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two-leg ladder compound SrCy0O;: Extensive Cu NMR and NQR studies
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We report characteristics of impurity-induced staggered polarizati®@P) and antiferromagnetic long-
range orderfAF-LRO) in the gapped spin-1/2 Heisenberg two-leg ladder compound ,&C(8r123. We
have carried out comprehensive NMR and NQR investigations on three impurity-doped systems,
Sr(Cu _,M,),0; (M=2Zn, Ni) with x<0.02 and Sr_,La,Cu,0O; 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 temperatu(@) dependence a#//T. The W's for the Zn- and Ni-doped
samplegM doping are larger than for the La-doped ofiea doping. The NMR spectra were fit by assuming
that unpaired spi®,= 1/2 induced next to impurity on the rung for the Zn and Ni dopiSg= 1/4 for the La
doping creates the staggered spin polarization along the leg, which decreases exponentia8y. fro®r123,
an instantaneous spin-correlation lengthwas theoretically predicted & /a~3—8, wherea is the lattice
spacing between the Cu sites along the leg. However, a correlation l&ngttestimated from the [ISP along
the leg was found to be much longer thigYa in x=0.001 and 0.005. The notable result is thata that was
found to beT independent is scaled to mean distanbDag = 1/(2x) between the Zn and Ni impurities and
D ay=1/x between the La impurities. Whedh,, =500 forx=0.001(Zn doping, &/a~50 is estimated. The
significantly broadened NQR spectrum has provided unambiguous evidence for the AF-LRO in the Zn and Ni
doping (x=0.01 and 0.0R Rather uniform AF moments at the middle Cu sites between the impurities are
estimated to be about 0.04 at 1.4 K along thea axis. By assuming that exponential decay constants of AF
moments are equivalent & /a’s for the ISP, the size of an AF moment next to the impurity is deduced as
Sae~ 1/4. We propose that these exponential distributions of ISP and AF moments along the two-leg suggest
that an interladder interaction is in a weakly coupled quasi-one-dimendi&@IQ1D) regime. The formula
of Ty=Jpexp(—Day/(£&s/a)) based on the WC-Q1D model explaifg(exp)=3 K (x=0.01) and 5.8 K
=0.02) quantitatively and predicts to be as smallgs-0.09 K forx=0.001 usinglo=2000 K. On the other
hand, there is no evidence of AF-LRO for the La dopimg=0.02 and 0.08down to 1.4 K, nevertheless their
& /a’s are almost equivalent to those in the Zn and Ni dopirg-0.01 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 valena@&b@)dstate with the gap. On the
one hand, we propose tha@t, is determined by a strength of the interladder interaction and a si&.of
[S0163-182609)00530-3

I. INTRODUCTION vated by the theoretical conjecture that the singlet supercon-
ductivity should occur by lightly doping into the even-leg
Theoretical? and experimentdt® works unraveled the ladder systen:;”® extensive experimental efforts have been
fact that SrCyO; (Sr123 is a typical gapped spin-1/2 quasi- devoted to discover the superconductivity in hole-doped two-
one-dimensional(Q1D) Heisenberg two-leg ladder com- leg spin-ladder systems. Meanwhile, Uehatal. have dis-
pound. In Sr123, the ladders, consisting of antiferromagnetieovered the superconductivity wiffi,=12 K under a pres-
(AF) Cu-O-Cu linear bonds, are spatially connected withsyre of 3 GPa in %r4c313_60%4o41_84_9 In Sr123, however,
each other so that they fornD2- Cu,0; sheets. Each lad-  neither hole nor electron doping has been successfully made
der is magnetically decoupled because of the interladder 90et. Although the La substitution for the Sr sites is believed
Cu-0O-Cu bond causing the frustration in magnetic interacto dope electrons onto the ladders, carriers are reported to be
tion at the interface. Even-leg spin-ladder systems have bedgscalized®
established to be in_a short-range resonating valence bond Nonmagnetic impurity-induced antiferromagnetic long-
(RVB) ground statt?”®with an instantaneous magnetic cor- range ordefAF-LRO) in low dimensional quantum spin sys-
relation lengthé, of only a few lattice spacings? Measure- tems was first reported in the gapped spin-1/2 1D-
ments of the magnetic susceptibiligy* the Cu nuclear spin- Heisenberg AF magnet CuGg®2which exhibits the spin-
lattice relaxation rateT;'® and the inelastic neutron Peierls (SP transition!' Of particular interest is the
scattering, evidenced a large spin gap,~400 K. Moti-  coexistence of AF-LRO and lattice dimerizatibi;* which
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has been theoretically interpreted in terms of the phasenderstanding the experimental results in the low doping
Hamiltonian by Fukuyamat al® level 2°

Subsequently, Azumet al® and Noharaet al’ reported Recently, Fujiwareet al. reported that the Cu NMR spec-
a surprising result through the measurementsy@F) and  tral width for the Zn dopingX=0.0025 and 0.003ncreases
specific healC(T) in Sr123. Only 1%-Zn substitutiofde- with increasingx and varies a®V/T with decreasmg!’. The
noted as Zn dopingfor the Cu sites breaks up the singlet NMR spectra |an3(_)—4O K were, however, not f!t by as-
spin-liquid state and leads to an AF-LRO. Fukuyaetal. suming an |m;z)ur|ty-|n<ijuced staggered pplarlzatl(d)tSP)
remarked that a nonmagnetic impurity replacing a spin inWlth a form ofS :(_%) So exp(~ri/&) at a distance; from
gapped two-leg spin-ladder systems induces a staggered sﬁl%e impurity. In particular, the NMR spectral shape was

modulation and leads to the AF-LRO in Sri¥3The collec-  N€Ver simulated with a largef;/a and S,~1/2, although it

. o . ; i was noted that a possible correlation lengtiia might be
tive spin-singlet ground state with the gap is stabilized due tc?nuch longer thar/a~ 3827

the quantum coherence. It was therefore proposed to be due Appearance of AF correlation enlarged by introducing a

to this quantum qoherence effect to be very susceptible to thg in vacancy in 1D gapped spin-1/2 systems has been chal-
randomness which gesu'ts in the appearance of staggerg,qing to interpret. On the base of the computational tech-
magnetic mOdUI;’,‘t'Oﬁ' niques, Laukampet al?® have studied the effect of spin va-

In the Zn doplng'\}l the &l temperaturély undertakes a cancy, for example, a nonmagnetic Zn depleting a single spin
broad maximum aTy **~8 K aroundx=0.04°Above Ty,  on the ladders. It was shown that a staggered spin-spin cor-
a Curie behaviory(T)=C/T and aT-linear specific heat relation are markedly enhanced near these spin vacancies.
Cs=7T have been observéd. A finite value of y  Their results show that fat, /Jo=0.5 andx=0.014, all the
~3.5 mJ/K for x=0.02 and 0.04 suggested a gapless spirspins of ladder cluster with a (250) finite size have non-
excitation. Inelastic neutron-scattering measurement revanishing AF susceptibility. Herd, (Jy) is the exchange
vealed, on the other hand, that a singlet-triplet excitation gaponstant along the rungeg).
Ey~400 K (33 me\) is independent ok, although its inte- In order to clarify these experimental and theoretical puz-
grated intensity decreases monotonically with increasifig zling features on the ISP and the AF-LRO in the impurity-
This intimate variation of magnetic spectral weiggPW as ~ doped Sr123, we have carried out comprehensive Cu NMR
the function ofx was first noted for disordered spin-Peierls and NQR studies on the Zn- and Ni-doped Srid@3noted as
systems whose typical example is CuGe®ith a small ~Zn and Ni doping with x<0.02 and the La-doped Sr123,
amount of Zn replacing Cu or Si replacing &°The SPW St —xLa,Cl,O; (La doping with x<0.03. The La doping is
in the clean system has a well-defined gapped mode arourﬂﬁ“eved to dope electrons onto the ladders. We have found
the AF wave vectoQ. As a small amount of disorder in- that the impurity induces a staggered polarization along the
creases, however, the gapped mode undergoes an appreciaj@@. A striking result is that its correlation lengé/a for a
broadening and concomitantly a new SPW is introduced ayery smallx is extended over a distance much longer than
low energiesw~0 atQ. This disorder-induced low-energy &o/a~3-8. At low temperature and zero field, the Cu NQR
SPW grows up with increasing to become a well-defined measurements have evidenced an AF-LRO for the Zn and Ni
Gold-stone mode of AF spin wave beldW;. At Ty or some doping k=0.01 and 0.0¢ but not for the La doping. We
critical x;, even though AF-LRO disappears, its SPW still propose thafly is determined by a strength of interladder
remains atw~0. This interprets the presence of a finige  interaction and a size &.
value and of a seeming gapped mdté*

For the Zn doping, a magnitude of local moment esti-

mated fromy(T)=C/T is about 0.7f/Zn.!* Nonmagnetic Preparation techniques of samples were already described
Zn*" ion depletes a single spin on the rung. Therefore ungjsewherd® The samples characterized by the powder x-ray
paired spinS,~1/2 was expected to be induced on the Cugiffraction were confirmed to keep their good quality. We
site next to Zn on the same rung. Extensive theoretical studhsed thec-axis oriented powder samples. The Cu NMR spec-
ies have indicated that a nonmagnetic impurity induces thgym was obtained iff =4.2—-286 K at 125.1 MHz by a
formation of a spin-1/2 local moment and the substantiakyeeping magnetic fielth with the use of a phase-coherent
.enharllceggznt% of staggered spin correlation around thgy|sed-NMR spectrometer and a superconducting magnet
impurity.™““"**lino and Imada reported that the quantum (12 T at 4.2 K. The Cu NQR spectrum at 1.4 K arti=0
Monte Carlo(QMC) results on ladders reproduces a Curieyas obtained by plotting a spin-echo intensity as a function
law, x(T)=C/T and Cs=vT, consistent with the experi- of frequency» point by point. The spin-echo intensity at
ments whenx; exceeding~0.04. They did not, however, eachy was corrected by the Boltzmann factor and the re-
succeed to explain a finite value of and a persistence of cejver sensitivity which wass independent inv=8-14
AF-LRO down to a low doping level of Zn¢=0.01)*This  MHz. Since the interval between 90° and 180° pulsea

is because a weak effective exchange coupling between Ufhe spectrum measurements was so short witi3 usec,

paired spins decreases exponentially along the leg age corresponding correction upenwas not made.
exp(—r/&) wherer is the distance frong, andéy/a~3. As

a consequence, a 3D interladder coupling has been proposed I1l. NMR RESULTS AND DISCUSSIONS

to play an important role for the occurrence of AF-LRO.

They have put forth the scaling theory together with the A. CuNMR spectrum

QMC calculations. The scaling properties are characterized The Cu NMR spectra at 150 K fdt||c axis are indicated

by the 3D strong interladder coupling, which is relevant forin Fig. 1 regarding the oriented powders of undoped Sr123

Il. EXPERIMENTAL PROCEDURES
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FIG. 1. The Cu NMR spectra for the-axis oriented powders
Sr(Cu_4M,),03 (M=2Zn, Ni) (M doping with x=0 and 0.02 at
150 K for H|jc axis. Arrows point to the peak positions of the
spectra split by the first-ordeeqQ interaction for two isotopes
83Cu and®Ccu (1=3/2).
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FIG. 3. Schematic coordination of impurities on the ladder for
the Zn and Ni dopingleft pane) and on the Sr layer for the La
doping(right pane). Mean distanc® ,y= 1/(2x) for the Zn and Ni
doping and I for the La doping.

the lower-field half width at the half intensity of peak in the
85Cu NMR spectrum arising from the (3/21/2) transition.
This peak does not overlap with tf8Cu NMR spectrum

and the Zn and Ni doping«=0.02). The spectra compose of vv_ho_se \_Nidth in_creases upon _cooling a_nd/or with some ex-
several peaks due to the first-order effect of the nuclear eledlinsic signal arising from unaligned grains. Therefore a pre-

tric quadrupole €qQ) interaction for two isotope§3Cu and

cise measurement is guaranteed. Apparently,%fdH/2 in

65Cu (1=3/2) as marked by arrows. The spectral width isSr123 is almosfT independent. By contrast, those for all
fairly larger for the Zn and Ni doping than for Sr123. Figure S2mples follow thel dependence of

2 indicates®®AH/2 vs T~ plots. Here®*AH/2 is defined as

T T T T T T T T 1T T T T T T T 1T
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FIG. 2. 1T dependence of°AH/2, a half width at the low-field
side at the half intensity of peak arising from the (3/2/2) tran-
sition in the ®Cu spectrum. Presented are those for the Zn (
=0.001-0.02) and Ni dopingxE&0.02) and the La dopingx(
=0.01, 0.02, and 0.03n Sr; _,La,Cu,0Os.

65AH=V?V+65AHC. D
An extrapolated value td—o, %AH, is ascribed to some
distribution of thec-axis component of quadrupole frequency
%A v.. This distribution originates from some inhomoge-
neous electric-field gradiedEFG) caused by doping impu-
rities. In fact, ®°AH_’'s are in good agreement with those
estimated from the Cu NQR spectrum as presented in the
next sectionW increases with increasingas seen in Fig. 2.
Note that theW at x=0.02 are almost the same for the Zn
and Ni doping, but that for the La doping is smaller. The
85A v.’s for the Ni and La doping are smaller than that for
the Zn doping.

Figure 3 illustrates a schematic configuration of the Zn
and Ni (La) impurities on the ladde(Sr laye). Extensive
theoretical works have reported that unpaired i 1/2 is
induced at the Cu site next to Zn or Ni on the same
rung822-2The 5%AH/2 varying asW/T suggests thaS,
polarized byH produces the ISP along the leg due to a large
exchange interactiody~2000 K2° The 1ISP develops as a
staggered spin susceptibility' (q=Q, ®»=0) increases
upon cooling. Although the La doping does not deplete a
spin on the ladders, doped electrons tend to localize on the
ladders as suggested from the previous NMR stughd the
resistivity measurement.As a result that the spins of doped
localized electrons couple with some Cu spins on the lad-
ders, the spin degree of freedom is anticipated to emerge in
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the vicinity of the La impurity.W per impurity that is pro- constant parallel to the axis was previously reported as
portional toS, is very smaller for the La doping than for the A.=—120 kOejug.® EachH! . undertakes a distribution of
Zn and Ni doping. We remark that doped electrons may noEFG, %°AH,.. Eventually, a spectral intensitfH) is given
localize on a single Cu site, but are rather extended on they
ladders and henc§, is reduced.
L-1 L-1
B. Analyses of impurity-induced staggered polarization(lISP) [(H)= IEO G(AH!.) + |21 G(®Hl,), (6)
Fujiwara et al. reported the Cu NMR study on the Zn
doping (x=0.0025 and 0.008" A correlation lengthés/a  \hereG(H) represents the Gaussian distributig= 1/2 is
for ISP in T=30-40 K was suggested to be much longerfixeq for the Zn and Ni doping an8,= 1/4 for the La dop-
than £/a~3 predicted theoreticallf??*~2* However, the  ing. The NMR spectra are fit by solid curves in Figs(Zh
observed NMR spectrum was not fit by assuming a f_orm Ofdoping) and 5(La doping. A fitting parameter is only/a
S=(-1)'Soexp(-ri/é) at a distance; from the impurity.  that isT independent. For the Zn dopin§®AH, andL for
By contrast, here is presented that the Cu NMR spectra ex;— 0.001(0.02 are 0.17 kOg0.46 kOg@ and 499(25), re-
hibiting the Lorentzian shape are fit by assumingegular  gpectively. As seen in Fig.(@ for x=0.02, several satellite
distribution of impurities andSy’s on the ladders. Namely, giryctures il (H) become appreciable with decreasifign
provided that thes, (impurity) atl =0 and the impurity &)  the reality, however, it is likely that some distribution of Zn
atl=L are Locat%d in&l<L-1 (I<l<L-1) for theA  gmears out the satellite structured {it) asy, (T) increases
leg (B leg), 'S, (°S) at a distance is given by upon cooling. In Fig. ), thel (H) for £&./a=3 is indicated
_la by dashed curves. Solid curve represents a best fit with
Ag=(-1)'s, ex;{ ) ¢&/a=4.5. Forx=0.001, it is surprising that the spectrum
&s indicated in Fig. 4b) is extraordinarily broadened at 4.2 K.
The solid curve in the figure traces tifél (H) with &./a
) (for A leg), =50. In order to fit the spectrum at 4.2 K, it is necessary to
incorporate %3 (H) in addition to % (H). Dashed curve
(2)  traces a sum of®(H) and % (H). With this fixed &/a
=50, the spectra iT=4.2-203 K were well fit as shown in
Fig. 4(b). The spectrum for the Ni doping«&0.02) is also
fit as well as in the Zn dopingxE 0.02) by assuming the
same {;/a=4.5 and L=25 but incorporating a smaller
—(L=ha ; | 85AH.=0.36 kOe.
& (for B leg). For the La doping irx=0.01-0.03, the spectra are not fit
by assumingSy=1/2 butSy=1/4 as shown in Figs.(8) (x
) =0.03) and B) (x=0.01). Here®AH, andL for x=0.03
In high T, we modelL as an odd number so that the 1ISP is (0.0) are 0.30(0.21) kOe and 33(99), respectively. An
canceled out around the middle Cu sites betweerSgreeon  unpaired moment reduced &= 1/4 for the La doping is
the A andB leg. If a staggered polarization remained finite because the La impurity replacing the Sr site is expected to
around the center betweesy'’s in the case ofL being an  dope electrons onto two ladders adjacent to the Sr layer.
even number, three peaks might emerge in the NMR spec- In Fig. 6, {;/a’s are plotted against mean distand2g,
trum. This is, however, not the case because the observed1/(2x) on theA andB leg for the Zn and Ni doping and
NMR spectrum is of the Lorentzian type. In this context, Day=1/x for the La doping. Thesés/a’s for the Zn and Ni
regardless of whether a number of lattice between the impudoping give a possible minimum values beca8ge 1/2 is a
rities is odd or even, we expect that a thermal average gpossible maximum value. F&<1/2, és/a could be larger.
ISP would be canceled out around the middle Cu sites abashed linear line indicates a formula éf/a=A+BD,y

—(L-ha

&s

+(—1)L'soexp(

—la

&s

Bs=<—1>'“soexp(

+(—1)L'+1SOex;{

high T. with A~2.5 andB~0.1 that is a best fit to the data in
Sign of local susceptibilityy, at al site changes alter- =0.001-0.02 for the Zn and Ni doping. Imada and lino have
nately with varyingl as expressed by examined ISP and AF-LRO based on the scaling theory and
the quantum Monte Carl@QMC) calculations involving an
, S(|S|+1)g%u3 effect of interladder coupling They proposed that the
xi (T)= TS (4)  strong-coupling 3D scaling behavior governed by the quan-

tum criticality in Sr123 dominates the magnetic properties of
where ug and kg is the Bohr magneton and Boltzmann’s induced moments in the Zn dopiRfjHowever, the NMR
constant, respectively. Thevalue is 2. The relation between spectra for the impurity-doped Sr123 are well fit by assum-

the resonance fielti}, and x| is expressed as ing the quasi-1D exponential variation of ISP along the two-
leg. This result supports that the quasi-1D magnetic nature is
| Acx((T) kept for 0.00kx<0.02.
Hies=Ho| 1+ s ) ©) Laukampet al. proposed that introducing spin vacancies

prunes or reduces the number of possible resonating spin-
whereH, is the magnetic field at the peak 6/Cu NMR  singlet configurations and this enlarges the spin
spectrunthe (3/2—1/2) transitior). The hyperfine coupling correlations’® It was indicated that all spins of ladder cluster
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] FIG. 5. T dependence of th&Cu NMR spectruni (3/2—1/2)
~ FIG. 4. T dependence of th&Cu spectrun (3/2—1/2) transi-  transitior] for the La doping with(a) x=0.03, and(b) x=0.01. For
tion] for the Zn doping with(a) x=0.02, and(b) x=0.01. For(@, (g and (b), solid curves indicate the Lorentzian simulatificS)

solid (dashed curve indicates the Lorentzian simulatidoS) with  yjith ¢ /a=4.5 and 11, respectively. Full details of LS are given in
£s/a=4.5(3). For(b), solid curves inT=4.2-203 K indicate LS  pe text.

where ¢;/a=50 is fixed. Note that th& dependence of the spec-

trum originates from that of the susceptibility for unpaired spins. _ _ .
grows up following the Curie law. Dashed curvesTir4.2—-40 K ing as¢s/a=A+BDay whereDy=1/2x (Zn and Ni dop-

represent LS where its overlapping with th&Cu spectrum ing) and Day=1/x (La doping. Therefore{s/a is larger

[(3/21/2) transitiof is incorporated. Full details of LS are given thanéo/a~8 in x=0.001-0.005. It may be due to this dif-
in the text. ference betweeigs and &, that numerical theoretical treat-

ments failed to explain the emergence of AF-LRO quantita-

with a (2x50) finite size remains finite in the case of tively.
J, 13,=0.5 and&y/a~8 with x=0.0142% Here J, (J) is
the exchange constant along the rufgg). Furthermore, IV. NQR RESULTS AND DISCUSSION
they suggested that the enlarged AF correlation can stabilize
a 3D Neel order once a weak interladder interaction is incor-
porated. First, we present in Fig. 7 thE5%Cu NQR spectra at 1.4

In this paper, however, we have found that ISP is signifi-K and H=0 for the La doping inx=0.01-0.03. For the
cantly enlarged with its exponential decay constant increas?3Cu (®°Cu) isotope, the natural abundance is 6989.91)

A. Analyses of Cu NQR spectrum probing AF-LRO
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FIG. 6. Plot of correlation lengtlEs/a of ISP againstD 5y
=1/(2x) for the Zn and Ni doping anB ,,,= 1/x for the La doping.
Dashed line is a fit with the form df;/a= A+ BD,y, for the Zn and
Ni doping whereA~2.5 andB~0.1.

and the ratio of the nuclear quadrupole moment3/%°Q

T T T T T
N Impurity~doped SrCu,03
151 .
| Zn doping
i @) CuNGR O |
CuNMR @
~ | o Ni doping
z CcuNar O |
-1 0O CuNMR W
S La doping |
a i CuNQR O
e T P CuNMR X ]|
0.5 R .
L A T & 4
L e 2>
L ,_’:O_'___.Q" _
. 4 i
1 1 1
0 1 2 3 4

La, Zn, Ni content x (%)

FIG. 8. Impurity concentratiox dependence of°A vo(NQR)
for the La and Zn doping®*A »o(NMR) is estimated using Eq2)
with 8%AH, at T— in %AH vs /T plot in Fig. 2. The half width

=0.211/0.195. Solid curves indicate the Gaussian simulag; paf maximum®A vo(NQRY) of the NQR spectrum in Fig. 9 is
tions of two Cu NQR spectra by adjusting two parameters 0fjso shown for the Zn and Ni doping€0.01 and 0.0 which

%3Cu NQR frequency®v, and full width at half maximum
(FWHM), A vg. %3y, is almost independent of whereas
%A vo(NQR) increases linearly from 0.22 MHz€0) to
0.42 MHz (x=0.03) as indicated in Fig. &3A vo(NMR) is
also estimated from thé®AH, in the NMR experiment
through the relation of
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FIG. 7. The Cu NQR spectra for sSr,La,Cu,0; (x=0, 0.01,
0.02, and 0.0Bat 1.4 K. Solid curves indicate Gaussian simulations
(G9). Full details of GS are given in the text.

exhibit the AF-LRO.

where %3y /%3, =%%4/%1.=11.00/10.15. As seen in Fig.
8, ®*Avo(NMR) is in good agreement witf®A vo(NQR). It

is apparent that the FWHM for the La doping is dominated
by the distribution of EFG originating from the random mix-
ture of Sr and La atoms. The NQR spectraxin0.01-0.03
provide no evidence for an AF-LRO at 1.4 K.

Next, the Cu NQR spectra for the Zn doping fo=0,
0.005, 0.01, and 0.02 are shown in Fig. 9. The spectral shape
exhibits a drastic change betwegns0.005 and 0.01. The
trapezoidlike spectra for the Zn doping=0.01 and 0.0R
exclude a spin-glass freezing. This is because such charac-
teristic shapes are only reproduced by assuming that a rather
uniform H;,; acts on the Cu nuclei in the ladders. If spins
induced only near by impurities were frozen, most Cu nuclei
away fromS, should be not influenced due to a spin-glass
freezing and hence two peaks®@tq and ®®vq could remain
traced in the NQR spectrum. This is, however, not the case.
Therefore the significantly broadened NQR spectrum signals
an onset of AF-LRO at 1.4 K in the Zn and Ni doping.
Another evidence for AF-LRO is obtained from thelepen-
dence ofT,¢ at 1.4 K. As seen in Fig. 107,¢ for the Zn
doping changes markedly betwersr0.005 and 0.01, while
that for the La doping has no remarkable change ux to
=0.03. The increase ifi,o at x=0.005 is likely due to the
fact thatT=1.4 K is already close to a possible AF ordering
temperaturel for x=0.005.

The NQR spectrum is fit by combining the Gaussian dis-
tributions of EFG andH,, ®*Avg andAH,,, and incorpo-
rating the split of the NQR spectrum due Ky, Av, 4.

This simulation leads to an estimatetdf; for the Zn and Ni
doping (x=0.01 and 0.0R The nuclear-spin Hamiltonian for
636%Cu (1=3/2) atH=0 is described in terms of theqQ
and the Zeeman interaction as
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at 1.4 K for the Zn, Ni, and La doping. Dashed curves are guides for

FIG. 9. x dependence of the Cu NQR spectrum for the Zn dop-the eye.

ing (x=0, 0.005, 0.01, and 0.0zt 1.4 K. Solid curves fox=0
and 0.005 indicate the Gaussian simulati¢@§). Forx=0.01 and

0.02, solid(dotted bar indicates the intensity of two sets of the

NQR transitions of3Cu (5°Cu) split due to the internal fieldH,

1 1/2 v
p=<1+§n2) == (12

associated with the AF-LRO. Solid curve indicates GS for two sets

of NQR transitions withH.=487 (665 Oe and %*Avo(NQR)
=1.21(1.36) MHz forx=0.01(0.02. Note that®*Avo(NQR) is
larger thanA vo(NMR)=0.44 (0.65) MHz forx=0.01 (0.02 as

shown in Fig. 8, including some distribution of the internal field

AH..

e’qQ

(12 +12)
Ho=aiai—n

312-1(1+1)+ 5 ,

8

Hz=—yAl-Hin, ©)

where y is the ®%Cu gyromagnetic ratio. In Eq8), the
asymmetry parametey for the EFG tensor is defined by

_ VXX_ VYY

Voy (10

where|Vz,|(=eq)=|Vyy|=|Vxx. Thez axis is the princi-
pal axis along which EFG gives a maximum value afg
~v>yHjy. By resolvingHq exactly and treatingd in

terms of the first-order perturbation, we calculated th

Here a, b, and c denote the crystal axes for Sr123,=
—1.46 MHz, v,=—8.69 MHz, andv.=10.15 MHz were
reported previously.From Egs.(10) and(12) together with
vapc, 7~ 0.72is estimated. Concerning a possible direction
of H,,;, we assume all the cased,, H,, andH.. The
transition probabilityP was calculated under the condition
that a distribution of the radio-frequency fieltt (6) in the
powder is averaged over the polar angldetweenH, and
each axis. An intensity d? is indicated in Fig. 9 by a height
of bold solid ¢3Cu) and dotted ¥Cu) bars forH.. Solid
curve represents a simulation decomposed of four Gaussian
curves whose width is a sum of°Avg and AHiy,

%A vo(NQR) for x=0.01 and 0.02. As shown in Fig. 8,
A vo(NQR) for the Zn dopingX=0.01 and 0.0pare con-
siderably larger than th€A vo(NMR)’s that was estimated
using the ®AH/s (see Fig. 2 Since *Avo(NQR)
>%Av5(NMR), the #Avo(NQR)'s for x=0.01 and 0.02
cannot be attributed only to the distribution of EFG, but is
rather dominated by some inhomogeneous distribution of in-
dernal fieldHjy, AHiy. Hiy is produced by an AF-LRO.

eigenenergies of four nuclear-spin levels. A single NQRThe resul;cs fohr the ﬁi d_oping were shown to be almost the
spectrum is separated into two sets of spectra. Half value gfAMe as for the Zn doping.

their frequency separatiohv,, /2 is given by
Hine Avy /2 Avgl2,

a axis (1—n)pyHJ 2w yH, /2w,

b axis yHp27m (1+ n)pyHy/2m,

c axis yH 2w 2pyH /2w, (11

where

Fitting parameters for the Zn doping are summarized in
Table I. From Eq.(11) using A, =48 kOejug and A=
—120 kOefug,® a size of AF moment is estimated from the
relation of (u)apc=Habc/Aabec- (M)a: (W), and(u)e
are plotted in Fig. 11 together witFy .1° The magnitude of
(u) is almost the same for the Zn and Ni doping. Recently,
Azuma et al. have reported from the susceptibility(T)
measurement on theaxis oriented powders that the direc-
tion of AF moments is in the G, planes® In this case,
(), and(u)y, is in a range of 0.01-0.Q4;, and increases
asx increases.
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TABLE I. Fitting parameters of the Cu NQR spectra for the Zn dopixg Q.01 and 0.0Rin Fig. 9. Here,
Av,, BAvo(NQR), Hap o, and{u), b . denote the separation duel,, the full width at half maximum
of %3Cu NQR spectrumid, , ., and average AF moments around the center between impurities, respectively.

Axis Av,/2 (MHz) A v/2 (MHz) H (Oe) (u)(10™2ug)
a 0.60 1.21 H,=1755 3.66
Zn 1% b 0.54 1.22 Hy,=479 1.00
c 0.55 1.21 H.=487 0.41
a 0.80 1.34 H,=2340 4.88
Zn 2% b 0.74 1.37 H,=656 1.37
c 0.75 1.36 H.=665 0.55
B. Spatial variation of AF moments and Neel temperature (Ty) =0.01(0.02 at 1.4 K at the center between the impurities,

The NQR results point to the presence of ratheiform  #aF~0.41(0.39ug [Sar~0.21(0.20) are deduced. These
AF moment, which is not consistent with the result that thevalues are consistent with the results calculated by Mikeska

ISP decreasesxponentially Note that the Cu NQR signal €t al®® and Laukampet al*® We thus find that the IISP is
in the vicinity of the impurities is out of detection because SPOntaneously ordered beldiy . As expected, the exponen-
H,,’s at the Cu sites around the impurity are distributed withti2l decrease of AF moments along the leg is equivalent to
larger values than around the middle Cu sites between therfat of IISP. This 1D nature of lISP allows us to be based on
Figure 12 indicates the dependence of the integrated inten- & Weakly coupled quasi-1DNVC-Q1D) model in evaluating
sity 11 (v) of NQR spectrum at 1.4 K in Fig. 9. This shows Th. ) ,
that only 24% and 17% of the total Cu sites contribute to the For WC-Q1D laddersTy might be dominated by an ef-
observed NQR spectrum for the Zn doping=(0.01 and fgctlve exchange coupling between t&g's along the leg,
0.02, respectively given by
In Figs. 13a) and 13b), solid curve represents a spatial
variation of |u|=g|§| (g=2) at 1.4 K corresponding to
Eq. (2) with L=25, ¢,/a=4.5 andL =50, ¢/a=8, respec- - . :
tively. The region marked by the slash lines in Fig. 13 cor-Egeiosésu:giig‘?iezségg |g|1<hbeosrtii;(;:tr;ngfreoﬁqout;rallér(l(g]_rf;m)i?]g the
responds to only 17%xE0.02) and 24% X=0.01) of the SLCUO, and SrCuQ (Ref. 29 and usingé,/a’s obtained
total Cu sites. By assigningu),=0.03660.0488ug for x 2 ' 9&s g
y 9 a HB from the NMR measurements as shown in Fig. 6,
Tn(WC-QLD is plotted againsk for the Zn doping by cross

T(WC-Q1D) = Jye Pav/(és/a), (13)

Lo T marks in Fig. 14. Forx=0.01 (0.02, Ty(WC-Q1D)
Sr(Cu1-xMx)203 M= Zn,Ni - =2.6(7.7) K is in quantitative agreement wiffiy(exp)
6 ™n O | =3.0(5.8) K18 If ¢;/a=4.3 is assigned within experimental
<u>,a A 0
<u>p,e 0O A T T T T T T T
= | T <Su>ev v L Impurity-doped SrCuz0Oz
ot e - o CuNQR 1.4K |
) . -
o 4+ O 9 —_ —_
- @] ) 5 £ t @ Ladoping
Y, - c
A o '_Z 3 O Zn doping
SH ; 'Y i s I Cdooing ]
v ; N 5 s | ® <> Nidoping |
/ . - _
oF \ L ° .
» ] 0.5 ° 1
~ | O |
v 7 L i
S S e 8 |
Zn, Ni content x { %) N |
FIG. 11. Average AF moment&u), p . around the center be- 0 (') — 3 3 3
tween the impurities for the Zn and Ni doping=0.01 and 0.0p La, Zn, Ni content x (%)
together with thex dependence ofy in x=0-0.08.a, b, andc
denote the crystal direction. Solid lines indicate a rangé.of, , FIG. 12. x dependence of the integrated intendityv) of the

{(m)p, and(u). . Dashed line is a guide for the eye to theepen-  NQR spectra in Figs. 7 and 9 for the Zn, Ni, and La doping at 1.4
dence ofTy for the Zn doping. K.
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ty= Loexp(-l/E) + 1gexp{(-L)/E} Zn contentx (% )

0.4y #0~0.41 o = FIG. 14. x dependence of the ¥k temperatureT,, predicted
5 Zn1% E=£g/a=8 L=50 from the formulaTy=Joexp(—Day/(£s/2)) (Ref. 26 based on
~ the weakly coupled quasi-1D model for the Zn doping with
:_ =0.001-0.02.J,=2000 K is the nearest-neighbor exchange cou-

pling along the legés/a’s were those estimated from the present
NMR measurementésee Fig. 6. This model explains the experi-
mental Ty (exp) (solid circleg quantitatively(Ref. 16.

0.2

< it >4 (NQR, 1.4K)

quantum coherence in the gapped spin-1/2 Heisenberg two-
(b) 1 leg ladder system. The impurity that depletes a single spin
[NEANNENRRANNRNNN |'I |4|4| | |'| |’1'| [RNEERERENENENNRNANE breaks the singlet formation Iocally and eventually the in-
20 40 duced moments partially lift the spin frustration at the inter-
' face arounds,. It may be due to this weak interladder inter-
FIG. 13. Exponential decrease of AF momets| in Egs.(2) ~ action to enhance the Q1D-IISP of which the correlation
and(3) for the Zn doping with@ x=0.02 andb) x=0.01 at 1.4 K.  length&s/a=A+BD,y increases with decreasing We re-
Slash line indicates the central region between impurities where theark thatTy is determined by a strength of interladder in-
Cu NQR spectrum was observabl@ x=0.02, (u),=0.0488, teraction and a size .
war=0.3%ug (Sar~0.20), £/a=4.5, andL=25. (b) x=0.01,

(11)a=0.0366u5, mar=0.41up (Sae~0.21), é/a=8, and L
~50. A A ° V. CONCLUSION

On the base of the extensive Cu NMR and NQR studies
accuracy ax=0.02, Ty(WC—Q1D)=Ty(exp) is deduced. on the impurity-doped spin-1/2 two-leg spin-ladder )Gy
We may also predicT(WC—Q1D)=0.09, 0.31, and 0.48 with the gap, we have clarified the characteristics of Q1D
K for x=0.001, 0.003, and 0.005, respectively. On the otheimpurity-induced staggered polarizat@ifSP) and the onset
hand, there is no evidence for an onset of AF-LRO down taof AF-LRO in the Zn and Ni dopingX=0.01 and 0.0R not
1.4 K for the La doping, neverthelesg§;/a’'s in x  for the La doping up tax=0.03. We have found that the
=0.01-0.03 are almost equivalent to those in the Zn and N¢orrelation lengthés/a of ISP that is T independent is
doping x=0.01-0.02). This lack of AF-LRO in the La dop- scaled to a mean distané®,, between the impurities. An
ing may be relevant to the fact that the unpaired spin experimental relation o€s/a=A+BD,, with A~2.5 and
~1/4 at the Cu sites around the La impurity is reduced to &8~0.1 has been obtained i+ 0.001-0.02 for the Zn and
half of Sy~1/2 in the Zn and Ni doping. Ni doping. és/a~50 for Dy=>500 in the Zn doping X

From thex dependence of y=aexp(—b/x) in Zn-doped =0.001) is two orders of magnitude longer thdg/a
CuGeQ, it was concluded that there is no critical concentra-~3-8 in Sr123:*3?Based on the computational techniques
tion for the occurrence of AF-LRG This indicates that the on the 2<50 cluster of the ladderS8,it was shown that all
dimerization sustains the coherence of ISP in this systenspins of the (X 50) cluster have nonvanishing AF suscep-
which was consistent with the theory of the impurity-dopedtibility in the case of], /J,=0.5(Ref. 32 andx=0.014. We
spin-Peierls systerf?. The Ty and the IISP in this system are suggest that the striking experimental relatigg/a=A
considered to be determined by a relative large amiform  +BD,y is relevant to some nonuniform weak interladder
interchain interaction with a unique “soliton lengthy/a  interaction because the magnetic frustration at the interface is
=7.78 relevant to CuGeQwith J;~100 K and a spin gap, partially lifted around impurities.

A~25 K. From the comprehensive analyses on the broadened Cu

The Q1D nature of ISP in the impurity-doped Sr123 is NQR spectra for the Zn and Ni doping, it was shown that the
because the staggeredness is perfectly maintained by tg= moments(u),=0.0366(0.0488)g for x=0.01 (0.02
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are rather uniform around the middle Cu sites between thence the impurity breaks up the quantum coherence in the
impurities. By assuming an unpaired s@p~0.21(0.20  short-range RVB state with the gap. We propose Thais
next to the impurity at 1.4 K, the exponential decrease of AFdetermined by a strength of the interladder interaction and a
moments has been found to be almost equivalent to those size of S;.
the ISP withé;/a=8 (x=0.01) and 4.5%=0.02) for the

Zn and Ni doping. This quasi-1D nature of ISP has provided
experimental support that the interladder interaction is in the

weakly coupled quasi-1DWC-Q1D) regime, but not in the The authors would like to thank H. Fukuyama, M. Imada,
strongly coupled 3D regime proposed on the scalingand E. Dagotto for valuable comments and stimulating dis-
theory?® The formula of Ty=Jyexp(—Day/(és/a)) de-  cussions regarding their theoretical works. S.0. would like
rived based on the WC-Q1D model explains quantitativelyalso to thank K. Magishi, M. Sakai, and G.-q. Zhegi@paka
the experimentally values in the Zn and Ni doping and University) for experimental assists and Z. Hiroi and M. lida
predictsTy~0.09 K forx=0.001 usingl,= 2000 K. On the  (Kyoto University for valuable comments. This work was
other hand, there is no evidence of AF-LRO for the La dop-partly supported by a Grant-in-Aid for Scientific Research
ing (x=0.01-0.03) down to 1.4 K, although théig/a’s are  (No. 09440138 of the Ministry of Education, Science and
almost equivalent to those in the Zn and Ni doping ( Culture of Japan and CRESTore Research for Evolutional
=0.01-0.02). We propose that the Q1D-IISP is dramaticallyScience and Technologyf Japan Science and Technology
enhanced by the interladder interaction even though so weak;orporation(JST).
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