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Anisotropic electrical resistivity under high pressure was measured for a single crystakGbhSk-
Cuy 0y, a hole-doped two-leg ladder compound. Superconductivity was observed between 3.5 and
8 GPa, accompanied by metallic resistivity between the ladders, which indicates semiconducting
behavior at ambient pressure. This in turn strongly suggests that the application of pressure brings
about a dimensional crossover from one to two, and that superconductivity in this system is a
consequence of an insulator to superconductor transition in the anisotropic two-dimensional system.
[S0031-9007(98)06739-8]
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One of the most active areas stemming from high- charge dynamics is considered to be related to the existence
superconductivity research is the study of ladder materialef the spin gap [11], this makes it highly reasonable to
[1]. Such interest has been accelerated by the theoretsurmise that the spin gap plays a crucial role in the 1D
cal prediction that hole-doped two-leg ladder compoundgharge dynamics of the 8r.,Ca,Cu;,O4; system.
could have a superconducting ground state [2—4]. Numer- Towards a better understanding of the nature of super-
ous experiments have since been carried out in search obnductivity in this system, charge dynamics at pressures
superconductivity, and have led to the recent discovery ofiigh enough to bring about superconductivity should be
superconductivity in $Ca36ClyOy184 at T, = 12 K clarified. As a conjecture, one might expect two possible
under high pressure [5]. At present, thg,;StCa,Cuh, Oy scenarios. In the first, 1D charge dynamics is preserved
system is the only known superconducting cuprate withoutinder high pressure so that superconductivity is produced
a two-dimensional (2D) Cufplane. by the development of the pairing correlation within each

Sr4—Ca.Cuy Q4 is composed of alternating stacks ladder such that the interladder coupling plays a minor
of a plane consisting of an edge-sharing Gughain, a role. This scenario corresponds to original theoretical ar-
Sr/Ca layer, and a plane consisting of a two-leg,Ou  guments which neglect interladder coupling. As for the
ladder. From optical conductivity measurements, we knovsecond scenario, application of high pressure increases in-
that holes are transferred from the Gué€hains to CuwOs;  terladder coupling such that a dimensional crossover from
ladders by substituting Sr with Ca [6]. And, consequently,one to two is eventually induced. The relaxation of charge
a relatively high Cu valence on the ladder site is realized¢onfinement and hence coherentixis charge dynamics
at largex, i.e., +2.2 atx = 11. Forx = 11 at ambient would be the result. If this were the case, interladder
pressure,p., the resistivity along the ladder (axis) is  interactions should be taken into account explicitly, and
characterized by metallic, nearfitlinear dependence over then superconductivity might be regarded as a phenome-
a wide temperature region. In contrast, the resistivity non in the two dimensions.
between the laddera(axis) within the ladder plane, is  To determine which of these scenarios is indeed true,
characterized by a negative temperature coefficient whosge measured the temperature dependence of the resis-
absolute value is about 2 orders of magnitude largettivity of a S sCa;5CwyOy4 single crystal under high
Such findings indicate that, at ambient pressure, chargaressure up to 8 GPa. The results show that supercon-
dynamics is essentially one dimensional (1D) and carrierductivity under high pressure is accompanied by coher-
are confined within each ladder, reminiscent of chargesnt charge transport between the ladders. Such evidence
dynamics of highF,. cuprates in which the carriers are strongly suggests that the application of pressure triggers
confined within a Cu@ plane [7]. Another similarity to a dimensional crossover from one to two, and that the su-
high-T. cuprates is the existence of a spin gap. That isperconductivity in this system can be better described as
NMR [8,9] and inelastic neutron scattering [10] studiesan anisotropic 2D phenomenon occurring between an ar-
clearly show the existence of a finite gao = 33 meV)in  ray of the CyO; ladders.
magnetic excitation even at= 11.5, for which metallic Single crystal SrsCa;;5CwhyO4 was grown by the
p. is observed. Since the spin gap behavior is a universdtaveling-solvent floating zone method under oxygen gas
feature of underdoped high- copper oxides, and the 2D at 10 atm. A cubic-anvil-type apparatus was employed
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to generate hydrostatic pressure [12]. Resistivity wapressures higher than 5 GPa [inset of Fig. 1(a)], a reduc-
measured using a standard dc four-probe technique, arithn 7. is observed, qualitatively consistent with previous
the bulk nature of the superconducting transition wagesults for polycrystal samples [5].
confirmed by an ac susceptibility measurement. The pressure dependencemfis more remarkable. At
Figures 1(a) and 1(b) show temperature dependent rembient pressure, it is characterized by a negative tem-
sistivitiesp. andp, of Sr 5Ca; 5Cu;O4; at various pres- perature coefficient indicating incoherent charge dynamics
sures up to 4.5 GPa. At ambient pressuysge, shows between ladders. As pressure is raised, the temperature co-
nearly linear temperature dependence above 130 K, whilefficient changes to positive and the temperature region of
below 80 K it shows a sharp upturn indicative of carrierthe positivel’ coefficient widens. Note that at 4.5 GRag,
localization. With increasing pressure, bgth and p,  shows metallic behavior down @., which indicates that
rapidly decrease. For instance, at 3.0 GPa, the value dficreasing pressure induces not only superconductivity but
p. at room temperature (RT) is nearly half that at am-also coherent charge dynamics perpendicular to the ladder.
bient pressure, a large pressure effect that has not bednresistivity drop is usually seen for pressures higher than
observed in 2D cuprates [13]. Note that the resistivity3 GPa as shown in Fig. 1(b). However, according to the
upturn is weakened with increasing pressure, eventuallgc susceptibility measurement, only a small volume frac-
vanishing at 4.5 GPa, and where a resistive supercorion is superconducting at 3 GPa, and bulk superconductiv-
ducting transition shows a minimum at 9 K. There isity is realized at pressure higher than 3.5 GPa. Therefore,
no metallic nonsuperconducting region between the localthe onset pressure for superconductivity was defined to be
ized and superconducting regions, thus indicating that thi8.5 GPa in the $SCa;; 5Cw40y4; single crystal.
pressure-induced superconductivity is accompanied by a Figure 2 shows the temperature dependent anisotropy
superconductor-insulator (Sl) transition. This is a generatatio p,/p. at various pressures, to illustrate how the
aspect of 2D superconductors showing a Sl transition triganisotropy evolves with pressure. The ratio at RT is about
gered by an increase in the sheet resistance, being the cald® and almost independent of pressure, while at ambient
of the underdoped higlfi: cuprates in which an insulating pressure it gets larger with decreasing temperature, reach-
phase is realized by impurity (Zn) substitution [14]. At ing 85 at 50 K owing to metallip,. and insulatingp,,.
With increasing pressure, however, the enhancement in
pa/pe is less pronounced, and the /p. vs T curve is
flattened out at about 4.0 GPa where superconductivity
appears. This result is again reminiscent of the evolution
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FIG. 1. Effect of pressure on temperature dependence of the

resistivity (a) along the ladder directiofp.) and (b) across FIG. 2. Effect of pressure on temperature dependence of the
(perpendicular to) the ladder in the ladder pldmpe) of single  anisotropic ratiop,/p. of single crystal Sr;sCa;; sCu4O4; at
crystal SgsCay;sCwyO4 at indicated pressures. Inset showsindicated pressures. Inset shows the anisotropic ratio.

the pressure dependencelot above 4.5 GPa.
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30— that the critical resistivity separating insulator from super-

k conductor nearly coincides with the universal value
h/4e* = 6.5 k), namely, the critical sheet resistance
of Sl transition in 2D superconductors [14,17,18]. This
coincidence also supports the fact that the superconduc-
tivity in this system is 2D in nature, and that the role of
pressure is to transform the electronic state from 1D to
2D, appearing to be indispensable for superconductivity.

Regarding the origin of 1D charge dynamics at ambient
pressure, a possible scenario is that holes doped into the
st i'____,,/ ] spin ladders form pairs (bipolarons). They are confined
| ] with a ladder but can move coherently along it. How-

: ever, itis not straightforward to conclude that the supercon-
ductivity is a consequence of Bose condensation of these
“preformed” pairs, since the actual situation is much more
FIG. 3. Effect of pressure on temperature dependence ofomplicated.
the average resistivity{ p,, = (p;p.)"/*] of single crystal From the present result, one may guess that the occur-
Sn.sCa1sCyOy at indicated pressures.  The horizontal ronce of coherent-axis charge transport at high pressures
line represents the universal valué/4e> = 6.5 kQ, ie., . . . .
the critical sheet resistance for Sl transition in typical 2D!S due to single holes dissolved from the ,h0|e palrs pre-
superconductors. sumably as a consequence of an increase in the interladder
coupling. The recent high-pressure NMR experiments by
of the anisotropic resistivity with doping in high-  Mayaffreet al. [19] on SCa,Cuw404; have shown that
cuprates [7] and suggests that the charge dynamics in thbe spin gap existing at ambient pressure is filled in with
superconducting phase is 2D rather than 1D indkexis  increasing pressure, forming a pseudogap in the supercon-
(interladder) hopping. It is noteworthy that the effect of ducting region. It is reasonable to say that spin gap filling
increasing pressure is obviously distinct from that of Cais correlated with the progressive dissociation of hole pairs
substitution. Although botlp, andp. also decrease with with pressure. The theory addressing the occurrence of
Ca substitution, Ca works opposite for the evolution ofsuperconductivity by the condensation of preformed pairs
pa/pe, €nhancing anisotropy [15]. The Ca substitutionshould accordingly be reconsidered although these pairs
is regarded as a chemical pressure because of its smalléely exist at ambient pressure.
ionic radius, leading to the lattice contraction, and its ma- Nagataet al.[20] have recently discovered, by the
jor effect on the ladders is to increase the hole density [6Juse of specific heat and neutron scattering measure-
The application of pressure also has an effect of increasingients, a distinct antiferromagnetic orderZat = 2.1 K
carrier density in the ladders as inferred from the decrease Sr, 5Ca;5Cu4, 04 at ambient pressure. While a de-
in the slope of thep. vs T curve shown in Fig. 1. How- tailed magnetic structure remains to be elucidated, it is
ever, the contrasting evolution @f,/p. appears to point likely that the magnetic ordering is due to some of the
toward another more relevant effect of pressure, possiblynpaired holes breaking up spin singlet states, and that
an enhancement of interladder hopping, which would bet low temperatures the revived spins order antiferromag-
more crucial for the superconductivity in this system. netically. Accordingly, the ground state of this system at

As to whether or not the charge dynamics under highambient pressure might be one in which both paired and
pressure is anisotropic 2D, the following evidence mightunpaired holes coexist and holes and spins float in a “spin
clarify. The first and strongest evidence is that and liquid sea,” basically moving along theaxis at high tem-

p. show quite similar temperature dependence, whiclperature until the holes are localized at low temperature
indicates that both parameters are subject to the sanand the spins finally order &y = 2.1 K.

scattering mechanism. Moreover, the recent band structure Degradation ofT. with “overpressure” is also signifi-
calculation by Arai and Tsunetsugu [16] estimates nearestant. TheT. vs P curve has a dome shape, peaking at
neighbor interladder hopping to be 5%—-20% of intraladde#.5 GPa withT, = 9 K, while ongoing from 5 to 8 GPa,
hopping; hence, the anisotropic ratio of one-particle band’. decreases to 4 K [see inset of Fig. 1(a)]; this reminds
mass(m,/n.) is from 5 to 20, in agreement with the value us of the overdoping effect in high; cuprates. Some

of p,/p. at high pressures. This in turn suggests that thelasses of high. cuprates show a peak i vs pressure,
anisotropy is mainly due to the anisotropic effective massvhich is interpreted as being overdoped due to an increase
rather than the anisotropic scattering mechanism. in carrier density with pressure [21]. In light of the

Another evidence for the 2D charge dynamics is a Sphresent results, however, a major effect of pressure on
transition at around 4 GPa boundary. Figure 3 showshe ladder cuprate is to increase the interladder coupling,
the temperature dependence of 2D sheet resistance [caRd so this behavior implies that overly strong interladder
culated from the geometrical average, = (p!p.)"/?] coupling does not favor superconductivity. Indeed, in
per one CwO; ladder plane at various pressures. NotelLa;—,Sr,CuO, s discovered by Hiroi and Takano [22],
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Tr ; coherent crossover of the transverse (interladder) charge
transport. The application of pressure therefore triggers

o 12 o dimensional crossover in the charge dynamics from one
sf = 1:4 . to two, and the superconduptivity in thi_s Iadde_r compoun_d
L might be a phenomenon in a 2D anisotropic electronic
af o system.
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