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generation (2 photons), and a more effective way of harmonic generation.  

All powder SHG measurements were performed at RT for all samples on a modified Kurtz 

17 nonlinear optical system using 1064 nm light to check the presence or absence of 

centrosymmetry. For low-temperature measurements, the samples were put on a sample holder 

in a homemade cryostat and cooled using liquid nitrogen. 
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Figure 3.2. Experimental (black crosses), calculated (red line), and difference (blue line) 

synchrotron X-ray powder diffraction patterns (a) and neutron powder diffraction patterns 

(b) for Y2MnGa(Mn3Ga)O12 at T = 297 K. The tick marks show possible Bragg reflection 

positions of the perovskite phases. The inset shows an enlarged fragment. Ideal cation 

distributions are given. 
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maxima on the ZFC curves and deviations between the ZFC and FCC curves approximately 

below these maxima. Magnetic susceptibilities were field-independent above certain 

temperatures and demonstrated field-dependence (that is, differences when measured at 100 

Oe and 10 kOe) below about 78 K for x = 0, 60 K for x = 1, 35 K for x = 2, and 18 K for x = 3. 

The temperature point where the difference between the 100 Oe and 10 kOe curves take place 

systematically shifts to lower temperatures with increasing the content of non-magnetic Ga3+, 

indicating that this is an intrinsic behavior of the system. 
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Figure 3.8. Specific heat data of (a) Y2MnGa(Mn4)O12 measured on cooling at 0 Oe (black 

curve) and 90 kOe (red curve) and (b) Y2MnGa(Mn3Ga)O12 measured on cooling 0 Oe 

(black curve) and 70 kOe (red curve). Data are plotted as Cp/T versus T. Insets show details 

at low temperatures. 
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Figure 3.9. Specific heat data of (a) Y2MnGa(Mn2Ga2)O12 measured on cooling at 0 Oe 

(black curve) and 70 kOe (red curve) and (b) Y2MnGa(MnGa3)O12 measured on cooling 0 

Oe (black curve) and 90 kOe (red curve). Data are plotted as Cp/T versus T. Insets show 

details at low temperatures. 

 













68 

 

long-range magnetic ordering was observed in all compositions, and they just exhibit SG-like 

magnetic properties. The first-principles calculations indicated that the AFM interactions could 

be attributed to the Ga substitution to the B sites and showed that robust ferromagnetism could 

be realized in this family of perovskite materials in case of ideal cation distributions. 
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Figure 4.1. Compositional dependence of the lattice parameters (a and c (space group P42/nmc): 

the left-hand axis) and unit cell volume (the right-hand axis) in R2MnMn(MnTi3)O12 with R = 

Nd, Sm,22 Eu, and Gd as a function of the ionic radius in 8-fold coordination. Broken lines are 

linear fits. Numbers give the ferrimagnetic temperatures, Tc. 

Structure parameters of Sm2MnMn(Mn4-xTix)O12 were used as the initial model for the 

crystal structure refinements of R2MnMn(MnTi3)O12 with R = Nd, Eu, and Gd.22 They were 

found to crystallize in the parent structure of the A-site columnar-ordered quadruple perovskite 

family with space group P42/nmc (No. 137).19 No SHG signals were detected at RT in all the 

samples confirming the centrosymmetric structure. Refinements of occupation factors (g) 

showed that there was antisite disorder of R3+ and Mn2+ cations between the R and Mn1 sites 
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Figure 4.6. M versus H curves of R2MnMn(MnTi3)O12 for (a) R = Nd, (b) R = Eu, and (c) R = 

Gd at different temperatures. 
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Results of specific heat measurements of R2MnMn(MnTi3)O12 at H = 0 and 90 kOe are 

given in Figure 4.7. Weak anomalies were observed at TC for R = Nd and Eu, while specific 

heat anomalies were significantly larger for R = Gd. These results confirmed long-range 

magnetic ordering. Additional strong anomalies, centered at about 5 K, were observed for R = 

Nd, and Gd. These results confirmed contributions of these rare-earth cations into long-range 

ordering. Note that additional weak anomalies were also observed in the R = Eu sample near 7 

K. A magnetic field of 90 kOe shifted magnetic entropy to temperatures much higher than TC: 

the effect of the 90 kOe magnetic field was observed from about 65 K for R = Nd, 90 K for R 

= Eu, and 130 K for R = Gd. 
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Figure 4.7. Specific heat data of R2MnMn(MnTi3)O12 for (a) R = Nd, (b) R = Eu, and (c) R = 

Gd, plotted as Cp/T versus T. Measurements were performed on cooling and heating at H = 0 
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Figure 4.9. Temperature dependence of dielectric constant of R2MnMn(MnTi3)O12 for (a) R = 

Nd, (b) R = Eu, and (c) R = Gd. Measurements were performed on cooling and heating at H = 

0 Oe (black) and 90 kOe (red). Data at one frequency of 665 kHz are shown for clarity. 
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4.3.3. Ferroelectric properties of R2MnMn(MnTi3)O12 

Typical impedance data are plotted in Figure 4.10. together with the fitting results and 

an equivalent circuit. The data were fitted by two R-CPE elements representing grain and grain 

boundary contributions. The temperature dependence of the obtained resistivity is given in 

Figure 4.11. for R = Eu and Gd as examples. Both samples were quite resistive with resistivity 

exceeding 108 Ohm*cm at RT. Near and above RT the resistivity followed the activation law 

with the activation energy of about 0.5 eV. 
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Figure 4.10. Impedance ReZ versus -ImZ plots for Gd2MnMn(MnTi3)O12 at two selected 

temperatures (a) T = 350 K and (b) T = 275 K. Experimental points are shown by circles and 

fitting results are given by line. The equivalent circuit used for the fittings is shown on panel 

(a). R: a resistor, CPE: a constant phase element. 
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4.4. Summary of Chapter 4 

New members of the A-site columnar-ordered quadruple perovskite family, 

R2MnMn(MnTi3)O12 with R = Nd, Eu, and Gd were prepared by the high-pressure and high-

temperature method. Their crystal structures were studied by synchrotron powder X-ray 

diffraction at room temperature. Their magnetic, dielectric and ferroelectric properties were 

also investigated. They exhibit broad dielectric constant anomalies just below room 

temperature typical for relaxor ferroelectrics. They show long-range ferrimagnetic transitions 

below 20 K (R = Nd), 30 K (R = Eu), and 42 K (R = Gd) with large uncompensated moments. 

Their properties are drastically different from the ferroelectric and antiferromagnetic properties 

of parent Ca2MnMnTi4O12. 
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parameters became monotonic again. In the case of CaMnTi2O6, 
19,20 the difference between 

the a and c parameters rapidly decreases on heating in the ferroelectric P42mc phase, and the a 

and c parameters almost merged in the paraelectric P42/nmc phase above 630 K. The high-

temperature behavior of NaRMn2Ti4O12 can probably be explained by annealing and relaxation 

effects of the metastable, stressed high-pressure phases, which were obtained by quenching. 

High-pressure and high-temperature synthesis conditions naturally introduce huge residual 

stresses in the as-prepared samples. Since the lattice is noncubic, the elastic moduli can be 

different for the in-plane and out-of-plane directions, making the stresses anisotropic. Hence, 

the annealing procedure that releases the stresses will result in an anisotropic change of the 

lattice parameters. This sample crystallizes in a different Pnma perovskite structure, confirming 

that the high-temperature DSC anomalies observed for the A-site columnar ordered quadruple 

perovskites are not caused by an intrinsic structural phase transition. After DSC experiments, 

all samples were checked by laboratory XRPD (at room temperature), and no noticeable 

changes in the phase compositions were found. We note that, as the NaRMn2Ti4O12 compounds 

already adopt the parent A-site columnar-ordered quadruple-perovskite crystal structure at 

room temperature, higher temperature structural transitions are unlikely since any further 

symmetry increase will necessarily destroy the coordination environments for the Mn1 and 

Mn2 sites and hence likely lead to sample decomposition. 
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Figure 5.9. Specific heat data of NaRMn2Ti4O12 plotted as Cp/T versus T with (a) R = Sm 

and Dy and (b) R = Eu and Y. Measurements were performed on cooling at H = 0 Oe 

(filled symbols) and 90 kOe (empty symbols). For R = Dy and Eu, the original data at H = 

0 Oe between 30 and 100 K and shifted (for clarity) data are shown; the shift values are 

given in the figure. 
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