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Impurity-induced staggered polarization and antiferromagnetic order in spin-1
2 Heisenberg

two-leg ladder compound SrCu2O3: Extensive Cu NMR and NQR studies
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We report characteristics of impurity-induced staggered polarization~IISP! and antiferromagnetic long-
range order~AF-LRO! in the gapped spin-1/2 Heisenberg two-leg ladder compound SrCu2O3 ~Sr123!. We
have carried out comprehensive NMR and NQR investigations on three impurity-doped systems,
Sr(Cu12xMx)2O3 (M5Zn, Ni) with x<0.02 and Sr12xLaxCu2O3 with x<0.03. Either the Zn or Ni impurity
that is nonmagnetic depletes a single spin on the ladders, whereas the La impurity is believed to dope electrons
onto the ladders. The width of the Lorentzian Cu NMR spectrum increases with the increase in impurity
contentx and follows the Curie-like temperature~T! dependence asW/T. The W’s for the Zn- and Ni-doped
samples~M doping! are larger than for the La-doped one~La doping!. The NMR spectra were fit by assuming
that unpaired spinS051/2 induced next to impurity on the rung for the Zn and Ni doping (S051/4 for the La
doping! creates the staggered spin polarization along the leg, which decreases exponentially fromS0. In Sr123,
an instantaneous spin-correlation lengthj0 was theoretically predicted asj0 /a;328, wherea is the lattice
spacing between the Cu sites along the leg. However, a correlation lengthjs /a estimated from the IISP along
the leg was found to be much longer thanj0 /a in x50.001 and 0.005. The notable result is thatjs /a that was
found to beT independent is scaled to mean distancesDAV51/(2x) between the Zn and Ni impurities and
DAV51/x between the La impurities. WhenDAV5500 for x50.001~Zn doping!, js /a;50 is estimated. The
significantly broadened NQR spectrum has provided unambiguous evidence for the AF-LRO in the Zn and Ni
doping ~x50.01 and 0.02!. Rather uniform AF moments at the middle Cu sites between the impurities are
estimated to be about 0.04mB at 1.4 K along thea axis. By assuming that exponential decay constants of AF
moments are equivalent tojs /a’s for the IISP, the size of an AF moment next to the impurity is deduced as
SAF;1/4. We propose that these exponential distributions of IISP and AF moments along the two-leg suggest
that an interladder interaction is in a weakly coupled quasi-one-dimensional~WC-Q1D! regime. The formula
of TN5J0exp„2DAV /(js /a)… based on the WC-Q1D model explainsTN(exp)53 K (x50.01) and 5.8 K (x
50.02) quantitatively and predicts to be as small asTN50.09 K forx50.001 usingJ052000 K. On the other
hand, there is no evidence of AF-LRO for the La doping (x50.02 and 0.03! down to 1.4 K, nevertheless their
js /a’s are almost equivalent to those in the Zn and Ni doping (x50.01 and 0.02!. We remark that the
Q1D-IISP is dramatically enhanced by the interladder interaction even though so weak, once the impurity
breaks up the quantum coherence in the short-range resonating valence bond~RVB! state with the gap. On the
one hand, we propose thatTN is determined by a strength of the interladder interaction and a size ofS0.
@S0163-1829~99!00530-5#
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I. INTRODUCTION

Theoretical1,2 and experimental3–6 works unraveled the
fact that SrCu2O3 ~Sr123! is a typical gapped spin-1/2 quas
one-dimensional~Q1D! Heisenberg two-leg ladder com
pound. In Sr123, the ladders, consisting of antiferromagn
~AF! Cu-O-Cu linear bonds, are spatially connected w
each other so that they form 2D2Cu2O3 sheets.3 Each lad-
der is magnetically decoupled because of the interladder
Cu-O-Cu bond causing the frustration in magnetic inter
tion at the interface. Even-leg spin-ladder systems have b
established to be in a short-range resonating valence b
~RVB! ground state1,2,7,8with an instantaneous magnetic co
relation lengthj0 of only a few lattice spacings.1,2 Measure-
ments of the magnetic susceptibilityx,4 the Cu nuclear spin-
lattice relaxation rateT1

21,5 and the inelastic neutron
scattering,6 evidenced a large spin gapEg;400 K. Moti-
PRB 600163-1829/99/60~6!/4181~10!/$15.00
ic

0°
-
en
nd

vated by the theoretical conjecture that the singlet superc
ductivity should occur by lightly doping into the even-le
ladder system,1,7,8 extensive experimental efforts have be
devoted to discover the superconductivity in hole-doped tw
leg spin-ladder systems. Meanwhile, Ueharaet al. have dis-
covered the superconductivity withTc512 K under a pres-
sure of 3 GPa in Sr0.4Ca13.6Cu24O41.84.

9 In Sr123, however,
neither hole nor electron doping has been successfully m
yet. Although the La substitution for the Sr sites is believ
to dope electrons onto the ladders, carriers are reported t
localized.10

Nonmagnetic impurity-induced antiferromagnetic lon
range order~AF-LRO! in low dimensional quantum spin sys
tems was first reported in the gapped spin-1/2 1
Heisenberg AF magnet CuGeO3

11,12which exhibits the spin-
Peierls ~SP! transition.11 Of particular interest is the
coexistence of AF-LRO and lattice dimerization,13,14 which
4181 ©1999 The American Physical Society
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4182 PRB 60S. OHSUGIet al.
has been theoretically interpreted in terms of the ph
Hamiltonian by Fukuyamaet al.15

Subsequently, Azumaet al.16 and Noharaet al.17 reported
a surprising result through the measurements ofx(T) and
specific heatC(T) in Sr123. Only 1%-Zn substitution~de-
noted as Zn doping! for the Cu sites breaks up the singl
spin-liquid state and leads to an AF-LRO. Fukuyamaet al.
remarked that a nonmagnetic impurity replacing a spin
gapped two-leg spin-ladder systems induces a staggered
modulation and leads to the AF-LRO in Sr123.18 The collec-
tive spin-singlet ground state with the gap is stabilized due
the quantum coherence. It was therefore proposed to be
to this quantum coherence effect to be very susceptible to
randomness which results in the appearance of stagg
magnetic modulation.19

In the Zn doping, the Ne´el temperatureTN undertakes a
broad maximum atTN

Max;8 K aroundx50.04.16 AboveTN ,
a Curie behaviorx(T)5C/T and a T-linear specific heat
Cs5gT have been observed.17 A finite value of g
;3.5 mJ/K2 for x50.02 and 0.04 suggested a gapless s
excitation. Inelastic neutron-scattering measurement
vealed, on the other hand, that a singlet-triplet excitation
Eg;400 K ~33 meV! is independent ofx, although its inte-
grated intensity decreases monotonically with increasingx.6

This intimate variation of magnetic spectral weight~SPW! as
the function ofx was first noted for disordered spin-Peie
systems whose typical example is CuGeO3 with a small
amount of Zn replacing Cu or Si replacing Ge.19,20The SPW
in the clean system has a well-defined gapped mode aro
the AF wave vectorQ. As a small amount of disorder in
creases, however, the gapped mode undergoes an appre
broadening and concomitantly a new SPW is introduced
low energies,v;0 at Q. This disorder-induced low-energ
SPW grows up with increasingx to become a well-defined
Gold-stone mode of AF spin wave belowTN . At TN or some
critical xc , even though AF-LRO disappears, its SPW s
remains atv;0. This interprets the presence of a finiteg
value and of a seeming gapped mode.14,21

For the Zn doping, a magnitude of local moment es
mated fromx(T)5C/T is about 0.75mB/Zn.16 Nonmagnetic
Zn21 ion depletes a single spin on the rung. Therefore
paired spinS0;1/2 was expected to be induced on the
site next to Zn on the same rung. Extensive theoretical s
ies have indicated that a nonmagnetic impurity induces
formation of a spin-1/2 local moment and the substan
enhancement of staggered spin correlation around
impurity.18,22–25 Iino and Imada reported that the quantu
Monte Carlo~QMC! results on ladders reproduces a Cu
law, x(T)5C/T and Cs5gT, consistent with the experi
ments whenxc exceeding;0.04. They did not, however
succeed to explain a finite value ofg and a persistence o
AF-LRO down to a low doping level of Zn (x50.01).23 This
is because a weak effective exchange coupling between
paired spins decreases exponentially along the leg
exp(2r/j0) wherer is the distance fromS0 andj0 /a;3. As
a consequence, a 3D interladder coupling has been prop
to play an important role for the occurrence of AF-LRO26

They have put forth the scaling theory together with t
QMC calculations. The scaling properties are characteri
by the 3D strong interladder coupling, which is relevant
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understanding the experimental results in the low dop
level.26

Recently, Fujiwaraet al. reported that the Cu NMR spec
tral width for the Zn doping (x50.0025 and 0.005! increases
with increasingx and varies asW/T with decreasingT. The
NMR spectra inT530–40 K were, however, not fit by as
suming an impurity-induced staggered polarization~IISP!
with a form ofSi

z5(21)iS0 exp(2ri /js) at a distancer i from
the impurity. In particular, the NMR spectral shape w
never simulated with a largerjs /a andS0;1/2, although it
was noted that a possible correlation lengthjs /a might be
much longer thanj0 /a;3 –8.27

Appearance of AF correlation enlarged by introducing
spin vacancy in 1D gapped spin-1/2 systems has been c
lenging to interpret. On the base of the computational te
niques, Laukampet al.28 have studied the effect of spin va
cancy, for example, a nonmagnetic Zn depleting a single s
on the ladders. It was shown that a staggered spin-spin
relation are markedly enhanced near these spin vacan
Their results show that forJ' /J050.5 andx50.014, all the
spins of ladder cluster with a (2350) finite size have non-
vanishing AF susceptibility. HereJ' (J0) is the exchange
constant along the rung~leg!.

In order to clarify these experimental and theoretical p
zling features on the IISP and the AF-LRO in the impurit
doped Sr123, we have carried out comprehensive Cu N
and NQR studies on the Zn- and Ni-doped Sr123~denoted as
Zn and Ni doping! with x<0.02 and the La-doped Sr123
Sr12xLaxCu2O3 ~La doping! with x<0.03. The La doping is
believed to dope electrons onto the ladders. We have fo
that the impurity induces a staggered polarization along
leg. A striking result is that its correlation lengthjs /a for a
very smallx is extended over a distance much longer th
j0 /a;3 –8. At low temperature and zero field, the Cu NQ
measurements have evidenced an AF-LRO for the Zn and
doping (x50.01 and 0.02!, but not for the La doping. We
propose thatTN is determined by a strength of interladd
interaction and a size ofS0.

II. EXPERIMENTAL PROCEDURES

Preparation techniques of samples were already descr
elsewhere.16 The samples characterized by the powder x-
diffraction were confirmed to keep their good quality. W
used thec-axis oriented powder samples. The Cu NMR spe
trum was obtained inT54.2–286 K at 125.1 MHz by a
sweeping magnetic fieldH with the use of a phase-cohere
pulsed-NMR spectrometer and a superconducting mag
~12 T at 4.2 K!. The Cu NQR spectrum at 1.4 K andH50
was obtained by plotting a spin-echo intensity as a funct
of frequencyn point by point. The spin-echo intensity a
eachn was corrected by the Boltzmann factor and the
ceiver sensitivity which wasn independent inn58214
MHz. Since the interval between 90° and 180° pulsest in
the spectrum measurements was so short witht513 msec,
the corresponding correction uponn was not made.

III. NMR RESULTS AND DISCUSSIONS

A. Cu NMR spectrum

The Cu NMR spectra at 150 K forHic axis are indicated
in Fig. 1 regarding the oriented powders of undoped Sr1
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and the Zn and Ni doping (x50.02). The spectra compose
several peaks due to the first-order effect of the nuclear e
tric quadrupole (eqQ) interaction for two isotopes63Cu and
65Cu (I 53/2) as marked by arrows. The spectral width
fairly larger for the Zn and Ni doping than for Sr123. Figu
2 indicates65DH/2 vs T21 plots. Here65DH/2 is defined as

FIG. 1. The Cu NMR spectra for thec-axis oriented powders
Sr(Cu12xMx)2O3 (M5Zn, Ni) ~M doping! with x50 and 0.02 at
150 K for Hic axis. Arrows point to the peak positions of th
spectra split by the first-ordereqQ interaction for two isotopes
63Cu and65Cu (I 53/2).

FIG. 2. 1/T dependence of65DH/2, a half width at the low-field
side at the half intensity of peak arising from the (3/2↔1/2) tran-
sition in the 65Cu spectrum. Presented are those for the Znx
50.001–0.02) and Ni doping (x50.02) and the La doping (x
50.01, 0.02, and 0.03! in Sr12xLaxCu2O3.
c-

the lower-field half width at the half intensity of peak in th
65Cu NMR spectrum arising from the (3/2↔1/2) transition.
This peak does not overlap with the63Cu NMR spectrum
whose width increases upon cooling and/or with some
trinsic signal arising from unaligned grains. Therefore a p
cise measurement is guaranteed. Apparently, the65DH/2 in
Sr123 is almostT independent. By contrast, those for a
samples follow theT dependence of

65DH5
W

T
165DHc . ~1!

An extrapolated value toT˜`, 65DHc is ascribed to some
distribution of thec-axis component of quadrupole frequen
65Dnc . This distribution originates from some inhomog
neous electric-field gradient~EFG! caused by doping impu
rities. In fact, 65DHc’s are in good agreement with thos
estimated from the Cu NQR spectrum as presented in
next section.W increases with increasingx as seen in Fig. 2.
Note that theW at x50.02 are almost the same for the Z
and Ni doping, but that for the La doping is smaller. T
65Dnc’s for the Ni and La doping are smaller than that f
the Zn doping.

Figure 3 illustrates a schematic configuration of the
and Ni ~La! impurities on the ladder~Sr layer!. Extensive
theoretical works have reported that unpaired spinS0;1/2 is
induced at the Cu site next to Zn or Ni on the sam
rung.18,22–25 The 65DH/2 varying asW/T suggests thatS0
polarized byH produces the IISP along the leg due to a lar
exchange interactionJ0;2000 K.29 The IISP develops as a
staggered spin susceptibilityx8(q5Q, v50) increases
upon cooling. Although the La doping does not deplete
spin on the ladders, doped electrons tend to localize on
ladders as suggested from the previous NMR study5 and the
resistivity measurement.10 As a result that the spins of dope
localized electrons couple with some Cu spins on the l
ders, the spin degree of freedom is anticipated to emerg

FIG. 3. Schematic coordination of impurities on the ladder
the Zn and Ni doping~left panel! and on the Sr layer for the La
doping~right panel!. Mean distanceDAV51/(2x) for the Zn and Ni
doping and 1/x for the La doping.
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4184 PRB 60S. OHSUGIet al.
the vicinity of the La impurity.W per impurity that is pro-
portional toS0 is very smaller for the La doping than for th
Zn and Ni doping. We remark that doped electrons may
localize on a single Cu site, but are rather extended on
ladders and henceS0 is reduced.

B. Analyses of impurity-induced staggered polarization„IISP…

Fujiwara et al. reported the Cu NMR study on the Z
doping (x50.0025 and 0.005!.27 A correlation lengthjs /a
for IISP in T530–40 K was suggested to be much long
than j0 /a;3 predicted theoretically.18,22–25 However, the
observed NMR spectrum was not fit by assuming a form
Si5(21)iS0 exp(2ri /js) at a distancer i from the impurity.
By contrast, here is presented that the Cu NMR spectra
hibiting the Lorentzian shape are fit by assuming aregular
distribution of impurities andS0’s on the ladders. Namely
provided that theS0 ~impurity! at l 50 and the impurity (S0)
at l 5L are located in 0< l<L21 (1< l<L21) for theA
leg ~B leg!, ASl (BSl) at a distancel is given by

ASl5~21! lS0 expS 2 la

js
D

1~21!L2 lS0 expS 2~L2 l !a

js
D ~ for A leg!,

~2!

BSl5~21! l 11S0 expS 2 la

js
D

1~21!L2 l 11S0 expS 2~L2 l !a

js
D ~ for B leg!.

~3!

In high T, we modelL as an odd number so that the IISP
canceled out around the middle Cu sites between theS0’s on
the A and B leg. If a staggered polarization remained fin
around the center betweenS0’s in the case ofL being an
even number, three peaks might emerge in the NMR sp
trum. This is, however, not the case because the obse
NMR spectrum is of the Lorentzian type. In this conte
regardless of whether a number of lattice between the im
rities is odd or even, we expect that a thermal average
IISP would be canceled out around the middle Cu sites
high T.

Sign of local susceptibilityx l8 at a l site changes alter
nately with varyingl as expressed by

x l8~T!5
Sl~ uSl u11!g2mB

2

3kBT
, ~4!

where mB and kB is the Bohr magneton and Boltzmann
constant, respectively. Theg value is 2. The relation betwee
the resonance fieldHres

l andx l8 is expressed as

Hres
l 5H0S 11

Acx l8~T!

mB
D , ~5!

where H0 is the magnetic field at the peak of65Cu NMR
spectrum@the (3/2↔1/2) transition#. The hyperfine coupling
t
e

r

f

x-

c-
ed
,
u-
of
at

constant parallel to thec axis was previously reported a
Ac52120 kOe/mB .5 EachHres

l undertakes a distribution o
EFG, 65DHc . Eventually, a spectral intensityI (H) is given
by

I ~H !5 (
l 50

L21

G~AHres
l !1 (

l 51

L21

G~BHres
l !, ~6!

whereG(H) represents the Gaussian distribution.S051/2 is
fixed for the Zn and Ni doping andS051/4 for the La dop-
ing. The NMR spectra are fit by solid curves in Figs. 4~Zn
doping! and 5~La doping!. A fitting parameter is onlyjs /a
that is T independent. For the Zn doping,65DHc and L for
x50.001 ~0.02! are 0.17 kOe~0.46 kOe! and 499~25!, re-
spectively. As seen in Fig. 4~a! for x50.02, several satellite
structures inI (H) become appreciable with decreasingT. In
the reality, however, it is likely that some distribution of Z
smears out the satellite structures inI (H) asx l8(T) increases
upon cooling. In Fig. 4~a!, the I (H) for js /a53 is indicated
by dashed curves. Solid curve represents a best fit w
js /a54.5. Forx50.001, it is surprising that the spectru
indicated in Fig. 4~b! is extraordinarily broadened at 4.2 K
The solid curve in the figure traces the65I (H) with js /a
550. In order to fit the spectrum at 4.2 K, it is necessary
incorporate 63I (H) in addition to 65I (H). Dashed curve
traces a sum of65I (H) and 63I (H). With this fixed js /a
550, the spectra inT54.2–203 K were well fit as shown in
Fig. 4~b!. The spectrum for the Ni doping (x50.02) is also
fit as well as in the Zn doping (x50.02) by assuming the
same js /a54.5 and L525 but incorporating a smalle
65DHc50.36 kOe.

For the La doping inx50.01–0.03, the spectra are not
by assumingS051/2 butS051/4 as shown in Figs. 5~a! (x
50.03) and 5~b! (x50.01). Here65DHc andL for x50.03
~0.01! are 0.30~0.21! kOe and 33~99!, respectively. An
unpaired moment reduced toS051/4 for the La doping is
because the La impurity replacing the Sr site is expected
dope electrons onto two ladders adjacent to the Sr layer

In Fig. 6, js /a’s are plotted against mean distancesDAV
51/(2x) on theA and B leg for the Zn and Ni doping and
DAV51/x for the La doping. Thesejs /a’s for the Zn and Ni
doping give a possible minimum values becauseS051/2 is a
possible maximum value. ForS0,1/2, js /a could be larger.
Dashed linear line indicates a formula ofjs /a5A1BDAV
with A;2.5 andB;0.1 that is a best fit to the data inx
50.001–0.02 for the Zn and Ni doping. Imada and Iino ha
examined IISP and AF-LRO based on the scaling theory
the quantum Monte Carlo~QMC! calculations involving an
effect of interladder coupling.23 They proposed that the
strong-coupling 3D scaling behavior governed by the qu
tum criticality in Sr123 dominates the magnetic properties
induced moments in the Zn doping.26 However, the NMR
spectra for the impurity-doped Sr123 are well fit by assu
ing the quasi-1D exponential variation of IISP along the tw
leg. This result supports that the quasi-1D magnetic natur
kept for 0.001<x<0.02.

Laukampet al. proposed that introducing spin vacanci
prunes or reduces the number of possible resonating s
singlet configurations and this enlarges the s
correlations.28 It was indicated that all spins of ladder clust



of

ili
or

ifi
a

f-
-
ita-

-
ins

n

in

PRB 60 4185IMPURITY-INDUCED STAGGERED POLARIZATION AND . . .
with a (2350) finite size remains finite in the case
J' /J050.5 andj0 /a;8 with x50.014.28 Here J'(J0) is
the exchange constant along the rung~leg!. Furthermore,
they suggested that the enlarged AF correlation can stab
a 3D Néel order once a weak interladder interaction is inc
porated.

In this paper, however, we have found that IISP is sign
cantly enlarged with its exponential decay constant incre

FIG. 4. T dependence of the65Cu spectrum@(3/2↔1/2) transi-
tion# for the Zn doping with~a! x50.02, and~b! x50.01. For~a!,
solid ~dashed! curve indicates the Lorentzian simulation~LS! with
js /a54.5(3). For~b!, solid curves inT54.2–203 K indicate LS
wherejs /a550 is fixed. Note that theT dependence of the spec
trum originates from that of the susceptibility for unpaired sp
grows up following the Curie law. Dashed curves inT54.2–40 K
represent LS where its overlapping with the63Cu spectrum
@(3/2↔1/2) transition# is incorporated. Full details of LS are give
in the text.
ze
-

-
s-

ing asjs /a5A1BDAV whereDAV51/2x ~Zn and Ni dop-
ing! and DAV51/x ~La doping!. Thereforejs /a is larger
thanj0 /a;8 in x50.001–0.005. It may be due to this di
ference betweenjs and j0 that numerical theoretical treat
ments failed to explain the emergence of AF-LRO quant
tively.

IV. NQR RESULTS AND DISCUSSION

A. Analyses of Cu NQR spectrum probing AF-LRO

First, we present in Fig. 7 the63,65Cu NQR spectra at 1.4
K and H50 for the La doping inx50.01–0.03. For the
63Cu (65Cu) isotope, the natural abundance is 69.09~30.91!

FIG. 5. T dependence of the65Cu NMR spectrum@(3/2↔1/2)
transition# for the La doping with~a! x50.03, and~b! x50.01. For
~a! and ~b!, solid curves indicate the Lorentzian simulation~LS!
with js /a54.5 and 11, respectively. Full details of LS are given
the text.
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4186 PRB 60S. OHSUGIet al.
and the ratio of the nuclear quadrupole moment is63Q/65Q
50.211/0.195. Solid curves indicate the Gaussian sim
tions of two Cu NQR spectra by adjusting two parameters
63Cu NQR frequency,63nQ and full width at half maximum
~FWHM!, 63DnQ . 63nQ is almost independent ofx, whereas
63DnQ(NQR) increases linearly from 0.22 MHz (x50) to
0.42 MHz (x50.03) as indicated in Fig. 8.63DnQ(NMR) is
also estimated from the65DHc in the NMR experiment
through the relation of

63DnQ~NMR!5

63Q65nQ
65Dnc

65Q65nc

5
63Q63nQ

65DHc
65g

2p65Q63nc

,

~7!

FIG. 6. Plot of correlation lengthjs /a of IISP againstDAV

51/(2x) for the Zn and Ni doping andDAV51/x for the La doping.
Dashed line is a fit with the form ofjs /a5A1BDAV for the Zn and
Ni doping whereA;2.5 andB;0.1.

FIG. 7. The Cu NQR spectra for Sr12xLaxCu2O3 (x50, 0.01,
0.02, and 0.03! at 1.4 K. Solid curves indicate Gaussian simulatio
~GS!. Full details of GS are given in the text.
a-
f

where 63nQ /63nc565nQ /65nc511.00/10.15. As seen in Fig
8, 63DnQ(NMR) is in good agreement with63DnQ(NQR). It
is apparent that the FWHM for the La doping is dominat
by the distribution of EFG originating from the random mi
ture of Sr and La atoms. The NQR spectra inx50.01–0.03
provide no evidence for an AF-LRO at 1.4 K.

Next, the Cu NQR spectra for the Zn doping forx50,
0.005, 0.01, and 0.02 are shown in Fig. 9. The spectral sh
exhibits a drastic change betweenx50.005 and 0.01. The
trapezoidlike spectra for the Zn doping (x50.01 and 0.02!
exclude a spin-glass freezing. This is because such cha
teristic shapes are only reproduced by assuming that a ra
uniform H int acts on the Cu nuclei in the ladders. If spin
induced only near by impurities were frozen, most Cu nuc
away fromS0 should be not influenced due to a spin-gla
freezing and hence two peaks at63nQ and 65nQ could remain
traced in the NQR spectrum. This is, however, not the ca
Therefore the significantly broadened NQR spectrum sign
an onset of AF-LRO at 1.4 K in the Zn and Ni dopin
Another evidence for AF-LRO is obtained from thex depen-
dence ofT2G

21 at 1.4 K. As seen in Fig. 10,T2G
21 for the Zn

doping changes markedly betweenx50.005 and 0.01, while
that for the La doping has no remarkable change up tx
50.03. The increase inT2G

21 at x50.005 is likely due to the
fact thatT51.4 K is already close to a possible AF orderin
temperatureTN for x50.005.

The NQR spectrum is fit by combining the Gaussian d
tributions of EFG andH int ,

63DnQ andDH int , and incorpo-
rating the split of the NQR spectrum due toH int , Dna,b .
This simulation leads to an estimate ofH int for the Zn and Ni
doping (x50.01 and 0.02!. The nuclear-spin Hamiltonian fo
63,65Cu (I 53/2) atH50 is described in terms of theeqQ
and the Zeeman interaction as

FIG. 8. Impurity concentrationx dependence of63DnQ(NQR)
for the La and Zn doping.63DnQ(NMR) is estimated using Eq.~2!
with 65DHc at T˜` in 65DH vs 1/T plot in Fig. 2. The half width
at half maximum63DnQ(NQR) of the NQR spectrum in Fig. 9 is
also shown for the Zn and Ni doping (x50.01 and 0.02! which
exhibit the AF-LRO.
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HQ5
e2qQ

4I ~2I 21!
F3I z

22I ~ I 11!1
h~ I 1

2 1I 2
2 !

2 G , ~8!

HZ52g\I•H int , ~9!

where g is the 63,65Cu gyromagnetic ratio. In Eq.~8!, the
asymmetry parameterh for the EFG tensor is defined by

h[
VXX2VYY

VZZ
, ~10!

whereuVZZu([eq)>uVYYu>uVXXu. The z axis is the princi-
pal axis along which EFG gives a maximum value andVZZ
;nc@gH int . By resolvingHQ exactly and treatingHZ in
terms of the first-order perturbation, we calculated
eigenenergies of four nuclear-spin levels. A single NQ
spectrum is separated into two sets of spectra. Half valu
their frequency separationDna,b/2 is given by

H int Dna/2 Dnb/2,

a axis ~12h!rgHa/2p gHa/2p,

b axis gHb/2p ~11h!rgHb/2p,

c axis gHc/2p 2rgHc/2p, ~11!

where

FIG. 9. x dependence of the Cu NQR spectrum for the Zn d
ing (x50, 0.005, 0.01, and 0.02! at 1.4 K. Solid curves forx50
and 0.005 indicate the Gaussian simulations~GS!. For x50.01 and
0.02, solid ~dotted! bar indicates the intensity of two sets of th
NQR transitions of63Cu (65Cu) split due to the internal fieldHc

associated with the AF-LRO. Solid curve indicates GS for two s
of NQR transitions withHc5487 ~665! Oe and 63DnQ(NQR)
51.21 (1.36) MHz forx50.01 ~0.02!. Note that 63DnQ(NQR) is
larger thanDnQ(NMR)50.44 (0.65) MHz forx50.01 ~0.02! as
shown in Fig. 8, including some distribution of the internal fie
DHc .
e

of

r5S 11
1

3
h2D 1/2

5
nQ

nc
. ~12!

Here a, b, and c denote the crystal axes for Sr123.na5
21.46 MHz, nb528.69 MHz, andnc510.15 MHz were
reported previously.5 From Eqs.~10! and ~12! together with
na,b,c , h;0.72 is estimated. Concerning a possible direct
of H int , we assume all the cases,Ha , Hb , and Hc . The
transition probabilityP was calculated under the conditio
that a distribution of the radio-frequency fieldH1(u) in the
powder is averaged over the polar angleu betweenH1 and
each axis. An intensity ofP is indicated in Fig. 9 by a heigh
of bold solid (63Cu) and dotted (65Cu) bars forHc . Solid
curve represents a simulation decomposed of four Gaus
curves whose width is a sum of63DnQ and DH int ,
63DnQ(NQR) for x50.01 and 0.02. As shown in Fig. 8
63DnQ(NQR) for the Zn doping (x50.01 and 0.02! are con-
siderably larger than the63DnQ(NMR)’s that was estimated
using the 65DHc’s ~see Fig. 2!. Since 63DnQ(NQR)
.63DnQ(NMR), the 63DnQ(NQR)’s for x50.01 and 0.02
cannot be attributed only to the distribution of EFG, but
rather dominated by some inhomogeneous distribution of
ternal field H int , DH int . H int is produced by an AF-LRO.
The results for the Ni doping were shown to be almost
same as for the Zn doping.

Fitting parameters for the Zn doping are summarized
Table I. From Eq.~11! using Aa,b548 kOe/mB and Ac5
2120 kOe/mB ,5 a size of AF moment is estimated from th
relation of ^m&a,b,c5Ha,b,c /Aa,b,c . ^m&a , ^m&b , and ^m&c
are plotted in Fig. 11 together withTN .16 The magnitude of
^m& is almost the same for the Zn and Ni doping. Recen
Azuma et al. have reported from the susceptibilityx(T)
measurement on thec-axis oriented powders that the dire
tion of AF moments is in the Cu2O3 planes.30 In this case,
^m&a and^m&b is in a range of 0.01–0.04mB , and increases
asx increases.

FIG. 10.x dependence of the Gaussian spin-echo decay rateT2G
21

at 1.4 K for the Zn, Ni, and La doping. Dashed curves are guides
the eye.-

s
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TABLE I. Fitting parameters of the Cu NQR spectra for the Zn doping (x50.01 and 0.02! in Fig. 9. Here,
Dna , 63DnQ(NQR), Ha,b,c , and^m&a,b,c denote the separation due toH int , the full width at half maximum
of 63Cu NQR spectrum,Ha,b,c , and average AF moments around the center between impurities, respec

Axis Dna/2 ~MHz! 63DnQ/2 ~MHz! H ~Oe! ^m&(1022mB)

a 0.60 1.21 Ha51755 3.66
Zn 1% b 0.54 1.22 Hb5479 1.00

c 0.55 1.21 Hc5487 0.41

a 0.80 1.34 Ha52340 4.88
Zn 2% b 0.74 1.37 Hb5656 1.37

c 0.75 1.36 Hc5665 0.55
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1.4
B. Spatial variation of AF moments and Néel temperature „TN…

The NQR results point to the presence of ratheruniform
AF moment, which is not consistent with the result that t
IISP decreasesexponentially. Note that the Cu NQR signa
in the vicinity of the impurities is out of detection becau
H int’s at the Cu sites around the impurity are distributed w
larger values than around the middle Cu sites between th
Figure 12 indicates thex dependence of the integrated inte
sity II (n) of NQR spectrum at 1.4 K in Fig. 9. This show
that only 24% and 17% of the total Cu sites contribute to
observed NQR spectrum for the Zn doping (x50.01 and
0.02, respectively!.

In Figs. 13~a! and 13~b!, solid curve represents a spati
variation of um l u5guSl u (g52) at 1.4 K corresponding to
Eq. ~2! with L525, js /a54.5 andL550, js /a58, respec-
tively. The region marked by the slash lines in Fig. 13 c
responds to only 17% (x50.02) and 24% (x50.01) of the
total Cu sites. By assigninĝm&a50.0366~0.0488!mB for x

FIG. 11. Average AF momentŝm&a,b,c around the center be
tween the impurities for the Zn and Ni doping (x50.01 and 0.02!
together with thex dependence ofTN in x50 –0.08.a, b, and c
denote the crystal direction. Solid lines indicate a range of^m&a ,
^m&b , and^m&c . Dashed line is a guide for the eye to thex depen-
dence ofTN for the Zn doping.
e

m.

e

-

50.01 ~0.02! at 1.4 K at the center between the impuritie
mAF;0.41(0.39)mB @SAF;0.21(0.20)# are deduced. Thes
values are consistent with the results calculated by Mike
et al.25 and Laukampet al.28 We thus find that the IISP is
spontaneously ordered belowTN . As expected, the exponen
tial decrease of AF moments along the leg is equivalen
that of IISP. This 1D nature of IISP allows us to be based
a weakly coupled quasi-1D~WC-Q1D! model in evaluating
TN .

For WC-Q1D ladders,TN might be dominated by an ef
fective exchange coupling between twoS0’s along the leg,
given by

TN~WC-Q1D!5J0e2DAV /(js /a). ~13!

HereJ0 is the nearest-neighbor exchange coupling along
leg. AssumingJ052000 K estimated from thex(T) in
Sr2CuO3 and SrCuO2 ~Ref. 29! and usingjs /a’s obtained
from the NMR measurements as shown in Fig.
TN~WC-Q1D! is plotted againstx for the Zn doping by cross
marks in Fig. 14. Forx50.01 ~0.02!, TN(WC2Q1D)
52.6(7.7) K is in quantitative agreement withTN(exp)
53.0(5.8) K.16 If js /a54.3 is assigned within experimenta

FIG. 12. x dependence of the integrated intensityII (n) of the
NQR spectra in Figs. 7 and 9 for the Zn, Ni, and La doping at
K.
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accuracy atx50.02, TN(WC2Q1D)5TN(exp) is deduced.
We may also predictTN(WC2Q1D)50.09, 0.31, and 0.48
K for x50.001, 0.003, and 0.005, respectively. On the ot
hand, there is no evidence for an onset of AF-LRO down
1.4 K for the La doping, neverthelessjs /a’s in x
50.01–0.03 are almost equivalent to those in the Zn and
doping (x50.01–0.02). This lack of AF-LRO in the La dop
ing may be relevant to the fact that the unpaired spinS0
;1/4 at the Cu sites around the La impurity is reduced t
half of S0;1/2 in the Zn and Ni doping.

From thex dependence ofTN5a exp(2b/x) in Zn-doped
CuGeO3, it was concluded that there is no critical concent
tion for the occurrence of AF-LRO.31 This indicates that the
dimerization sustains the coherence of IISP in this syst
which was consistent with the theory of the impurity-dop
spin-Peierls system.15 TheTN and the IISP in this system ar
considered to be determined by a relative large anduniform
interchain interaction with a unique ‘‘soliton length’’j0 /a
57.78 relevant to CuGeO3 with J0;100 K and a spin gap
D;25 K.

The Q1D nature of IISP in the impurity-doped Sr123
because the staggeredness is perfectly maintained by

FIG. 13. Exponential decrease of AF momentsum l u in Eqs.~2!
and~3! for the Zn doping with~a! x50.02 and~b! x50.01 at 1.4 K.
Slash line indicates the central region between impurities where
Cu NQR spectrum was observable.~a! x50.02, ^m&a50.0488,
mAF50.39mB (SAF;0.20), js /a54.5, andL525. ~b! x50.01,
^m&a50.0366mB , mAF50.41mB (SAF;0.21), js /a58, and L
550.
r
o

i

a

-

,

the

quantum coherence in the gapped spin-1/2 Heisenberg
leg ladder system. The impurity that depletes a single s
breaks the singlet formation locally and eventually the
duced moments partially lift the spin frustration at the inte
face aroundS0. It may be due to this weak interladder inte
action to enhance the Q1D-IISP of which the correlati
lengthjs /a5A1BDAV increases with decreasingx. We re-
mark thatTN is determined by a strength of interladder i
teraction and a size ofS0.

V. CONCLUSION

On the base of the extensive Cu NMR and NQR stud
on the impurity-doped spin-1/2 two-leg spin-ladder SrCu2O3
with the gap, we have clarified the characteristics of Q
impurity-induced staggered polarizaton~IISP! and the onset
of AF-LRO in the Zn and Ni doping (x50.01 and 0.02!, not
for the La doping up tox50.03. We have found that th
correlation lengthjs /a of IISP that is T independent is
scaled to a mean distanceDAV between the impurities. An
experimental relation ofjs /a5A1BDAV with A;2.5 and
B;0.1 has been obtained inx50.001–0.02 for the Zn and
Ni doping. js /a;50 for DAV5500 in the Zn doping (x
50.001) is two orders of magnitude longer thanj0 /a
;3 –8 in Sr123.1,2,32Based on the computational techniqu
on the 2350 cluster of the ladders,28 it was shown that all
spins of the (2350) cluster have nonvanishing AF susce
tibility in the case ofJ' /J050.5 ~Ref. 32! andx50.014. We
suggest that the striking experimental relationjs /a5A
1BDAV is relevant to some nonuniform weak interladd
interaction because the magnetic frustration at the interfac
partially lifted around impurities.

From the comprehensive analyses on the broadened
NQR spectra for the Zn and Ni doping, it was shown that
AF moments^m&a50.0366(0.0488)mB for x50.01 ~0.02!

he

FIG. 14. x dependence of the Ne´el temperatureTN predicted
from the formulaTN5J0 exp„2DAV /(js /a)… ~Ref. 26! based on
the weakly coupled quasi-1D model for the Zn doping withx
50.001–0.02.J052000 K is the nearest-neighbor exchange c
pling along the leg.js /a’s were those estimated from the prese
NMR measurements~see Fig. 6!. This model explains the experi
mentalTN(exp) ~solid circles! quantitatively~Ref. 16!.
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are rather uniform around the middle Cu sites between
impurities. By assuming an unpaired spinSAF;0.21 ~0.20!
next to the impurity at 1.4 K, the exponential decrease of
moments has been found to be almost equivalent to thos
the IISP withjs /a58 (x50.01) and 4.5 (x50.02) for the
Zn and Ni doping. This quasi-1D nature of IISP has provid
experimental support that the interladder interaction is in
weakly coupled quasi-1D~WC-Q1D! regime, but not in the
strongly coupled 3D regime proposed on the scal
theory.26 The formula of TN5J0 exp„2DAV /(js /a)… de-
rived based on the WC-Q1D model explains quantitativ
the experimentalTN values in the Zn and Ni doping an
predictsTN;0.09 K for x50.001 usingJ052000 K. On the
other hand, there is no evidence of AF-LRO for the La do
ing (x50.01–0.03) down to 1.4 K, although theirjs /a’s are
almost equivalent to those in the Zn and Ni dopingx
50.01–0.02). We propose that the Q1D-IISP is dramatica
enhanced by the interladder interaction even though so w
te
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once the impurity breaks up the quantum coherence in
short-range RVB state with the gap. We propose thatTN is
determined by a strength of the interladder interaction an
size ofS0.

ACKNOWLEDGMENTS

The authors would like to thank H. Fukuyama, M. Imad
and E. Dagotto for valuable comments and stimulating d
cussions regarding their theoretical works. S.O. would l
also to thank K. Magishi, M. Sakai, and G.-q. Zheng~Osaka
University! for experimental assists and Z. Hiroi and M. Iid
~Kyoto University! for valuable comments. This work wa
partly supported by a Grant-in-Aid for Scientific Resear
~No. 09440138! of the Ministry of Education, Science an
Culture of Japan and CREST~Core Research for Evolutiona
Science and Technology! of Japan Science and Technolog
Corporation~JST!.
i,

o,

ys.

oc.

ev.

-

g-
1T. M. Rice, S. Gopalan, and M. Sigrist, Europhys. Lett.23, 445
~1993!; S. Gopalan, T. M. Rice, and M. Sigrist, Phys. Rev. B49,
8901 ~1994!; M. Sigrist, T. M. Rice, and F. C. Zhang,ibid. 49,
12 058~1994!.

2M. Troyer, H. Tsunetsugu, and D. Wu¨rtz, Phys. Rev. B50, 13
515 ~1994!.

3Z. Hiroi, M. Azuma, M. Takano, and Y. Bando, J. Solid Sta
Chem.95, 230 ~1991!.

4M. Azuma, Z. Hiroi, M. Takano, K. Ishida, and Y. Kitaoka, Phy
Rev. Lett.73, 3463~1994!.

5K. Ishida, Y. Kitaoka, K. Asayama, M. Azuma, Z. Hiroi, and M
Takano, J. Phys. Soc. Jpn.63, 3222 ~1994!; K. Ishida, Y. Ki-
taoka, Y. Tokunaga, S. Matsumoto, K. Asayama, M. Azuma,
Hiroi, and M. Takano, Phys. Rev. B53, 2827~1996!.

6M. Azuma, M. Takano, and R. S. Eccleston, J. Phys. Soc. Jpn67,
740 ~1998!.

7E. Dagotto, J. Riera, and D. J. Scalapino, Phys. Rev. B45, 5744
~1992!; T. Barnes, E. Dagotto, J. Riera, and E. Swanson,ibid.
47, 3196 ~1993!; A. W. Sandvik, E. Dagotto, and D. J. Scala
pino, ibid. 53, R2934~1996!; for review, see E. Dagotto and T
M. Rice, Science271, 618 ~1996!.

8R. M. Noack, S. R. White, and D. J. Scalapino, Phys. Rev. L
73, 882 ~1994!; S. R. White, R. M. Noack, and D. J. Scalapin
ibid. 73, 886 ~1994!; C. A. Hayward, D. Poliblac, R. M. Noack
D. L. Scalapino, and W. Hanke,ibid. 75, 926 ~1995!.

9M. Uehara, T. Nagata, J. Akimitsu, H. Takahashi, N. Mor̄i, and
K. Kinoshita, J. Phys. Soc. Jpn.~to be published!.

10M. Azumaet al. ~unpublished!.
11M. Hase, I. Terasaki, and K. Uchinokura, Phys. Rev. Lett.70,

3651 ~1993!; 71, 4059~1993!.
12J. P. Renardet al., Europhys. Lett.30, 475 ~1995!.
13L. P. Regnaultet al., Europhys. Lett.32, 579 ~1995!.
.

t.

14Y. Sasagoet al., Phys. Rev. B54, R6835~1996!.
15H. Fukuyama, M. Saito, and T. Tanimoto, J. Phys. Soc. Jpn.65,

1182 ~1996!.
16M. Azuma, Y. Fujishiro, M. Takano, M. Nohara, and H. Takag

Phys. Rev. B55, R8658 ~1997!; M. Takanoet al., Physica C
282-287, 149 ~1997!.

17M. Nohara, H. Takagi, M. Azuma, Y. Fujishiro, and M. Takan
J. Phys. Soc. Jpn.~unpublished!.

18H. Fukuyama, N. Nagaosa, M. Saito, and T. Tanimoto, J. Ph
Soc. Jpn.65, 2377~1996!.

19H. Fukuyama, inProceedings ofmSR’96, Nikko, 1996@Hyper-
fine Interact.104, 17 ~1997!#.

20M. Saito and H. Fukuyama, J. Phys. Soc. Jpn.66, 3258~1997!.
21M. C. Martin et al., Phys. Rev. B56, 3173~1997!.
22Y. Motome, N. Katoh, N. Furukawa, and M. Imada, J. Phys. S

Jpn.65, 1949~1996!.
23Y. Iino and M. Imada, J. Phys. Soc. Jpn.65, 3728~1996!.
24G. B. Martins, M. Laukamp, J. Riera, and E. Dagotto, Phys. R

Lett. 78, 3563~1997!.
25H.-J. Mikeska, U. Neugebauer, and U. Schollwo¨ck, Phys. Rev. B

55, 2955~1997!.
26M. Imada and Y. Iino, J. Phys. Soc. Jpn.66, 568 ~1997!.
27N. Fujiwara, H. Yasuoka, Y. Fujishiro, M. Azuma, and M. Ta

kano, Phys. Rev. Lett.80, 604 ~1998!.
28M. Laukamp, G. B. Martines, C. Gazza, A. L. Malvezzi, E. Da

otto, P. M. Hansen, A. C. Lopez, and J. Riera, Phys. Rev. B57,
10 755~1998!.

29N. Motoyama, H. Eisaki, and S. Uchida, Phys. Rev. Lett.76,
3212 ~1996!.

30M. Azumaet al. ~unpublished!.
31K. Manabeet al., Phys. Rev. B58, R575~1998!.
32D. C. Johnston, Phys. Rev. B54, 13 009~1996!.


