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Structural and electrical properties under high pressure for the superconducting
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We studied structural and electrical properties under high pressure and low temperatuse-fhi2aHeisen-
berg two-leg ladder compoundS€a; 3 L4041+ 5- It Showed a superconducting transition above 3 GPa with
a maximumT; of 13 K. The S ,Ca,3 L4041+ s phase survives at least up to 9 GPa and dawn 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 CyO; ladder and the one-dimensional Cu€hain which accelerates redistribution of holes via locally
formed CuyhgqerOchain 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[S0163-1828)08201-7

[. INTRODUCTION induced and it often has serious effects in a low-dimensional
material such as the ladder system.

Recently, so-called spin-ladder systems have attracted (Sr,C8;4Clps,yO4144iS @ composite crystal which con-
many researchers’ attention. They consist of even or oddists of two interpenetrated subsyste(fig. 1).2°~**The first
numbers of antiferromagnetic one-dimensiofidd) Heisen- ~ subsysteni (Sr,Ca,Cu,05] is composed of (CiDs).. sheets
berg chains(legs which are connected by rungs. A finite Of two-leg ladders andSr,C3 ions coordinated to them. In
energy gap was predicted theoretically for a magnetic excithe second subsystem, Cugnuares are connected by edge-
tation in the even-leg ladder system frda0 spin singlet Sharing forming 1D (Cug).. chains running along the

ground states t6=1 triplet state<. The presence of the spin @XiS: The 1D chains are sandwiched by (8e,Ca planes of

gap was verified by dc magnetic-susceptibility measurethe first subsystem. The atomic positions are modulated in-

ments, inelastic neutron scattering, and NMR experimentgommensurately due to interaction between the'two sub-
for (VO),P,0; (Refs. 2—4 and SrCy0,.5" The latter is a  SYSEMSASF,C814Clha.yOau:» has two types of spin gaps

. corresponding to spin excitations in the 1D chains and in the
Cu-based two-leg ladder phase stable under high pre%sur?adderg?""%Agn inte?esting aspect of this compound is “self

A more excm_ng pfed'c“on is the appearance af-tave _.doping” of holes, i.e., about six holes exist already per a
superconductivity in an even-leg ladder system doped with

hole carriers. According to various calculations for the two-
leg spin ladder;®~2it is energetically favorable at low tem-
perature for carriers to form singlet pairs leading to super-
conducting or charge-density-wave(CDW) states.
Separation between spin and charge would occur in such a
systen?? and the gap for spin excitation survives for a cer-
tain range of doping level but that for charge excitation van-
ishes, resulting in a magnetically correlated metallic phase.

Stimulated by the theoretical prediction, tremendous ef-
forts have been made to realize superconductivity in even-
leg materials. However, carrier doping for a ladder system is
generally difficult and it was not successful for SpOd.
Systematic hole doping into the two-leg ladder phase was
achieved by Hiroiet al. in LaCuGQ; 5 by substituting Sr for
La.2>~?® This material exhibits an insulator-to-metal transi-
tion with increasing the Sr content but no sign of supercon-
ductivity was observed. In carrier doping by the partial sub- FIG. 1. Idealized crystal structure ofSr,Ca;,Clig.,Os1ss
stitution of heterovalence ions, random potential is inevitablywiewed in perspective along thedirection.
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molecule without substitution. perature (HPLT-XRD) were obtained at NRIM using the
Though S{,Cibs; 04115 Shows semiconducting behav- cubic-anvil-type high-pressure apparatus for measuring
ior, resistivity decreases with Ca substitution foPSrP°Re-  physical propertie$CAHP) equipped with six tungsten car-
cently, Ueharaet al. succeeded in preparing a highly Ca- bide anvil tops having a square face 04 mn?. The pow-
substituted phase §ICa3CU404;84 UNder high oxygen der form of the sample was mixed with polyethylene and
pressure and reported that it shows superconductivity witlvas filled in a gasket made of amorphous boron and epoxy
the maximumT, of 12 K near 3 GP&° Their sensational resin at a ratio of 4:1. In order to keep the pressure constant
report seems to prove the theoretical prediction on the spirduring a heat cycle, the load applied to the system was con-
ladder system. In addition, it may give insights for thetrolled to be constant. The pressure was calibrated by com-
mechanism of superconductivity in 2D hidh- cuprates. paring the observed lattice constant of NaCl with the calcu-
However, superconductivity in $§Ca 3 Cl4O41 84 iS 0b-  lated oneé*® The x-ray source beam was a white radiation
served only under high pressure and there are still variouBom a table-top-type W anode. The diffraction beam was
problems to be solved. In particular, we have little informa-detected by a solid-state detector through the collimators
tion about its structural properties under high pressure. It is aith a fixed diffraction angle of 2=11°. The energy-
key for understanding the role of high pressure to knowdispersive data were numerically converted to angle disper-
pressure-induced structural changes. In the present study, w#/e ones corresponding to the ®ur radiation**
performed x-ray-diffraction and electrical resistivity mea-  Electrical resistivity under high pressure and low tem-
surements under high pressure and low temperature. The rperature was measured by the standard four-probe dc method
sults are discussed in relation to the possibility of structuralising the CAHP. A 1.5%0.50x 0.45 mn? bulk sample was
phase transition, carrier doping mechanisms, effects of diplaced in a teflon cell with the fluid pressure-transmitting
mensionality, and electronic structure. medium, a mixture of Fluorinate FC70 and FC77. The cell
was buried in the gasket. The tungsten carbide anvil tops
with a square face of 86 mn? were used instead of the 4
X4 mnt ones. Electron-diffractiofED) experiments were
Starting materials of SrC{99.9%), CaC@99.9%), carried out by a high-resolution transmission electron mi-
and Cu@99.9% were mixed in an agate mortar and calcinedcroscopy(Hitachi H-1500 operated at 800 k¥?
at 950 °C for over 4 days in air with several intermediate
grindings, to obtain a multiphase mixture having a net com-
position of Sg Ca 3 LCW,0,. It was heated at 1200 °C for . RESULTS
24 h in Ar-based 20% © mixture gas at Py
=2000 kgf/cm? using a hot-isostatic-pre$llIP) apparatus.

Il. EXPERIMENT

Measurement of ED patterns is an effective way to know
A single-phase sample of §Cays Clas.yOsys s Was ob- a crystal symmetry and to assign an x-ray pattern. There are

tai th h thi t least iudaina f its x- everal reports of the ED pa'tterns for Ca—poor
pa:\?'cz(rjn ough this process at least judging from its x ray(SSr,Ce)14Cu24+yO4l+5 sample®®~*® put little data are avail-
Powder x-ray-diffraction patterns at ambient pressure anfi‘ble on the Ca-rich supercon_ductlng phase. The ED patterns
room temperaturéXRD) were obtained by a diffractometer ©f Sr0-4¢ai3-§cu24+yo4larﬁ %bt?'”ed*'n ;Ee prdesfm s*tudy are
(Philips PW-1800 equipped with a CiKa x-ray source, a SnOWn in Figs. 23 and 2b), for a* —b* andb” —c* sec-

curved graphite monochrometor on the counter side and aions, respectively. These patterns are consistent with a com-

auto-divergence-slit  system. Low-temperature X_ray_posite structure and the reciprocal space is regarded as con-
diffraction patterns under amBient press(itd-XRD) were sisting of two orthorhombic sublattices. The sublattices have

measured down to 10 K at NIMC using a diffractometerommona* andb* axes but differenc* ones,cj corre-

(MAC science, MXP systejwith a CuK & x-ray source and  Sponding to the[(Sr,C3,Cu;,05] subsystem andc; to

a closed-cycle He refrigerator. Si powd@BS 640H was [CUuQ,]. In this paper, we define the axis as the rung di-

used as an internal standard; its lattice constant at low tenfection and thé axis as the interlayer directidisee Fig. 1

perature was calculated based on the thermal-expansion A reciprocal-lattice vectoq is expressed by a set of four

data® Lattice constants of the $iCays (Clbss ,Oa1+ 5 phase integers f.kI,m) in a formula, g=ha*+kb* +lcy

were calculated by the least-squares method for more than 56mc,* .***% In Fig. 2(b), weak first-order satellite peaks

Bragg's reflections betweeng2 28— 80°. with [ #0 andm#0 are seen around the fundamental spots
High-pressure  x-ray-diffraction patterns at room-with =0 and/orm=0. These satellites are attributed to the

temperaturdHP-XRD) were obtained by the Debye-Scherrer deviation from the average structure due to the interaction

method using a diamond-anvil cell combined with Max ~ between the subsystems. From the systematic reflection con-

x-ray source, a graphite monochrometor, and an imagingditions for fundamental spotsi+k=2n, k+1=2n, and|

plate (IP) detector. A small amount of sample was placed in+h=2n for hkl0; h+k=2n, k+m=2n, andm+h=2n

a SUS304 gasket with the pressure-transmitting fluid, a mixfor hkOm, it was found that the each subsystem has the same

ture of methanol-ethanol at a volume ratio of 4:1. Pressursymmetry on basic structures with a space group mim?2,

was measured on several points in the sample space by the222 orFmmm The present ED patterns are essentially the

ruby fluorescence method based on previous scale*tlatasame as those reported for the Ca-poor sanfigfs2°-31:4

From the Debye-Scherrer pattern on the IP, an ustaa- The crystal structure of the present
tern was obtained by integrating the raw intensity data alongr, ,Ca3 (Cla1yOa11 5 SaMple was determined by a com-
the Debye-Scherrer ring. bined neutron and x-ray Rietveld refinement using a super-

X-ray-diffraction patterns at high pressure and low tem-space group approach; detailed results will be published
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0000 00-22 0020 0002 ent pressure.
. »
0200 A 006—‘2 shows LT-XRD data under ambient pressure for some se-
@ . lected temperatures. The diffraction pattern was essentially
0400 kept unchanging between 10 and 298 K and the 14-24 struc-
° . ture survives for the entire range of temperature. We in-
spected very carefully the profile shape of each peak but no
° ; peak splittings were detected for the entire range of tempera-

ture. Moreover, the peak shifts due to thermal expan&on
shrinkage were completely reversible for a cyclic change of
FIG. 2. Electron-diffraction patterns of &Cay3 {ClsasyOars s temperature.
for (@) a* —b* and(b) b* —c* sections. The lattice constants are plotted in Fig. 5 as functions of
temperature. The lattice shrinks anisotropically from 298 to
elsewhere? According to the refinement, lattice parameters10 K in 0.036, 0.33, and 0.090% for ttee b, andc axis,
were a=11.26078(1) A, b=12.42666(2) A, c; respectively. The axis slightly shrinks with decreasing tem-
=3.904 911(6) A, and c,=2.73821A: c,/c,  perature, whereas treaxis is almost constant in the entire
=1.426 081). Thec,/c, is closed to 10/7(=1.42857  range of temperature. The axis changes in proportion to
within the mismatch of-0.18%, indicating that the chemi- temperature between 200 and 300 K, and its shrinkage satu-
cal formula of the compound can be approximatelyrates below 100 K. It is noted that an anomalous change of
expressed as §ICa3 L0415 (Y=0). Hereafter, we theb axis was observed around 150 K, suggesting a singu-
regard this phase as a commensurate one with7c, larity in the thermal lattice expansivity.
=10c, and call it “14-24.” HP-XRD patterns at room-temperature are shown in Fig.
Figure 3 shows an x-ray pattern of the 14-24 phase a6. The pressure was induced from 0.15 to 9.1 GPa, then
ambient pressure and room temperature. All diffractionreleased to 2.1 GPa. In a preliminary experiment, we con-
peaks were assigned using_the four integers. There is onfyrmed reversible change in the x-ray pattern for cyclic
one satellite reflection of 221 near #=23°. Figure 4 change of pressure. Almost all reflection peaks in each dif-
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FIG. 3. A powder x-ray-diffraction pattern of §Ca;; L4041, s at ambient pressure and room temperature.
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FIG. 5. The temperature variation of the lattice constants undelg“chemical pressure). We calculated the percent shrinkages
ambient pressure. The arrow indicates an anomalous change of tp%r the Ca Contem;( in Sr, ,CaCuyO from the

. 14—x ANJA1+ S
b axis (see text changes of the lattice constants in the samples with

) ] ) =13.0-13.8; the results are listed in Table [Though the
fraction pattern could be assigned on the basis of the 14'2§ample with a nominal composition of SE€a 3 CtbOurs 5
structure. In addition, there are no significant changes in the ntains a small amount of impurity ph@ethe' lattice con-
peak profile upon increasing pressure except for the peakants of the 14-24 phase change linearly with the Ca content
shift due to the lattice compression and slight peak broadeny up tox=13.8) If we compare the data for the cell volume,

ing probably due to inhomogeneity in pressure. One weak,crease of pressure by 1 GPa corresponds to an increase of
extra peak appears around217° above 3 GPé&ee arrows  he Ca content by 1.22.

in Fig. 6). This peak grows with increasing pressure and p| T-XRD patterns are shown in Fig. 8. The overall x-

disappears reversibly when the pressure was released to 2réy pattern does not change noticeably, i.e., the 14-24 struc-

GPa. . . ture is stable under high pressure and low temperature, in
The compression of the lattice parameters up to 7 GPa ISarticular, at 5 GPa and 7 K, where the system is in the

shown in Fig. 7. We can see there a remarkable anisotropy Qfperconducting statsee below The extra peak observed
the compression. The axis largely shrinks in 0.73% per 1 the HP-XRD also appeared below 10 K but its intensity is
GPa, while thea axis is almost constant for the entire range minimal (see arrow in Fig. B

of pressure examined. It indicates hard intraplane binding The temperature dependences of the lattice constants are
and soft interplane one. The percent shrinkages per 1 GRtted in Fig. 9 for 1.9, 5, and 7 GPa. Theand ¢ axis
are summarized in Table | for the three axes and the cellpink with decreasing temperature at every pressure. The
temperature dependence of theaxis is worth noting. As
described above, tha axis is almost independent of tem-
perature under ambient pressure. However, the thermal
shrinkage is far more pronounced at 7 GPa. Namelyathe
axis shrinks substantially under high-pressure and low-
temperature region.

Figure 10 shows the temperature dependence of the elec-
trical resistivities under various pressures of 0—6 GPa. The

Intensity

TABLE I. The percent shrinkages of each axis and the cell
volume per 1 GPa in §iCa ;L4041 5, and those per Ca con-
tentx in Sty ,CaClpsOy1s s-

Pressure Ca substitutidrx corresponding to 1 GPa

a axis 0.08% 0.14% 0.60

b axis 0.73% 0.59% 1.24

0 5 10 15 20 25 30 35 c axis 0.22% 0.10% 2.13
26 (deg. MoKo) Cell volume 1.02% 0.83% 1.22

FIG. 6. High-pressure x-ray-diffraction patterns at room tem-2The values were obtained from the changes of the lattice constants
perature. A weak extra peak around=217° is shown by an arrow. in the samples witkx=13.0—13.8.
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FIG. 8. High-pressure x-ray diffraction patterns at various tem-  FIG. 10. Temperature dependence of the electrical resistivities
peratures. The weak extra peak is shown by an arrow. at various pressures.
results are essentially identical with those reported by Uehara IV. DISCUSSION

et al*® We can see the successive change of the resistivity
curves with increasing pressure. At ambient pressure, the The first question to be answered is if the 14-24 phase is
p-T curve has a broad hump between 160 and 50 K, i.efeally responsible for superconductivity which is observed
there exist two metal-semiconductor-like transitions-at60 ~ only under high pressure. Our LT-, HP-, and LTHP-XRD
and~50 K. As pressure increases, the hump reduces accorﬁ.ata indicates Clearly that the 14-24 phase survives under the
panying decrease of the resistivity. The hump disappear8igh-pressure and low-temperature region. Besides the peak
above 5 GPa and the sample goes into metallic regime. Thehifts due to the lattice shrinkage, the appearance of a weak
resistivity at room temperature is shown as a function ofddditional diffraction peak nearé2=17° was only a substan-
pressure in Fig. 11, which shows almost linear temperaturéial change in the XRD pattern under high pressikig. 6).
dependence. Superconducting transition appeared aroundHpwever, it is unlikely that this peak is due to a secondary
K at 3 GPa. Ther?™®'is plotted against the pressure in Fig. Phase formed through phase transition or decomposition of
12. It increases with pressure and reaches the maximum &€ 14-24 phase because the peak intensity changes smoothly
~13K at 5 GPa, then reduces, of the present phase is and reversibly as a function of pressure. This peak may be a
lower than those of 2D highi, cuprates but is much higher higher-order satellite since its peak position can be explained
than those of typical metal superconductors in spite of itSsuming 042 reflection; some structural modification may
low carrier density. It implies an exotic pairing mechanism©ccur under high pressure which enhances such a higher-
in the ladder compound. order satellite reflection. The origin of the extra peak is not
clear yet. Nevertheless, it does not cast serious doubt that the

11.25 14-24 phase is responsible for superconductivity. The peak
11,20 intensity increases monotonously with pressure at least up to
11.15 0.040

11.10

12.40 0.035 -

12.20
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0 00 200 300 0 1 2 3 4 5 6

P (GPa)

FIG. 9. Temperature variation of the lattice constants at 1.9, 5, FIG. 11. Pressure variation of the resistivity at room tempera-
and 7 GPa. ture.
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FIG. 12. Variation ofT2"™**'as a function of pressure.

9.1 GPa regardless of suppression of superconductivity e Cu
above 5 GPa. Also, its intensity around 3.8 GPa seems too O o
small to explain bulk superconductivity. Qiin 1-D CuO, chains

A second question is the role of high pressure for super-
conductivity. To answer this question, it is worth noting FIG. 13. Arrangements of atoms in the ladder pléRef. 5.
structural changes induced by the Ca substitution fofirSr  The shaded oxygen atoms of the upper or lower £akains are
crease ofx in Sr,_,CaCl 04144, Since the Ca substitu- bound to the Cu atoms of the ladder plane.
tion has similar, though not equivalent, effects on the lattice
as does high pressu¢eee Table)l According to the detailed conductive than the 1D chain along theaxis since it has a
structure analysis on the present Ca-rich piaghe most larger transfer integral due te 180° Cu-O-Cu bond com-
drastic change after the Ca substitution is enhancement of thgared with~90° Cu-O-Cu bond in the 1D chain. Increase of
interaction between the ladder and the 1D chain subsystemslectrical conductivity by Ca substitution can be, therefore,
The minimum interatomic distance between GddrOcain  €Xplained assuming the hole redistribution.
becomes~2.7 A in the present phase which is much smaller  All above reports are consistent with the structural data of
than~3.2 A for the Sr-based=0 phase. This value is close the present phase. For the five-coordinated Cu atom, Cu-O
to Cu-Qy,ica lengths for typical 2D highF, cuprates. It indi-  distances within the ladder plane are shortened substantially
cates hybridization of Gyyger3d and Quqi, 2p orbitals. Asa  compared with the four-coordinated Cu afdnsuggesting
result, 30-50 % Cu atoms in the ladder sheet are coordinatdtiat holes are introduced into the antibonding @uahd
pyramidally by five oxygen atoms including an apical oxy- O 2p hybrid orbitals of the ladder plane. It is worth noting
gen atom belonging to the twisted 1D Cu€hain. The re- that such a five-coordinated Cu atom is placed side by side
maining Cu atoms are coordinated only by four O atomsmaking a pair connected by a rung which is required by the
within the ladder plane. This situation is illustrated in Fig. 13symmetry of the crystalsee Fig. 13 It may be related to
where some of the Cu atoms in the ladder are coordinated bairing of holes, i.e., spin-singlet superconductivity. Under
apical oxygen atoms belonging to upper or lower Gafain  high pressure, the interaction between the ladder and the 1D
plane. chain should be more pronounced because of the large

In the present system, the formal oxidation state of Cu ishrinkage along thé axis. At P=5 GPa, for instance, the
+2.25 if 6=0. Holes are therefore “self-doped” in this CugaggerOapica PONdlENgth is roughly calculated as2.5 A
solid solution. If the CyO; ladder and Cu@chain sheets are according to the present compressibility data. Under high
not interacted, the holes enter preferably into GuBains, pressure, therefore, the hole redistribution will be accelerated
which are more electronegative than,Oy planes’®> How-  and hole density in the ladder is expected to increase. We
ever, shrinkage of the intersheet distance leads to redistribipelieve that this is the most important role of high pressure
tion of holes between them. Katt al. suggested by bond- for realizing superconductivity.
valence-sum calculations that holes are almost completely At ambient pressure, the—T curve shows a broad hump
located at the 1D chain sites in,$2u,,0,,. s and they move  with two metal-semiconductor-like transitions near 160 and
into ladder sites with increasing the Ca cont&hafter the 50 K. This strange and characteristic behavior has been ob-
Ca substitution, Osafunet al. found a transfer of the spec- served in samples with the Ca conter# 13.0. The second
tral weight from the high- to low-energy region in an optical increase of the resistivity seems to be explained by localiza-
conductivity spectrum. Based on this result they proposedion of carriers due to random potentigee below. The first
the charge redistribution from the 1D chain site to the laddeincrease near 160 K reminds us of an incomplete Peierls-
one>® From Madelung potential calculations, Mizumo and transition observed in a quasi-1D system such as NB%&°
co-workers have also concluded that holes are located on thhe resistivity of NbSg shows a downturn soon after the
1D chain in the Sr-based phase and Ca substitution makégansition because of incomplete nesting of the Fermi surface
them move to the laddéf:®>® The ladder subsystem is more owing to two-dimensional character in its electronic struc-



57 STRUCTURAL AND ELECTRICAL PROPERTIES UNDE. .. 619

ture. For the present two-leg ladder system, the theory 1300 _, Toopa | ‘ o
strongly suggests competition of the superconducting state —s—1.9GPa 4
and CDW state at low temperature. The first transition near :ggggz
160 K may be attributed to the incomplete Peierls-transition. — 35GPa
Based on this picture, the systematic suppression of the = 1200 ——a400pa
hump with increasing pressure may suggest enhancement of & T asere
two-dimensional character under high pressure. Indeed, a re- g ,,,,,,
cent single-crystal study indicated that resistivity alongahe &
. I ) X o 110
axis (rung direction decreases substantially under high pres- S
sure and it becomes metallic even in a low-temperature
region®® Here, we note variation of tha axis under high
pressure. As described above, thermal shrinkage along the e
axis is pronounced under high pressifey. 9) and this be- 488t o L L ! ]
havior seems to be consistent with the metallic conductivity 042 044 046 048 050 052
along thea axis under high pressure and low temperature. T

Also, it is interesting to compare the effects of the Ca sub-

stitution and pressure on the lattice. If only the carrier doping FIG. 14. Logarithmic resistivity Ipp(T)/p(30 K)] plotted against
due to theb-axis shrinkage is important for superconductiv- T,

ity, even a less Ca-substituted sample may show supercon- _ i
ductivity by applying higher pressure. However, Carrer transfer between localized states near the Fermi level

S1,CayClyOars 5 did Not show superconductivity up to 8.5 vi.a the phonon potential in a rando_m field. In Fhe .fitting qf
GPafL As shown in Table I. both tha andc axis shrink in 9. 14, the slope decreases continuously with increasing
nearly the same percentage after the Ca substitution, whereBEESSUre. This may suggest the evolution of an in-gap state
pressure induces, in the high-temperature region, more anisgd/0r screening of the random potential by increasing hole
tropic intraplane shrinkage with a larger percentage along thd€nSity. Anyway, the carrier localization tends to be sup-
¢ axis than along the axis. The Ca substitution seems, Pressed drastically with increasing pressure. When
therefore, to enhance interladder interaction alongathgis.  —° GPa, the carrier localization vanishes andtakes the
These facts suggest that superconductivity appears after thaximum. The enhancement of the superconductivity is at-

system has two-dimensional character. tributed to an increase of hole density. o
Expecting direct observation of the Peierls transition, we 1€ reason for the suppression of the superconductivity in

carried out electron-diffraction measurements around 100 kihe metallic state above 5 GPa is not yet clear. To discuss the
but no evidence for it was obtained. Even if there appeaglgctromc structure in the m.etalhc region, we fltted.the resis-
extra spots due to the charge order, it may be difficult toVItY data; of 5-6 GPa using a power-law function pf
detect them in the present system because they would bePotAT" (po: residual resistivity. The results are shown
overlapped with the satellite spot®icluding higher order in Fig. 15. Th? data are well fitted assumimdpetween 1 and
reflection$ of the composite lattice. In the temperature de-~2 Over a wide temperature range at least up-@00 K.
pendence of thd axis, however, we found an anomalous Around 300 K, thep(T) deviates from the power law with
behavior near 150 K where the axis does not change the constanh and obeysT-linear dependence. It should pe
smoothly as a function of temperature, which cannot be innoted that such a temperature dependence cannot be inter-
terpreted using the classical Grisen’s equation of stafd.  Preted by the Bloch-Gneisen(BG) theory which is based

If there is really a breaking point, it means an abrupt chang@n the electron-phonon scatten?_?gl_n the BG theory, the

of the thermal-expansion coefficient and the presence of §xPonenin changes from 5 to 1 within a narrow temperature
second-order phase transition. This anomaly may correspond

to the increase of resistivity near 160 K. We need, however, 107 e 0GPa(p 00101, nee ) RN
more detailed studies to clarify this point. In particular, the ' o P=po T
temperature variation of the phonon spectra will be helpful to 15.5GPa(p =0.0063, n=1.7)

observe the softening of the phonon. 107 E

. g . 16.0GPa(p,=0.0041, n=1.5)
The atomic arrangement in the ladder subsystem is largely

modulated by the intersheet interaction. The random poten-
tial influences the carrier transport properties because of nar-
row energy bands of the low-dimensional system. In Fig. 14,
we plotted low-temperature resistivity data of 0-5 GPa nor- A ]
malized at 30 K using the formula of the variable-range- 104 & _
hopping(VRH) schemepx<exd —(Q/MY@* Y], whereQ is o ]
a parameter in proportion to inverse of density of states at
Fermi-surfaceN(Eg), andd is the dimensionality of the car-
rier conduction. The data could be well fitted assurndrg3

as shown in Fig. 14. However, the difference between the
fittings withd=3 andd=1 or 2 was not statistically signifi-
cant. We could not determine the dimensionality of the sys- FIG. 15. A logarithmic plot of p—p,) versusT for the data
tem by this method. The VRH conduction is explained byabove 5 GPa.

p-p, (Qcm)

10 10? 10°
T (K)
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range below Debye temperatusy, : roughly speakingn sure and low temperature to discuss the nature of the elec-
~5 for T~0 andn~1 for T>0.36, . Hence, if one explains tronic state and pressure-induced superconductivity from
the data using the BG theory, an unreasonably high Debyerystallographic aspects. The,9€a;3 C4041.4 s phase sur-
temperature should be assumed. vives at least foP<9 GPa andl'=7 K indicating that it is
Based on the fact that the resistivity obgys py+AT?, responsible for superconductivity observed only under high
Uehareet al. have proposed the normal Fermi-liquid state for pressure. High pressure and the Ca substitution lead to en-
the present system under high pressure where supercondutancement of the interaction between the@uladder and
tivity is realized?® Our data at 5 GPa seems to, roughly the 1D CuQ chain through shrinkage of the intersheet dis-
speaking, obey th&-square law, as well. This behavior is tance. Holes are doped into ladders from 1D chains via lo-
explained assuming that carriers are scattered mainly by spically formed Cuyhgger 3d and Quain 2p hybrid orbitals. An
fluctuations. The approach to tfielinear dependence from anomalous hump was observed in {#d curve in a lower
the T-square-like one near 300 K may be explained in termspressure region and is possibly due to the CDW. Carrier
of antiferromagnetic spin scattering using Fermi-liquid theo-localization observed at low temperature is explained by a
ries as well as that for 2D high; cuprate$~%° According  random potential in the modulated ladder structure. It is sup-
to the self-consistent renormalization theory, pit&) is pro-  pressed drastically with increasing pressure. pHE curves
portional to~ xq- ,T2~T%/(T,T)=T/T; (xq is a staggered in the normal state above 5 GPa obey a power law of tem-
susceptibility, T; is a nuclear spin-lattice relaxation tine perature in the wide range of temperature between 7 and over
Since T; approaches to be constant with increasing200 K, suggesting that carriers are mainly scattered by spin
temperatur€® p(T) is proportional to T at the high- fluctuation as well as in 2D higliz cupratesT, increases up
temperature limit. to ~13 K at 5 GPa, and then is suppressed in the metallic
The exponent approaches to 1 from 2 as pressure irstate above 5 GPa. The reason for the suppression is not clear
creases. In addition, tie-dependent term ip increases with  yet.
pressure. These are completely different from the tendency
often observed in 2D high; cuprates, in which the varia-
tion of resistivity changes gradually fronT-linear to ACKNOWLEDGMENTS
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