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Abstract 
We have successfully synthesized two new half-doped perovskites, MnV0.5Nb0.5O3 and 
MnV0.5Ta0.5O3, with unique small Mn2+ cations at the A site under high-temperature and high-
pressure conditions (6 GPa and 900-1300 °C). Synchrotron X-ray structure analysis confirmed their 
crystal structures to belong to the space group Pnma, and they do not exhibit features of an ordered 
perovskite (double perovskite) structure. Magnetic property measurements revealed an essentially 
antiferromagnetic nature below 17 K and 18 K for both compounds, respectively, accompanied by a 
small contribution of thermal and magnetic field hysteresis. Electrical conductivity measurements 
showed activation energies of 0.13 eV and 0.31 eV, respectively, suggesting semiconductor-like 
behavior. These findings underscore the potential of these materials with unusual A-site small Mn2+ 
cations for electronic and magnetic devices, warranting further studies to explore their unique 
magnetic and electronic properties. 
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1. Introduction 
 Perovskites have been a prominent research area for several decades and have garnered 
significant attention due to the intriguing phenomena exhibited by ABO3-type perovskite oxides. 
These phenomena include ferroelectricity in materials like BaTiO3 [1–3], SrTiO3 [4,5], PbTiO3 
[6,7], KNbO3 [8,9], high-Tc superconductivity in BaPb1-xBixO3 [10], colossal magnetoresistance in 
NdBaMn2O6 [11], LaMnO3 [12], Sr2CrWO6 [13], charge/orbital ordering in Ln1-xAxMnO3 (Ln = 
rare earth element, A = Ca, Sr) [14], Sm0.5Ba0.5MnO3 [15], PbFeO3 [16], multiferroicity in BiCrO3 
[17], BiMnO3 [18,19], and BiFeO3 [20,21], superconductivity in (Ba, K)SbO3 [22], MgCNi3 [23], 
photoelectricity in CsPbX3 (X = Br, I) [24], exotic magnetism in Ca2MnReO6 [25], and significant 
thermoelectricity in CsSnI3 [26], among others. These properties make them highly promising 
materials for both scientific investigations and industrial applications. 
 Usually, transition-metal cations occupy B-sites, while larger alkaline-earth or rare-earth 
elements locate in A-sites. In 1971, Shono et al. [27] demonstrated that under high-pressure 
conditions, it is possible to fill the A-sites with relatively small transition metal cations, leading to 
the synthesis of perovskite-type MnVO3. Introducing magnetic elements at A-sites can induce 
exotic properties, such as ferroelectricity or magnetic ferroelectricity, through strong interactions 
with elements at B-sites. Consequently, extensive research into unusual A-site manganese was 
undertaken to explore their unique magnetic and electronic properties, leading to the discovery of 
many excellent properties, such as multiferroism in CaMnTi2O6 [28] and the unusual site-selective 
doping effect in AMn3V4O12 (A = Na+, Ca2+, La3+) [29]. Notably, in 2015, Arévalo et al. reported a 
double perovskite Mn2FeReO6 [30], which exhibits a high Curie temperature of 520 K and displays 
large magnetoresistance, making it a significant candidate for potential applications in spintronics. 
Subsequently, canted antiferromagnetic properties were identified in Mn2MnReO6 [31], 
unconventional magnetism in Mn2NiReO6 [32], and multiple transition metal sublattice magnetic 
effects in Mn2(Fe0.8Mo0.2)MoO6 [33], providing further insights into the rich magnetic behavior of 
these materials.  
 Therefore, the search for unusual A-site manganese oxides with unique magnetic and 
electronic properties holds great potential for the scientific design, theoretical exploration, and 
practical application of new materials. In this study, we explored the properties of MnVO3, first 
synthesized in 1971 [27], and introduced d0 ions, Nb5+ and Ta5+, into the structure to explore 
possible magnetic ferroelectricity. Consequently, MnV0.5Nb0.5O3 was synthesized under high-
pressure and high-temperature conditions of 6 GPa and 1300°C, respectively, while MnV0.5Ta0.5O3 
was synthesized at 6 GPa and 900°C. Structural analysis by synchrotron radiation X-ray diffraction 
confirmed that both MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3 are half-doped perovskite oxides and not 
double perovskite oxides. Furthermore, the absence of a polar structure indicated that the materials 
do not exhibit ferroelectricity at room temperature. However, magnetization measurements 
confirmed antiferromagnetic ordering at 17 K and 18 K for MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3, 
respectively, with a slight contribution of thermal and magnetic field hysteresis. Additionally, both 
compounds also exhibit semiconducting behavior at estimated activation energies of about 0.13 eV 
and 0.31 eV, respectively. Unfortunately, the observed electrical conductivity in these materials 
posed challenges in performing accurate dielectric measurements, as it could introduce significant 
noise in the data, hindering the assessment of their response to electric fields and their potential as 
ferroelectrics. The observed antiferromagnetic nature and semiconducting behavior in these A-site 
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manganese oxides underscore the potential of these materials for future research in the exploration 
of their unique magnetic and electronic properties.  
 
2. Experimental 
 Polycrystalline MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3 were synthesized using high-purity 
materials: MnO (99.99%, High Purity Chemical Co. Ltd.), V2O3 (99.99%, High Purity Chemical 
Co. Ltd.), Nb2O5 (99.9%, Rare Metallic Co. Ltd.), and Ta2O5 (99.9%, Rare Metallic Co. Ltd.). The 
powders of MnO, V2O3, and Nb2O5 (or Ta2O5) were mixed in stoichiometric ratios and then pressed 
into pellets after thorough grinding. Subsequently, the MnV0.5Nb0.5O3 sample was enclosed in a Pt 
capsule. This capsule was then placed within a high-pressure cubic setup using a multi-anvil-type 
high-pressure apparatus (CTF-MA1500P, C&T Factory Co., Ltd, Japan), with a layer of graphite 
enveloping the capsule. By applying an electric current, the graphite layer generated significant 
heat, heating the enclosed capsule at 1300 °C for 1 hour under a pressure of 6 GPa. Following the 
heating process, the pressure was gradually released over several hours. The synthesis procedure for 
MnV0.5Nb0.5O3 was similar, but the temperature used was 900 °C.  
 Synchrotron X-ray diffraction (XRD) data were collected at room temperature using a large 
Debye-Scherrer camera at beamline BL02B2 at SPring-8, Japan [34,35]. The incident beam was 
monochromatized at a wavelength of λ = 0.420259 Å. To ensure accurate measurements, a 
benchmark test was conducted using a standard material (CeO2) to confirm the wavelength. The 
samples were loaded into Lindemann glass capillaries with an inner diameter of 0.1 mm and rotated 
during the measurements. The synchrotron XRD patterns were analyzed using the RIETAN-
VENUS software package [36,37].  
 Magnetic properties were investigated using a magnetic property measurement system 
(MPMS-XL-7T, Quantum Design). Magnetic susceptibilities (χ) were measured over the 
temperature range of 2 to 300 K, under both zero-field-cooling (ZFC) and field-cooling (FC) 
conditions, in a fixed applied magnetic field of 10 kOe. Isothermal magnetization measurements 
were conducted at temperatures of 5 K and 50 K, spanning magnetic fields between 70 kOe and -70 
kOe.  
 The electrical properties and specific heat of both MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3 were 
measured using a Physical Property Measurement System (PPMS, Quantum Design). The 
temperature dependence of electric resistivity (ρ) was recorded using a four-probe method, with the 
temperature range for MnV0.5Nb0.5O3 being approximately 140-300 K. To establish connections 
between the sample and the device terminals, silver paste and platinum wires (50 μm in diameter) 
were utilized. The measured current during the experiments was maintained at 1 mA. Furthermore, 
the temperature dependence of specific heat capacities (Cp) was measured using the same machine, 
employing a thermal relaxation method. These measurements were conducted over the temperature 
range from 2 to 300 K.  
 
3. Results and discussion  
Crystal Structure: The analyzed synchrotron XRD patterns and the refined crystallographic 
parameters of both MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3 obtained at room temperature are presented 
in Fig. 1 and Table 1, respectively. In the Rietveld refinement, the crystal structure model proposed 
for MnVO3 was employed as the prototype. Both compounds were successfully identified with the 
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space group Pnma. A trace impurity of MnNb2O6 (5.3 wt.%) was detected in MnV0.5Nb0.5O3, while 
a VTaO4 (2.5 wt.%) impurity was observed in MnV0.5Ta0.5O3.  
 The lattice constants of MnV0.5Nb0.5O3 were calculated as follows: a = 5.40739(7) Å, b = 
7.59492(9) Å, c = 5.22262(6) Å. Similarly, for MnV0.5Ta0.5O3, the lattice constants were determined 
as: a = 5.41934(3) Å, b = 7.61121(4) Å, c = 5.23227(2) Å. While exploring possible double 
perovskite structure models reported for other Mn-containing compounds at the A-site of double 
perovskite oxides [30–32], we found them to be unlikely to fit the observed patterns due to the 
absence of a series of superstructure diffraction peaks caused by ordered B-site atoms.  
 Analysis of the refinement results reveals that Mn atoms fully occupy the 4c (x, 0.25, z) 
Wyckoff positions, while V and Nb/Ta atoms are randomly distributed in the 4a (0, 0, 0) sites. 
Although there are some impurities present in the sample, their content is minimal. Due to the 
limitations of the experimental conditions, more precise compositional measurements were not 
feasible. Therefore, the ratio of V and Nb/Ta was fixed at 1:1 in the refinements, based on the 
stoichiometry of the starting raw materials. Oxygen atoms O1 and O2 are located at independent 
positions, 4c (x, 0.25, z) and 8d (x, y, z), respectively. The final detailed lattice parameters, atomic 
coordinates, and temperature factors are summarized and presented in Table 1.  
 
Table 1: Structure Parameters of MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3.  

Atom Wyckoff g x y z B (Å2) 
MnV0.5Nb0.5O3 

Mn 4c 1 0.0515(3) 0.25 0.4875(5) 1.23(5) 
V/Nb 4a 0.5/0.5 0 0 0 0.61(2) 
O1 4c 1 0.4558(13) 0.25 0.6092(11) 0.12(16) 
O2 8d 1 0.2994(10) 0.0591(6) 0.1892(9) 0.65(1) 

MnV0.5Ta0.5O3 
Mn 4c 1 0.0510(2) 0.25 0.4878(5) 1.48(3) 
V/Ta 4a 0.5/0.5 0 0 0 0.58(1) 
O1 4c 1 0.4561(11) 0.25 0.6164(10) 0.40(12) 
O2 8d 1 0.3032(8) 0.0588(5) 0.1899(8) 0.65(9) 

Note. The space group was Pnma (no. 62) at origin choice 2, Z = 4, and g was the occupation factor. MnV0.5Nb0.5O3: 
a = 5.40739(7) Å, b = 7.59492(9) Å, c = 5.22262(6) Å and V = 412.669(10) Å3.  R Indices are Rwp = 5.343%, Rp = 
3.859%, RB = 6.608%, and RF = 7.208%. MnV0.5Ta0.5O3: a = 5.41934(3) Å, b = 7.61121(4) Å, c = 5.23227(2) Å 
and V = 412.669(10) Å3.  R Indices are Rwp = 8.232%, Rp = 4.724%, RB = 5.532%, and RF = 4.151%.  
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Figure 1: Synchrotron XRD data for MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3 in the orthorhombic Pnma 
structure at room temperature (296-300 K). Each panel displays the observed pattern (red circles), 
calculated pattern (black solid lines), and the difference profile (blue curves). Vertical bars indicate 
possible Bragg reflection positions for the main phase (the first row) and the impurity (the second 
row). 
 
 For clarity, we selected one compound for illustration (Fig. 2a), as both compounds 
crystallize in the same Pnma space group. The left side of the figure shows the crystal structure 
observed along the c-axis, with a slight shift in the direction of observation for enhanced visibility. 
On the right side is the view perpendicular to the c-axis. Notably, both compounds exhibit 
octahedral distortions and connected twisting compared to the ideal cubic perovskites.  
 In Fig. 2b, a comparison of the lattice parameters and unit cell volumes of MnV0.5Nb0.5O3 
and MnV0.5Ta0.5O3 with the related compound MnVO3 is present. Here, the horizontal coordinates 
are labelled with elements rather than ionic radii, as Nb5+ and Ta5+ share the same ionic radii. Thus, 
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we provide a listing of 3d, 4d, and 5d elements. The comparison clearly indicates that the lattice 
parameters and unit cell volumes increase monotonically with the increase of atomic numbers.  
 

 

Figure 2: (a) Crystal structure for MnV0.5Nb0.5O3 and (b) a comparison of lattice parameters with 
MnV0.5Ta0.5O3 and MnVO3.  
 
 The valence states of Mn, V, and Nb (or Ta) atoms were determined based on the bond 
distances in different compounds, and the bond valence sums (BVS) [38] results are presented in 
Table 2. The BVS calculations for Mn in both MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3 yielded a value of 
1.82, indicating a 2+ valence state for Mn in both compounds. The BVS values for the V atoms 
corresponded to 3+, and for Nb (or Ta) atoms, they were very close to 5+, suggesting the 
effectiveness of the BVS method for determining the valence states of these elements in the 
compounds. 
 
Table 2: Selected bond lengths, angles, and BVS of MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3 at room 
temperature (296-300 K).  

MnV0.5Nb0.5O3 
Bond lengths (Å); 

BVS; bond angles (º) MnV0.5Ta0.5O3 
Bond lengths (Å); BVS; 

bond angles (º) 
Mn – O1 3.159(7) Mn – O1 3.203(6) 
Mn – O1 3.283(8) Mn – O1 4.273(3) 
Mn – O1 2.277(8) Mn – O1 2.296(6) 
Mn – O1 2.169(7) Mn – O1 2.134(6) 

Mn – O2 (×2) 2.515(6) Mn – O2 (×2) 2.695(5) 
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Mn – O2 (×2) 2.194(6) Mn – O2 (×2) 2.188(5) 
Mn – O2 (×2) 2.697(6) Mn – O2 (×2) 2.533(5) 
Mn – O2 (×2) 3.459(6) Mn – O2 (×2) 3.471(5) 

BVS (Mn) 1.82 BVS (Mn) 1.82 
V/Nb – O1 (×2) 1.997(2) V/Ta - O1 (×2) 2.012(2) 
V/Nb – O2 (×2) 1.949(6) V/Ta – O2 (×2) 1.971(5) 
V/Nb – O2 (×2) 2.003(6) V/Ta – O2 (×2) 1.993(5) 

BVS (V) 3.14 BVS (V) 3.06 
BVS (Nb) 4.95 BVS (Ta) 4.94 

V(Nb) – O1 – V(Nb) 143.9(4) V – O1 – V 142.1(3) 
V(Nb) – O2 – V(Nb) 144.0(3) V – O2 – V 143.7(3) 

Note. BVS = ∑ 𝑣𝑣𝑖𝑖𝑁𝑁
𝑖𝑖=1 , vi = exp[(R0–li)/B], N is the coordination number, B = 0.37, R0(Mn2+) = 1.79, R0(V3+) = 1.743, 

R0(Nb5+) = 1.911, R0(Ta5+) = 1.920 [38].  
 
Magnetic property: The temperature dependence of χ under an applied magnetic field of 10 kOe 
for both compounds is shown in Fig. 3. Peaks were observed at around 17 K and 18 K for 
MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3, respectively. The χ-1 vs. T data (200 - 300 K) were fitted using 
the Curie-Weiss law (see the inset of Fig. 3), resulting in Curie constants of 3.94 and 4.92 emu mol-

1 K-1 (equivalent to effective magnetic moments of 5.61 and 6.27 μB), and Weiss temperatures of -
95.9 K and -92.56 K for MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3, respectively. Theoretical calculations 
within the simple spin-only model predicted a magnetic moment of 6.25 μB for all compounds. 
Remarkably, the observed effective magnetic moments were comparable to the theoretical results. 
The large negative Weiss temperatures indicate the presence of antiferromagnetic interactions in 
these compounds.  
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Figure 3: (a) Temperature dependence of magnetic susceptibility (χ) for MnV0.5Nb0.5O3 and (b) 
MnV0.5Ta0.5O3. Insets show the χ-1 vs. T curves used for the Curie-Weiss law fittings.  
 
 From the ZFC and FC curves, we observe divergence at low temperatures, suggesting that 
the compounds may exhibit antiferromagnetic or spin-glass behavior at low temperatures. To 
investigate the intrinsic nature of the magnetic ground state, we plotted the isothermal 
magnetization curves at 5 K and 50 K in Fig. 4. Even at 5 K and below 7 T, the magnetizations do 
not saturate, and the values are approximately 0.8 μB per formula unit (f.u.) for MnV0.5Nb0.5O3 and 
1.0 μB per f.u. for MnV0.5Ta0.5O3, far below the expected spin-only value of 6 μB per f.u. The linear 
M(H) curves at 50 K suggest the paramagnetic states, while the typical ‘S’-shaped hysteresis loops 
at 5 K indicate the presence of either antiferromagnetic ordering or spin-glass behavior in the 
samples. To precisely determine the spin alignments, we conducted heat capacity measurements to 
confirm the accurate magnetic behavior of the samples.  
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Figure 4: (a) Magnetic field-dependent magnetization for MnV0.5Nb0.5O3 and (b) MnV0.5Ta0.5O3 at 
temperatures of 5 and 50 K.  
 
Heat Capacity: To investigate the magnetic transitions, we conducted temperature-dependent Cp 
measurements for both compounds. The Cp/T vs. T data were recorded during cooling from 300 to 2 
K, and the results are presented in Fig. 5. Clear peaks were observed at the magnetic transition 
temperature points, indicating the presence of long-range order transitions in the compounds. These 
prominent peaks are likely connected to the splitting observed in the ZFC and FC curves, primarily 
arising from the long-range antiferromagnetic transition. However, it is worth noting that a 
magnetic glassy transition cannot be completely ruled out, as evidenced by a peak-like feature in 
some cases, although a broad hump is typically observed [39]. Further detailed studies will be 
required to fully elucidate the nature of the magnetic transitions in these compounds.  
 In the low-temperature region, Cp/T vs. T2 plots for each compound were analyzed using the 
approximate Debye model Cp/T = βT2+γ, where γ is the electronic specific heat coefficient and β is 
a constant encompassing the Debye temperature ΘD (~β-1/3). For MnV0.5Nb0.5O3, the linear fitting 
yields γ = 94.0(2) mJ mol-1 K-2 and β = 7.31(2) × 10-3 J mol-1 K-4, and for MnV0.5Ta0.5O3, γ = 111(1) 
mJ mol-1 K-2 and β = 7.2(1) × 10-3 J mol-1 K-4. The non-zero γ value usually suggests a significant 
contribution from conduction electrons to Cp. However, given the compound’s lack of electrical 
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conductivity at low temperatures, an alternative origin for γ is likely, possibly related to magnetic 
ordering or other magnetic effects. Further comprehensive investigation is needed to fully elucidate 
this phenomenon, including a study of the magnetic field dependence of Cp, additional density 
functional theory (DFT) calculations, and a detailed analysis of the magnetic properties of the 
compounds. These approaches will offer valuable insights into the specific heat behavior of 
MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3 at low temperatures and the underlying mechanisms. 
 Furthermore, we delved deeper into magnetic entropy (Smag) to gain a more profound 
understanding of the magnetic properties. The magnetic contribution (Cmag) was determined by 
subtracting the lattice contribution (CLattice) from Cp using the Debye and Einstein model [40]. Smag 
values were estimated by integrating Cmag/T. The saturation Smag values for Nb- and Ta-oxides were 
approximately 12 J mol-1 K-1 and 14 J mol-1 K-1, respectively. Both were lower than the 
theoretically expected Boltzmann entropy value Smag = Rln(2S + 1) = 19.47 J mol-1 K-1 [40]. This 
discrepancy arises from the estimation of the lattice contribution at low temperatures based on high-
temperature data using the Debye and Einstein model, which may not accurately reflect the lattice 
contribution at lower temperatures. Nonetheless, the observed Smag values suggest the potential 
existence of magnetic entropy even at significantly lower temperatures. 
 

 

Figure 5: Temperature dependence of Cp for (a) MnV0.5Nb0.5O3 and (b) MnV0.5Ta0.5O3. (Inset) The 
Cp/T vs. T2 data in the low-temperature region were fitted using a linear model. Temperature 
dependences of Cmag and Smag for (c) MnV0.5Nb0.5O3 and (d) MnV0.5Ta0.5O3; insets represent Cp and 
CLattice obtained by fitting to the high-temperature region with Debye and Einstein models.  
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Electronic property: The temperature dependence of the ρ for polycrystalline MnV0.5Nb0.5O3 and 
MnV0.5Ta0.5O3 displayed insulating behaviors, as shown in Fig. 6. The ρ at room temperature were 
approximately 100 Ω cm and 1000 Ω cm for MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3, respectively, 
consistent with their semiconductor nature. As the measurement temperature decreased below 130 
K for MnV0.5Nb0.5O3 and 200 K for MnV0.5Ta0.5O3, the ρ exceeded the test range of the instrument, 
making it challenging to obtain measurements at even lower temperatures. Notably, the prototype 
compound from which they are derived, MnVO3, exhibits metallic properties. The large difference 
in electrical conductivity observed in MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3 may be attributed to the 
addition of Nb5+ and Ta5+ ions, which reduces the valence of V from a 4+ state to a 3+ state. This 
change causes the absence of itinerant electrons present in the original system and their replacement 
with pairs of electrons, resulting in a dramatic increase in ρ.  
 The data were fitted using the Arrhenius equation, and the relative activation energy of 
MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3 were estimated to be 0.13 eV and 0.31 eV, respectively. These 
experimentally evaluated values confirm that both compounds exhibit semiconducting behavior. 
Additionally, we employed the Efros-Shklovskii variable-range hopping conduction model, ρ = 
ρ0exp[(T0/T)1/2] [41], to analyze the data, and it was found that the data seem to fit the model well. 
Further in-depth discussions about the transport properties will be expected after single crystal 
growth is achieved, and transport measurements are conducted.   
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Figure 6: (a) Electrical resistivity (ρ) for MnV0.5Nb0.5O3 and (b) MnV0.5Ta0.5O3.  
 
 
4. Conclusion  
 In summary, our study successfully synthesized two novel half-doped perovskites, 
MnV0.5Nb0.5O3 and MnV0.5Ta0.5O3, with unique magnetic and electronic properties due to the 
incorporation of small Mn atoms at the A site. The crystallographic analysis confirmed their Pnma 
structure, distinct from an ordered perovskite. Magnetic measurements revealed antiferromagnetic 
behavior below 17 K and 18 K for the respective compounds, with a slight contribution of 
hysteresis. Furthermore, the observed semiconductor-like behavior in electrical conductivity 
highlights their potential for electronic applications. These results underscore the significance of 
these materials with unusual A-site small Mn atoms and open new avenues for further research into 
their unique magnetic and electronic properties. Future studies should explore single crystal growth 
and in-depth transport measurements to advance our understanding and unlock their practical 
applications in electronic and magnetic devices. 
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