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B oannoii pabome nposeden nanpasnennsiii cunmes gpeppuma meou (Cule;Os) memooom
COOCAHCOCHUS U3 PACHEOPOE U3DbImKoM wienouu npu memnepamype 373 K. Memooamu ckanu-
Pyioujeil 31eKMmpoHHON MUKPOCKORUN U PEHM2eH0(pa306020 AHANU3A UCCTE006AHA KPUCTAIU-
yeckasa cmpykmypa u mopghonozus nosepxnocmu gpeppuma meou. Ilposedoeno omunecenue xapax-
mepucmuuecKkux nUKos oughpakmozpamm é coomeemcmeuu c 6azoiu oanuvix JCPDS. Ilokazano,
umo heppum meou (I1) kpucmannuzyemcs 6 cmpykmype Kyouueckou winunenu. Ilpueeoenvt muk-
Ppogpomozpaghuu cunmeszuposannvix 00pazyoe 0anHo2o heppuma npu pazHom yeeauuenuu. Ycma-
HoeeHo, umo yacmuywl heppuma meou (I1) cocmoam uz Konz10Mepamos Kpucmanios ¢ paiuy-
HbIM pazmepom omoenvuuvix 3epen. Ha npugedennvix muxpogomozpagusax euono, umo nadrooa-
emcsa Hedonvuiol pazopoc no pazmepam. Cpeonuii pazmep uwacmuy Haxooumces ¢ ouanaszone 100-
200 nm. C nomouwvio oughhepenuuanvbHo20 CKAHUPYIOULE20 KATIOPUMEMPA OUHAMUYECKO20 MeN-
7106020 NOMOKA NOJIyYEeHA MEeMNEPAMYPHA 3A8UCUMOCHD YOETbHOI MEena10emMKocmu o0pasyoe
teppuma meou ¢ ouanazone memnepamyp 273 - 373 K. C ucnonv3oganuem opuzuHaiIbHOl MUK-
DPOKanopumempuueckon ycmanoexu ¢ unmepeane memnepamyp 288 — 346 K u npu usmenenuu
UHOYKYUU MazHUmHozo nois om 0 0o 1,0 Tn nonyuenvt mepmoounamuieckue xapaKmepucmuku
- MazHumokanopudeckuil gpgpexm (MK3) u uzmenenue snumponuu (AS) é npoyecce namazHuuu-
eéanusa gheppuma meou (Il). bovino ycmanosneno, umo eéenununa MK pacmem c ysenuuenuem
UHOYKUUU MAZHUMHO20 NOJIA U YMEHbUIAemca ¢ pocmom memnepamypul. bovino oonapyxrceno,
Ymo memnepamypHole 3a6UCUMOCIU MAZHUMOKAIOPUYECK020 Ihekma u yoenvHOl menioem-
KOoCcmu umeiom IKcmpemanvuulil xapakmep. B oonacmu komuamnvix memnepamyp (308-315 K)
HAONI00aemca MAKCUMYM MACHUMOKATIOPUUECKO20 I pheKma u MUHUMYM YOeTbHO Men10eMKo-
cmu. Il0006H0e, panee He uzgecmuoe, AHOMAIbHOE HOBEOCHUE MAZHUMOMENI08bIX CEOIICME (hep-
puma meou II oonapysceno enepeguvie.

KuroueBsble ciioBa: heppur Menu, peHTreHo(a30BbIi aHaIN3, JICKTPOHHAS MUKPOCKOITUS, MArHETOKAJIOPH-
yeckuit 3pexT, ynenpHas TEMmI0eMKOCTh, MATHUTHOE TT10JIe
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In this work, we carried out the directed synthesis of copper ferrite (CuFe.0.) by co-pre-
cipitation from solutions with an excess of alkali at a temperature of 373 K. The methods of scan-
ning electron microscopy and X-ray phase analysis were used to study the crystal structure and
surface morphology of copper ferrite. The ratio of the characteristic peaks of the diffractogram was
carried out in accordance with the JCPDS database. It is shown that copper (I1) ferrite crystallizes
in the structure of the cubic spinel. Microphotographs of the synthesized copper ferrite samples at
different magnifications are given. It is established that ferrite particles consist of conglomerates
of crystals with different sizes of individual grains. Their small scatter in size is observed. The av-
erage particle size is in the range of 100-200 nm. Using a dynamic heat flux differential scanning
calorimeter, the temperature dependence of the heat capacity of copper ferrite samples was ob-
tained in the temperature range of 273-373 K. Using an original microcalorimetric setup in the
temperature range of 288-346 K and with a change in the magnetic field induction from 0to 1.0 T,
thermodynamic characteristics were obtained - the magnetocaloric effect (MCE) and the change in
entropy (4S) during the magnetization of copper (I1) ferrite. It was found that with an increase in
the magnitude of the magnetic field, the magnitude of the MCE increases and decreases with in-
creasing temperature. It was found that the temperature dependences of the magnetocaloric effect
and specific heat have an extreme character. In the region of room temperatures (308-315 K), a
maximum of the magnetocaloric effect and a minimum of the specific heat are observed. This pre-
viously unknown anomalous behavior of the magneto-thermal properties of copper Il ferrite was

discovered for the first time.

Key words: copper ferrite, X-ray phase analysis, electron microscopy, magnetocaloric effect, specific

heat capacity, magnetic field

Ferrites are a combination of iron oxides Fe;0O3
with oxides of other transition metals, including cop-
per, zinc, cobalt, nickel, manganese, magnesium. They
constitute a special group of magnetically ordered mate-
rials in which there are crystallographically and magneti-
cally nonequivalent sublattices, the presence of which de-
termines the magnetic properties of ferrimagnets, which
differ from the properties of ferro- and antiferromagnets.

Compounds of oxides of transition elements
have high chemical resistance and relatively low cost.
This leads to their widespread use as magnetic materi-
als in electronics, radio engineering and computer
technology, since they combine high magnetic suscep-
tibility with semiconductor or dielectric properties.
Spinels based on copper (I1) ferrite are magnetic mate-
rials [1, 2] they are used as catalysts, electrodes, gas
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sensitive sensors [3, 4].

Currently, active studies of the magnetocaloric
effect (MCE) on various magnetically ordered sub-
stances are underway [5-7]. The essence of this phe-
nomenon lies in the adiabatic temperature change in
the sample when the external magnetic field changes as
a result of the redistribution of internal energy between
the system of magnetic atoms and the crystal lattice.

The study of the magnetocaloric properties of
magnets is very important for solving the fundamental
problems of magnetism, which are associated with the
possibility of obtaining information about magnetic
transitions in magnetic materials and about the mag-
netic state of matter. The MCE is accompanied by a
change in such guantities as entropy, heat capacity and
thermal conductivity [8].
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From the point of view of the study and appli-
cation of magnetothermal properties, magnets with
magnetic phase transitions in the region of room tem-
peratures are promising. Magnetic transitions are ac-
companied by a magnetocaloric effect and heat capac-
ity anomalies. These substances include various com-
pounds of ferrites [9-11].

Previously, we conducted a study of the ad-
sorption capacity, elemental composition of copper
ferrite, carried out its dispersion analysis, and deter-
mined the specific surface of this ferrite [12, 13]. In
this work, we continue studying the properties of
CuF,04 by magnetocaloric methods.

EXPERIMENTAL PART

The synthesis of highly dispersed copper fer-
rite was carried out by chemical condensation in a ther-
mostated vessel for an hour at a temperature of 370 K.
A dark brown CuF,04 precipitate was obtained by co-
precipitation from aqueous solutions of (Cu?*) and
(Fe®*) ions with an excess of KOH solution. The pre-
cipitate was decanted into a magnetic field and dried
under vacuum for five hours. Dry powder particles re-
acted to the action of a magnetic field [14].

The phase composition of obtained structures
was analyzed by X-ray diffraction (X-ray diffractome-
ter D2 Advance, Brucker, CuK, source).

Morphological studies of the nanostructured
sample were carried out using a Quattro S scanning
electron microscope (Thermo Fisher Scientific, Czech
Republic).

The heat capacity of the samples was measured
on a dynamic heat flux differential scanning calorime-
ter DSC 204 F1 Phoenix (Netzsch, Germany). The heat
capacity measurement error was 1.5%. The tempera-
ture range of scanning in accordance with microcalori-
metric studies was chosen from 273 to 373 K.

The microcalorimetric method was used to
study the MCE of copper ferrite using an original mi-
crocalorimeter [15, 16]. A sample of copper ferrite in
the form of an aqueous suspension was placed in a mi-
crocalorimetric cell with an isothermal shell. The cell
was located between the poles of an electromagnet.
The magnetic field induction in the gap varied from 0
to 1 T. The sensitivity of the setup was 2.10-5 K. The
error in measuring the MCE did not exceed 2%. To check
the reliability of the calorimeter, calibration was carried
out using metallic gadolinium (98% chemical purity).

The magnetocaloric effect ATmce was deter-
mined from the heat balance equation (1):

Qmce = mmyCrovy ATMCE, (1)
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where Qwce is the amount of heat released when a mag-
netic field is applied to a magnet under isothermal con-
ditions; mow), Cpemy — mass, specific heat capacity of
copper ferrite.

The amount of heat Qmce, which is released as
a result of the magnetocaloric effect, was determined
calorimetrically according to equation (2), comparing
Qwmice with the Joule heat (QJ) introduced into the cal-
orimeter as a result of calibration by electric current:

QmcE = Qi (AT/ATY), 2)
where Q; is the amount of Joule heat introduced into
the calorimeter during calibration by electric current,
ATjis the change in temperature of the calorimetric
system as a result of the injected Joule heat, AT is the
change in temperature of the calorimeter system as a
result of the MCE.

The entropy change AS under the action of a
magnetic field on a magnetic sample was calculated us-
ing the equation (3):

AS = - Cpmy AT mce/T, 3
where T is the absolute temperature, Cpw) is the spe-
cific heat capacity of copper ferrite.

RESULTS AND DISCUSSION

Fig. 1 show micrographs of the synthesized
copper ferrite samples at different magnifications. It
can be seen from the photographs that the nanoparticles
consist of conglomerates of crystals with different
sizes of individual grains; there is a small scatter in
size. The dried powder consists of aggregated quasi-
spherical particles with a rough surface. Comparative
morphological analysis of particle projections on all
obtained micrographs showed that the average particle
fine size is in the range of 100-200 nm.

When analyzing the diffraction patterns, it was
found that the peaks 20 = 18.5, 35.6, 38.8, 43.0, 62.2
(Fig. 2), in accordance with the JCPDS database (77-
0010), refer to single-phase crystalline copper ferrite
and confirms the presence of reflections of the cubic
spinel. The data obtained in our work correspond to the
data for CuF,04 [17].

Among the ferrites of transition metals,
CuFe;0q is the only one that is ferromagnetic of room
temperature [17, 18].

It was previously established that the presence
of a A-point at 663 K corresponds to the transition from
cubic to tetragonal. The peak at about 743 K is that as-
sociated with the magnetic transition of this material
[19, 20].

When analyzing experimental data, the tem-
perature dependence of the specific heat capacity (Fig. 3)
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has a continuous character. The dependence is a
monotonically increasing function of temperature
with increasing slope, which is typical for this kind
of spinels. In the temperature range from 283 to
373 K, the specific heat capacity varies from 0.665
to 0.762 J/g-K. Attention is drawn to a small mini-

mum in the region of 313 K. These changes in the g
heat capacity are reflected in the temperature de- ©
pendence of the MCE.

When studying the temperature depend-
ences of polycrystalline copper ferrite for all ther-
modynamic characteristics ATmce and ASm (Fig.4,

5), there is a decrease in thermodynamic values
with increasing temperature. However, in the region of
313 K, a sharp maximum was found on all temperature
dependences of the thermodynamic quantities. With an
increase in the magnetic field induction (B) from 0 to
1.0 T, the maximum value of ATwmce increases and
reaches a value of 0.035K.
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Fig. 1. Micrographs of the synthesized copper ferrite sample at
various magnifications. Scale: a -X300; 6-X1
Puc. 1. Mukpodotorpaduu cHHTE3UpOBaHHOTO 00pasna peppura
MeZIM TIPH pa3inuyHoM yBenuueHun. Maciura6: a — X300; 6 — X1
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Fig. 2. X-ray pattern of copper ferrite
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Fig. 3. Temperature dependence of the specific heat capacity of
copper ferrite
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Fig. 4. Temperature dependence of the magnetocaloric effect
(ATwmce) in magnetic fields with induction (B): 1- 0.2; 2- 0.4;
3-0.6;4-08;5-10T
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Fig. 5. Temperature dependence of entropy change (ASm) in vari-
ous magnetic fields with induction (B): 1- 0.2; 2- 0.4; 3- 0.6;
4-08;5-10T
Puc. 5. TemneparypHas 3aBUCUMOCTb U3MEHEHUS SHTPOIIUU

(ASm) B pa3nM4HBIX MArHUTHBIX TOJAX ¢ MHAYKIMeH (B): 1- 0,2;
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A similar anomalous behavior in the region of
313 K is also observed in the temperature dependence
of the heat capacity. Apparently, the detected anomaly
of thermodynamic characteristics is associated with
changes occurring in the crystal lattice of copper ferrite
and requires additional studies.

CONCLUSION

In this work, copper ferrite was synthesized by
co-precipitation from aqueous solutions of Cu?* and
Fe** ions with an excess of KOH. The crystal structure
was studied by X-ray phase analysis and the chemical
composition of copper ferrite samples was established.
Using scanning electron spectroscopy, the surface
morphology of CuFe2O4 crystallites was studied. The
particle size is in the range of 100-200 nm. The heat
capacity of copper ferrite samples was determined by
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differential scanning calorimetry. In the temperature
range from 283 to 373 K, the specific heat capacity
varies from 0.665 to 0.762 J/g-K. The magnetoca-
loric effect and the change in the entropy of the sam-
ples were determined by the microcalorimetric method
on the original installation in the temperature range of
288-346 K and in a magnetic field of 0-1.0 T. Based on
the temperature dependences of the MCE, changes in
entropy and heat capacity, an anomalous behavior of
copper ferrite in the region of 313 K was found. On the
temperature dependences of the MCE and AS at 313 K,
maxima are observed, and on the temperature depend-
ence of the specific heat, a minimum of values. With
an increase in the magnetic field induction, the maxima
increase. The detected anomaly of thermodynamic
characteristics is associated with changes occurring in
the crystal lattice of copper ferrite and requires addi-
tional studies.
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