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ABSTRACT: A new perovskite, CaCo2+3V
4+

4O12, has been synthesized at high-pressure
and high-temperature (HP-HT) conditions. The properties of this perovskite were
examined by a range of techniques. CaCo3V4O12 was found to adopt a double-perovskite
cubic lattice [a = 7.3428(6) Å] with Im3 ̅ symmetry. We have established that this new
perovskite is stable at ambient conditions, and its oxidation and/or decomposition at
ambient pressure begins above 500 °C. It undergoes an abrupt antiferromagnetic
transition around 98 K. Electrical resistivity data suggest semimetallic conductivity in the
temperature range of 1.6−370 K. We have established that the Co2+ ions in CaCo3V4O12
are in the high-spin state with a sizable orbital moment, even though their square-planar
oxygen coordination could be more suitable for the low-spin state, which is prone to
Jahn−Teller distortion. Electrical resistivity curves also exhibit a distinct steplike feature
around 100 K. CaCo3V4O12 is a first example of perovskite in which the sites A′ are fully
occupied by Co2+ ions, and hence its synthesis opens the door to a new class of double
perovskites, ACo3B4O12, that may be derived by chemical substitution of the A sublattice by lanthanides, sodium, strontium, and
bismuth and by other elements and/or of the B sublattice by some other transition metals.

■ INTRODUCTION
Perovskites, with the general formula ABO3 (where A = alkali,
alkali-earth, rare-earth, Pb, and Bi and B = transition metals, Ga,
Ge, Sb, and Sn), are a very common class of oxide materials
that find applications in a wide range of technologies. They
demonstrate plenty of exciting phenomena and properties, e.g.,
ferroelectricity, resistive switching (insulator−metal transi-
tions), colossal magnetoresistance, colossal dielectric constants,
and others.1,2 A perovskite structure has two types of cation
sites: octahedrally coordinated B sites and A sites with variable
coordination number. In the overwhelming majority of
perovskites, the cations that occupy the B sites interact through
the B−O−B network and determine electronic properties,
whereas those at the A sites normally remain electronically
inactive but can tune both the oxidation states of B cations and
the geometry of their octahedra. Chemical and structural
modifications of perovskites lead to new possibilities for their
applications. Nowadays, more complex materials with the
perovskite-based structure are being designed and investi-
gated.3,4 For example, the structures of so-called “double
perovskites” are based on the perovskite unit(s) but addition-

ally feature cation ordering at the B sites (e.g., materials like
A2BB′O6 and A′ABB′O6)

5−7 and/or at the A sites (e.g.,
materials like AA′3B4O12 and AA′3B2B′2O12).

3,8

Double perovskites with the formula AA′3B4O12 comprise an
additional cation site A′ that has square-planar oxygen
coordination. It accommodates small-sized cations of transition
metals.3,8 A close location of the B and A′ sites facilitates
electronic interactions through the A′−O−B chains. This can
lead to new exciting phenomena, such as, e.g., an isostructural
transition in LaCu3Fe4O12 at low temperatures or high
pressures.9−11 Chemical substitution of cations at the A or B
sites in the double-perovskite structure can also lead to
remarkable variations in magnetic, electronic, and other
properties, e.g., in CaCu3B4O12 for B = Ti,12,13 Mn,14 Ru,15

V,16 Fe,17 Pt,18 and others. However, square-planar oxygen
coordination of the A′ sites hints that this position may be
taken only by those ions that are prone to Jahn−Teller
distortion.3,4,19,20 There are numerous examples of double
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perovskites in which the A′ sites are fully occupied by Cu2+ 9−18

and Mn3+ ions.21−25

High-pressure and high-temperature (HP-HT) synthesis is
one of the promising methods for fabrication of new unusual
materials. Its application allowed the construction of new
perovskite systems, e.g., for a vanadium-based perovskite family,
such as CaCu3V4O12,

16 (Na,Y)Cu3V4O12,
26 and (Na,Ca,La)-

Mn3V4O12 with variable oxidation states of the Mn and V ions27

and CaPd3(Ti,V)4O12.
28 Furthermore, the HP-HT treatment

can force other transition-metal ions to take the A′ site or even
the A site in the structure. Using this method, new, highly
unconventional perovskites with the A′ sites taken by Fe2+ ions
(CaFe3Ti4O12)

29 and the A sites taken by Mn2+ ions
(Mn2+Mn3

3+Mn4
3.25+O12)

30 have been prepared. Moreover,
recent studies showed that it is possible to substitute part of
the Cu ions in CaCu3V4O12 by Fe

3+ 31 or Co2+ ions.32 However,
the maximal substitution rate in the above cases is less than 1/3
at synthesis pressures below 8 GPa.
In this work, using a HP-HT technique, we have prepared a

new vanadate perovskite, CaA′3V4O12, in which the A′ sites are
fully occupied by Co ions. This is the first example of a double
perovskite with the A′ sites fully filled by Co ions. We have
established a cubic double-perovskite lattice of this material and
investigated its structural, magnetic, and electronic transport
properties. We have found that near 100 K this perovskite
exhibits an abrupt antiferromagnetic ordering transition
accompanied by a steplike feature in the temperature
dependence of electrical resistivity. We have determined the
oxidation states of the Co and V ions, analyzed the spin state of
the Co ions, and discussed the conditions of the formation of
the double-perovskite structure.

■ EXPERIMENTAL SECTION
HP-HT synthesis was accomplished on a 1200 tonne multianvil press
at BGI (Bayreuth, Germany). For the synthesis, we used powdery
mixtures with purities of better than 99.9% of Ca(VO3)2, Co(VO3)2,
and Co. To avoid undesirable chemical reactions, the samples were
synthesized in a cylindrical capsule made of a 25 μm thin rhenium foil.
This rhenium capsule, a LaCrO3 heater, a MgO insulating cylinder,
W3Re/W25Re thermocouples, and other components were adjusted
in an octahedral container made of (MgO)0.95(Cr2O3)0.05.

30 Pressure
was generated between eight tungsten carbide cubic anvils with
truncated corners. A pyrophyllite gasket was employed as a pressure-
transmitting medium. Other details of the synthesis were similar to
those reported earlier.33,34 We have synthesized a dozen samples at
pressures between 14 and 18 GPa and temperatures between 900 and
1300 °C. Typical times of the syntheses were between 30 min and 8 h.
We found that synthesis at 15−16 GPa and temperatures of 1000−
1100 °C leads to the formation of bulk polycrystalline samples with
minor impurities of CaVO3 perovskite and VO2-based solid solutions.
Prolonged synthesis at a higher pressure of 18 GPa and similar
temperatures of 1100−1200 °C led to the formation of relatively big
single-crystalline (typically twinned) samples of sizes of ∼20−100 μm.
Bulk polycrystalline samples were further selected for powder X-ray
diffraction (XRD) and magnetic and electronic transport studies, while
single-crystalline samples were used for crystal structure refinement.
After recovery to ambient conditions, the CaCo3V4O12 sample persists
indefinitely as a metastable phase.
The morphology and chemical composition of the products were

examined by scanning electron microscopy (SEM) and electron
microscopy studies using a JEOL-JSM 6390 LA microscope with a
JED-2300 attachment (Figures S1−S3 in the Supporting Information,
SI). These systematic studies performed on several samples showed
that the chemical composition of this perovskite, in general, is close to
ideal with a ratio of Ca/Co/V cations of 1.00/3.00/4.00. However,
slight deviations from this stoichiometry may be observed in smaller

regions of not fully reacted samples. More details on this issue may be
found in the SI.

Transmission electron microscopy (TEM) analysis (Figures 1 and
2) was performed using a Philips CM20 FEG (field emission gun)

system, equipped with an energy-dispersive X-ray (EDX) analyzer,
operated at 200 kV. The selected-area electron diffraction (SAED)
patterns at 105 K were taken using a liquid-nitrogen-cooling holder.
The TEM foil was prepared at low voltages of 4 kV and an incidence
angle of 8° by a conventional Ar-ion milling method.

Preliminary structural characterization of the samples synthesized in
HP-HT conditions was performed at ambient conditions on a high-
brilliance Rigaku diffractometer (Mo Kα radiation) equipped with
Osmic focusing X-ray optics and a Bruker Apex CCD detector. High-
quality XRD measurements on bulk polycrystalline samples were
carried out at ambient conditions on a STADI P (STOE)
diffractometer in transmission geometry with a linear mini-PSD
detector using Cu Kα1 radiation (λ = 1.54056 Å) in the 2θ range from
5° to 120° with a step of 0.02°. Polycrystalline silicon [a = 5.43075(5)

Figure 1. Photograph and microstructure of CaCo3V4O12. (a)
Photograph of the bulk sample: top view of a cylindrical sample; the
ragged edges are rests of the rhenium capsule. (b) SEM image of
microcrystallites. (c) High-resolution TEM image of the ⟨001⟩ zone
axis obtained at ambient temperature. The white axes are the principal
axes of a1 and a2..

Figure 2. SAED patterns of CaCo3V4O12 obtained at room
temperature, 295 K (a and b), and at 105 K (c and d). The spot
reflections unambiguously suggest a cubic symmetry (Im3̅ space
group). The dashlike reflections (they are seen especially distinctly in
the patterns a and c) hint at the possible existence of incommensurate
structural modulations in the cubic lattice.
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Å] was used as an external standard for these XRD studies (Figures 3
and S7 in the SI). Single-crystalline samples (Figure 4) were

investigated at ambient conditions using a four-circle Oxford
Diffraction Xcalibur diffractometer (λ = 0.71073 Å) equipped with
an Xcalibur Sapphire2 CCD detector. Reflection intensities were
measured by ω scanning of narrow (0.5°) frames. Data collection and
further integration were performed with the assistance of CrysAlis
CCD35 and CrysAlis RED36 software, respectively. Empirical absorption
correction was applied using spherical harmonics, implemented in the
SCALE3 ABSPACK scaling algorithm, which is included in the CrysAlis
RED software. The structure of CaCo3V4O12 (Figure 5) has been
refined by full-matrix least squares in an anisotropic approximation for
all atoms, using SHELXL-97 and SHELXTL software.37

Magnetic susceptibility measurements (Figure 6) were carried out
on a MPMS SQUID magnetometer in the temperature range 2−400 K
in applied fields up to 5 T and on a VSM-5T vibrating-sample
magnetometer (Cryogenic Ltd.) in a magnetic field of 1 T. Electronic
transport properties (Figure 7) were measured by the conventional
Montgomery method using an Oxford Instruments setup.38,39

In order to examine the thermal stability of CaCo3V4O12 perovskite,
we annealed several pieces of it in an oven for 10−20 min under air
conditions at each temperature point starting at 230 °C. We found that
oxidation and/or decomposition of CaCo3V4O12 perovskite starts
above 500 °C and is completed at 600 °C (Figure S13 in the SI).

■ RESULTS AND DISCUSSION
The black-colored samples of CaCo3V4O12 showed good
crystallinity and a wide dispersion of crystallite sizes (Figure
1a,b). The sample looked very uniform (Figure 1b,c). At HP-
HT conditions, vanadium is known to be inclined to the
formation of conventional perovskite phases (e.g., PbVO3).

40

However, the conditions of our HP-HT synthesis were rather

unfavorable for the formation of simple perovskites, such as the
well-known CaVO3

41 and others. A weight fraction of the
CaVO3 perovskite in our samples did not exceed ∼3−4%.
The crystal structure of CaCo3V4O12 was examined by XRD

studies on bulk polycrystalline samples and small single crystals
(Figures 3 and 4). The samples were also probed by SAED
studies (Figures 1 and 2). The XRD pattern of a powder
sample (Figures 3 and S7 in the SI) matches that of the
CaCu3V4O12 perovskite,16 and hence we used the crystal
structure data for the latter as a starting structural model for our
perovskite. A full-profile Rietveld refinement of the XRD
patterns (Figures 3 and S7 in the SI) confirmed this model.
Thus, we found that CaCo3V4O12 has a typical double-
perovskite structure of Im3 ̅ space group (No. 204) with a
lattice parameter of a = 7.34285(5) Å (Figure 5). The refined
atomic coordinates are summarized in Table 1. This Im3̅ space
group (No. 204) suggests only one crystallographic position for
the V ions. The spot reflections in the SAED patterns collected
at both 295 and 105 K (Figures 2 and S5 and S6 in the SI)
unambiguously indicate a basic cubic symmetry corresponding
to the above Im3 ̅ space group. Notice that another common
space group, Pn3̅ (No. 201), which is possible in double
perovskites showing charge disproportionation between the
two B sites, would give an extra 111 reflection.17 Our SAED
studies did not detect such a reflection (Figure 2). One can
notice that the lattice parameter of CaCo3V4O12 and those
found earlier in CaCu3V4O12

16 and Ca(Cu2/3Co1/3)3V4O12
32

follow the linear Vegard’s law (inset in Figure 3). Using a bond-
valence-sum analysis,42 we found Ca2.2+, Co1.9+, and V4.1+ (see
the SI for details). Then, the chemical formula of this
perovskite can be written as follows: Ca2+Co3

2+V4
4+O12.

The XRD patterns collected on different samples cut from
the CaCo3V4O12 ingot also showed extra reflections that were
assigned to CaVO3 and VO2 (Figure 3). A full-profile analysis

Figure 3. XRD pattern of CaCo3V4O12 collected at ambient
conditions. Points are experimental data, the solid line is the calculated
profile, and the lowermost curve is the difference between the
experimental and calculated profiles. The upper row of dashes denotes
expected reflection positions for the Im3̅ space group of CaCo3V4O12;
likewise, the middle row denotes expected reflection position for the
P42/mnm structure of VO2, and the lower row denotes expected
reflection position for the Pnma structure of CaVO3. Inset: lattice
parameters of CaCo3V4O12 (this work), CaCu2CoV4O12,

32 and
CaCu3V4O12.

16

Figure 4. Typical XRD images (a and b), photographs (c), and a 2D
integrated pattern (d; corresponding to the XRD image shown in part
b) of twinned single crystals of CaCo3V4O12. These XRD images have
been collected on a Rigaku diffractometer under rotation of a sample
around its axis over 360° during acquisition in order to form a ringlike
XRD image. The dashes in the XRD pattern (d) indicate expected
reflection positions for the Im3̅ space group.
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of the XRD pattern given in this paper (Figures 3 and S7 in the
SI) yields the weight fractions of CaVO3 and VO2 as 3.0 and
4.6%, respectively.
Originally, the structural model of the CaCo3V4O12 perov-

skite (Table 1) was determined from the powder XRD data
(Figure 3). After a series of syntheses in variable HP-HT
conditions, we eventually succeeded in the preparation of
relatively big single crystals of CaCo3V4O12 (Figure 4) and,
hence, we performed single-crystal XRD studies on them. In
preliminary XRD studies on the Rigaku diffractometer, we
preselected several promising crystals (Figures 4 and S8 in the
SI) and then examined them on an Oxford Diffraction Xcalibur
diffractometer. Finally, the crystal structure was resolved on a
bulk high-quality twinned crystal (Tables 2 and 3). The crystal
structure models based on the powder (Table 1) and single-
crystal XRD data (Table 2) are almost identical. Both show the
strongest displacements of the Co2+ ions. The single-crystal

XRD studies additionally provide the tensors of anisotropic
displacements (U11, U22, U33, U12, U13, and U23). The
displacements of the Ca2+ and V4+ ions are truly isotropic,
and those of the oxygen atoms are also close to that (Table 2).
In contrast, the Co2+ ions feature prolate thermal ellipsoids with
large displacements in the direction perpendicular to the CoO4
plane (Figure 5c). We did not observe any incommensurate
reflections in these single-crystal XRD studies.
The presence of an array of dashlike reflections in the

ambient and low-temperature SAED patterns (Figures 2 and S5
and S6 in the SI) hints that the lattice of this perovskite has
signatures of incommensurate structural modulations (Figure
2a,c), and therefore the above structural model is an “average”
structure. However, the strong smoothing of these reflections
(Figure 2a,c) would suggest that atomic displacements related
to these incommensurate modulations are ordered only at the
short-range scale. In systems with well-defined incommensurate
modulations, these extra reflections in SAED patterns would

Figure 5. Double-perovskite crystal structure of CaCo3V4O12. (a and b) Different views of 2 × 2 × 2 supercell blocks showing square-planar oxygen
coordination of the Co2+ ions occupying the A′ sites and the octahedral network of the V4+ ions. (c) Anisotropic displacements of the Co2+ ions in
the direction perpendicular to the plane of square-planar oxygen coordination found in single-crystal diffraction studies (Table 2). The solid lines are
the unit cell boundaries.

Figure 6. Magnetic susceptibility of CaCo3V4O12 measured in the
applied fields of 1 and 5 T. No difference between field-cooling and
zero-field-cooling regimes was observed. Note the antiferromagnetic
transition around 98 K and the field dependence related to a
ferromagnetic impurity. The upper inset shows the field dependence of
magnetization measured at 3 K. The lower inset presents the Curie−
Weiss fit above 300 K for corrected susceptibility, as described in the
text.

Figure 7. Temperature dependencies of the electrical resistivity of
CaCo3V4O12 at zero magnetic field and at 13 T. The bulk arrow
indicates a steplike feature near 100 K. The two insets show
dependencies of the magnetoresistance effect (Δρ/ρ0) and Hall
constant (RH) on the magnetic field at 4.2 K.
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have shapes of spots.43−46 Incommensurate structures generally
show up in systems with competing periodicities.47 They can
also reflect the ordering of oxygen vacancies.41,46,48,49 However,
the full-profile Rietveld refinement of the XRD patterns of
powder CaCo3V4O12 (Figures 3 and S7 in the SI) and the
refinement of the single-crystal XRD data reveal full occupation
of all of the cation sites and exclude any appreciable anion
deficiency. The incommensurate structural modulations seen
on the SAED patterns (Figure 2a,c) should be rather ascribed
to local displacements of the Co2+ ions out of the CoO4 planes

(Table 2 and Figures 5c and S9 in the SI). This could also
explain the nonregular (short-range) character of these
structural modulations (Figure 2a,c). More detailed SAED
images are available in the SI (Figures S5 and S6).
Magnetic susceptibility (χ) measured on bulk polycrystalline

samples of CaCo3V4O12 shows a sharp maximum around 98 K
(Figure 6), which is characteristic of an antiferromagnetic
ordering transition. We performed magnetization measure-
ments on three different samples with different amounts of
impurity phases. All of the samples showed a 98 K transition
together with several other features that changed from one
sample to another. For example, the data shown in Figure 6 are
field-dependent and, thus, indicative of a ferromagnetic
contribution that persists up to at least 400 K [note also the
weak hysteresis in the M(H) curve shown as an inset of Figure
6]. Another sample lacked the ferromagnetic contribution at
high temperatures but revealed a sizable ferromagnetic signal
below 150 K (Figure S10 in the SI). Unfortunately, we cannot
identify these ferromagnetic signals in terms of individual
impurity phases. Both pure CaVO3 and VO2, which are seen in
the XRD data (Figure 3), are not ferromagnetic. However, the
presence of Co in the reaction mixture could produce doped
versions of CaVO3 and VO2 that have not been studied so far.
Nevertheless, the reproducibility of the 98 K transition in the
three different samples proves its intrinsic nature, while the
ferromagnetic contributions are certainly extrinsic (see also the
SI). The presence of ferromagnetic impurities prevents us from
detailed analysis of the low-field data, where ferromagnetic
signals are prominent and conceal the intrinsic signal of
CaCo3V4O12.
The magnetization data were corrected for the ferromagnetic

impurity signal as follows: χcorr = M(5 T) − M(1 T)/(5 T − 1
T). The resulting χcorr is the intrinsic signal of CaCo3V4O12. It
follows the linear regime in 1/χ above 200 K, with a slight
change in the slope around 300 K (Figure 6). Above 300 K, we

Table 1. Unit Cell Parameters of CaCo3V4O12 Found from
Powder XRD Studiesa

formula CaCo3V4O12

cryst syst, space group cubic, Im3̅ (No. 204)
P−T conditions ambient pressure, 298(2) K
lattice parameter (Å) 7.3428(6)
unit cell volume (Å3) 395.91(1)
formula units in the cell, Z 2
calcd density (g cm−3) 5.14
radiation, wavelength (Å) 1.54056
diffractometer STADI P (STOE)
2θ range (deg) 5−120
method of refinement full profile
RP and wRP (%) 0.77, 0.98

atomic coordinates

atom site x/a y/b z/c
isotropic displacement

Uiso
a × 100, Å2

Ca 2a 0 0 0 2.4(4)
Co 6b 0 0.5 0.5 4.7(4)
V 8c 0.25 0.25 0.25 3.0(2)
O 24g 0 0.2990(8) 0.8115(7) 2.7(1)

aThese values correspond to the refinement shown in Figure S7 in the
SI. A CIF file is given in the SI.

Table 2. Unit Cell Parameters of CaCo3V4O12 Found in Single-Crystal XRD Studiesa

formula CaCo3V4O12

cryst syst, space group cubic, Im3̅ (No. 204)
P−T conditions ambient pressure, 293(2) K
lattice parameter (Å) 7.3429(10)
unit cell volume (Å3) 395.92(1)
formula units in the cell, Z 2
calcd density (g cm−3) 5.14
radiation, wavelength (Å) 0.71073
diffractometer Oxford Diffraction Xcalibur
abs coeff (mm−1) 11.371
F(000) 289
θ range for data collection (deg) 3.92−32.02
index ranges −10 ≤ h ≤ 10, −10 ≤ k ≤ 10, −10 ≤ l ≤ 6
reflns collected 135
method of refinement full-matrix least squares on F2

GOF on F2 1.167
RP and wRP (%) 3.75, 10.94

atomic coordinates anisotropic displacements,b Ua × 100, Å2

atom site x/a y/b z/c U11 U22 U33

Ca 2a 0 0 0 0.95(7) 0.95(7) 0.95(7)
Co 6b 0 0.5 0.5 0.83(7) 0.91(7) 4.32(10)
V 8c 0.25 0.25 0.25 0.67(5) 0.67(5) 0.67(5)
O 24g 0 0.2992(4) 0.8115(4) 0.96(14) 1.22(17) 1.07(19)

aA CIF file is supplied. bU12, U13, and U23 were negligibly small.
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found C = 10.86 emu K−1 mol−1 and Θ = −79 K according to
the Curie−Weiss fit with χ = C/(T − Θ). The Curie constant C
yields an effective moment (μeff) of about 9.3 μB/fu, whereas
the negative Θ conforms to the antiferromagnetic nature of the
98 K transition. The change in the slope around 300 K is
probably extrinsic because it has not been seen in another
sample of CaCo3V4O12 (see Figure S12 in the SI).
Electrical resistivity measured on a bulk polycrystalline

sample of CaCo3V4O12 demonstrates semimetal behavior with
a steplike anomaly around 100 K (Figure 7). This anomaly has
a direct correspondence with the antiferromagnetic ordering
transition shown in Figure 6. The resistivity curve looks similar
to those reported for some other perovskites, e.g., for
CaCu3Fe4O12.

17 Near ambient conditions, we observed
negative values of the Hall effect (RH) in CaCo3V4O12,
indicating a dominating n-type conductivity. We found that
the carrier concentration and mobility are approximately n ∼
(1−3) × 1019 cm−3 and μ ∼ 5−25 cm2 V−1 s−1 within the
temperature range investigated. Magnetic-field dependencies of
the Hall and magnetoresistance effect obtained at 4.2 K (insets
in Figure 7) suggest that the low-temperature state of
CaCo3V4O12 is very sensitive to the magnetic field. A negative
magnetoresistance effect found under the application of
moderate magnetic fields was observed also in CaCu3Fe4O12.

17

Additionally, we observed a nonmonotonic change in the
resistivity around 300 K, which is reminiscent of the change in
the slope of 1/χcorr around the same temperature. However, the
origin of this effect is presently unclear and requires further
investigation.
In the simplest picture, delocalization of the B-cation d

electrons is determined by the bandwidth, which, in turn,
depends on the V−O−V angles that are reduced by the strong
tilting distortion in the AA′3B4O12 double perovskites. The V−
O−V angle of 145.03(2)° in CaCo3V4O12 (Table 3) is close, for
instance, to that of 145.4(2)° in the CaCu3V4O12 perovskite,

16

which shows metallic behavior.26,50 On the other hand, our
resistivity data evidence nonmetallic behavior. Therefore, in
analysis of the effective paramagnetic moment derived from the
susceptibility data (Figure 6), we considered two limiting cases
of the fully itinerant and fully localized V4+ electrons. The case
of the itinerant V4+ electrons implies that the effective
paramagnetic moment derived from the susceptibility data
should be solely ascribed to the Co2+ ions, and in this way, we
obtain μeff ∼ 5.4 μB/Co. In the case of completely localized V4+

electrons, we also account for the effective moment of 1.73 μB
on each of the spin 1/2 V

4+ ions and obtain μeff ∼ 5.0 μB/Co
(note that χ is proportional to μeff

2). Both of these values are
well above the spin-only magnetic moment expected for the
high-spin (HS) Co2+, with its electronic configuration 3t2g

5eg
2

yielding μeff ∼ 3.87 μB for a spin 3/2 ion. The low-spin (LS)
Co2+ with the electronic configuration 3t2g

6eg
1 would have a

much lower effective moment of 1.73 μB. Therefore, in

CaCo3V4O12, the magnetic moment of Co2+ is strongly
enhanced compared to its spin-only value.
The departure of the effective magnetic moment from its

spin-only value is most likely related to the orbital moment,
which is very typical for Co2+.51−54 Our data suggest an orbital
moment exceeding 1 μB, in agreement with earlier studies of
Co2+ oxides.51−54 However, formation of the orbital moment
intimately depends on the crystal-field levels and details of the
local environment. Because CaCo3V4O12 features an unprece-
dented square-planar coordination of Co2+ (Figures 5c and S9
in the SI), formation of the large orbital moment may not
follow the existing theoretical framework and clearly deserves
further investigation.
The magnetic structure of CaCo3V4O12 could be further

investigated by neutron diffraction, which probes the magnetic
moment on the Co site and, thus, provides a direct estimate of
the orbital component. Neutron diffraction studies have been
instrumental in understanding the complex crystal and
magnetic structures of ambient and high-pressure layered
perovskite polymorphs of La4Cu3MoO12.

55−58 Additionally,
magnetic transitions are often coupled with remarkable
structural transformations9,17,59,60 that may be present in
CaCo3V4O12 as well.
The formation of the double-perovskite structures at HP-HT

conditions depends on several factors, including the competi-
tion between different versions of the perovskite structure and
the capability of transition-metal cations to adopt the square-
planar local environment via Jahn−Teller distortion. A Jahn−
Teller effect is expected to be strong if the eg orbitals are filled
by odd numbers of electrons.19 This is the case in the Cu2+ ions
(electron configuration Ar 3d9 = 3t2g

6eg
3) and in the Mn3+ ions

alike (Ar 3d4 = 3t2g
3eg

1 in the HS state).19 The Jahn−Teller
effect explains the existence of multiple perovskites in which the
A′ sites having square-planar oxygen coordination are filled
either by the Cu2+ ions or by the HS Mn3+ ones.9−18,21−25 The
Co2+ ions are also Jahn−Teller active in both the LS (3t2g

6eg
1)

and HS (3t2g
5eg

2) states. However, they are less likely to show
strong Jahn−Teller distortions because the orbital degeneracy
may be lifted through a different mechanism, stabilization of a
multiplet with the large orbital moment via an energy gain from
the reduced Coulomb repulsion.52,61 Our observation of the
large orbital moment is reminiscent of this scenario, although
the square-planar local environment of Co2+ implies that Jahn−
Teller distortion is present as well and probably plays a role in
lifting the orbital degeneracy.
One should recall that the CaCo3V4O12 perovskite is a high-

pressure polymorph that cannot be synthesized at ambient-
pressure conditions. It is plausible that the formation of this
polymorph requires the transformation of Co2+ ions to the LS
state, which is more suitable for the square-planar oxygen
environment in this double-perovskite structure. Upon the
release of pressure, Co2+ ions should return to the HS state

Table 3. Main Distances and Angles in the Perovskite Structure of CaCo3V4O12 in the Structural Model Given in Table 2

distance (Å) some bond angles (deg)

Ca−O 12× 2.596(7) O−Ca−O 116.81(3) Ca−O−Co 104.60(1)
Co−O 4× 2.022(3) O−Ca−O 63.19(3) Co−O−V 107.30(9)
Co−O 4× 2.721(4) O−Ca−O 64.42(1) V−O−V 145.03(2)
Co−O 4× 3.171(5) O−Co−O 86.37(2) Ca−O−V 88.07(9)
V−O 6× 1.924(7) O−Co−O 93.63(2)
Ca−V 8× 3.179(6) O−V−O 89.95(1)
Co−V 8× 3.179(6)
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with a concurrent and significant increase in the ionic radius.
This might explain the abnormally strong displacements of the
Co2+ ions out of the CoO4 plane (Table 2 and Figure 5c).
Probably, the electronic orbitals in these “grasped” HS Co2+

ions are also “deformed” in comparison with the ordinary HS
Co2+ cases in other materials. Note that pressure-induced spin-
state transitions are rather common for cobalt oxides, such as,
e.g., in BiCoO3.

62

Altogether, we have shown that the robust square-planar
local environment is not a necessary requirement for the
formation of AA′3B4O12 double-perovskite structures. Our
results are in line with other recent studies showing variable
transition-metal cations occupying the A′ sites, e.g., Na-
(Cu2.5Ti

4+
0.5)Ti4O12,

20 Sr0.946(Cu2.946Ti0 .054)Ti4O12,
63

NaMn2.33+3V4O12,
27 and (Ca,La)Mn2+3V4O12.

27 Thus, HP-HT
synthesis of a cubic CaCo3V4O12 perovskite not only establishes
a new class of ACo3B4O12 double perovskites but also suggests
a new intriguing trend in perovskite science and technology.
We believe that even transition-metal ions with only weak
Jahn−Teller distortions (e.g., Fe2+, Fe3+, Ti3+, and V3+) or
without Jahn−Teller distortions at all are potential candidates
for occupying the A′ sites in double-perovskite structures.

■ CONCLUSION
In this work, we have synthesized the first double perovskite
with Co2+ ions at the A′ sites, CaCo3V4O12. We have
determined the oxidations states of the Co and V ions as 2+
and 4+, respectively, and established the HS state of Co3+ with
a large orbital moment. This case is opposite to the
overwhelming majority of double perovskites in which the A′
sites are occupied by ions having strong Jahn−Teller distortion,
namely, Cu2+ and HS Mn3+.9−18,21−25 Considering other recent
examples of the AA′3B4O12 perovskites with non-Jahn−Teller-
active A′ cations (e.g., Ti4+, Mn2+, Fe2+),20,27,29 we suggest that
a much larger family of the AA′3B4O12 compounds may exist
and show unique electronic properties.
CaCo3V4O12 orders antiferromagnetically around 100 K. The

low-temperature phase of CaCo3V4O12 and its crystal and
magnetic structures require further investigation. The magnetic
behavior of CaCo3V4O12 is different from that of other double
perovskites; e.g., CaCu3V4O12 is paramagnetic,8,16 and iron-
containing perovskites, like ACu3Fe4O12, demonstrate a
ferromagnetic ordering transition upon cooling.9,11,17,18 Syn-
thesis of CaCo3V4O12 reveals the existence of a new class of
double perovskites, ACo3B4O12, in which the A sublattice may
be occupied by lanthanides, sodium, strontium, and bismuth
and by other elements and the B sublattice by some transition
metals.
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