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Site-dilution in the quasi-one-dimensional antiferromagnet Ss(Cu;_,Pd,)Ox:
Reduction of Néel temperature and spatial distribution of ordered moment sizes
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We investigate the Néel temperature of@&uO; as a function of the site dilution at the G8=1/2) sites
with Pd (S=0), utilizing the muon spin relaxatioquSR) technique. The Néel temperature, whichTig
=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 §digggert, . Affleck, and M. D. P. Horton, Phys.
Rev. Lett. 89, 47 202(2002] of weakly coupled one-dimensional antiferromagnetic chainS=af/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 th8=losites
with a recovery length ot~ 150-200 sites. The origin of the finite recovery lengttior the gaplessS
=1/2 antiferromagnetic chain is compared to the estimate based on the effective staggered magnetic field from
the neighboring chains.
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I. INTRODUCTION break the translational symmetry. The ordered moment size

The discovery of highF, cuprates has prompted theoreti- Of these systems should not be homogeneous in space. How-
cal and experimental investigations of low-dimensional spirEVer: the signature of the spatial inhomogeneity of the or-
systems with spin quantum numb8r1/2. There were a dered moment sizes in cuprates is d|_ff|cult to detect in the
series of neutron diffraction studies reported in the Righ- Momentum space by neutron diffraction measurement, be-
cuprate La_,Sr,CuQ,, in which the dynamical spin correla- cause the doped Sites are randomly d'St.”bUt?d’ 'the spin
tion was measuret? It was found that the inverse correla- duantum numbeis small, and the dimensionality is low.
tion length&(x,T) may be divided into the two terms: the Consequently, the length scale relevant to the moment size

temperature independent tergl(x,0) ~x which is purely distribution in the impurity doped cuprates has not been re-

; ; , .~ . solved.
determined by the doping concentration, and the doping in Site dilution in the quasi-one-dimensional spin systems

1 i I -
dependent terng(0,T) which follows the universal tem exhibits more important features of the quantum spin sys-

perature dependence. In samples with Néel ordering, the COfems. One peculiar effect of site dilutions in one-dimensional

) : 1 o
reIatlon_Iength diverge§ *—0 atTy, eXh'b'F'ng. Iong-rgnge spin systems is the creation of a Néel order out of the singlet
magnetic order. Recently, the effect of static site dilution Wa%round state, as discovered in the impurity doped spin-

also investigated in LCu; (Mg, Zn),]O, where Mg and/or  pegjeris material CuGe®® and the two-leg spin ladder ma-

Zn ions substitute Cu ions as nonmagnetic impuritidhie  terial SrCy0,.5 These discoveries have promoted the idea
Néel temperature was found to disappear at the classical pefiat the Néel state appears as a competing phase to the origi-
colation thresholc.=0.407, but the site-dilution dependence pa| spin-gapped singlet state of either spin-Peierls or the
of Ty does not follow the mean-field calculation. The reduc-spin-ladder. As a result of competition, theories propose a
tion of Ty, spin-stiffnessps, and the equal-time correlation length scale which determines the spatial variation of the
length &(x, T) were compared with the microscopic quantumordered moment sizé€€ In doped spin Peierls compounds,
mechanical calculations of the=1/2 Heisenberg model on the spin decay lengtlf in the Néel ordered state is deter-

a square latticé. mined by the ratio between the spin-gap magnitadand
The localized holes in the lightly doped JaSr,CuQ, and  the intrachain antiferromagnetic coupliny such asé/a
the impurities in the site dilution in LECw,_,(Mg,Zn),]JO,  =J/A, wherea is the lattice constant of the spins along the
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chain’ The origin of the decay length suggests that the spaene-dimensional antiferromagnet; its low Néel temperature
tial innomogeneity of the ordered moment size is a feature ofTy=5.4 K)17 and the large in-chain interactidi2J~ 2200
the spin-gap, and may not appear in the regular quasi-one-2600 K)*-?!suggests its good one-dimensionality. The or-
dimensional antiferromagnets with Néel order, which aredered moment size=0.06ug has been obtained by neutron
gaplessA=0) and the correlation length diverges. diffraction anduSR measurementd.This value is strongly
Recently, a series of measurements of Cu benzoate, @duced from the full moment sizelug) expected for the
compound withS=1/2 one-dimensional chains, have identi- S=1/2 spins. The suppressed ordered moment size of
fied the existence of an energy gap induced by the extern@r,CuQ; follows the prediction based on the “chain mean-
magnetic field!° The origin of the energy gap has been field” theory!? which employs the rigorous results of the
interpreted as the effect of the staggered magnetic field inisolated chains and includes the weak interchain interaction
duced on the Cu sites by the combination of the anisotropig’ as the mean-field. As the nonmagnetic impurity at the Cu
g-tensor and the external fieldl This observation points out site, Zn or Mg substitutions are the first choice, as has been
that the S=1/2 spin chain, which has gapless excitationsalready performed in the two-dimensional cuprététow-
above the singlet ground state if isolated, may acquire a spirever in SsCuQ;, Zn or Mg ions does not go into the Cu site.
gap under a certain type of perturbation. In quasi-onee have employed Pd ion instead,Su0; has an isostruc-
dimensional antiferromagnets, the most common perturbaural compound SPdQ;, in which the P4* ions are in the
tion to an isolated chain is the existence of interchainiow-spin (S=0) state?? This compound has enabled us to
interactionsJ’. In the mean-field approximation, the inter- investigate the nonmagnetic impurity doping to ®e1/2
chain interaction induces an effective staggered magnetigntiferromagnetic spin-chain.
field B~zJ(s,), where(s) and z are the magnetic order ~ The structure of this paper is as follows. In Sec. I,
parameter and the number of the nearest neighboring chainge present the magnetic susceptibility data and the
respectively. The interchain interaction causes the Néalesult of muon spin relaxatiofuSR) measurement of
ordef? which is gapless because of the translational symmesr,(Cu,_,Pd)O;. The Néel temperature was estimated from
try of the system. With the impurity doping to tf8&=1/2  the temperature dependence of the muon relaxation rate. In
spin-chain, the translational symmetry is broken and the hidSec. 111, we calculate the magnetic field distribution expected
den features of the effective staggered fields from the interfor the depleted spin-chains with Néel order. We assume a
chain interaction may appear in the form of the recoveryzero-moment at the impurity site and a recovery lengtb
length £ of the ordered moment size. However, this problemdescribe the recovery of the ordered moment size into the
is still an open question. bulk chain. The calculated field distribution is Fourier trans-
The effect of site dilution to the long-range Néel order hasformed to obtain theuSR spectrum, and employed in the
been investigated in a few quasi-one-dimensional antiferroanalysis of the nominally pure as well as the doped samples.
magnets, such as, @$;,Mg,)Cl; which is a S=1  Conclusions are presented in Sec. IV.
material® and (CHg),N(Mn;_,.Cd,)Cl; [Cd-doped tetra-
methylammonium manganese trichlorid@MC)] which is
a S=5/2 material'*'> The Néel temperature monotonously Il. EXPERIMENTAL RESULTS

decreases as a function of the nonmagnetic impurity concen- ; ;
. . . We grew single cr Is of P mployin
tration x, and the result was compared with the theoretical e grew single crystals of §Cu;Pd)0s, employing

estimate based on the spin-wave expansion and the me the traveling-solvent floating-zone technique, with CuO as

field approximatiort*1® A reasonable agreement was pro- he solvent. Stoichiometric ratio of SrgOCuO, and PdO

osed in the examoles above. For el/2 antiferromag- powders are prepared, mixed in a mortar for an hour, and
pos ; xamp’ i X 9 Brefired in air at 900°C in an AD; crucible. The powder
netic spin chain, spin-wave expansion may not be a goo

R - Y-~ Sample is again mixed and fired in air at 950°C, before
approximation because of the large quantum fluctuations; A med into a pressed rod using a rubber tube and a water
shown in Fig. 4 of Ref. 17, $S€uO; and CaCuO; resides in

the regime of the small interchain interactiof /J< 1) static press. The polycrystalline rod is fired on a Pt plate at

where the spin-wave expansion diverges. Recently, as %050°C. It is important to harden the rod by firing at the
theory of dilution in theS=1/2 case, Eggertt al. calculated ghest temperature possible for a stable growth of single

the Néel temperature of doped quasi-one-dimensionaﬁqrysml in the floating-zone furnace. We employed a gold-

. 5 X L . i irror bifocus furnace made by NEQapan.
a_mtlferromagne_%. The predlctngN exhibits a_5|mple reduc The magnetic susceptibility of §Cu, ,Pd)Os crystal is
tion as a function of the doping concentration. Eventhough Lo . - .
. S . shown in Fig. 1a), with the magnetic field applied parallel to
the ground state of an isolat&1/2 chain is a singlet, there . . . :
X . .the longest crystallographic axis. An increase of the Curie-
was no enhancement of the Néel temperature upon mpun% . S
L ; eiss component was observed as the Pd concentration in-
doping, in contrast with the gapp&¥1/2 systems, such as . .
4 . . . creases. We assume the conventional form for the magnetic
the spin-Peierls systems and the spin-ladders, where dopmsczj o
. sceptibility
creates magnetic order.
In order to experimentally investigate the theoretical pre- C
dictions aboufly, and the uniformity of the ordered moment x(T) = T+0 * Xo» (1)
sizes in the depleted spin-chains, we have performed an in- w
vestigation of Pd-doped SuO,. The cuprate SCuQ; has  whereC is the Curie term,y is the Weiss temperature, and
received attention as a model material of ®®l/2 quasi- xo describes the temperature independent susceptibility as a
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SrZ(Cul-dex)Ofi TABLE |. Parameters of susceptibility angSR.

Pdx (%) Xcurie (%0) Ow (K) Xo (emu/mo) N

0,
ll’cf)31°2B 0 0.041) 1.7 -1.8x10°° 7R

Pd 1% 0.2 0.141) 0.8 -1.1X 10 (2.1°
Pd 0.5% 0.5 0.281) 0.03 -1.2x10°° (1.0

1.0 0.375) 0.33 -1.3x10°° (0.78
3.0 0.746) 2.1 -1.2x10°° (0.39

o
a
*
[ ]

aObtained from an analysis @SR spectrunisee Sec. Il
bNumbers in parenthesis are estimates from the Curie the Curie
term.

x(T) [10” emu/mol]

20 interaction, satisf;&gng the condition assumed in the quantum
mechanical theory:
Temperature (K) It is known that the Néel order of uO; is not detect-
oo able by magnetic susceptibili#).This is probably because of
(b) the very small ordered moment size0.06ug. This feature
of the material requires employing the muon spin relaxation
(uSR) technique, which has the highest sensitivity among
other experimental techniques to detect the magnetic order
i with small and/or dilute magnetic moments. We performed
zero-field muon spin relaxation measurement on
(] Sr(Cu,,Pd)O; crystals at M15 beam line of TRIUMF
- (Vancouver, CanadaMuons with 100% spin polarization
were injected into the single crystalline sample with the ini-
tial polarization parallel to the longest crystallographic axis.
L. 1 This geometry is the same as the one employed in the pre-
0 1 2 3 4 5 vious uSR measurement of nominally pure,Su0;.” The
Pd concentration x (%) time evolution of muon spin polarization in zero-field is
shown in Fig. 2a).

FIG. 1. (a8) Magnetic susceptibility of single crystalline In undoped $ICuG;, muon spin precession was observed
Sr(Cu,Pd,)Os, with the magnetic field applied parallel to the as a consequence of Néel orderifid@his indicates that the
longest crystallographic axigb) Pd concentration dependence of ordered moment size is relatively homogeneous in space, and
the Curie term. We note that the substitution with one Pd ion createthe local field at the muon sites is well defined. Upon Pd
half an impurity moment which is assumed to hegl doping, the muon spin precession disappears and the time

evolution of muon spin is dominated by the relaxation which

sum of Van Vleck paramagnetism and core diamagnetism. s an approximately exponential behavior as a function of
The parameters to describe susceptibility are shown ithe time. Such an exponential relaxation signal in zero-field
Table I. The Curie term is shown as the concentraign,, ~ °figinates either from the T relaxation caused by spin
of the impurity moments which are assumed to hegl The flyctgatlons, or altgrnatlvely from static flglds of spatlal[y
calculated concentrations of impurity moments are abaift ~ distributed magnetic moments. The dynamic and static situ-
of the doped Pd concentration, as shown in Fig).IThis Pd ations for the_ muon spin relaxation may be_dls'_ungu_lshed by
concentration dependence of the Curie term may reflect thi1€ “decoupling” measurements under longitudinal fields ap-
even-odd effect: One Pd ion creates one chain fragment. A®lied parallel to the initial muon spin polarizatiéhThe re-
suming that the intrachain interactidnis much larger than Sults are shown in Fig.(B) for the x=1.0% specimen, to-
the interaction between the chain fragments, the total spiHGther with the analysis using the static relaxation in
guantum number of the chain fragment is well defined; jiLorentzian field dls_tr|b_ut|oﬁff It is cl_ear that_the r_elaxatlon is
takes eitheS=0 or S=1/2 value, depending on the length of c_aus_ed by the static flelql dl_strlbutlon, as is ew_dent from the
the fragment being an even or odd number of spin Sitest,|me-|ndepe.ndent behavior in the_ long ter%_ﬁihls leads to
respectively8 The observed Pd concentration dependence of’€ conclusion that the muon spin relaxation is caused by a
the Curie term is consistent with the idea that it originates™agnetic order. _ _ ,
from the total spin of the created chain fragments. The Weiss Ve analyze the zero-field muon spin relaxati®p(t) in
temperatured,, exhibits a nonmonotonic dependence on thethe doped samples utilizing the phenomenological function
Pd concentration. The origin of this dependence is unknown, 1
however, its temperature scale is at m@gf~ 2 K, which is P.()= exp[— E(Andt)2:| exp(= Amad) 2
significantly smaller than the intrachain interaction) 2
~2200-2600 K. This suggests that the interaction betweeas shown by the solid lines in Fig(&. In the analysis, the
the chain fragments are negligible compared to the intrachaiGaussian relaxation was assumed to describe the static

xcme=0. 5x

(S
I

Curie term Xpygie (%)
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08 506 FIG. 3. T i i
. 3. Temperature dependence of the exponential relaxation
8 0.6 | 10G rateAmagfor Sr(Cu,,Pd)O3. The Neel temperatures are estimated
v from the temperature points where the relaxation rate start to rise.
0.4
(b) ZF the moment size reduces exponentially with the coherence
021 yv=1.0% T=0.1K } } length ~10 spin site€® In Sr,(Cu,_,Pd)O; where the Cu
0.0 L L L - - moments are depleted by Pd impurities, the maximum mo-
0 1 2 3 4 ] 6 ment should be located in the middle of the chain fragments
Time (us) as shown in Fig. 4. Because of the long coherence length

expected for the gaples=1/2 spin chain, the effect of the
nonmagnetic impurity may be extended in a large area; the
The solid lines for the doped samples are the fits usingBqOn maximum moment size of one chain-fragment might
the spectrum of the sample wik0, the solid line is a plot of Eq.  strongly depend on the chain length, and may not have a
(1) in Ref. 17. The dashed line is the sum of two exponential funcyel|-defined value in the doped system.
tions to describe the background relaxati@n. Muon spin relax- In Ref. 17, theuSR signal of the nominally undoped
ation in longitudinal fieldHIIP,(t)] for the x=1.0% sample. The Sr,CuO; was analyzed by assuming two muon sites each of
solid I_ines are the Lorentzian functions in the longitudinal fields as,hich consists of one precession signal and one exponen-
described in Ref. 24. tially decaying signal. The latter was interpreted a3 lre-
laxation of the local field component parallel to the initial
nuclear dipolar-fields, and was set £4=0.12us™ inde-  muon spin orientation. The exponentially decaying terms de-
pendent to the temperature and the sample. The exponentigdribe the background relaxation which exhibits a fast front-
relaxation rate\,,q Which parametrizes the muon spin re- end before=1 us as shown by the dashed line in Figa
laxation caused by theatomig magnetism, are plotted in The corresponding relaxation rate for the front-end
Fig. 3 as a function of temperature. The Neel temperature=5 ,s71) however, is too large for the residual dynamics in
was defined as the temperature at which the exponential rghe Néel ordered state. In this section, we calculate muon
laxation rate starts to increase; the estimated Néel tempergpin relaxation for the inhomogeneous Néel order with the
tures are shown in the figure. existence of spin vacancies, from which the ordered moment
size recovers exponentially with the recovery lendtlas
shown in Fig. 4. The vacancies are the doped Pd ions or the
impurities remaining in the nominally pure sample which
The absence of muon spin precession in Pd dopeghanifest themselves as the Curie term in the magnetic sus-

samples indicates the fragility of the spatially homogeneous
ordered moment sizes in FuO;. With only less than one

(114t
A=<Lio>

FIG. 2. (a) Zero-field muon spin relaxation in §Cu;_,Pd,)Os.

Ill. DISCUSSION

disappears, indicating that the ordered moment sizes have
broad spatial distribution under site dilution. The distribution

of the moment sizes may be broader than in Zn- or :—’l
Mg-doped CuGeg) where muon spin precession was ob- Lo
served in the Néel state together with the exponential

relaxation?® In the doped spin-Peierls compound, the distri-  FIG. 4. Spatial evolution of the magnetic moment size assumed
bution of the local field was consistent with the model thaton a chain fragments. The small circles are the doped Pd sites,
maximum moment size is induced near the doped center, anehich were assumed to behave asSs0 impurity.

percent doping of Pd, the coherent precession of muon spiro *flTl IIT
4

L4
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AE A/§ and the role of the zero-fieldi=0 and the maximum field
(b) H=H, are reversgd between the_two cases. As shown. in Fig.
5(a), when the ratio/ £>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
i peak atH=H,. As the ratio approaches unity, the precession
amplitude is diminished and at/é=1, only a weak bump
remains at the position of the first precession peak. Below
N £=0.5, there is no visible oscillation and the relaxation is
10 mostly exponential with time. Compared to the model for
. doped CuGeQJFig. 4b) of Ref. 25 with the same level of
background relaxation, the amplitude of the precession sig-
. . . T nal component is much smaller in this model for depleted
0 2 4n 6r 8n 00 05 10 15 chains. The reason for the difference stems from the maxi-
Time g,Hot Local field H/HO mum moment size of the chain fragments: In the model of
) ] ) doped CuGeg it was assumed that the ends of all chains
_ F_IG. _5. (€] The_muon relaxation fupctlon ang) Io_cal-fle_ld _have the same induced moment sige In this model for
distribution for the inhomogeneously Neéel ordered spin-chain withye je1eq chains, the maximum moment size appears at the
its ordered moment size having the spatial distribution of Fig. 4. center of the chain fragments, and depends on their length.
This smears the muon spin precession.
ceptibility (Fig. 1). For the nominally pure $€uG;, the Cu- If we represent the relaxation function shown in Figa)5

rie term corresponds to the impurity spin concentrationwith a symbolP (t;Hg,\/£), the muon relaxation function
Xcurie= 0.04% which corresponds to the average chain lengthor one muon site becomes
of (Lg) = 1/2Xcyrie= 1000 sites.

N—
Field distribution p(H)

With the model shown in Fig. 4, the moment si3&) P.()=A, P, (t;Ho,N§) + A expt/Ty), (5)
behaves as a function of the distarc&om the end for a
chain fragment with length., whereA | (A) is the amplitude of the local field component
. which is perpendiculagparalle) to the initial muon spin po-
S2)=s1- cosl (z- 3L0)/¢] 3) larization, andT, is the spin-lattice relaxation time for the
cost{%Lolg) ' parallel component. As can be seen from the existence of two

. ) o . precession frequencig&ig. 2a)], there are two muon sites
wheres; is the moment size at infinitfso~0.06ug) and¢is  jn S,CuO, which, most likely, correspond to the muons at-
the moment-size recovery length. By assuming that the muogached to the in-chain and out-of-chain oxygen sise the
local field H is proportional to the nearest moment size Appendiy. We introduced the local fie|ngA anng for the

[H(2) = S(2): local moment density approximatiprthe dis-  each site, and obtained the following phenomenological
tribution functionp(H; L) of the local fields be obtained by function for the muon spin relaxation:

the density of the states for the fidilalong the chain frag-
mentL, P, (1) = AP, (t;HGNE + AT P (t;HE,NE)

dz +AME exp(tiTy), (6)

dH(z)’ @ A AB A+B ;

whereA’’, A7, andA;"" are the amplitudes of each compo-
In the doped material, the impurity site should be locatechents. Here, the two T signal components are combined
randomly. The experimentally observed field distributionin one relaxation amplitud@Aﬁ“B), since the background re-
function p(H) in this situation is the average pfH;Lg) for  |axation rate is too small for the contributions from the two
the Poisson distribution of the chain lendth. The same sites to be distinguished. For the nominally pure sample, the
procedure was taken for the model relaxation employed iprecession signals can be analyzed with E&y. The solid
the analysis of theuSR spectra of doped CuGgO line in Fig. 6a) is the result of the fit and the dot-dashed line
antiferromagnetisr? is the contribution from the 177 relaxation term. It is noted

The model muon relaxation function and the correspondthat there are no extrinsic parameters introduced to describe

ing local field distribution function for the inhomogeneous the damping of the oscillation amplitude nor the early front-
ordered moment sizgrig. 4) are shown in Fig. 5. The be- end relaxation. However, Eq6) based on the inhomoge-
havior of the distribution functiom(H) is characterized by neous moment size distributigRig. 4) describes the overall
the ratio between the average chain-lengtLo) and the feature of the muon spin relaxation fairly well. The ratio
moment-size recovery length In comparison to the model between the average chain-lengtlfand the recovery length
for doped CuGe@ [Fig. 4b) of Ref. 25, the local field ¢ yieldsA/é=7.2 from the analysis. The fast front-end re-
distribution[Fig. 5b)] has the same shape but the field axislaxation att<<1 us is also described by the perpendicular
is reversed betweehl=0 andH,. This is because in the terms(A’j andAEj). In this analysis, the 17, relaxation rate
doped CuGeQ impurities create magnetic moments, of the parallel componeritlot-dashed lingis not as large as
whereas in SICuO; moments are depleted from the chain, the one obtained in the previous analysis of Ref. 17.

p(H;Lo) =

094402-5
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Sr2(0u1—xpdx)03 : 4
1.2 T T T T T T . Sr (Cu’Pd)O -t
1.0 ﬁ‘“ (O) 4 \ 2 3 ]
__ 08 'o;fflgééﬁi x=3.0% zero—field . — Eggert et al.
?:4 0.6 . ME g, ; -~ SW: J1~102 |1
0.4 . AW e AT 0.4 5 “1T a\. & |- SW: J/J~0.05 |
0.2 Wy SR i 7 I R e = [ ]
0.0 R ' 7.2(fit) [ ]
_0.2 1 1 1 L
0o 1 2 3 4 5 6 7 8 9 < | el .
Time (us) L T
W25O —— 7 0-....|....|....|....-
: scclmg,% | MF (b) | @ 0 5 10 15 20
5 200 | i'/’ /? o ] & 2, () = (L)
o 150 - Sl 1 < Scaled impurity concentration
2 100 pwsss & o 11 g FIG. 7. Néel temperature of diluted systems as a function of
o Re g [o] . . . Ly .
> R g 3 scaled impurity concentration. The solid line is based on the quan-
g 507t s > 1 a tum mechanical calculation, and is taken from Eggsral. (Ref.
had 0 . , , . . , X . e 18). The dashed lines are based on the spin-wave expansion and the
0 1 2 3 4 5Ty6 7 8 9 mean-field approximatidft for the J'/J values presented in the
Temperature (K) figure.

FIG. 6. () Muon spin relaxation in SCuQ; analyzed with the  mined in thex=0 sample, and varied the' & parameter. This
relaxation function Eq(6) (solid line). The dot-dashed line is the may be a good approximation in low dopmg in which the
contribution from the parallel-field ter*®) of Eq. (6). Dashed  grientation of the local fields are approximately the same as
lines are Eq(6) with varying the\/¢ ratio, while other parameters i the nominally pure case. The calculated relaxation func-
are assumed to be the same with %% sample(b) Temperature  tjons Eq.(6) agree well with the behavior of the experimen-
dependencg of the recovery Ieng_ihnd the magnetic order param- tally obtaineduSR spectra of S$(Cu,_,Pd,)O; as shown in
r_.'ter as derr:vedhfrom _th(T analysis. Theddashzd andégle (?ott-(:jashﬁig_ &a). Even though theuSR spectra in the Pd-doped
f'rr;enf tﬁr:etx eertimegrrlfetnllcgr dt:rm';er;glgieeegzz Iencé culated  samples do not show precession, this might be the feature of

P P ( -1 the static Néel order with spatial distribution of moment-

The magnitude of the Curie term in the susceptibility for sizes. The decoupling measuremgfig. 2b)] confirms that
the nominally pure SCuQ;, (Table |) suggests the average the relaxation is static, which is a support to the idea that it
chain length for this nominally pure sampleNs= 1000 lat-  originates from Néel order. Because of the long recovery
tices. This and the ratia/£=7.2 obtained from the fitting length & the small amount of impurity ions disturbs the
analysis suggests that the recovery length of the moment sizwdered-moment size in a large area, so that the spin preces-
is €= 150 lattices, which is at least one order of magnitudesion of the local magnetic probe becomes invisible.
longer than in the Néel state of doped CuGe®which & In the «SR time spectrum of the=0.5% sample, there is
~ 10 lattice units® The absence of a nominal spin-gap in thea hump in the measured polarization=at us [Fig. 6a)], at
S=1/2 antiferromagnetic chain is most likely the cause forthe position of the first precession peak for the nominally
the recovery length being longer than in the doped spinpure compound. From this result, it is suggested that the
Peierls compound CuGegOThe temperature dependence of maximum moment sizey, does not change in the sample
the recovery lengthé) and the magnetic order parameter with 0.5% Pd doping. For the=1.0 and 3.0% samples, such
({(sp= precession frequengyare plotted in Fig. @). The  ahump disappears, indicating that the parameter enters to the
temperature dependencefis weak and possibly exhibiting /=<1 regime as the doping level increases. The estimate of
a slight increase at higher temperatures. the N/ ¢ value (Table ) confirms this conclusion.

Based on the magnitude of the Curie terms, one can esti- In Fig. 7, the Néel temperature of 8Cu,_,Pd)O; and
mate the ratia\/¢ for the Pd-doped compounds, which are the theoretical curves are plotted. We estimate the actual con-
summarized in Table | in parenthesis. The model relaxatiorrentration of Pd to be twice the concentration of impurity
functions Eq(6) for A/ =1 and 0.4 are shown as the dashedspins x¢ie Which manifest themselves as the Curie term
lines in Fig. @a). These two parameter values corresponds tgFig. 1 and Table)l The quantum mechanical calculatn
the Pd 0.5 and 3% doped samples, respectively. Since thgroposes that the impurity concentration should be scaled by
uSR spectra of the doped systems do not exhibit the spectrdlJ’ rather than by/J/J" which is proposed in the spin-wave
features such as precession which were present ix#fle  expansiort3 We adopted the)’/J scaling to the horizontal
sample, it is not possible to experimentally determine theaxis of Fig. 7 which yields the solid line from the quantum
parameters in Eq6). To generate the dashed lines in Fig. mechanical calculatiol The result from the spin-wave
6(a), we assumed the same amplitud®$, A?, andA[™®),  expansio¥ has an adjustable paramet¥rJ remaining in
local fieIds(HQ and HS‘), and 1/T; relaxation rate as deter- order to describe its behavior in Fig. 7, and is plotted as the
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dashed lines. For SEuQ;, the interchain interactiod’ has  that of the order parametés,) but with a different exponent.
not been obtained with a spectroscopic method such as neu- The temperature dependence of the recovery length in the
tron diffraction. However the ratiﬁN/J:_4>< 1072 has been mean-field approximatioféyr) and the scaling resuliéso)
estimated’ and the quantum mechanical theory proposesyre shown in Fig. @), based on the experimentally obtained

Ty/J'~2.6 in the long chain-length limif: From these, one magnetic order parameter. Since we do not know the overall

can obtain the ratio between the inter- and intra-chain couz :
h ) Scale factor of the recovery length, we employed the experi-
plingsJ’'/J=~1.6x 10°3. This value was employed to plot the y end ploy b

U mental value obtained at low temperature. Because of the
measured points in Fig. 7. The agreement between the qua P

tum mechanical calculatiofsolid line) and the measurement nglrge expenmental error i(T), 't. Is difficult to choose
(closed circle is reasonably good, suggesting that thewh|ch theory is correct. However, it has been shown that the

iitical exponent of the order parameter as a function of tem-
peraturg 8~ 0.2)'" indicates that the system is in the scaling

By adjusting the interchain interactiali, spin-wave ex- regime rather than in the three-dimensional mean-field re-
pansion can also describe the reduction of the Néel temper&ime in whichB~0.5. This suggests that the scaling predic-
ture upon impurity doping. For SiCu;_Pd)Os, the ad- tion &sc might be a more appropriate .m_odel. In either case,
justed interchain interaction yieldk/J~0.05 as shown by ©Our measurements suggest that the finite recovery length of
the short dashed line in Fig. 7. However, with the spin-wavethe ordered moment sizes is determined by the effective stag-
expansion, the Néel temperature of the unperturbed syste@fred magnetic field originating from the neighboring
should follow Ty(0) = \J’'J~500 K which is two orders of chains. The overall scale factgtT— 0)= 150 lattice units
magnitude larger than the experimental observafify(0) in the low temperature limit is yet to be calculated theoreti-
=5.4 K]. If one employs)'/J~1.6x 107 which is the ex- cally for the parameters of fLuC;. _
perimental estimate in this study, the spin-wave expansion In the theoretical calculation of chain fragments with the
proposes a much smaller reductionTgfas a function of the 1€Ngths longer than the recovery lendthy/ £=1), the self-
impurity concentratiortiong dashed line in Fig.)7 The com- consistent moment size exhibits a two peak structure in the
parison between the two theories with the obser¥gtk) distribution function(Fig. 1 qf Ref. 23. One peak is located
clearly demonstrates that the quantum mechanicgf!MosSt at zero-moment size and the other appears at a
calculatiori® is the valid one in the regime of the small in- slightly larger size than that for the unperturbed chain. The

terchain interactionJ’/J<1) as realized in SCuO;. The former and latter peaks originate from the chain fragments

reason why spin-wave expansion was valid inWith even and odd number of spins, respectiélWe have

Cs(Ni;_Mg,)Cl; and Cd-doped TMMC might stem from the found that the Fourier transformation of the moment size
relativle_zTy Ifarg(se interaction ratio(J'/J~0.02-0.03 for distribution function in Ref. 27 exhibits clear precession, as a

i~1113,26 ; result of the isolated peak for the odd-numbered fragments.
-lc-:l\SANN:((::E) and the large spin quantum numig85/2 for This theoretical result is in contrast to the experimental ob-
Within the same framework of quantum mechanicalservation[':ig' 2@)], in which the precession is damped upon

theory, the spatial distribution of the ordered moment sizedOp'?g'. Thefreihare dtévcl) po;]smlhe _explanaut())(@: ghe (Tz ¢
has been recently calculatédThe assumption made is that ment size of the odd lengih chains may be reduced due to
the S=1/2 antiferromagnetic chain acquires the staggere uantum fluctuations, as has'already been suggested n Ref.
moment sizds,) in a consistent way from the effective stag- 7 and(2) the sum of dipolar fields at the muon site contains

ered maanetic fiel® oriainating from the neighboring or- contributions from neighboring chains, smearing out the
g 9 9 9 9 9 even-odd effect. The proposed muon sites and the dipolar

e e e 0 % e calcltions Appendiy demonstae i he cont
e X T 9t \ fon from the nearest neighbor chain is actually dominant, at
vicinity. The interchain interactiod’ recovers the ordered

moment size by inducing the staggered magnetic field fron%eaSt for the higher frequency site. This suggests that the
the neighboring chains. The competition between these twrguantum fluctuation scenarid) may be a more favored ex-
S

. - : o~ "planation for the absence of muon spin precession in
interactions on the chain fragments causes the spatial dist 6(Cuy_Pd)O

bution of ordered moment sizes as shown in Fig. 4. Ascaling 2~ 1™ s

argument proposes that the recovery lengils given by ¢

«B23 whereB is the effective staggered fiefd28 In the IV. CONCLUSIONS

mean-field approximation, the staggered field can be written \ye haye investigated how Néel order is destructed with
asB=2J(sy, whereJ' is the interchain interactiorz is the |,y magnetic impurity doping in the quasi-one-dimensional
number of neighboring chains, aKe}) is the magnetic order g=1/2 antiferromagnet. The model material employed is
parameter. Combining these two re_Iatiqns, _the recovergr,(Cu,_,Pd,)Os. The susceptibility aT > Ty exhibits Curie-
length in the mean-field approximation is given Wyr  \eiss behavior. The magnitude of the Curie term is consis-
«(s,)"?". Instead of the mean-field approximation, a scalingtent with a model in which the creation of half an induced
relation proposes the relatiofs,) B between the mag- moment(size= 1 ug) occurs due to substitution with one Pd
netic order parameter and the staggered fieWith this and  ion. This suggests that the induced paramagnetic moment
the scaling relation betweernandB, one can obtain a scaling originates from the total spin of the chain fragments which is
prediction for the recovery lengtlfsc(s,)™2. In either case, eitherS=0 or S=1/2 depending on the fragment consists of
the temperature dependence of the recovery length is set l®ven or odd number of spin sites.
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The muon spin relaxation of the nominally pure@uO;  of chain site and site @) is the shared oxygen of the two
was reanalyzed with a model for the spatially inhomogeneighboring plaquetts forming the chain structure. In cu-
neous Néel ordered state. The length séabeas introduced prates, it has been proposed that muons form gu* ®eond
to describe the recovery of ordered moment size away fronyith oxygen ions in an analogy with the hydrogen bondihg.
the spin defect. It was suggested that the length stafegi-  |n this Appendix, we calculate the electrostatic potential for a
nates from the effective staggered magnetic field of thenyon which was assumed to form angObond with a bond
neighboring chains. The length scafe=150 lattices for |ength of 1 A and determine the orientation of the bond with
Sr,CuQ; is more than ten times longer than in doped egpect to the crystallographic axis. We also calculate the

CuGeQ, which most likely reflects the nominally gapless yinqjar fields and compare with the experimentally observed
characteristic of the system. local fields.

In the Pd doped samples, the absence of muon spin pre- In Figs. §a) and &b), contour plots of the electrostatic

cession for less than 1% doping level is consistent with : :
large recovery lengtl¥. The Néel temperature, which was %otennal are drawn for the muons forming the Oponds

defined as the temperature where muon spin relaxation raf’é'th_ the CXl)_ sm_a and @2) site, re spectively. The electro-
starts to increase, exhibits a good agreement with a receffalic potential is calculated using the method of Ewald

quantum mechanical calculation. sunt® assuming the formal point charges located at the cen-
ter of the ionic positions. The minimum of the potential ex-
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APPENDIX: MUON SITES

The crystal structure of JCuO; has two nonequivalent
oxygen sites both in the Cuy®laquett!® Site (1) is the out
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FIG. 9. (@) The crystal structure of SEuO;. O(1)-u and

FIG. 8. (a) and(b): Electrostatic potential for a muon 1 A away O(2)-u sites as determined by the electrostatic potential calculation
from the oxygen site @) and Q2), respectively. The unit of the are shown by the star symbols which are attached to the each oxy-
potential is in electron volts. The crosses are the potential minimagen sites(b) The dipolar fields from the each chains to the muon
which are the most probable orientation for theudzond.(c) and  sites. The boxes are distributed at the position of the chains seen
(d): Dipolar fields calculated for the same @ bonding. The unit of  along thea-axis. The upper and lower panels of the boxes are the
the field is in gauss for the spin structure determined by the neutrodipolar fields for @1)-u and Q2)-u sites, respectively. The fields
diffraction measuremer{see Ref. 1Y. are in gauss.
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the cross symbols in the figures. The polar coordinate is de60°,0°) ;) exhibits a much smaller dipolar field0 G), the
fined as they=0 direction being parallel to the longest crys- 97.7 G signal most likely originates from the(2)-u site
tallographic axigc-axis in Fig. 9a)], and thep=0° direction | .+h 4 shortened bond length.

In the basal plane being paralle! to t_he CuO chaimaxis in For the muon sites proposed above, we calculate the con-
Fig. 9@)]. In Fig. 9, the muon sites in the real space crystal

structure are shown by the star-symbols. The potential miniU?bUtion of the dipolar fields_ from neighb_oring (_:hains. n
mum value for the bond length of 1 A is deeper for the F19- 9b), we show the magnitude of the dipolar fields from
O(1)-u site (-10.4 €V}, than for the Q@2)—u site the cha|n§ at the. position of the boxes which represent the
(-9.2 e\). This suggests that(@)-u site may have a shorter CUO chains projected to the plane perpendicular to the
bond-length to gain the electrostatic potential of the oxygerghains[b X c-plane of Fig. 9a)]. The upper and lower panels
ion. of the boxes indicate the dipolar fields of thé1dx and

The ordered moment size and its orientation ofC8IO;  O(2)-u sites, respectively. For the(D-u site, the contribu-
has been obtained by neutron diffraction measurements apn from the next nearest neighboring chain is as large as
0.06 ug pointing along the CuO chain directiéhThe cor-  1/3 of the main contribution from the nearest chain to the
responding dipolar fields for the spin structure are calculateéhuon site. The contributions from the next nearest chains
for the two kinds of Ou bonds. The results are shown in proaden the local field distribution from that expected by the
Figs. §c) and &d). At the orientation of the minimum po- spatial distribution of the ordered moment sizes. However,
tential (cross symbols in the figurgsthe dipolar fields are the precession signal with higher frequency of the nominally
24 and 150 G for the )-u and Q2)-u site, respectively. pure SECuQ; originates from the (®)-u site, at which the
The experimentally observed local fields inGuO; are 23.3  contribution of the dipolar field from the next nearest chains
and 97.7 G The former is close to the calculation of s at most 1/10 of the main contribution. This calculation
O(1)-u site, which is most likely the muon position respon- syggests that the precession signal with higher frequency
sible to the 23.3 G signal. The 97.7 G signal does not agregould survive, if the ordered moment size distribution has a
well with the calculation for the )-u site. The discrep- distinctive peak at a finite frequency as proposed in the the-
ancy might originate from the bond length which could beoretical calculatiorf’ The absence of the precession signal in
shorter for @2)-u site. We have calculated the electrostaticthe Pd-doped sample suggests that the isolated peak of the
potential and the dipolar fields for a shortene@Ou bond  ordered moment size, which originates from the chain frag-
length of 0.9 A and found that the dipolar field at the poten-ments with odd number of spins, is actually diminished in
tial minimum is reduced to 120 G for the same spin struc-Sr,CuO; due to the effects which are not included in the
ture. Since the pseudominimum position for thElP u site  theoretical calculation.
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