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Anisotropic electrical resistivity under high pressure was measured for a single crystal of Sr2.5Ca11.5-
Cu24O41, 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-Tc

superconductivity research is the study of ladder materi
[1]. Such interest has been accelerated by the theor
cal prediction that hole-doped two-leg ladder compoun
could have a superconducting ground state [2–4]. Num
ous experiments have since been carried out in search
superconductivity, and have led to the recent discovery
superconductivity in Sr0.4Ca13.6Cu24O41.84 at Tc  12 K
under high pressure [5]. At present, the Sr142xCaxCu24O41
system is the only known superconducting cuprate witho
a two-dimensional (2D) CuO2 plane.

Sr142xCaxCu24O41 is composed of alternating stack
of a plane consisting of an edge-sharing CuO2 chain, a
SryCa layer, and a plane consisting of a two-leg Cu2O3
ladder. From optical conductivity measurements, we kno
that holes are transferred from the CuO2 chains to Cu2O3
ladders by substituting Sr with Ca [6]. And, consequentl
a relatively high Cu valence on the ladder site is realiz
at largex, i.e., 12.2 at x  11. For x  11 at ambient
pressure,rc, the resistivity along the ladder (c axis) is
characterized by metallic, nearlyT -linear dependence over
a wide temperature region. In contrast,ra, the resistivity
between the ladder (a axis) within the ladder plane, is
characterized by a negative temperature coefficient who
absolute value is about 2 orders of magnitude larg
Such findings indicate that, at ambient pressure, cha
dynamics is essentially one dimensional (1D) and carrie
are confined within each ladder, reminiscent of char
dynamics of high-Tc cuprates in which the carriers are
confined within a CuO2 plane [7]. Another similarity to
high-Tc cuprates is the existence of a spin gap. That
NMR [8,9] and inelastic neutron scattering [10] studie
clearly show the existence of a finite gapsD  33 meVd in
magnetic excitation even atx  11.5, for which metallic
rc is observed. Since the spin gap behavior is a univer
feature of underdoped high-Tc copper oxides, and the 2D
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charge dynamics is considered to be related to the existe
of the spin gap [11], this makes it highly reasonable
surmise that the spin gap plays a crucial role in the 1
charge dynamics of the Sr142xCaxCu24O41 system.

Towards a better understanding of the nature of sup
conductivity in this system, charge dynamics at pressu
high enough to bring about superconductivity should b
clarified. As a conjecture, one might expect two possib
scenarios. In the first, 1D charge dynamics is preserv
under high pressure so that superconductivity is produc
by the development of the pairing correlation within eac
ladder such that the interladder coupling plays a min
role. This scenario corresponds to original theoretical a
guments which neglect interladder coupling. As for th
second scenario, application of high pressure increases
terladder coupling such that a dimensional crossover fro
one to two is eventually induced. The relaxation of char
confinement and hence coherenta-axis charge dynamics
would be the result. If this were the case, interladd
interactions should be taken into account explicitly, an
then superconductivity might be regarded as a phenom
non in the two dimensions.

To determine which of these scenarios is indeed tru
we measured the temperature dependence of the re
tivity of a Sr2.5Ca11.5Cu24O41 single crystal under high
pressure up to 8 GPa. The results show that superc
ductivity under high pressure is accompanied by cohe
ent charge transport between the ladders. Such evide
strongly suggests that the application of pressure trigg
a dimensional crossover from one to two, and that the s
perconductivity in this system can be better described
an anisotropic 2D phenomenon occurring between an
ray of the Cu2O3 ladders.

Single crystal Sr2.5Ca11.5Cu24O41 was grown by the
traveling-solvent floating zone method under oxygen g
at 10 atm. A cubic-anvil-type apparatus was employ
© 1998 The American Physical Society
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to generate hydrostatic pressure [12]. Resistivity w
measured using a standard dc four-probe technique,
the bulk nature of the superconducting transition w
confirmed by an ac susceptibility measurement.

Figures 1(a) and 1(b) show temperature dependent
sistivitiesrc andra of Sr2.5Ca11.5Cu24O41 at various pres-
sures up to 4.5 GPa. At ambient pressure,rc shows
nearly linear temperature dependence above 130 K, wh
below 80 K it shows a sharp upturn indicative of carrie
localization. With increasing pressure, bothrc and ra

rapidly decrease. For instance, at 3.0 GPa, the value
rc at room temperature (RT) is nearly half that at am
bient pressure, a large pressure effect that has not b
observed in 2D cuprates [13]. Note that the resistivi
upturn is weakened with increasing pressure, eventua
vanishing at 4.5 GPa, and where a resistive superc
ducting transition shows a minimum at 9 K. There i
no metallic nonsuperconducting region between the loc
ized and superconducting regions, thus indicating that t
pressure-induced superconductivity is accompanied b
superconductor-insulator (SI) transition. This is a gene
aspect of 2D superconductors showing a SI transition tr
gered by an increase in the sheet resistance, being the
of the underdoped high-Tc cuprates in which an insulating
phase is realized by impurity (Zn) substitution [14]. A

FIG. 1. Effect of pressure on temperature dependence of
resistivity (a) along the ladder directionsrcd and (b) across
(perpendicular to) the ladder in the ladder planesrad of single
crystal Sr2.5Ca11.5Cu24O41 at indicated pressures. Inset show
the pressure dependence ofTc.
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pressures higher than 5 GPa [inset of Fig. 1(a)], a redu
tion Tc is observed, qualitatively consistent with previou
results for polycrystal samples [5].

The pressure dependence ofra is more remarkable. At
ambient pressure, it is characterized by a negative te
perature coefficient indicating incoherent charge dynami
between ladders. As pressure is raised, the temperature
efficient changes to positive and the temperature region
the positiveT coefficient widens. Note that at 4.5 GPa,ra

shows metallic behavior down toTc, which indicates that
increasing pressure induces not only superconductivity b
also coherent charge dynamics perpendicular to the ladd
A resistivity drop is usually seen for pressures higher tha
3 GPa as shown in Fig. 1(b). However, according to th
ac susceptibility measurement, only a small volume fra
tion is superconducting at 3 GPa, and bulk superconduct
ity is realized at pressure higher than 3.5 GPa. Therefo
the onset pressure for superconductivity was defined to
3.5 GPa in the Sr2.5Ca11.5Cu24O41 single crystal.

Figure 2 shows the temperature dependent anisotro
ratio rayrc at various pressures, to illustrate how th
anisotropy evolves with pressure. The ratio at RT is abo
10 and almost independent of pressure, while at ambie
pressure it gets larger with decreasing temperature, rea
ing 85 at 50 K owing to metallicrc and insulatingra.
With increasing pressure, however, the enhancement
rayrc is less pronounced, and therayrc vs T curve is
flattened out at about 4.0 GPa where superconductiv
appears. This result is again reminiscent of the evolutio

FIG. 2. Effect of pressure on temperature dependence of t
anisotropic ratiorayrc of single crystal Sr2.5Ca11.5Cu24O41 at
indicated pressures. Inset shows the anisotropic ratiorayrc
above 4.5 GPa.
1091



VOLUME 81, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 3 AUGUST 1998

r-
e
e
is
uc-
f
to
.
nt
the

ed
-
n-

ese
re

ur-
es
re-

der
by

ith
on-
g

irs
of

irs
airs

re-

-
is
e
hat
g-

at
nd
pin

re

at

ds

ase

on
ng,
er
in
,

FIG. 3. Effect of pressure on temperature dependence
the average resistivityfrav  srp

arcd1y2g of single crystal
Sr2.5Ca11.5Cu24O41 at indicated pressures. The horizonta
line represents the universal value,hy4e2  6.5 kV, i.e.,
the critical sheet resistance for SI transition in typical 2
superconductors.

of the anisotropic resistivity with doping in high-Tc

cuprates [7] and suggests that the charge dynamics in
superconducting phase is 2D rather than 1D in thea-axis
(interladder) hopping. It is noteworthy that the effect o
increasing pressure is obviously distinct from that of C
substitution. Although bothra andrc also decrease with
Ca substitution, Ca works opposite for the evolution
rayrc, enhancing anisotropy [15]. The Ca substitutio
is regarded as a chemical pressure because of its sma
ionic radius, leading to the lattice contraction, and its m
jor effect on the ladders is to increase the hole density [
The application of pressure also has an effect of increas
carrier density in the ladders as inferred from the decrea
in the slope of therc vs T curve shown in Fig. 1. How-
ever, the contrasting evolution ofrayrc appears to point
toward another more relevant effect of pressure, possi
an enhancement of interladder hopping, which would
more crucial for the superconductivity in this system.

As to whether or not the charge dynamics under hig
pressure is anisotropic 2D, the following evidence mig
clarify. The first and strongest evidence is thatra and
rc show quite similar temperature dependence, whi
indicates that both parameters are subject to the sa
scattering mechanism. Moreover, the recent band struct
calculation by Arai and Tsunetsugu [16] estimates neare
neighbor interladder hopping to be 5%–20% of intraladd
hopping; hence, the anisotropic ratio of one-particle ba
masssmayncd is from 5 to 20, in agreement with the value
of rayrc at high pressures. This in turn suggests that t
anisotropy is mainly due to the anisotropic effective ma
rather than the anisotropic scattering mechanism.

Another evidence for the 2D charge dynamics is a
transition at around 4 GPa boundary. Figure 3 sho
the temperature dependence of 2D sheet resistance [
culated from the geometrical average,rav  srp

arcd1y2]
per one Cu2O3 ladder plane at various pressures. No
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that the critical resistivity separating insulator from supe
conductor nearly coincides with the universal valu
hy4e2  6.5 kV, namely, the critical sheet resistanc
of SI transition in 2D superconductors [14,17,18]. Th
coincidence also supports the fact that the supercond
tivity in this system is 2D in nature, and that the role o
pressure is to transform the electronic state from 1D
2D, appearing to be indispensable for superconductivity

Regarding the origin of 1D charge dynamics at ambie
pressure, a possible scenario is that holes doped into
spin ladders form pairs (bipolarons). They are confin
with a ladder but can move coherently along it. How
ever, it is not straightforward to conclude that the superco
ductivity is a consequence of Bose condensation of th
“preformed” pairs, since the actual situation is much mo
complicated.

From the present result, one may guess that the occ
rence of coherenta-axis charge transport at high pressur
is due to single holes dissolved from the hole pairs p
sumably as a consequence of an increase in the interlad
coupling. The recent high-pressure NMR experiments
Mayaffre et al. [19] on Sr2Ca12Cu24O41 have shown that
the spin gap existing at ambient pressure is filled in w
increasing pressure, forming a pseudogap in the superc
ducting region. It is reasonable to say that spin gap fillin
is correlated with the progressive dissociation of hole pa
with pressure. The theory addressing the occurrence
superconductivity by the condensation of preformed pa
should accordingly be reconsidered although these p
likely exist at ambient pressure.

Nagata et al. [20] have recently discovered, by the
use of specific heat and neutron scattering measu
ments, a distinct antiferromagnetic order atTN ø 2.1 K
in Sr2.5Ca11.5Cu24O41 at ambient pressure. While a de
tailed magnetic structure remains to be elucidated, it
likely that the magnetic ordering is due to some of th
unpaired holes breaking up spin singlet states, and t
at low temperatures the revived spins order antiferroma
netically. Accordingly, the ground state of this system
ambient pressure might be one in which both paired a
unpaired holes coexist and holes and spins float in a “s
liquid sea,” basically moving along thec axis at high tem-
perature until the holes are localized at low temperatu
and the spins finally order atTN ø 2.1 K.

Degradation ofTc with “overpressure” is also signifi-
cant. TheTc vs P curve has a dome shape, peaking
4.5 GPa withTc  9 K, while ongoing from 5 to 8 GPa,
Tc decreases to 4 K [see inset of Fig. 1(a)]; this remin
us of the overdoping effect in high-Tc cuprates. Some
classes of high-Tc cuprates show a peak inTc vs pressure,
which is interpreted as being overdoped due to an incre
in carrier density with pressure [21]. In light of the
present results, however, a major effect of pressure
the ladder cuprate is to increase the interladder coupli
and so this behavior implies that overly strong interladd
coupling does not favor superconductivity. Indeed,
La12xSrxCuO2.5 discovered by Hiroi and Takano [22]
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FIG. 4. Effect of pressure on temperature dependence
resistivity along the ladder directionrc of a Sr2.5Ca11.5Cu24O41
single crystal at indicated pressures. Solid lines show the b
fitted curves with power law at indicated pressures. Inset sho
the pressure dependence of the power law exponentn, where
r  r0 1 ATn.

no sign of superconductivity exists even though holes a
successfully doped. The most plausible explanation f
the absence of superconductivity is a strong interladd
coupling which makes this system a 3D Fermi liquid
In fact, experiments on single crystal La12xSrxCuO2.5
showed that resistivity follows the characteristicT2-
temperature dependence in every direction as expected
a Fermi liquid [23]. Similar resistivity behavior is also
observed in the present system at high pressures whereTc

decreases. Figure 4 shows the typical examples of theT
dependence ofrc at 1.5, 4.5, and 8.0 GPa, which were
fitted with the simple power law,

r  r0 1 ATn . . . . (1)

Solid lines in the figure indicate the best fitted curve
of Eq. (1) with n  1.04 (1.5 GPa), 1.29 (4.5 GPa),
and 1.76 (8.0 GPa) to the experimental data above 1
K. The inset shows the pressure dependence of
exponentn, and suggests that as pressure is increas
the temperature dependence changes fromT linear to
almostT2 dependence, i.e., at 8.0 GPa, theT2 dependence
persists from 50 K to RT, which suggests that stron
interladder interactions transform the system into a Fer
liquid with two or three dimensions as in the case o
La12xSrxCuO2.5.

In summary, anisotropic electrical resistivity unde
high pressure was measured for a single crystal
Sr2.5Ca11.5Cu24O41, a hole-doped two-leg ladder com-
pound. An insulator-to-superconductor transition wa
observed at,4.0 GPa, accompanied by incoherent-to
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coherent crossover of the transverse (interladder) char
transport. The application of pressure therefore trigge
dimensional crossover in the charge dynamics from on
to two, and the superconductivity in this ladder compoun
might be a phenomenon in a 2D anisotropic electroni
system.
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