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Abstract: The heat capacity and magnetisation of the obtained by the solid-phase method from
simple oxides single-phase compound BazFeMoOs-s, in which the superstructural ordering of Fe
and Mo cations occurs, was studied. The anomalous behaviour of the temperature dependences of
heat capacity (deviation from Debye T3 law) and magnetic moment (ZFC mode) is interpreted as
the existence of a superparamagnetic state in nanoscale grains. The second A-type anomaly of heat
capacity in the region of 300 K is due to the transition of the compound from the ferrimagnetic to
the paramagnetic state. The Curie temperature, determined from the maximum of excess heat
capacity in the region, is in good agreement with the Curie temperature obtained from the results of
magnetic measurements, Tc = 302 K. Based on the Ba2FeMoOs-s compounds heat capacity data the
next thermodynamic functions were calculated: reduced enthalpy, entropy, reduced Gibbs energy.
The values of calculated functions in the region of temperature anomalies made it possible to

classify such anomalies as second-order phase transitions.
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Introduction

The properties of magnetic semimetals with a double perovskite structure attract the attention of
researchers due to the fact that it is highly correlated electronic systems with high Curie
temperatures (Tc up to 500 K), large values of negative magnetoresistance at low temperatures, and
almost ~100%spin polarisation of conduction electrons [1-3].

Obtaining a single-phase compound with superstructural ordering of cations with reproducible
physicochemical properties is very problematic [4—7]. This is due to the presence of uncontrolled
defect formation processes in the structure of double perovskite, occurring during its crystallisation
by the solid-phase method and arising due to the complexity of chemical processes, such as the
multistage nature of this process, low kinetics of phase formation, low mobility of iron and
molybdenum cations, for example, in compounds of the A2FeMoQes:s [8-10]. The object of the
study is the compound of barium ferromolybdate (BazFeMo0Os-5), which, in comparison with the in
details studied Sr2FeMoOs-5, has important advantages, such as higher values of negative
magnetoresistance as well as of saturation magnetisation and a significant magnitude of the
magnetocaloric effect outside the room temperature range due to a decrease in the Curie
temperature with the introduction of barium [11,12].

The study of the thermodynamic characteristics of the BazFeMoOs-s compound, which are sensitive
to various kinds of phase transformations [13,14], in combination with the study of magnetic
properties will make it possible to understand the nature of the magnetic states of the compound and

substantiate the prospects for its application as spintronic sensors.

Experiment
The ceramic sample of BazFeMoOs-s was obtained from a mixture of Fe20s and MoOzs oxides of
analytical grade purity and BaCOs taken in appropriate ratios. The initial mixture was synthesised at
900°C (4 h) in air and annealed at 1200°C (10 h) under 5% H2z/Ar stream. After annealing the
sample was slowly cooled (~100°C/h).
The phase composition and disorder degree were determined using the ICSD—PDF2 (Release 2000)
database and PowderCell, FullProf software by the Rietveld technique on the base of the X-ray
diffraction (XRD) data. The XRD patterns were obtained by X-ray diffraction method using an
Empyrean diffractometer (firm PANalytical) in Cu-Ka radiation at room temperature.
The degree of superstructural ordering of cations of iron and molybdenum (P) was calculated using
the formula [15,16] (1):

P = (2xSOF — 1)*100% Q)


https://doi.org/10.1080/14786435.2021.1926566

Author Accepted Manuscript. The article is published in Philosophical Magazine, 101:14, 1699-1708,
https://doi.org/10.1080/14786435.2021.1926566

where SOF is Seat Occupancy Factor.
The concentration of anti-structural defects (n) relative to the ideal lattice was calculated based on

the magnitude of the super-structural ordering of iron and molybdenum cations [15,16] (2):

_100% - P
2

()
Measurement of magnetisation BazFeMoOs-s in the temperature range 77—400 K and in a magnetic
field 0.86 T was carried out using an universal automated device in FC (field cooling) and ZFC
(zero field cooling) modes.

The heat capacity at saturation pressure (Csm) of solid BazFeMoOe-s was measured in an automatic
vacuum adiabatic calorimeter TAU-10 in the temperature range (5-370) K [17,18]. The expanded
uncertainty (k = 2) of the Csm measurements is 0.004 Csm between 20 and 370 K, then, below 20 K,
increasing to not more than 0.02 Csm at 5 K as determined in experiments with benzoic acid,
sapphire, and copper in Ref [18]. The reproducibility for the heat-capacity measurements is better
than 0.001 Csm. An iron-rhodium resistance thermometer with Ro =50 Q was used for temperature
measurements with the standard uncertainty of 0.01 K. A solid sample of the studied compound
(3.0948 g, corrected for buoyancy) was loaded into a titanium calorimetric container (V = 1.1 cm?®),
which was further degassed in vacuum for 0.5 h (residual pressure of ~1 Pa). Helium at p ~ 15 kPa
and T = 290 K was introduced into the inner free space of the container for facilitation of heat
transfer during the measurements. The presence of helium sealed in the container was accounted for
in the treatment of the experimental data. The ratio of the sample heat capacity to the total (sample
+ container) one was between 0.25 and 0.35 in the range from 5 to 20 K, between 0.35 and 0.50 in
the range of from 20 to 220 K and not less than 0.50 in the remaining temperature range. Heating
periods in the experiments varied from 70 to 180 s below 40 K, from 200 to 250 s between 40 and
80 K and were fixed at 400 s above 80 K. Periods of thermal relaxation varied from 50 to 100 s for
T <83 K in the helium region and remained constant at about 150 s for T > 77 K in the nitrogen
region and higher. Periods of temperature-drift measurements were from 200 to 250 s in the helium
region and 400 s for T > 77 K. Temperature steps of the heat-capacity measurements were 1/20 of
the absolute temperature for T < 40 K and from 1.8-2.3 K above 40 K. A correction for adjustment
of the heat capacity at saturation pressure to the isobaric heat capacity (Cpm) was found to be
negligible in the entire temperature range studied due to the extremely low vapour pressure of the
compound and, therefore, was not taken into consideration. The atomic masses of elements
recommended by IUPAC [19] were used to derive the molar mass of the compound
(522.449 g-mol™") without taking into account the possible non-stoichiometry of the sample for

oxygen.
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Results and discussion

The analysis of Ba2FeM0Os-s XRD data (Figure 1) allowed to determine the single-phase nature of

powder and to establish the presence of superstructural ordering of Fe and Mo cations (reflex

(112)).

An important characteristic that determines the functional properties of double perovskites is the

concentration of antistructure defects, which can be determined from the ratio of integrated

intensities of the diffraction peaks [20]. In the ideal case, the iron and molybdenum atoms are

staggered in Ba:FeMoOs-s crystal lattice — the superstructural ordering of iron and molybdenum

cations. However, it often happens that the iron cation replaces the molybdenum cation, and vice

versa (anti-structural defect (ASD)). It is necessary to note that the diffraction peak (111) in the

double perovskite structureBa2FeMoO6-5 is superstructural and it is associated with the Fe/Mo

alternative ordering. Otherwise the diffraction peak (111) is absent.

The presence of the peak (111) in the diagram (Figure 1) made it possible to obtain in accordance

with equations (1), (2) the following values: SOF = 0.90, P = 80%, n = 10%.

The heat capacity of barium ferromolybdate was measured in the adiabatic calorimeter (Figure 2)

and based on this the thermodynamic functions (reduced enthalpy, entropy, Gibbs reduced energy)

of barium ferromolybdate were calculated.

It is obvious that there are two anomalies in this dependence: the peak of the Cpm value in the range

of room temperatures and the deviation from the cubic Bloch law at temperatures below 15 K,

confirmed by the dependence of the reduced isobaric heat capacity of barium ferromolybdate on the

square of the temperature, Figure 3.

The deviation from the close to linear dependence of the reduced heat capacity on the temperature

square begins below T = 13.1 K, and the values of the reduced heat capacity do not tend to zero

when the temperature decreases.

The heat capacities of the compound at T < 5.1 K were calculated using the Equation (3):

Cpm = 02087 xT — 69791072+ T2 + 8.460 x 1073 x T3 — 3.087 x 10™*x T* (3)

This equation was obtained from the experimental heat capacities in the temperature range of 5.1—

10.1 K using the least squares method. Such extrapolation of the heat capacity leads to the detection

of the anomaly in the low temperature region. As it can be seen in Figure 4, apparently, this

anomaly can also be attributed to a second-order phase transition and is determined by a change in

the dominant magnetic state.

The heat capacity baseline in the anomaly region (Figure 4) was described by the Equation (4):
Cpm(reg) = 8.0280 * 1073 * T 4 3.3045 * 10™* + T3 + 2.3890 x 107 + T> 4)
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which was derived from the experimental heat capacities of the compound in the temperature range
of 13.1-31.5 K using the least squares method.
The excess heat capacity in the anomaly region was calculated according to the Equation (5):
BexCom = Com — Cpm(reg) 5)
The values Cpm are the heat capacities calculated using Equation (3) between 0 and 5.1 K and
Cpm(reg) are the experimental heat capacities between 5.1 and 13.1 K. Excess enthalpy and excess
entropy of the low-temperature anomaly were obtained by integrating of excess heat capacity and
reduced excess heat capacity over temperature respectively and were found to be equal AexHm =
0,96 + 0,03 (J*mol~’) and AexSm = 0,46 + 0,02 (J*K~/*mol~/).
As mentioned above, in the Ba2FeMoOs-s compound an anomaly is observed in the temperature
range of 300-320 K. It is caused by the transition of the material from the ferrimagnetic to the
paramagnetic state with the corresponding Curie temperature of barium ferromolybdate Tc~300 K,
which is proved by the temperature dependence of the excess heat capacity in the region of the
high-temperature phase transition of barium ferromolybdate (Figure 5). Based on its shape, this
anomaly can be regarded as a A-type second-order transition. Consequently, it is possible to
determine only the excess enthalpy and excess entropy, the temperature dependences of which have
no gaps and are to be equal dexHm = 509 + 3 (J*mol~/) and AexSm = 1,76+ 0,01 (J*K~/*mol~/).
The heat capacity baseline in the phase transition region was described by the Equation (6):
Cpm(reg) = —82.81+2.182 T —5.020 x 1073 * T2 +3.999 x 1076 » T3 (6)
which was derived from the experimental heat capacities of the compound in the temperature ranges
of 200-230 K and 340-370 K using the least squares method. The excess heat capacity in the phase
transition interval was calculated as the differences between the experimental heat capacities and
the baseline heat capacities according to the Equation (5).
The Curie temperature, determined from the maximum of excess heat capacity in the transition
regions in such temperature range for the Ba2FeMoOes-s compound, is in good agreement with the
Curie temperature obtained from magnetic measurements. As can be seen from Figure 6, the
temperature dependence of the magnetisation of the sample M?(T) is divided into two branches, the
first of which (‘low temperature’) changes faster with temperature than the second (‘high
temperature’). The transition point of the ‘low-temperature’ branch to the ‘high-temperature’ branch
lies at T ~ 300 K, which corresponds to the Curie temperature for Ba2FeMo0Os-5 (Tc = 302 K).
Temperature dependence of BazFeMoOs-5 magnetic moment (Figure 7) confirms the presence of
anomalies in the low-temperature region.
From Figure 7 it can be seen, that when a magnetic field with magnetic induction B = 0.02 T is

turned on at T = 4.2 K and then heated to T ~ 25 K (ZFC-branch) it occurs a sharp increase in the
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magnetic moment of the sample to TS. This indicates the transition of nanosized grains to a
superparamagnetic state in which exchange forces provide uniform magnetisation along the
anisotropy axis. The TS temperature is critical, delimiting areas with different magnetic states. At
this temperature, the system goes over to a stable superparamagnetic state, while the ferrimagnetic

state still remains metastable and blocked by the energy of magnetic anisotropy.

Conclusion

Based on the Ba2FeMoOs-s compounds heat capacity data the next thermodynamic functions were
calculated: reduced enthalpy, entropy, reduced Gibbs energy. The values of calculated functions in
the region of temperature anomalies made it possible to classify such anomalies as second-order
phase transitions.

When measuring the heat capacity in the temperature range of 5-30 K, it was found that in the low-
temperature region it does not obey the Debye T2 law and has an anomaly indicating the realisation
of a superparamagnetic state in double perovskite. It was confirmed by the temperature dependence
of the magnetic moment.

The second A-type anomaly in the region of 300 K is due to the transition of material from
ferrimagnetic to paramagnetic state. The Curie temperature, determined from the maximum of
excess heat capacity in the region, is in good agreement with the Curie temperature obtained from

the results of magnetic measurements, Tc = 302.
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Figure 1. Ba,FeMo0Os.; XRD pattern
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Figure 2. Temperature dependence of isobaric heat capacities of barium ferromolybdate between 5 and 370 K
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Figure 3. Dependence of reduced isobaric heat capacity of barium ferromolybdate on the temperature square between
5.1 and 13.1 K (dashed line, a straight line connecting the reduced heat capacitiesat T=0 Kand T = 13.1 K)
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Figure 4. Temperature dependence of isobaric heat capacity of barium ferromolybdate between 0 and 13 K (dashed line

shows extrapolated heat capacity values; solid line is heat capacity baseline)
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Figure 5. Temperature dependence of excess heat capacity in the phase transition region of barium ferromolybdate


https://doi.org/10.1080/14786435.2021.1926566

Author Accepted Manuscript. The article is published in Philosophical Magazine, 101:14, 1699-1708,
https://doi.org/10.1080/14786435.2021.1926566

M", (A"m"kg")

T.K)
Figure 6. Temperature dependence Ba,FeM0Os.; 0f the magnetic moment square

FC 8=0.02T

-
o
i

ZFC

o

@

M-
. e -f
\l}l

e
@
L

o
&
1

Magnetic moment, (g Mu.)
L L

B
]
L

0.0

0 50 100 150 200 250 300 350
T.(K)

Figure 7. Temperature dependence of the Ba,FeM0Qg.5s magnetic moment
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