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We investigate electronic properties of hole-doped cuprates Mg, _,Li,Cu,O; with the quasi-one-dimensional
two-leg-ladder structure. We succeeded in extending the solubility limit of Li in Mg, _,Li,Cu,0;3 from x = 0.12
tox = 0.60 by using the high-pressure synthesis technique. The antiferromagnetic transition temperature rapidly
decreases with increasing Li content from 94 K atx = 0 to 7.5 K at x = 0.30, and takes an almost constant value
(3-6 K) at x > 0.35. The antiferromagnetic order still exists even at x = 0.60, where the formal valence of
Cu is as large as +2.30. The temperature dependence of the specific heat suggests the finite contribution of
the electronic specific heat at x = 0.20-0.60, which is consistent with high valence of Cu. Nevertheless, the
temperature dependence of resistivity shows a variable range hopping behavior in the whole x ranges, and the

insulating behavior survives under the pressure up to 2.9 GPa. This peculiar behavior is owing to the disorder
originating from the intersite atom exchanges due to the similar ionic radius of cations in Mg;_,Li,Cu,0;.
Nonmagnetic ions of Mg2+ and Li" are introduced into the Cu,O; planes of Mg, _,Li,Cu, 03, resulting in the

localization of doped hole carriers.

DOLI: 10.1103/PhysRevB.101.245112

I. INTRODUCTION

The discovery of cuprate superconductors with the high
superconducting transition temperature (7;) [1] had a great
impact on condensed matter physics, and extensive research
on these materials has been performed for over 30 years.
These studies revealed that the parent compound with a
common structural unit, CuO; plane, is an insulator driven
by the strong electron-electron interaction (Mott insulator)
and that the unconventional superconductivity emerges by
carrier doping into the CuO, plane. Among various high-T;
cuprate superconductors, Sris—,Ca,Cu404; is known to be
the only exceptional material not containing a CuO, plane.
This material consists of a sum of a spin-1/2 two-leg ladder
(Cu,05 ladder) and a nonmagnetic chain (CuO, chain). The
average valence of Cu in Sr14Cup4Oy; is +2.25; however, the
temperature (7") dependence of resistivity shows an insulating
behavior because hole carriers are localized at CuO, chain
sites [2,3]. While the isovalent Ca®" ion substitution for Sr2*
ion does not change the average valence of Cu, it leads to
a charge transfer from the charge reservoir CuO, chains to
Cu,03 ladders, and reduces the resistivity remarkably [3].
Furthermore, the application of the physical pressure for
Sri4-,Ca,CuyyOy; with x = 9-13.6 induces superconductiv-
ity [2,4]. This superconductivity is considered to occur at
Cu,03 ladder planes, to which hole carriers are transferred
from the CuO, chains by the application of pressures [2,3].
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Iron-based superconductors [5] are another high-7; super-
conductor family next to cuprates. Iron-based superconduc-
tors also have a common structural unit of iron square lattice
in the FeX, tetrahedra layers (X = pnictogen and chalcogen
[6,7]). However, there is an exceptional material BaFe,S3,
which has a quasi-one-dimensional structure consisting of Fe
ladders composed by edge-shared FeS, tetrahedra. This mate-
rial is a Mott insulator and shows a stripe-type antiferromag-
netic order below the antiferromagnetic transition temperature
Ty of ~119 K. On applying pressure, a stripe-type antiferro-
magnetic order is suppressed, and then, a superconductivity
with T. ~ 24 K appears at pressures of 10-20 GPa [8,9].

Although both Sry4_,Ca,Cuy4O4; and BaFe,S; exhibit
the pressure-induced superconductivity on a pseudo-one-
dimensional ladder structure, there are two clear differences
among these two materials. One is the type of pressure-
induced metal-insulator transition. The metal-insulator transi-
tion in Sry4_,Ca,Cuy4 Oy is categorized into a filling-control-
type Mott transition, and that in BaFe,S; is categorized
into a bandwidth-control-type one. The other difference is
a relation between a magnetism and a superconductivity.
There is no clear magnetic order around room pressure in
Sry4—xCa,Cups04;, which has a spin gap with ~500 K at
x =0 [10]. On the other hand, a superconducting phase
is adjacent to a stripe-type antiferromagnetic phase in the
pressure-temperature phase diagram of BaFe,S3. The material
which bridges there two materials is useful for the better
understanding of the superconductivity in the ladder lattice.

In this study we focus on ACu,03 with the Pmmn (A =
Mg and Ca) [11,12] and Cmmm (A = Sr) [13] space groups;
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FIG. 1. Crystal structure of MgCu,0; [(a) whole image, (b) the ab plane, and (c) the bc plane]. (d) X-ray diffraction patterns for
polycrystals of Mg, _,Li,Cu,O3 with x = 0, 0.20, 0.40, and 0.60. The Miller indexes on the basis of the orthorhombic Pmmn are also shown.
The symbols # represent peaks attributed to KCI which is derived from the oxidizing agent KClO,. Composition dependence of (e) lattice
parameters (a, b, and c¢) normalized by the values of a, b, and c at x = 0 (ap = 4.00 A, by =9.34 A, and ¢y = 3.19 A) and an unit cell volume
(V) on the basis of the orthorhombic Pmmn space group in Mg;_,Li,Cu,0O5. The dotted curves in (e) and (f) are a guide for the eye.

the crystal structure of MgCu,0O3 is shown in Figs. 1(a)—
1(c). Comparing to Sry4_,Ca,CuyO4;, ACu,O3 has a simple
pseudo-one-dimensional structure with a Cu, O3 unit stacked
via A%* ions, and does not contain the CuO,-chain structure.
The material SrCu, O3 is the prototype of two-leg spin-ladder
compounds, and both of the Cu-O-Cu bond angles along the
leg and rung directions are 180°. On the other hand, as shown
in shown in Figs. 1(b) and 1(c), MgCu,03; and CaCu,03
have buckled two-leg ladders, which are formed by the linear
Cu-O-Cu bond along the leg direction (a axis) with the bond
angle of 180° and the buckled Cu-O-Cu bond along the rung
direction (b axis) with the bond angle of 105° (A = Mg)
and 123° (A = Ca) [11,12]. The temperature dependence of
magnetic susceptibility shows a broad peak in A = Sr [14],
which is the spin gap feature as in Srj4—,Ca,Cuy4O4; [15].
On the other hand, a clear kink resulting from the antiferro-
magnetic transition is observed at Ty = 94 K (A = Mg) [16]
and 24 K (A = Ca) [17]. Below Ty, the magnetic structure
of MgCu,0; is revealed to be the stripe-type one [16], in
which the spins are arranged ferromagnetically along the
rung direction (b axis) and antiferromagnetically along the
leg direction (a axis); this is consistent with the Goodenough-
Kanamori rules [18,19]. In the antiferromagnetically ordered
state, the spin is roughly pointing toward the rung direction
(b axis). Hence, the magnetic structure of MgCu, 03 is sim-
ilar to that of the Fe-based ladder superconductor BaFe,S3.
On the other hand, the magnetic structure of CaCu,0Os; is
reported to be a spiral magnetic structure with spins rotating
in the ac crystallographic plane [17]. In this way, MgCu,03
and CaCu,03 with a buckled two-leg ladder structure show
an antiferromagnetic order unlike copper oxide with a flat
two-leg ladder structure. Then, one question arises; does the

carrier doping into the buckled ladder cuprates induce the
metallic/superconducting state? Theoretically, an appearance
of a superconductivity is predicted by doping hole carriers
into ACu,05; with a buckled ladder structure [20]. On the
other hand, the atomic substitution in ACu,0j3 is known to
be very difficult. While the isovalent substitution such as
Mg,_,Ca,Cu,03 [21,22] and MgCu,_,Zn, 03 [23-25] were
reported, there are few reports on the carrier doping into
ACu;03. One rare example of carrier-doping systems is the
hole-doped one Mg;_,Li,Cu,03 [16,26,27]. The solvability
limit of Mg;_,Li,Cu,03 synthesized by the solid state reac-
tion was as small as x = 0.12. In this system, Ty decreases
with increasing Li content from 94 K atx =0to 24 K atx =
0.12. Hence, the antiferromagnetic order was not completely
suppressed by the Li substitution.

Here, motivated by a novel electronic state found in vari-
ous ladder materials, we investigate the carrier-doping effect
of MgCu,0;3. By using a high-pressure synthesis, we suc-
cessfully prepare Mg;_,Li,Cu,O3 with a wide composition
range x = 0-0.60. The electrical resistivity shows a gradual
decrease on the carrier doping, indicating that mobile car-
riers are actually introduced into the system. However, the
variable-range hopping-type temperature dependence persists
in the wide x compositions, and does not show a metallic be-
havior. The antiferromagnetic transition temperature rapidly
decreases on the hole doping, suggesting that introduced
carriers destabilize the magnetically ordered state by cutting
the superexchange interaction path. However, the antiferro-
magnetic order with 7Ty ~ 3 K is observed even at x = 0.60.
The behaviors in the heavily hole-doped range are considered
to be due to the atomic disorder, which is produced by the
inter-site ion exchanges of Mg?", Li*, and Cu*" ions. Our
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results highlight how MgCu,03 resembles and differs from
Sry4-,Ca,Cuy40y4; and BaFe,S3, and suggest a more suitable
Cu-based ladder material for exploring a new superconductor.

II. EXPERIMENT

The parent material MgCu, O3 is prepared by a solid state
reaction [28]. Mixed powders of starting materials, MgO and
CuO, with the prescribed molar ratio of 2 : 5 were pelletized
and heated at 950 °C for 24 h in air. The Li-substituted poly-
crystalline samples Mg;_,Li,Cu,03 (x = 0-0.60) are syn-
thesized by using a cubic-anvil-type high-pressure apparatus.
We use two kinds of starting materials depending on the
composition: one is MgO, CuO, Li,CuO,, and KCIO4 with a
molar ratio of (1 —x): (2 —x/2) : x/2 : x/8 for x = 0-0.25;
the other is MgO, CuO, Li,0, and KClO,4 with a molar ratio of
(1—=x):2:x/2:x/8 for x = 0.15, 0.30-0.60. Here KC1O4
is used as an oxidizing agent. For obtaining highly Li-doped
samples, it is a crucial importance to use Li,O as a Li source.
Mixed starting materials are placed in a gold capsule and are
loaded into a pyrophyllite cube. These are heated at ~800 °C
for 30 min at ~4 GPa. All the products are characterized by
the powder x-ray diffraction (XRD) using the Cu K« radiation
at room temperature. The electrical resistivity p was measured
by the four-terminal method over the temperature range of 4.2
to 300 K. The resistivity measurements at high pressure up to
2.9 GPa are performed by using a hybrid piston cylinder-type
high-pressure cell made of CuBe and NiCrAl alloys [29]. The
pressure medium is Daphne 7373 (Idemitsu Kosan), and the
pressure is determined by the ruby fluorescence method at
room temperature [30]. Magnetic susceptibility y measure-
ments are performed using a superconducting quantum inter-
ference device (SQUID) magnetometer. The specific heat C is
measured by the thermal-relaxation method at temperatures as
low as 2 K under a magnetic field of uoH = 0-9 T with a use
of a commercial apparatus (Physical Property Measurement
System, Quantum Design).

III. RESULTS

Figure 1(d) shows the XRD patterns for polycrystalline
samples of Mg;_,Li,Cuy,O3 with x = 0-0.60. Except for
peaks attributed to KCl originating from the oxidizing agent
KClQy, all peaks can be indexed on the basis of a orthorhom-
bic space group of Pmmn [11], indicating the formation of
a single phase. The 26 values of 200 peaks increase with
increasing x in a continuous manner, which indicates that the
Li atoms are systematically substituted into the materials. The
experimentally determined lattice parameters and the unit cell
volume are plotted as a function of x in Figs. 1(e) and I(f).
With increasing x, the a and b values decreases, whereas the
¢ value increases. As a result, the unit cell volume decreases
with increasing x. The reduction of the a and b values cor-
respond to the decrease in the Cu-O bond length due to the
hole doping into the system. From the formation of a single-
phase sample and the systematic change of lattice parameters,
we conclude that the actual Li content is nearly identical to
the nominal one; hereafter we use the nominal Li content x
as the compositions of resultant samples Mg;_,Li,Cu,0Os3. It
should be noted that the solubility limit of Li greatly expands
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FIG. 2. Temperature (7') dependence of the resistivity (p) for
Mg,_,Li,Cu,05; with x =0, 0.10, 0.20, 0.40, and 0.60. The inset
shows the same data plotted against 7-'/? and T~! for x = 0.40.
The plotted temperature range is 50-200 K.

from 0.12 to 0.60. The high-pressure synthesis is effective for
an expansion of solubility limit in this system.

Figure 2 shows the temperature dependence of p for
Mg;_,Li,Cuy0;3 with x = 0-0.60 at ambient pressure. The
resistivity of the parent material MgCu,0O; with the diva-
lent Cu ions is as large as ~10° Qcm, and can only be
measured around room temperature. Electrical resistivity de-
creases dramatically with increasing x, and p for x = 0.60
at room temperature is ~5 orders of magnitude smaller than
that of MgCu,0;. This drastic decrease of p is owing to
an introduction of hole carriers into the samples. Although
the formal valence of Cu reaches as large as 4+2.30 at x =
0.60, which corresponds to 0.30 holes/Cu, all the samples
investigated in this study do not show a metallic behavior.
One of the possible reasons for the localized behavior is the
oxygen vacancy. However, it would not be in our case; we
adopt the high-pressure synthesis method by using KCIOj4 as
an oxidizing agent, which prevents the deviation of oxygen
content from the stoichiometric value. If there are any oxygen
vacancies in the resultant samples, the peaks originating from
KO, must appear in x-ray diffraction patterns. In Fig. 1(d),
however, there are no peaks coming from KO,, which is the
strong evidence of negligible oxygen vacancy in our sample.
We estimate the activation energy E, from the fitting of p
with a equation p = pg exp (E;/2kgT ), where py is the pre-
exponential factor, and kg is the Boltzmann constant. Then,
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FIG. 3. Composition dependencies of (a) the activation energy
(E,) estimated from the resistivity, (b) the antiferromagnetic transi-
tion temperature (7y), and (c) the electronic specific heat coefficient
(y) and the Debye temperature (®p) for Mg;_,Li,Cu, 05 with (x =
0-0.60). The 7y values are determined by the magnetic susceptibility
(blue circle) and specific heat (red square). For comparison, previ-
ously reported values of E, and Ty are also plotted in (a) and (b) as
green triangles [26,27]. The dotted curves in (c) are a guide for the
eye.

obtained values are plotted in Fig. 3(a) and are consistent with
the previously reported values at x = 0.01-0.09 [27]. With
increasing x, E, decreases dramatically for x = 0-0.30, while
it is almost constant for x = 0.35-0.60.

Figure 4 shows the temperature dependence of x for
Mg;_,Li,Cu;03 with x = 0-0.60 under the magnetic field
of upH = 1 T. The x-T curves show kink anomalies at low
temperatures; this can be clearly observed as a dip structure in
the temperature derivative of x shown in the inset of Fig. 4.
These anomalies are considered to be owing to the formation
of the stripe-type antiferromagnetic order [16,28]. We define
the temperature at which dy /dT takes its local minimum
as the antiferromagnetic transition temperature 7y, which is
plotted as a function of x in Fig. 3(b). At x = 0-0.30, the
Tx value rapidly decreases from 93.9 K at x =0to 7.5 K
at x = 0.30 with increasing x. The 7y value at x =0 is
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FIG. 4. Temperature (7') dependencies of the magnetic suscep-
tibility (x) for Mg;_,Li,Cu,03 with x =0, 0.10, 0.20, 0.30, 0.40,
and 0.60 at a magnetic field of uoH =1 T. The inset shows the
temperature differentials of x (dx/dT). The arrows indicate the
antiferromagnetic transition temperature.

consistent with the previously reported value [26]. However,
on further increasing x up to 0.60, the Ty value shows little
change and becomes as small as 4.0 K at x = 0.60. This
indicates the robust antiferromagnetic state against further
introduction of hole carriers. This dramatic/subtle change in
Ty at x = 0-0.30/0.35-0.6 is similar to the trend observed in
the composition dependence of E,.

The specific heat divided by the temperature C/T under
zero magnetic field is plotted as a function of T2 in Fig. 5.
The specific heat for x = 0 has a broad peak structure at 93 K
(inset of Fig. 5), which is attributable to the antiferromagnetic
transition. The entropy release across the transition is roughly
estimated to be 90—-120 mJ/(Cu mol K) after subtracting
the lattice specific heat. This value is quite small compared
with the expected total magnetic entropy for § = 1/2 spins,
NakgIn (25 + 1) =~ 5.76 J /(Cu mol K), where Ny is the Avo-
gadro number. Such discrepancy is frequently observed in a
low-dimensional spin system, in which the magnetic order
develops in a wide temperature range owing to large quantum
fluctuations. On substitution Li atoms, the peak temperature is
smoothly lowered, and becomes 3.2 K at x = 0.50. We define
the temperature at which C/T takes its local maximum to be
T, which is plotted as a function of x in Fig. 3(b), being in
good agreement with 7y deduced from the magnetic suscep-
tibility. We then performed the specific heat measurements
under the magnetic field of uoH = 9 T for x = 0.50 (Fig. 5).
The peak structure at 3.2 K is suppressed by the application of
the magnetic field, which is caused by the suppression of the
antiferromagnetic order by the magnetic field. We note that
there is almost no impact of the magnetic field on C above
20 K, indicating that the magnetic contribution becomes very
small in this temperature range.

In order to separate the electron and phonon contributions
in C, we fitted the specific heat data at low temperatures
to the expression C = y T + BT>, where the y and B terms
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FIG. 5. Specific heat divided by the temperature (C/T) plotted
against 72 for Mg,_,Li,Cu,O3 with x =0, 0.20, 0.35, and 0.50
under zero magnetic field. For x = 0.50, the data under a magnetic
field of woH = 9 T are also plotted. The inset is an enlarged plot of
C around the antiferromagnetic transition temperature for x = 0. The
dotted curve in the inset corresponds to the contributions of phonons.

correspond to the electron and phonon contributions, respec-
tively. Here the fitted temperature range is set to be 2-6 K
for x = 0 and 20-23 K for x = 0.20-0.60, which permits us
to ignore the magnetic contributions. The obtained y values
are shown in Fig. 3(c). For x = 0, the contribution of electron
specific heat is hardly seen, which is consistent with a Mott
insulating state in MgCu,O3. However, the finite values of y
are observed at x = 0.20-0.60, although these samples show
an insulating behavior in p; the reason will be discussed later.
The y value at x = 0.20 is slightly large from the interpolated
value from the composition dependence, because it includes
some magnetic contribution in addition to the electronic con-
tribution owing to the closeness of Ty ~ 18 K and the fitting
temperature range. As can be seen in Fig. 3(c), the y values
show a modest composition dependence at x = 0.35-0.60;
this trend is similar to those seen in E, and Ty. Concerning
phonon contributions, we deduce the Debye temperature ®p
by using the formula B = 127*NR/50; where N is the
number of atoms in a formula unit (N = 6) and R is the gas
constant. The obtained values are plotted against x in Fig. 3(c).
With increasing x, ®p decreases from 514 K at x =0 to
400-410 K at x = 0.35-0.60. This composition dependence
is anomalous in the light of the simple expectation based on
the atomic mass. We speculate that the observed x dependence
is owing to weakening in a interatomic bond strength among
the Cu, O3 units.

The application of pressure is an effective method to
metalize the Mott insulator. We here choose the heavily hole-
doped compound Mg, _,Li,Cu, O3 with x = 0.60, and inves-
tigate the pressure effect. Figure 6 represents the temperature
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FIG. 6. Temperature (1) dependencies of the resistivity (p) for
Mg, _,Li,Cu,0; with x = 0.60 under high pressures of 0, 0.5, 1.0,
2.0, and 2.9 GPa. The inset shows the pressure (P) dependence of
the activation energy E,.

dependence of p under high pressures up to 2.9 GPa. The
resistivity monotonically decreases with increasing pressure;
however, the impact of pressure is rather small, and the system
does not show a metallic behavior even at 2.9 GPa. This
behavior is in a sharp contrast to the appearance of pressure-
induced metallic state accompanied by the superconducting
transition around 3.5 GPa in Srp4Ca;36Cu1404; [4]. The
activation energy E, is plotted in the inset of Fig. 6. The
extrapolation of the data toward higher pressure tells us that
at least 30 GPa is required to suppress the charge gap of this
material.

IV. DISCUSSION

We now discuss electronic states in Mg;_,Li,Cu, O3 with
x = 0-0.60 on the basis of the x dependence of the physical
quantities shown in Fig. 3. The charge gap rapidly decreases
with increasing x at x = 0-0.30, in which the antiferromag-
netic order is suppressed steeply. On the other hand, the charge
gap takes an almost constant value at x = 0.35-0.60, where
the stability of the antiferromagnetic order does not change
considerably. We note here that the hole-doping level is as
large as 0.30/Cu site at x = 0.60, which is expected to be
enough to metalize the system. The observed behavior is in
a stark contrast to the two-dimensional cuprate superconduc-
tors, in which a hole doping as small as 0.05/Cu site renders
the system from the Mott insulator to a metal and destroys the
long-range antiferromagnetic order. Here one might think a
possibility that the copper valence is modified by the possible
Li and O vacancies. However, this is unlikely since there are
no impurity peaks in XRD patterns. In addition, the lattice
parameter shows a systematic change as a function of Li
content. These facts indicate that there are few deviations
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of compositions from the nominal ones, and that the copper
valence is +2.30 at x = 0.60.

One clue to understand the nature of the insulating state
at x = 0.35-0.60 is gained from the specific heat measure-
ments, which indicates a large electronic contribution of
y ~ 10.6-16.1 mJ/K? mol for x = 0.35-0.60. One can then
conclude that the seeming insulating state at x = 0.35-0.60
actually has a finite density of states at the Fermi energy.
Hence, one plausible candidate of the electronic state at x =
0.35-0.60 is an Anderson insulator [31-33]. To test such a
possibility, we plot In p for x = 0.35 against 7~ and 7~!/2
in the inset of Fig. 2. One can see that p obeys the p
exp (T ~'/?) law over a temperature range of 60—180 K. These
are the characteristics of the variable-range-hopping (VRH)
process in the strong localization region in one dimension.
Thus, Mg;_,Li,Cu,0s3 is considered to be a strongly localized
system, where one-dimensional VRH-type behavior is real-
ized. We conclude that this is the origin of the insulating state
with a finite y value in Mg;_,Li,Cu,03.

This strong localization effect is considered to be owing to
the disorder effect among atomic sites on the low-dimensional
crystal structure. The three cations, Mg>*, Li*, and Cu?*
ions, in Mg;_,Li,Cu,03, have a similar ionic radius, which
cause a disorder in the atomic site. In other words, Cu?*
ions likely exist at the Mg/Li site, and Mg®* and Li* ions
likely exist at the Cu site. In fact, it has been reported from
a neutron diffraction for Mg;_,Li,Cu,03 with x = 0.12 that
Cu atoms occupy 12% of the Mg site and that a small
amount of Mg exists at the Cu site [26]. We also note that the
intersite mixing between Cu and Li atoms has been reported
for various inorganic materials [34,35]. Therefore, the Cu, O3
ladder plane in Mg, _,Li,Cu, 05 is disturbed by nonmagnetic
ions such as Lit and Mg2+, and as a result, doped hole
carriers are localized, preventing the appearance of metallic
behavior. Because the one dimensionality of the Cu, O3 unit is
strong in Mg;_,Li,Cu,O3 with the buckled ladder plane (the
Cu-O-Cu angle of the rung direction is 105°), the influence
of the disorder on transport properties is more prominent in
comparison with two-leg ladder cuprates with a flat ladder
planes (the Cu-O-Cu angle of the rung direction is 180°).

On the other hand, we believe that the disorder also affects
the spin state below Ty at x = 0.35-0.60, where Ty takes
an almost constant value of ~3-6 K. With increasing Li
content, not only a hole concentration but also an atomic
disorder increases, because the ionic radius of LiT is closer to
that of Cu®>* than that of Mg?*. At small hole concentration
regime (x = 0-0.1), the former is more pronounced and the
copper spin correlation sharply decreases with increasing hole
concentrations. With further increasing hole concentration,
the latter effect cannot be neglected, and the disorder permits
the existence of short-range antiferromagnetic-ordered state
even at highly hole-doped region. Indeed, we observe the
spin-glass-like behavior at x = 0.35, that is, a irreversibility
between zero-field-cooling and field-cooling processes in the
magnetic susceptibility measurements under a low magnetic
field (data not shown). The antiferromagnetic order at x = 0
seems to change into a spin-glass-like state around x ~ 0.35.

Finally, we briefly comment on how to improve the sam-
ple quality of carrier-doped ACu,03. We had expected that

Mg;_,Li,Cu;03 shows a metallic and superconducting be-
havior. However, owing to the atomic disorder, the carriers
in the Cu,03 plane of Mg;_,Li,Cu,0j3 are localized, and the
spin state seems to be a glassy one. Therefore, for investigat-
ing the intrinsic properties on pure Cu, O3 plane in ACu, 03, it
is necessary to remove the chemical disorder. Generally, the
post-annealing process is effective for reducing a disorder.
However, Mg;_,Li,Cu,0O3 with x = 0.12-0.60 is prepared
only by a synthesis under high pressure, and thus samples
are decomposed by the post-annealing process at ambient
pressure; hence it is hard to improve sample quality by the
annealing procedure in Mg;_,Li,Cu,03. Instead, it is more
plausible to focus on CaCu,O3 material. Considering that the
ionic radius of Ca®* ion is much larger than that of Cu®* ion
one can expect a small intersite exchange in CaCu,0O3. Hence,
it is highly expected to dope carriers into CaCu,0O3 by the
chemical substitution using the high-pressure synthesis tech-
nique. If such system is developed, one can straightforwardly
compare electronic states with those of Sry4_,Ca,Cuy404; and
BaFe,S3, and reach a better understanding of the electronic
states in the buckled-ladder copper oxides.

V. SUMMARY

In summary, we prepare heavily hole-doped cuprates
Mg;_,Li,Cu,O3 with the quasi-one-dimensional two-leg-
ladder structure and investigate their electronic properties.
We succeeded in extending the solubility limit of Li in
Mg;_,Li,Cuy0; from x = 0.12 to x = 0.60 by using a high-
pressure synthesis technique. The charge gap and the anti-
ferromagnetic transition temperature rapidly decreases with
increasing Li content for x = 0-0.30, indicating that mobile
carriers are introduced into the system. However, the charge
gap takes an almost constant value for x = 0.35-0.60, keeping
an insulating state in all the composition range investigated
here. The insulating state is robust under pressures up to
2.9 GPa. The antiferromagnetic order is still observed around
~3 K even at x = 0.60, where the formal valence of Cu is as
large as 4+2.30. The temperature dependence of the specific
heat suggests the finite contribution of the electronic specific
heat at x = 0.20-0.60, which seemingly contradicts the in-
sulating behaviors in the electrical resistivity. This peculiar
behavior in the heavily substituted range is originating from
the disorder produced by the intersite atomic exchange of
nonmagnetic Mg?* /Li* ions and magnetic Cu®* ions, which
results in the the localization of doped hole carriers.
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