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High pressure is a powerful tool in the development of new

advanced compounds as it is thermodynamically favorable in

the formation of highly compacted advanced materials like

perovskite-type crystals. In particular, the compounds of

correlated electron systems containing transition metals have
attracted growing research interest because they manifest

profound physical functions for a number of potential

applications. This paper will introduce our recent work on the

high-pressure synthesis and properties of a correlated electron

system with novel properties.
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction As a thermodynamic parameter of
materials parallel to those usually studied such as
temperature and composition, pressure has played an
increasingly important role in the development of new
advanced materials. From the perspective of chemistry,
pressure can tune chemical valence through a change in
oxidization pressure or the gradual release of inner-core
electrons. Therefore, high pressure is considered as a
powerful tool in the development of novel condensed states.
High pressure is especially thermodynamically favorable in
the stabilization of ABX3-type perovskite-like compounds.
This is attributed to the high BX coordination number and
high density of perovskite structures. On the other hand,
perovskite-like compounds, especially those of transition-
metal oxides, have attracted growing research interest
because they have strong electron correlations with multi-
coupled charge, orbital, and spin ordering on the base of
crystal lattices that lead to profound physical phenomena.
These comprise some of the current frontiers of advanced
materials [1] such as superconductivity (including high-Tc

cuprates), colossal or tunneling magnetoresistance, and
novel multiferroic phenomena (e.g., ferroelectricity and
ferromagnetism coexisting in the same crystal structure).
High pressure tends to stabilize novel perovskite com-
pounds that otherwise can hardly be achieved using
conventional means.

In recent years, we have been working on the high-
pressure synthesis of novel compounds together with studies
on their properties, with particular emphasis on transition-
metal compounds including superconductors either on more
recently discovered iron arsenide superconductors [2], high-
Tc cuprates [3–5], itinerant magnetism [6], or Mott
compounds [7, 8], among others.

In this paper, we introduce several topics of our study of
the high-pressure synthesis of new materials and their
properties that was performed in our research laboratory,
with particular focus on the correlated electron system with
perovskite-type crystal structures.

2 Experimental The high-pressure synthesis of new
materials with perovskite-type crystal structures, including
Sr2CuO2þdCl2�x, Sr1�xCaxCrO3, and BaRuO3, was carried
out using a cubic-anvil facility and multianvil high-pressure
apparatus, respectively. The Sr2CuO2þdCl2�x samples were
synthesized at 1050 8C for 30 min and under 6 GPa pressure
using the precursors of Sr2CuO3 and Sr2CuO2Cl2. These
were prepared by the conventional solid-state reaction
method from the mixture of SrCO3, SrCl2, and CuO powder
with purities higher than 99.9% for each raw material. The
Sr1�xCaxCrO3 compounds were prepared at 6.0 GPa and
800–1200 8C for 30 min from commercial high-purity (3N)
CaO, SrO, and CrO2 starting materials. The BaRuO3

compound was prepared under 18 GPa at 1100 8C for 1 h
using the precursor BaRuO3 with 9 L structure through the
conventional solid-state reaction method from the mixture of
BaCO3 and RuO2 with purities higher than 99.9% for each
raw material. The details of the preparation of the samples
have been described in Refs. [5–8].
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The temperature dependence of magnetic susceptibility
was characterized using a commercial superconducting
quantum interference device at different applied fields.
Measurements of electrical transport properties were
performed utilizing the standard four-probe method.
Measurements of electrical conductivity and X-ray diffrac-
tion under high pressure were done at various pressures using
diamond–anvil cell (DAC) techniques. The measurement of
resistance under pressure was also made in a DAC with MgO
as the pressure medium. Pressure was calibrated by the ruby
fluorescence method. The X-ray diffraction data were
analyzed using Rietveld refinement with the GSAS program.

3 Results and discussion
3.1 Chemical-substituted Mott compounds The

transformation of a Mott insulator of a correlated electron
system into metal leads to a number of fascinating physical
phenomena, including high-Tc superconductivity in cup-
rates. Generally, there are two ways to facilitate the
transformation of an insulator to a metal [1]: chemical
doping or energy bandwidth control. High-Tc cuprates are
typical chemical doped-type Mott compounds: chemical
doping creates carriers that facilitate the transformation from
an insulating antiferromagnetic (AFM) ground state to the
superconducting state. Since the historical discovery of high-
Tc superconductors (HTS) of copper oxide in 1986 by
Bednorz and Muller, many HTS compounds have been
synthesized [9]. HTS is crystallographically a kind of
perovskite derivative with the [CuO2] plane as the central
configuration [9]. One of the advantages of high pressure in
the study of HTS is that high oxygen pressure can effectively
modulate the copper valence. The mixed valence generated
by high oxygen pressure is crucial not only for the generation
of superconductivity but also for the development of new
materials [9]. This has been well demonstrated in the high-
pressure synthesis of the Cu-12(n� 1)n homologous series,
the Cl-02(n� 1)n homologous series. More recently, we
have focused on HTS with 214-type simple structure in the
examination of the effects of apical oxygen occupation on
superconductivity [3–5]. Crystallographically, HTS consists
Figure 1 (online color at: www.pss-a.com) Crystal structures of hig
bridges the charge reservoir and [CuO2] the conducting plane (a), th
Sr2CuO2þdCl2–x.

www.pss-a.com
of periodic stacking of the charge reservoir and [CuO2]
conducting layers, respectively. They are usually bridged via
apical oxygen as shown in Fig. 1a. Using apical oxygen
doping, we recently succeeded in obtaining the new
Sr2CuO2þdCl2�x superconductors using high-pressure syn-
thesis. Figure 1b shows the schematic view of the crystal
structure of Sr2CuO2þdCl2�x. The sample was synthesized
under high-pressure and high temperature at 5 GPa and
1000 8C. Bulk superconductivity was achieved with Tc up to
30 K. Figure 1c [5] shows the temperature dependence of the
DC magnetic susceptibility of the Sr2CuO2þdCl1.2 sample,
indicating a bulk superconducting nature with Tc� 30 K.
The inset presents the temperature dependence of the
resistivity of the sample.

3.2 Bandwidth-controlled monovalent Mott
compounds According to the classification of transition-
metal compounds proposed by Zaanen, Sawatzky, and Allen
(ZSA) [10], there are two kinds of correlated insulators:
Mott–Hubbard (MH) insulators and charge-transfer (CT)
insulators, wherein the smallest energy gap is associated with
Coulomb correlation energy U and CT energy D, respect-
ively. In perovskite Mott systems, the d-electron bandwidth
is closely related to the buckling of B–O–B bond angles,
which can be modulated by changing the A-site ionic radius
and/or applying external pressure. In this instance, the
correlated electron perovskite family of (SrCa)CrO3 with
single valence at B-sites provides a unique example in
examining the evolution of structural and electronic proper-
ties with A-site ionic radius and d-electron bandwidth
without varying the nominal d-electron number per Cr4þ ion.
On account of the unusual electronic configuration of Cr4þ

ions, the perovskite oxides of A2þCr4þO3 (A¼Ca or Sr) can
only be synthesized under high pressure and temperature
conditions [11]. Recently, renewed attention has been paid to
both due to the anomalous electronic state [8]. We observed
pressure-enhanced metallization in the (SrCa)CrO3 system,
whereas X-ray diffraction experiments with a synchrotron
indicate that there is no crystal structure change in the same
pressure range [8], implying a change in electronic structure.
h-Tc superconducting cuprates highlighting the apical oxygen that
e crystal structure (b) and superconductivity (c: from Ref. [5]) of

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2a presents the pressure dependence of the volume for
Sr/CaCrO3. Fitting the P–V curve of Fig. 2a to the Birch–
Murnaghan equation gives a bulk modulusB0¼ 178� 5 GPa
for P< 4 GPa. At P> 4 GPa, SrCrO3 remains as a cubic
Figure 2 (online color at: www.pss-a.com) Equation of state (a),
IMT temperature (e), preliminary structure phase diagram (f), and the
(from Ref. [8]).

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
perovskite, but the structure becomes much more com-
pressible by showing a much reduced B0¼ 144� 2 GPa
where a pressure-induced electronic-state transition is
involved. To confirm the origin of the bond softening for
pressure-enhanced metallizations (b–d), pressure dependence of
magnetic properties (g) of the monovalent compounds (Sr,Ca)CrO3

www.pss-a.com
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SrCrO3 near 4 GPa, we measured the resistance of Sr/
CaCrO3 under pressure as shown in Fig. 2b. In this lnR versus
P plot, R changes more dramatically compared with P at a
low pressure than at a higher one. However, this change is
still not a solid proof of electronic-state transition to the
metallic phase near 4 GPa because grain-boundary resist-
ance is also lowered dramatically at relatively low pressures.
To further explore the high-pressure electrical state of Sr/
CaCrO3, we performed R(T) measurement at various
pressures. Figure 2c and d shows the pressure-dependent
resistance at 280 K for Sr/CaCrO3 compounds. The R(T,
0 GPa) curve of SrCrO3 is typical of an insulator, and theR(T,
10 GPa) curve with a minimum value at about 260 K is
characteristic of an insulator–metal transition (IMT). The
temperature of IMT also decreases under higher pressure,
and it reaches 240 K at the highest pressure 23.1 GPa.
CaCrO3 shows similar electronic properties under a pressure
like that of SrCrO3, a starting pressure of 20.9 GPa, and an
IMT temperature of 230 K. The transition temperature Tc of
CaCrO3 also decreases following an increase in pressure; at a
pressure of 26.1 GPa, it reaches about 220 K. The IMT
temperature TIM, where R(T) shows a minimum, decreases
under an even higher pressure. It requires a measurement of
R(T) at T> 300 K in order to locate precisely this shallow
minimum of R(T) where TIM is near room temperature.
However, extrapolation of the TIM(P) curve to a lower
pressure, as shown in Fig. 2e, locates a TIM> 300 K for
SrCrO3 and CaCrO3 near 5 and 13 GPa. This result not only
confirms that the bond softening of SrCrO3 near 4 GPa found
in the structural study under pressure is due to the electronic
transition to a metallic phase, but it also clearly proves that
SrCrO3 is a paramagnetic (PM) insulator with bond-length
instabilities at ambient pressure. The transition pressure of
CaCrO3 is much larger than that of SrCrO3, indicating that
CaCrO3 is more difficult to metallize under pressure.
Therefore, the pressure-induced metallization was ascribed
to electronic-type phase transitions. This possibly came from
the change in electronic structure due to an orbital ordering
evolution induced by pressure. The microstrain sensitivity of
orbitals and electrons [12] or the AFM metal state has also
been reported [13].

More recently, a solid solution of Sr1–xCaxCrO3 has been
reported [14]. The replacement of Ca with Sr in the Sr1–

xCaxCrO3 system is favorable to the stretching of Cr–O–Cr
bond angles and the increase in the 3d-electron bandwidth of
Cr4þ ions. These ions are responsible for the evolution
toward a metal of the system with coupled lattice, spin, and
charge freedom. Sr1–xCaxCrO3 polycrystalline samples were
prepared as described in Ref. [8]. Crystallographic
parameters were analyzed by Rietveld full-profile refine-
ment using the GSAS program. Figure 2f and g shows the
obtained results of the Sr1–xCaxCrO3 system. Figure 2f
indicates that the crystal structure gradually evolves from
cubic phase in SrCrO3 to the orthorhombic phase with an
increase in Ca content in the Sr1–xCaxCrO3 system. For the
samples with x¼ 0 and 1/6, the XRD data fit well using a
simple cubic structural model with the space group Pm3m
www.pss-a.com
(no. 221). This suggests that they have an ideal perovskite
structure without any tilting or rotation of CrO6/2 octahedra.
A tetragonal symmetrical model of I4/mcm (no. 140) is used
to fit the XRD patterns for the x¼ 1/3 and 1/2 samples,
leading to satisfactory results. In this symmetry, a Glazer
tilting sign of a0a0c� was assigned [15]. This means that no
structural distortion (tilting or rotation) of CrO6/2 octahedra
takes place along the a-axis direction. In the c-axis direction,
no octahedral tilting occurs, but there is an opposite rotation
between the nearest-neighbor CrO6/2 octahedra. Therefore, a
straight Cr–O–Cr bonding and a double cell parameter
compared with the cubic prototype in the c-axis direction are
formed in the tetragonal phase. The nearest-neighbor
rotation of the octahedra is directionally opposite the a� b
plane, so a bended Cr–O–Cr bonding occurs in this plane. As
far as the samples with x¼ 5/6 and 1 are concerned,
structural refinements can be performed well based on
orthorhombic Pbnm symmetry (no. 62). This phase belongs
to the aþb�b�-type Glazer tilting system, which involves
cooperative distortions of the CrO6/2 octahedra in three-
dimensional space. Rietveld structural analysis shows that
the crystal structure of the sample with x¼ 2/3 lies in the
phase boundary region from the tetragonal I4/mcm to the
orthorhombic Pbnm symmetry. We refined the structural
parameters using these two symmetries, respectively.

The results of the refinements for SrCrO3 and CaCrO3

are consistent with reports in Ref. [11]. The average tilting
angle <w> [¼ 1808�<Cr–O–Cr>)/2] gradually increases
with an increase in Ca content (i.e., decrease in A-site ionic
radius). This means that the progressive substitution of Sr
with Ca gives rise to the buckling of Cr–O–Cr bond angles
from 1808 in the cubic phase to �1568 in the orthorhombic
phase due to the cooperative distortions of CrO6/2 octahedra.
As a result, a series of crystal-structural phase transitions
takes place from the cubic to the tetragonal and then to the
orthorhombic symmetry. Similar structural evolutions have
been observed in the Sr1–xCaxMnO3 or Sr1–xCaxVO3

perovskite families. In each Cr4þ ion, there exist two 3d
electrons. In a regular CrO6/2 octahedral crystal field, the five
degenerate d orbitals split into two groups: the t2g group of
lower energy and the eg group of higher energy. In the cubic
phase, the 3d2 electrons randomly occupy the three
degenerate t2g orbitals (dxy, dxz, and dyz). However, they
preferentially occupy the dxy orbital in the tetragonal phase
because of the shrinking distortion of CrO6/2 octahedra
parallel to the z-axis direction. Consequently, d-electron
orbital ordering occurs, which accompanies the structural
phase transition in the Sr1–xCaxCrO3 family.

The Sr1–xCaxCrO3 perovskite system undergoes a very
interesting evolution of magnetic properties as a function of
A-site ion size as indicated in Fig. 2f, which are determined
on the basis of FC susceptibility curves. The cubic samples
(x¼ 0, 1/6) exhibit a PM feature. Similar to metallic Pauli
PM behavior, the susceptibility of SrCrO3 is almost
temperature independent above �200 K. This implies a
nonlocalized electronic state, agreeing with the metallic
behavior in SrCrO3. Considering the tetragonal phases
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(x¼ 1/3, 1/2), sharp AFM transitions are shown, as presented
in Fig. 2g. At different temperatures (5, 55, 100, and 150 K),
the field dependence of magnetization always exhibits a
linear relationship in both tetragonal and cubic phases, and
no hysteresis occurs. This is consistent with the tetragonal
AFM and cubic PM behaviors. Similar to the tetragonal and
orthorhombic samples described above, the sample with
x¼ 2/3 also exhibits an AFM transition at �57 K (Fig. 2g).
However, the ZFC and FC susceptibility curves clearly
separate at the onset of �120 K, which is much higher than
the correlated Néel temperature as well as the separated
temperatures observed in other members of the Sr1–

xCaxCrO3 family. This may be due to the canted, weak
ferromagnetism.

In the Sr1–xCaxCrO3 family, magnetic ordering arises
from the magnetic superexchange interactions of
Cr4þ–O–Cr4þ. Therefore, the buckling degree of Cr–O–Cr
bond angles as well as the bandwidth is closely associated
with magnetic properties. Based on structural parameters
and magnetic transitions, an increase in the bending of
Cr–O–Cr bond angles (i.e., the reduction of bandwidth)
is favorable to the enhancement of AFM couplings in
Sr1–xCaxCrO3 family. This agrees with a general feature
proposed by Goodenough that the Néel temperature deceases
with an increase in bandwidth [16]. Actually, bandwidth-
controlled magnetic transitions have been reported in many
other distorted perovskites. According to the Néel molecu-
lar-field theory of antiferromagnetism, the enlargement of
unit-cell size leads to a decrease in Néel temperature.
Obviously, the TN dependence of V0 agrees well with this
criterion in the Sr1–xCaxCrO3 family.

The Sr1–xCaxCrO3 family locates at the intermediate
region in the ZSA phase diagram. Moreover, available
optical spectral data are currently absent. Therefore,
determining exactly whether the Sr1–xCaxCrO3 family is an
MH-type insulator or a CT-type one is difficult. However,
RVO3 series perovskites are well known as typical MH
insulators [1]. The Sr1–xCaxCrO3 family has a similar
perovskite structure and out-shell electronic configuration
(3d2) at B-sites as RVO3. Furthermore, the layered
perovskite Sr2CrO4 has been proven to be an AFM MH-
type insulator. Therefore, the Sr1–xCaxCrO3 family should be
close to an MH system, where the effective energy gap U
splits the d band into upper and lower Hubbard subbands.
The substantial difference between CaCrO3 and SrCrO3 lies
in the <Cr–O–Cr> bond angle. It equals �1568 in the
former, whereas a straight Cr–O–Cr bonding exists in the
latter. This gives rise to a decrease in the 3d-electron
bandwidth from SrCrO3 to CaCrO3, taking into account the
relationship W/ cos<w>.

Based on the analysis of magnetism and bandwidth with
the change in x in the Sr1–xCaxCrO3 family, we can obtain
two expressions: dTN/dx> 0, and dW/dx< 0. Therefore,W is
inversely proportional to TN (dW/dTN< 0). In addition, the
Néel temperature of CaCrO3 was reported to be suppressed
under high pressure (dTN/dP< 0) [11]. In this instance,
pressure is favorable to the expansion of bandwidth, i.e., dW/
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
dP> 0. This is clearly indicated in Fig. 2b that shows a
dramatic reduction of resistance with external pressure.

3.3 Itinerant magnetism in the correlated
electron system The high-pressure synthesis of an
AMO3 compound as a perovskite is necessary, where the
mismatch between the equilibrium (A–O) and (M–O) bond
lengths gives a tolerance factor t –– (A–O)/H2(M–O)> 1.
The perovskite structure can accommodate a t< 1 by
cooperative rotation of the corner-shared MO6/2 octahedra,
which bends the M–O–M bond angle from 1808 to
(1808�f) and lowers the symmetry from cubic [15].
However, this becomes t> 1 by the formation of hexagonal
polytypes. The ionic radii [17] give room temperature
BaRuO3 a t¼ 1.0625, and it crystallizes as a 9R polytype
with close-packed BaO3 layers and a stacked cubic–
hexagonal–hexagonal–cubic structure along the c-axis. The
(M–O) bond is less compressible than the (A–O) bond for
most A2þM4þO3 compounds, so pressure reduces t.
Therefore, BaRuO3 was progressively transformed from
the 9R to the 4H and 6H polytypes with high-pressure
sintering. Recently, we successfully synthesized cubic-type
BaRuO3 at 18 GPa and 1000 8C [6].

The X-ray diffraction pattern shows that the transition
from the hexagonal 9R polytype to the cubic perovskite
phase was complete for BaRuO3 after high-pressure
treatment at 18 GPa and 1100 8C as shown in Fig. 3a.
Rietveld analysis of the X-ray data for the perovskite
ruthenates shows that (a) the bending of the (1808�f)
Ru–O–Ru bonds decreases from CaRuO3 to SrRuO3 and
disappears in cubic BaRuO3; (b) the (Ru–O) bond length in
BaRuO3 is stretched compared with the average Ru–O bond
length in SrRuO3 and CaRuO3. Low-temperature X-ray
diffraction shows that there is no phase transition to 10 K.
The availability of cubic BaRuO3 allows us to address how
the changes in bandwidth by changing the Ru–O–Ru bending
angle f and/or the (Ru–O) bond length affect the magnetic
transition in the perovskite ruthenates.

Figure 3b shows that cubic BaRuO3 remains metallic
down to 4.2 K. The ferromagnetic transition temperature Tc

is about 100 K lower than that in SrRuO3 as shown in Fig. 3c,
and the saturation magnetization at 5 K in a magnetic field of
5.5 T remains near 0.8mB/Ru, far below the spin-only 2mB/
Ru expected for a localized-electron spin-only moment. The
compositions 0.0� y� 0.2 in Sr1–yBayRuO3 have a higher
magnetization of ca. 1.4mB/Ru at 5 K. However, the
effective magnetic moment meff� 2.6mB/Ru from the PM
phase, which is close to the spin-only 2.8mB/Ru for S¼ 1, is
similar for all the perovskite ruthenates. As T approaches
4.2 K, r(T) is described by the power law r(T)� r(0)� T2.
Most interesting is the variation of Tc with the average ionic
radius <rA> of the A-site cation, as shown in Fig. 3c. Tc

increases with an increase in <rA> from Ca to Sr and peaks
at <rA>� rSr. Interestingly, magnetic behavior above Tc

performs in quite different ways. The side with an ionic
radius smaller than that of Sr shows a Griffith-like
diluted ferromagnetism behavior, whereas the larger side
www.pss-a.com
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Figure 3 (online color at: www.pss-a.com) Schematic view of the crystal structures (a), magnetism and electrical conductivity (b), Curie
temperature as a function of A-site ionic radius (c) for the ARuO3 perovskite (from Ref. [6]).
agrees well with the energy-band-controlled Curie–Weiss
behavior.

Itinerant-electron ferromagnetism in a strongly corre-
lated metal is widely assumed to be induced where the Stoner
instability Ur(eF)� 1 holds; U is the on-site correlation
energy, and r(eF) is the density of one-electron states at the
Fermi energy eF. Stoner’s model has been successfully
applied to ferromagnetic metals like ZrZn2 where a narrow d
band has a fractional occupancy per transition-metal atom
[18]. To demonstrate how this result clarifies the character-
istic of metallic ferromagnetism in single-valent ruthenates,
we place the Curie temperature for both sides of (Sr)1–

xBaxRuO3 and (Ca1–xSrx)RuO3. A saturation magnetization
varying from 0.8 to 1.4mB/Ru at 5 K supports an itinerant-
electron model similar to metallic conductivity. On the other
hand, U increases as W decreases, so the itinerant-electron
model predicts that Tc decreases as W increases. The
coexistence of metallic conductivity and local moments in
the perovskite ruthenates is consistent with the numerical
solution for an electronic system with U�W [6]. The
calculation predicts a continuous spectral weight transfer
from the states near the Fermi energy to the Hubbard bands as
U increases. However, the magnitude of the magnetic
moments below Tc suggests that a pseudogap exists between
bonding and antibonding states, and below Tc, the localized
moments are essentially confined to a single electron per
Ru4þ ion in an antibonding state. Competition between
AFM- and ferromagnetic coupling and itinerant-electron
spins is a characteristic feature of bands that are two-thirds
filled (half-filled bands are AFM, three-quarters filled bands
are ferromagnetic), and a larger bandwidth is seen to favor
the ferromagnetic interactions.

Like the strongly correlated Mott system, itinerant
transition-metal compounds continuously show promising
www.pss-a.com
performance. For example, the recent discovery of iron
arsenide superconductors shows that they are itinerant type
in nature, which demonstrate a sharp contrast compared with
high-Tc cuprates.

4 Conclusions High pressure plays a key role in the
development of new advanced compounds based on
perovskites. The rapid development of modern high-
pressure technologies to a high-pressure range such as above
30 GPa should result in the generation of more novel
materials in the near future. These new materials will
certainly demonstrate novel properties for a variety of
potential applications.
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