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ABSTRACT: Solid solutions of Pauli-paramagnetic Ca-
Cu;V,0,, and antiferromagnetic CaMn;V,0;, were prepared
by a high-pressure synthesis technique. All samples crystallized in
the A-site-ordered perovskite structure with isovalent Cu®*" and
Mn®" ions at the square-planar A’ site. The V ion at the B site
kept a charge state close to +4 in all of the solid solutions, and
the electrons of V were delocalized and contributed to the
metallic properties. The substitution of Mn** for Cu** in
CaCu;V,0,,, where both Cu and V electrons were delocalized,
produced the S = */, localized moments, and the spins at the Mn
site interacted antiferromagnetically. Spin-glass-like magnetic
behaviors due to the random distribution of Cu/Mn ions at the
A’ site were observed at intermediate compositions of the solid
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solution, whereas the antiferromagnetic transition was observed at the end composition CaMn;V,O,.

B INTRODUCTION

A-site-ordered perovskite-structure oxides AA’3B,O,, in which
the A- and A'-site cations are ordered at an originally 12-fold-
coordinated A site in a simple perovskite ABO;, have been
studied extensively because they show a wide variety of
chemical and physical properties.' > As shown in Figure 1, the
A’ site in this structure is coordinated by four O atoms with
short (~2.0 A) bonds and by eight O atoms with relatively long
(~2.6—3.2 A) bonds and forms nearly square units that align
perpendicular to each other. Cu and Mn ions are known to
occupy such a square-coordinated A’ site, and Jahn—Teller
distortions in Cu®* and Mn*" were thought to play important

Figure 1. Crystal structure of the A-site-ordered perovskite AA’;B,O,,.
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roles in stabilizing the ions at the site. Ca>*Cu**;Ti*,0}, and
Y**Mn**,APP*,0,, are typical examples of compounds in which
those ions are stabilized at the A’ sites.®”

Recently, however, it was revealed that not only Jahn—Teller
active Cu** and Mn®" but also ions with other ionic states can
be stabilized at the A’ sites in A-site-ordered perovskite-
structure compounds. For example, an intersite charge transfer
between the A’-site Cu and B-site Fe in La**Cu**;Fe®>”**,0,,
stabilizes Cu®" at the A’ site, producing La**Cu®";Fe3",0,,.° In
La,_,Na Mn;Ti,O,,, substitution of Na* for some of La*" ions
changes the ionic state of Mn at the A’ site but not that of Ti*"
at the B site, resulting in compounds expressed nominally as
LaMn'®**,Ti,0,, (x = 0.0), LayNaysMn?>*;Ti,O,, (x = 0.5),
and NaMn***,Ti,0,, (x = 1.0).° Thus, not only Mn** but also
Mn?*" and even Mn" can occupy the A’ site. This encouraged us
to explore further possibilities for the isovalent substitution of
Cu?* for Mn?* or Cu®* for Mn?*, and here we focus on solid
solutions of CaCu;V,0,, and CaMn;V,0,, with the isovalent
substitution of Cu** for Mn**,

The A-site-ordered perovskites with V at the B site show very
interesting properties. Although CaCu;V,0, is considered to
be an ionic crystal with an ionic formula of Ca**Cu**;V*,0,,,
the compound shows a Pauli-paramagnetic and metallic
behavior.” Both A’-site Cu and B-site V bands cross the
Fermi level in the electronic structure, and electrons of both Cu
and V are itinerant, leading to the metallic property. This

Received: June 27, 2013
Published: August 26, 2013

dx.doi.org/10.1021/ic401633c | Inorg. Chem. 2013, 52, 10610—10614


pubs.acs.org/IC

Inorganic Chemistry

itinerancy contrasts sharply with the localized electronic
behaviors of Cu’* at the A’ sites in many of the A-site-ordered
perovskites. In the insulating Ca**Cu**;Ti*,0,,, indeed, Cu**
(S ="/,) spins at the A’ site form a G-type antiferromagnetic
spin structure.* On the other hand, CaMn;V,0,, shows
antiferromagnetism below 54 K.'° Interestingly, the magnetism
originates only from the Mn*" (S = */,) spins at the A’ site,
while the electrons of B-site V appear to be delocalized and
contribute to the low resistivity. No correlation was observed
between the spins at A’-site Mn and the electrons at the B-site
V.

In this study, we made solid solutions of the Pauli-
paramagnetic CaCu;V,0,, and antiferromagnetic-and-metallic
CaMn;V,0,,. From analyses of the crystal and electronic
structures and magnetic and electronic transport properties, we
see how the properties of the solid solutions change.

B EXPERIMENTAL SECTION

Samples with nominal compositions of Ca(Cuy_,Mn,)V,0,, (x = 0,
0.5, 1, 1.5, 2, 2.5, and 3) were prepared by solid-state reactions under
high-temperature and high-pressure conditions. Stoichiometric
amounts of the raw materials CaO, CuO, Mn,0;, V,0;, and V,04
were mixed and sealed in gold capsules in a glovebox. They were then
treated at 9 GPa and 900 °C for 30 min with a cubic-anvil-type high-
pressure apparatus, followed by quenching to room temperature
before the pressure was released.

Synchrotron powder X-ray diffraction (SXRD) patterns (wave-
length 4 = 0.775 A) for phase identification and structural analysis
were obtained at room temperature. Diffraction patterns were
collected with a large Debye—Scherrer camera installed at BL19B2
in SPring-8, and the crystal structures were refined by the Rietveld
method with the program GSAS.' The valence states of Mn, Cu, and
V were investigated by X-ray absorption spectroscopy (XAS)
measurements that were made at BL23SU in SPring-8 by a total
electron yield method. The data were taken at 14 K, and the incident
photon energy was calibrated by measuring the energies of the Ti L; ,-
edges of TiO, and the Ni L;,-edges of NiO.

Electronic resistivity measurements by a four-probe method were
carried out in a Quantum Design Physical Property Measurement
System, and the magnetic susceptibility in zero-field-cooled (ZFC) and
field-cooled (FC) modes was measured in a Quantum Design
Magnetic Property Measurement System with a reciprocating sample
option.

The electronic structures of CaCu;V,0;, and CaMn;V,0;, were
calculated by full-potential linearized augmented plane-wave
(FLAPW) first-principle calculations with the WIEN2k code. The
lattice parameters and fractional atomic positions experimentally
obtained by the structure refinements were used for the calculations.
The FLAPW sphere radii for Ca, Cu, Mn, V, and O were 2.0, 1.9, 1.9,
1.9, and 1.60 a.u, respectively. Self-consistency was carried out on
1000 k-point meshes in the whole Brillouin zone.

B RESULTS AND DISCUSSION

Figure 2 shows the SXRD patterns of Ca(Cu;_,Mn,)V,0;, (0
< x £ 3), and Figure 3 shows a typical result of the Rietveld
structure refinements. The refined structural parameters and
selected bond lengths and bond angles of all samples are listed
in the Supporting Information. All samples were crystallized
with the A-site-ordered perovskite structure with a cubic space
group of Im3, and although a very tiny amount of VO, was
detected in the samples with x > 0.5, no significant impurity
phases were observed. As is clearly seen in the enlarged view of
the diffraction patterns around 260 = 53° in the inset, a peak
shift to lower angles indicates a systematic increase in the lattice
parameters with increasing Mn substitution. As shown in Figure
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Figure 2. SXRD patterns of Ca(Cu;_Mn,)V,0, (0 < x < 3). The
inset shows an enlarged view of the diffraction patterns around 26 =
53°.
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Figure 3. SXRD pattern and the result of Rietveld refinement for
Ca(Cu; sMn, s)V,0;,. The observed (circles), calculated (line), and
difference (bottom line) patterns are shown. The ticks indicate the
positions of the Bragg reflections. The small amount of the VO,
impurity phase was included in the refinement. (Bragg reflection
positions for VO, are indicated by the second low ticks.)

4a, the refined lattice parameters follow Vegard’s law, indicating
successful synthesis of the solid solutions.
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Figure 4. Changes in (a) the lattice parameter and (b) the BVS value
for V in solid solution Ca(Cu;_,Mn,)V,0;, (0 < x < 3). Also shown
in part b are the BVS values for Cu and Mn of the end-composition
compounds (x = 0 and 3).
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From the results of the structure refinements, we can
estimate the valence states of V at the B site by a bond-valence-
sum (BVS) method." Although the lattice parameters increase
with Mn substitution, the V—O bond distances do not change
significantly and, as a result, the BVS for V is very close to +4 in
all samples (Figure 4b). The V*" states in the solid solutions
Ca(Cu;y_,Mn,)V,0,, are further confirmed by the V L-edge
XAS spectra shown in Figure Sa. The observed spectra for the
samples with x = 0—3 are quite similar and are essentially the
same as those of V* in oxides."
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Figure S. XAS spectra of (a) V L-edges, (b) Cu L-edges, and (c) Mn
L-edges of Ca(Cu;_Mn,)V,0,.

sharp contrast to the Cu®* substitution for Mn®" at the A’ site in
A(Mn,_,Cu,)Mn,O,, (A = Ca, Tb, Tm)."”

Figure 6 shows the temperature dependences of the magnetic
susceptibility y and the inverse susceptibility 1/y measured at
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Figure 6. Temperature dependence of (a) susceptibility y and (b)

inverse susceptibility 1/y of Ca(Cu;_Mn,)V,O,. Also shown by the
lines in part b are the results of the Curie—Weiss fits.

1000 Oe from 2 to 300 K. As reported in a previous paper,
CaCu;V,0,, shows a temperature-independent Pauli-para-
magnetic nature, although an increase in the susceptibility
probably due to some impurity spins is observed at low
temperatures. Importantly, when the Mn ions are introduced
into the A’ site, Curie—Weiss-like paramagnetic behaviors
appear in the solid solutions of Ca(Cu;_Mn,)V,0,, (0 < x <
3). From the Curie—Weiss fits of y = C/(T — ) to the
paramagnetic susceptibility (0 < x < 3) at high temperature
(>100 K), it is found that the Curie constants increase with
increasing Mn substitution. Not unlike what is seen with
CaMn,V,0,, (x = 3), the obtained Curie constants are
comparable to those expected from the Mn®* spins (Figure 7).
The results suggest that the Curie—Weiss paramagnetic
properties of Ca(Cu;_Mn,)V,0y, (0 < x < 3) originate only
from the spins of the A’-site Mn. The negative Weiss constants
suggest that the magnetic interaction between the Mn spins at
the A’ site is antiferromagnetic and that the interaction

The valence states of Cu and Mn were also investigated by
XAS measurements. As shown in Figure Sb,c, the observed Cu
L-edge spectra, which originate from Cu 2p to 3d excitation, are
quite similar to those of Cu®* with d° electron configuration
and square-planar oxygen coordination, although the peaks due
to a screening effect by the conduction electrons are rather
enhanced in the metallic CaCu,;V,0,, (x = 0)."*'> The Mn L-
edge spectra shapes are also very similar to the typical one of
Mn**,"® and the observed spectra for the samples with x = 1-3
show no significant difference, indicating that the valence state
of Mn in the compounds is very close to that of Mn>'.
Therefore, it can be concluded that for all of the solid-solution
samples the basic valence states of Mn and Cu are +2, while
that of V is +4. Neither Cu** nor Mn®" appears to be stabilized
in the present Ca(Cu;_Mn,)V,0,, solid solutions. This is in
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Figure 7. Curie constants of Ca(Cu;_Mn,)V,0,, (0 < x < 3)
obtained from the Curie—Weiss fits of the magnetic susceptibility data.
The solid line shows the change of the Curie constant expected from
the contribution of Mn*" spins of nominal Ca(Cu;_Mn,)V,O,.
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becomes stronger with increasing Mn substitution. Although
CaMn;V,0,, with full Mn occupation at the A’ site shows a
clear antiferromagnetic transition at 54 K, spin-glass-like
behaviors, which are indicated by the difference in FC and
ZFC susceptibility, are observed for the samples with 0 < x < 3
(Figure 8). Random distribution of the Cu ions at the A’ site
disturbs the long-range antiferromagnetic ordering of the Mn?*
spins.
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Figure 8. Temperature dependence of FC and ZFC magnetic
susceptibility of Ca(Cu;y_,Mn,)V,0,, with x = 1.5 and 3.0 at low
temperatures.

Figure 9 shows the temperature dependences of resistivity
from 2 to 300 K for Ca(Cu;_ Mn,)V,0;, (0 < x < 3). We note
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Figure 9. Temperature dependence of resistivities of Ca(Cu;_,Mn,)-
V,0p

that all of the samples have very low resistivities, whose values
are 3—10 mQ cm at room temperature. The resistivities of the
samples with 0 < x < 1 increase with increasing temperature,
indicating typical metallic behaviors. The resistivities of the
samples with 1.5 < x < 3, on the other hand, slightly decrease
with increasing temperature, but the behaviors are far from a
typical one of semiconductors. We thus consider that the
observed transport properties include a grain-boundary effect
on the polycrystalline samples and that the intrinsic transport
behaviors of Ca(Cu;_ Mn,)V,0,, are metallic.

As we discussed in previous papers on the end-composition
samples CaCu;V,0,, (x = 0) and CaMn,;V,0;, (x = 3),'° the
electrons of the B-site V ions appear to be delocalized and
contribute to the conductive behaviors. The electrons of the A’-
site Cu ions are also delocalized, whereas those of the Mn ions
at the A’ site appear to be localized, producing the local
magnetic moments. Such behaviors are well explained by the

characteristic electronic structures of the compounds. In
CaCu3V,0,,, as reported in ref 9, bands originating from
both the A’-site Cu and the B-site V cross the Fermi level.
Finite densities of states (DOS) for Cu and V at the Fermi level
are clearly seen in Figure 10a. Interestingly, for CaCu;V,0,,,
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Figure 10. Calculated total (shaded region) and partial DOS for (a)
paramagnetic CaCu;V,0,, and (b) antiferromagnetic CaMn;V,0,
(up-spin DOS only).

this paramagnetic state is more stable than an antiferromagnetic
state, where the A’-site Cu spins couple antiferromagnetically.
When we calculated the electronic structure with a spin-
polarized initial electron configuration, the calculation con-
verged to a state close to the paramagnetic one where equal
numbers of up-spin and down-spin electrons occupy both Cu
and V Muffin-tin spheres. For CaMn;V,O,,, in contrast, an
antiferromagnetic electronic structure where the A’-site Mn
spin is polarized is much more stable than the paramagnetic
electronic structure. In the calculation, we tentatively assumed
the G-type antiferromagnetic spin structure where the nearest-
neighboring A’-site Mn spins couple antiferromagnetically,
similar to the spin structure in CaCu;Ti,O,,.*° Importantly, in
the calculated electronic structure, the partial DOS for Mn are
nearly zero at the Fermi level (Figure 10b). The up-spin bands
of the d orbitals for Mn(1) are almost fully occupied, whereas
the corresponding down-spin bands are located above the
Fermi level and are empty. [The down-spin bands of the d
orbitals for the neighboring Mn(2) are fully occupied, and the
corresponding up-spin bands are empty.] The calculated
magnetic moment of the Mn(1) Muffin-tin sphere is 4.0 yp/
Mn, which indicates that all electrons of the Mn ions are
localized. The bands originating from V, on the other hand,
cross the Fermi level and contribute to the metallic
conductivity. This is why we believe that the observed
nonmetal-like resistivity of the CaMn;V,0,, sample includes
the grain-boundary effect. In Ca(Cu;_Mn,)V,0, (0 <x < 1),
the Cu bands also contribute to the transport property, which
makes the resistivity much lower, and even the polycrystalline
samples become showing metallic behavior. Therefore, the
electronic structure calculations well reproduce the exper-
imentally observed results, where the A’-site Mn is spin-
polarized and localized whereas the A’-site Cu and B-site V are
delocalized. Such characteristic features of the electronic
structures were evident even in the solid solution.
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B CONCLUSIONS

We made solid solutions of Pauli-paramagnetic CaCu;V,0,
and antiferromagnetic CaMn;V,0,, Ca(Cu;_,Mn,)V,0,, (0 <
x < 3), and investigated their crystal structures, valence states
of transitional-metal ions, and magnetic and transport proper-
ties. All samples crystallized in the A-site-ordered perovskite
structure, and their lattice parameters changed according to
Vegard’s law. The results of BVS analysis and XAS suggest that
the valence states of Cu and Mn at the A’ site are close to +2,
whereas the valence state of V at the B site is +4 for the entire
range of solid solutions. The electrons of Mn?* are localized
and produce S = °/, magnetic moments, whereas those for
Cu®" are delocalized. The magnetic interaction between the
Mn? spins is antiferromagnetic, and the random distribution of
nonmagnetic Cu ions in the Mn spin sublattice of the A’ site
results in glass-like behavior. The electrons of V, on the other
hand, are delocalized and contribute to the metallic transport
properties. Such characteristic features of the localized electrons
of the A’-site Mn and the delocalized electrons of the A’-site
Cu and B-site V are consistent with the results of electronic
structure calculations, in which the bands of antiferromagnetic
Mn have a spin-asymmetric gap, while those of Cu and V cross
the Fermi level.
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Refined structural parameters and selected bond lengths and
angles of Ca(Cu;_,Mn,)V,O1,. This material is available free of
charge via the Internet at http://pubs.acs.org.
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