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We report from Cu-NQR and -NMR experiments that hole-doped two-leg ladder compoupd Sr
Ca;15Cuwy 04 comprising CyO; ladders and Cuchains reveals three-dimensional (3D) magnetic
order belowTy,, = 2.2 K. We found that small moments0.02xp are spontaneously ordered on the
ladders, whereas large momentf.56u3 are on the magnetic Cu sites occupying about one-fourth of
the chain Cu sites. It is suggested that this 3D magnetic order is a cooperative phenomenon driven by
the formation of pinned charge density wave—like state on the ladders which the optical conductivity
measurement has clarified. [S0031-9007(99)09206-6]

PACS numbers: 76.60.Cq, 75.40.Gb, 76.60.Es

Ladder cuprates have attracted much interest sinckas suggested the development of magnetic neutron Bragg
superconductivity was discovered wiffi. ~ 12 K in a  reflections upon cooling belo®,,, proving that the peak
polycrystal Sg4Ca36ChsO4184 [1] and 7. ~ 10 K in in C(T) is magnetic in origin [12]. It is remarkable that
a single crystal SCa;;sCwhyOy4; [2], when pressure the peak inC(T) becomes broader af = 1.8 T and
greater than 3 GPa is applied. Remarkably, these experiisappears undeH > 8 T. These evidences assure an
ments appeared to support the theoretical prediction thappearance of magnetic order bel@y. It is, however,
singlet superconductivity would occur by doping a smallnot yet clear whether the charge-localized state emerging
amount of holes into even-leg spin-ladder compound®n the ladders below, is relevant to the onset of long-
with a spin gap [3-5]. The substitution of Ca for Srrange magnetic order.
increases the conductivity of $r,Ca,Cuws04 (Cax) In this Letter, we present extensive Cu-NMR and -NQR
which comprises hole-doped €D two-leg ladders and results on a single crystal Call.5 grown by the traveling-
CuG, chains [6—8]. The optical conductivity experiment solvent floating-zone method [2]. We have found that the
clarified that holes are transferred from the chains tanagnetic order takes place accompanying small sponta-
the ladders upon the isovalent Ca substitution, and holaeous moments/,(L) ~ 0.02up along thea axis on the
contentn increases progressively as~ 0.14, 0.2, and ladders, whereas large moments - (C) ~ 0.56u5 on
0.22 forx = 6, 9, and 11, respectively [9]. the magnetic Cu sites and small momemt§™e (C) ~

Measurements of the Knight shik and the nuclear 0.02up on the seeming dimer Cu sites in the chains. The
spin-lattice relaxation rat@; ' on Car revealed that the spin degree of freedom produced by the charge localiza-
magnitude of the spin gagecreasegprogressively asx  tion on the ladders is suggested to play an essential role
increases from 0 to 11.5, with estimates/of = 270 K in making a three-dimensional (3D) magnetically coupled
and Ay, = 350 K for Call.5 [10]. From the Gaussian network.
spin-echo decay rat&,; measurement, spin correlation A field-swept Cu-NMR spectrum was obtainedrat~
length £ was found to be determined by an averagell T by using a boxcar integrator and superconducting
distance of doped holesn ~ 0.14, 0.22, and 0.25 per magnet (12 T at 4.2 K). Cu-NQR spectrum was obtained
Cw,O; ladder were estimated for Ca6, Ca9, and Call.5hy plotting spin-echo intensity as a function of frequency.
respectively. In an intermediate region of60-200 K, Ty ' and T, were measured by the saturation-recovery
hole pairs are formed accompanying the spin gap, bumethod and recording the spin-echo amplitude as a
confined on each ladder. Belo®; ~ 60 K where the function of the timer between the first and second pulses,
resistivity increases followingl’~2, mobile hole pairs respectively.
are, however, localized [2,11]. In this charge-localized First we show from the Cu-NMR study that the spin
regime, it was found that staggered spin fluctuations atlegree of freedom manifests when the charge is local-
low frequencies aroung ~ 7 dominate thel'; process in ized below T, ~ 60 K and takes part in the onset of
the ladders for Ca6, Ca9, and Call.5, suggesting collapseagnetic order. Figure 1 indicates tliedependence of
of the spin gap [10]. the full widths at half maximum (FWHM) of the ladder

Recent specific heaf(T') measurement on Call.5 has ®*Cu-NMR spectra for Ca9, Call.5, and CaO Af|b
found a sharp peak arourith;, ~ 2.2 K well below 7;  axis. Whereas the FWHM of Ca0 does not exhibit any
at zero magnetic fieldd = 0) and ambient pressure [12]. significant7 dependence over an enti® range, each
In addition, an elastic neutron diffraction (ND) experiment7 dependence of FWHM for Call.5 and Ca9 is scaled
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to that of measured susceptibility down ® . It is tribution of the electric field gradient (EFG) as indi-
considered that the Ca substitution enhances the transated by the solid curves in the lower panel in Fig. 2(a).
ferred hyperfine-coupling constant between the ladderHere the Cu-NQR frequency® v, = 20.2 MHz and

Cu nuclei and magnetic moments on the chains. Witf*FWHM = 6.3 MHz are deduced by using the natural
further decreasingl’ below T, the FWHM’'s of Ca9 abundance 69.09% (30.91%) and nuclear quadrupole mo-
and Call.5 increase markedly. It is noteworthy that thenent 0 = —0.211 (—0.195) barn for ©*Cu ¢°Cu). Its
anisotropy of FWHM, which is displayed in the inset, spectral broadening at 1.4 K is well reproduced by adding
coincides with the anisotropy of hyperfine form factor.the Zeeman splitting due to the appearance of the in-
Namely, (FWHM), /(FWHM), . ~ 2.8 is compatible to ternal field H,,(L) ~ 1.06 kOe andH (L) ~ 1.90 kOe

(Ap — 3B)/(A,. — 3B) ~ 2.8 [10]. A continuous in- in case thatH(L) is along thea, b, and ¢ axes at
crease of FWHM is, hence, because field-induced staghe ladders, respectively. Hem®(L) is treated within
gered spin polarization develops on the ladders. It washe first-order approximation to the nuclear quadrupole
reported from the optical conductivity measurement thatnteraction forI = 3/2 [14] with the asymmetry pa-
hole pairs tend to form a charge-density-wave-like (CDW-rametern = 0.46 of EFG reported in the literature [10].
like) regular array, although it is not truly 3D long-range A spontaneous momenM,(L) ~ 0.022up, M,(L) ~
order [13]. The localization of hole pairs is, however, not0.009uz, or M.(L) ~ 0.040up is estimated by using the
expected to induce unpaired spins near them. Therefore,

the CDW-like state is anticipated to be formed by a regu-

lar array ofsingle hole As a consequence of localization 10 20 Y (MHz)
of single hole breaking the collective spin-singlet state on LN UL L
the ladders, it is possible that unpaired spins are produced Cu NQR
in the vicinity of localized single hole.

Figure 2(a) indicates that the NQR spectrum for the
ladders undergoes an appreciable broadenirig iadow-
ered to 1.4 K acrosg)y, = 2.2 K. Figure 3 indicates
that the NQR intensity at 19.8 MHz multiplied by the
temperatureT, I X T, and T,; decreases belowl),.
Reduction in both quantities belo®,, originates from
a splitting in the NQR spectrum by the internal field
H(L) emerging at the ladders. The NQR spectrum at
4.2 K is well reproduced by assuming a Gaussian dis-
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Zhang-Rice sites in the chains in Call5 at 1.4 K (upper
FIG.1. T dependence of the full widths at half maximum panel) and 4.2 K (lower panel)®*Cu ®Cu) NQR intensities
(FWHM) of the ladder®®Cu NMR spectra forx = 0, 9, and  are marked by the dashed (solid) lines. Solid curves indicate
11.5 in Sk;—,Ca,Cw,0y4 for H||b axis. The inset shows the calculated Cu-NQR spectral shapes at 1.4 K (upper panel) and
T dependence of FWHM foH |a, b, andc in x = 11.5. 4.2 K (lower panel) (see text for details).
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hyperfine-coupling constantd, . = (48 kOe/up and neighbor dimer-Cu spins. The dimer-Cu spins in Ca0
A, = (=120 kOe)/up estimated for the ladder-Cu sites were reported to form the spin singlet with the gap
in SrCwO; [15]. The ND experiment has revealed spon-A ~ 125 K from the T; measurements [16,17]. Likewise
taneous moments along the axis on the chains [12]. in Call.5,7; ! is well fitted in 7 = 15-40 K to the
Therefore a likely direction ofi/(L) on the ladders is activation form ofT; ' « exp(—A/T) with the gapA =
expected to lie along the axis, since an interlayer su- 100 K without any appreciablé& dependence as indicated
perexchange interaction may be responsible for the 3y the solid line in Fig. 4. Note that th& = 100 K in
magnetically coupled network. The integrated value ofCall.5 is close to thA ~ 125 K in Ca0. Accordingly,
I X T over the frequencyll X T, at 1.4 K remains the Cu nucleus at the ZR site is also expected to be
about 90% of the value at 4.2 K as shown in Fig. 3. Thiscoupled with the dimer-Cu spins on the chains in Cal1.5.
result assures us that(L) is not so widely distributed. Furthermore, we should remark that each spin on the
Next we present results on the chains. The Cu-NQRlimers in Call.5 is magnetically coupled with spins
spectra around 33 MHz in Fig. 2(b) are assigned to th@n “magnetic Cu sites” in the chains. Otherwise, we
Zhang-Rice (ZR) singlet sites in the chains according tacannot expect the appearance BHFR(C) at the ZR
the previous works on Ca0 [16,17]. The Cu-NQR specsites. Holes existing on the ZR sites in Ca@
tral width for the ZR sites increases at 1.4 K acr@gs 0.5) are transferred onto the ladders in Call.5 by Ca
as well as that for the ladders does. mél atH =0 substitution, in which as a result ~ 0.25 was estimated
exhibits a sharp peak around 2.8 K closdlip as seenin [10]. Therefore, about one-fourth of the Cu sites of
Fig. 4. This peak originates from critical magnetic fluc- the chains are converted into the magnetic Cu sites. If
tuations towards a magnetic phase transition, suppresséite transferred hyperfine-coupling constants in Call.5
by an application off and eventually collapsing &  are assumed to be the sames = (—14.8 kOe)/up
greater tharH = 4.7 T. ltis, therefore, evident from the and A, = (—18.9 kOe)/up in Cal [16], a spontaneous
measurements df; ', C(T) [12], and x(T) [18] that the moment on the dime#/dimer (C) [M)™ (C)] is estimated
magnetic order is suppressed by the magnetic field. to be 0.018up (0.014up) when the dimer-Cu spins
The NQR spectrum at 4.2 K is well reproduced byare assumed to be equivalently coupled with the Cu
assuming a Gaussian distribution of EFG as indicatedhucleus at the ZR site. The ND experiment revealed
by the solid curves in the lower panel in Fig. 2(b). that spontaneous moments along thaxis on the chains
Here vy = 33.4 MHz and °FWHM = 2.0 MHz are  were (u), ~ 0.15up on an average on the assumption
deduced. From the NQR spectral broadening at 1.4 Kthat the direction of all the moments is parallel to the
the internal fieIdHfﬁ,c(C) ~ 0.532 kOe along thea, b, a axis dominated by the superexchange interaction [12].
andc axes at the ZR sites is deduced. Sincés ignored
here because of the small value of 0.043 [I®fR(C) is

independent of its direction. ——rr———
The Cu nucleus at the ZR site is coupled through O_Sr2_5Ca11_5Cu24O41 ]
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FIG. 3. T dependence of the ladder-Cu NQR intensity FIG. 4. T dependence of; ' for the Zhang-Rice”Cu site

in Fig. 2(a) at 19.8 MHz multiplied by the temperatufg in Call5 at 33.1 MHz inH = 0 together with those in
I X T (open square), and the Gaussian spin-echo decay rafg = 1.8, 4.7, and 8 T forH||b axis. The solid line is a fit
T>¢ (closed circle). The intensities df X T (closed square) to the activation type of eXp-A/T) with a seeming dimer gap
integrated over the frequency at 4.2 and 1.4 K are plotted. A =100 K.
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From this result,Ma -(C) on the magnetic Cu sites is and Technology Corporation (JST) and also partly by
estimated to b@®.56u5. Here we assume that one-fourth the COE Research (10CE2004) and (09440138) in a
(a half) of the chain Cu sites haWa -(C) ~ 0.56up  Grant-in-Aid for Scientific Research from the Ministry of
[Mdimer(C) ~ 0.018 u3]. Education, Sports, Science, and Culture of Japan.

Note thatM,(L) ~ 0.02up on the ladders are 1 or-
der of magnitude smaller thavla*(C) ~ 0.56 5 on the
chains. We hence expect that the ND intensity originates
primarily from the periodic array of moments distributed ) , )
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