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Structural and electrical properties under high pressure for the superconducting
spin-ladder system Sr0.4Ca13.6Cu24O411d
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We studied structural and electrical properties under high pressure and low temperature for aS51/2 Heisen-
berg two-leg ladder compound Sr0.4Ca13.6Cu24O411d . It showed a superconducting transition above 3 GPa with
a maximumTc of 13 K. The Sr0.4Ca13.6Cu24O411d phase survives at least up to 9 GPa and down to 7 K without
decomposition or phase transition, indicating that it is responsible for the observed superconductivity. The
most important role of high pressure for realizing superconductivity is enhancement of the interaction between
the Cu2O3 ladder and the one-dimensional CuO2 chain which accelerates redistribution of holes via locally
formed Culadder-Ochain hybrid orbitals. Electrical property of the normal state is affected by the carrier density,
dimensionality, random potential, and spin scattering which are related to structural modification under high
pressure.@S0163-1829~98!08201-0#
ct
od

e
xc

n
re
n

ur

it
o
-
e

ch
r
n

se
e
e

a

si-
on
b

bl

nal

-

e-

in-
ub-
s
the
lf
a

I. INTRODUCTION

Recently, so-called spin-ladder systems have attra
many researchers’ attention. They consist of even or
numbers of antiferromagnetic one-dimensional~1D! Heisen-
berg chains~legs! which are connected by rungs. A finit
energy gap was predicted theoretically for a magnetic e
tation in the even-leg ladder system fromS50 spin singlet
ground states toS51 triplet states.1 The presence of the spi
gap was verified by dc magnetic-susceptibility measu
ments, inelastic neutron scattering, and NMR experime
for ~VO!2P2O7 ~Refs. 2–4! and SrCu2O3.

5–7 The latter is a
Cu-based two-leg ladder phase stable under high press5

A more exciting prediction is the appearance of ‘‘d-wave’’
superconductivity in an even-leg ladder system doped w
hole carriers. According to various calculations for the tw
leg spin ladder,1,8–21it is energetically favorable at low tem
perature for carriers to form singlet pairs leading to sup
conducting or charge-density-wave~CDW! states.
Separation between spin and charge would occur in su
system,22 and the gap for spin excitation survives for a ce
tain range of doping level but that for charge excitation va
ishes, resulting in a magnetically correlated metallic pha

Stimulated by the theoretical prediction, tremendous
forts have been made to realize superconductivity in ev
leg materials. However, carrier doping for a ladder system
generally difficult and it was not successful for SrCu2O3.
Systematic hole doping into the two-leg ladder phase w
achieved by Hiroiet al. in LaCuO2.5 by substituting Sr for
La.23–25 This material exhibits an insulator-to-metal tran
tion with increasing the Sr content but no sign of superc
ductivity was observed. In carrier doping by the partial su
stitution of heterovalence ions, random potential is inevita
570163-1829/98/57~1!/613~9!/$15.00
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induced and it often has serious effects in a low-dimensio
material such as the ladder system.

~Sr,Ca!14Cu241yO411d is a composite crystal which con
sists of two interpenetrated subsystems~Fig. 1!.26–32The first
subsystem@~Sr,Ca!2Cu2O3# is composed of (Cu2O3)` sheets
of two-leg ladders and~Sr,Ca! ions coordinated to them. In
the second subsystem, CuO4 squares are connected by edg
sharing forming 1D (CuO2)` chains running along thec
axis. The 1D chains are sandwiched by the~Sr,Ca! planes of
the first subsystem. The atomic positions are modulated
commensurately due to interaction between the two s
systems.~Sr,Ca!14Cu241yO411d has two types of spin gap
corresponding to spin excitations in the 1D chains and in
ladders.33–35An interesting aspect of this compound is ‘‘se
doping’’ of holes, i.e., about six holes exist already per

FIG. 1. Idealized crystal structure of~Sr,Ca!14Cu241yO411d

viewed in perspective along thec direction.
613 © 1998 The American Physical Society
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614 57M. ISOBE et al.
molecule without substitution.
Though Sr14Cu241yO411d shows semiconducting behav

ior, resistivity decreases with Ca substitution for Sr.36–39Re-
cently, Ueharaet al. succeeded in preparing a highly C
substituted phase Sr0.4Ca13.6Cu24O41.84 under high oxygen
pressure and reported that it shows superconductivity w
the maximumTc of 12 K near 3 GPa.40 Their sensationa
report seems to prove the theoretical prediction on the s
ladder system. In addition, it may give insights for t
mechanism of superconductivity in 2D high-Tc cuprates.
However, superconductivity in Sr0.4Ca13.6Cu24O41.84 is ob-
served only under high pressure and there are still var
problems to be solved. In particular, we have little inform
tion about its structural properties under high pressure. It
key for understanding the role of high pressure to kn
pressure-induced structural changes. In the present study
performed x-ray-diffraction and electrical resistivity me
surements under high pressure and low temperature. Th
sults are discussed in relation to the possibility of structu
phase transition, carrier doping mechanisms, effects of
mensionality, and electronic structure.

II. EXPERIMENT

Starting materials of SrCO3(99.9%), CaCO3(99.9%),
and CuO~99.9%! were mixed in an agate mortar and calcin
at 950 °C for over 4 days in air with several intermedia
grindings, to obtain a multiphase mixture having a net co
position of Sr0.4Ca13.6Cu24Oz . It was heated at 1200 °C fo
24 h in Ar-based 20% O2 mixture gas at Ptotal
52000 kgf/cm2 using a hot-isostatic-press~HIP! apparatus.
A single-phase sample of Sr0.4Ca13.6Cu241yO411d was ob-
tained through this process at least judging from its x-
pattern.

Powder x-ray-diffraction patterns at ambient pressure
room temperature~XRD! were obtained by a diffractomete
~Philips PW-1800! equipped with a CuKa x-ray source, a
curved graphite monochrometor on the counter side and
auto-divergence-slit system. Low-temperature x-ra
diffraction patterns under ambient pressure~LT-XRD! were
measured down to 10 K at NIMC using a diffractome
~MAC science, MXP system! with a CuKa x-ray source and
a closed-cycle He refrigerator. Si powder~NBS 640b! was
used as an internal standard; its lattice constant at low t
perature was calculated based on the thermal-expan
data.41 Lattice constants of the Sr0.4Ca13.6Cu241yO411d phase
were calculated by the least-squares method for more tha
Bragg’s reflections between 2u528280°.

High-pressure x-ray-diffraction patterns at room
temperature~HP-XRD! were obtained by the Debye-Scherr
method using a diamond-anvil cell combined with MoKa
x-ray source, a graphite monochrometor, and an imag
plate~IP! detector. A small amount of sample was placed
a SUS304 gasket with the pressure-transmitting fluid, a m
ture of methanol-ethanol at a volume ratio of 4:1. Press
was measured on several points in the sample space b
ruby fluorescence method based on previous scale da42

From the Debye-Scherrer pattern on the IP, an usual 2u pat-
tern was obtained by integrating the raw intensity data al
the Debye-Scherrer ring.

X-ray-diffraction patterns at high pressure and low te
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perature~HPLT-XRD! were obtained at NRIM using the
cubic-anvil-type high-pressure apparatus for measur
physical properties~CAHP! equipped with six tungsten car
bide anvil tops having a square face of 434 mm2. The pow-
der form of the sample was mixed with polyethylene a
was filled in a gasket made of amorphous boron and ep
resin at a ratio of 4:1. In order to keep the pressure cons
during a heat cycle, the load applied to the system was c
trolled to be constant. The pressure was calibrated by c
paring the observed lattice constant of NaCl with the cal
lated one.43 The x-ray source beam was a white radiati
from a table-top-type W anode. The diffraction beam w
detected by a solid-state detector through the collima
with a fixed diffraction angle of 2u511°. The energy-
dispersive data were numerically converted to angle disp
sive ones corresponding to the CuKa radiation.44

Electrical resistivity under high pressure and low te
perature was measured by the standard four-probe dc me
using the CAHP. A 1.5530.5030.45 mm3 bulk sample was
placed in a teflon cell with the fluid pressure-transmitti
medium, a mixture of Fluorinate FC70 and FC77. The c
was buried in the gasket. The tungsten carbide anvil t
with a square face of 636 mm2 were used instead of the 4
34 mm2 ones. Electron-diffraction~ED! experiments were
carried out by a high-resolution transmission electron m
croscopy~Hitachi H-1500! operated at 800 kV.45

III. RESULTS

Measurement of ED patterns is an effective way to kn
a crystal symmetry and to assign an x-ray pattern. There
several reports of the ED patterns for Ca-po
~Sr,Ca!14Cu241yO411d samples46–48 but little data are avail-
able on the Ca-rich superconducting phase. The ED patt
of Sr0.4Ca13.6Cu241yO411d obtained in the present study a
shown in Figs. 2~a! and 2~b!, for a* 2b* andb* 2c* sec-
tions, respectively. These patterns are consistent with a c
posite structure and the reciprocal space is regarded as
sisting of two orthorhombic sublattices. The sublattices ha
commona* and b* axes but differentc* ones,c1* corre-
sponding to the@~Sr,Ca!2Cu2O3# subsystem andc2* to
@CuO2#. In this paper, we define thea axis as the rung di-
rection and theb axis as the interlayer direction~see Fig. 1!.

A reciprocal-lattice vectorq is expressed by a set of fou
integers (h,k,l ,m) in a formula, q5ha* 1kb* 1 lc1*
1mc2* .49,50 In Fig. 2~b!, weak first-order satellite peak
with lÞ0 andmÞ0 are seen around the fundamental sp
with l 50 and/orm50. These satellites are attributed to th
deviation from the average structure due to the interac
between the subsystems. From the systematic reflection
ditions for fundamental spots:h1k52n, k1 l 52n, and l
1h52n for hkl0; h1k52n, k1m52n, and m1h52n
for hk0m, it was found that the each subsystem has the sa
symmetry on basic structures with a space group ofFmm2,
F222 orFmmm. The present ED patterns are essentially
same as those reported for the Ca-poor samples.26,28–29,31,46

The crystal structure of the prese
Sr0.4Ca13.6Cu241yO411d sample was determined by a com
bined neutron and x-ray Rietveld refinement using a sup
space group approach; detailed results will be publis
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57 615STRUCTURAL AND ELECTRICAL PROPERTIES UNDER . . .
elsewhere.51 According to the refinement, lattice paramete
were a511.260 78(1) Å, b512.426 66(2) Å, c1
53.904 911(6) Å, and c252.738 21 Å: c1 /c2
51.426 08(1). The c1 /c2 is closed to 10/7~51.428 57!
within the mismatch of;0.18%, indicating that the chem
cal formula of the compound can be approximate
expressed as Sr0.4Ca13.6Cu24O411d (y50). Hereafter, we
regard this phase as a commensurate one withc57c1
510c2 and call it ‘‘14-24.’’

Figure 3 shows an x-ray pattern of the 14-24 phase
ambient pressure and room temperature. All diffract
peaks were assigned using the four integers. There is
one satellite reflection of 2211̄ near 2u523°. Figure 4

FIG. 2. Electron-diffraction patterns of Sr0.4Ca13.6Cu241yO411d

for ~a! a* 2b* and ~b! b* 2c* sections.
at
n
ly

shows LT-XRD data under ambient pressure for some
lected temperatures. The diffraction pattern was essent
kept unchanging between 10 and 298 K and the 14-24 st
ture survives for the entire range of temperature. We
spected very carefully the profile shape of each peak bu
peak splittings were detected for the entire range of temp
ture. Moreover, the peak shifts due to thermal expansion~or
shrinkage! were completely reversible for a cyclic change
temperature.

The lattice constants are plotted in Fig. 5 as functions
temperature. The lattice shrinks anisotropically from 298
10 K in 0.036, 0.33, and 0.090% for thea, b, andc axis,
respectively. Thec axis slightly shrinks with decreasing tem
perature, whereas thea axis is almost constant in the entir
range of temperature. Theb axis changes in proportion to
temperature between 200 and 300 K, and its shrinkage s
rates below 100 K. It is noted that an anomalous change
the b axis was observed around 150 K, suggesting a sin
larity in the thermal lattice expansivity.

HP-XRD patterns at room-temperature are shown in F
6. The pressure was induced from 0.15 to 9.1 GPa, t
released to 2.1 GPa. In a preliminary experiment, we c
firmed reversible change in the x-ray pattern for cyc
change of pressure. Almost all reflection peaks in each

FIG. 4. Low-temperature x-ray-diffraction patterns under am
ent pressure.
FIG. 3. A powder x-ray-diffraction pattern of Sr0.4Ca13.6Cu24O411d at ambient pressure and room temperature.
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616 57M. ISOBE et al.
fraction pattern could be assigned on the basis of the 14
structure. In addition, there are no significant changes in
peak profile upon increasing pressure except for the p
shift due to the lattice compression and slight peak broad
ing probably due to inhomogeneity in pressure. One w
extra peak appears around 2u517° above 3 GPa~see arrows
in Fig. 6!. This peak grows with increasing pressure a
disappears reversibly when the pressure was released t
GPa.

The compression of the lattice parameters up to 7 GP
shown in Fig. 7. We can see there a remarkable anisotrop
the compression. Theb axis largely shrinks in 0.73% per
GPa, while thea axis is almost constant for the entire ran
of pressure examined. It indicates hard intraplane bind
and soft interplane one. The percent shrinkages per 1
are summarized in Table I for the three axes and the

FIG. 5. The temperature variation of the lattice constants un
ambient pressure. The arrow indicates an anomalous change o
b axis ~see text!.

FIG. 6. High-pressure x-ray-diffraction patterns at room te
perature. A weak extra peak around 2u517° is shown by an arrow
4
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volume. The lattice also shrinks by replacement of Ca for
~‘‘chemical pressure’’!. We calculated the percent shrinkag
per the Ca contentx in Sr142xCaxCu24O411d from the
changes of the lattice constants in the samples withx
513.0– 13.8; the results are listed in Table I.~Though the
sample with a nominal composition of Sr0.2Ca13.8Cu24O411d
contains a small amount of impurity phase~s!, the lattice con-
stants of the 14-24 phase change linearly with the Ca con
x up tox513.8.! If we compare the data for the cell volume
increase of pressure by 1 GPa corresponds to an increa
the Ca content by 1.22.

HPLT-XRD patterns are shown in Fig. 8. The overall
ray pattern does not change noticeably, i.e., the 14-24 st
ture is stable under high pressure and low temperature
particular, at 5 GPa and 7 K, where the system is in
superconducting state~see below!. The extra peak observe
by the HP-XRD also appeared below 10 K but its intensity
minimal ~see arrow in Fig. 8!.

The temperature dependences of the lattice constants
plotted in Fig. 9 for 1.9, 5, and 7 GPa. Theb and c axis
shrink with decreasing temperature at every pressure.
temperature dependence of thea axis is worth noting. As
described above, thea axis is almost independent of tem
perature under ambient pressure. However, the ther
shrinkage is far more pronounced at 7 GPa. Namely, tha
axis shrinks substantially under high-pressure and lo
temperature region.

Figure 10 shows the temperature dependence of the e
trical resistivities under various pressures of 0–6 GPa. T

er
the

-

FIG. 7. Pressure variation of the lattice constants.

TABLE I. The percent shrinkages of each axis and the c
volume per 1 GPa in Sr0.4Ca13.6Cu24O411d , and those per Ca con
tent x in Sr142xCaxCu24O411d .

Pressure Ca substitutiona x corresponding to 1 GPa

a axis 0.08% 0.14% 0.60
b axis 0.73% 0.59% 1.24
c axis 0.22% 0.10% 2.13
Cell volume 1.02% 0.83% 1.22

aThe values were obtained from the changes of the lattice cons
in the samples withx513.0– 13.8.
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57 617STRUCTURAL AND ELECTRICAL PROPERTIES UNDER . . .
results are essentially identical with those reported by Ueh
et al.40 We can see the successive change of the resist
curves with increasing pressure. At ambient pressure,
r-T curve has a broad hump between 160 and 50 K,
there exist two metal-semiconductor-like transitions at;160
and;50 K. As pressure increases, the hump reduces acc
panying decrease of the resistivity. The hump disappe
above 5 GPa and the sample goes into metallic regime.
resistivity at room temperature is shown as a function
pressure in Fig. 11, which shows almost linear tempera
dependence. Superconducting transition appeared arou
K at 3 GPa. TheTc

onset is plotted against the pressure in Fi
12. It increases with pressure and reaches the maximum
;13 K at 5 GPa, then reduces.Tc of the present phase i
lower than those of 2D high-Tc cuprates but is much highe
than those of typical metal superconductors in spite of
low carrier density. It implies an exotic pairing mechanis
in the ladder compound.

FIG. 8. High-pressure x-ray diffraction patterns at various te
peratures. The weak extra peak is shown by an arrow.

FIG. 9. Temperature variation of the lattice constants at 1.9
and 7 GPa.
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IV. DISCUSSION

The first question to be answered is if the 14-24 phas
really responsible for superconductivity which is observ
only under high pressure. Our LT-, HP-, and LTHP-XR
data indicates clearly that the 14-24 phase survives unde
high-pressure and low-temperature region. Besides the p
shifts due to the lattice shrinkage, the appearance of a w
additional diffraction peak near 2u517° was only a substan
tial change in the XRD pattern under high pressure~Fig. 6!.
However, it is unlikely that this peak is due to a seconda
phase formed through phase transition or decomposition
the 14-24 phase because the peak intensity changes smo
and reversibly as a function of pressure. This peak may b
higher-order satellite since its peak position can be explai
assuming 042̄2 reflection; some structural modification ma
occur under high pressure which enhances such a hig
order satellite reflection. The origin of the extra peak is n
clear yet. Nevertheless, it does not cast serious doubt tha
14-24 phase is responsible for superconductivity. The p
intensity increases monotonously with pressure at least u

FIG. 11. Pressure variation of the resistivity at room tempe
ture.

-

,

FIG. 10. Temperature dependence of the electrical resistiv
at various pressures.
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618 57M. ISOBE et al.
9.1 GPa regardless of suppression of superconduct
above 5 GPa. Also, its intensity around 3.8 GPa seems
small to explain bulk superconductivity.

A second question is the role of high pressure for sup
conductivity. To answer this question, it is worth notin
structural changes induced by the Ca substitution for Sr~in-
crease ofx in Sr142xCaxCu24O411d), since the Ca substitu
tion has similar, though not equivalent, effects on the latt
as does high pressure~see Table I!. According to the detailed
structure analysis on the present Ca-rich phase,51 the most
drastic change after the Ca substitution is enhancement o
interaction between the ladder and the 1D chain subsyste
The minimum interatomic distance between Culadder-Ochain
becomes;2.7 Å in the present phase which is much smal
than;3.2 Å for the Sr-basedx50 phase. This value is clos
to Cu-Oapical lengths for typical 2D high-Tc cuprates. It indi-
cates hybridization of Culadder3d and Ochain2p orbitals. As a
result, 30–50 % Cu atoms in the ladder sheet are coordin
pyramidally by five oxygen atoms including an apical ox
gen atom belonging to the twisted 1D CuO2 chain. The re-
maining Cu atoms are coordinated only by four O ato
within the ladder plane. This situation is illustrated in Fig.
where some of the Cu atoms in the ladder are coordinate
apical oxygen atoms belonging to upper or lower CuO2 chain
plane.

In the present system, the formal oxidation state of Cu
12.25 if d50. Holes are therefore ‘‘self-doped’’ in thi
solid solution. If the Cu2O3 ladder and CuO2 chain sheets are
not interacted, the holes enter preferably into CuO2 chains,
which are more electronegative than Cu2O3 planes.52 How-
ever, shrinkage of the intersheet distance leads to redistr
tion of holes between them. Katoet al. suggested by bond
valence-sum calculations that holes are almost comple
located at the 1D chain sites in Sr14Cu24O411d and they move
into ladder sites with increasing the Ca content.38 After the
Ca substitution, Osafuneet al. found a transfer of the spec
tral weight from the high- to low-energy region in an optic
conductivity spectrum. Based on this result they propo
the charge redistribution from the 1D chain site to the lad
one.53 From Madelung potential calculations, Mizumo an
co-workers have also concluded that holes are located on
1D chain in the Sr-based phase and Ca substitution m
them move to the ladder.54,55 The ladder subsystem is mor

FIG. 12. Variation ofTc
onsetas a function of pressure.
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conductive than the 1D chain along thec axis since it has a
larger transfer integral due to;180° Cu-O-Cu bond com-
pared with;90° Cu-O-Cu bond in the 1D chain. Increase
electrical conductivity by Ca substitution can be, therefo
explained assuming the hole redistribution.

All above reports are consistent with the structural data
the present phase. For the five-coordinated Cu atom, C
distances within the ladder plane are shortened substant
compared with the four-coordinated Cu atom51 suggesting
that holes are introduced into the antibonding Cu 3d and
O 2p hybrid orbitals of the ladder plane. It is worth notin
that such a five-coordinated Cu atom is placed side by s
making a pair connected by a rung which is required by
symmetry of the crystal~see Fig. 13!. It may be related to
pairing of holes, i.e., spin-singlet superconductivity. Und
high pressure, the interaction between the ladder and the
chain should be more pronounced because of the la
shrinkage along theb axis. At P55 GPa, for instance, the
Culadder-Oapical bondlength is roughly calculated as;2.5 Å
according to the present compressibility data. Under h
pressure, therefore, the hole redistribution will be accelera
and hole density in the ladder is expected to increase.
believe that this is the most important role of high press
for realizing superconductivity.

At ambient pressure, ther2T curve shows a broad hum
with two metal-semiconductor-like transitions near 160 a
50 K. This strange and characteristic behavior has been
served in samples with the Ca contentx>13.0. The second
increase of the resistivity seems to be explained by local
tion of carriers due to random potential~see below!. The first
increase near 160 K reminds us of an incomplete Peie
transition observed in a quasi-1D system such as NbSe3.

56–59

The resistivity of NbSe3 shows a downturn soon after th
transition because of incomplete nesting of the Fermi surf
owing to two-dimensional character in its electronic stru

FIG. 13. Arrangements of atoms in the ladder plane~Ref. 51!.
The shaded oxygen atoms of the upper or lower CuO2 chains are
bound to the Cu atoms of the ladder plane.
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57 619STRUCTURAL AND ELECTRICAL PROPERTIES UNDER . . .
ture. For the present two-leg ladder system, the the
strongly suggests competition of the superconducting s
and CDW state at low temperature. The first transition n
160 K may be attributed to the incomplete Peierls-transiti
Based on this picture, the systematic suppression of
hump with increasing pressure may suggest enhanceme
two-dimensional character under high pressure. Indeed,
cent single-crystal study indicated that resistivity along tha
axis ~rung direction! decreases substantially under high pr
sure and it becomes metallic even in a low-temperat
region.60 Here, we note variation of thea axis under high
pressure. As described above, thermal shrinkage along ta
axis is pronounced under high pressure~Fig. 9! and this be-
havior seems to be consistent with the metallic conductiv
along thea axis under high pressure and low temperatu
Also, it is interesting to compare the effects of the Ca s
stitution and pressure on the lattice. If only the carrier dop
due to theb-axis shrinkage is important for superconduct
ity, even a less Ca-substituted sample may show super
ductivity by applying higher pressure. Howeve
Sr4Ca10Cu24O411d did not show superconductivity up to 8.
GPa.61 As shown in Table I, both thea andc axis shrink in
nearly the same percentage after the Ca substitution, whe
pressure induces, in the high-temperature region, more an
tropic intraplane shrinkage with a larger percentage along
c axis than along thea axis. The Ca substitution seem
therefore, to enhance interladder interaction along thea axis.
These facts suggest that superconductivity appears afte
system has two-dimensional character.

Expecting direct observation of the Peierls transition,
carried out electron-diffraction measurements around 100
but no evidence for it was obtained. Even if there app
extra spots due to the charge order, it may be difficult
detect them in the present system because they would
overlapped with the satellite spots~including higher order
reflections! of the composite lattice. In the temperature d
pendence of theb axis, however, we found an anomalo
behavior near 150 K where theb axis does not chang
smoothly as a function of temperature, which cannot be
terpreted using the classical Gru¨neisen’s equation of state.62

If there is really a breaking point, it means an abrupt cha
of the thermal-expansion coefficient and the presence
second-order phase transition. This anomaly may corresp
to the increase of resistivity near 160 K. We need, howev
more detailed studies to clarify this point. In particular, t
temperature variation of the phonon spectra will be helpfu
observe the softening of the phonon.

The atomic arrangement in the ladder subsystem is lar
modulated by the intersheet interaction. The random po
tial influences the carrier transport properties because of
row energy bands of the low-dimensional system. In Fig.
we plotted low-temperature resistivity data of 0–5 GPa n
malized at 30 K using the formula of the variable-rang
hopping~VRH! scheme:r}exp@2(Q/T)1/(d11)#, whereQ is
a parameter in proportion to inverse of density of states
Fermi-surfaceN(EF), andd is the dimensionality of the car
rier conduction. The data could be well fitted assumingd53
as shown in Fig. 14. However, the difference between
fittings with d53 andd51 or 2 was not statistically signifi
cant. We could not determine the dimensionality of the s
tem by this method. The VRH conduction is explained
ry
te
r
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carrier transfer between localized states near the Fermi l
via the phonon potential in a random field. In the fitting
Fig. 14, the slope decreases continuously with increas
pressure. This may suggest the evolution of an in-gap s
and/or screening of the random potential by increasing h
density. Anyway, the carrier localization tends to be su
pressed drastically with increasing pressure. WhenP
55 GPa, the carrier localization vanishes andTc takes the
maximum. The enhancement of the superconductivity is
tributed to an increase of hole density.

The reason for the suppression of the superconductivit
the metallic state above 5 GPa is not yet clear. To discuss
electronic structure in the metallic region, we fitted the res
tivity data of 5–6 GPa using a power-law function ofr
5r01ATn ~r0 : residual resistivity!. The results are shown
in Fig. 15. The data are well fitted assumingn between 1 and
;2 over a wide temperature range at least up to;200 K.
Around 300 K, ther(T) deviates from the power law with
the constantn and obeysT-linear dependence. It should b
noted that such a temperature dependence cannot be
preted by the Bloch-Gru¨neisen~BG! theory which is based
on the electron-phonon scattering.62 In the BG theory, the
exponentn changes from 5 to 1 within a narrow temperatu

FIG. 14. Logarithmic resistivity ln@r(T)/r(30 K)# plotted against
1/T4.

FIG. 15. A logarithmic plot of (r2r0) versusT for the data
above 5 GPa.
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range below Debye temperatureuD : roughly speakingn
;5 for T;0 andn;1 for T.0.3uD . Hence, if one explains
the data using the BG theory, an unreasonably high De
temperature should be assumed.

Based on the fact that the resistivity obeysr5r01AT2,
Ueharaet al.have proposed the normal Fermi-liquid state f
the present system under high pressure where supercon
tivity is realized.40 Our data at 5 GPa seems to, rough
speaking, obey theT-square law, as well. This behavior i
explained assuming that carriers are scattered mainly by
fluctuations. The approach to theT-linear dependence from
theT-square-like one near 300 K may be explained in ter
of antiferromagnetic spin scattering using Fermi-liquid the
ries as well as that for 2D high-Tc cuprates.63–65 According
to the self-consistent renormalization theory, ther(T) is pro-
portional to;xQ5pT2;T2/(T1T)5T/T1 ~xQ is a staggered
susceptibility,T1 is a nuclear spin-lattice relaxation time!.
Since T1 approaches to be constant with increasi
temperature,66 r(T) is proportional to T at the high-
temperature limit.

The exponent approaches to 1 from 2 as pressure
creases. In addition, theT-dependent term inr increases with
pressure. These are completely different from the tende
often observed in 2D high-Tc cuprates, in which the varia
tion of resistivity changes gradually fromT-linear to
T-square-like with increasing carrier density, resulting
suppression of superconductivity.67 Simple comparison of
the present system with the 2D high-Tc cuprates seems dif
ficult and suppression of superconductivity above 5 GPa
still open to question. We need to know the pairing mec
nism for solving this problem. In addition, it seems importa
to know about the spin gap under high pressure.

V. CONCLUSIONS

We studied the x-ray diffraction and electrical resistivi
in a composite crystal Sr0.4Ca13.6Cu24O411d under high pres-
.
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sure and low temperature to discuss the nature of the e
tronic state and pressure-induced superconductivity fr
crystallographic aspects. The Sr0.4Ca13.6Cu24O411d phase sur-
vives at least forP<9 GPa andT>7 K indicating that it is
responsible for superconductivity observed only under h
pressure. High pressure and the Ca substitution lead to
hancement of the interaction between the Cu2O3 ladder and
the 1D CuO2 chain through shrinkage of the intersheet d
tance. Holes are doped into ladders from 1D chains via
cally formed Culadder 3d and Ochain 2p hybrid orbitals. An
anomalous hump was observed in ther-T curve in a lower
pressure region and is possibly due to the CDW. Carr
localization observed at low temperature is explained b
random potential in the modulated ladder structure. It is s
pressed drastically with increasing pressure. Ther-T curves
in the normal state above 5 GPa obey a power law of te
perature in the wide range of temperature between 7 and o
200 K, suggesting that carriers are mainly scattered by s
fluctuation as well as in 2D high-Tc cuprates.Tc increases up
to ;13 K at 5 GPa, and then is suppressed in the meta
state above 5 GPa. The reason for the suppression is not
yet.
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