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1. INTRODUCTION

The study of ladder materials has in recent years become one of the central issues in the
field of condensed matter physics. Ladder materials, which contain a structural unit
composed of coupled arrays of one-dimensional (1D) chains, are considered to be an
interesting intermediate step between one- and two-dimensional (2D) systems [1-5]. In fact, it
is now recognized that the crossover from 1D to 2D is far from straightforward and that
ladder materials by themselves exhibit a variety of new physics.

Historically, studies on ladder material were motivated by the discovery of high-transition-
temperature (high-T;) superconductors occurring in 2D spin-1/2 (S=1/2) Heisenberg
antiferromagnets [6]. Two theoretical predictions have particularly triggered extensive
research [1,2].

First, ladders made from an even number of spin-1/2 Heisenberg chains (even-leg ladders)
are expected to have a unique spin-liquid ground state with short range spin correlation,
where there exists a finite energy gap (“spin gap”) to the lowest excited state. The spin gap,



more frequently called the pseudogap, is a key feature of high-T, superconductors,
particularly in the low carrier concentration region. Ladder materials are in this context
considered to be good references to gain insights into the pseudogap physics of high-T,
superconductors.

Second, and a more intriguing hypothesis, is the possible occurrence of superconductivity
in even-leg ladders when they are doped with holes, similar to the high-T, materials in which
holes are doped into 2D copper-oxygen (CuQ,) planes. The symmetry of pairing is predicted
to be d-wave like [7], adding to the similarities between doped ladders and doped 2D planes.

Stimulated by these theoretical suggestions, intensive experimental studies have been
carried out, with a variety of cuprate ladder materials having been newly discovered. For
instance, (i) the existence of a spin gap was confirmed for SrCu,03, a prototype of a two-
ladder compound [8,9], (ii) hole-doping into two-legged ladders was first achieved on
LaCuO, s by replacing La with Sr [10], and (iii) superconductivity at 12.5 K was observed in
Sr14-xCaxCuz404; under a pressure of 3 GPa [11].

Here, we review experimental results on cuprate spin ladder materials, emphasizing those
for Sri4xCaxCuz404;. In Sec. 1.2, brief theoretical background is provided, while Sec. 1.3
introduces typical cuprate spin ladder materials. In Chap. 2, we review the magnetic
properties of hole-doped edge-sharing S=1/2 chains, a constituent of (Sr,Ca);4Cuy404,, after
which the normal state properties of (Sr,Ca);4Cuz4O4; are considered in Chap. 3, with
emphasis on the effect of Ca substitution on charge dynamics of hole-doped two-leg ladders.
Superconducting properties are then discussed in Chap. 4, being followed by Chap. 5 which
discusses the consistency between theory and experiments of ladder and summarizes novel
physical insights obtained by a series of experiments on (Sr,Ca);4Cu,404;. Readers should
note that our review is in addition to other excellent reviews on spin ladder system [3-5].

1.2 Theoretical Background
1.2.1 Magnetic ground state of S=1/2 ladders

The S=1/2 Heisenberg antiferromagnetic (AF) ladders are defined by the Hamiltonian

H :‘JZSI 'S|+>‘< +JVZSI 'S|+y~

Here i indicates lattice sites where spin-1/2 operators § are located, while J and J' are the AF
exchange coupling constant (>0) along the leg and rung of the ladders, respectively (Fig. 1-
1(a) and (b)). The width of the ladder depends on the number of legs, with the 1D chain and
2D plane respectively corresponding to one-leg and o -leg ladders having isotropic coupling
J=J. Note that 1D and 2D S=1/2 AF spin systems are both well understood. In 2D ones, the
ground state is a long-range AF order, while in 1D ones the ground state is a “quasi” long-
range AF order since a true long-range order is prevented due to a strong quantum fluctuation.
In the 1D chain and 2D plane there is no cost in energy to create an excited state with S=1,
1.e., there is no spin gap.

In contrast to these two limiting cases, spin ladders with an even number of legs behave
quite differently, in that the ground state is characterized by a short-range spin correlation.
They are accordingly referred to as a “spin-liquid,” having a finite spin gap in their spin
excitation spectrum. An intuitive explanation is that J is much stronger than J (strong



coupling limit), i.e., two neighboring spins located on the same rung form a spin-singlet. The
ground state corresponds to the direct product of these spin singlets (Fig. 1-1 (a)). Since each
singlet has zero spin, the total spin of the system is zero. To create an excited state, a singlet
is turned into a S=1 triplet, where one spin triplet has energy J' above the spin singlet. S=1
spin excitation propagating along the ladders is represented as the following dispersion

E(k) =J'+Jcos(k) .

This excitation spectrum apparently has a finite spin gap Asg=E(m)=J-J. Although the
above description assumes J<<J’, many theoretical studies have confirmed that the essential
physics holds down to the other limit of J <<J, providing J' is finite. In the isotropic (J=J")
case, numerical studies estimate Asg to be 1/2  J[12,13]. Asg decreases with the number of
legs, n, which should be expected since the system approaches a gapless 2D plane with
increasing N. However, 4sg is predicted to be finite as long as n takes an even and finite value
[2].

Odd-leg ladders show different behavior, i.e., in the strong coupling limit the ground state
of the spins located in the same rung has a total spin 1/2 (Fig. 1-1(b)). The system is therefore
considered to be composed of S=1/2 1D AF chains with coupling constant J which is gapless.
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Fig. 1-1

Schematic representations of spin ladders. The ground state of a two- (a) and three- (b)
leg ladder in the J>>J limit. Pairs of spins along the same rung form a S=0 (a) and
S=1/2(b) state, respectively. (¢) and (d) represent a two-leg ladders doped with two
holes. When the holes are located in different rungs, each hole destroys one spin singlet.
On the other hand, when two holes reside in the same rung, there is no broken singlet
bond (figures from ref. [14]).



1.2.2 Hole-doping into spin ladders

When holes are doped into spin ladders they are expected to interact with the magnetic
background. Again, let us consider the strong coupling limit case. When one hole is doped
into a two-leg ladder it breaks up one spin singlet bond (Fig. 1-1 (c)) such that the system
loses the energy gain caused by the singlet formation. If the second hole is located away from
the first one, two singlet pairs are broken. On the other hand, if the two holes are located on
the same rung, the number of the broken singlet bond is reduced from two to one. It is
therefore energetically more favorable to create a hole pair in the same rung versus creating
free spins in a different rung.

Superconductivity in doped ladders is expected to be d-wave like in a sense that the pairing
amplitude along the legs has a sign opposite from that along the rungs. This is reminiscent of
the d-wave nature of high-T, superconductors, presumably suggesting a common origin of
superconductivity in two-leg ladders and 2D planes.

Although hole pairing in two-leg ladders may persist as long as a spin gap exists, the spin
gap ground state becomes unstable due to hole-doping. In fact, theoretical studies suggest that
the magnitude of the spin gap decreases as hole-doping increases [1].

Finally, by making use of gapful spin modes which coexist with gapless ones, Kimura et al.
[15] reported that superconductivity also appears in three-leg ladders.

1.3 Materials Overview
1.3.1 SrCu,03 and Sr,Cuz0s : prototypical two- and three-leg ladders

SrCu,03 and Sr,Cu;Os were discovered by Hiroi et al. in 1991 [9], belonging to
homologous series Srp.1Cun1O2n (N = 3,5,:+-) composed of Cun:1O2n planes alternating with
Srn.1 planes. Figure 1-2 shows the structure of the Cu,Os (Fig. 1-2(a)) and CuzOs (Fig. 1-2(b))
planes.

The indicated spin ladder structures are formed by introducing a parallel array of planar
defects into 2D CuO, planes. A Cu”" ion has a single hole in the dxz—yz orbital which points
toward the oxygen atoms located at the corners of a CuQO, square. Consequently, within the
legs and also along the rungs, a strong superexchange interaction should occur through linear
Cu-O-Cu bonds, while the interaction through 90° Cu-O-Cu bonds across the interface
between ladders must be much weaker and could even be ferromagnetic. The inter-ladder
interactions are also strongly frustrated due to geometrical considerations. Each ladder is
nearly isolated as a result.

Magnetic susceptibility (y(T)), NMR, and #SR measurements of SrCu,Os and Sr,CuzOs
have confirmed the predicted even-odd discrepancy between two- and three-leg ladders [8, 16,
17]. For SrCu,0s3, the signature of a spin gap manifests itself as an exponential drop in y(T).
A fit using #(T)~T "2exp(-Asa/T) [18] yields Asg =420 K [8], while Asg= 680 K is obtained
from NMR results [16]. On the other hand, the magnetic ground state of Sr,Cu3Os is a long-
ranged AF ordered state with Néel temperature Ty=52 K [17].

Finally, these two systems can only be synthesized under high pressure which makes single
crystal growth difficult, and carrier doping has not been successful on either system.



Fig. 1-2
Shematic drawings of the Cu,O; plane of SrCu,Os3 and Cu;30s plane of Sr,Cus0s.

The filled circles are Cu atoms and O atoms are located at the intersection of the
solid lines [8].
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Fig 1-3

Schematic representation of CuO, planes in LaCuO;s. In LaCuO, s, one of the four oxygen
atoms is missing (a). Jahn-Teller distortion forces the displacement of oxygen atoms as
indicated by the arrows, resulting in the formation of two-leg ladder structures as shown in
(b). In this figure, shorter (longer) Cu-O bonds are shown with solid (broken) lines.

(c) Perspective view of LaCuO;s along the c-axis. Components of each ladder unit are

connected by solid lines. Large, medium, and small balls represent La, Cu, and O atoms,
respectively [14].

1.3.2 LaCuO;s: a hole-doped ladder system

In 1995, Hiroi and Takano [10] succeeded in synthesizing LaCuO, s using a high-pressure
synthesis technique. This compound contains two-leg ladders within a 3D crystal structure.
The framework of LaCuO,s is deduced from the LaCuO; lattice by creating oxygen
vacancies in the basal plane of the CuOg octahedra. Rows of oxygen atoms are eliminated
along c-axis, thus forming 1D tunnels parallel to this direction. The 1D arrays of oxygen



vacancies, together with the displacement of oxygen atoms due to a Jahn-Teller distortion,
create two-leg ladder structures running along the c-axis.

Similar to 2D high-T, cuprates such as La, xSryCuQs, one can dope holes into LaCuO; 5 by
substituting Sr for La (La;xSrxCuO;s). Resistivity measurements indicate that the insulator-
to-metal transition takes place between X = 0.18 and x = 0.20 [10]. However, contradictory to
theoretical conjectures, there is no signature of superconductivity in the metallic sample. Two
explanations have been proposed to account for the absence of superconductivity: (1)
superconductivity is suppressed due to the random potential caused by the replacement of Sr
by La, and (2) finite interladder coupling may stabilize the 3D Néel ordered state instead of a
spin-liquid state expected in an isolated spin ladder. Explanation (2) seems to be consistent
with the NMR and 4SR results which report the presence of an antiferromagnetic order
below Tx~110 K in LaCuO,5[19, 20].

1.3.3 A14Cup404; (A=Sr, Ca, Ba, Y, La) : a superconducting ladder

N T A14Cuz4041, a so called “telephone number”
ﬁ%\ T g . compound, was first reported by McCarron et
% 7 Mﬂ?‘ b al. and Siegrist et al. [21, 22]. It is classified

as a composite crystal since it is composed of

b (Al el e A . . .
multiple interpenetrating layered substructures,
,,,5{5- \% *5Ca : .
ATAr L et Oy namely, edge-sharing CuO, chain planes, A-
e £ \{,‘g" "0 planes, and Cu,Os-two-leg ladder planes (Fig.
£y ' ; 1-4). The two Cu-O substructures are
b Tl R mutually incommensurate because the rate of
o e o g e their lattice constants along the c-axis (along
o _ NP T i i - the ladders/chains), Ciagder/ Cchain, takes an
L] - L] ' [ L BREE B . .
B, . _ s . irrational value. These two substructures
S B L A A s ¢ become nearly commensurate at 10x Cepain~ 7
w P " 'g-:-' = et X  Chadder ~ 27 A. Due to mutual
. a M . - incommensurability, structural modulations
p . I £ WP B between the substructures may occur. The a-
g JLY 2 2 R axis (along the rung) and b-axis
. g gt (perpendicular to the ladder planes) unit cell
TEHANS LADUERS lengths are 11.48 and 13.41 A, respectively.

Fig. 1-4 Crystal structure of (Sr,Ca);4Cu0O4; Single crystals can be grown by the traveling-
solvent floating zone method, and a high O,-
gas pressure of 10 atm is needed for high-Ca doping samples.

Physical properties dramatically change by the chemical substitution of Sr atoms. Although
the nominal Cu valence of Sr;4Cuz4QO4; is +2.25 such that the holes are “self-doped” into the
system even in a pristine form, Sr;4Cuy4O4; nevertheless shows insulating behavior. The
existence of a spin gap in the CuyOs-two-leg ladder plane has been confirmed by many
experiments [23-28], with metallic behavior being observed through the substitution by Ca in
a form Srj4xCayCuz404; with X>10. Superconductivity appears when a high pressure,
typically more than 3GPa, is applied to metallic samples.



As described in the following chapters, extensive experimental research on Sry.
xCaxCuy404; has revealed fundamental physical properties of hole-doped edge-sharing chains
and two-leg ladders.

2. MAGNETISM IN THE EDGE-SHARING CuO,; CHAINS

2.1 Magnetic Properties of the Edge-Sharing CuO, Chains for the Sr14Cu»404;-type
Compound

2.1.1 Basic properties of the Sr14Cu404;-type compound

Sr14Cu2404; consists of a CuyOs-two-leg ladder plane and edge-sharing 1D CuO, chain
plane. The low-energy magnetic properties exhibited by this compound are determined by
those in the 1D chain, i.e., the spins in the Cu,O3 ladder form a singlet ground state with a
large spin gap Asg ~40 meV (described in Chap. 3). This section discusses magnetic
properties of the 1D chain of the Srj4Cuy404;-type compound.
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Figure 2-1 shows a schematic structure of the edge-sharing 1D chain, where copper spins
are coupled along the chains by the nearly 90° Cu-O-Cu interaction. The nearest-neighbor
(NN) and the next-nearest-neighbor (NNN) exchange interactions are denoted by J; and J,,
respectively. The value of J; and J; strongly depend on the bond angle & and bond distance
dcu-o [29]. In particular, J; changes its signat 8= 95°.

Another interesting feature of the 1D chain in Srj4Cuy404 is that it can be hole-doped. The
doped holes, which are located at O 2p orbitals, strongly couple with Cu®" ions so as to form



a S=0 singlet state (frequently referred to as Zhang-Rice (ZR) singlet) [30]. Hole-doping into
the chains is therefore equivalent to introducing a S=0 state in the spin chain. For Srj4Cup4Oyuj,
the number of holes can be controlled by the chemical substitution of trivalent ions such as
La** or Y*' ions at the Sr site in forms of St14xYxCu2404; and CajsxLayCu404;. Figure 2-2
shows a magnetic phase diagram of the substituted system, where the end material
CaglagCuy404;, in which all Cu atoms in the chains (also in the ladders) are divalent and
carry S=1/2 spins, exhibits a magnetic order below Tx=12.2 K [31, 32]. The Cu moments are
aligned ferromagnetically along the chain (c-axis) such that these ferromagnetic chains form
a spiral structure with a rotation angle of ~2n/5 along the a-axis [32]. Along the b-axis,
however, the spins are aligned antiferromagnetically. Upon hole-doping, Ty gradually
decreases as indicated. CagLasCup4QO4;, in which holes are slightly introduced (~10%), has a
long-range AF order below Ty = 10.5 K with a commensurate magnetic structure—a
ferromagnetic arrangement within the chain and antiferromagnetic correlations between
chains [33]. This long-range AF order disappears around X~3. For X < 3, a dimerized singlet
state shows up as a magnetic ground state. The singlet ground state becomes most stable in
the end material Sr14Cuy404; with a hole concentration of 60 %.

2.1.2 Singlet ground state in Sr;4Cuy404;

The singlet ground state in the 1D chain in Sr;4Cuy4O4; was first reported using
magnetization [31,34,35] and ESR measurements [35]. Figure 2-3 shows the temperature
dependence of the magnetic susceptibility (y(T)) for Sr14Cuz4O4;, together with those for the
Y- and Ca-substituted samples [36]. Note that »(T) is dominated by the contribution from the
1D chain since the spins in the Cu,O3 ladder form a singlet ground state with a large spin gap
Asg ~ 40 meV. As shown in Fig. 2-3 (a), (T) indicates a broad peak and a subsequent drop at
low temperatures. This drop is isotropic and goes down to zero after subtracting the Curie
term contribution; thereby suggesting the formation of a spin gap with magnitude of about
130 K. Many studies have been performed to elucidate the origin of the spin gap in the 1D
chains, making it clear that the nonmagnetic Cu sites (ZR singlets) play an important role.
For example, a neutron scattering study revealed that the spin singlet ground state consists of
the dimmers formed by two S=1/2 Cu®" spins and one ZR singlet located between the two
Cu* spins [37]. The exchange interaction between the two Cu spins (~10 meV) is mediated
via a nonmagnetic ZR singlet. A question arises as to how the dimers are arranged and
interact with each other. Although it was first thought that each dimer is separated by one ZR
singlet [37], ultimately each dimer was found to be separated by two ZR singlets as described
next [24,38,39].

NMR studies have revealed local microscopic properties of the dimerized state [25-
27,40,41]. Takigawa et al. [40] found NMR signals originating from both magnetic Cu*" and
the nonmagnetic ZR singlet in the chain. A NMR peak originating from the ZR singlet
gradually splits into two peaks below ~200 K with a subsequent splitting below ~100 K (Fig.
2-4). The temperature dependence of this shift suggests there are two inequivalent ZR singlet
sites; i.e., one is the constituent of the dimmer located between two Cu** spins, while the
other ZR singlet would be located between the dimers. NMR results, however, cannot
determine spacial arrangement of the dimmers and ZR singlets.
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Based on neutron scattering results, Eccleston et al. [24] proposed a model in which each
dimer is separated by two ZR singlets such that the magnetic unit cell is five times larger than
the structural unit cell. Experimental results are quantitatively reproduced using the AF
intradimer coupling constant 11.2 meV and ferromagnetic interdimer coupling —1.1 meV. It
should be noted that due to insufficient resolution the two excitation branches expected from
their model could not be separated. Finally, Regnault et al. [38] and Matsuda et al. [39]
independently reported measuring two branches over a wide range of Q in the ac plane,
originating from weak interchain couplings along both the a and c directions. The study by
Matsuda et al. [39] is briefly summarized as follows.

Figure 2-5 shows the observed dispersion relation and energy-integrated intensities. In
order to analyze the observed data, a model Hamiltonian is employed to describe the
dispersion of the dimers which are weakly coupled along the a- and c-axes (Fig. 2-6). It is
known that such dimers, namely weakly coupled dimers, can be well described by the
Random Phase Approximation (RPA). The coupling constants indicated in Fig. 2-6 are
estimated to be J= 11 meV, J,= 0.75 meV, and J.=0.75 meV. In this dispersion relation the
averaged excitation energy, band width of each excitation mode, and energy difference
between the acoustic and optic modes are related to J, J., and J,, respectively. Figure 2-5
indicates the calculated dispersion relation and energy-integrated intensities corresponding to
the acoustic and optic modes, respectively. Experimental results are well described by RPA
theory, guaranteeing the validity of the model shown in Fig. 2-6. However, the charge
ordering obtained in this analysis has not been observed by either electron diffraction or



synchrotron x-ray measurements, probably because charge ordering is not so long-ranged and
static.
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Fig. 2-5 Observed and calculated energies and Fig. 2-6 A proposed model for the dimerized
intensities at (2,0,L) and (H,0,-0.2) measured at state and the ordering of Cu®" and ZR singlet
15 K in Sr14Cu2404; [39]. Solid lines indicate  in the ac plane in Sr14Cup4O4;. [39]

the calculated curves.

Next we discuss other structural studies on the 1D chains plane for Sr;4Cuz4Os;. An
electron diffraction study revealed a temperature-independent modulated structure along the
chain which originates from the lattice mismatch between the 1D chain layer and Cu,0;
ladder layer and depends on oxygen stoichiometry [42]. It was found that more stoichiometric
Sr14Cu2404; has a more homogeneous superstructure with a five times larger unit cell along
the chain. From synchrotron x-ray studies, a specific structural coupling along the C direction
was proposed based on temperature-dependent superlattice reflections, possibly originating
from a structural distortion [43,44]. In particular, Fukuda et al. [44] reported a structural
distortion with five times periodicity. The most comprehensive model was proposed by
Gotoh et al. [45] based on a single crystal x-ray diffraction study together with a bond
valence sum analysis. There is, however, another interpretation for the data, i.e., the
additional reflections are due to interactions between the two structure blocks in this
composite crystal such that their presence is not related to a possible charge order [46].

2.1.3 Substitution effect

The substitution effect on the singlet dimerized state was also investigated, with the
introduction of Y** for Sr** resulting in turning the nonmagnetic ZR singlet into S=1/2 Cu®".
As shown in Fig. 2-3, Y substitution increases the Curie term contribution and reduces the
magnitude of the spin gap [47]. Neutron scattering studies have shown that Y substitution
broadens the magnetic excitation peaks and reduces the gap energy while preserving the
periodicity of the dimer arrangement [37,48]. The isovalent Ca>" substitution for Sr*” is also
known to gradually reduce the number of the holes in the chain because some amount of
holes in the chains are transferred to the ladder layers by Ca substitution as explained in Chap.
3 [49]. Ca substitution subsequently affects the dimerized state in the chain similar to Y
substitution, although its effect is weaker. NMR and magnetic susceptibility measurements
showed that the gap energy does not change drastically with Ca substitution [26,31,34], while



neutron scattering measurements in Srj;CaszCu404; showed that coupling constants J, J., and
J. and the periodicity of the dimer arrangement are nearly identical compared to the non-
substituted Sr;4Cuy404;, although the dimerized state becomes unstable [39]. These results
indicate that hole order sensitively depends on the hole concentration as well as disorder, and
that long-range dimer formation is disturbed by Y or Ca substitution.

2.1.4 Magnetic interactions in the AF phase

The magnetic properties of the AF ordered phase were studied in Caj4.xLaxCuz404;. Based
on magnetization, heat capacity, [50] and ESR measurements [51], we know that
CagLasCuy404 has an Ising-like anisotropy which is unusual for Cu oxides having spin-orbit

coupling that is believed to be negligibly small.
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Fig. 2-7 Typical inelastic neutron spectra
observed at (H,0,L) below and above Tx for g 5.8 1, 3 dispersion relation along and

the edge-sharing ) 1D chain n perpendicular to the c-axis for the edge-
CagLa5Cu24O41..The lines are guides to the sharing 1D chain in CasLasCuzOu [54].
eyes. The horizontal bars represent the

instrumental energy resolution [54].

The origin of large spin-orbit coupling, giving rise to anisotropic exchange interactions,
was theoretically studied by Yushankhai and Hayn [52] and Tornow et al. [53]. Inelastic
neutron scattering measurements have also been performed on the AF phase of
CagLasCup404; [54]. Figure 2-7 shows typical inelastic neutron spectra observed at (H,0,L),
where the peak width in energy is broader than the instrumental resolution even around the
zone center. It is remarkable that broadened excitations are observed even when the magnetic
order is static and long-ranged. The excitation peak also becomes broader with increasing Q
both parallel and perpendicular to the chain. To analyze the observed dispersion relation (Fig.
2-8), linear-spin-wave theory including uniaxial anisotropy was applied by introducing into
the calculation exchange coupling constants between two spins (Fig. 2-9). The solid curve in
Fig. 2-8 represents the result of a fit with J.; = 0.20(7) meV, Ji; =-0.18(5) meV, Jye1 =2 Joer =
0.681(1) meV, and D =-0.211(1) meV, where D represents an effective uniaxial anisotropic
interaction [54]. Calculated values reproduce experimental results reasonably well. The
excitation gap at the zone center is due to uniaxial anisotropy along the b-axis originating



from an anisotropic exchange interaction. The antiferromagnetic (J.;>0) NN and
ferromagnetic (J.<0) NNN interactions obtained from the neutron scattering data may prefer
an antiferromagnetic order in the chain although the actual magnetic arrangement is
ferromagnetic.
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On the other hand, antiferromagnetic inter-chain couplings J,.; and J,.; are comparable to
J.1 and have a number of bonds equal to twice that of J.; (Fig. 2-9). Although there exist
competing interactions between intra-chain couplings (J.; and J;) and inter-chain couplings
(Jac1 and J,c2), the latter is dominant such that the magnetic arrangement in the chain becomes
ferromagnetic. It should be noted that the end material CaglLacCu4O4; shows an
incommensurate magnetic structure perpendicular to the chain (a-axis) with a ferromagnetic
arrangement along the chain (c-axis) [32]. This observed incommensurate structure is
possibly a consequence of a delicate balance of frustrating interactions between intra- and
inter-chain interactions.

This neutron scattering study additionally showed that the uniaxial anisotropic interaction
D is comparable with the small isotropic interactions both parallel and perpendicular to the
chain, being unexpected based on the geometrical structure and giving rise to an enhancement
of the Ising-like anisotropy. The small exchange interactions suggest that the bond angle
between copper and oxygen ions is close to 95° [29]. Since spin-wave excitations were also
broadened considerably, the broadening is probably enhanced by frustrating interactions
between intra- and inter-chain interactions, and by disorder due to a structural distortion and
doped holes. Such behavior is also unexpected based on the simple geometrical structure.

A theoretical study showed that when the above simple model is based on semi-classical
spin-wave theory, it is insufficient to describe the magnetic transition temperature and results
of magnetization measurements [55], which suggests that some formation of the charge order
should be taken into account to fully understand the system’s magnetic properties [56, 57].

Another interesting feature of this system is that magnetic moments can be induced at
oxygen sites due to strong Cu d-O p hybridization. Weht and Pickett [58] theoretically
predicted that large moments (~0.2 u) lie on the oxygen ions in the CuO; chains in Li,CuO,.
Finally, in the edge-sharing 1D chain of CaglLasCuy4O4; it was observed that magnetic
moments exist at oxygen sites (~0.02 up) as well as at Cu sites (~0.2 ) [33]. Oxygen
moments were also observed in related compounds Ca,Y,CusO, [59] and Li,CuO; [60,61].

2.2 Magnetic Propertiesin a Related Compound Caz+xY 2xCusO1g

The CayxY2xCusOyo system [62-64] consists of edge-sharing CuO, chains which are
nearly the same as those in CajsxLayCuy404;. Since the system does not have Cu,0O; ladder



planes, it is a good candidate to study the hole-doping effect on the magnetic ground state and
excitations purely in the chain. Figure 2-10 shows the structure of the edge-sharing CuO,
chains in Cay+xY>xCusOjo. Hayashi et al. [64] reported that this system remains insulating
even when holes are doped by 40%.
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Fig. 2-10 Structure of edge-sharing CuO, CariY2,CusOro as a function of X and

chains in the ac plane in CaY>2CusOmn. ygle concentration. The open triangle
Oxygen ions are located at z-* 0.125 in (b).  shows that the magnetic state is minor.
Below Ty=29.5 K the Cu®" spins align PM, AF, SG, and D indicate paramagnetic,
ferromagnetically along the chain (a-axis) with antiferromagnetic, spin-glass, and nearly
the propagation vector k=[001] [74]. disordered phases, respectively [76].

Figure 2-11 shows the magnetic phase diagram of the Ca,xY2xCusO; system, where the
end-material Ca,Y>CusO;9, which has no holes, indicates AF order of the Cu*" moment
below Ty = 29.5 K with ferromagnetic coupling along the chain [65,66]. Note the magnetic
structure in the CuO; plane (ac plane) is the same as that in CajsxLaxCup4O4;. The ordered
moment of Cu>" is ~0.9 ug at low temperatures, being comparable to the full magnetic
moment of the free Cu®" ion. The long-range AF order is suppressed by hole-doping and is
replaced by a spin-glass behavior above X = 1. In the spin-glass region (x~1.5), magnetic
susceptibility measurements show a difference between field-cooling and zero-field-cooling
processes [67]. In the X = 1.5 crystal, a neutron scattering study showed a broad transition to
short-range ordered magnetic phase below ~15 K. The magnetic correlation lengths are &;~28
A, &~12 A, and £~2 A at low temperature. In the X = 1.67 crystal, the ground state is
considered to be a quantum disordered state with a trace of minor spin-glass phase, with
magnetic properties being almost identical to those in the X = 1.5 crystal. With further hole-
doping, dominant magnetic interaction becomes antiferromagnetic [67-69]. Some types of
charge order have been reported for CayxY>.xCusOjg [68,69] and the related system Ca;.
xCuO; [70-72]. The possible existence of a spin gap associated with charge order has also
been suggested [69].



In the end material Ca,Y,CusO;, which contains no holes, the magnetic arrangement in
the chain is ferromagnetic. Although quantum fluctuations are considered to be less
prominent in a ferromagnetic chain system, the magnetic excitation energy width is known to
become broader with increasing Q along the chain as described below. Numerical
calculations suggest that magnetic excitations from ferromagnetic chains are strongly affected
when a finite antiferromagnetic inter-chain coupling exists or when frustration is introduced
between the NN and NNN interactions in the chain [73].

Matsuda et al. [74] performed inelastic neutron scattering experiments to study the spin-
wave excitations of Ca,Y»CusOo in the AF state. By applying linear spin wave theory on a
model Hamiltonian that includes uniaxial anisotropy, magnetic interactions can be
determined as shown in Table 1, where the most interesting feature is that the magnetic
excitation energy width becomes broader with increasing Q along the chain, although sharp
excitations are observed around the zone center and perpendicular to the chain. Broadening of
excitation energy width was also reported in a S=1/2 1D Heisenberg ferromagnet
CuCl,'DMSO [75], although such broadening is much more pronounced in Ca,Y,CusOy.
Numerical calculations reveal that the anomalous magnetic excitation spectra in Ca;Y2CusOjg
are mainly due to antiferromagnetic inter-chain interactions.

Table 1 Magnetic coupling constants in Cay+xY2.xCusOi [76].

X TEK) Ja (meV) Jact (meV) D (meV) Jap (MeV) Ja (meV) Jp(meV)
0 7 -6.9(1) 1.494(3) -0.262(3) 0.030(1) -0.061(6) O(fixed)
0 20 -6.9(fixed) 1.31(2) -0.159(2) O(fixed) - O(fixed)
0 25 -6.9(fixed) 1.16(2) -0.104(2) O(fixed) - O(fixed)
1.5 3 -6.9(fixed) 0.5(fixed) -0.09(fixed) O(fixed) - O(fixed)
1.67 3 -6.9(fixed) O(fixed) O(fixed) O(fixed) - O(fixed)

Neutron scattering experiments were performed on hole-doped CayxY2xCusOio [76]. The
systematic study of the hole concentration dependence of the magnetic excitations revealed
that magnetic excitations are softened and broadened with increasing temperature or doping
holes, irrespective of Q direction, with broadening being larger at higher Q. A characteristic
feature is that hole-doping is much more effective to broaden excitations along the chain. As
shown in Table 1, although the intra-chain interaction (J,;) does not change so much with
increasing temperature or hole-doping, the anisotropic interaction (D) and the inter-chain
interaction (J,) are reduced. In the spin glass phase (X = 1.5) and nearly disordered phase (X
= 1.67) the magnetic excitations are much broader in energy and Q.

The magnetic properties of CayixY2xCusOjo qualitatively resemble those of
(Sr,Ca,La,Y)14Cu2404;. However, from a microscopic standpoint, the sign and absolute value
of the intra-chain interaction are different in the two systems (0.20 meV for CaglasCuz4O4;
and —6.9 meV for Ca,Y,Cus0y), probably due to a slight difference in bond angle and
distance between Cu and O [29]. The most characteristic feature is that spin glass behavior is
observed in the former system. As the system has no frustrating interactions, yet becomes
more one-dimensional with hole-doping, it is difficult to understand how the spin glass phase
appears in the absence of frustrating interactions. The spin glass behavior probably appears
because finite sized spin clusters, which give rise to cluster spin glass behavior, are formed



due to the rather large intra-chain coupling even with ~30% hole-doping. The neutron
scattering study indicates that the magnetic correlation length along the chain is larger than
the averaged spin cluster size, which is expected when the holes are randomly distributed.
This indicates that there is a possibility of a partial charge ordering, which is consistent with
the cluster spin glass model.

3. PHYSICAL PROPERTIESOF TWO-LEG LADDERSIN (Sr, Ca)14Cu24041
UNDER AMBIENT PRESSURE

This chapter reviews the spin and charge dynamics of two-leg ladders in (Sr, Ca)14Cu404;.
The physical properties of (Sr, Ca);4Cuz404; dramatically change with chemical substitution
at the Sr site [31,34,77]. In spite of a high Cu valence of +2.25, Sr;4Cuy4O4; shows an
insulating behaviour. Metallic behavior is observed by substitution of Ca into Sris.
xCaxCup404; with x> 10. As will be discussed in detail in Sec. 3-2, Ca substitution produces a
rearrangement of holes, moving them from the CuO; chains into the Cu,O; ladders. As a
consequence of interplay between charge and spin degrees of freedom, a variety of ordered
states appear, e.g., spin gap state, Néel state, and charge density wave (CDW).

3.1 Spin Gap and AF Ground Statesin Doped Ladders

LasCagCu404; : ladders without holes: By substituting Sr or Ca with La, the nominal Cu
valence can be reduced from +2.25. The magnetic properties of undoped two-leg ladders can
be experimentally studied using LagCagCuy4O4; in which all the Cu atoms are divalent.
Neutron scattering [78] and NMR [41] experiments on this compound have confirmed the
spin gap ground state. From the T-dependence of '’O Knight shift, Imai et al. [41] estimated
the magnitude of the spin gap as 4sg=510 + 40 K using
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From the '"O Knight shift, Imai et al. also estimated the exchange coupling constant J* =
850 £300 Kand J /J~ 0.5 (J (J) to be the AF exchange coupling constant along the leg
(rung)), whereas an inelastic neutron scattering experiment by Matsuda et al. [78] reported J
=J=110meV = 1300 K, and a four-spin exchange interaction Jyis; = 16.5 meV =190 K.

S14CuO4 : dlightly doped ladders :  Several groups have reported results of NMR
experiments on Sr14Cuy404;. Tsuji et al. [25] estimated the magnitude of a spin gap Asg= 470
K from the nuclear spin-lattice relaxation ratio (T;) of Cu-NQR, while Magishi et al. [27]
also measured the ®Cu Knight shift and estimated Asg = 550 = 30 K. From NQR results,
Takigawa et al. [40] estimated Asg = 430 K from the Knight shift and Asg= 650 K from 1/T,
respectively (Fig. 3-1). A neutron scattering experiment by Eccleston et al. [24] estimated
Asg = 32.5 £ 0.1 meV (~380 K), J = 130 meV, and J = 72 meV. Raman scattering
experiments have been performed by Sugai et al. [79] and Gozar et al. [80], with their results
indicating agreement and yielding J= 110 £ 20 meV and J' / J ~ 0.8.

Distinct from LagCagCu,404;, the number of holes residing in the ladders of Srj4Cu,404; is
finite. Takigawa et al. [40] found that 1/T, measured by zero-field NQR is dominated by



fluctuations of the electronic field gradient at low temperature, which might be associated
with the freezing of the doped holes. Imai et al. [41] found that the crossover temperature of
the magnetic state from the spin gap regime to the paramagnetic regime occurs at 325 + 25 K,
and suggested that above this temperature the holes frustrate the singlet ground state which
eventually transforms the system into a paramagnetic state.
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Fig. 3-1 NQR Knight shift and 1/T; for Srj4.xAxCuy404; [40]

S14xCayCur404; : heavily doped ladders: The magnitude of Asg as a function of Ca
content X has been measured by NMR and neutron scattering experiments. NMR T;-
relaxation rate experiments have been carried out by many groups, all of which indicate that
Asc apparently decreases with increasing X as shown in Fig. 3-2.

On the other hand, a neutron scattering measurement for X(Ca) = 11.5 estimated Asg= 32.5
+ 0.3 meV (~370 K), almost the same magnitude as X =0 [81]. Recently, Fujiyama et al. [82]
pointed out that the activation energy of 1/T; at the Cu sites is determined by the damping of
excitations near K= (7, ) and may not directly reflect the spin gap.

At a high Ca concentration X  11.5, a long-range magnetic order is observed at low
temperatures [83-86], with clear antiferromagnetic transitions having been observed using
specific heat measurements (Fig. 3-3). The proposed magnetic structure based on the neutron
scattering for a sample with X = 11.5 is shown in Fig. 3-4 [87]. The AF ordering temperature
increases with increasing Ca content from 2.1 K for x = 11.5 to 3.6 K for x = 13.6 [85,87].
Remarkably, the singlet ground state and AF ground state coexist in high-Ca substituted
samples.

Using a neutron structural analysis and bond valence sum calculation, Isobe et al. [88]
estimated the hole distribution in the chain and proposed a spin structure which explains
observed magnetic Bragg reflections [87].
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3.2 Effect of Ca Substitution

Although Ca?" substitution at the Sr*" site in (Sr,Ca)14Cu»404; does not change the average
valence of Cu ions, it dramatically changes the electronic properties. Figure 3-5 shows the
resistivity of (Sr,Ca);4Cu,404; single crystals along c- and a-axis.
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Fig. 3-5 (a) T-dependence of resistivity for Srj4xCaxCuy404; along a- and c-directions [89].
(b) The Arrenius plot of resistitvity for Srj4.xCayCu404; and Sri3Y Cup404; along a- and c-
directions [36].

At X(Ca) < 8, the resistivity shows insulating behavior (dp/ dT<0) along both directions,
whereas at higher X(Ca) ~ 9, resistivity along the c-axis (o) shows a metallic behavior which
is characterized by nearly T-linear dependence above certain T, similar to the in-plane
resistivity of high-T, cuprates at optimal hole doping. Such similar T-dependence and the
similar magnitude of resistivity (1 mQ2 cm) strongly suggest that the conductivity along the
c-axis is most likely governed by the 180° Cu-O-Cu networks with strong Cu3d-O2p o
bonding, rather than the CuO, chains with 90° Cu-O-Cu bonds.

The transition from an insulating to metallic behavior with increasing X(Ca) suggests that
Ca substitution results in transferring holes from chains to ladders, with optical conductivity
measurements on (Sr,Ca);4Cuy404; supporting this picture [49]. Figure 3-6 shows optical
conductivity spectra of (Sr, Ca);4Cuy404 along the c-axis (o), where the spectrum of the
most insulating sample Sr;;Y3Cu4QO4; is typical of a charge transfer (CT) insulator,
characterized by a peak at 2.0 eV arising from excitation between Cu3d and O2p states which
is commonly observed in a parent insulators of high-T, cuprates. Moving to Sr14Cu,404; and
further to (Sr,Ca);4Cu404,, the conductivity in the low energy region below 1.2 eV increases,
while the CT spectral weight decreases, suggesting a spectral weight transfer from a high- to
low-energy region similar to that occurring in high-T, cuprates when a parent insulator is
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doped with holes. The 3 eV peak does not exist in high-T. cuprates and decreases with X,
which can be attributed to the excitation of doped holes in the CuO, chains.

From the optical conductivity spectra, one can estimate the effective electron number
participating in the low-energy charge dynamics using
2mV

2

Ny (@) = e

Lw o.(0")dw,

where my is the free electron mass, V the volume containing one Cu atom, and Neg(®) being
proportional to the number of electrons involved in optical excitations up to an energy
ho . The results are shown in Fig. 3-7.

Neit(w) takes the same value at 2.5 eV for all (Sr,Ca);4Cuy404; samples, indicating that
spectral weight transfer takes place in the energy range below 2.5 eV. Assuming that (1) the
chain Cu valence is +2.5 for Sr14Cu404; and (2) the number of holes in Cu,O; ladders is
proportional to Net (1.2 V), the Cu valence of the ladder and the chain is estimated as shown
in the inset of Fig. 3-7. Note that the carrier number of X = 11 is as large as 0.2, which
corresponds to the hole number of optimally doped high-T cuprates.

Takahashi et al. [90] performed angle-resolved photoemission spectroscopy experiments
on (Sr,Ca);4Cuy404; with X = 0 and X = 9, finding two dispersive features which are attributed
to the band dispersion of CuO, chains and Cu,0; ladders. Upon Ca substitution, the feature



ascribed to the two-leg ladders approaches the Fermi energy, indicating that the holes are
doped into the ladders with Ca substitution.

Using polarization dependent O 1S x-ray absorption spectroscopy on (Sr,Ca);sCuy4O4i,
Nicker et al. [91] investigated the character of doped holes into the Cu,05 ladders and CuO,
chains, finding that the holes are doped into O 2p orbitals along the rung upon Ca substitution.
They claim that the total hole count in the ladders increases only marginally, being in contrast
to results using optical conductivity.

3.3 Anisotropic Charge Dynamicsin Metallic Ladders

Figure 3-8 shows the T-dependence of resistivity for Sr;Ca;;Cuy404; in all three directions,
where the inter-ladder resistivity, ps, is 15 to 40 times larger than p,, and the resistivity
perpendicular to the ladder plane, py, is larger than p, by two orders.
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Fig. 3-8
T-dependence of resistivity for Sr;Ca;;Cuy404; along
| < all three directions.
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The T-dependence of p, (and also o) is anomalous in that p, is insulating (dp, / dT <0) in
the temperature range where p. shows metallic behavior (do. / dT > 0). Such contrasting T-
dependence between intra- and inter-ladder conduction is analogous to that observed between
in-plane (p,) and out-of-plane (o) resistivity in underdoped high-T, cuprates.

The anisotropic charge dynamics has been further investigated by optical measurements.
Figure 3-9 shows optical conductivity along the a-axis (oa(w)) for X =8 and X = 11 at various
temperatures, where for both X values the low-energy spectral weight is transferred to high
energies when the sample is cooled down. This behavior is similar to the “pseudogap”
observed in interplane optical conductivity (o(@)) of high-T, cuprates such as YBCO and
LSCO in the under doped region [92]. Obviously then, the insulating resistivity along the a-



axis originates from the suppression of low-energy conductivity due to opening the
pseudogap in ca(w).

e P T T 1
E x=§ 300K |
200 kia 200K}
= 130K |
(5 f MK |
= —| 0K ]
= A ___5_1
g oo 1% —oiT i
3 N
= I
& 'J'Illl
I..|'
— : :
4 w=]1 00K
300 [

Z(M

10

Conductivity 3, (L2 'em™)

0 IO S0

Wavenumber {cm )
Fig.3-9 a-axis optical conductivity for Sri4xCaxCuz4O4; (X=8 and 11) [93].

The energy scale of the pseudogap is ~ 1100 cm™ (140 meV) for x = 8 and ~600 cm™ (74
meV) for X = 11. The magnitude of the pseudogap is comparable with that in high-T,
materials, e.g., 600 cm™ for YBa,Cu30g¢79, presumably reflecting the same microscopic
origin [92]. NMR experiment shows that the temperature below which a spin gap opens in
doped ladders (X = 11.5) coincides with the temperature where p, starts to show negative T-
dependence, indicating that the spin gap has a close connection with the optical pseudogap
[27].

Figure 3-10 shows that in contrast to the pseudogap in ox(w), the c-axis optical
conductivity oi(w) is characterized by a low energy peak which rapidly grows with
decreasing T, where the peak in ou(w) is located at ~100 cm™ for x= 8, and ~50 cm™ for x =
11. The peak is distinct from a Drude peak of free carriers since it is located at finite energies
and develops when p.shows insulating behavior.

The observed peak in og(®) can be interpreted to be a signature of a collective mode of a
pinned charge-density wave (CDW). First of all, peak width in o(®) is quite narrow,
suggestive of a well-defined collective mode, and secondly the T-dependence of the peak
intensity follows a BCS gap equation which is an expected formula for CDW systems. In this
framework the pseudogap in ox(®) signals a formation of hole pairs that would be confined



within a ladder and unable to hop between ladders. The T-dependence of ou(®) and ocu(w)
indicate that the holes are progressively paired with decreasing T and the pairs readily form a
short-range charge order which is locally pinned by impurities and/or lattice imperfections.
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Fig.3-10 c-axis optical conductivity for Srj4xCaxCu404; (X=8 and 11) [93]

For x = 8, the collective mode is strongly pinned at finite energy ~100 cm™ and does not
contribute to the DC conductivity, resulting in an insulating behavior. For X =11, CDW may
be de-pinned by thermal fluctuations and therefore contribute to metallic conduction along
the c-axis. On the other hand, across the ladders, a hole pair must be dissociated into two
single holes by thermal excitation across the gap, thus resulting in an insulating a-axis
transport.

Independent of the above studies, there has been systematic optical studies by Ruzicka et

al. [94] on Srj4xCaxCu404; (X=0, 5 and 12). Although some quantitative differences exist,
conclusions are consistent with each other.

3.4 Charge Order in Sr14Cuz40a41

The charge dynamics of Sr;4Cuy404; (and small Ca substituted samples) is quite different
from its higher-X counterpart. As shown in Fig. 3-5, the resistivity of Sr;4Cu,404; indicates an
insulating behavior both along the c- and a-axis. Kitano et al. [95] found a dramatic increase
of microwave conductivity below 170 K. Detailed study of the frequency dependence of the
conductivity revealed the existence of a sharp resonance-like peak around 55 GHz (~0.2



meV). Since the peak frequency is much smaller than the thermal energy per carrier, this
peak is attributed as a resonance mode of some collective charge excitation, similar to the
pinned phase mode of charge- and spin- density wave (C/SDW) systems [96]. Similar
nonlinear conduction was also observed by Gorshunov et al. [97,98], while subsequent
Raman scattering and AC conductivity measurements by Blumberg et al. [99] have
strengthened this picture. It should be noted that C/SDW correlation in Sr;4Cuy404 persists
up to 630 K, indicating that charge-spin correlations do not arise from phonons as in usual
C/SDW systems, but rather from interactions stronger in energy such as in AF exchange or
Coulomb interaction. Optical conductivity measurements on Sr;4Cuy4O4; revealed that the
transfer of spectral weight is extended to a high energy up to the CT gap, which suggests that
C/SDW in Sr14Cuy404; involves a very large energy scale comparable to Coulomb energy.

Hess et al. [100] and Kudo et al. [101] showed that thermal conductivity («(T)) is useful to
investigate interactions between the magnetic excitations and charge dynamics of doped
holes, finding that the T-dependence of the magnon mean free path, |, in ladders correlates
with the mobility of holes. In particular, they found a drastic enhancement of |, associated
with the charge order in ladders.

4. PHYSICAL PROPERTIES OF TWO-LEG LADDERSIN (Sr, Ca)14Cu2404
UNDER HIGH PRESSURE

41 The Discovery of Pressure-Induced Superconductivity in Two-Leg Ladder
Compound Sr4Cai36CuU24041.84

Superconductivity in ladder material was first discovered by Uehara et al. [11] in two-leg
ladder compound Sry4Ca;36Cuy404; 34. They found that the solubility limit of Ca ions, or the
hole-doping limit into Cu,0O3 ladders, can be extended up to X=13.6 by synthesizing samples
under high-O, pressure. The recipe for synthesizing polycrystal samples adopted by Uehara
et al. follows.

A sample with nominal composition Sry4Ca;36Cu404; was synthesized from SrCOs,
CaCOs, and CuO powders with purities higher than 99.9%. The powder mixture was calcined
at 1000 °C for 50 h under flowing O, using four intermediate grindings. The resultant
powders were then formed into pellets and sintered using a HIP furnace at 1200 °C for 8 h
under 20% O, + 80% Ar at a total pressure of 2000 atm. Oxygen content was determined by
the inert gas fusion-infrared absorption method.

Figure 4-1 shows the x-ray powder diffraction pattern of Srp4Ca;36Cuy404;5, where all
peaks are indexed indicating the sample is single phase. At ambient pressure the lattice
parameters @, b, and c are 11.14, 12.44, and 27.02 A, respectively. Because the 1D-chain and
ladder are linked incommensurately, the c-axis length could only be calculated using (0 0 7n)
(n = integer) reflections which indicate the c-axis length of the ladder.

Figure 4-2 shows the T-dependent electrical resistivity of a polycrystal sample under a
pressure (P) of 0, 1.5, 2, and 3 GPa, where the magnitude of electrical resistivity at room
temperature decreases monotonically with increasing pressure. The electrical resistivity at 0
and 1.5 GPa is almost flat above 200 K and shows a broad maximum at ~110 K. A similar
broad peak has also been observed in the nearly metallic ladder compound
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(Srp.4Cag6)14Cu192Co4504; [102] and was thought to be a characteristic feature of this system
when it is close to the metallic state. Such behavior is now considered to be extrinsic,
possibly arising from the “parallel circuit” effect of polycrystal samples. As discussed in
Chap. 3, in high-Ca samples the resistivity is anisotropic, being metallic along the c-axis and
insulating along the a- and b- axis. In polycrystal samples the resistance of the sample is the
combined parallel circuit resistance of p; and pc, such that a broad peak appears at the
temperature where the difference between p; and p. becomes very large. The electrical
resistivity increases again below ~60 and ~30 K at 0 and 1.5 GPa, respectively. The T-
dependence of the electrical resistivity at 2 GPa is metallic above 150 K and shows similar
behavior to that at 1.5 GPa below 150 K. The superconducting transition occurs at 12.5 K at 3
GPa with metallic behavior above T, and the zero resistivity temperature is 8 K. Figure 4-3
shows the T-dependence of the electrical resistivity at 3, 4, and 6 GPa below 50 K. It is clear
that the value of T, (onset) decreases from 12.5 to 9 K with increasing P from 3 to 4.5 GPa.
Finally, the superconducting transition disappears under an applied pressure of 6 GPa. Note
that the effect of pressure observed in this compound is much larger than in any other high-T,
cuprates in which application of pressure by itself does not cause insulator-superconductor-
metal transition without changing the doping concentration.

As discussed in Chap. 3, Ca substitution leads to redistribution of hole carriers from the 1D
chain to ladder plane [49]. As the Ca®" ion is smaller than that of Sr**, the substitution of a Ca
ion results in (chemical) pressure applied to the system. It is therefore reasonable that the role
of pressure is essentially the same as Ca substitution and causes further hole-doping into the
ladder plane. Under this hypothesis, the critical hole concentration for superconductivity is
achieved only when physical and chemical pressures are applied. However, this postulation
may turn out to be insufficient for understanding the role of pressure in the emergence of
superconductivity, as will be discussed in Sec. 4.4 based on experimental results using a
single crystal.

4.2 Crystal Structure under High Pressure

In order to confirm bulk superconductivity in Srp4Ca;36Cuz4Oy, Isobe et al. [103]
examined the crystal structure of Srp4Ca;36Cuz404; g4 at high P and low T. They concluded
using x-ray diffraction results that the Srg4Ca;3¢Cup4Oy phase persists at least up to 9 GPa
and down to 7 K without serious decomposition or phase transition.

Figure 4-4 shows x-ray diffraction patterns at various P and T, where a comparison of the
diffraction pattern at ambient pressure and room temperature indicates there is no significant
difference in the x-ray pattern at P = 5 GPa and T = 7 K when the sample is in the
superconducting state. In addition to primary reflections, an extra peak, which increases its
intensity at high P is observed as indicated by arrows. Isobe €t al. considered the extra peak
to be a higher-order satellite caused by a slight structural modulation. It has therefore been
concluded that superconductivity actually comes from Sry4Ca;3¢Cu404; 34 and not from any
impurity phase stabilized under high pressure.

Figure 4-5 shows P-dependent lattice constants measured at room temperature, where
lattice constants smoothly decrease with increasing P. Of particular interest, it is clear that the
compression rate of the b-axis is the largest among three axes (0.73%/GPa). This trend is
similar to Ca-substitution dependence of lattice parameters; a similarity that suggests external
pressure plays the same role as Ca substitution, i.e., transferring hole carriers from the CuO,



chains to the Cu,0; ladders through the hybrid orbitals of Cu;pchain-O1Dchain-Clladder- Precise
crystal structure analysis using a super-symmetric group has indeed shown that the oxygen
atoms of 1D chains displace towards the ladder and act as apical oxygen in Cujagger [45,104].
Such an apical oxygen probably works as the pathway for hole-redistribution from the 1D
chain to the ladder.
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temperature. The weak extra peak is shown [103].

by arrows [103].

The above discussion based on high-P x-ray studies is summarized as follows: (1) there is
no significant P-induced structural change and/or phase decomposition which confirms bulk
superconductivity in Srg4Ca;3¢Cu4Oy, and (2) external pressure results in shrinking the
lattice parameters especially along the b-axis. Accordingly, the effect of Ca substitution and
external pressure are quite similar to each other.

4.3 Evolution of Spin Gap of (Sr,Ca)14Cu24041 With Pressure

As described in the Chap. 3, the magnitude of the spin gap, Asg, decreases with Ca
substitution, i.e., hole-doping into the ladder. According to Magishi et al.’s [27] data of a
53Cu Knight shift, for example, the spin gap decreases with Ca-doping from Asg= 550 =30 K
for Sr14Cu404; to 350 +£30 K, 280 +30 K, and 270 + 30 K for x=6, 9 and 11.5, respectively.
A more interesting issue is how the spin gap evolves under pressure at which the sample is in
a superconducting state.

High-P NMR measurements were first performed by Mayaffre et al. [105] on
Sr,Ca;2Cuz4041, showing a superconducting transition at 5 K and 3 GPa. Based on
experimental data, they concluded that the spin gap collapses at P > 3 GPa and a
superconducting phase sets in. Results, however, were based on extracted data in the normal



state above T.. Piskunov et al. [106,107]
performed similar experiments and

Sr;CaCuy Oy, o obtained similar results. Recently,

3.5GPa . Fujiwara et al. [108] performed precise

1o* = H A caxis . NMR measurement with an improved

® 62T Tes28K I high-P technique using a large, high-

5 O 30T Tes34K quality crystal of SryCa;,CupsQy1. Figure

4-6 shows the T-dependence of Tl'l,
10 where the spin gap appears even under
high P as an activated T-dependence of T,
"at T>30 K. Asg is estimated to be 173 K.
Near T, (2.8 K under 6.2 T and 3.4 K
under 5.0 T), a peak occurs which the
authors interpret to be a superconducting
s coherence peak, i.e., there is a finite gap
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0 L s b in the quasiparticle excitation indicating
R [ R 1 that the superconductivity possesses an S-
T (K} wave-like character. At a pressure of 3.5

Fig. 4-6 Nuclear magnetic relaxation rate 1/T, GPa and below 30 K, a T-linear
for ®Cu nuclei. The solid line shows Korringa component in T;”' was observed versus an
relation. 1/T; at low temperature around T, is activation-type one. The authors

expanding as indicated in the inset [108]. attributed this gapless mode to the free
motion of holon-spinon bound states
[109]; a behavior that occurs due to hole doping and whose pairing likely causes
superconductivity. If true, the spin-gap formation observed from T, at high temperature
would not contribute to the pairing formation of superconductivity. It is also pointed out that
(1) the spin fluctuation of a Srj44CaxCu40O4; system measured by NMR is much smaller than
that in 2D high-T, cuprates [108], and (ii) the T, of these materials might be scaled by the
magnitude of the spin fluctuation, rather than by the energy scale of the spin gap.

High-P inelastic neutron scattering experiments for Sr,sCa;; sCuy404; were performed by
Katano et al.[81], where in contrast to NMR results, they found 4sg does not change with Ca
substitution. Moreover, even under pressure, Asg remains unchanged and takes the same
value of ~33 meV similar to undoped material Srj4Cu4QOy4;.

4.4 Evolution of Electrical Properties of Sros5Cai;5CU24041 Single Crystal with Pressure

As described in Chap. 3, the charge dynamics of SrisxCayCuy4Q0y4; is quite anisotropic
under ambient pressure. To understand the charge dynanmics in the superconducting phase, it
is helpful to evaluate how inter-ladder coupling evolves with P. Anisotropic electrical
reisitivity measurements under high P were carried out by Nagata et al. [110] using a single
crystal of Srps5Caj;sCuysOq. Figure 4-7 shows T-dependence of resistivity, pc and pa, of
Sry5Ca;; 5CuOy; at various P up to 4.5 GPa. At ambient pressure, pc shows metallic T-
dependence above ~100 K, and applying P causes both p; and p; to decrease. The insulating
behavior observed at low T is weakened with increasing P, nearly vanishing at 4.5 GPa, while
simultaneously a superconducting transition sets in at 9 K. Note that the superconducting



ground state emerges from the insulating ground state without going through the non-
superconducting metallic region; a behavior that is quite similar to that of high-Tc
superconductors in which superconductor- to insulator (SI) transition takes place when some
impurities such as Zn ions are doped in the CuO; planes [111]. At P higher than 5 GPa [inset
of Fig.4-7(a)], T starts to decrease, being qualitatively consistent with previous results using
polycrystal samples.
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plane (,) of single crystal SrpsCa;; sCu4O4;  anisotropic ratio pa/pc above 4.5 GPa [110].
at  indicated pressure. Inset shows the
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At ambient P, p; shows an insulating behavior with negative T coefficient, indicating
incoherent charge dynamics across the ladders. By applying pressure, the T coefficient
crosses over from negative to positive such that the temperature region of the positive T
coefficient widens. At P> 4.5 GPa, pa shows metallic behavior all the way down to T., which
indicates that high P induces concomitant occurrence of superconductivity and coherent
charge dynamics perpendicular to the ladders. One may consider that the decrease in p,; and
pc results from hole-doping into the ladders, i.e., by transfer from the 1D chain to ladder
plane, similar to Ca substitution. However, a clear difference exists between the application
of external pressure and Ca substitution in that with Ca substitution the anisotropy poa/0c 1s



enhanced (see Fig. 3-5(a)), whereas external pressure reduces the anisotropy so as to realize
2D metallic charge transport under high P.

Figure 4-8 shows the temperature dependence of anisotropy ratio pa/p. at various pressures,
where the ps/pc at room temperature is about 10 and almost independent of P. With
decreasing T at ambient pressure, p./p. increases, reaching a maximum value of 85 at 50 K
due to metallic p. and insulating p,. Application of external pressure suppresses the
enhancement of pa/oc at low T. Finally, ps/pc becomes nearly T independent above ~ 4.0 GPa
where superconductivity sets in.

To summarize the single crystal transport experiment by Nagata et al. [110], the
application of pressure causes not only effective carrier doping into the ladder but also
dimensional crossover in the charge dynamics from one to two, and superconductivity of the
ladder appears on the 2D electrical background rather than 1D.

4.5 Pressure Effect in the Low Ca Region

Systematic high-P resistivity measurements at various X have been carried out by
Motoyama €t al. [112]. Even under high P, compounds with X 8 continue to be insulating
except for x=0 which undergoes an insulator-to-metal transition, presumably due to the
distraction of the charge-ordered state. On the other hand, for x 10, a superconducting
transition occurs at P 3-5 GPa. Based on these experimental results and extrapolated

behavior to T = 0 K, the x-P phase diagram of Srj4xCayCu,404; can be drawn as shown in Fig.
4-9.
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The x-P phase diagram of Srj4xCayCuz4O4;.
Crosses represent points where
measurements have been carried out.

The crossover in the nature of the insulating
5 state is indicated by a thick-dashed vertical
line. The superconducting phase is restricted

5 ™ o at high Pand forx 10 [89].
0 0.070.10 015 0,20

ny {Ladder)

at ambient préessiare, T=30K




For x 10, there is a temperature region where do/dT 0 and dpo/dT 0, whereas for 0 <
X 8, both pc and p, always show a negative T coefficient at any P below 300 K. These
results suggest the existence of two distinct insulating phases in SrjsxCaxCuy404; with a
boundary at X ~ 8. Apparently, the different nature of the two insulating phases might be
related to the occurrence and non-occurence of superconductivity at high P.

4.6 Upper Critical Field under Pressure

Nakanishi et al. described the superconducting upper critical magnetic field, H,(T), in a
Sr14.xCaxCup404; (X = 12) single crystal with T, ~ 5 K at P = 3.0 GPa [113]. They measured
the T-dependence of AC susceptivility at 4.0 GPa in magnetic fields applied along the a-, b-,
and c-axis, determining Hc,(T) for these three directions down to about 1.6 K.

Figure 4-10 shows the T-dependence of H.(T) for directions Ha,, (H parallel to a), Hb.,
(H parallel to b), and Hc,; (H parallel to c), where T-dependence of H,, is different in that
Ha,, > Hc, > Hb., within the measured temperature range. This result indicates that the
superconducting state is anisotropic and that the coherence length, & has the following
relation, & 4> &> &y, 1.¢., the shortest coherence length among three directions is the b-axis,
which is consistent with that expected from a layered crystal structure.
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However, the relation & > & is not considered appropriate in that superconducting
coherence along the a-axis is stronger than that along the c-axis, or that the electronic band-
width in the normal state is larger along the a- than c-axis. This conflicts with conductivity
measurements showing p./pc is about 15 from 300 ~ 4.2 K at 4 GPa, i.e., conductivity along
the c-axis is clearly higher than the a-axis [110]. Further experimental and theoretical efforts
are need to clarify the point.



5. SUMMARY ON SPIN GAP AND SUPERCONDUCTIVITY OF TWO-LEG
LADDER

In the spin ladder compound Srj4xCayCu4O4;, experiments indicate that (1) Ca
substitution corresponds to hole carrier doping into the two-leg ladder through hole-charge
redistribution from the CuO, chain to the ladder, (2) spin gap as predicted by theory exists,
and (3) superconducting transition occurs with X 11.5 and at applied pressure higher than
~3 GPa. Accordingly, the basic phase diagram of Sri4xCayxCu,404; can be described as shown
in Fig. 5-1 (Magishi et al [27], see Fig. 4-9 also).

In addition to the basic properties of Sr;4.xCaxCuy404) represented in Fig. 5-1, novel single
crystal transport and NMR measurements under high-P have newly revealed relevant
information such that it is now possible to expand discussions on the physics of Srjs.
xCaxCuy404;. These recent experimental results allow us further discussions on the origin of
superconductivity in the ladder compounds.
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Fig. 5-1

Phase diagram of Srj4.xCayCuy404; as functions of X and pressure. The
spin gaps Ak (e ) and Ay (o ) are obtain from the Knight shift and the T,
measurements, respectively. T, of x=11.5 sample is also plotted by solid
squares (scale on right axis). See ref. [27] for more detail.

(1) spin gap

It has been theoretically predicted that spin gap remains finite against carrier doping and
that superconductivity appears by taking advantage of spin gap. The magnitude of the spin
gap has been predicted to decrease by carrier doping [1], while NMR experiments provide



evidence that Asg decreases by carrier doping at ambient pressure, being consistent with
theoretical predictions. Neutron experiments, however, reveal that Agsg is almost unchanged.
The reason for the discrepancy between NMR and neutron experiments remains unclear. It
should be noted that these two methods observe spin excitations with different wave vector K,
which could be one explanation for such differences.

High-P NMR measurements demonstrate that spin gap behavior crosses over to a gap-less
Korringa-like behavior above T, (3—30 K). Such results can be interpreted to indicate that the
free motion of holon-spinon bound states could be the origin of gap-less state., i.e., the spin
gap survives in the superconducting state although it does not provide the crucial contribution
to superconductivity [108]. Inelastic neutron scattering experiments at P = 2.1 GPa for X =
11.5 sample confirmed the existence of spin gap [81], where this pressure is close to the
critical pressure for the emergence of superconductivity, suggesting that the spin gap might
survive even under high P where the superconducting ground state exists at low T.

(2) Superconductivity

It has been theoretically predicted that superconductivity in ladder systems emerges due to
the formation of electron (hole) pairs created by minimizing the energy-loss from breaking
spin singlet pairs. The magnitude of the spin gap is on the order of hundreds of degrees
Kelvin. Such a high energy scale leads us to expect high-T. superconductivity in the ladder
materials which has indeed triggered extensive experimental material research. However, the
highest T, of the existing ladder material is thus far limited to 12.5 K, being an order of
magnitude smaller than 2D high-T, cuprates, which suggests that the origin of
superconductivity in real materials is not exactly the same as that expected from the simple
spin gap-mediated superconductivity mechanism.

From single crystal resistivity experiments we know that external pressure possibly
induces charge redistribution from the CuO, chain to Cu,Os ladder. Such pressure also
transfers the system from a 1D metal to an anisotropic 2D metal, with superconductivity of
the ladder occurring in the anisotropic 2D electronic state.

Optical, transport, and NMR measurements suggest a formation of hole pairs associated
with pseudogap formation for a high Ca-concentration (X > 10) sample at ambient pressure.
These hole pairs would be confined within a ladder and unable to hop between ladders. In
contrast, charge dynamics along a leg can possibly be characterized by a collective mode of a
pinned CDW. Theoretically, both superconductivity and CDW are expected to be ground
states in the hole doped two-leg ladder system and may be competing with each other.

In spin gap-mediated superconductivity, while theories predict the d-wave symmetry of the
superconducting gap [7], the presence of a coherence peak observed in high-P NMR results
seems to rule out simple d-wave superconductivity in Sri4.xCaxCuz404; [108].

Considering all the research, it is surmised that the superconductivity of Srj4xCayCu,404;
probably takes place under the presence of a spin gap, yet the spin gap formation itself does
not seem to play a crucial role in superconductivity. At present, the pairing mechanism of
Sr14.xCaxCup404; remains unclear. Further experimental and theoretical efforts directed at
clarifying for example how much the spin gap state contributes and what effect CDW
instability applies regarding the pairing mechanism should be useful to elucidate the origin of
superconductivity.

Finally, we must emphasize that at this moment Sr;4.4CaxCuz4QO4; is the only spin ladder
compound exhibiting superconductivity. It seems a little too naive, however, to conclude that



the experimental results obtained on Srj4xCayCuy404; indeed reflect the general physics of
two-leg ladder materials. In fact, Srj4xCayxCu404; cannot be regarded as a simple model case
for a two-leg ladder system since the ladder may strongly be influenced by the random
potential originating from the large buckling of oxygen atoms in 1D CuO; chains. This makes
it reasonable to surmise that in order to overcome the excess random potential the
superconductivity of Srj4xCaxCuy404; shows up not in an “optimal-doped” region but rather
in an “over-doped” one. The actual T, is therefore lower than what should be expected and
the relationship between spin gap and superconductivity is not so straightforward. Actually,
superconductivity appears at nearly optimal value and clearly decreases with pressure higher
than ~ 4.5 GPa. The so-called “under-doped” region observed in high-T. cuprates where T,
increases toward an optimal value by carrier doping seems to be missing. It is strongly
expected that researchers will discover new superconducting ladder materials that are
“cleaner” than Sri4.4CayxCunsQOy;.
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