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The decomposition of the freeze dried Cu(ll)-Ni(ll)-Fe(lll) formate precursors at 1000°C in air
yields complex oxides CuxNij_xFe,0445 (0 < x < 1) with a cubic spinel structure. For x < 0.7,
single phase spinels are formed at 1000°C. However, for 0.7 < x < 1, Copper oxide (CuO) is
identified as a second phase and the formation of a pure spinel phase requires an increase of
the iron content in the mixture. For example, CuggiNig1Fes 0904 is a single phase at 1000°C/air.
Other single spinel phases Cugs.yNigs_y_,Fe2;,0445, 0 < (y + 2) < 0.5, in the phase triangle
CugsNigsFe,04—CuFe;04—CugsFe, 504 have been synthesized under special p(0;)/T—synthesis
conditions. The increase of the iron content requires an increase of the reaction temperature
and/or a decrease of the p(O,) in the reaction gas stream. The oxygen exchange between
CuggFe; 10402 and the reducing gaseous phases shows that the non stoichiometry § of copper
ferrite is only about +0.03. Significant changes in the oxygen content lead to the separation in
different phases. The electrical and magnetic properties of copper ferrite samples depend on
their chemical composition and preparation conditions.

© 2006 Springer Science + Business Media, Inc.

1. Introduction

The system Cu-Ni-Fe-O was first studied by Van Uitert
[1]. One important finding of the author is that copper
ferrite CuFe,04 shows a tetragonal structure but with the
addition of nickel, the tetragonality disappears and the
copper-nickel ferrite samples exhibit a cubic structure.
Since then, there has been remarkable other contributions
such as Mossbauer studies [2, 3], cations distribution [4],
electrical and magnetic properties [4, 5]. These previ-
ous works were based only on the spinel solid-solutions
formed between NiFe,O4 and CuFe,Q4. Moreover, the
conventional ceramic method, requiring a working tem-
perature above 1000°C, was commonly used. In the last
decades, non-conventional soft chemistry routes such as
the sol-gel method, the thermal decomposition of suit-
able complexes and coprecipitation method have been
developed for the synthesis of ceramic materials. These
methods are useful and attractive techniques because they
allow the production of materials at a relatively low tem-
perature [6].

Recently, reactive freeze-dried Cu—Fe formate precur-
sors of appropriate compositions were used as starting
powders for the synthesis of copper ferrites [7]. The ther-
mal decomposition of these precursors ends already at
about 400°C. Nevertheless, because of the intermediate
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reduction of Cu?>* to Cu by the carboxylate, a single
phase copper ferrite can not be obtained. This leads to
a phase separation and the full reaction to the complex
oxide needs a temperature higher than 800°C. In order to
bypass the reductive elimination of carboxylate ligands
on the direct synthesis of a single spinel phase, mixtures
of fine grained metals were used as starting materials [8].
The phase formation and the phase stability were inves-
tigated as a function of the temperature (800-1200°C)
and the oxygen partial pressure (10~%~1 bar). The au-
thors found that for a given value of x, the synthesis of
single phase spinel compounds Cu;_,Fe;;,O4 (0.1 < x
< 0.5) requires specific temperature—p(O,)—conditions.
Unlike the freeze dried Cu(II)-Fe(III) fomate, the thermal
decomposition of the freeze dried Ni(II)-Fe(III) formate
leads to the direct formation of nickel ferrite which be-
comes well crystalline around 800°C. On the other hand,
the regeneration of NiFe,O4 from the taenite (yNi, Fe)
phase is accomplished at 800°C [9]. This temperature
is also 300°C below the temperature (7' < 1100°C) em-
ployed when the mixtures NiO: «-Fe, O3 or Ni: 2Fe are
the starting powders.

In what follows, we intend to use the freeze dried
precursors Cu(II)-Ni(II)-Fe(IIT) formate as starting pow-
ders for the synthesis of different spinel solid-solutions.
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Furthermore, our attention is paid on the determination of
the working conditions (T/p(O,)) required for the synthe-
sis and the stability of single spinel phases in the phase tri-
angle Cug 5Fe;,04—Cug 5Nig sFe,O4—CuFe,04. From the
data existing in the literature, we establish for some ex-
amples the relation between the synthesis conditions and
the physical properties of Cu—Ni ferrite materials.

2. Experimental

2.1. Synthesis

The formate precursors used for the preparation of Cu—Ni
ferrites were obtained by the freeze drying method. The
starting material, iron(I) formate, was prepared as de-
scribed by Bonsdorf et al. [10]. The Ni(II) formate
(0.19 M) and the Cu(Il) formate (0.29 M) solutions were
obtained by dissolving basic nickel carbonate and basic
copper carbonate in appropriate amounts of formic acid,
respectively. According to the desired composition of fer-
rite samples “Cu,Ni;_FerO445 (0 < x < 1)” and “Cug 54
Nigs5_y—; Feo ;0445 (0 < (y + 2) < 0.5)”, adequate vol-
umes of Cu(Il) and Ni(IT) formate solutions were mixed
and the required amount of the solid Fe(Il) formate was
added. Upon stirring, Fe(Il) formate was dissolved and
Fe(II) was oxidized to Fe(IIT) with a twofold excess of
H,0,. The resulting brown Cu(II)-Ni(II)-Fe(III) formate
solutions were then frozen in liquid nitrogen and dried
from —40° to 25°C in the vacuum chamber of a freeze
drying apparatus (Alpha 2—4, Christ). After 72 h, the dry-
ing process was complete and loose, fine grained powders
were obtained.

2.2. TG/DTA

The decomposition processes of the formate precursors
were investigated by means of Netzsch Thermal Analyser
STA 409 in air and in an argon 4.6 (AIR LIQUIDE, pu-
rity 99.996%) gas flow of 4.5 I/h. Because of the open
gas outlet of the TG device, a slight air diffusion against
the gas flow can not be excluded. The maximum p(O,)
in the environment of the sample carrier during the mea-
surement in Ar atmosphere can be estimated as about
10~3 bar. This relatively low oxygen partial pressure al-
lows the detection of primary gaseous and solid decompo-
sition products and the slow oxidation of the primary solid
products.

2.3. Phase analysis

The X-ray diffraction (XRD) measurements were per-
formed at room temperature using a D5000 diffractome-
ter (Siemens) with CuK, radiation (A = 1.5406 A). The
data were collected in the 26 range of 10—-80° with a step
of 0.02° (the time was counted one second per step). For
a quantitative analysis, the XRD data were collected in
the 260 range of 20-80° with a step of 0.01° (the time
was counted 6 s per step). The phase identification was
performed by comparing the measured diffraction pattern
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with those listed in the JCPDS database. The lattice pa-
rameters of compounds were estimated from the X-ray
diffraction peak positions using the program WinXPOW
[11].

2.4. Oxygen non-stoichiometry
measurements

The initial oxygen stoichiometry of CuggFe; 10445, de-
termined by the total reduction in H, atmosphere,
was 4.02. That means the spinel must contain some
cation vacancies. The amount of oxygen exchanged
between CuggFe; 1040, and the gas flow at a given
temperature/p(O,) was determined using the solid-
electrolyte technique employing a PC-controlled device
OXYLYT (SensoTech Magdeburg, Germany) [12].

2.5. Electrical conductivity measurements

The electrical conductivity measurements of the samples
were proceeded in air and in argon 4.6 atmosphere using
a DC four-point method. The heating and the cooling pro-
cesses were carried out between room temperature and
1223 K, with a rate of 5 K/min. At 1223 K, the equilib-
rium state values of the conductivity were achieved after
3—6 h. The knowledge of the exact geometry of the sample
was necessary to calculate the conductivity from the re-
sistance. From the recorded data, plots of the conductivity
versus 1000/T were constructed.

2.6. Magnetic measurements

Weighed quantities (~25 mg) of oxide powders were in-
troduced into a small cylindrical PVC-container (diame-
ter: 4 mm; height: 4 mm). The measurements were carried
out at 5 K and 300 K by using a vibrating sample magne-
tometer (Oxford Instruments) with nickel as a calibration
substance.

3. Results and discussion
3.1. Characterization and thermal
decomposition of freeze dried copper
nickel iron formate precursors
Fig. 1 shows the XRD patterns of some freeze dried
Cu(ID)-Ni(IT)-Fe(IlT) formate precursors. One notes
that the amount of the crystalline component of the
Cu,Ni;_,Fe, formate in proportion to the amorphous
phase becomes higher as the copper content “x” in-
creases. In fact, when x is equal to 0.3, the precursor
does not show any diffraction peak accounting for an
amorphous state. For x equal to 0.5 and to 0.9, a small
amount of the crystalline phase “Cu(HCOO),” is in-
dexed beside the amorphous phase. The increase of the
peaks intensity of the copper formate with the value
of x is observed. It turns out that the segregation of
some copper formate took place during the freeze drying
process.
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Figure I XRD patterns of freeze dried Cu,Nij_Fe, formate precursors with x = 0.3, x = 0.5 and x = 0.9.

The thermal decomposition of the freeze dried Cu—Fe
formate and Ni—Fe formate were investigated by thermal
analysis and mass spectrometry methods [7, 9]. On the
basis of the results of these previous studies, the ther-
mal decomposition of the mixed Cu—Ni—Fe formates is
evaluated. Fig. 2 shows the DTA- and TG-plots obtained
in argon and air for the precursor Cug sNig sFe, formate,
used as an example. These thermal analysis curves are
compared with those of the freeze dried Ni(II)-Fe(III)
formate and Cu(I)-Fe(III) formate [7, 9].

One notes that the TG profiles of the three precursors
in argon atmosphere are rather similar. In a first step from
room temperature up to about 180°C only water is re-
leased. Above 180°C the formate decomposition takes
place. The decomposition of Cug sNig sFe, formate ends
at 260°C whereas Cu(Il)-Fe(IIl)- and Ni(I[)-Fe(III) for-
mate decompose completely at 290°C and 300°C, respec-
tively. It turns out that the maximum mass loss of the
mixed Cu(II)-Ni(II)-Fe(III) formate is reached at a tem-
perature lower than that of the precursors Cu(II)-Fe(III)-
and Ni(II)-Fe(Il) formate. This means that during the
thermal decomposition, an interaction takes place be-
tween the components and results in a lower decomposi-
tion temperature of the freeze-dried Cu(I)-Ni(II)-Fe(III)
formate. As observed during the decomposition of M-
formates and M-M’-formates (M, M’ = Cu, Ni, Fe) under
argon atmosphere [7, 9], the main gaseous decomposition
products identified using the mass spectroscopic analy-
sis method are HCOOH and H;CO (primary products),
CO, CO; and H;0O (primary and secondary products)
and H; (secondary product). The simultaneous release
of HCOOH and CO, enhances the reductive decompo-
sition of M-formate. The decomposition of the complex
Cu—Ni—Fe formates is a superimposition of processes al-
ready described in [7, 9] for the single and binary for-
mates. The small gain of mass above 280°C after decom-

position in argon atmosphere allows the conclusion that
lower oxidation states of the metals are formed during the
primary process of decomposition. The 3% gain of mass
correlates with the reception of about one oxygen per for-
mula unit (“CU()_5Ni()45F6203 g CUO.SNi0_5F6204”). The
p(O,) of about 1073 bar in the gas flow is sufficient for
the end of this process within the measuring time. In air
atmosphere (Fig. 2, curves d), the altogether exothermic
consecutive processes of primary products result in a fast
formation of CO, and H,O and solid oxides which contain
only Cu(II), Ni(IT) and Fe(III). This process is already fin-
ished at 230°C. The 2% difference in the mass loss in Ar
and air is caused by the different content of water in both
measured samples (in dependence on the atmospheric hu-
midity the water content of the samples can be somewhat
different).

3.2. Phase formation
During the thermal treatment of the freeze dried precur-
sor CugsNig sFe, formate, the individual decomposition
of Cu(Il) formate results in the intermediate formation
of copper metal (Fig. 3). As already observed during the
synthesis of copper ferrite from the formate precursors
[7], this should prevent the direct formation of a single
spinel phase at a low temperature. On the other hand, no
traces of nickel are detected on the XRD pattern obtained
up to 260°C (Fig. 3). Two reasons may be responsible:
the decomposition of nickel(IT) formate and iron(III) for-
mate take place simultaneously and inhibits the formation
of nickel metal or the nickel metal is present but in an
amorphous state [9]. Neither the first nor the second rea-
son can be excluded. Perhaps, the less crystalline spinel
formed already at 250°C is a nickel containing magnetite,
NixFe(3,x)O4.

The freeze dried precursors Cu,Ni;_,Fe, formate with
x = 0.3, 0.5, 0.6, 0.7 and 0.9 were decomposed in air
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Figure 3 XRD patterns of the decomposition products of the freeze dried Cug 5Nig 5Fe, formate quenched after annealing up to 200°C, 220°C and 250°C,
atm.: Ar; heating rate: 5 K/min.

3686



at 400°C for three hours. To avoid an overheating of
samples, because of the exothermic oxidation processes
(see 3.1), the heating rate up to 400°C was 5 K/min and the
decomposition was proceeded in thin layers on stainless
steel plates. After this decomposition, the samples were

pressed in pellets before being heated at different temper-
atures for 24 h. To maintain a single-phase spinel after
synthesis at 1000°C, it was necessary to quench the mate-
rial (by removing the sample from the furnace and cool-
ing down to room temperature inside a desiccator). Fig. 4
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illustrates the XRD patterns of the samples with x = 0.3,
0.5 and 0.9.

After decomposition at 400°C the products contain a
partially crystalline spinel phase. The compositions with
x = 0.3 and x = 0.5 are single spinel phases. For other
compositions, a very small amount of copper oxide (CuO)
is identified. Upon heating up to 600°C, the crystalliza-
tion of the spinel phase is enhanced. For the sample with
x = 0.3, a small amount of «-Fe,O3 is formed whereas
for other compositions both CuO and «-Fe, O3 are identi-
fied as second phases. It is important to mention that the
presence of nickel oxide is not very well identified be-
cause the most intense peaks of NiO are covered by those
of the spinel phase. Upon heating at 800°C, the amount
of the spinel phase increases due to the reaction occur-
ring between the single oxides (CuO/NiO and «-Fe,03).
For x = 0.3, 0.5, 0.6 and 0.7, the XRD patterns match
with that of NiFe,O4 (cubic phase) whereas reflections
arising due to the tetragonal CuFe,0, are identified on
the pattern of the sample with x = 0.9. After synthesis
at 1000°C/air, the compositions with x < 0.7 are single
spinel phases. For the compositions with x > 0.7, a very
small amount of copper oxide (CuO) is identified. The
separation of small amounts of CuO in air atmosphere at
1000°C is caused by the formation of a Cu(I) containing
iron rich spinel. That means, the formation of a pure spinel
phase should require an increase of the iron content in
the mixture. Such behaviour is already known for spinel
compounds Cu;_,Fe,; 04 [8]. It was found that single
phase spinels with x = 0.1 and 0.2 can be synthesized at
1000°C in air. The synthesis of single phase spinels with
x > 0.2 requires an increase of the synthesis temperature
and/or a decrease of the oxygen partial pressure. Similar
synthesis conditions should be expected for spinel com-
pounds in the phase triangle Cug sNigsFe,O4—CuFe,04
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—Cug sFe> 504 (Cugs4yNigs—y_-Fery-O44s) (Fig. 5). To
probe this assumption and to compare it with synthesis
conditions found in [8], some mixed copper nickel ferrites
were synthesized from freeze-dried Cu(I)-Ni(II)-Fe(III)
formate precursors. The spinel phases Cu;_,Fe;; 04 (x
=0.1,0.2,0.33, 0.4 and 0.5) were prepared by solid state
reactions using metallic precursors as described elsewhere
[8]. Table I shows the synthesis conditions enabling the
formation of the pure spinel phases and the lattice param-
eters of investigated compositions. It can be seen that the
required synthesis temperature is >1000°C. At this tem-
perature the advantage of the reactive carboxylate precur-
sor is lost and a comparison between samples prepared
from different precursors should be allowed.

After the decomposition of the appropriate freeze
dried Cu(II)-Ni(Il)-Fe(IIl) formate precursor at 400°C
(3 h) followed by the annealing at 1000°C (24 h)
in air, a pure spinel phase is obtained for the com-
position Cugg;Nig Fes 09O4. For the solid solutions
existing between the compositions CugsFe, ;04 and
CugsNigsFe,Oy4, the synthesis conditions enabling the
formation of the pure spinel phases are similar to the con-
ditions established in [8] for the preparation of iron-rich
copper ferrites with the same iron content. This is shown in
Table I for Cuov5Ni0.3F62.204 and Cuo_sNio‘ 17F€2.3304. The
higher Cu(I)/Cu(Il)—ratio in the appropriate Cu—Ni—Fe-
spinels requires a somewhat higher synthesis temperature
at the same p(0;). It is also shown in Table I that the
nickel substitution leads to a slight decrease of the lattice
parameter “a” of the ferrite sample.

Concerning the temperature-p(O,) conditions re-
quired for the synthesis of iron-rich copper nickel
ferrites, the phase triangle CugsNigpsFe;O4—CuFe,04
—CugsFe; 504 can be subdivided in two main parts
(Fig. 5). For compositions close to the section



TABLE I Synthesis conditions and characterization of complex oxides Cug s yNig 5_y_-Fea; .04

Metal ion ratio

(M:Fe with M = Ni, Cu) Sample Synt. temp (°C), atm Phases composition a (pm)
0.91:2.09 Cug 81 Nig.1Fe2.09004 1000, air cSp 838.4
0.9:2.1 CuggFes 104 1000, air tSp 584.7 (c = 858.9)
0.8:2.2 Cug sNig3Fez 204 1000, air cSp + a-Fe, O3 -
1100, air cSp 836.3
1100, argon 4.6 + 1% O cSp 838.3
Cuo.gF€2'204 1000, air CSp 839.5
1000, argon 4.6 + 1% O cSp 840.0
0.67:2.33 Cu0‘5N10'17F62‘3304 1000, air CSp + Ol—FGzO3 -
1100, argon 4.6 + 1% O, cSp 839.3
Cug ¢7Fe2.3304 1000, air cSp + «-Fe, 03 —
1100, argon 4.6 + 1% O, cSp 840.2
0.5:2.5 Cug sFer 504 1110, argon 4.6 cSp 841.1

(Synt. Temp (°C), atm = synthesis temperature, synthesis atmosphere; cSp = cupro-/cubic spinel; Sp = tetragonal spinel)

Cuy ¢Nig 4Fe,04—Cug oFe, Oy single phase spinels can
be synthesized at 1000°C in air atmosphere; for composi-
tions of part (I), the increase of the iron content requires
an increase of the reaction temperature and/or a decrease
of the p(O,) in the reaction gas stream; (b) in the second
and small part (II), the partial reduction of Cu** to Cu™
occurring above 800°C in air has an influence on the for-
mation of a pure spinel phase. Consequently, copper oxide
(CuO) appears as second phase. The synthesis of single
phase spinels should require a low synthesis temperature
and a high p(O,). Starting from a reactive carboxylate
precursor, 70 h of heating at 800°C in the presence of
pure oxygen is required for the synthesis of a pure copper
ferrite phase “CuFe,0,”. The same synthesis conditions
should be applied for the preparation of other compounds
appearing in the triangle (II).

3.3. Characterization
3.3.1. Iron rich copper ferrites “Cuy_xFey,xO4”
with x= 0.1, 0.2, 0.33, 0.4 and 0.5

Thermal stability. The composition of a non-
stoichiometric spinel phase can be denoted as AB;Oy45.
In the case of large changes in the oxygen content (§),
the spinel can form few distinctive different phases. This
indicates that the study of the interaction of ferrites with
the gas phase is crucial for the understanding of their
properties.

In our previous work [8] on the influence of the
temperature and the oxygen partial pressure on the phase
formation in the system Cu—Fe—O, the synthesis and the
thermal stability of copper ferrite samples “Cu;_ Fe, Oy
(x = 0.1, 0.2, 0.33, 0.4 and 0.5)” were performed at
different temperatures (800—1200°C) and oxygen partial
pressures ranging from 1.013 x 10 to 0.21 x 10° Pa.
In the present study, the main objective is to establish
the consequences resulting from the oxygen exchange
between copper ferrite and the gaseous phase at different
temperatures. For these experiments, the starting material
used is a single tetragonal spinel phase “CuggFe; 104.02”
prepared in air at 1000°C (24 h) and cooled down

to room temperature inside a desiccator (see Table I,
[8]). The oxygen release of the oxide was measured
on powders (50-100 mg) placed in a quartz container
within the furnace of the solid electrolyte employing a
PC-controlled device OXYLYT. From the recorded data,
the variation of the oxygen stoichiometry as function of
Ig p(O,) at different temperatures is deduced (Fig. 6).

Under a given p(O,) of investigation, the sample
CuggFe; 104, is characterized by a drastic decrease
of the oxygen content with the increase of the tem-
perature. From the analysis of the XRD patterns of
products obtained at the end of each measurement,
the observed behaviors are due to the decomposition
of the spinel phase. At 800°C, the reduction of Cu’*
to Cu™ enhances the formation of cuprous ferrite (cu-
bic spinel phase Cugo_,Fe; 11,0402-) and delafossite,
CuFeO,. As the temperature increases, the reduction pro-
cess becomes more important. Consequently, at 900°C
the total dissociation of the cubic phase takes place
and leads to the formation of delafossite and hematite
(reaction 1).

CugoFey 10402 = 0.9CuFeO, + 0.6Fe,03 + 0.210,
(D
Above 900°C, the reduction of a-Fe,O5 into Fe;O4 be-
gins. The delafossite phase becomes unstable and its par-
tial decomposition leads to the formation of Cu,O which
reacts progressively with Fe;O4. From this last process, a
copper poor spinel phase is formed. It turns out that during
the thermal treatment at a oxygen partial pressure lower
than the coexistence pressure of the appropriate copper
ferrite significant changes in the oxygen content lead to
the separation in different phases.
Physical properties. From the results obtained above
and according to [8], a modification of the conditions
required for the synthesis of copper ferrite samples
“Cuy_,Fep104145(0 < x < 0.5)” leads to a change of
the oxygen stoichiometry and possibly, of the separa-
tion in different phases. These changes should also affect
the nature of charge carrier and their concentration. For
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copper containing spinel ferrites, n- or p-conductivity is
found in dependence on the synthesis conditions and the
composition [13—15]. In order to eradicate the influence
of the working atmosphere beside that of the tempera-
ture, the electrical conductivity of the selected samples
CuggFe; 10402 and Cug sFe; 50445 was measured prefer-
entially under surrounding atmospheres identical to those
used for their synthesis (i.e air and argon 4.6 gas flow,
respectively). In Figs 7 and 8, heating and cooling plots
of Ig (o) versus (1000/T) are displayed.

For both samples, the change in the conductivity with
the temperature is not reversible. The conductivity of
CuggFe; 104y increases gradually with the temperature
up to 733 K where a local broad maximum is observed
(Fig. 7). Because heating and cooling curves are not iden-
tical, the observed anomaly is likely to be attributed to the

3690

(T, in K)
1200 1000 800 600 400

10F

cSp

— heating
~---= cooling

Conductivity / (S.cm™)

o
-
T

H+D

| PSRN T U S U U U U W S U W S N U U N U [ W 0 U 0 W (A
08 10 12 14 16 1.8 20 22 24 26 28
1000K

T

Figure 8 lg (o) versus (1000/T) of the samples Cug sFe, 50415, Heating
and cooling rates: 5 K/min; atm.: Ar 4.6.

thermal history of the sample rather than the change of
the magnetic ordering in the ferrite lattice, as mentioned
for CuFe,04 [16, 17]. After synthesis at 1000°C, an equi-
librium should exist between the copper ferrite and the
surrounding air atmosphere. During the cooling process,
a cubic to tetragonal transition takes place and the sub-
stance absorbs some oxygen. This results in the oxidation
of some Cu'* to Cu?* and in the formation of a spinel
with cation vacancies. Because of the fast cooling process,
the oxygen stoichiometry of CuggFe; 104, corresponds
to a higher temperature equilibrium state. Due to this fact,
some further oxidation of Cu!™ sets in between 700 and
800 K during the slow heating process and (in spite of
the increase of the charge carrier mobility) the conduc-
tivity decreases because of the decreasing charge carrier
concentration. Above 800 K, an equilibrium should be



reached and the further temperature dependence of the
conductivity is the result of a superimposition of the actu-
ally increasing charge carrier concentration (formation of
Cu'* by oxygen delivery) and the increase of the charge
carrier mobility. This point of view is confirmed by the
non linear variation of the conductivity (o) with the re-
ciprocal temperature during the cooling process. Because
of the slow cooling process (5 K/min), the room temper-
ature conductivity now corresponds to a lower tempera-
ture equilibrium state in comparison with the quenched
sample. The discussion of the anomalous conductivity
behaviour corresponds with a n-type conductivity of the
sample. Deeper informations would require isostoichio-
metric measurements [18].

For the composition CugsFe; 50445, the “high” con-
ductivity value of ~12.5 S cm~! registered at 720 K
falls suddenly to 0.13 S cm~! at 843 K (Fig. 8). On
the XRD pattern of the slowly cooled pellet, the iden-
tified phases are delafossite (CuFeO;) and hematite (o-
Fe,03). This result confirms once more the low stability
of copper ferrites. Additional investigations performed on
the samples with the composition Cug¢7Fes 330445 and
Cug ¢Fes 40445 lead to the same conclusion.

For further considerations, the magnetic properties of
copper ferrite samples “Cu;_,Fe; Oy with x = 0.1, 0.2,
0.33, 0.4 and 0.5”, which depend on the composition but
also on the thermal history of the material, were deter-
mined. From the data presented in the Table II, it follows
that at 5 K, the value of o g increases with the iron content
x. Furthermore, the lattice parameter “a” also increases
with x (Table II). For a fixed metal ion ratio, the lattice
parameter “a” of the single spinel phase synthesized at
a given temperature increases when the oxygen partial
pressure during the synthesis decreases (case of the sam-
ple Cug gFe, 04, Table I). This is understandable because
some Cu?* with the smaller ionic radius is being replaced
by Cu™ with a larger radius.

According to a number of investigators, it has been es-
tablished that Cu™ ions have a strong preference for tetra-
hedral sites. On the other hand, the outer electron-shell of
Cu™ is saturated, thereby leading to the magnetic moment
of zero. From these two main remarks, the increase of the
Cu' ions content in the ferrite compound should enable
the decrease of the magnetic moment of ions in the tetra-
hedral sites. It turns out that at 5 K, the increase of o g with
the increase of x is mainly a consequence of the increase
of iron ions content in the octahedral sites. The ng-values

TABLE II

given in Table I are somewhat lower than the values cal-
culated using the formula ng = ¢S (with ¢ = 2 and S
is the spin state) for samples with Cu!* and Cu?* only
on tetrahedral and octahedral sites, respectively. Already
some other distribution caused by thermal site change pro-
cesses or by oxidation during the cooling process could
explain the small deviations. Because of the large impor-
tance of these both processes, a large influence of the
synthesis conditions on the magnetic properties must be
expected. It is already known for a long time that the sat-
uration magnetization og of “CuFe,04” is greater after
quenching than after slow cooling. This effect is mostly
discussed in terms of different inversion degrees because
of the relatively low activation energy of site exchange
processes of Cu?*-ions [4, 19]. Using the simple formula
given above we can calculate ng = 1 for a stoichiometric
copper ferrite of the composition [Fe* ], [Cu** Fe*T ] 0y.
A decrease of the inversion degree would result in an in-
crease of og and ng. According to our results given in [§]
and above, different o g-values could be caused mainly
by increasing stoichiometry deviations with the increase
of synthesis temperature and/or cooling rate. The high-
est Cu: Fe ratio of a single phase spinel synthesized
by us at & > 1000°C in air is 0.9:2.1. For the compo-
sition [Cu!t Fe3t(9][Cu?tsFe’t,]04 ng = 2.3 can
be calculated. After the fast cooling process in air a
composition “CugoFe; 1040,” results. For a cation dis-
tribution [Cu'*6Cu®*g04Fe’*oo][Cu?togFed™| 21040
a little changed ng—value of 2.26 is calculated. Taking
into account a site change process of Cu’*- and Fe’*-
ions forming [Cu'"osFe*.041[Cu*Tg saFe* 1 1610402,
ng = 1.94 results. The experimental value ng =
2.1 determined at 5 K correlates with a composition
[Cu'*06Cu? g 02Fe? .92 ][Cu?T g2Fe | 15]04.02. Like
this, we can also induce significant changes in og and
ng for the other compositions by small changes in the
oxidation state of copper within the phase width of the
spinel.

3.3.2. Nickel containing copper ferrites
“CuxNii_xFe,04, x= 0.3, 0.5, 0.6, 0.7,
0.9”

First of all, spinel phases obtained from the decomposi-

tion of the freeze dried Ni(II)-Fe(III) formate with Ni:Fe

= 1:2 were characterized. The saturation magnetization

(os) value of ~5.45 emu/g obtained for a single phase

Magnetic properties and lattice parameters of copper ferrite samples

Magnetization at 5 K

Lattice parameter

Composition Synthesis conditions os (emu/g) ng (UB) “a” (pm)
Cug 9Fey 104 1000°C, air 49.8 2.1 584.7

(c = 858.9)
Cug gFe; 204 1000°C, air 70.9 3.0 839.5
Cug 67Fe2 3304 1100°C, argon 4.6 + 1% O, 1254 53 840.2
Cug 6Fep.404 1100°C, argon 4.6 + 1% O, 126.6 5.4 840.9
Cug sFe; 504 1110°C, argon 4.6 153.3 6.5 841.1
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TABLE III Magnetic properties of quenched Cu,Ni;_Fe,O4 ferrite samples
Magnetization at 5 K Magnetization at 300 K From [4]
ne) (L)) os

Composition os (emu/g) ng(uB) os (emu/g) extrapol.to 0 K (emu/g) at 300 K
NiFe,04 46.9 2.182 47.15

Cug 3Nig7Fe; 04 62.4 2.6 44.0 2.112 44.79

Cug 5Nig 5Fe; 04 60.9 2.6 43.5 2.216 44.99

Cug ¢Nig.4Fe; 04 - - 42.8 2.263 47.30

Cuy 7Nig 3Fe; 04 58.1 2.5 46.5 2.279 45.50

Cug 9Nig.; Fe, Oy - - 47.2 2.246 44.03

NiFe, 04, prepared at 400°C, increases up to 43.6 emu/g
while nickel ferrite is prepared at 1000°C (3 h). Moreover,
the increase of og is noticeable when the annealing time
used at 1000°C increases. The saturation magnetization
value of 46.9 emu/g at room temperature obtained for a
sample which is prepared at 1000°C during 24 h is close
to values between 47 and 56 emu/g, obtained using the
ceramic method [4, 20]. That means, the preparation of
a single phase nickel ferrite at low temperature is an ad-
vantage only in a qualified sense. The formation of nickel
ferrite with optimum magnetic properties requires condi-
tions similar to these of the solid state reaction. For the
investigated copper nickel ferrites, the values of o' at 5 K
and 300 K and the calculated magnetization numbers np
are shown in Table III. This table includes some results
of Kiran and coworkers [4]. In [4], nickel copper ferrite
powders were prepared from the respective oxides. Af-
ter heating at 1050°C during 24 h, the samples were also
quenched to room temperature.

Contrary to the results obtained for copper ferrites (Ta-
ble IT), o's and ng do not show a well defined dependence
on the nickel concentration. A similar less significant de-
pendence of o'g on the composition of Cu,Ni;_,Fe,O4—
spinels is found by Hoque et al. [21]. The authors discuss
a shallow maximum at x = 0.2 as an influence of sin-
terability during the synthesis at 1250°C. Both Cu®* and
Ni?* ions prefer octahedral places. Consequently, for a
solid solution row Cu,Ni;_,Fe;O4 of inverse or nearly
inverse spinels a continious decrease of o' and ng could
be expected with the increase of x. However, from the
data in Table III and [21], os and ng hardly vary with
the composition. The small difference observed between
our data and the data of [4] and [21] may be due to the
difference in the method of synthesis and to the different
conditions of firing. Consequently, for the same compo-
sition, the generated cations distribution should be a little
different. Nickel ions have the strongest preference for
octahedral sites. The cation distribution of nickel ferrite
(mother compound) obtained from the magnetization data
is close to (Fe) A [NiFe]g Q4. Because of a small orbital mo-
mentum contribution the magnetic moment of Ni>* in fer-
rimagnets is ng = 2.18 [4]. To explain the magnetization
data of Cu,Ni;_,Fe,O4 compounds, the cations distribu-
tion “(Cu2+yFe3+1_y)A[Ni2+1_xCu2+X_yFe3+1+y]BO4” is
mostly proposed. For a defined composition, the higher

3692

the value of y (amount of copper ions in the A-sites),
the higher becomes the magnetization number (ng). In
fact, the presence of the Cu®" ions in the A-sites dis-
places the same amount of Fe** ions towards the B-sites.
This influence can compensate the decrease of the mag-
netization by the substitution of Ni>* by Cu?*. Conse-
quently, the resultant magnetization number can remain
constant.

All the ng values given in Table III for samples with
x < 0.7 can be calculated with an occupation factor of y
~ 0.1 for copper ions on A-sites. The presence of appro-
priate amounts of Cu*t during the preparation at 1000°C
is very likely. Cu™ should occupy only the A-sites. Its ox-
idation during the cooling process should be easier than
the site change process. It follows that this fact could be
the main reason for the formation of copper containing
spinel ferrites with different cation distribution and there-
fore different magnetic properties in dependence on the
reaction temperature and the cooling rate. The samples
Cu,Ni;_,Fe;O4 with x > 0.7 contain an iron rich spinel
phase and a small amount of CuO. If we assume that the
spinel phase in these samples has a composition close to
the section Cug ¢Nig 4Fe,O4—Cug gFe; 104 (Fig. 5), occu-
pation factors for copper ions on A-sites of y ~ 0.1 are
also sufficient to explain the experimental magnetization
values given in Table III. For instance, if we assume that
a sample with the composition “CuggNip Fe,O4” gives
a spinel phase Cug gNig ;Fe; 104 at 1000°C (reaction 2) a
ng value of 2.42 can be calculated.

1.05Cu0.9Ni0‘1FezO4 — 0.15Cu0O + 002502

+[Cu'" g Fe?t g 9l[Cu®* o/ Ni*" o jFet | ,]04

Probably, the results of [21] can be interpreted in a
similar manner. The authors discuss single phase spinels,
but the XRD pattern of the copper rich compounds also
refer to the presence of some copper oxide.

4. Conclusion

The thermal decomposition of freeze dried formate pre-
cursors is a suitable method for preparing copper nickel
ferrites Cu,Ni;_,Fe,O4 with 0 < x < 0.7. In comparison
with the conventional solid state reaction, the temperature
necessary for the production of single phase compounds



is much lower, but the formation of optimum magnetic
properties requires conditions similar to these of the solid
state reaction. Copper ferrite shows a tetragonal struc-
ture when slowly cooled from high temperature to room
temperature. The replacement of Cu?** with Ni** leads
to the decrease of the number of the distorting Cu**™ on
octahedral (B) sites. This reduces the tetragonal distor-
tion of copper ferrite and brings it to a cubic structure.
As previously shown elsewhere for iron rich copper fer-
rites [8], the synthesis of iron-rich copper nickel ferrites
Cug.54yNigs_y_-Fer 044, 0 < (y + 2) < 0.5 in the
phase triangle Cug sNigsFe;O4—CuFe,;04—Cug sFe; 504
requires specific temperature—p(O,) conditions. The
study of consequences resulting from the oxygen ex-
change between the ferrite powders and a reducing
gaseous phase as well as the electrical properties measure-
ments have proven that the oxygen non-stoichiometry &
and the stability of copper containing ferrites strongly de-
pend on the temperature and on the p(O,) of the gaseous
phase. For a fixed metal ion ratio, the non stoichiometry
8 is only about £0.03. Significant changes in the oxygen
content lead to the separation in different phases.

For the ferrite samples, it is well established that the
temperature affects the mobility of the charge carriers but
not their concentration. However in the case of copper fer-
rite samples, one notes that a great number of processes
occurring with the variation in the temperature can affect
the number of charge carriers. The most common pro-
cesses are the change of the composition of copper ferrite
as function of the temperature and the change of the dis-
tribution of cation according to the cooling and heating
rates.
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