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Abstract. The study focuses on the investigation of a new compound that combines the properties of 

manganites and zirconates, paving the way for the development of highly efficient functional materials. The 

compound was synthesized through the interaction of lanthanum oxide, zirconium oxide, manganese oxide, and 

sodium carbonate at temperatures ranging from 800 to 1200 °C and studied using X-ray analysis methods, 

including the determination of cubic lattice parameters. The analysis of the temperature dependence of heat 

capacity revealed second-order phase transitions, based on which equations describing its variations were 

derived. Thermodynamic characteristics such as entropy and enthalpy were calculated. Electrophysical 

measurements confirmed the semiconductor nature of the material within a specific temperature range and 

revealed high values of dielectric permittivity, surpassing those of reference materials. 
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1. Introduction 
 
Due to their magnetoresistance (MS) and colossal magnetoresistance (CMS) properties, manganites can 

be utilized in compact devices that respond to magnetic field variations and serve as temperature sensors and 

other applications [1]. Manganites can also have semiconductor, ferroelectric, para-, ferro-, and 

antiferromagnetic characteristics with high RAM values [1-5]. Zirconium dioxide-based compounds are 

extensively utilized in contemporary technologies as solid electrolytes for various electrochemical 

applications. Their popularity stems from exceptional properties such as high ionic conductivity, excellent 

chemical resistance, low thermal conductivity, and superior mechanical and optical characteristics [5–8]. 

The effect of adding Er2O3 on the electrical conductivity of c-ZrO2 was studied by analyzing the 

impedance spectra of undoped and various amounts of cubic zirconium dioxide doped with Er2O3 (c-ZrO2). 

Doped c-ZrO2 powders and powders containing 1-15 wt.% Er2O3 were prepared using a colloidal method. 

Subsequently, the doped powders were granulated under a pressure of 200 MPa. Additionally, undoped and 

Er2O3-doped samples of c-ZrO2 were sintered at 1500 °C for 1 hour. The electrical conductivity of the 

samples was measured using an impedance analyzer in the frequency range of 100 Hz to 13 MHz within a 

temperature range of 300-800 °C. The results indicate that the electrical conductivity increases with an 

increase in the test temperature. Adding 1 wt.% Er2O3 to c-ZrO2 led to an increase in grain interior, grain 

boundary, and overall conductivity. The distortion caused by the incorporation of Er
3+

 cations into the c-ZrO2 

lattice results in an increased concentration of oxygen vacancies in c-ZrO2 [9]. 
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The article [10] investigates the temperature dependencies of the thermal conductivity of cubic single 

crystals of ZrO2 stabilized with yttrium oxide ranging from 8 to 40 mol.% within the temperature range of 

50–300 K. The cubic crystals (ZrO2)1−x (Y2O3)x, where x = 0.08–0.40, were grown using directional melt 

crystallization in a cold container. For x = 0.08–0.15, the thermal conductivity values are similar, and the 

increase in thermal conductivity with temperature is negligible. These crystals exhibit the lowest thermal 

conductivity within the studied concentration range. When the temperature changes from 50 to 300K, the 

thermal conductivity values vary from approximately 1.2–1.4 to around 2.4 W/(m·K). The differences in 

thermal conductivity for these compositions are noticeable only at 50 K, where the thermal conductivity of 

12YSZ and 15YSZ crystals is slightly higher than that of 8YSZ, 10YSZ, and 14YSZ. The thermal 

conductivity of 20YSZ crystals is higher than that of crystals with yttrium oxide content in the range of x = 

0.08 to 0.15, with minimal variation in conductivity over the temperature range of 50 to 300K. 

Reference [11] provides a review of the thermodynamic properties of complex oxides of lanthanides 

and zirconium Ln₂ Zr₂ O₇  (Ln = La, Pr, Sm, Eu, Gd), as well as solid solutions of Ln₂ O₃ ·2ZrO₂  (Ln = 

Tb, Ho, Er, Tm). The heat capacity of Ln₂ Zr₂ O₇  samples, characterized using methods such as X-ray 

phase and elemental analysis, scanning electron microscopy, adiabatic and differential scanning calorimetry, 

is investigated. Based on the smoothed heat capacity values, the temperature dependencies of 

thermodynamic functions-including entropy, enthalpy changes, and reduced Gibbs energy-were determined 

over a broad temperature range. A comparative analysis of available thermodynamic data is presented, and 

recommended values are proposed. The contribution of low-temperature magnetic transitions for 

Ln₂ Zr₂ O₇  compounds (Ln = Pr, Nd, Sm, Gd) is taken into account, and the influence of the Schottky 

anomaly on the heat capacity of lanthanide compounds is explored. In study [12], the influence of the 

synthesis method on the microstructure of the resulting powders and ceramics of La1.95Ca0.05Zr2O7-δ (LCZ) 

was established. In the above-mentioned and other literary sources, manganites and zirconates act as separate 

compounds. The article presents for the first time the compound LaNa2ZrMnO6, as combined from 

lanthanum (III), zirconium (IV), manganese (III) and sodium carbonate oxides to study its promising 

multifunctional properties. 

 

2. Experimental technique  
 
To synthesize the zircon-manganite LaNa₂ ZrMnO₆ , the selected starting materials included 

lanthanum (III) oxide ("os.ch." grade), zirconium (IV) oxide, manganese (III) oxide, and sodium carbonate 

("ch.d.a." grade). Before use, these materials were dehydrated at 400 °C, then thoroughly mixed and finely 

ground in an agate mortar. The resulting mixture was annealed in an alund crucible within a SNOL furnace 

under the following conditions: initially at 600 °C for 10 hours, then at 800 °C for 10 hours, followed by 

1000 °C and 1200 °C for 20 hours each. After each annealing stage, the mixture was cooled to room 

temperature, remixed, reground, and reheated. To prevent the formation of nonequilibrium or metastable 

phases at high temperatures, a final low-temperature annealing step was performed at 400 °C for 10 hours, 

ensuring the stability of the phase at lower temperatures [8]. 

The equilibrium composition of the compound was examined using X-ray phase analysis performed on 

a DRON-2.0 diffractometer. The analysis utilized CuKα radiation, filtered with a Ni filter, under the 

following conditions: U = 30 kV, J = 10 mA, pulse counter scale set at 1000 imp/s. The counter rotation 

speed was set to 2 degrees per minute, with a time constant (τ) of 5 seconds. Measurements were conducted 

over a 2θ angle range of 10° to 90°, and the intensity of the diffraction maxima was evaluated on a 100-point 

scale. 

The microstructural analysis of the compound was carried out using a scanning electron microscope 

(SEM) (Figures 1, 2). SEM image of the synthesized LaNa2ZrMnO6 at 20,000× magnification, showing 

agglomerated particles with irregular morphology and rough surface texture. Measurement conditions: WD = 

10.75 mm, HV = 20.00 kV, HFW = 20.7 µm. Scale bar: 5 µm. 

SEM image of the synthesized LaNa2ZrMnO6 at 2400× magnification, showing agglomerated particles 

with irregular morphology and rough surface texture. Measurement conditions: WD = 10.77 mm, HV = 

20.00 kV, HFW = 173 µm. Scale bar: 50 µm. 

Taken together, both images complement each other: one provides insight into the micromorphology, 

while the other allows for the assessment of macroscopic particle distribution and agglomeration. This 

combination is valuable for a comprehensive interpretation of the material’s structure, particularly when 

discussing its functional properties such as ionic conductivity, catalytic activity, or magnetic behavior. 
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Fig. 1. Microstructure of LaNa₂ ZrMnO₆  at a scale of 5 μm. 

 

 
 

Fig. 2. Microstructure of LaNa₂ ZrMnO₆  at a scale of 50 μm. 

 

The isobaric heat capacity of LaNa2ZrMnO6 was investigated over the temperature range of 298–673 K 

using an IT-S-400 calorimeter. This instrument operates on the comparative principle of a dynamic 

calorimeter equipped with a heat meter. The measurement system allows temperature assessments at fixed 

intervals of 25 °C, utilizing a DC potentiometer and an integrated switch.  

The volumetric heat capacity measurement range exceeds 110⁶  J/K·m³, and the total measurement 

process, including experimental data processing, does not exceed 2.5 hours. The IT-S-400 calorimeter 

provides measurement accuracy within ±10% [8]. The device was calibrated by determining the thermal 

conductivity of the KT heat meter, which represents an experimentally determined calorimeter constant [13–

15]. For this purpose, experiments were performed using a copper sample and an empty ampoule. The 

thermal conductivity of the heat meter was calculated using the following formula [15]: 

 

КТ = Сrev.m / (h.cop. − h.),                                                                                                                    (1) 

 

where Сrev.m is the total heat capacity of the copper sample, J/(mol·K); h.cop. is the average delay time on the 

heat meter in experiments with the copper sample, s; and h. is the average delay time in experiments with 

an empty ampoule, s. 

The total heat capacity of the copper sample was determined using the following formula [15]: 

 

Сrev.m = Сm  mrev,                                                                                                                                       (2) 
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where Сm is the tabulated specific heat capacity of copper, J/(mol·K), and mrev is the mass of the copper 

sample, kg. 

The specific heat capacity of the substance was determined using the following formula [15]: 

 

Сspec.= KТ /mо(h. − h.),                                                                                                                           (3) 

 

where KТ is the thermal conductivity of the heat meter, J/K; mо is the mass of the test substance, g; h. is 

the temperature delay time on the heat meter, s; and h. is the temperature delay time on the heat meter in 

experiments with an empty ampoule, s. 

The molar heat capacity was obtained from the specific heat capacity by accounting for the molar mass. 

At each temperature, five parallel experiments were conducted, and the results were averaged and analyzed 

using mathematical statistical methods [15].  

At each temperature, the standard deviation ( ) for the averaged values of the specific heat capacity 

was estimated according to [14, 15]: 

,
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                                                                                                                                    

(4) 

where n is the number of experiments, Ci is the measured value of the specific heat capacity, J/(g·K); , 

J/(g·K) is the arithmetic mean of the measured specific heat capacity values. 

For the averaged values of the molar heat capacity, the random error component was calculated 

according to [14, 15] using the following formula: 

,100



C

t p

                                                                                                                                      (5) 

where  - represents the random error component in percentage (%), and tₚ is Student's coefficient. For n = 

5, the value of tₚ is 2.75 at a 95% confidence interval (p = 0.95) [15].  

The functionality of the device was validated by measuring the heat capacity of α-Al₂ O₃  

(qualification "ch.d.a." in accordance with TU 6.09-426-75). Both during calibration and verification, 

repeated (parallel) measurements were conducted over the temperature range of 173–673K in 25K 

increments. At each temperature step, five parallel measurements were performed, and the results were 

averaged and analyzed using mathematical statistical methods [15]. To ensure the reliability of the α-Al2O3 

heat capacity measurements, the obtained data were compared with recent literature values [16] (Table 1). 

 
Table 1. Comparison of the measured heat capacity of α-Al₂ O₃ , used to verify the calorimeter's performance, 

with literature data [16]. 

T, K 
Cр (T), J/(mol·K) 

T, K 
Cр (T), J/(mol·K) 

Our results By [16] Our results By [16] 

180 44.50 43.83 400 94.12 95.21 

230 64.86 61.18 450 100.26 101.8 

250 70.37 67.08 500 105.47 106.1 

280 77.07 74.82 550 110.09 109.7 

300 76.31 79.41 600 114.29 112.5 

350 86.49 88.86 650 118.20 114.9 

 

As shown in the data presented in Table 1, our results on the temperature dependence of the heat 

capacity of α-Al₂ O₃  within the range of 173–673K are in satisfactory agreement with the findings from 

[16], remaining within the accuracy limits of the IT-S-400 calorimeter. For ease of comparison, between our 

experimentally obtained heat capacity values for α-Al2O3 and the data from [16], we recalculated our results 

into intervals of 10 and 50 K using the equations Ср ~ f(T), derived from the experimental data. This 

adjustment was necessary because the data in [16] are presented in 10 and 50 K increments, while our 

measurements were conducted at ΔT = 25 K. It is worth noting that the actual errors in our experimental heat 
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capacity data, determined using formulas (4, 5), are significantly smaller than the maximum device accuracy, 

being less than 10%. The same device was also employed for investigating the heat capacities of several 

compounds, as described in [17–21]. 

Tables 2 and 3, along with Figure 3, present the results obtained from the calorimetric studies and 

thermodynamic calculations. 

 
Table 2. Experimentally determined heat capacity values for LaNa2ZrMnO6 

T, K 
Cp  ,  

J/(g·K) 

Cp  , 

J/(mol·K) 
T, K 

Cp  , 

J/(g·K) 

Cp  , 

J/(mol·K) 

298.15 0.5657 ± 0.0105 242 ± 12 498 0.5777 ± 0.0140 247 ± 17 

323 0.7219 ± 0.0097 308 ± 11 523 0.6315 ± 0.0170 270 ± 20 

348 0.7830 ± 0.0103 334 ± 12 548 0.2791 ± 0.0080 119 ± 9 

373 0.8567 ± 0.0111 366 ± 13 573 0.3513 ± 0.0082 150 ± 10 

398 0.9552 ± 0.0113 408 ± 13 598 0.3916 ± 0.0102 167 ± 12 

423 0.7697 ± 0.0163 329 ± 19 623 0.4264 ± 0.0087 182 ±10 

448 0.5649 ± 0.0055 241 ± 6 648 0.4740 ± 0.0102 202 ± 12 

473 0.4338 ± 0.0077 185 ± 9 673 0.5089 ± 0.0088 217 ± 10 

 

 

 
 

Fig. 3. Temperature dependence of the heat capacity of LaNa2ZrMnO6. 

  - experimental data, ● - calculated data 
 

The electrophysical properties of LaNa₂ ZrMnO₆  were investigated in [22] by measuring its electrical 

capacitance using an LCR-781, operating at a frequency of 1 kHz within a temperature range of 293-483K. 

According to the device specifications, the measurement accuracy for electrophysical characteristics is 

±0.05% [23]. For the measurements, a plane-parallel disk-shaped sample was prepared with a diameter of 10 

mm and a thickness of 5-6 mm, incorporating a binder additive. The sample was pressed under a pressure of 

20 kg/cm³ and subsequently annealed in a silite furnace at 673 K for 6 hours. After annealing, the disk was 

ground on both sides to ensure uniformity.   

The dielectric constant was calculated based on the electrical capacity of the sample. The relationship 

between electrical induction and the electric field strength was analyzed using the Sawyer-Tower scheme.  
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Table 3. Thermodynamic functions of LaNa2ZrMnO6 

T, K Cp(T)  


 , 

J/(mol·K) 

S(T)  


 , 

J/(mol·K) 

H(T)-H(298.15)  


 , 

J/mol 

Ф
xx

(T)  


 , 

J/(mol·K) 

298 242 ± 13 238 ± 7  238 ± 20 

300 248 ± 13 240 ± 20 490 ± 30 238 ± 20 

325 313 ± 17 262 ± 22 7540 ± 400 239 ± 20 

350 358 ± 19 287 ± 24 15960 ± 850 242 ± 20 

375 389 ± 21 313 ± 26 25330 ± 1350 246 ± 20 

400 409 ± 22 339 ± 28 35320 ± 1880 251 ± 21 

425 328 ± 17 361 ± 30 44450 ± 2370 256 ± 21 

450 254 ± 14 378 ± 31 51710 ± 2760 263 ± 22 

475 179 ± 10 389 ± 32 57120 ± 3040 269 ± 22 

500 231 ± 12 400 ± 33 62370 ± 3320 275 ± 23 

525 273 ± 15 412 ± 34 68670 ± 3660 282 ± 23 

550 107 ± 6 421 ± 35 73220 ± 3900 288 ± 24 

575 144 ± 8 427 ± 36 76540 ± 4080 294 ± 24 

600 164 ± 9 433 ± 36 80390 ± 4280 299 ± 25 

625 184 ± 10 440 ± 37 84740 ± 4510 305 ± 25 

650 202 ± 11 448 ± 37 89560 ± 4770 310 ± 26 

675 219 ± 12 456 ± 38 94810 ± 5050 315 ± 26 

 

To validate the accuracy and reliability of the obtained data, the dielectric constant of barium titanate, a 

standard substance, was measured within the temperature range of 293–483 K at a frequency of 1 kHz.  

The measured dielectric constant of BaTiO3 at 293 K and 1 kHz was found to be 1296, which aligns 

satisfactorily with the recommended value of 1400 ± 250 [24–26]. It is worth mentioning that the 

electrophysical characteristics of similar manganites were also investigated using this device in studies [27, 

28]. Figure 4 and Table 4 below present the results of the electrophysical studies. 

 

  
а) b) 

  
Fig. 4. Temperature dependencies of lgɛ (a) and lgR (b) for LaNa₂ ZrMnO₆  (measured at a frequency of 1 kHz) 
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Table 4. The variation of electrical capacity (C), electrical resistance (R), and dielectric constant (ɛ) of 

LaNa2ZrMnO6 within the temperature range of 293–483 K at a frequency of 1 kHz 

T, K R, Oм ɛ lgɛ lgR 

293 148300 17819 4.25 5.17 

303 121700 23188 4.37 5.09 

313 96810 31849 4.50 4.99 

323 69950 49343 4.69 4.84 

333 53210 70768 4.85 4.73 

343 35290 120019 5.08 4.55 

353 22790 206349 5.31 4.36 

363 14810 353176 5.55 4.17 

373 9324 612617 5.79 3.97 

383 6425 965360 5.98 3.81 

393 4298 1561193 6.19 3.63 

403 3008 2395941 6.38 3.48 

413 2384 3208176 6.51 3.38 

423 3474 2212127 6.34 3.54 

433 9190 592580 5.77 3.96 

443 23470 197557 5.30 4.37 

453 35280 124671 5.10 4.55 

463 46460 97860 4.99 4.67 

473 52110 95612 4.98 4.72 

483 51390 117508 5.07 4.71 

 

3. Results and discussion 
 

By analyzing the X-ray diffraction data of LaNa₂ ZrMnO₆  using the method described in [29], it was 

revealed that this zircono-manganite crystallizes with a cubic symmetry. The corresponding lattice 

parameters are as follows: а = 16.85 ± 0.02 Å; V
0
 = 4785.46 ± 0.02 Å

3
; Z = 6; V°elem cell = 795.58 ± 0.02 Å

3
; 

x-ray. = 5.35 g/сm
3
; and picn. = 5.30 ± 0.04 g/сm

3
 [30]. 

The pycnometric density was determined according to [31]. Toluene was used as an indifferent liquid. 

Based on the calorimetric studies presented in Fig. 3 and Table 2, LaNa2ZrMnO6 exhibits distinct 

anomalies in its heat capacity at temperatures of approximately 300 K and 523 K. These discontinuities in 

the heat capacity curve (Ср ~ f(T)) likely indicate second-order phase transitions. Such transitions may be 

influenced by factors such as Schottky effects, variations in magnetoresistance, electrical resistance, and 

permittivity, potentially associated with Curie and Néel points [32, 33], as well as other contributing 

phenomena [34]. Considering the temperatures at which these phase transitions occur, the equations 

describing the temperature dependence of the heat capacity of LaNa2ZrMnO6 have been derived and are 

expressed as the following polynomials (J/(mol·K)): 

 

C
0

p(1) = (1235 ± 66) − (1169.6 ± 62.3)·10
-3

T − (572.5 ± 30.5)·10
5
T

-2
 (298-398 K),                               (6) 

 

C
0

p(2) = (1589 ± 85) − (2968.7 ± 158.2)·10
-3

T   (398-473 K),                                                                  (7) 

 

C
0

p(3) = − (619 ± 33) + (1688.4 ± 90.0)·10
-3

T   (623-673 K).                                                                  (8) 

 

C
0

p(4) = (3418 ± 182) − (6020.0 ± 320.9)·10
-3

T   (523-548 K),                                                                (9) 

 

C
0

p(5) = (104 ± 5.6) − (333.9 ± 17.8)·10
-3

T − (502.8 ± 26.8)·10
5
T

-2
   (548 – 673 K),                            (10) 

 

Due to the limitations of the calorimeter's technical specifications, the standard entropy of 

LaNa₂ ZrMnO₆  was determined by estimating ionic entropy increments: La³⁺  (40.4), Na⁺  (34.6), Zr⁴ ⁺  

(23.6), Mn³⁺  (34.7), and O²⁻  (11.7) J/(mol·K) [35].  
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These values were applied according to the following scheme: 

 

S
о
(298.15) LaNa2ZrMnO6 = S

i
(298.15) La

3+ 
+ 2S

i
(298.15) Na

+ 
+ 

+ S
i
(298.15) Zr

4+
 + S

i
(298.15) Mn

3+ 
+ 6S

i
(298.15) O

2-
,                                                                         (11) 

 

where S
i
(298.15) – entropic increments of ions entropic increments of ions. 

The standard entropy of LaNa2ZrMnO6, calculated according to scheme (11) is 238 ± 7 J/(mol·K). The 

standard heat capacity of LaNa₂ ZrMnO₆  was determined using an independent method based on ionic 

increments of heat capacity [35]. The input values for С
i
p(298.15) were as follows: La³⁺  = 29.3, Na⁺  = 26.8, 

Zr⁴ ⁺  = 22.9, Mn³⁺  = 25.0, and O²⁻  = 16.7 J/(mol·K). The calculated heat capacity was found to be 231.0 

J/(mol·K), which aligns well with the experimental result of 242 ± 12 J/(mol·K), showing a deviation of only 

4.8%. 

Using experimental heat capacity data and the calculated standard entropy values at 25 K increments, 

the temperature dependencies of Ср(Т) and the thermodynamic functions S°(T), H°(T) - H°(298.15), and 

Φ
ₓₓ
(T) were determined. The activation energy of electrical conductivity (ΔE) was determined by utilizing 

the following approach: Experimental values of temperature (T) and resistance (R) were plotted as a dot 

chart with markers. An exponential trend line was then added to the graph to verify that the experimental 

data aligns with a function of the form: 

       
  

   .                                                                                                                                        (12) 

 

Using the least squares method and linear regression, we will construct a dot diagram of the dependence 

of lgRnn от 10
4
/T based on experimental data. Next, we add a linear trend line or create a system of 

equations: lgy = a + bx, где y = lg R, x = 10
4
/T (Figure 5). 

We obtain for LaNa2ZrMnO6 in the range 293-413 K the dependence lgRf(1/T) (Figure 4a), which is 

described by the equation: 

            
    

 
                                                                                                                             (13) 

 

and let's compare it with the shape: 

lgRn 
 

  
     ,                                                                                                                                 (14) 

 

then 
  

  
      , lgR0=-1.2139 from where: 

    
                 

                  ,                                                                                                      (15) 

 

where k = 1.3810
-23

 ДжК
-1

 – Boltzmann's constant, е = 1.610
-19

 КL – elementary charge. 

The band gap width (ΔEg) of the test substance was calculated using the formula: 

 

Еg = 
       

           
  

  

  
 ,                                                                                                                          (16) 

 

where k - Boltzmann's constant, equal to 8.61730210
5
 eV. K

-1
, R1 – resistance at Т1, R2 - resistance at Т2.  

 

Еg = 
                     

             
 
    

    
                                                                                       (17) 

 
The LaNa2ZrMnO6 compound in the range of 293-413 K has a band gap of 0.44 eV. The activation 

energy shows how much energy is required to transfer charge carriers (electrons or holes) in a material A 

value of 0.333 eV indicates that at room temperature (293 K) and above, the LaNa2ZrMnO6 material has a 

moderate energy required to activate conduction. This value helps to understand how easily a material can 

conduct electric current when heated. The band gap width determines the energy gap between the valence 

and conductive zones in the material. A value of 0.44 eV indicates that LaNa2ZrMnO6 is a semiconductor 

with a narrow band gap. Materials with these characteristics can be used in a variety of applications, 

including thermal sensors and devices operating at low temperatures. 
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Fig. 5. Linear dependence of lg R  10
4
/T in the range - 293-413 K α 

 

Electrophysical studies reveal that the material demonstrates semiconductor conductivity within the 

temperature range of 293–413 K. Beyond this range, from 413 to 473 K, it transitions to metallic 

conductivity. The dielectric constant of this zircono-manganite at 293 K and a frequency of 1 kHz is 14 times 

higher than that of the standard BaTiO3 (1296), and 54 times higher at 483 K (BaTiO3, ɛ = 2159) 

(LaNa2ZrMnO6, ɛ = 117508). At the transition temperature of 413 K, where the material shifts from 

semiconductor to metallic conductivity, the highest value of ɛ is observed at 3208176. This remarkable value 

surpasses the dielectric constant of the reference material BaTiO₃  at the same temperature (1626) by an 

impressive factor of 1973, highlighting the material's exceptional dielectric properties in this range. 

The conduction mechanism for La and Zr in LaNa2ZrMnO6.  

When La and Zr atoms are partially replaced, lanthanum and zirconium atoms can interact with other 

elements in the crystal lattice, creating unique energy levels. In this case, the conduction mechanism may 

look like this. La and Zr atoms have different charge states that affect the conductivity of the material. For 

example, the La atom may be in the La
3+

 state, and the Zr atom in the Zr
4+

 state. La and Zr atoms can create 

acceptor levels inside the band gap. These levels will be close to the valence band and separated by an 

energy gap that determines the activation energy.  

When the bonds between atoms are heated and weakened, new covalent bonds can form. An electron 

can move from one atom to another, forming additional covalent bonds. Such a transition requires energy 

ΔEа, which can be significantly less than the energy ΔE required for the transition of an electron into the 

conduction band.  

When an electron leaves an atom and moves to another, the atom from which the electron left forms a 

hole. In the case of substitution of La and Zr atoms, they can serve as acceptors, and the holes they create 

will be located inside the band gap.  

When an external electric field is applied, the holes in the valence band move due to the abrupt 

transition of electrons. This leads to p-type conductivity, in which holes are the main charge carriers. Thus, 

with partial substitution of La and Zr atoms, a conduction mechanism associated with the formation of 

acceptor levels and hole conduction is possible. The above studies show that this compound is of interest for 

semiconductor technology and as a RAM material. 

 

4. Conclusions 
 
1. LaNa2ZrMnO6 zircono-manganites, which crystallizes in cubic syngony, were synthesized for the 

first time by high-temperature synthesis. 

2. The temperature dependence of the heat capacity of LaNa2ZrMnO6 was investigated using dynamic 

calorimetry over the temperature range of 298-673 K.  

3. It was found that the Ср ~ f(T) curve exhibits anomalous jumps in heat capacity at 398 K and 523 

K, likely corresponding to second-order phase transitions, which indicate the presence of valuable 

physicochemical properties. 
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. 

4. Taking into account the phase transition temperatures, the equations describing the temperature 

dependence of heat capacity have been calculated. 

5. Fundamental values have been determined, including the experimental standard heat capacity and 

the calculated standard entropy of LaNa₂ ZrMnO₆ . 

6. Based on the experimental Ср(Т) data and the estimated S°(298.15) values at 25 K intervals, the 

temperature dependence of Ср(Т) and the thermodynamic functions S°(T), H°(T) - H°(298.15), and Ф
xx

(Т) 

were calculated. 

7. The band gap and activation energies of LaNa2ZrMnO6 conductivity are calculated and it is 

established that this semiconductor can be classified as a p- type semiconductor. 

8. Electrophysical studies have shown that LaNa2ZrMnO6 is of interest for semiconductor technology 

with  high RAM values. 

9. The research results are valuable for the targeted synthesis of similar compounds with tailored 

properties, physicochemical modeling of processes involving the studied compound, and applications in the 

chemistry and technology of semiconductor materials. Additionally, the obtained data serve as source 

information for uploading fundamental thermodynamic constants into databases. 
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