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We report comprehensive Cu NMR studies on single crystals pf g€a,Cu,,0,4,, Which contain simple
CuO, chains and two-leg C10; ladders. From measurements of #€u NMR shift, it is clear that the spin
gap in the ladders decreases with isovalent Ca substitution &re#50= 30 K for Sry4,Cu,,0,4; (Sr14 to 350
+30 K, 280+ 30 K, and 27630 K for x=6 (Caf, x=9 (Ca9, andx=11.5 (Call.j, respectively. The
exponential decrease of the nuclear spin-lattice relaxation rdtge lélow ~130 K is consistent with the
presence of the spin gap in the spin excitation spectrum. I ttemge higher than-200 K, we observed the
following dependences: T{=const and the square of Gaussian spin-echo decay fﬁ%@;T which are
consistent with the scaling theory for ti&=1/2 one-dimensiona(1D) Heisenberg model. The value of
TZG/Tlﬁ is compatible with the theoretical prediction of an exchange constant along tig~+d800 K for
Ca6 andJ;~1500 K for Ca9 and Call.5. A notable finding is that the magnitude of the spin gap remains
nearly constant and characteristics of novel 1D-like spin dynamics are maintained in the content varying from
Ca9 to Call.5. On the other hand, the charge transport changes with increasing Ca content so that the more
conductive Call.5 exhibits pressure-induced superconductivity exceeding 3.5 GPa. We have fo'l]ﬁg,that
which is proportional to the inverse spin correlation lengtht, deviates from a lineal dependence upon
cooling and is described b&-+BT exp(—A/T), regardless of the Ca substitution. We point out that the value
of T55(T=0)=A is proportional to the finite value of,*=A/c,p, Wherec,p=(7/2)J, is the spin-wave
velocity. From the result that the values Af '~ £, for Ca6, Ca9, and Call.5 are significantly reduced
compared to that for Srl4, it is suggested thigt is dominated at lowl' by an average distana® among
mobile holes obeying the relatidis~d= &, . From an estimate dof,/a~ 5.2 for Sr14, whera is the Cu-Cu
distance along the led;,/a is obtained as-3.5, 2.3, and 2.0, and hole contenas~0.14, 0.22, and 0.25 per
Cu,O4 ladder for Ca6, Ca9, and Call.5, respectively. These values were consistert=w@ii4, 0.2, and
0.22 for Ca6, Ca9, and Call estimated from the optical conductivity experiment by Osafing>hys. Rev.
Lett. 78, 1980(1997)]. The Sr, ,Ca,Cu,,0,4; compounds are thus hole-doped two-leg spin-ladder systems
which reveal the metallic behavior dominated by the 1D-like spin dynamics afThagid accompanied by the
spin gap formation at low. For Call.5, as the spin gap is formed upon cooling beld80 K, the resistivity
increases in the direction perpendicular to the ladder, whereas the conductivity along the ladder remains
metallic, followed by the localization of mobile holes in both directions belgw- 60 K. We point out that
preformed pairs are confined in each ladder and localized belo®@ K at an ambient pressure.
[S0163-182698)02718-0

[. INTRODUCTION subsequently established from susceptibility, NMR, and neu-
tron scattering experiments qwO),P,0, (Refs. 6,7 and
Recently, Ueharaetal. have discovered supercon- SrCu,03.2° In this context, it is important that the parent
ductivity with T,=12 K under a pressure of 3 GPa in material for the cuprate superconductor is a Mott insulator
Sty.4Cay 3 €Clr4Os1 g4. 1 Superconductivity was confirmed in with a spin gap in contrast to the antiferromagne#d)
the single crystal of SrsCa;; Cu,4,0,4, by an application of insulator in the case of highz cuprates.
pressure greater than 3.5 GPAIl high-T, cuprate super- (La,Sr,Ca14Cu,404, into which holes are doped was ini-
conductors found up to now contain two-dimensio(@D) tially reported by MaCarroet al1° and Siegriset al! This
square CuQ@ planes, whereas this new cuprate superconeompound with an orthorhombic symmetry is comprised of
ductor is comprised of the two-leg GO ladders and the the 1D-CuQ chains, the(Sr,Ca layers, and the two-leg
CuO, chains. From extensive studies on the quasi-one€u,O; ladders as illustrated in Fig. 1. Each layer is alter-
dimensional(1D) S=1/2 two-leg spin-ladder systemishe nately stacked along thb axis with spacing of~3.2 A,
presence of the spin gap was theoretically predfcteshd  which is shortened by the Ca substitution. The susceptibility
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is caused by fluctuations of the electric field gradigefG),
slow motion of doped holes and/or lattice distortion have

: b also been suggestét.
R The substitution of Ca in the Sr sites increases the con-
ductivity of Sry,_,Ca,Cu,0,4;,>**®although the average
Om--O a Cu valence does not change due to the isovalence of the Ca

substitution. Three possible scenarios for the hole distribu-
@ Sr.Ca tion have been proposed. Namef{) most of holes are on
oxygen atoms in the chair3.(2) Holes in the ladders be-
come conductive in addition to a transfer of holes from the
- chains to the ladderS.(3) For the undoped compound, most
(@) Crystal structure of holes are on the chains, whereas upon the Ca substitution
for the Sr sites, holes are transferred from the chains to the
ladders'??*?5Recently, the third scenario was supported by
the calculation of the electronic st&feFrom measurements
of the nuclear spin-lattice relaxation ratél 1/on polycrystal
samples, a spin gap existing in the ladders was reported to
decrease linearly up to the=9 compound, whereas the spin
gap in the chains hardly chang¥sThe T; measurement for
the single crystal showed that the spin gap decreased from
830+ 30 K for Sri4Cu,404; to 350+ 30 K for thex=11.5
compound?>?” Its magnitude was larger than that extracted
from the averagd; data on the polycrystal samples. Note
that T, in the single crystals was precisely measured with a
single component, whereak,; in the polycrystal samples
was not reliable since a Gaussian distributioriTefwas as-
sumed. Furthermore, we have reported a preliminary result
that the spin correlation length, in the Ca-doped systems is
(b) Chain (c) Ladder dominated by a mean distance among mobile holes, and the
hole contentx is tentatively estimated to bg=0.25 for
FIG. 1. (a) The crystal structure ofSr,Ca,,CuO4;. (b)) and  Call.5 using the relatiog,= (2x) .2’
(c) show the Cu@ chain and CyO3 ladder subunit, respectively. In this paper, we present the comprehensive results for the
T dependences of the NMR shift ari, of %Cu in the
and ESR measurements revealed the presence of spin gaplénider sites on single crystals of ;9€u,,0,4; and Ca-doped
the chains withA ¢, =120— 133 K!2~®whereas the NMR  Sry,_,Ca,Cu,,0,; With x=6 (hereafter denoted as Oa6
T, on Sk,Cuw,,0,; (denoted as Sra¥1’ and the inelastic x=9 (Ca9, andx=11.5(Call.5. Comprehensive Cu NMR/
neutron scattering experiments on 18, ¢Cag ) 14CU>/041  NQR measurements of the single crystals 0f,6u,404;
(Ref. 18 showed the presence of spin gap wihy4~700 have been recently reported for both the chains and the lad-
and~400 K in the ladders, respectively. A significant aspectders by Takigawaet al?! In our experiments, we report dif-
of this ladder material is that the nominal Cu valence isferent NMR results in the ladder Cu sites on single crystal of
+2.25, i.e., holes are inherently doped and the conductivitysr,,Cu,,0 4, regarding the size in spin gap and the charac-
increases upon isovalent Ca substitution. However, it wageristics in spin dynamics. Furthermore, we have obtained
suggested that the holes only enter the structural unit of theéhe following notable results for hole-doped two-leg spin-
Cu0, chains that have an average G valencet>®Itwas  ladder systems.
suggested that the residual moments formed the singlet- (1) A spin gap in the ladder Cu sites for Sr14 is signifi-
triplet gap from the dimerization as a result of the nonmag-cantly reduced upon isovalent Ca substitution, but its magni-
netic CuQ, unit breaking up the chains. tude saturates with =280+ 30 K and 27@ 30 K for Ca9
Recently, Matsudat al. showed from the inelastic neu- and Call.5, respectively.
tron experiment that the dimers are formed between spins (2) From the result that the spin correlation length is
which are separated by 2 and 4 times the distance betweatominated by an average distance among mobile holes in
the nearest-neighbor copper ions in the chain $tdgom  Ca6, Ca9, and Call.5, an effective hole density is estimated
this result, the alternate array of €uand CU#* along the to be ~0.14, 0.22, and~0.25 per CyO; ladder for Ca6,
chains was suggested with an average valence 6?€and Ca9, and Call.5, respectively.
Cu*?% for the chains and the ladders, respectively. Recent (3) Even though holes are doped into the two-leg spin-
NMR studies have resolved three Cu valence states in thiadders and the resistivity follows @-linear dependence
chain sites, e.g., magnetic €u sites forming the dimerized along the ladders, the spin dynamics at high temperatures is
state and two Cii -like sites?®?! A recent x-ray measure- characterized fof=A by a behavior similar to that of the
ment has revealed that the periodic lattice distortion develop§=1/2 1D Heisenberg systems.
in the chains below 200 K2 From the result that the nuclear  (4) The spin-gap formation in the metallic state between
relaxation process, measured by NQR at the ladder Cu site6) and 130 K causes an anisotropic resistivity through an
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o O




57 SPIN GAP AND DYNAMICS IN Sk, CaClpOy . . . 11535

. | T , . T .
8Cu,0, ladder

Hlb [Tt CTTTTN

f=83.1MHz : . 83Cu,0, ladder
é T=30K : : t :
1%} : i 1
C 1 : :
m ! il
) I .
= : l vl
-8 ——JJ wiadl u Lh L A DTSR | S
o 1 1 [ 1 )
m 1 ' “ I | it Rl ‘———_‘
é E : 8Cu0, chain : T :
C% b ‘. !

:’ 3 E 8Cu0, chain 5

s | . ! s I ) |
5 7 8 10

H (T)
FIG. 2. The Cu NMR spectrum in $Cu,,0,; at T=30 K obtained by sweeping the magnetic field alonghhexis atf=83.1 MHz.

increase in resistivity in the perpendicular direction to thesociated with thél'; process. If,, was determined from the

ladders. expression W, =3(1/Ty),+ (1/T,), (Ref. 30 wherell and
(5) A confinement of preformed pairs is indicative of a L indicate theb axis anda or ¢ axis, respectively.

precursor effect for the occurrence of the pressure-induced

superconductivity in Cal1.5. Ill. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Sr1Cu20 4

Il. EXPERIMENTAL PROCEDURES 1. %3Cu NMR spectrum

Single crystals were grown by the traveling-solvent Figure 2 shows the NMR spectrum for Sr14 with a mag-
floating-zone method. Detailed procedures for synthesizingetic field (H) along theb axis atT=30 K and f=83.1
single crystals were reported elsewh&fBheir single crys- MHz. The spectrum consists of many sharp peaks, which
tallinity was confirmed by the x-ray Laue method. The sus-originate from the ladder and chain Cu sites with different
ceptibilites of Ca6, Ca9, and Call.5 indicate a plateawnuclear quadrupole tensorg along theb axis for two %3Cu
around 80 K followed by a Curie-like upturn at Iolv Mea-  and ®°Cu isotopes.
surements of th€*Cu NMR shift were made in & range of A site assignment for each NMR peak is denoted in the
4.2—300 K with a frequency range of 8:1125.1 MHz. An  figure. The ®*Cu site with»,=13.4 MHz is assigned to the
NMR spectrum was obtained by a sweeping magnetic fieldadder Cu site, since the, 4, of its maximum component
generated by a Superconducting magﬂﬂT at 4.2 K. The of the_ electric field gradi'ent. tensor is C|Oseﬂ9maxf10.]..5
nuclear spin-lattice relaxation timE, was measured by the MHZ in the ladder Cu site in SrGD;.° The Cu site with
saturation recovery method with a single component ex-  ¥»b=32.9 MHz is hence assigned to the chain Cu site because
cept at temperatures lower thanl00 K. The nuclear relax- he Spin gap °f2 _11%9 133 K was actually observed as previ-
ation functionR(t) for the central transitiofil/2— — 1/2) for ~ OUSlY reported:

_ S < i There are two sets of NMR spectra exhibiting the sdme
| =32 among the quadrupole split lines s giverfby dependence for each isotope in the chains. The NMR peaks

M(s)—M(t) 6t t indi_cated by thick arrows pointing d(.)wnward.s arise from the
7 ;( — _) +0.1 ex;{ — _), chain Cu sites, which are included in the twine of the single

M) crystals. The multipeak structure observed in the NMR spec-
(1) tra of the chain Cu sites is associated with a long period for

whereM(t) is the nuclear magnetization at timeafter the  the superstructuré:®? At temperatures below 30 K, another
saturation pulses. The spin-echo amplitiEleecorded as a Signal appears. Its shift shows a strongedependence than

function of time r between the first and second pulses waghose of other signals, suggesting that it originates from the
well fitted to the expressich magnetic CG" sites forming the dimerized state with a gap

of 120 K2° These NMR results for the chain Cu sites are
consistent with those reported by Takigaetzal >

R(t)=

1 1

2

2

27 1/ 27
R

E(27)=E, exp{ - (T_ZL

where 1T, is the Gaussian spin-echo decay rate associated In general, the Knight shifK(T) in copper oxides con-
with the indirect nuclear spin-spin coupling through elec-sists of the T independent orbital parK,, and the
tronic excitations and Tk, is the Lorentzian decay rate as- T-dependent spin paK(T):

Tac 2. Knight shift
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FIG. 3. (@ T dependence of the®*Cu Knight shift in
S 4Cu, 404, for H| b axis. The inset displays tHE dependence of
the spin part in®3Cu Knight shift K¢ ,(T). Solid line is a fit to
T~ Y2exp(—A/IT) with A =550 K. (b) displaysK(T) vs K4(T) (¢)
andKy(T) vs K,(T) () plots.

KoM =KomatKsolT) (a=a,b, and c),

Korb,a= 2< 1 3>Xorb,a )

Ks,a:Aa(qZO)XS,a/NAMBI

wherey,, andy; are the van Vleck and spin susceptibilities,
respectively A ,(q) = EJ-A{Y exp(qr)).

For the spin-ladder systems with the spin gapghe ex-
pression for the spin susceptibilifs(T) was derived in the
low-temperature regime by Troyet al®! as

ﬁ

Figure 3a) indicates thél dependence ofK, for Sr14. The
residual Knight shift approaches 1.32% B&t4.2 K. This
value is comparable to that in highs cuprates, so the ob-

xs(T)=—=exp(—A/T).

served residual Knight shift is attributed to the orbital con-

tribution. From the relations oK, (T)=Ky(T)—Kgpp
=[Ap(0)/Naup]lxs(T) with Ky p=1.32+0.01%, the spin
part K p(T) in the NMR shift is obtained. The spin Knight
shift is dominated by the inner core polarization effect df 3
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FIG. 4. T dependences d¥(1/T,) in both logarithmic scales in
Sr14Cu,404; for H| b axis (O) and at zero field by NQR@®).
Solid lines are fits to I7; ~ exp(—A/T) with A=830 K forH|/b and
620 K for NQR, respectively. Inset i§, vs 1T plot in semiloga-
rithmic scale.

electrons and its sign is negative. Figur@)3showsK, vs
K, andK; vs K, plots with temperature as the implicit pa-
rameter. From the respective slopes,(0)/A,(0)
=Ap(0)/A(0)=—2 are obtained. By usingqy,,=1.32%,
Kora=0.28% andK,, .= 0.32% are estimated.

Ks,p(T) is displayed in the inset of Fig.(8. A best fit to
the above formula allows us to estimate the energy gap to be
A¢=550 =30 K, which is somewhat larger thaky, =420
+20 K estimated by Takigawet al?* An uncertainty in the
gap value in the present measurement arises from the uncer-
tainty in Koppp -

3. Nuclear spin-lattice relaxation rate 1/T

Figure 4 indicates th& dependences df¥(1/T;) for H||b
(O,0) at 11 T by NMR and at zero field by NQR
(®,A,V). As seen in the figure, T depends on the exter-
nal magnetic field.

The nuclear relaxation in the 1D spin-chain and spin-
ladder systems with the spin gap occurs dominantly via the
two-magnon Raman process, in which a thermally excited
magnon|k,o) is scattered into the stal&+q,o’) by the
hyperfine interaction, accompanied by nuclear spin flop.
Since magnons are excited only aroukg=m along the
chain as required by the energy conservation law, the main
contribution to 1T, comes from the regiog~0 in spite of
strong short-range AF spin correlations arouné 7. In
such a case, due to the diffusive spin dynamics mga0,
1/T, was shown to follow the field dependence of/a/ 333
Taking account of only these processes, Trogerl. ob-
tained the leading low-temperature fotm
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UT,~|A0)|? exp(— A1 /T). (3)  times larger tham , from the susceptibility and the NMR
1 S otk ; ; e di
shift.” Several scenarios to explain this discrepancy
_ _ ) have been proposed theoretically.

In the case of NQR, since the relaxation function of the (1) There will be large contributions to T from pro-
nuclear magnetizatiorR(t) =[M(=) =M(t)]/M(*) s &  cesses withq,~= and q,== between the one-magnon
simple exponential relation in therange higher than 200 K, pranch ak,= and the continuum &, ~ O if the tempera-
1/T is unigquely de_termined and is well fitted by the form of ;e whereT, is actually measured is high enough for the
1/T,>exp(—A/T) with A=620 K as shown by the dotted giates at energies exceeding the gap to be populateds is
line. On the other handR(t) below ~200 K changes into a pecause the ladder has strong short-range AF correlations.
multiexponential behavior. In order to see an oye‘rl'atue- (2) Based on the Majorana fermion representation of the
pendence of T, below~200 K, we plotted tentative values s=1/2 Heisenberg two-leg spin-ladder systems, Kishine and
of 1/T, as estimated from the shorf\) and the long ¥)  Fukuyama found that the spin susceptibility and the NWR-
decays in theR(t) curve. Down to 80 K, only the short haye different activation energies withy =34, in the

component is reliably deduced. The bar for the data belowy . . . _
200 K does not indicate an error but a range in the distrithY"gh'T range, bUtATl_AX in the lowT range, which is

tion of 1/T,. Around 200 K, 1T, for NQR deviates from an consistent with our experimerit. ,

activated behavior associated with periodic lattice distortions (3) Based on the 1D-gapped quantum nonlineanodel,

in chains. It was reported that the nuclear relaxation infthe S&chdev and Damle developed an effective classical model
range of 36-150 K was dominantly caused by fluctuations fqr spin transport %t low and obtained th'e value of the spin
of the local electric field gradient via the nuclear quadrupolediffusion constant’ As a result, they derived

coupling (1T;)q showing a peak near 100 #.When the 1 T

inverse correlation time (1/) of EFG fluctuations is equiva- —oc|A(0)? \ﬁexp( —3A/2T),
lent to the NQR frequency «nor), i-€., lhre=wnor, T H

(1/T1)q becomes largest. Therefore, it has been proposed A

that a probable source of the EFG fluctuations is the motion X \ﬁexp(—A/T).

of the holes in the ladders. T

_In the case of NMR, T, is uniquely determined with & |n the above equations, note that the activation gapsifor
single component above 200 K from the relaxation func- andA;. satisfy At =1.5A,, even at lowT. In any case, a
1 l 1 - ’

tion of Eq. (1). 1/T, in a T range above 200 K is fitted 0,4 ntitative comparison of each scenario with experiments

exp(-Ar, /T) with Ay, =830+30 K. A deviation from the o jires a detailed study of tHe and T dependences of
activation law is seen below 200 K as in the case of NQR4/T,.

The relaxation function is not fitted by the form of Ed)
with a singleT; component. This is because the relaxation B. Ca-doped Sr,_,Ca,Cu,,0 4
process is affected by the quadrupole relaxatfdn.contrast
to the case of NQR, T/ measured at 125.1 MHz does not
exhibit any maximum around 100 K. The quadrupole relax- Figures %a), 5(b), and Fc) display the®*Cu NMR spectra
ation rate (1T,)q becomes largest when 7ZFwyyr  for Call.5 with the magnetic field) along theb, a, andc
(101 s71). It is expected that the temperature at whichaxes aff =4.2 K andf=81.1 MHz, respectively. These spec-
(1/T1)q peaks increases from 100 K to a temperature highetra originate from the Cu sites in the ladders and chains with
than 200 K. This is becauserlfis reported to increase upon different sets of nuclear quadrupole tensets where «
heating from 16 s™* at 100 K to 10 s~ * at 200 K?* In  =a,b, andc. From a comparison of obtained values with
such a high temperature region, since the relaxation proce$sose in Sr14, the®*Cu sites withv,=—4.2, v,=+15.7,
is dominated by magnetic fluctuations, it is anticipated that &and v.= —11.5 MHz were assigned to the ladders with the
peak of (17,)q associated with the quadrupole relaxationmaximum component of the electric field gradient tensor
process will not be observed in the NMR experiment. along theb axis, whereas that with,= — 15.6, v,= + 32.6,
Notably, we have again found that the relaxation procesand v.= —17.0 MHz were assigned to the chain Cu sites.
is dominated by magnetic relaxation below 30 K and that Figure 6 indicates the NMR spectrum for the central tran-
1/T, has a peak around 20 K. Takigawhal.reported that a  sition (1/2— — 1/2) for H||b at T=150 K andf=125.1 MHz.
peak in the magnetic relaxation rate T3y is observed The intense NMR spectrum arises from the ladder Cu sites,
around 10 K and it is presumably due to the spin fluctuationsvhereas three weak peaks are assigned to different chain Cu
of magnetic impuritie! Alternately, we propose another sites. This is because tiedependences of the NMR shifts
scenario to explain a peak inTY/ around 20 K. As the mo- and T, are consistent with the presence of a spin gap with
tion of the holes slows upon cooling, it is likely that a singlet A ,,;=120—133 K in the chains. Further details about the
coherence in the spin-gap state is disturbed and hence spimagnetic and electronic properties for the chain Cu sites will
fluctuations may be induced. When the frequency of spirbe reported elsewhef8.
fluctuations approaches the NMR frequend@25.1 MH2 The position of the central transitidfi/2— — 1/2) for the
around 20 K, 1T, may have a peak. As presented later, thisladder is affected by the Knight shift and the second-order
is the case in the Ca-doped compounds in which mobilgjuadrupole shift in each direction. In this case, the shift of
holes start to localize below ~60 K, where 1T, peaks. the resonance fielda(— ynHesa)/ YnNHreso IS €XPressed by
In most of the spin gap systems including Sr14, the spirthe Knight shiftk,, and the EFG componemt, in terms of
gapAr, deduced from the activation law ofTly is 1.4-1.8  the second-order perturbation theory as foll{&:

1. %3Cu NMR spectra and nuclear quadrupole parameters
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nuclear quadrupole tensor and the Knight shift is obtained, respec-
FIG. 5. The Cu NMR spectra al=4.2 K and f=81.1 tively.
MHz for (a) H| b axis, (b) H| a axis, and(c) H| c axis in

St, Cayq ClpsOy; . plots, vy, vy, an_d v are estir_nated to be 4.3, + 15._6, and
—11.6 MHz, which are consistent with those obtained from
0= YnHresy (vg— vy)z jth?: §pe;cirl1zg bktlatvveen adjatceptthlinﬁs.inhtthe H;zlg—svg(tapt szectra
T H_. Na > in Fig. 2. Each component of the Knight s is obtaine
INFresa 1201+ K o) (7Hresa) from the intersection atyyHes,) ~2=0.

where (@, 8,7)=(a,b,c) and the magnetic fieltl s, is the _ _

resonance field along each crystal axj§, is the nuclear 2. Knight shift

gyl’omagnetic ratio OPSCU, andw is the NMR frequency. In Figure 8 indicates th& dependences Ma (O)’ Kb (D),
order to separate the Knight shift from the quadrupole shiftand K. (®) of %Cu for Cal1.5. The respective residual
the frequency(magnetic field dependence of the spectrum Knight shifts K,, K,, and K. approach 1.32, 0.28, and
has been measured at several different frequencies in the32 o5 atT=4.2 K, which agrees with the corresponding
range of 81.1-125.1 MHz as seen in Fig. 7. From the re- yajues in Sr14. According to the Mila-Rice’s hyperfine
spective slopes ofd— yNHresq)/ YNHresa VS ("nHreso) "2 Hamiltonian in highT, cuprate€? the hyperfine form factor
for ®3Cu in the CuQ plane is expressed as

T T T
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FIG. 6. The®Cu NMR spectra of the centrél/2— — 1/2) tran- T (K

sition for H| b axis at T=150 K and f=125.1 MHz in

Sr, sCa;1 sCWw40,41 . An intense peak originating from the ladder FIG. 8. T dependences of th&Cu Knight shifts in Cal1.5 for
83Cu sites is well separated from the three peaks from the chaiil|| a axis (O), H| b axis (), andH| c axis (@). Inset displays
83Cu sites. Ku(T) vs K,(T) (O) andKy(T) vs K(T) (@) plots.
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FIG. 9. T dependences of th€Cu Knight shiftsK,(T) for H|| FIG. 10. T dependences of the spin part $Cu Knight shifts

b axis in Ca6 ), Ca9 @), and Call.5Q) atf=125.1 MHz.  Kg(T) for H|| b axis in Sr14 (J), Ca6 (¢ ), Ca9 @), and Call.5

The inset isK¢pT¥? vs 1T plot in Ca9 @) and Call5 Q).  (O) atf=125.1 MHz. The solid line is a fit td ~“%exp(—A/T).

Ksb=Kp—Komp (=1.32 %9. The solid line is the respective fit to

exp(—Ag /T) with A, =280 K and 270 K in Ca9 and Call.5. 9. A linear best fit allows us to estimate the respective energy
gaps to beA,=280+30 K and 2730 K for Ca9 and

whereA,, is the on-site hyperfine field is the supertrans- Cal1.5. An uncertainty in the gap value arises from the un-

ferred hyperfine field, and is the Cu-Cu distance. certainty inKqpp -

In optimum and underdoped high- cuprate$’ and linear Figure 10 reveals that the spin gap decreases from
spin-chain SyCuO;,** A;=—164 kOefig, Asp=34 kOe/  A=550+30 K for Sr14 to 35@-30 K, 280+ 30 K, and 270
g, andB=41 kOepg were estimated from\ (0)~0 and  +30 K for Ca6, Ca9, and Call.5, respectively, and that its
A,p(0)=196 kOefig . In contrast, the hyperfine form factor magnitude is nearly unchanged with the increasing Ca con-
for the Cu,O4 ladder is expressed as follows: tent.

A.(q)=A,+2B, cosg,a+B, cosgya 3. Nuclear spin-lattice relaxation rate 1/

In contrast to the case of Srl4, the relaxation is magnetic
in the entireT range for the Ca-doped compounds. For Cab,
A (0)=A.+3B,=—120 kOehg and A,,(0)=A,, Ca9, and Call.5¥(1/T,) is uniquely determined with a
+3B,,=48 kOefsg Were obtained from th& vs y plot for ~ single component above 100 K from the relaxation func-
the oriented polycrystal of SI=G®D3.° In Call.5, the mea- tion of Eq.(1) as indicated in the inset of Fig. 11.T4/s for
sured susceptibility is, however, dominated by the chain conall compounds begin to decrease belev200 K. 17T, are
tribution, so A, is not determined from th& vs y plot.
Here, note that each layer in Srgd; is stacked along the
axis, whereas the stacking is along thexis in the present
compound. As indicated in the inset of Fig. 5, from the slope
of the plots ofK,(T) vs K (T) andK(T) with

(a=a,b, and c).

10%F

Ap(0)
Kb(T): W[Ka(T)_Korb,a]+ Korb,b (a=a and c), -
Ap(0)/A.(0)=A(0)/A,(0)=—2.5 are obtained and.(0) Ef ol
=Aa(0). If Koppp, is taken as 1.32% &=4.2 K, Ko, and =10

Ko are estimated as 0.28 and 0.32 %, respectively. These
anisotropic orbital shifts in Sr14 and Call.5 are comparable
t0 Korpc=1.28% andK oy, 5p=0.24% in highT; cuprates. It
should be noted thdf,(0)/A;(0)|=|A,(0)/A,(0)|=2.5 in
Call.5 is equivalent tpA;(0)/A,p(0)|=12 T/4.8 T=2.5in ] , . , ,
SrCu,03° but is larger than |A,(0)/A.(0)] 109 0.01 0.02 0.03
—|A,(0)/A,(0)|=2.0 in Sr14. It is anticipated that the hy- 1T (K
perfine field is dominated by the on-site contribution from g 11, (11,), for H|| b axis vs 1T plots in Sr14 (1), Ca6
the ladder Cu sites. (0),Ca9 @), and Cal1.50). The respective solid line is a fit to
Figure 9 indicates th& dependences df,(T) for Ca6,  1/T, ~exp(—A/T) with A =830, 450, 360, and 350 K for Sr14, Cas,
Ca9, and Call.5. The orbital Knight shifts are similar for allcag, and Ca11.5. The inset indicates the relaxation function of the
compoundsKs /T is plotted against I7in the inset of Fig.  nuclear magnetizatioR(t) at T=110 K in Call.5.
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Srp 5Caqq 5Cu24044 (i) is dominated by one-magnon excitations over the spin
1045 S T T gap aroundk,~ 7. In T domain(iii) whereA<T, 1/T, stays
| constant, and is dominated by short-range AF correlations at
gx~m, g,= . In this caseR changes fronR,_, to

—_

(T4}l (1/T)e

al . 1 Ay()]\?
10 : S 1+<| b )|) }
0-' 760200 2 [Aa(m)
- T (K) Therefore, an increase &;, from 3.7 to 4.3 above-200 K
2 is ascribed to a possible change in the hyperfine form factor.
= 10%F o 5 By combining
- [ e ]
® Ab+38b_Ab+3Bb_ 25
. ] o A,+3B, A.+3B,
10"t E with the relation
F u}
o ] 1{ (|A(w)|ﬂ 1( (Ap—3By)?
M| N SN AN b b b
1 10 100 1000 51+ =—| 1+ ————|=4.3,
T K 217 \Aa(ml) | 217 (A,—3B,)?

FIG. 12. T dependences df(L/T,) in both logarithmic scales We find thatB,=By=B. and is as small as-0.6 kOefp.
in Call.5 forH| a axis (O), H| b axis (), andH]|| ¢ axis (@).  Thus, itis experimentally established that the hyperfine field

The solid line is a fit to I, ~ exp(—A/T) with A=350 K. The inset  In the ladder Cu nuclei is dominated by the on-site hyperfine
is theT dependence of the anisotrog®=(1/T1),/(1/T1)y . field.

In T domain(i) where 1T, deviates from the activation
plotted in Fig. 11 as a function of T/on a semilogarithmic behavior,Re,~5*1 is close to~4.3 as expected for the
scale along with the NMRF; data for Sr14 shown in Fig. 4. relaxation process aroung~a in the highT range of T
1/T, in aT range of 66- 130 K is fitted to exp{-Ar, /T) with domain (iii). This means that the relaxation process below

AT1:450 +30 K, 360+ 30 K, and 356 30 K for Ca6, Ca9, T, ~60 K is dominated by staggered spin fluctuations.
and Call.5, respectively, which is smaller th@.ml=830

+30 K for Sr14. The deviation from the activation law be-
comes significant for Sr14 at temperatures lower the?00
K, below which the periodic lattice distortion takes place in
the chaing? In contrast, 1T, in Ca6, Ca9, and Call.5 de-
viates from the activation law below 60 K, where the steep
increase in resistivity suggests a localization of mobile [ 1 |2 pyﬁﬁz
holes®*® It should be noted that even in the Ca-doped sys—(T_ZG> T84l (
tems, the size of the spin gap deduced from the NWR- KB
shift is larger than that determined from the NMR shift. wherex(q) =Rex(q,0) is the static susceptibility. Treaxis

In order to gain further insights into the relaxation pro- is in the direction of the external field(axis) andp is the
cess, we notice thre& domains(i) T<T, ~60 K below abundance of th&€*Cu isotope. In SrCy03, 1/T,5 was re-
which mobile holes are localizedj) 60 K<T=<130 K, and ported to exhibit a weal dependence followed by satura-
(iii) 200 K<T exist. We focus on the anisotropy of the re- tion at low T.° The calculation of 17,5 based on the quan-
laxation rateR=(1/T,),/(1/T,),. Figure 12 indicates th€  tum Monte Carlo technique by Sandwvét al. was in good
dependences of I{ for H|ja (O), H|b (O), andH||c (®)  agreement with the experimental result with an isotropic ex-
axes. As indicated in the inset of Fig. 1R,, in T domains change constarf;=J, =850 K, whereJ, andJ, are the AF
(i) and (iii) is ~5+1 and 4.3, respectively, where&, exchange constants along and between the legs, respectively,
~3.7 inT domain(ii) is smaller than those il domains(i) and the hyperfine parameter ratdy/A,~ —0.1%" where||
and(iii ). Since the relaxation process for< A is dominated indicates the direction perpendicular to the ladders. Taki-
by a one-magnon branch aroukg~ 7, we have a relation gawaet al. reported thel', measurement on the linear spin-

chain SpLCuO,;.** They observed thelT dependence of

1/, 1/\/T to be consistent with the scaling theory devel-
2 2 2 26
- (1fr1)a_ [A(0)[*+|Ao(0))| — 1[ (lAb(o)|) } oped by Sachdef? The value of

4. Gaussian spin-echo decay rate 14

The Gaussian spin-echo decay rate in copper oxides is
dominated by indirect nuclear spin-spin coupling through
electronic excitation®® 1/T,¢ is generally derived 48’

> Am)x(a)?-

q

2
; Ai(w)x(q)} )

(T |AL0)]2+]|A0)]2 2 |A4(0)]
noting thatA,(0)=A.(0). With |A,(0)|/|A(0)|=2.5 from Too | _AUmM+ANm 4 [7 @
the anisotropy of the Knight shift measureméry, is ob- TNT B A2(r) | VpJ
tained as 3.6, which is in excellent agreement with the ex- z ‘

perimental value oR.,=3.7 in T domain (ii). This agree- was in quantitative agreement with the theoretical prediction
ment means that Tj decreasing exponentially i domain  for J,=2200 K** Here| =8.4425 andy=0.69. Note that the
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FIG. 13. T dependences of the Gaussian spin-echo decay rate FIG. 14. T dependences oTZG/Tl\/f in Ca6 (), Ca9 @),
1T,e atf=125.1 MHz in Sr14 {J), Ca6 (¢ ), Ca9 @), Call5 call.5 ), and SpCuO; (M) (Ref. 44,
(O), and SrCy0O; (M) (Ref. 9. The inset indicates th€ depen-

dences of the Lorentzian decay ratd 5}/ in Ca6 (¢ ), Ca9 @), . . .
and Cal1.50). y A ©) ® pounds are consistent with the behavior of e 1/2 1D

Heisenberg systems. As indicated in Fig. 1%,d/T1\T)p
for Ca6, Ca9, and Call.5 does not depend on the tempera-

the S=1/2 spin-chain is proportional to the tem eratureture in the range of 180300 K. Its magnitude is somewhat
- P prop b larger than in SsCu05.* From Eq.(4), it is seen that], is

&0 T.% T2, proportional to the temperature is hence ré-cmaller for Ca6. Ca9. and Call.s thdp=2200 K for
lated to5 from the relation offZg=T=£;p . In the two- SKLCuO;. It should be stressed that the sé:alingTQg/TlT
leg spin—ladder systems with isotropic int_ra—ladderzexchang%r underdoped high-, cuprates with a pseudogap is not
COUleFlIQS Jyj=J. we found the relation ofTs=a  \qgjid at all as displayed in Fig. 15 whefB,g/T,T for

+ Béladaer This relation was obtained from a comparison of yga,Ccu,04 remains constant above150 K5

the T dependence betweenTlg (Ref. 37 and &jagder (Ref. By inserting the experimental value ofA3()/AZ( )
50) calculated by the quantur_n_Mon_te Carlo method._Notezz/(ZR __—1)=0.263 into Eq.(4), (Toc/T1yT),=6.9
that «=0 for J, =0. « is negligible in the weak coupling ,1-3 K "12 g in excellent agreement with the calculation
regime withJ, /J,=<0.5 for the two-leg spin-ladder systems, usingJ,~ 1500 K for Call.5. From the same analysisis

although the calculation of Tjg is not currently available. ,qiimated as- 1800 and~ 1500 K for Ca6 and Ca9 respec-
In T<<0.25\ whereé | qq4eriS independent of the temperature, tively. This is rather close td,=2200 K for S,CuO,,* but

; ; 50
1T, was shown to be invariant as weik _ is twofold the exchange constant af,=850 K for
Figure 13 indicates th€é dependence of T along with

the data for SrCuwO3.° Below ~150 K, an increase in the
NMR linewidth prevents precise measurement3 gf . The 10 ' ' ' '
spin-echo decay curve also changes from a Gaussian to a - Srq4-xCayxCu24041
Lorentzian type. Furthermore, Tlj, shows a pronounced
peak atT ~ 60 K for Ca6 and Ca9 and a broad peak for I o x=6
Call.5 as shown in the inset of Fig. 13. This anomaly in e 231.5
1/T,, points to an intimate relation between the transport and = Y1248
the magnetic properties. Since mobile holes begin to localize
upon cooling due to a quasi-1D-like conducting channel, the
peak in 1T,, is caused when the frequency of spin fluctua-
tions along the magnetic field is comparable to the NMR
frequency atT, ~60 K and the activation law in Tj is
masked belowl| . In order to extract a characteristic of spin
correlations inherent to the metallic spin-ladder systems with
mobile holes, we focus on the data at highwhere the
spin-echo decay follows the Gaussian type. . |
1/T,¢ is suppressed by the increasing Ca conté’ég 0 100
follows T linear behavior above-200 K. Accordingly, from

the relation ofT5;~ Bédser T the spin correlation length FIG. 15. Comparison with scaling in the underdoped High-
&aqderin Cab, Ca9, and Call.5 decreases upon heating. T@uprate of YBaCu,Og (M) (Ref. 51) in which T,g /T, T=const is

gether with the relaxation behavior ofTk/~=const above 200 valid. In Ca6 (¢ ), Ca9 @), and Call.50), T,g/T,T depends
K presented in Fig. 12, the spin dynamics of these comen the temperature for the ladder systems.

T dependence of the inverse spin correlation lergth of

Toa/T4T (1074 K™

1 "
200 300
TK)
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FIG. 16. T dependences of5; in Sr14 (), Ca6 (¢), Ca9 FIG. 17. Phase diagrams of spin gap upon Ca substitution and of

(@), Call5 ), and SrCyO; (M) (Ref. 9. Respective solid line ~ Superconductivity as a function of pressure. The spin dgp¢®)
is a fit to 2o = A+ BTexp(~A/T) with A=550, 350, 280, 270, and andAr, (O) are obtained from the Knight shift and tfig mea-
400 K for Sr14, Ca6, Ca9, Call.5, and SyOy. surements, respectively, is also plotted by solid squakscale on
the right axis (Ref. 2. T, (OJ) for Sr14 is the temperature at which
: : 1/T, in the ladder Cu sites measured by NMR has a peak, whereas
SrCw0;.%" From the analysis of(T) in SrCu,03, Johnston 1 s Ul .
suggested), /J,~0.5 with J,~2000 K52 For J,/3,<0.5, T, for Ca6, Ca9, and Call.5 is defined as the temperature at which

J, is estimated to be~700 K from the relation ofA 1/T,, has a peak associated with a localization of mobile pairs.

=0.41), (Ref. 50 usingA =280~270 K. SinceT; andT,¢ ) . .
were measured in tHE range of 108- 300 K, which is much UPON cooling at a value determined frafg~d, whered is
lower thand, ~700 K, the situation seems to be far from the the average distance among mobile holes, de:1/x. This
condition where each chain is isolated. One may wonder ifS because an eff_elctlve_lspln correlation length is de-
the spin dynamics should not be described by the 1D-likeSCribed aséer=£, "+ &0 . In applying this relation to
behavior. doped two-leg spin-ladder systems, we assume Hat
On this point, we remark that the presence of mobile~&ei =& '+ & * for Ca6, Ca9, and Call.5. Our experi-
holes in the two-leg spin-ladder system affects the spin corment suggestg, '> &, *. This scaling enables us to estimate
relation in Ca6, Ca9, and Call.5. In the undoped two-leg possible value of,, and, hence, an effective hole contant
spin-ladder systems, the heuristic form of If mobile holes were absenfy/a~ 5.2, 7.6, 9.5, and 9.9 for
Srl4, Ca6, Ca9, and Call.5 would be estimated fggm
-1 1. .1 =cyp/A with J;~1800 K for Ca6 and;~ 1500 K for Ca9
Eladael T)=&0 "+ &1 (T)exp(— A/T) and Call.5 and by using=540 K (Sr14), 350 K (Ca#,
280 K (Ca9, and 270 K (Call.3. By scalings
Such as Ay(Cab)/Ay(Srld)~ &, 1(Cab)i; (Sr14)~0.64,
Ao(Ca9)/A(Sr14)~0.62, and Ay(Call.5)A(Sr14)~0.60,
o would be related to a possible value 'ﬁ%G(T=O) for

described the spin correlation length data using the Mont
Carlo calculatior® Here, £, *=A/c,p is the finite value at
low T associated with the quantum disordered state with th

spin 7g11ap. By, combining the 're!atlon Ofo6(T) = e Cab, Ca9, and Cal1l.5 if the mobile holes were absent. Then,
+ Béladael T) With the above heuristic form, th& depen- |\ o 1 estimate fromi, /Ag~ (& 1+ £, 1)/ &, * the values

dence of'If%G.is described byA+BT exp(~A/T) &s Shown ¢ « (Cagy= 3.4, & (Ca9)y= 2.3, andé,(Call.5x2.0. In
by the solid line in Fig. 16 where the experimental values Ofaddition, from the relation ot=(2d) = (2£,) ~* an effec-
A =550, 350, 280, 270, agd 400 K are used for Srl4, CaByye hole contenk per Cu,05 ladder is suggested from the
Ca9, Call.s, and SrGOs,” respectively. relation ofx= (2d) "= (2&,) ! to be~0.14, 0.22, and 0.25

In the undoped tlwo—leg spin-ladder systerfi$s(T=0)  for Ca6, Ca9, and Call.5, respectively. Interestingly, these
=Ao Is scaled tof, “=A/c;p . Since theA’s in Ca6, Ca9, values of effective hole content are compatible with
and Call.5 are smaller than those in S04 and Sr14, ~0.14,0.2, and 0.22 estimated from the optical conductiv-
T56(T=0)=A, for Ca6, Ca9, and Cal1.5 should be smallerity measurement of Ca6, Ca9, and Call, respectively, as
than those for the latter sina&A. This is, however, not reported by Osafunet al?*
the case sincé\hocggﬁl>Aooc§51 as seen in Fig. 16. The The spin gap and 1D-like spin dynamics in
spin correlation length in Ca9 and Call.5 is apparently reSr,,_,CaCu,,0,, are almost unchanged regardless of the
duced due to the existence of mobile holes in the two-legncrease in the doping level. The conductivity increases and
spin-ladder systems. A temperature crossover of spin corréghe spin correlation length decreases with the increasing Ca
lations in the 1D Hubbard model close to half filling was content. Thus, Ca6, Ca9, and Call.5 are doped two-leg spin-
studied by lino and Imad¥. In a doped compound with a ladder compounds with the spin gap and 1D-like spin dy-
concentration ok, the growth of spin correlations saturates namics.
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IV. CONCLUSION 0.4

T T T T
. . o . | Srz,5Ca11,5CU24041
Comprehensive NMR studies have clarified the spin gap

states and the spin dynamics in the single crystals of I f=12H5|'l1t':AHZO| ol T
St 4-4xCaCu, 4041 . The results obtained are summarized in © ! 2
Flg 17. 20-2‘ 00 .4...0000000;1 ;.;

(1) The spin gaps obtained from the measurements of the ¥ | 00" i [
Knight shift andT,, Ax and ATl, decrease significantly as - Ooo o (Tpd ~

the Ca substitution increases. Although this trend was re-
ported from thel; measurements on the polycrystal samples
up to Ca9t’ it should be noted that the magnitudes of
At poy are not consistent with those of the present

AlesingE. This is becausd; in the polycrystal samples is
not uniquely determined in contrast to the case of the single
crystals.

(2) The spin gap persists witlhx =270 K and ATl
=350 K up to Call.5, in which superconductivity was dis-
covered by applying pressure higher than 3.5 GPa, as indi-

Resistivity (1073Q + cm)
Resistivity (1072Q + cm)

cateq in Fig. 17 The magnit'ude of the spin gap and the 0o '160 —500 300

1D-like aspect of spin dynamics are almastchangedy an T (K)

increase in the hole doping level. In contrast, the conductiv-

ity increases markedly with increasing hole density. FIG. 18. A comparison between the magnetic and the transport

(3) SystematicT, measurements probing the spin corre-properties in Call.5. The upper panel indicatesTitiependences
lation lengthé demonstrate that holes are doped with a con-of the spin part in the Knight shif ,(T) and (1), for the H|
tent of x~0.14, 0.22, and 0.25 per GQ4 ladder for Cas, b axis. The lower panel is thE dependences of the resistivity along
Ca9, and Call.5, respectively. the ¢ axis (scale on the left axjsand thea axis (scale on the right

(4) The staggered spin fluctuations arouned 7 dominate axis). In a T. range higher than. thg temperature mgrkeq by the
the nuclear relaxation process bel@y~ 60 K for Ca6, Ca9, dashed-dot line, the spin dynamics in the ladder Cu sites is charac-
and Call.5. This low- anomaly in spin dynamics is caused terized by the 1D-like behavior and the resistivity exhibits he

by the localization effect of mobile holes as evidenced by th inear behaviorT, is indicated by dashed line. i range down to

. L airs are formed with the spin gap and the metallic state be-
increased resistivity belo, .24° L. P pin gap

Further insiaht tracted f . bet haves as quasi-1D, exhibiting an anisotropicdlependence of the
urther Insignts are extracted from a comparison be Weenasistivity. This increasing anisotropy in resistivity is due to the

the mag_nEtiC a”O_' the transport properties shown in_ Fig. l%onfinement of bound pairs in each ladder. Belbw theT depen-
In the highT region bounded by the dash-dotted line, theyence of resistivity exhibits an upturn due to the localization of
spin dynamics are consistent with the scaling theory for thenopile pairs. Correspondingly, staggered spin fluctuations are in-

S=1/2 1D Heisenberg model. In this regime, the resistivityquced in the ladders, dominating the nuclear relaxation process at
along thec axis (the leg exhibits metallic behavior with the low-temperature regime.

linear T dependence, whereas that along ¢haxis perpen-
dicular to thec axis is weakly dependent of the temperature

with an order of magnitude larger resistivity than that alongand localized below-60 K at an ambient pressure. An un-

thec axis. derlying issue is whether or not the application of pressure
In the low-T region where the spin gap opens, the behav- ying P b

ior of the resistivity parallel to the axis deviates slightl makes preformed pairs conductive along the ladder and co-
from the linearT b)éh%vior but that perpendicular togtbey herently hop in the direction perpendicular to the ladder and,

. . : . 1at perp as a result, superconduct. In order to unravel this novel su-
axis begins tdncrease In this regime, pairs are formed ac-

companying the spin gap, but confined in each ladder. Ther&erconductmg mechanism, a further key experiment must be

fore, anisotropic transport is enhanced. An appearance ’??fndUCted using NMR under high pressure, and s in
e

bound pairs was also suggested from an analyses of t ogress.
transport dat&®

Upon cooling belowT,, marked by the dashed line,
bound pairs start to be localized by the randomness in the
quasi-1D conducting channel along theaxis. As a result, The authors would like to express thanks to T. M. Rice,
the metallic state with the spin gap changes to localizedH. Fukuyama, M. Imada, N. Nagaosa, M. Ogata, H. Tsunet-
states of bound pairs in which the resistivity increases folsugu, M. Takano, S. Uchida, B. Battlog, Y. Koike, and H.
lowing the T~2 power law belowT, ~60 K. Eisaki for stimulating discussions and comments. This work

Notably, Sk sCay; {Cu,40,; is the first hole-doped two- has been supported by CRESTore Research for Evolu-
leg spin-ladder compound in which pressure-induced supetional Science and Technologgf Japan Science and Tech-
conductivity has been discover&dlt has been found that its nology CorporationJST) and also partly by a Grant-in-Aid
metallic state is dominated by the 1D-like spin dynamics afrom the Ministry of Education, Science and Culture of Ja-
high T and accompanied by the spin gap formation at Taw pan.

Preformed pairs are confined in each ladder bete®80 K
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