
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The magnitude of the Curie term in the susceptibility for
the nominally pure Sr2CuO3 (Table I) suggests the average
chain length for this nominally pure sample isl<1000 lat-
tices. This and the ratiol /j=7.2 obtained from the fitting
analysis suggests that the recovery length of the moment size
is j<150 lattices, which is at least one order of magnitude
longer than in the Néel state of doped CuGeO3 in which j
<10 lattice units.25 The absence of a nominal spin-gap in the
S=1/2 antiferromagnetic chain is most likely the cause for
the recovery length being longer than in the doped spin-
Peierls compound CuGeO3. The temperature dependence of
the recovery lengthsjd and the magnetic order parameter
(kszl~ precession frequency) are plotted in Fig. 6(b). The
temperature dependence ofj is weak and possibly exhibiting
a slight increase at higher temperatures.

Based on the magnitude of the Curie terms, one can esti-
mate the ratiol /j for the Pd-doped compounds, which are
summarized in Table I in parenthesis. The model relaxation
functions Eq.(6) for l /j=1 and 0.4 are shown as the dashed
lines in Fig. 6(a). These two parameter values corresponds to
the Pd 0.5 and 3% doped samples, respectively. Since the
mSR spectra of the doped systems do not exhibit the spectral
features such as precession which were present in thex=0
sample, it is not possible to experimentally determine the
parameters in Eq.(6). To generate the dashed lines in Fig.
6(a), we assumed the same amplitudes(A'

A , A'
B , andAi

A+B),
local fields(H0

A and H0
B), and 1/T1 relaxation rate as deter-

mined in thex=0 sample, and varied thel /j parameter. This
may be a good approximation in low doping in which the
orientation of the local fields are approximately the same as
in the nominally pure case. The calculated relaxation func-
tions Eq.(6) agree well with the behavior of the experimen-
tally obtainedmSR spectra of Sr2sCu1−xPdxdO3 as shown in
Fig. 6(a). Even though themSR spectra in the Pd-doped
samples do not show precession, this might be the feature of
the static Néel order with spatial distribution of moment-
sizes. The decoupling measurement[Fig. 2(b)] confirms that
the relaxation is static, which is a support to the idea that it
originates from Néel order. Because of the long recovery
length j, the small amount of impurity ions disturbs the
ordered-moment size in a large area, so that the spin preces-
sion of the local magnetic probe becomes invisible.

In themSR time spectrum of thex=0.5% sample, there is
a hump in the measured polarization at<1 ms [Fig. 6(a)], at
the position of the first precession peak for the nominally
pure compound. From this result, it is suggested that the
maximum moment sizes0 does not change in the sample
with 0.5% Pd doping. For thex=1.0 and 3.0% samples, such
a hump disappears, indicating that the parameter enters to the
l /j&1 regime as the doping level increases. The estimate of
the l /j value (Table I) confirms this conclusion.

In Fig. 7, the Néel temperature of Sr2sCu1−xPdxdO3 and
the theoretical curves are plotted. We estimate the actual con-
centration of Pd to be twice the concentration of impurity
spins xCurie which manifest themselves as the Curie term
(Fig. 1 and Table I). The quantum mechanical calculation18

proposes that the impurity concentration should be scaled by
J/J8 rather than byÎJ/J8 which is proposed in the spin-wave
expansion.13 We adopted theJ8 /J scaling to the horizontal
axis of Fig. 7 which yields the solid line from the quantum
mechanical calculation.18 The result from the spin-wave
expansion14 has an adjustable parameterJ8 /J remaining in
order to describe its behavior in Fig. 7, and is plotted as the

FIG. 6. (a) Muon spin relaxation in Sr2CuO3 analyzed with the
relaxation function Eq.(6) (solid line). The dot-dashed line is the
contribution from the parallel-field termsAi

A+Bd of Eq. (6). Dashed
lines are Eq.(6) with varying thel /j ratio, while other parameters
are assumed to be the same with thex=0 sample.(b) Temperature
dependence of the recovery lengthj and the magnetic order param-
eter as derived from the analysis. The dashed and the dot-dashed
lines are the theoretical temperature dependence ofj calculated
from the experimental order parameter(see Sec. III).

FIG. 7. Néel temperature of diluted systems as a function of
scaled impurity concentration. The solid line is based on the quan-
tum mechanical calculation, and is taken from Eggertet al. (Ref.
18). The dashed lines are based on the spin-wave expansion and the
mean-field approximation14 for the J8 /J values presented in the
figure.
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dashed lines. For Sr2CuO3, the interchain interactionJ8 has
not been obtained with a spectroscopic method such as neu-
tron diffraction. However the ratioTN/J=4310−3 has been
estimated17 and the quantum mechanical theory proposes
TN/J8<2.6 in the long chain-length limit.18 From these, one
can obtain the ratio between the inter- and intra-chain cou-
plingsJ8 /J<1.6310−3. This value was employed to plot the
measured points in Fig. 7. The agreement between the quan-
tum mechanical calculation(solid line) and the measurement
(closed circles) is reasonably good, suggesting that the
theory correctly estimates the energy scale of the magnetic
order.

By adjusting the interchain interactionJ8, spin-wave ex-
pansion can also describe the reduction of the Néel tempera-
ture upon impurity doping. For Sr2sCu1−xPdxdO3, the ad-
justed interchain interaction yieldsJ8 /J,0.05 as shown by
the short dashed line in Fig. 7. However, with the spin-wave
expansion, the Néel temperature of the unperturbed system
should follow TNs0d<ÎJ8J,500 K which is two orders of
magnitude larger than the experimental observationfTNs0d
=5.4 Kg. If one employsJ8 /J<1.6310−3 which is the ex-
perimental estimate in this study, the spin-wave expansion
proposes a much smaller reduction ofTN as a function of the
impurity concentration(long dashed line in Fig. 7). The com-
parison between the two theories with the observedTNsxd
clearly demonstrates that the quantum mechanical
calculation18 is the valid one in the regime of the small in-
terchain interactionsJ8 /J!1d as realized in Sr2CuO3. The
reason why spin-wave expansion was valid in
CssNi1−xMgxdCl3 and Cd-doped TMMC might stem from the
relatively large interaction ratio(J8 /J,0.02−0.03 for
CsNiCl3)13,26and the large spin quantum number(S=5/2 for
TMMC).

Within the same framework of quantum mechanical
theory, the spatial distribution of the ordered moment size
has been recently calculated.27 The assumption made is that
the S=1/2 antiferromagnetic chain acquires the staggered
moment sizekszl in a consistent way from the effective stag-
gered magnetic fieldB originating from the neighboring or-
dered chains. The intrachain interactionJ propagates the ef-
fect of the chain-end, reducing the ordered moment size at its
vicinity. The interchain interactionJ8 recovers the ordered
moment size by inducing the staggered magnetic field from
the neighboring chains. The competition between these two
interactions on the chain fragments causes the spatial distri-
bution of ordered moment sizes as shown in Fig. 4. A scaling
argument proposes that the recovery lengthj is given byj
~B−2/3, whereB is the effective staggered field.27,28 In the
mean-field approximation, the staggered field can be written
asB=zJ8kszl, whereJ8 is the interchain interaction,z is the
number of neighboring chains, andkszl is the magnetic order
parameter. Combining these two relations, the recovery
length in the mean-field approximation is given byjMF
~ kszl−2/3. Instead of the mean-field approximation, a scaling
relation proposes the relationkszl~B1/3 between the mag-
netic order parameter and the staggered field.27 With this and
the scaling relation betweenj andB, one can obtain a scaling
prediction for the recovery length:jSC~ kszl−2. In either case,
the temperature dependence of the recovery length is set by

that of the order parameterkszl but with a different exponent.
The temperature dependence of the recovery length in the

mean-field approximationsjMFd and the scaling resultsjSCd
are shown in Fig. 6(b), based on the experimentally obtained
magnetic order parameter. Since we do not know the overall
scale factor of the recovery length, we employed the experi-
mental value obtained at low temperature. Because of the
large experimental error injsTd, it is difficult to choose
which theory is correct. However, it has been shown that the
critical exponent of the order parameter as a function of tem-
perature(b<0.2)17 indicates that the system is in the scaling
regime rather than in the three-dimensional mean-field re-
gime in whichb<0.5. This suggests that the scaling predic-
tion jSC might be a more appropriate model. In either case,
our measurements suggest that the finite recovery length of
the ordered moment sizes is determined by the effective stag-
gered magnetic fieldB originating from the neighboring
chains. The overall scale factorjsT→0d<150 lattice units
in the low temperature limit is yet to be calculated theoreti-
cally for the parameters of Sr2CuO3.

In the theoretical calculation of chain fragments with the
lengths longer than the recovery lengthsL0/j*1d, the self-
consistent moment size exhibits a two peak structure in the
distribution function(Fig. 1 of Ref. 27). One peak is located
almost at zero-moment size and the other appears at a
slightly larger size than that for the unperturbed chain. The
former and latter peaks originate from the chain fragments
with even and odd number of spins, respectively.27 We have
found that the Fourier transformation of the moment size
distribution function in Ref. 27 exhibits clear precession, as a
result of the isolated peak for the odd-numbered fragments.
This theoretical result is in contrast to the experimental ob-
servation[Fig. 2(a)], in which the precession is damped upon
doping. There are two possible explanations:(1) The mo-
ment size of the odd length chains may be reduced due to
quantum fluctuations, as has already been suggested in Ref.
27 and(2) the sum of dipolar fields at the muon site contains
contributions from neighboring chains, smearing out the
even-odd effect. The proposed muon sites and the dipolar
field calculations(Appendix) demonstrate that the contribu-
tion from the nearest neighbor chain is actually dominant, at
least for the higher frequency site. This suggests that the
quantum fluctuation scenario(1) may be a more favored ex-
planation for the absence of muon spin precession in
Sr2sCu1−xPdxdO3.

IV. CONCLUSIONS

We have investigated how Néel order is destructed with
nonmagnetic impurity doping in the quasi-one-dimensional
S=1/2 antiferromagnet. The model material employed is
Sr2sCu1−xPdxdO3. The susceptibility atT.TN exhibits Curie-
Weiss behavior. The magnitude of the Curie term is consis-
tent with a model in which the creation of half an induced
moment(size5 1 mB) occurs due to substitution with one Pd
ion. This suggests that the induced paramagnetic moment
originates from the total spin of the chain fragments which is
eitherS=0 or S=1/2 depending on the fragment consists of
even or odd number of spin sites.
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The muon spin relaxation of the nominally pure Sr2CuO3
was reanalyzed with a model for the spatially inhomoge-
neous Néel ordered state. The length scalej was introduced
to describe the recovery of ordered moment size away from
the spin defect. It was suggested that the length scalej origi-
nates from the effective staggered magnetic field of the
neighboring chains. The length scalej<150 lattices for
Sr2CuO3 is more than ten times longer than in doped
CuGeO3, which most likely reflects the nominally gapless
characteristic of the system.

In the Pd doped samples, the absence of muon spin pre-
cession for less than 1% doping level is consistent with a
large recovery lengthj. The Néel temperature, which was
defined as the temperature where muon spin relaxation rate
starts to increase, exhibits a good agreement with a recent
quantum mechanical calculation.
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APPENDIX: MUON SITES

The crystal structure of Sr2CuO3 has two nonequivalent
oxygen sites both in the CuO3 plaquett.19 Site Os1d is the out

of chain site and site O(2) is the shared oxygen of the two
neighboring plaquetts forming the chain structure. In cu-
prates, it has been proposed that muons form an O-m+ bond
with oxygen ions in an analogy with the hydrogen bonding.29

In this Appendix, we calculate the electrostatic potential for a
muon which was assumed to form an O-m bond with a bond
length of 1 Å and determine the orientation of the bond with
respect to the crystallographic axis. We also calculate the
dipolar fields and compare with the experimentally observed
local fields.

In Figs. 8(a) and 8(b), contour plots of the electrostatic
potential are drawn for the muons forming the O-m bonds
with the Os1d site and Os2d site, respectively. The electro-
static potential is calculated using the method of Ewald
sum30 assuming the formal point charges located at the cen-
ter of the ionic positions. The minimum of the potential ex-
ists at su ,wds1d=s60° ,90°d and su ,wds2d=s20° ,0°d for the
Os1d-m and Os2d-m bonds, respectively, which are shown by

FIG. 8. (a) and(b): Electrostatic potential for a muon 1 Å away
from the oxygen site Os1d and Os2d, respectively. The unit of the
potential is in electron volts. The crosses are the potential minima
which are the most probable orientation for the O-m bond.(c) and
(d): Dipolar fields calculated for the same O-m bonding. The unit of
the field is in gauss for the spin structure determined by the neutron
diffraction measurement(see Ref. 17).

FIG. 9. (a) The crystal structure of Sr2CuO3. Os1d -m and
Os2d-m sites as determined by the electrostatic potential calculation
are shown by the star symbols which are attached to the each oxy-
gen sites.(b) The dipolar fields from the each chains to the muon
sites. The boxes are distributed at the position of the chains seen
along thea-axis. The upper and lower panels of the boxes are the
dipolar fields for Os1d-m and Os2d-m sites, respectively. The fields
are in gauss.
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the cross symbols in the figures. The polar coordinate is de-
fined as theu=0 direction being parallel to the longest crys-
tallographic axis[c-axis in Fig. 9(a)], and thew=0° direction
in the basal plane being parallel to the CuO chains[a-axis in
Fig. 9(a)]. In Fig. 9, the muon sites in the real space crystal
structure are shown by the star-symbols. The potential mini-
mum value for the bond length of 1 Å is deeper for the
Os1d-m site s−10.4 eVd, than for the Os2d–m site
s−9.2 eVd. This suggests that Os2d-m site may have a shorter
bond-length to gain the electrostatic potential of the oxygen
ion.

The ordered moment size and its orientation of Sr2CuO3
has been obtained by neutron diffraction measurements as
0.06mB pointing along the CuO chain direction.17 The cor-
responding dipolar fields for the spin structure are calculated
for the two kinds of O-m bonds. The results are shown in
Figs. 8(c) and 8(d). At the orientation of the minimum po-
tential (cross symbols in the figures), the dipolar fields are
24 and 150 G for the Os1d-m and Os2d-m site, respectively.
The experimentally observed local fields in Sr2CuO3 are 23.3
and 97.7 G.17 The former is close to the calculation of
Os1d-m site, which is most likely the muon position respon-
sible to the 23.3 G signal. The 97.7 G signal does not agree
well with the calculation for the Os2d-m site. The discrep-
ancy might originate from the bond length which could be
shorter for Os2d-m site. We have calculated the electrostatic
potential and the dipolar fields for a shortened Os2d -m bond
length of 0.9 Å and found that the dipolar field at the poten-
tial minimum is reduced to 120 G for the same spin struc-
ture. Since the pseudominimum position for the Os1d -m site

s60° ,0°ds1d exhibits a much smaller dipolar fields40 Gd, the
97.7 G signal most likely originates from the Os2d-m site
with a shortened bond length.

For the muon sites proposed above, we calculate the con-
tribution of the dipolar fields from neighboring chains. In
Fig. 9(b), we show the magnitude of the dipolar fields from
the chains at the position of the boxes which represent the
CuO chains projected to the plane perpendicular to the
chains[b3c-plane of Fig. 9(a)]. The upper and lower panels
of the boxes indicate the dipolar fields of the Os1d-m and
Os2d-m sites, respectively. For the Os1d-m site, the contribu-
tion from the next nearest neighboring chain is as large as
1/3 of the main contribution from the nearest chain to the
muon site. The contributions from the next nearest chains
broaden the local field distribution from that expected by the
spatial distribution of the ordered moment sizes. However,
the precession signal with higher frequency of the nominally
pure Sr2CuO3 originates from the Os2d-m site, at which the
contribution of the dipolar field from the next nearest chains
is at most 1/10 of the main contribution. This calculation
suggests that the precession signal with higher frequency
would survive, if the ordered moment size distribution has a
distinctive peak at a finite frequency as proposed in the the-
oretical calculation.27 The absence of the precession signal in
the Pd-doped sample suggests that the isolated peak of the
ordered moment size, which originates from the chain frag-
ments with odd number of spins, is actually diminished in
Sr2CuO3 due to the effects which are not included in the
theoretical calculation.
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