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Abstract. ®*Cu-NMR measurements have been performed on two-leg hole-doped spin ladders
Sri4—Ca, Cu2404; single crystals 0 < x < 12 at several pressures up to the pressure domain where
the stabilization of a superconducting ground state can be achieved. The data reveal a marked decrease
of the spin gap derived from Knight shift measurements upon Ca substitution and also under pressure
and confirm the onset of low lying spin excitations around P. as previously reported. The spin gap in
SroCai2Cu24041 is strongly reduced above 20 kbar. However, the data of an experiment performed at
P = 36 kbar where superconductivity has been detected at 6.7 K by an inductive technique have shown
that a significant amount of spin excitations remains gapped at 80 K when superconductivity sets in. The
standard relaxation model with two and three-magnon modes explains fairly well the activated relaxation
data in the intermediate temperature regime corresponding to gapped spin excitations using the spin gap
data derived from Knight shift experiments. The data of Gaussian relaxation rates of heavily doped sam-
ples support the limitation of the coherence length at low temperature by the average distance between
doped holes. We discuss the interplay between superconductivity and the spin gap and suggest that these
new results support the exciting prospect of superconductivity induced by the interladder tunneling of
preformed pairs as long as the pressure remains lower than the pressure corresponding to the maximum of
the superconducting critical temperature.

PACS. 74.25.Ha Magnetic properties — 74.72.Jt Other cuprates — 76.60.Cq Chemical and Knight shifts

1 Introduction

The discovery of a superconducting state under pressure
in a hole-doped spin-ladder cuprate Sris_,Ca;Cug4041
with = 13.6 (sintered powder) [1] and = = 11.5 (sin-
gle crystal) [2], has renewed the interest for superconduc-
tivity in low dimensional systems and its interplay with
magnetism. These systems can be viewed as a link between
high T, cuprates and quasi one dimensional organics which
are two classes of exotic superconductors where the mech-
anism of superconductivity is still highly debated [3,4].
Undoped spin-ladders of  general formula
Sr,,Cuy 102,41, where the copper valence is ex-
actly 2 (Cu?t with spin S = 1/2), consist of cuprate
ladder planes separated by Sr layers [5,6]. Their magnetic
properties depend on the number of legs in the ladders [3].
In case of an even number of legs the formation of spin
singlets on each rung leads to the opening of a spin gap
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in the spin excitations. In the two-leg ladder compound
SrCuzOg3 the spin gap can be seen by the exponential
drop of the spin susceptibility [7]. This singlet ground
state is not possible for an odd number of legs and a
finite value of the spin susceptibility is reached at low
temperature for instance in the three-leg compound
SI‘QCU305 [7]

The Sri4—,Ca,Cuz40414s series has a more compli-
cated structure built from the piling up of CuOs chains,
Sr (or Ca) and CugOgs two-leg ladders layers with an or-
thorhombic symmetry [8]. The interlayer distance (along
the b axis), which is 1.6 A in z = 0 compound, is short-
ened upon Ca substitution. Moreover, there is a misfit
between the lattice parameters of chains and ladders sub-
lattices (10 X Cchain = 7 X Cladder)- This system is inher-
ently hole doped as the stoichiometry implies an average
copper valence of 2.25. However, optical measurements [9]
have shown that holes for the z = 0 compound are re-
siding mainly in the chains leading in turn to an insu-
lating behavior and to a magnetic ordering revealed by
neutron scattering experiments [10] with a valence of 2.06
for the Cu ladder sites. Then, although Ca and Sr are
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isovalent atoms, holes are transfered from the chains to
the ladders upon Ca substitution. Consequently, the cop-
per valence in the ladders increases from 2.06 up to 2.20
(0.2 hole per Cu) as z increases from 0 to 11 [9]. At the
same time, the longitudinal conductivity (along the ¢ axis)
increases, leading to quasi one dimensional (Q — 1 — D)
metallic properties [11,12]. It has been suggested that
holes doped into the ladders will share common rungs
since it is the configuration which minimizes the num-
ber of damaged spin singlets, [13]. As far as the trans-
verse a-axis is concerned, a confinement of holes pairs on
the ladders takes place below a confinement temperature
called T which is above room temperature for all sam-
ples with z < 8 and drops to below 300 K for x = 12.
However, as for undoped ladder compounds, a spin gap
is still observed in the ladder plane and a smaller spin
gap (= 140 K) is also present in the chain sublattice.
The existence of a spin gap on ladders was demonstrated
by %3Cu-NMR measurements which can easily separate
the contributions coming from copper nuclei belonging
to chains and ladders. The spin part of the NMR shift,
which is directly proportional to the spin susceptibility,
allows an accurate determination of these gaps. Upon Ca
substitution, the amplitude of the spin gap in the ladders
decreases from 500 K [14,15] or 430 K [16] for z = 0 down
to 250 K for = 12 [15,16] while it remains practically
unchanged in the chains (125—140 K) [14,16]. Therefore,
the spin gapped structure survives the existence of a finite
concentration of holes in the ladders in agreement with
theoretical suggestions [13,17,18]. For samples with the
largest Ca concentration, an applied pressure in the range
30—80 kbar stabilizes a superconducting ground state in
the ladder planes with a transition temperature passing
through a maximum at 10 K around 40 kbar [12].

The great interest of superconducting spin ladders lies
in the theoretical prediction of superconductivity in the
d-wave channel which is a direct consequence of the spin
gapped character of the magnetic excitations [13]. The
possible link between the predicted superconducting (SC)
phase of isolated ladders and the SC phase stabilized un-
der high pressure in (Sr/Ca)14Cu2404; is therefore a chal-
lenge in the physics of strongly correlated low dimensional
fermions.

An early pressure study carried out on
SraCai2Cuz4041 [19] concluded to the existence of
low lying spin excitations under high pressure conditions
i.e. P = 30—32 kbar when superconductivity appears
at T, ~ 5 K. However, recent NMR studies at 17 kbar
and inelastic neutron scattering experiments at 21 kbar
argued that the spin gap does not change under pres-
sure [20-22]. Consequently, it is a very important matter
to study how the transient domain between the spin gap
regime and the situation with low lying spin excitations
develops under pressure.

The compound LasCagCug40y4; also investigated in
this work is the closest to the situation of the undoped
spin ladders although displaying the chains and ladders
structure similar to the (Sr/Ca);14Cuz404; series with an
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average Cu valence of 2.04 as compared to 2.25 in the
latter series [23,10].

Our work presents the results of a study of the whole
Sri4—,Ca,;Cugg Oy series (called Caz from now on) in-
cluding the parent compound LasCagCuz4041 [23] (Lab)
via NMR shifts and relaxation measurements under pres-
sure up to 36 kbar which is a pressure well above the
critical pressure (= 30 kbar) needed for the stabilization
of superconductivity in SroCaj2Cu4041. Some prelimi-
nary measurements performed on Cal2 only up to 32 kbar
have appeared in reference [24]. Section 2 provides some
experimental details. NMR, shifts and relaxation results
are presented in Section 3. These results are discussed in
Section 4, in terms of magnon excitations in undoped and
doped spin ladders. We shall see how this picture breaks
down when the superconducting phase is approached. The
interpretation of the Gaussian relaxation time in Section 5
provides an access to the spin correlation length. Finally,
the relation between spin gap and pressure-induced super-
conductivity is discussed in the Section 6.

2 Experimental

Experiments have been carried out on single crystalline
samples of Sr14_,Ca;Cuz4041 (z = 0,2,5,8,9,12) and
LaszCagCug4041 grown by the traveling solvent floating
zone method [10]. 3Cu(I = 3/2) NMR measurements
have been performed at a fixed magnetic field of 9.3 tesla
(B || b) via a Fourier transform of the spin echo on the cen-
tral transition (1/2,—1/2) using phase alternation tech-
niques. The echo signal was obtained after the pulse se-
quence (7p)z — tdel — (Tp)y — t — echo with 7, < 1.5 ps.
The @Q-factor of the resonance circuit did not exceed 50.
This provides a rather uniform irradiation of the central
line for the measurements down to 80 K. The broad %3Cu
spectrum at low temperature was obtained by summing
up the Fourier transforms of spin echo signals taken at
different frequencies with a frequency increment such as
Avi, ~ 100+ 150 kHz which is kept smaller than the full-
width at half-maximum (FWHM) of a single Fourier spec-
trum. The possible influence of the phase adjustment on
the line shape for each Fourier transformed subspectra was
minimized in the following way. The resonance circuit was
tuned at every step Avy,. A subspectrum was obtained at
a fixed phase and then was passed through a rectangular
band-pass digital filter (—1.7Awi,; +1.7Avy,). The com-
parison between different spectra ~ (U2, + U)%,,)l/2 shows
that the peak position can be measureéf with an accuracy
of £25 kHz.

NMR data have been obtained in a seemingly non
magnetic high hydrostatic pressure cell. However, in or-
der to take into account the unavoidable slight shift of
the external field generated by the tungsten carbide pis-
ton close to the sample, the NMR signal from the copper
RF coil has been used as a field marker (known to be only
weakly pressure dependent) [25]. The influence of the pis-
ton was manifested in an additional T-independent posi-
tive shift of the resonance frequency for *Cu in the RF
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coil, %3v(metal), remaining within Av,gq ~ 120+ 170 kHz
depending on pressure as well as in a slight broadening of
the 3Cu(metal) NMR line from 20 kHz (FWHF) (with-
out piston) to 30 kHz in the presence of the piston. The
FWHM of 53Cu(metal) spectra never exceeded 50 kHz at
any pressure and temperature. Consequently, we can be
confident that all shifts or line broadenings reported in
this study exceeding 50 kHz are related to intrinsic prop-
erties of the samples. Shift values reported in this work
have been calculated relative to the 53Cu resonance in a
diamagnetic substance, namely %1y =% v(metal)/1.0023,
where %3v(metal) is the resonance frequency of copper
metal nuclei. The magnetic shift of the 3Cu-NMR line
was determined using a simulation software taking into
account quadrupolar corrections to the Zeeman frequency
in a second order perturbation theory.

For a magnetic field B parallel to the a-axis of the
sample the resonance frequency of the central transition
reads [26,27],

2

(vg —1y)

17 _ =(1+ K,y —_— 1

(1/2,-1/2),0 = (1 4+ Ko)vo + 200 (1 + K.) (1)
where K., vy, vg,, are the NMR shift, the Larmor fre-
quency in a diamagnetic substance and the quadrupolar
tensor components respectively.

For a magnetic field B parallel to the b-axis of the
sample (i.e. the transverse axis corresponding to the al-
ternate packing axis of chains and ladders) the resonance
frequency of the central transition reads,

2
(Ve — Va)

V(1/2,-1/2)6 = (1 + Kp)vo + (K (2)

Following the determination of the quadrupole ten-
sor in Srg5Cai;5CugeOy; [15], the second term in
equation (2) amounts to 42 kHz (400 ppm) with a negligi-
ble temperature dependence as compared to the temper-
ature dependence of the first contribution since (v, — v,)
remains practically temperature independent [16].

The pressure dependence of the quadrupolar contri-
bution is not easy to estimate. However, considering the
100 ppm change of the quadrupolar contribution at B =
9.3 T(|| b) which is observed upon Ca substitution between
x=0and x = 11.5 in Sr14—,Ca;Cuz4 041 [16,15] and the
expected equivalence between the chemical pressure of Ca
and the applied pressure which is a result of the present
study we can conclude that a change of the quadrupolar
term exceeding 100 ppm in 32 kbar is very unlikely .

The %3Cu Knight shift is very anisotropic in spin lad-
ders. Hence, a precise orientation of the single crystal
in the magnetic field along the corresponding axis is re-
quested for the determination of the actual 3K, (T) tem-
perature dependence. The situation B = 9.3 T(|| b) which
maximizes the value of the total shift has been reached
through a fine adjustment of the angular position of the
pressure cell in the magnetic field.

Under some circumstances, line shifts and broadenings
at low temperature both exceed largely 50 kHz. Since the
63Cu(metal) NMR line does not broaden significantly be-
low 50 K under any pressure, the drastic broadening of
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lines taking place at low T cannot be explained by the
external field generated by the piston. This broadening
is thus an intrinsic property of ladders. Very similar fea-
tures have been reported in the NMR study of Zn-doped
SrCuz03 [28].

Measurements of the spin-lattice relaxation time T}
have been performed in the same field of B = 9.3 T(|| b)
by the saturation recovery method. The recovery of the
longitudinal magnetization M, (¢) towards the equilibrium
magnetization My, was fitted by the expression [29],

M. (t) = Moo — (Moo — M(0))

y {Aexp (-%) (1= A)exp (-%) } .(3)

Parameters A and A are equal to 0.1 and 6 respectively for
the central transition of a spin I = % with non-zero elec-
tric field gradients (EF'G) when the relaxation is purely
magnetic [29)].

The transverse relaxation was measured by the
spin-echo decay method and the spin echo amplitude as a
function of the time 7 between the first 7/2 and the second

7 pulse was fitted above 150 K by the following expression,
E(27) = E(0)exp [-27/ToL — 0.5(27/T2c)?]  (4)

where Thq is the Gaussian time associated with the nu-
clear spin-spin coupling through the conducting electrons
and 751, is the Lorentzian spin-echo time which reads,
]./TQL = 3(1/T1)b + (1/T1)a¢c'

3 Results
3.1 Knight shifts

Figures 1-3 show the T dependences of the %3Cu
NMR shift 93K, in samples Sris_Ca,Cus4O4; and
Las;CagCug404; under ambient and also at high pressures
after subtraction of the small quadrupolar contribution in
equation (2).

The NMR shift consists of two contributions; the
orbital K1, and spin K (Knight shift) contributions,

Kp(T) = Kporb + Kps(T) (5)

which can both be pressure and temperature dependent
although no temperature dependence is expected for
the orbital contribution. The second term K 4(T) is
proportional to the uniform spin susceptibility xs(7),

Kb,s(T) = Ab(q = O)XS(T) (6)

The hyperfine form factor for the CusOg3 ladders, A(q),

can be written as,
Ap(q) = Ap + 2By cos gza + By cos gya (7)
Ap(q=0)= A, + 3By (8)

where A, and B; are the on-site and supertransferred
hyperfine fields, respectively. For a separate estimate of
Kporn and Ky ¢ we assume Kp s = 0 at 7' = 0 due to the
presence of a spin gap in the spectrum of spin excitations.
Then, Kb,orb = Kb(T = 0)
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Fig. 1. (a) Temperature dependences of the **Cu NMR shift
63Kb in La5CaQCUQ4041 (La5) and Sr14_xCaxCu24O41 (.T ==
0,2,5) for H || b under ambient and high pressures. (b) T
dependences of the 63Cu Knight shift 63 Ky, in LasCagCu24041
(Lab) and Sr14—;Caz;Cu24041 (z = 0,2,5) for H || b under
ambient and high pressures. The lines are the fits to the data
using equation (10).

A previous NMR study of SroCa;2Cug4O41 under pres-
sure [30,20] has argued that the pressure induced increase
of the Knight shift at low temperature with the concomi-
tant suppression of the spin gap announced in our prelimi-
nary works [19,24] could actually be ascribed to the orbital
part of the shift decreasing under pressure. It was pro-
posed that the reduction of the orbital shift could be due
to a reduction of the number of holes in the Cu-3d,—,, or-
bital being transferred from Cu to O sites under pressure.

All our data of NMR shifts show a similar line posi-
tion (between 1.32% and 1.39%) at low temperature un-
der ambient pressure irrespective of the amount of Ca
substitution for the entire Sri4—,Ca,CugsO41 series, (see
Figs. la, 2a), [9]. Unlike the data presented in refer-
ence [20] the pressure dependence of the NMR shift is
much larger at low temperature than at room tempera-

Temperature (K)
Fig. 2. (a) Temperature dependences of the ®*Cu NMR shift
63 K, in Sr14—Caz CuzaOar (z = 8,9) for H || b under ambient
and high pressures. (b) T dependences of the *Cu Knight
shift 63Kb7s in Sri4—2Ca;Cu24041 (z = 8,9) for H || b under
ambient and high pressures. The lines are the fits to the data
using equation (10).

ture (0.18%) resp. (0.05%) at 36 kbar, see Figure 3a and
therefore cannot be ascribed to a temperature indepen-
dent pressure dependence of the orbital shift. In addi-
tion, according to the data presented in reference [20] we
should have obtained a reduction of 0.18% for Kj o1, at
P = 36 kbar. Our results of Figure 3a would thus impose
the spin part Kj s to be reduced by a factor about two at
room temperature and 36 kbar, an assumption which we
find unlikely. We can thus claim that all pressure depen-
dences of NMR shifts for the Sri4_,Ca,;Cuss041 series are
attributable to the spin part.

Interestingly, we have found that Ko in
LasCagCuz4041, Figure la, (Kpo, = 1.49%) is ap-
preciably larger than K o in the Sris—;CazCugsOg
series which may be associated with a difference in
symmetry and magnitude of crystalline fields in this
compound.
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Fig. 3. (a) Temperature dependences of the ®*Cu NMR
shift 3K, in SroCai12Cu24041 for H || b at different pres-
sures. (b) T dependences of the ®*Cu Knight shift **Kj ¢ in
SraCai2Cu24041 for H || b at different pressures. The lines are
the fits to the data using equation (10).

The interesting feature in Figure la is the finding of
rather similar values at high temperature and also at low
temperature independent of x and of the applied pressure
whereas big changes are observed in the intermediate
temperature regime. For more heavily Ca-substituted
samples Ca8, 9 and 12, Figures 2a, 3a, the story is
quite different since the low temperature part becomes
strongly affected by a change of x and also by the
pressure. We notice an only small pressure dependence
of Kp(T) at T > 150 K which is at variance with
the strong dependence observed at lower temperature.
Consequently, we can again assume the pressure depen-
dence of Kj o, to be negligible and the spin contribution
to the NMR shift can be derived by the following equation,

Ky s(P,T) = Kp(P,T) — Kp,orb- 9)

The data of K3 ¢ are shown in Figures 1b, 2b and 3b. For
lightly doped samples, the pressure (up to 32 kbar) does
not affect the Knight shift at low temperature (which re-
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Fig. 4. Dependence of the spin gap As upon Ca substitu-
tion under ambient and high pressure. The values of As were
obtained from the fits to the Knight shift data using equa-
tion (10). The solid lines are a guide for the eye.

mains zero). This is at variance with what is occurring
when the Ca content overcomes z = 8. Then, the spin part
of the shift becomes pressure dependent at low tempera-
ture and a significant upturn of the NMR shift is observed
at very low temperature although essentially under high
pressure. No such effects are observed in lightly Ca-doped
samples. The pressure dependence of the zero temperature
shift in Cal2, Figure 3b, is indicative for the appearance of
low-lying spin excitations above 20 kbar. This situation is
reminiscent of the growth of zero frequency spectral weight
which is observed in the undoped two-leg ladders upon
substitution of Cu?* by non-magnetic impurities [28,31].
A marked Curie-tail associated with the center of the spec-
trum is observed at low temperature under pressure in all
samples with & > 5. Since this Curie contribution is not
detected at ambient pressure in the same samples we feel
confident that it cannot be attributed to impurities or in-
strumental shifts of the magnetic field. There is also an
intermediate regime in which Kj¢(T) is activated. The
scope of the present paper will be limited to the tempera-
ture regime in which Knight shifts are activated. An other
paper will be devoted to low lying spin excitations and the
occurrence of low temperature line shifts and broadenings.
We shall assume that the temperature dependence of
Ky s can be ascribed to the spin excitations above the
spin gap A as for the undoped two-leg ladders. Hence,
we fit the spin part K (T) using the following Troyer
expression, valid in the low temperature domain [32],

Kyo(T) = %

The values of Ag thus obtained via fitting the data to equa-
tion (10) for Ca0, Ca2, Ca5, Ca8 and Cal2 at ambient and
under a pressure of 32 kbar are displayed in Figure 4. The
effect of pressure is large at all Ca contents. The relative
reduction of Ay under pressure is steadily increasing with
the density of holes (vide infra).We note that the data at
ambient pressure agree fairly well with those published in

exp — (10)

_=s
T
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Fig. 5. (a) Temperature dependences of the spin lat-
tice relaxation rate 577! in LasCagCu24Os1 (La5) and
Sr14—2Ca;CugsO41 (z = 0,2) for H || b under ambient and
high pressures. The lines are the fits to the data using equa-
tion (6). (b) Temperature dependences of the spin lattice relax-
ation rate GS’TI_1 in Sr14-2CazCu24041 (x =5,8,9) for H || b
under ambient and high pressures. The lines are the fits to the
data using equation (14).

reference [15]. The spin gap value of 840 K which is ob-
tained for Lab is significantly larger than the results of
undoped Cu2Og3 ladders which are obtained through the
170 Knight shift in LagCagCua4041, (A5 = 510 K) [33] or
by susceptibility in the SrCuyOg3 structure [7]. However,
these results fit rather well with our overall doping de-
pendence of the spin gap in hole-doped ladders pertaining
to the (Sr/Ca)14Cu2404; series which is presented in the
present work.

3.2 Spin lattice and Gaussian relaxation

Temperature dependences of the spin-lattice relaxation
rate 93T, for B(9.3 T) || b axis at various pressures are
displayed in Figures 5a, b and 6. It should be noted that
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Fig. 6. Temperature dependences of the spin lattice relaxation
rate %37 in Sr2Ca12Cu2404; for H || b at different pressures.
The lines are the fits to the data using equation (14). In the
inset, (TWT)~* ws. T.

the recovery curve of the nuclear magnetization was best
fitted above ~70 K according to equation (3) with a single
T1 component and with values for the A coefficients very
close to values expected for magnetic relaxation of the cen-
tral line in the presence of strong quadrupolar coupling,
namely A = 0.1.

M (t) = Moo — (Mo — M(0))

v {Aexp (Til) (1= A)exp (%)} (1)

A look at Figures ba, b and 6 reveals at glance the
clear existence of several different regimes for the temper-
ature dependence of the relaxation rate in agreement with
previous studies of hole-doped spin ladders, [15,19,34].
In all samples there is an activated regime in ranges de-
pending on the Ca content which breaks down at low T
Below 30 K we can clearly see the emergence under pres-
sure of a contribution to 1/77 which is linear in temper-
ature (Korringa-like) when x exceeds the value 8. This
low temperature domain has been considered earlier in
reference [19] and will be the subject of a further rein-
vestigation. Moreover, 1/T} ’s for all Sry4—,Ca;Cu4041
compounds become nearly T-independent at high temper-
ature and show a tendency to increase under pressure.

Figures 7a, b display the T" dependence of the Gaus-
sian component of the spin-echo decay rate 1/T5>¢ mea-
sured with B || b at different pressures. We observe that
1/Tsq increases gradually on cooling and is suppressed
by increasing pressure and doping. The determination of
1/Tsg is no longer possible below 150 K in the heavily
doped samples, (z > 5). This is due to a drastic shorten-
ing of T, at low temperature which prevents the derivation
of the Gaussian component.
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Fig. 7. (a) T dependences of the Gaussian component of the
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(z =0,2,5) for H || b under ambient and high pressure. (b) T’
dependences of the Gaussian component of the spin-echo decay
rate Ty in heavily doped Sri4—;Ca,Cu24Ou1 (z = 8,12) for
H || b under ambient and high pressure.

4 Interpretation
4.1 The isolated spin ladder model
4.1.1 Knight shifts

The purpose of this section is to examine how the observed
Knight shifts can be related to the spin excitations of the
(Sr/Ca)14Cu2404; spin ladders since K ¢(T) is likely to
be governed by these excitations. There are first the spin
excitations present in the undoped limit, i.e. excitations
localized on the rung triplets in the strong coupling limit
which give rise to a degenerate one-magnon band start-
ing at the energy Ag for k = (mw,7) when the coupling
along the legs is switched on. There is also a two-magnon
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Fig. 8. Qualitative picture of the dispersion for J. > J
(dashed line) and for J; = Jo (solid line). Hatched region
corresponds to the continuum of two-magnon states at ky, =0
and with minimum energy 2As. Three-magnon processes with
momentum transfer ¢, = m, gy = 7 consist in the scattering
of an excited state belonging to the two-magnon continuum at
the energy 2Ag near k, = 0,k, = 0 into a state located on the
single magnon dispersion branch (dashed line on the figure).

continuum starting at the energy J, (see Fig. 8). These
magnon excitations are indeed very robust against the
weakening of the rung coupling since at intermediate cou-
pling J1 /Jj = 0.5 the spin gap is still of order 0.2.J) [35].
Furthermore the magnon gap is also robust against doping
up to 0.25 hole per Cu site albeit a significant decrease is
observed as expected from the theory [17]. There is also an
other kind of triplet spin excitations which must be con-
sidered when spin ladders are doped. They consist of hole
pairs on the same rung dissociating into two individual
quasiparticles on different rungs [36]. The role of quasi-
particles on the NMR data will be discussed elsewhere.

In the gapped regime we shall assume that low ly-
ing excited states correspond to the excitations of single
magnon modes with k, ~ m, k, = 7 at the energy As.
These modes govern the temperature dependence of the
susceptibility, leading to the Troyer formula [32]. We may
notice as pointed out in reference [32] that the formal-
ism leading to equation (10) applies only to the very low
temperature regime. In particular, the repulsion between
magnons which prevent two magnons from occupying the
same rung is not properly taken into account and is essen-
tial to get a correct temperature dependence.This may be
a reason explaining why Troyer’s formula is followed only
up to about Ag/2 in Figures 1b and 2b.

Values for the spin gap derived from a fit of the experi-
mental data in Figures 1b, 2b, 3b with the Troyer formula
are displayed in Figure 4 versus Ca content at P = 1 bar
and P = 32 kbar. Figures 5a, b, 6 tell us that the spin
gap is steadily decreasing upon Ca doping as long as z
is smaller than 8. As established by the optical spectral
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Fig. 9. The spin gaps ASP and A" normalized to the un-
doped ladder value Ag(nj, = 0) La5 (see text for details) as a
function of the hole density ny. The values of AP were ob-
tained for various doping level from Knight shift measurements
under ambient and high pressure. A" is the gap calculated
for a two-chain Hubbard model using the density matrix renor-
malization group by Noack et al. [17]. The solid line is a guide
for the eye.

weight data, Ca doping amounts to a redistribution of the
holes between chains and ladders [9].

The main effect of Ca doping on the structure is a re-
duction of the b parameter. A similar conclusion is reached
by analyzing the effect of hydrostatic pressure. This is
the b parameter which is most sensitive to pressure. Hence,
using the spin gap wersus x displayed in Figure 4 and
structural data under pressure [37], we are in a position
to establish a correspondence between the respective roles
of pressure and calcium doping. The contraction of the
lattice parameters induced by a pressure of P = 30 kbar
corresponds to the additional substitution of three Sr by
three Ca, i.e. b(z, P = 30 kbar) ~ b(z+3, P = 1 bar) [37].
We can attribute the decrease of Ag upon Ca substitution
in Figure 4 to a transfer of holes from the chains to the
ladders. We can also use the doping calibration curve to
plot the variation of Ay against the hole density in the
ladders. This plot is displayed in Figure 9 where spin gaps
at each Ca doping levels have been normalized by the
experimental value of the gap in the Lab compound at
ambient pressure, 840 K. Furthermore, we have assumed
a negligible amount of holes in the ladders of the Lab sam-
ple under ambient pressure, given the average Cu valence
of 2.04 and the distribution of holes between chains and
ladders in Ca0 which supports the dominant role of holes
in the chains. Subsequently all gaps have been normalized
to the undoped ladder value.

The amplitude of the intraladder coupling although
unknown in Lab should not depart strongly from the
values obtained in layered cuprates or the undoped
SrCus03 ladder, namely Jy ~ 1600 K leading in turn
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to As/J) = 0.5. The numerical results for the Heisenberg
ladder [35] would thus correspond to Ji /J =~ 1 which
is a reasonable value in the undoped ladder limit. This is
consistent with the anisotropy ratio which has been de-
rived from the interpretation of the neutron scattering
data in La6 introducing a smaller four-spin exchange inter-
action [38]. As pressure is increased we can expect some
redistribution of the holes to take place between chains
and ladders with a maximum concentration for the holes
on the ladders reachable under pressure corresponding to
the uniform situation, namely 0.04. Using the measured
value of the spin gap in Lab and taking ny (1 bar) = 0,
the plot of Figure 9 suggests that the density of holes in
the Lab ladders amounts to n, = 0.03 under 32 kbar.
We have also assumed in Figure 9 the ladder hole den-
sity reaching the saturation value of 0.25 in Cal2 under
pressure.

The data in Figure 9 have been compared to the cal-
culation of the gap for a two-chain Hubbard model using
the density matrix renormalization group [17]. We notice
a good agreement between the theory and the experimen-
tal data at ambient pressure. However, the agreement is
no longer satisfying at 32 kbar when x is larger than 8. We
are thus forced to look for an other source of pressure de-
pendence for the spin gap in Ca-rich (strongly hole-doped)
samples.

We notice a persistent discrepancy between the de-
terminations of the spin gap by NMR and inelastic
neutron spectroscopy (INS). Several attempts to mea-
sure the spin gap in pristine and Ca-substituted sam-
ples of the Sri4_,Ca,Cuz404; series by inelastic neutron
spectroscopy have provided a gap of about 32-35 meV
in all compounds independent of the Ca concentra-
tion [10,39,40,21]. The disagreement is even more strik-
ing in Lab, 6 when spin gaps are measured by the two
techniques [38]. Since neutron data have been obtained
at low temperature it could be argued that finite tem-
perature effects could affect the determination of the spin
gap wvia susceptibility and relaxation time measurements
via magnon damping possibly enhanced by the dissocia-
tion of quasiparticle pairs [41]. However the comparison
between neutron and susceptibility data remains a major
challenge in the physics of doped spin ladders. Further-
more, no pressure dependence could be detected by neu-
tron spectroscopy in Ca rich samples [22]. What is badly
needed now is a neutron measurement of the spin excita-
tions in the pressure domain 30 — 40 kbar.

What is most remarkable in Figure 3b is the existence
of a finite value for the Knight shift at low temperature in
Cal2 at pressures larger than 20 kbar. This contribution is
also visible in samples with a smaller Ca content although
only in the high pressure limit. A small contribution is
still observed in Ca8 under 32 kbar but the zero tempera-
ture Knight shift of Cab would not depart from zero even
under pressure, see Figure 1b. A finite zero temperature
Knight shift is the signature of low-lying spin excitations.
A look at Figure 3b and 4 suggests that the onset of a zero
temperature Knight shift corresponds to a critical value of
the spin gap ~230 K. The low temperature Knight shift
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has been the subject of an extensive pressure study only
in Cal2 samples. The data show a steady increase of the
low temperature Knight shift above 20 kbar going along
with a decrease of the spin gap displayed in Figure 4.

We have used the same NMR resonant circuit to look
for superconductivity in Cal2 under 36 kbar without any
magnetic field applied. The onset of the tuning frequency
shift occurs at 6.7 K, see Figure 10. In spite of a small
signal due to an NMR circuit which is not optimized for
the detection of superconductivity we take it as the signa-
ture of the superconducting ground state under 36 kbar.
The onset temperature given by AC methods is known to
be one or two degrees below the transition temperature
obtained by the onset of the resistive transition when the
transition is not extremely narrow. Hence this AC result
at 36 kbar is in fair agreement with the accepted phase di-
agram for superconductivity [42]. Most interesting in Fig-
ure 11 displaying the pressure dependence of Ag and T,
is the coexistence under 36 kbar of superconductivity at
6.7 K with a finite spin gap of 80 K and a large zero tem-
perature Knight shift.

4.1.2 Spin-lattice relaxation time

Our first attempt to understand the spin lattice relaxation
data presented in Figures 5a, b and 6 will be to examine
how far one can go into the interpretation using magnon
modes of the undoped spin ladder corresponding to spin
triplet excitations.

The single-magnon modes which govern the temper-
ature dependence of the susceptibility are located at an
energy equal at least to the gap Ag and consequently the
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energy conservation law cannot be fulfilled in the scatter-
ing process since the nuclear Larmor frequency wg is much
smaller than Ag. The only relevant relaxation channels are
those which are quasi-elastic and involve a scattering be-
tween two excited magnon states. The channel with both
magnons in the region k, =~ 7, k, = m with momentum
transfer ¢ ~ (0,0), see Figure 8, leads to the relaxation,

ATI

1 _
T, ~ Ag=o |2 €777

(12)

at low temperature (T < Ay) [32], with the assumption of
a quadratic dispersion law for the excitations of undoped
Heisenberg ladders in the case of J, > Jj.

It is well known that there exists a discrepancy be-
tween derivations of gaps Apand As. A similar activa-
tion energy for 77 and Knight shift is measured in the un-
doped organic Heisenberg ladder Cus(Cs5H12N2)2Cly [43]
in agreement with the theoretical predictions [32,44].
However, in all doped ladder systems Ap, extracted from
T is about 1.5 times larger than the gap Ag obtained from
Kyg, [7,14,15,19,45,46]. The possible reasons for the dif-
ference between Ap, and Ag are under intense discussion.
We intend to propose an interpretation which allows un-
derstanding relaxation data on the basis of a spin gap from
Knight shift experiments only.

As emphasized by Troyer et al. [32] a contribution to
63Tfl at low T should come from the two-magnon pro-
cess with momentum transfer ¢ ~ (0, 0) which requires the
minimum energy As. However, Sandvik and Dagotto [47]
have pointed out the possibility for three-magnon pro-
cesses with momentum transfer ¢, ~ m, ¢, = ™ to be
equally efficient in the relaxation. These processes con-
sist in the scattering of an excited state belonging to
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the two-magnon continuum at the energy 2A4 near k, =
0,%k, = 0 into a state located on the single magnon dis-
persion branch with momentum transfer ¢, ~ 7, ¢, = 7,
(see Fig. 8). This contribution can be large because the
ladder has strong short-range AF correlations [22,48,49].
The numerical studies carried out by Sandvik et al. [47]
have concluded to contributions (T%)qzo and (T%)q:7T be-
ing of comparable magnitudes at temperatures such as
T ~ /. Furthermore it was shown in references [47,50]
that the main contribution to 1/77 in the temperature
range T > Ag comes from three-magnon processes with
momentum transfers g, ~ m, g, = .

Recently Ivanov and Lee [50] have suggested that
63771 is determined in the experimentally relevant tem-
perature range by the sum of (T%)q:o and (Til)q:7r con-
tributions with comparable weights. In the low tempera-
ture limit, (T' < Ay), they have found the expression for
the contribution to 1/7} coming from the processes with
q = (7, m) namely,

1 T 2106
(ﬁ)qw ~ A C T (13)

Consequently, we have fitted our 1/77 data by the form,

1 1 1 Ag
7= (7)o ()

T 2N\

+Cr <Zs> exp < TS) .

Equation (14) represents the analytic form of the
low T asymptotics of the two and three-magnons pro-
cesses which should apply in the temperature domain
T/As < 0.5 in which such an approximation is justified.
The solid lines in Figures 5a, b are a fit according to equa-
tion (14) using the gap value Ay derived from the Knight
shift data and a ratio g—g = 70. The agreement is fairly
good in the gapped regime and equation (13) leads to
(Til)q=7T = 4.76(%1)(1:0 at T/As = 0.5. The ratio of the
two contributions to the relaxation is practically indepen-
dent of the Ca concentration as long as low lying excita-
tions are absent. However this interpretation breaks down
when a finite contribution to the Knight shift arises at low
temperature (i.e. in Ca-rich samples under pressure) with
the concomitant occurrence of a new source of relaxation.
A calculation of the relaxation has been performed
by Naef and Wang [51] using the transfer density matrix
renormalization group method for AF couplings relevant
in spin ladders. These authors were able to separate the
g = (0,0) and ¢ = (m,m) contributions and concluded
to the necessary contribution of the ¢ = (m,7) chan-
nel for understanding the cross-over observed in 637!
data of undoped ladders. Using the experimental data
(T%)IFW = 4.76(%1)(1:0 at T/As = 0.5 together with an
i}lterpolation of the Naef and Wang calculation, the ratio

L

T would correspond to 0.9. This anisotropy is fairly con-

sistent with our data of spin gap in LasCagCu24041 (the
half-filled band situation), Ay = 840 K, using the relation

(14)
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between the spin gap and the anisotropy calculated by the
Heisenberg spin ladder model [35]. This anisotropy ratio
is not however in agreement with the interpretation of the
INS experiments leading to an anisotropy of 0.72 [21] in
Call.5 and 0.55 in Ca0 [40]. A similar discrepancy be-
tween neutron and NMR techniques has been noticed in
the discussion of the Knight shift data. We may suggest
that the spin gap is severely suppressed by hole doping
going from Lab to Cal2 samples while the exchange cou-
plings are much less affected.

According to the theory, [51] the cross-over between
gapped and paramagnetic regimes of isolated chains
should be located around T/A; = 0.6. With amplitudes
for the gaps obtained from the Knight shift data, the cross-
over regime thus derived is in fair agreement with the tem-
perature dependences of 1/T} displayed in Figures 7a, b, 8
since the relaxation rate becomes nearly temperature inde-
pendent at high temperature as expected above the cross-
over temperature.

It can be noted that our results agree well with those
of the 70O and %Cu NMR experiments for undoped
LagCagCuz4O41 and SI‘14_3;Ca3;CUQ4O41(.Z‘ = O, 12) ob-
tained by Fujiyama et al. [41]. As is well known, magnon
processes for the momentum transfer ¢ = (m,7) do not
contribute to 7T, because of the filtering of low fre-
quency spin fluctuations at ¢ = (m,7) by the hyperfine
form factor 17G(q) for oxygen sites in the ladders (see
Ref. [33,41]). Using the different g-dependences of the hy-
perfine form factors for O and Cu sites Fujiyama et al. [41]
have shown that the relaxation process at the Cu sites
is dominated by spin excitations near ¢ = (w,7) even
when the temperature is lower than the spin gap. More-
over, they have revealed that singlet correlations along
the rungs in the heavily doped compound Cal2 become
drastically weaker above a certain temperature and that
such a behavior is most likely caused by the dissociation
of bound hole pairs.

4.2 Transverse coupling

We have seen in Section 4.1.1 that the hole doping be-
ing a function of the Ca content and also of the pressure
can explain the x dependence of Ay for all x values at
ambient pressure and its pressure dependence provided
x remains smaller than 8. Consequently for the large x
regime, (z > 8), we must look for an other mechanism
which is likely to suppress As when the pressure is in-
creased. Recently, Imada and Iino [52] have studied the
effect of the interladder coupling, Jr, on the critical mag-
netic properties of spin ladder systems using the scaling
theory together with quantum Monte Carlo calculations.
They have shown that the spin gap is very sensitive to
the ratio Jr/J. As discussed above, a large variation
of the intrachain coupling constant, Jj, under pressure
seems to be unlikely. We can use the model of Imada and
Iino [52] for the case of coupled undoped ladders with
an isotropic exchange and no non magnetic impurities.
With the value of J derived from inelastic neutron data
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in Sr2_5Ca11,5CuQ4O41, J” =990 £ 160 K [21] (the argu-
ment would not be ruined by using J; = 1500 K) and the
dependence As/J) versus Jr,/J) obtained in reference [52]
we estimate that the reduction of Ay from 260 K at 1 bar
to 70 K at 36 kbar in Cal2 corresponds to the increase of
Jr from 220 K (Jr/J) = 0.20) to 330 K (Jr/J; = 0.30).

We can notice the agreement between these estimates
and the predictions made in references [53,54] for the ra-
tio Jp/Jj ~ 0.1+ 0.2 using a perturbation theory. Conse-
quently, the pressure dependence of Ag in the Figure 11
could possibly be explained by the increase of Jp. Thus,
it is likely that the spin gap suppression under pressure in
the Sri4_,Ca,CusyOyy series results from a combination
of hole density and interladder coupling increase.

5 The Gaussian relaxation

The 1/T»c Gaussian rate in copper oxides is related to
the magnetic correlation length & of the spin fluctua-
tions, [55,56]. Furthermore, the actual relationship be-
tween & and Thg is determined by the dimensionality of
the materials. It has been found that Thg o E*% for 1D
spin chains [57,58] and Tag o (T€)~! for 2D systems [33].
As to the relation between Thg and & dependence in quasi-
1D two-leg ladders, Magishi et al. [15] have suggested for
the case of an isotropic intra-ladder coupling, J; = J,
the following form,

T22G =a+ ﬁfl_aéder' (15)
The T dependence of Elgé der 1D two-leg ladders has been
studied by Greven et al. [58] who have obtained the
relation,

1 2 Ag
— A+ AT s 1
é.ladder T exp ( 6)

in the limit J; < J| where A is a spin gap from the

Knight shift data. Using equations (15) and (16) the T
dependence of T4, can be expressed as,

A
T3 = Ag + BT exp <—?S> (17)

where Ay = T3,(T = 0) ~ &' ~ A, i.e. the saturation
value of the correlation length due to the finite spin gap.

T3.(T) data as a function of Ca content and pressure
are displayed in Figures 12a, b. Solid lines are the fits to
the data using equation (16) and the values of Aq derived
from Knight shift measurements. The overall agreement of
our data with those of reference [15] at ambient pressure is
rather satisfactory. We can also notice a rise of Tz, (7' = 0)
with increasing Ca content although this growth is not
linear with respect to the Ca doping.

Magishi et al. [15] have suggested that the spin corre-
lation length £ in hole-doped ladders can be affected by
the existence of holes in the ladders. Hence, Ty (T = 0) ~
fe}fl = 5,:1 + &, where &, is a correlation length related
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Fig. 12. (a) T2 as a function of T in Sris—CasCuzsOu
(x =0,2,5) for H || b at P =1 bar and P = 32 kbar. The
lines are the fits to the data using equation (17) with Ag derived
from Knight shift measurements. (b) T5; as a function of T in
Sr14—2Ca; Cu24041 (xz = 8,12) for H || b under ambient and
high pressures. The solid lines are the fits to the data using
equation (17). The dashed lines are the fits to the data using
equation (19).

to the average distance between holes whereas &, is the in-
trinsic correlation length of the ladder related to the spin
gap. &1 is likely to depend on pressure since it is pro-
portional to the spin gap and f;l must depend on the
hole concentration i.e. on both Ca content and pressure
since we have found in this work an equivalence between
Ca doping and pressure. The data of Figure 12a suggest
that for lightly Ca-doped samples (z < 5) &, ' and &;*
are of similar order of magnitude with opposite pressure
dependences leading in turn to an accidental insensitivity
of T2(T = 0) to pressure. However, heavily doped sam-
ples are in the dirty limit, &, !> ¢-1 and the increase of
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T3, (T = 0) under pressure corresponds to an increase in
the density of holes, see for instance the data for x = 8 in
Figure 12b. Consequently, a change of Ag by pressure no
longer affects Th (T = 0) in doped compounds.

However, the T dependence of Ty, in heavily doped
compounds becomes strongly affected by pressure, see e.g.
data of Ca8 and 12 in Figure 12b. We see that the whole T’
dependence of T, for ladders with = > 5 at high P cannot
be fitted by a single expression such as equation (17). The
fit of the high T part of the data (above say T = 250 K)
by equation (17) leads to the unphysical negative values
of Ti. (T = 0) while the fit of data in the T range below
T = 250 K gives reasonable quantities for T (T = 0).
The increase of T (T = 0) in Cab and Ca8 under pressure
is thus mainly governed by the increase of ny, in the ladder
planes of those compounds. Ti. (T = 0) becomes nearly
insensitive to pressure in Cal2 as a result of n;, reaching
saturation in Cal2 under pressure.

Quite recently, Thurber et al. [59] have shown that the
behavior of T for isolated two- and three-leg ladders at
elevated temperatures is given by,

T3 oc T2 1. (18)
Consequently, by combining equations (17) and (18) we
obtain the following form for the description of the high T
behavior of Ty,

T3, = AT? + BT?exp <—%> : (19)

As is seen in Figure 12b, T, data above 250 K (at
high pressure) can be rather well fitted by the equa-
tion (19) (dashed lines). Thus, the Thg data for z = 5,8
and 12 compounds under pressure are described by as-
suming the existence of a dimensional cross-over at T oss
for the functional dependence of Tty with respect to £71.
The temperature domain below the cross-over tempera-
ture corresponds to a regime of 2-leg ladders where the
spin gap is influenced (decreased) by the inter-ladder in-
teraction. This is relevant only for Ca8 and 12 samples
under pressure.

The kink which is observed between solid and dashed
lines for Ca8 and 12 samples in Figure 12b can be at-
tributed to the manifestation of a cross-over involving the
interladder coupling between the low and high tempera-
ture regimes in the £ dependence of TQQG.

It can be noticed that the values of Ti,oss relative to Ag
strongly depends on z [60]. This dependence is understood
in the following manner. T, behaves as Ts, oc T2~ only
above the temperature where the ladders can be consid-
ered as isolated entities, i.e. at T~ Jp, (the inter-ladder
coupling). Therefore, Tt.oss becomes a function of both Ag
and Jr. We can expect an increase of Jp, at increasing pres-
sure following the discussion in Section 4.2 and also with
Ca content leading in turn to an increase of Tiyoss/ As. The
cross-over temperature is such as Teyoss > max(Jy, Ag).
The temperature dependence of T, in Cal2 under pres-
sure, Figure 12b, suggests a cross-over temperature above
250 K which would be in fair agreement with the estimate
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Jr, =~ 150 — 300 K derived in Section 4.2 from the value of
the spin gap taking into account the inter-ladder coupling
interaction.

6 Spin gap and superconductivity

A feature of the P — T phase diagram (Fig. 11) that de-
serves a special consideration is the existence of a max-
imum of the superconducting critical temperature when
pressure drives the characteristic energy scales for pair
binding energy and the spin gap down to values of the
order of T.. Beyond this optimal pressure for the high-
est T¢, denoted as Fyp, these intra-ladder gaps become
irrelevant and hence T, decreases under pressure. The lat-
ter pressure domain is also characterized by a temperature
dependence of resistivity along the inter-ladder a direction
that becomes metallic [61,62]. Such a change of behavior
in T, can be seen as a cross-over from strong to weak cou-
pling conditions for long-range superconducting order.

Arguments in support of this viewpoint follow from
simple considerations about mechanisms of long-range su-
perconducting order in coupled ladder systems. Let us
consider in the first place the region below P, where
the gaps are larger than T¢; in this domain, long-range su-
perconducting coherence perpendicular to ladder leg di-
rection can only be achieved through a Josephson cou-
pling. An analysis based on the renormalized perturbation
theory [63] shows that the Josephson coupling takes the
form of

&2

JSN CT*a

(20)

where & =~ ¢ /T* stands as the size of the superconduct-
ing hole pairs within the ladders, while ¢;, is the inter-
ladder single electron hopping (tz < t)). This expression
contains the usual term t2 /T* for the effective transverse
motion of the pairs requiring an intermediate energy of
order T* (the confinement temperature of hole pairs on
ladders, see Sect. 1) and a factor &/c that accounts for
the increase in probability for pair hopping due to de-
localization of holes forming the pairs along the ladder
direction [63]. As for pair correlations of isolated ladders,
they are well known to be strongly enhanced in the pres-
ence of a spin gap. Numerical and analytical results for
t — J and repulsive Hubbard models for example [64,65],
show that “d-wave” pair susceptibility follows a power
law xs(T) ~ (T/As)™ 7 for temperatures below the spin
gap, where 75 =~ 1. A molecular-field approximation of the
Josephson coupling that rigorously takes the influence of
intra-ladder correlations into account, allows one to ob-
tain at once an expression for the transition temperature.
Thus from the condition Jsxs(7:) = 1 one finds,

T. ~ 2 )T*, (21)
which assumes that Ag ~ T*. It follows that T, increases
when T™ decreases, a feature that is essentially governed
by the increase of the Josephson coupling under pressure.
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Fig. 13. Qualitative phase diagram of the pair formation tem-
perature T™ and superconducting transition temperature Tc as
a function of the pressure.

Now when pressure is further increased, one reaches
the domain where T, ~ T* and a change in the physical
picture of the transition occurs. The gaps are no longer rel-
evant for the mechanism promoting long-range order and
its description evolves toward a weak coupling picture —
a situation that bears close similarities with the antiferro-
magnetic ordering of quasi-one-dimensional organic con-
ductors with a charge gap under pressure[4]. When the
metallic character of the normal state is well developed
along longitudinal and transverse directions the motion of
the holes is likely to be coherent along both directions
leading to Fermi liquid conditions — or deconfinement
of holes, in agreement with the restoration of a metal-
lic transverse resistivity. Thus sufficiently above Py, the
transition temperature should follow from a weak coupling
BCS prescription which yields

T. ~ tre~ ol (22)

Here ¢* is the residual attractive coupling between de-
confined holes. Since pressure weakens the strength of
short-range superconducting correlations, it will lead to
a decrease of |g*| at the energy scale ¢; for deconfine-
ment [66,63]. This in turn reduces T, as a function of
pressure. It follows then that a maximum of T, is expected
when the ladder system evolves from strong to weak cou-
pling conditions for hole pairing at P ~ P,pt. A qualitative
description of the pressure profile of T, and Ay is summa-
rized in Figure 13.
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7 Conclusion

The present work has reported a %3Cu-NMR study of the
spin gap structure and of the spin excitations under pres-
sure of the doped CuyO3 ladders in the (Sr/Ca)14Cug4 041
family covering a wide range of hole doping. A sim-
ilar study has been performed with the compound
Las;CagCusg4041 in which the ladders are nearly undoped.
The spin gap at ambient pressure is found to decrease
steadily from Lab (As = 840 K) to Ca8 (As = 300 K) as =
is increased and more smoothly at larger Ca concentration
up to Cal2. Comparing the effect of pressure on the spin
gap and on the lattice parameters enables us to explain the
x and P dependences of the spin gap in the low Ca doping
range by the evolution of the hole doping from 0.028 up
to 0.15 from Ca0 to Ca8. A pressure of 32 kbar does not
alter the spin excitations qualitatively when = < 8 since
the susceptibility is still reaching a zero value at low tem-
perature. However in Ca rich samples, pressure promotes
the existence of low lying spin excitations giving rise to a
finite susceptibility at low temperature.

The salient result of this study is the coexistence in the
Cal2 sample under the pressure of 36 kbar of gapped spin
excitations (with a gap of 80 K) with superconductivity
at 6.7 K. The results of the present work provide a fur-
ther confirmation to the early study published by Mayaffre
et al. [19] although the actual title of reference [19] may
appear as somewhat misleading in the light of coexisting
gapped and low lying spin excitations.

These new results are supporting the exciting prospect
of superconductivity induced by the interladder tunneling
of preformed pairs [53,67,66] at least in the pressure do-
main where the pressure remains smaller than the pressure
corresponding to the maximum of the critical temperature
for superconductivity.

After the study of the spin-lattice relaxation of 3Cu
nuclei in the Sri4_,Ca;Cus404q series for various levels
of Ca substitution and also under pressure we are able to
identify two different temperature regimes. A fairly con-
sistent interpretation of the spin lattice relaxation data
above 50 K is obtained by taking into consideration two
and three-magnon modes relaxation channels responsible
for the activated nuclear relaxation in the gapped tem-
perature regime and a quasi-1D spin dynamics at high
temperature. Using a linear combination between two and
three magnon modes enables us to remove the discrepancy
between activation energies obtained from susceptibility
and 1/Ty experiments.

The dependence of the Gaussian relaxation time has
confirmed that the rise of the correlation length at low
temperature is limited by two factors; the quantum
limitation due to the finite spin gap and the average dis-
tance between holes. It is the second factor which prevails
in Ca-rich samples under pressure. A kink in the tem-
perature dependence of 1/T5q at high pressure in heavily
doped samples has been attributed to the manifestation
of a cross-over between the behavior of isolated ladders at
high temperature and the behavior of coupled ladders at
low temperature.
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Doped cuprate spin ladders in which the doping can
be controlled by pressure are remarkable prototype com-
pounds for the study of the mechanism for superconduc-
tivity in cuprates. The interplay between the real space
pair binding and superconductivity can also be studied.
Experiments at even higher pressures where a more con-
ventional kind of superconductivity is expected would be
most useful.
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