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The high-pressure synthesis, structural characterization, and
physical properties of La;_,Sr,Cu0O,5; (0 = x = 0.20) are re-
ported. The nondoped LaCuO,; prepared at high pressure of
6 GPa crystallizes in the CaMnO,; structure which is one of
the prototypes of anion-deficient perovskites. The Rietveld
analysis of the powder X-ray diffraction pattern remarkably
shows a quasi-one-dimensional structure composed of Cu-O
ladders. The magnetic susceptibility measurements suggest a
spin liquid ground state with a large energy gap of 490 K as
theoretically expected for a S = 1/2 Heisenberg antiferromag-
netic ladder system. Systematic hole-doping is achieved by sub-
stituting Sr for La. A dramatic insulator-to-metal transition
has been observed in the resistivity measurements on doping,
but, with no signs of superconductivity as predicted theoreti-
cally for a lightly doped spin-ladder system. 011996 Academic

Press, Inc.

INTRODUCTION

Spin ladders have recently been of interest both theo-
retically and experimentally as low-dimensional quantum
magnets (1, 2). They provide intermediate lattices existing
between the one-dimensional (1D) S = 1/2 antiferromag-
netic (AF) Heisenberg chain and the two-dimensional
(2D) square lattice. In the former, quantum fluctuations
prevent true long-range AF order, while the latter shows
simple long-range order at low temperature. Ladder
lattices of increasing width can be obtained by assembling
chains one next to the other. Surprisingly, this crossover
between one and two dimensions is not at all smooth
(1-5). Ladders made of an even number of chains show
a quantum spin liquid state or a short-range resonating
valence bond state in which neighboring atoms are cou-
pled to a spin singlet because of their purely short-range
spin correlation. As a result, a finite energy gap, a so-
called spin gap, exists in the spin excitation spectrum.
In contrast ladders made of an odd number of chains
display properties similar to a single chain, namely,
gapless spin excitations.

This dramatic difference between even- and odd-chain
ladders predicted by theory has now been confirmed exper-

imentally in a series of cuprates Sr,,_;Cu,O,,_; with n = 2
and 3 (6, 7). These compounds have been prepared at high
pressure of 3-8 GPa (8, 9). They contain 2D Cu-O sheets
which can be obtained by cutting the CuO, sheet into strips
containing n Cu atoms in its width and then connecting
them again so that the CuO, squares share edges at the
interface. Because shearing resulted at the interface re-
duces effectively magnetic coupling between adjacent lad-
ders, they are considered as quasi-1D magnetic systems.
Moreover, the Cu®* ion has one electron missing from a
3d shell, leaving the ion with a spin 1/2 magnetic moment,
and these moments in each ladder are coupled antiferro-
magnetically through a strong AF superexchange interac-
tion J via oxygen ions. Therefore, the ladder-type Cu-O
lattice in these compounds can be considered as an actual
representation of the theoretical spin-ladder model. In
good agreement with theory, SrCu,O; comprising two-
chain ladders shows a well-defined spin gap with a magni-
tude of 400 K (6, 7), while Sr,Cu;Os comprising three-
chain ladders shows true long-range order below 50 K (10).

A further intriguing theoretical prediction is the occur-
rence of superconductivity with a novel mechanism when
even-chain ladders, namely, spin-liquid ground states, are
lightly doped with holes (3, 4, 11-14). The physical picture
based on a theoretical model called the —J model (15) is
rather straightforward in the case of isotropic two-chain
ladders (Fig. 1): The ground state before doping consists
of a set of spin singlets on each rung of the ladder, and
the excitation can occur only at the expense of a definite
energy to create a triplet on one of the rungs. The magni-
tude of the spin gap is calculated to be J/2. When lightly
doped with holes, superconducting pairing correlations can
be expected, because it is energetically more favorable to
create hole pairs rather than to create free spins on differ-
ent rungs. However, real materials appropriate to test this
intriguing theoretical prediction have been limited only to
the above mentioned cupric oxide and another two-chain
ladder compound, (VO),P,0; (16, 17), and it has been
impossible to dope these with carriers. To be reported here
is the preparation at high pressure and characterization of
a new two-chain ladder compound, LaCuO, 5, which can
be rendered metallic by doping with holes (18).
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FIG. 1. Simplified representation of the two-chain spin ladder model
proposing a possible occurrence of superconductivity (40). The arrows
and circles represent 1/2 spins and doped holes, respectively. A nondoped
ladder consists of a set of spin singlets (a). Doping with one hole breaks
three AF bonds, giving rise to an energy loss proportional to 3/. When
two holes are introduced and move independently of each other, the
total energy loss is 6J (b). However, if they occupy sites on opposite
sides of a rung, it becomes only 5J. This energy gain could lead to pairing
correlations, and, thus, 1D superconductivity of the purely electronic
origin could occur on lightly doped spin ladders. See Refs. (1-5) for
elaborate discussion.

There are three known compounds, La,CuO,, Lag
Cu;019, and La,Cu,0Os, in the La,O3;—-CuO system at
normal synthetic conditions. The first one is the parent
material of the first high-7, cupric oxide superconductor,
La,_,Ba,CuO, (19), and the others are members of homol-
ogous series with the general formula La,.4,Cug2,014+8,
(20). The structure of the homologous series is rather com-
plicated, based on the insertion of La,CuO4-type ribbons
of different widths between CuO planes of a complex ge-
ometry. Besides these compounds, LaCuQO;_shas been pre-
pared under high oxygen pressures which crystallizes in a
distorted perovskite structure (21, 22), and LaCuO, under
reducing atmosphere (23). I have explored a new com-
pound in this pseudo-binary system under high pressure
of 6 GPa and found that La,Cu,0s undergoes structural
transformation at high pressure into a simple oxygen-defi-
cient perovskite structure (CaMnQO, s type). The high-pres-
sure (HP) product is denser by 3% than the complex ambi-
ent pressure (AP) form. Hereafter, we will call the
compound of the CaMnO, s structure a LaCuO,s. In a
previous study it was reported that LaCuO,s of the
CaMnO, 5 structure was obtained at ambient pressure by
low-temperature reduction of LaCuO;_; prepared at high
oxygen pressure (24).

Since the Sr substitution for La is the most popular
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technique to dope lanthanum copper oxides with hole
carriers, the ternary system La,O;-SrO-CuO has been
extensively studied (25). On the perovskite line of (La,
Sr)/Cu = 1/1 a few compounds crystallizing in various
oxygen-deficient perovskite structures have been reported.
(Lay-,Sr,)sCugOy-5 has a tetragonal cell of a ~ 2\/§ap,
¢~ a, (a, is the lattice parameter of the primitive cubic
perovskite) for 0.16 = y = 0.24 (25,26), 6 = 0 and 0.7 =
y = 0.8, § = 4 (27), which involves three types of copper
coordination, octahedral, pyramidal, and square planar.
Interestingly, Otzschi et al. carefully studied on this phase
line and found a CaMnQO, s-type perovskite only for a nar-
row composition range around y = 0.14 as a low-tempera-
ture form of the above perovskite (28).

Application of high pressure is known to change phase
stability dramatically in various systems. In the case of
complex copper oxides it has been clearly demonstrated
by showing that the unusual oxygen-deficient “perovskite”
structure of a CuO,/A/CuO, sequence, which is called an
infinite-layer structure (29), is stabilized for A cations of
wide alkaline-earth metal compositions in ACuO, (30). It
is also the case for the present system. A systematic Sr
substitution for La up to 20% in LaCuO, 5 has been made
possible under high pressure.

Here we report the high-pressure synthesis of LaCuO, s
and La;_,Sr,CuO, 5. The structural characterizations indi-
cate that these compounds are to be considered as having
a quasi-one-dimensional lattice made of Cu-O ladders
rather than a three-dimensional perovskite network. The
magnetic properties are also reported, suggesting the for-
mation of a pseudo-spin gap for the nondoped compound
as expected from its crystal structure. The electrical resis-
tivity measurements show a marked insulator-to-metal
transition as a function of Sr content.

EXPERIMENTAL

High-pressure synthesis. A base material of La,Cu,Os
was prepared following the method reported by Cava et
al. (20), starting from La,0O; (dried at 1000°C in air) and
CuO in appropriate molar proportions. In order to avoid
a contamination with La,CuQ, special cares were taken
to keep the furnace temperature at 1000°C while inserting
or removing the pellets, because the material is stable
only in the narrow temperature range 999-1012°C (20):
La,CuO, is also stable at high pressure and would remain
as an impurity after high-pressure heat treatments. The
oxygen content of the single-phase material was deter-
mined by heating to 800°C in 95% N,—5% H, and measuring
the weight loss. This yielded the approximate stoichiome-
try of La,Cu,Os as reported previously (20).

To replace La by Sr, other base materials, (La;_,Sr,)s
CugOy with y = 0.20, 0.25, 0.30, were prepared from
La,03, SrCO;, and CuO by firing at 980°C in air. They
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FIG. 2. Powder X-ray diffraction patterns of the starting material La,Cu,Os prepared at ambient pressure and the high-pressure product
LaCuO,s. All the visible peaks in the latter are indexed with an orthorhombic cell of edges a = \@ap, b= 2\@ap, ¢ = a,. No contaminations

with La,CuO,, CuO, and the starting material are seen.

were monophasic for y = 0.2 and 0.25 as examined by
the X-ray diffraction method, crystallizing in a tetragonal
structure of a =~ 2\/§ap and ¢ = a, as reported previously
(26). The oxygen content determined by the hydrogen
reduction method gave 20 within the experimental preci-
sion of *=0.1, indicating an approximate copper valence of
2 + y. The product for y = 0.30 contained CuO as an
impurity phase.

Powders of La,Cu,Os or appropriate mixtures of La,
Cu,0Os and (La;_,Sr,)sCugOy (y = 0.2 for 0 < x = 0.2;
y = 0.25 for 0.2 < x = 0.25; y = 0.30 for 0.25 < x = 0.30)
were sealed in gold capsules, pressed almost isostatically
up to 6 GPa using a cubic-anvil-type HP apparatus (31),
and heat treated at 800—-900°C for 30 min. Then, tempera-
ture was dropped to room temperature within a few sec-
onds before releasing the pressure. A typical weight of the
products was 250 mg. They were all stiff and black in
color, and quite stable in air at room temperature and
ambient pressure.

Characterization. 'The HP products were characterized
by means of powder X-ray diffraction (XRD), electron
diffraction (ED), and high-resolution electron microscopy
(HREM). The XRD measurements were performed on a
Rigaku rotating anode diffractometer with graphite mono-
chromatized CuKa radiation. Data for the Rietveld analy-
sis were collected at room temperature over the 26 range
16°-120° at a 0.03° step for 10 sec which included 291
reflections. Structural refinements were performed using
the Rietveld software Rietan working on a Macintosh com-
puter (32). Low temperature XRD measurements were
also done at temperatures between 10 and 300 K. Si pow-

ders were mixed with sample powders as an internal stan-
dard. The temperature dependence of the lattice parame-
ters were determined using the Rietveld refinement
technique, assuming that of Si was constant (¢ = 5.4315
A) against temperature change, because its overall temper-
ature dependence (~5 X 107* A) was almost within the
estimated standard deviations of the refinements.

ED and HREM experiments were carried out on a
JEOL-2000EX electron microscope equipped with a top-
entry goniometer stage operating at 200 kV. Specimen for
observations were prepared by crushing pellets in acetone
and collecting fragments on carbon-coated holey film sup-
ported by a copper grid. Simulations for HREM images
were done using the MacTempus software.

Electrical resistivity was measured by a standard four-
probe method between 5 and 300 K. Magnetic susceptibil-
ity was measured on a Quantum Design SQUID mag-
netometer in an applied magnetic field of 1 T typically
from 5 to 350 K and sometimes between 2 and 550 K with
raising temperature after cooling in a nearly zero magnetic
field. Absence of hysteresis behavior between heating and
cooling under the magnetic field was seen for several non-
doped and doped samples.

RESULTS AND DISCUSSION

LLZCMOQVS

Structural characterization. The XRD profile for the
present lanthanum copper oxide has completely changed
after the HP treatment as shown in Fig. 2, implying that
a structural transformation has occurred at certain pressure
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below 6 GPa. The pattern for the HP product shows the
most intense peak at 260 ~ 33 (d ~ 2.7 A) and a couple of
peaks at 26 ~ 23° (d ~ 3.9 A), which suggests the product
to be of perovskite type. The ED experiments clearly sup-
ported this, revealing an orthorhombic unit cell of \/Eap X
2\/§ap X ay,. Figure 3 shows three representative zone axis
ED patterns. The rectangular mesh in the [001] zone (a)
corresponds to a \/Qap X 2\/§ap unit in real space. Extinc-
tions are seen in the [100] and [010] zone axis patterns;
(Okl) for k = 2n, (0k0) for k = 2n, (h0!l) for h = 2n, and
(h00) for h = 2n. The (h00) and (0k0) reflections with 4,
k = 2n + 1 in the [001] pattern are due to double diffrac-
tion. The possible space group deduced from the extinc-
tions is Pbam or Pba2. Based on the unit cell and the space
group, all the visible peaks in the XRD pattern could be
indexed consistently as shown in Fig. 2. No contaminations
with La,CuQO,, CuO, and AP La,Cu,Os were detected,
which means that the structural transformation is polymor-
phic. The oxygen content of the HP phase was 2.48 = 0.02
as determined by the hydrogen reduction method.

These results indicate the CaMnO,s structure (space
group Pbam) which is one of the prototypes of anion-
deficient perovskites (33). It is quite natural that a generally
dense perovskite structure is stabilized under high pressure
and also that this copper oxide crystallizes in the CaMnO, 5
structure instead of another typical prototype CaFeO,s
structure, because Cu®* is a Jahn—Teller ion just as Mn>".

Rietveld refinement. The structural parameters have
been refined using the Rietveld analysis technique. The
atomic coordinates for CaMnO, s were used as a starting
point for the refinement (33). The occupancies of all the
atoms were fixed to 1 and the isotropic thermal parameters
for the oxygen atoms were fixed to 1 A2 The observed,
calculated, and difference diffraction profiles are shown in
Fig. 4. A good fitting was achieved with convergence to
low agreement factors; Ry, = 3.4%, Rg = 7.5%, R. = 3.9%,
and S = 0.87. A possible reason for the too small goodness-
of-fit parameter S less than 1 is the high background of
the data arising from copper fluorescence, which can also
give rise to underestimation of the estimated standard devi-
ations of fitting parameters. Final cell, positional, and iso-
tropic thermal parameters are given in Table 1 in addition
to selected bond distances. Details of the structure will be
described later. Here we just compare these parameters
with the previous results on LaCuO,s prepared from
LaCuOj; (24). A few differences are noticed: For example,
the lattice parameters a and ¢ are nearly the same (within

FIG. 3. Electron diffraction patterns of LaCuO,s along the three
main zone axes; (a) [001], (b) [100], and (c) [010]. The (£00) and (0k0)
reflections with 4, k = 2n + 1 appear in the [001] zone owing to dou-
ble diffraction.
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FIG. 4. Rietveld refinement profiles for LaCuO, 5. The crosses represent the observed data, and the solid line is a calculated profile. A difference
plot is also shown below them. The refined structural parameters are summarized in Table 1.

1073 A) between the two compounds, while the b axis is
considerably shorter by ~0.01 A for the HP product. This
suggests that the two LaCuO, 5 have slightly different struc-
tures, arising from different synthetic routes.
High-resolution electron microscopy. Microstructures
of LaCuO, s prepared at high pressure have been investi-
gated by means of HREM. The crystals examined were
almost defect-free, and no other types of superstructure
possibly arising from different ways of oxygen vacancy

TABLE 1
Refined Structural Parameters of LaCuQO,;
Atom Position X y z Biso (A2)
La 4h 0.3122(1) 03602(1) 05 0.28(2)
Cu 4h 0.2928(3) 0.1057(2) 0 0.38(4)
o(1) 4g 02824(10)  0.1071(7) 05 1.0
0(2) 4g 0.0882(12)  02951(6) O 1.0
0(3) 2a 0 0 0 1.0
Selected bond distances (A)
Cu-0(2) 1.941(5)  [1x]  La-O(2)  24033)  [2X]
Cu-0(1) 19411)  [2x]  La-O(1)  2631(5)  [1X]
Cu-0(3) 1965(2)  [1X]  La-O(1)  2.638(6)  [1X]
Cu-0(Q2) 22855 [IX] La—O(3)  2.644(1)  [2X]
La-O(1)  2.654(6)  [1X]
La-O(2)  2958(4)  [2X]
La-O(1)  2959(5)  [1X]

Note. Space group Pbam (No. 55); a = 5.5482(1) A, b = 10.4677(1)
A, ¢ = 3.8801 1) A; Z = 4 formula unit per unit cell; Ry, = 3.4%, R, =
2.3%, Rg = 7.5%, R. = 3.9%, S = 0.87. Estimated standard deviations
in parentheses refer to the last digit. Isotropic thermal parameters, Bjs,,
were refined for sites La and Cu and fixed for the oxygen sites.

ordering were seen. Figure 5 reproduced a typical HREM
image taken with the incident electron beam parallel to
the c axis together with a series of images calculated based
on the refined structural parameters as a function of crystal
thickness. A fairly good agreement between them is
noted: Though oxygen vacancies are generally difficult to
be directly imaged in HREM, an array of paired bright
dots, which must reflect the characteristic deviation from
the ideal cubic perovskite, is pronounced in the thicker part
of crystals in both the experimental and calculated images.

Description of the structure. In the ideal CaMnO,;
structure one fourths of oxygen atoms are missing from
MnO; sheets so as to form an ordered array of one-dimen-
sional channels of vacancies which run along the ¢ axis
(Fig. 6a). The Mn-O sublattice consists of corner-shared
MnOs square pyramids. On the other hand, the apical
oxygens of the MnOs square pyramids shift away slightly
in real CaMnQO, 5 because of a Jahn-Teller distortion (33).
A similar distortion occurs in LaCuO,s. However, the
elongation of the transition metal-O(apex) bonds is much
larger (2.29 A) in the latter than in the former (2.09 A).
Moreover, the positions of transition metals shift much
more from the ideal positions in the copper oxide, which
results in remarkable pairing of Cu atoms within the basal
plane (Fig. 6b). Therefore, as a structural component ap-
propriate to describe LaCuO, 5 we should not take a square
pyramid as in CaMnO, s but a ladder which consists of a
couple of corner-shared CuO, planar squares linked by
corners along the c axis as perspectively illustrated in Fig.
7. Note that Cu and O atoms are almost coplanar in each
ladder. As a result, the structure of LaCuQO, 5 is very excep-
tional among many perovskite based structures in the sense
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FIG. 5. High-resolution electron microscopy image taken with the incident electron beam parallel to [001] at 200 kV (left) and a series of
computer-simulated images as a function of crystal thickness between 8 and 80 A in a 8 A step with each image having a 2a X 3b unit cell (right).
The electron-optical parameters used are E = 200 kV, C; = 1.2 mm, A = 100 A, @ = 0.5 mrad, and Af = —650 A.

(2) (d)

FIG. 6. Schematic structures of the transition-metal oxygen plane for the ideal CaMnO, s structure (a) and LaCuO, 5 (b). The small filled and
the large open circles show the positions of transition metals and oxygens, respectively. A projected unit cell of \/Eap X 2\/§ap is drawn by a
rectangle in each figure. Metal-oxygen bonds shorter (longer) than 2 A are shown with solid (broken) lines. The arrows in (a) indicate the directions
of oxygen movement due to a Jahn-Teller distortion.
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FIG.7. Perspective view of LaCuO, 5 along the c axis. Large, medium,
and small balls represent La, Cu, and O atoms, respectively.

that it is quasi-one-dimensional rather than three-dimen-
sional.

Furthermore, one-dimensional character in physical
properties would be expected from this unique structure,
if one considers anisotropy of the magnitudes of electron
transfers and antiferromagnetic interactions between
neighboring Cu atoms via oxygen atoms. Strong antiferro-
magnetic interactions should occur within each ladder, be-
cause the Cu—O—-Cu bond length is short and the angle is
nearly 180°. In contrast, the long Cu—O(apex) bond length
and the nonlinear Cu—-O(apex)-Cu bond angle (152°) lead
us to assume that antiferromagnetic interactions are much
weaker between two Cu atoms in adjacent ladders. More
importantly, this unbalanced Cu-O configuration must
make unpaired electrons confined in the intra-ladder Cu
d>-,—O 2p, orbitals (see Fig. 13). Thus, inter-ladder inter-
actions will be further weakened as a result of the approxi-
mate orthogonality (68.5°) between adjacent ladders, be-
cause electron transfer between mutually orthogonal
orbitals is prohibited by symmetry. These considerations
lead us to assume that each ladder is considerably isolated
from the others and provides a quasi-one-dimensional elec-
tronic system. However, recent band structure calculations
have suggested that half-filled o* bands near the Fermi
level exhibit anisotropic rather than 1D characteristics be-
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cause of considerably large contribution from Cu d,2 orbit-
als. It seems more realistic to consider LaCuO,s as a
strongly coupled ladder system in comparison with
SI'CUZOj;.

Low-temperature XRD. Structures at low tempera-
tures have been investigated by powder XRD mea-
surements as a function of temperature between 10 and
300 K. The overall diffraction profile at 10 K remained
essentially the same as that at 300 K: Neither peak splitting
nor selective broadening were detected. The Rietveld anal-
ysis confirmed that the structure was essentially the same.
The temperature dependence of the lattice parameters is
plotted in Fig. 8. The lattice shrinks almost isotropically
by 0.15% down to 10 K.

Physical properties. Since the valence state for Cu is
+2 for both AP La,Cu,0Os and HP LaCuO,5, they are
almost insulating because of large electron correlation. The
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FIG. 8. Temperature dependence of the lattice parameters normal-
ized at 300 K for La;_,Sr,CuO, 5 determined by powder XRD measure-
ments. The error bars show the estimated standard deviations deduced
from the Rietveld refinements. The solid lines are guides to the eye.
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Magnetic susceptibility has obviously changed after the
HP treatment as compared in Fig. 9. The magnitude is
reduced by an order, and the broad peak near 190 K for
the AP phase seems to shift to much higher temperature
for the HP phase. These suggest that antiferromagnetic
magnetic interactions are much stronger in the HP phase.

Most important here is to address whether the Cu-O
ladders suggested from the above structural considerations
really behave as spin ladders consisting of antiferromagnet-
ically coupled § = 1/2 antiferromagnetic chains. Looking
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FIG. 10. Temperature dependence of the magnetic susceptibility of
LaCuO,s. The data (open circles) were collected in two runs: The first
run was carried out, after zero-field cooling, with increasing temperature
and then decreasing between 4.5 and 350 K at an applied magnetic field
of 1 T. The second run was done similarly between 300 and 550 K. No
significant hysteresis behaviors are seen. The solid line on the data points
shows the result of fitting to the equation in the text, and the dotted line
represents the susceptibility after reduction of the Curie component. The
raw data of SrCu,0; are shown for comparison.

tent in La;_,Sr,CuO, 5. The samples are monophasic for x < 0.20, but
contain a small amount of (La;_,Sr,)sCugOy for x = 0.22. The estimated
standard deviation of each datum deduced from the Rietveld analysis,
which is not shown, is small almost within the mark. The solid lines are
guides to the eye.

in detail at the temperature dependence of the magnetic
susceptibility between 4.5 and 550 K which is shown in
Fig. 10, we see that it decreases gradually with decreasing
temperature to a minimum near 100 K with a convex curva-
ture. A continuous Curie-like increase is seen at lower
temperature. The minimum value at 100 K is reduced less
than one forth of the value at 550 K. The data cannot be
fitted to the Borner—Fisher-type magnetic susceptibility for
low-dimensional antiferromagnets because the observed
decrease is much larger than expected. Thus, we have as-
sumed a nonmagnetic ground state with a spin-excitation
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FIG. 12. Calculated density of La;_,Sr,CuO,s, La,Cu,Os (20), and
(La;-,Sr,)sCugOs (26, 41) versus Sr content.
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FIG. 13.

Schematic drawings of the Cu—O plane for HP LaggSry,CuO, 5 (a) and AP (LaygSrj,)sCusOs (b). The atomic positions are exactly

shown, based on the Rietveld refinement in each case. Only the Cu d,,, orbitals lying on the plane are shown.

gap due to singlet correlations in spin ladders, and fitted
the data to the equation

X=xo+ CI(T — 0O) + aT " exp(—A/T),

where yj is a temperature independent term, and the sec-
ond term is a Curie—Weiss contribution ascribed to impuri-
ties and/or Cu?" ions made free by crystal imperfections.
The third term represents the bulk spin susceptibility ex-
pected for a two-chain spin 1/2 Heisenberg AF ladder,
where « is a constant factor and A is the magnitude of the
spin gap (34). The result of fitting was very good as shown
by the solid line on the data points in Fig. 10. The obtained
values are xo = —2.2(2) X 107% emu/mol, C = 1.66(1) X
1073 emu/mol, ® = —5.45(8) K, = 4.26(1) X 1073, and
A = 492(2) K. All these values are very similar to those
reported for SrCu,0;(6). Since yj is close to the sum of
the temperature-independent contributions of the core dia-
magnetism (—6.2 X 107> emu/mol) and the Van Vleck
paramagnetism (6.0 X 107> emu/mol) (35), the spin excita-
tion is likely suppressed at low temperature. The amount
of free Cu" spins calculated from the Curie component
is only 0.38%.

For an isolated two-chain spin ladder the spin gap has
been calculated to be J/2, where J is the intra-ladder anti-
ferromagnetic exchange. Although an accurate value of J
is not known, this should be about 1300 K on the analogy
of the usual CuO, plane with the linear Cu—O-Cu configu-
ration. However, it has been also theoretically pointed out
that an inter-ladder antiferromagnetic exchange coupling
J' would strongly suppress the magnitude of spin gap (4).
In the case of SrCu,Os5, J'/J = 0.1 has been estimated.
The fact that the magnitude of the spin gap for LaCuO, s
is comparable to that for SrCu,O; (400 K) suggests that

inter-ladder interactions are still weak in LaCuQO,5 as in
SI'CUZO:;.

The above-mentioned magnetic susceptibility mea-
surements are consistent with a spin-liquid picture for
LaCuO, 5. However, it is still controversial, because recent
NMR experiments on LaCuO,s have suggested that an
unusual magnetic order with tiny moments takes place
below 120 K as evidenced by a large enhancement of the
nuclear spin-lattice relaxation rate (1/75) instead of an
exponential decrease and the disappearance of the Cu-
NMR signal (36). Moreover, very recent uSR experiments
also pointed out the existence of magnetic order below
120 K (37). It would be unusual if a true 3D AF order
develops below such a high temperature in spite of the
observed large reduction in spin susceptibility. However,
it may be reasonable to assume that the ground state of
LaCuO,; lies between a singlet spin-liquid state and a
Neel ordered state because of rather strong inter-ladder
coupling. Then, a singlet correlation would be dominant
at high temperature, while a crossover into a long-range
ordered state could be expected with decreasing tempera-
ture. In this sense it is more reasonable to interpret the
observed reduction in magnetic susceptibility as indicating
the opening of a pseudo-gap arising from singlet correla-
tion within the ladders.

Lal,xerCquj

Phase stability. The systematic replacement of La by Sr
can be achieved under high pressure without any significant
modifications of structure. This is in contrast to the previ-
ous results that only the composition near x = 0.14 is
stabilized in the CaMnO, s structure at ambient pressure
and low temperature (28). A continuous variation in the
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TABLE 2 TABLE 3
Refined Structural Parameters of Laj3Sr,,CuO,; Selected Distances and Angles for La;_,.Sr,CuO,;
Atom Position x y b4 Biso (A?) x=0 x =02
La/Sr* 4h 0.3081(3) 0.3605(2) 0.5 0.31(4) Distances (A)
Cu 4h 0.2874(7) 0.1069(4) 0 0.40(8) Cu—Cu (leg) 3.880(0) 3.865(0)
o(1) 4g 02960(21)  0.0959(13) 0.5 1.0 Cu-Cu (lung) 3.9303) 3.891(9)
0oQ) 4g 0.0596(26)  02841(12) 0 1.0 Cu—Cu (inter-ladder) 4.102(2) 4.088(6)
0(3) 2a 0 0 0 1.0 Cu-O(apex) 2.285(5) 2.251(15)
Selected bond distances (A) Angles (°)
Cu-0(2) 1.891(13)  [1X]  La-O(2)  2.503(9) [2x] Cu-O(apex)-Cu 152.2(3) 161.4(7)
Cu-0O(1) 1.937(1) [2X]  La-O(1)  2.544(14)  [1X] Cu-O(leg)-Cu 176.5(3) 172.6(8)
Cu-0(3) 1.945(5) [1x] La-O(3) 2.649(1) [2X] Cu-O(lung)-Cu 180 180
Cu-0(2)  2251(15) [1X] La-O(1)  2733(12)  [1X] O(lung)-Cu—O(edge) 176.5(2) 178.0(5)
La-O(1) 2.788(14) [1X] ladder-ladder 68.5 70.7
La-O(2)  2.825(9) [2x]
La-O(1)  2.865(12)  [1X]

Note. Space group Pbam (No. 55); a = 5.5221(1) A, b = 10.5295(2)
A, ¢ =3.8650(1) A; Z = 4 formula unit per unit cell; Ry, = 3.9%, R, =
2.8%, Rg = 9.0%, R. = 3.5%, S = 1.10. Estimated standard deviations
in parentheses refer to the last digit. Isotropic thermal parameters, Bjs,,
were refined for sites La/Sr and Cu and fixed for the oxygen sites.

“ Refined occupancy of Sris 0.184(7) under constraints, g(La) + g(Sr) =
1, x(La) = x(Sr), y(La) = y(Sr), z(La) = z(Sr), Biso(La) = Biso(Sr).

lattice parameters as a function of Sr content is shown in
Fig. 11. The decrease of a and c indicates a shrinkage of
the hole-doped Cu-O ladders, while the increase of b re-
sults from the rotation of each ladder which will be dis-
cussed later.

The samples of x = 0.2 were monophasic without La,_,
Sr,CuQOy, CuO or the AP phases, whereas the sample of
x = 0.22 contained a small amount of (La;_,Sr,)sCugOs.
Thus, the solubility limit must lie between x = 0.20 and
0.22 at 6 GPa. The AP structure remained intact for x =
0.25 and 0.30. It is interesting to note that the (La;-,Sr,)s
CugOy phase is stable only for 0.15 < y < 0.24 at ambient
pressure (26), while the application of high pressure stabi-
lizes it even for x = 0.30. The lattice parameters previously
reported for Laggs;S10.143Cu0O, 5 of the CaMnO, 5 structure
are a = 5.526, b = 10.503, and ¢ = 3.865 A (28), which do
not fall on the lines in Fig. 11, suggesting a slight difference
in the way of oxygen ordering.

In order to discuss the phase stability under high pres-
sure it is generally significant to compare the density of a
HP phase with that of the corresponding AP phase. Figure
12 compares the calculated density as a function of Sr
composition. The difference between the HP and AP
phases is largest, ~3%, for the nondoped materials and
becomes smaller around x = 0.20, where the HP phase
disappears. This gives a reasonable explanation for the
observed stability limit for the HP phase, because a gain
in free energy (AG = P AV) at elevated pressure must
determine the phase stability, which may be insufficient

for x > 0.20 to induce the structural transformation. The
density of Lag g5,51¢.143CuO; 5 prepared at low temperature
is calculated to be 6.95 g/cm® (28), which approximately
falls on the line for the high pressure phase in Fig. 12.
This means that the dense form is also stabilized at low
temperature and ambient pressure in the specific compo-
sition.

It is interesting to further compare La;_,Sr,CuQO, s and
(La;_,Sr,)sCusO, with respect to the dimensionality of
electronic structures. Figure 13 illustrates two correspond-

ing structures of the Cu-O plane for x = 0.20, each of
La, Sr,CuO,;
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FIG. 14. A series of electrical resistivity versus temperature curves
showing a systematic decrease of the amplitude upon doping and an
insulator-to-metal transition at x between 0.18 and 0.20.
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and 0.20 (b).

which is drawn with exact atomic positions based on the
Rietveld refinements (26). The most important factor to
affect the electronic and magnetic properties of these mate-
rials must be arrangements of Cu d,,_,,—O 2p, orbitals.
For clarity only the Cu d,,,, orbitals are schematically
shown in the figures. As described before, the HP com-
pound is characterized as linear O—Cu-O-Cu-O bonds
with their Cu d,,-,, orbital planes perpendicular to the
basal plane. In contrast, commonly observed in the
(La;_,S1,)sCusO, phase and also other perovskite-type
phases in the (La, Sr)-Cu-O system is a mixture of two
orientations of CuQ, squares, perpendicular and parallel
to the basal plane. One would expect from such an arrange-
ment that metallic conduction can easily occur within the
basal plane (and so three-dimensionally), because the in-
plane Cu d,,,, orbitals would work as a terminal for elec-
tron transfer. This is apparently not the case for La;_,Sr,
CuO,5. The above consideration gives a reasonable
explanation for the experimental facts that the (La;_,Sr,)s
CugO,q phase is always a good (three-dimensional) metal
independent of x, whereas the HP La;_,Sr, CuO, s phase
is more semiconductor-like, suggesting a reduced dimen-
sionality of the HP phase. The reason why CaMnO, s-type
Laggs7S19143CuO, 5 was reported to show metallic con-
ductivity (28) may be attributed to imperfect order of
oxygen atoms or excess oxygens locating within the basal
plane, which would trigger 3D conduction just as in
(Lalfysry)gcl.IgOz(] .

Description of the structure. 'The structural refinement
using the Rietveld method has been carried out for x =
0.20. The atomic coordinates of the nondoped compound
were used as a starting point. For the refinement of the
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Arrhenius plot, In p vs 1/T, for x = 0.0, 0.05, and 0.10 (a) and temperature dependence of resistivity normalized at 300 K for x = 0.15

La and Sr occupancies a constraint g(La) + g(Sr) = 1 was
imposed, assuming a statistical distribution of La and Sr.
The final results of the fitting are summarized in Table 2.
The fitting was fairly good, giving low R factors; Ry, =
3.9%, Rg = 9.0%, R, = 3.5%, and S = 1.10. The refined
occupancy for Sr was 0.184(7), which was close to the
nominal composition. A considerable peak broadening due
to strain effect was detected, which might be attributed to
microscopic inhomogeneity in Sr concentration, inevitable
for a solid—solution system.

The changes in some important atom distances and
angles on doping are shown by comparing those for x =
0 and 0.20 in Table 3. The Cu—Cu distances in the ladder
along the leg and rung become shorter on doping by 0.39
and 0.99%, respectively, while that between adjacent lad-
ders decreases by 0.34%. The ladder plane is almost flat
in each compound. What significantly happens on doping
is the rotation of rigid ladders which causes the increase
in the angle between adjacent ladder planes, the decrease
in the Cu—O(apex) distance, and also the decrease in the
lattice parameter b. These results indicate that the quasi-
one-dimensional structure is kept for doping.

Low-temperature XRD measurements for LaggSro,
CuO, 5 revealed that no structural transitions occurred
down to 10 K same as in the nondoped compound. The
change of the lattice parameters is plotted in Fig. 8. As a
result of doping, the lattice becomes soft along the a and
b axes, but hard along the c axis. Since ¢ directly measures
the Cu—Cu bond along the leg, this means a strong metallic
bond is formed along the ladder on doping.

Physical properties: resistivity. A dramatic insulator-to-
metal transition has been observed with doping in the
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cally decreases the resistivity by more than seven orders
of magnitude, and finally a metallic behavior down to
5 K is seen for x = 0.20. However, no indications of a
superconducting transition have been seen for any doping
level examined. The magnitude of resistivity for metallic
LaggSry,Cu0O, 5 is nearly the same as that of a supercon-
ductor La; gSry,CuQy in its normal state. The Arrhenius
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FIG.17. Doping dependence of the magnetic susceptibility measured
at an applied field of 1 T on heating after zero-field cooling. All the data
sets are fitted to the equation in the text, the results of which are shown
by the solid lines.

FIG. 18. Doping dependence of the parameters in the equation de-
scribing susceptibility for a spin-ladder system.

plot, In p vs 1/T, for x = 0 gave a straight line at high
temperatures (Fig. 15a) from the gradient of which an
activation energy of 1260 K (110 meV) was obtained.
The temperature dependence for 0.05 = x = 0.15 is rather
weak: The resistivity gradually increases with decreasing
temperature down to 5 K as typically shown for x =
0.15 in Fig. 15b. An insulator-to-metal transition occurs
between x = 0.15 and 0.20. It is interesting to compare
these results with the case of La,_,Sr,CuO, where metallic
behavior appears for a much smaller hole concentration
of x ~ 0.01 and superconductivity is observed for x =
0.06 (38, 39). Figure 16 compares the composition depen-
dence of resistivity at 300 K between the two compounds.
The distinct difference may reflect the essential difference
in dimensionality between the two cuprates.

Magnetic susceptibility. The doping dependence of
magnetic susceptibility is shown in Fig. 17. The magnitude
increases with doping, and, at the same time, the character-
istic decrease observed for x = 0 due to the presence of
pseudo-gap seems to fade away gradually. Assuming the
identical temperature dependence for pure and doped sam-
ples and fitting the data to the above equation, the doping
dependence of all the parameters are calculated as summa-
rized in Fig. 18. Apparently, y, increases rapidly with dop-
ing. This may correspond to the evolution of an in-gap
state which is responsible for the increase in conductivity.
The Curie constant or the amount of free Cu ions increases
only slightly.
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CONCLUDING REMARKS

A new hole-doped spin-ladder compound La,_,Sr,
CuO,;5 has been studied. Unfortunately, the theoretical
prediction of superconductivity in lightly doped spin lad-
ders has not been confirmed in the present material. The
main reason is that it is not good enough to realize the
ideal spin-ladder model in the following two senses: One
is that rather strong inter-ladder coupling prevents the
parent material from having a well-defined spin gap. It
should be addressed by theory how the singlet ground state
is modified with increasing inter-ladder coupling. The other
is that doped hole carriers tend to be localized probably
because of the randomness in potential arising from the
statistical mixing of aliovalent Sr*>* and La>*. This partly
reflects general difficulty in obtaining a 1D metal in a real
material. In order to avoid such a localization effect it
would be necessary to dope ladders with holes through
chemical modification at faraway sites in more complicated
crystal structures. Further experimental efforts to search
for a new hole-doped spin-ladder compound are in
progress.
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