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Abstract—The temperature dependence of the molar heat capacity of HoMnO; has been measured by differ-
ential scanning calorimetry. The experimental data have been used to calculate the thermodynamic properties
of the oxide compound (changes in the enthalpy H°(T) — H°(364 K), entropy S°(7) — $°(364 K), and
reduced Gibbs energy @°(7)). The data on the heat capacity of HoMnOj; have been generalized in the range

of 40—1000 K.
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1. INTRODUCTION

In recent years, researchers’ interest in orthoman-
ganites of rare-earth elements RMnO; (R = La—Lu,
Y) has not declined [1—6]. Their magnetic and struc-
tural properties are well studied. At the same time,
their thermodynamic properties have not yet been
adequately studied. Currently, the data on the heat
capacity are available mostly for low temperatures:
ScMnO;, YMnO;, LuMnO; (0—200 K) [7]; YMnOs,
HoMnO;, ErMnO;, TmMnO;, LuMnO;, 5 (0—150 K)
[8]; SmMnO; (298—1500 K) [9]; LaMnO,,5 (30—
200 K) [10]; LaMnO; (77760 K) [11]; YMnO; and
YbMnO; (298—1373 K) [12]; HoMnO; (2—100 K) [13,
14]; ErtMnO; (2—100 K) [14]; and HoMnO; (2—
300 K) [15]. However, even the available data on the
heat capacity at low temperatures differ rather signifi-
cantly. As an example, such data are shown in Fig. 1
for HoMnO;. At the same time, to optimize the syn-
thesis conditions and to refine phase equilibria by
thermodynamics methods, the data on thermody-
namic properties of such compounds at high tempera-
tures are required.

The objective of this work is to experimentally
study the high-temperature heat capacity of HoMnO;

and to determine its thermodynamic properties by
these data.

2. SAMPLES AND EXPERIMENTAL
TECHNIQUE

The HoMnO; crystals for measuring the heat
capacity were grown using an FZ-T-4000-H optical
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floating-zone melting setup (Crystal Systems Corp.,
Japan). The samples obtained were analyzed by X-ray
diffraction using a X’Pert Pro MPD diffractometer
(PANalytical, Netherlands) with CoK, radiation.
Measurements were performed using a PIXcel fast
detector with a graphite monochromator in the angu-
lar range of 10°—115° with a step of 0.013°. The data
obtained are shown in Fig. 2. The lattice parameters
were determined by full-profile refinement by the
derivative difference minimization method [16].
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Fig. 1. Effect of the temperature on the low-temperature
heat capacity of HoMnOj: (/) data of [13], (2) [14], (3)
[15], and (4) [8].
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Table 1. Unit cell parameters of HoMnO;

a, A ¢, A References
6.13 11.43 (]
6.142(3) 11.417(7) 2]
6.135 11.414 [3]
6.1493 11.4165 [14]
6.1406(1) 11.4340(3) Our data

These values for HoOMnO;, in comparison with the
results of other studies, are given in Table 1.

We can see that the parameters of synthesized
oxide compound HoMnO; (space group Pbscm, V =
373.37(1) A3) are in good enough agreement with the
available data.

The molar heat capacity of HoMnO; was measured
by the differential scanning calorimetry method (STA
449 C Jupiter, NETZSCH) in the temperature range
of 364—1046 K. Platinum crucibles and special hold-
ers for measuring the heat capacity were used in the
experiments. The measurement technique is similar to
that described previously [17, 18]. The experimental
data were processed using the NETZCSH Proteus
Thermal Analysis package.

3. RESULTS AND DISCUSSION

The effect of the temperature on the molar heat
capacity of HoMnO; is shown in Fig. 3. We can see a
distinct extremum in the dependence C, = f(T) in the
range of 583—801 K. The continuous variation in the
heat capacity in the region of the extremum allows us
to speak of a second-order phase transition, and the
A-shaped heat capacity peak suggests that thermody-
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Fig. 2. X-ray diffraction pattern of HoMnO; at room tem-
perature.
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namic fluctuations affect the heat capacity of
HoMnOj; near the phase transition. The temperature
of the heat capacity maximum is 7,,,, = 659 K. The
heat capacity jump in the phase transition region is
AC/(T,,) = 3T mol~' K7!, and the transition width is
AT=208 K.

It may be noted that the curve of the temperature
dependence of the permittivity contains an extremum
whose position is close to that in the dependence C, =

AT) [14].

The extremum in the curve C, = f(T) was previ-
ously observed for manganite LaMnO; [3, 11] in the
region of 735 K.

The presence of such extrema is quite often related
to the ferromagnet—paramagnet phase transition at
the Curie temperature 7 [19, 20]. The value of 7T for
various manganites RMnQO; is in the range of 590—
1000 K [13, 14]. According to various data for
HoMnO;, the Curie temperature is 830 [13] and 875 K
[14, 21]. We obtained such a difference in 7 and the
data of [13, 14] is not unexpected, since it is known
that the critical temperature, as a rule, does not coin-
cide with heat capacity C, and magnetic susceptibility
maxima [19, 22].

Disregarding the excess heat capacity associated
with the phase transition, the dependence C,=f(T) for
HoMnO; can be described by the classical Maier—
Kelley equation [23] (in the units of I mol~! K1)

c,= a+bT +cT™> =(126.21%0.25)

(1)
+(6.6+0.2)x107°T = (19.30 £ 0.29) x 10°T .

The correlation coefficient for Eq. (1) is 0.9992.
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Fig. 3. Temperature dependence of the molar heat capacity
of HoMnOj: (1) experiment and (2) calculation by Eq. (1).
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Table 2. Thermodynamic properties of HoMnO;
T,K C,, Jmol™' K™ | H°(T) — H° (364 K), kJ mol~! |S°(T) — $° (364 K), J mol~! K~!|®°(T), J mol~' K~!
364 116.3 - - -

400 118.2 4.22 11.06 0.50
450 120.4 10.19 25.12 2.47
500 122.1 16.25 37.89 5.38
550 123.5 22.39 49.59 8.88
600 124.6 28.60 60.38 12.73
650 125.6 34.85 70.40 16.78
700 126.6 41.16 79.75 20.95
750 127.4 47.51 88.51 25.16
800 128.2 53.90 96.76 29.38
850 129.0 60.33 104.6 33.58
900 129.7 66.80 111.9 37.73
950 130.3 73.30 119.0 41.82
1000 131.0 79.83 125.7 45.85

Using relation (1), the changes in the enthalpy
H°(T) — H°(364 K), entropy S°(7T) — 5°(364 K), and
reduced Gibbs energy ®°(7) were calculated by the
known thermodynamic equations. The results are
given in Table 2.

Figure 4 shows the data on the heat capacity of
HoMnO; obtained in the present study (364—1000 K)
and in [15] (3—300 K). We can see good agreement of
these results. It was found that, without regard to
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Fig. 4. Effect of the temperature on the heat capacity of
HoMnOs: (7) data of this study, (2) data of [15]; the solid
line is the calculation by Eq. (3).
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phase transitions, the dependences C, = f{(T) can be
described by one general equation [24]

C,=ko+kInT + kT~ + kT2 + kT, (2)
which for the temperature range of 40—1000 K is writ-
ten as

C, =308.40-22.02InT —27.31x10°7""
+13.57x10°T % =2.43x10'T ",

The correlation coefficient for Eq. (3) is 0.9997.

It follows from Eq. (3) that C, for HOMnO; at

298 K is 105.7 J mol~! K~! which is close to the value
obtained for ErMnOj in [25] (104.8J mol~! K1),

(3)

The heat capacitys CE for HoMnO; are calculated
by the Neumann—Kopp method [26],

C’(HoMnO,) = %cﬁ(anog + %Cg(H0203). )
The heat capacitys of initial oxides, required for calcu-

lation by Eq. (4), are taken from [26]. It was found

that in this case C,(HoMnO;) = 0.47 J g~! K~!, which

is higher than the experimental value 0.40 J g~! K~
This confirms the data of [27] that the Neumann—
Kopp equation usually yields overestimated values of

0 . . . .
C, in comparison with experimental values.

4. CONCLUSIONS

The high-temperature heat capacity of HoMnO;
(364—1046 K) was measured. It was found that the
dependence C, = f{T) contains a small extremum at
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Trnax = 659 K. Thermodynamic properties of the oxide
compound were determined.
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