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Abstract Cog775Cug2,5Cr,O,4 ceramics have been syn-
thesized using the sol-gel method. Through annealed at
different temperatures, all the samples are pure formation
with cubic crystal structure proved by X-ray diffraction. A
significant annealing temperature dependence of negative
magnetization has been recorded. With increasing anneal-
ing temperature, the absolute values of maximum and
minimum of the field-cooled magnetization show a
monotonous increase. The relative intensity of negative
magnetization is enhanced from 750 to 900 °C and then
weakened with further increasing the annealing tempera-
ture. The relationship between annealing temperature and
negative magnetization can be attributed to the particle
growth during the annealing process. In addition, magnetic
field dependence of magnetization at 10 K is also studied
with different annealing temperatures and the crystallo-
graphic microstructure has an important effect on the
magnetization.

Graphical Abstract Temperature dependence of magne-
tization in ZFC and FC processes of Cog775Cu0.225Cr,04
ceramics annealed at 750 °C. Inset is the FC inverse sus-
ceptibility and the fitting of ferrimagnetic Curie—Weiss law
down to nearly Tc. Experimental result is plotted as circle,
and the fitting is presented as the solid line.
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1 Introduction

Chromium spinel oxides generally written as ACr,O,4 have
a normal cubic structure with the space group of Fd-3 m at
high temperatures. In this structure, A*" cations form a
diamond lattice with tetrahedral oxygen environment,
while magnetic Cr’" cations surrounded by octahedral
oxygen cages form a pyrochlore sublattice [1]. Compared
to those members of ACr,O, family, in which Cr’" is the
only magnetic cation [2], the presence of magnetic moment
in A site may change the magnetic properties in chromium
spinel oxides. In accordance with this speculation, we
attempt to discuss the magnetic properties of the doped
ACr,0, ceramics, in which A>" cations are magnetic.
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Magnetization reversal shown as the negative magneti-
zation is usually switched by the direction of applied field,
which has been repeatedly observed in many magnetic
materials. Different from those systems, one series of
materials with orthorhombic structure such as ferrites,
vanadates and rare earth chromites can display magneti-
zation reversal induced by temperature [3—5]. Due to fas-
cinating fundamental physics for both information storage
and thermomagnetic switches [6], this unusual phe-
nomenon has attracted much attention but it is rarely
reported in chromite spinels.

It is widely known that magnetic properties of spinel
materials do not only depend on the intrinsic attributes.
They can also be sensitive to the preparation technique,
which plays a decisive role on crystallization and growth of
samples [7]. To begin with, the choice of synthetic methods
is a crucial aspect. Sol-gel method operated at low tem-
perature is a cost-effective one. More importantly, it is
environmentally friendly relatively. During the synthetic
process, a key factor having impact on the magnetic
properties is annealing temperature [8]. The variation of
annealing temperature can control the formation of the
sample microstructures and further affect the magnetic
properties of the spinel materials.

Based on the above statements, we report the study
about the negative magnetization behavior in Cog 775
Cug2,5Cr,04 ceramics. The detailed relationship between
negative magnetization and annealing temperature is
researched in this paper. Cog 775Cug.225Cr,0Oy4 ceramics can
be successfully synthesized with annealing temperature
ranging from 750 to 1000 °C. By controlling the annealing
temperature, different negative magnetization properties
have been realized in Cog775Cug225Cr,0O4 samples.

2 Experimental procedure

Cog.775Cug 225Cr,O4 ceramics were fabricated by the sol—
gel method [9]. Firstly, raw materials of Co(NOs3),-6H,0,
Cu(NO3),-3H,0, Cr(NO3);-9H,O and citric acid were
dissolved in distilled water with strong magnetic stirring.
The solution was maintained at room temperature for 2 h.
In this process, citric acid and metal cations have the molar
ration of 1.5:1. Then, pH value of ~7 was adjusted by
adding ammonia. After that, the solution was thoroughly
homogenized to form sol under continuous stirring for
about 15 h. Subsequently, the sol was heated in water bath
at 100 °C for 5 h to get the gel and then dried in oven at
130 °C for 5 h to form the precursor powers. Finally, the
powders were ground in an agate bowl for 2 h and,
respectively, annealed at temperatures from 750 to 1000 °C
for 3 h to obtain the Cog 775Cug2,5Cr,0O,4 ceramics.
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Crystal structures were investigated by X-ray diffraction
(XRD, Philips X’pert pro) using the Cu-Koa radiation
(A = 0.15406 nm) in the 20 range of 10°-90° with a step
size of 0.02°. Micrographs were measured by scanning
electron microscopy (SEM) with a JSM-5610LV. Magnetic
measurements were taken through a Physical Property
Measurement System (PPMS, Quantum Design).

3 Results and discussion

Figure 1 shows the XRD patterns of Cog775Cug225Cr,04
ceramics. All the samples with different annealing tem-
peratures were pure without any observable impurities. The
existence of highest intensity peak around the diffraction
angle (26) equal to 36° corresponding to (311) plane con-
firmed the formation of spinel chromite for the samples.
Compared with the PDF card numbered 00-022-1084, the
ceramics were identified as single phase having a cubic
crystal structure with the space group Fd-3 m at room
temperature. All the fundamental peaks were sharp and
narrow, which should result from the excellent crystallinity
and particle growth by annealing. Calculated by Scherrer’s
formula, the mean sizes of the crystallites of the samples
annealed at 750-1000 °C were, respectively, 73.8, 87,
149.9, 170, 260.8 and 309.1 nm. With increasing the
annealing temperature, crystallites presented the mono-
tonous increase. In order to prove this, micrographs of
Cop 775Cug 225Cro0O,4 ceramics annealed at different tem-
peratures are shown in Fig. 2. It was evident that the par-
ticle size increased with increasing annealing temperature.
From the micrograph of the sample annealed at 750 °C, we
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Fig. 1 XRD patterns of Cogp775Cug225Cr,O4 ceramics annealed at
different temperatures



J Sol-Gel Sci Technol (2016) 80:495-503

497

could infer that the particles were nearly spherical shape
with fine size at the formation stage. With higher annealing
temperature, the mean particle size was bigger with the
polyhedral shape. That was consistent with the XRD result
obtained as shown in Fig. 1. According to the annealing
theory [10], the diffusion among different particles was
enhanced with increasing the annealing temperature, which
could accelerate the charge and mass transport and further
lead to the growth of crystal grains. It could be also proved
by the formula of kinetics about the grain growth

" E
dg :Ctexp<—ﬁ>, (1)

where d, was the average grain size, n was the dynamic
index of grain growth, ¢ was the annealing time, E was the
activation energy of grain growth and 7 was the annealing
temperature. In addition, C and R were constants [11].
According to the expression of formula, we could also
confirm that the particle size was increasing with increas-
ing annealing temperature. On the other hand, the bigger
particle size and the crystallographic polyhedral formation

with increasing annealing temperature did not generate the
homogeneous microstructure of the samples; especially,
annealed at higher temperatures, the micrographs showed
an evident agglomeration phenomenon. So, it was really
intriguing to find out the influence of annealing tempera-
ture on the magnetic properties of Cog775Cug225Cr,04
ceramics.

As shown in Fig. 3, temperature dependence of mag-
netization in zero-field-cooled (ZFC) and field-cooled
(FC) processes was measured with H = 100 Oe for
Co0.775Cu(.225Cr,04 ceramics. All the samples followed
the typical ferrimagnetic transition (7¢) at ~91 K [12].
Insets of Fig. 3 are FC inverse susceptibility and the fit-
ting of ferrimagnetic Curie—-Weiss law down to nearly T¢
of the different samples [13, 14]. The experimental sus-
ceptibility (y) was obtained by M/H, where M was mag-
netization and H was the applied field [15]. The inverse
susceptibility (3 ') was also obtained as the reciprocal of
magnetic susceptibility. y~' followed the hyperbolic

behavior characteristic of ferrimagnets described as
below:

Fig. 2 SEM micrographs of Cog775Cuq2,5Cr,0,4 ceramics annealed at a 750, b 800, ¢ 850, d 900, e 950 and f 1000 °C
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Fig. 3 Temperature dependence of magnetization in ZFC and FC
processes of Cog775Cug225Cr,0,4 ceramics annealed at a 750, b 800,
¢ 850, d 900, e 950 and f 1000 °C. Insets are the FC inverse

(1) =T -6)/C] - [¢/(T - 0)], (2)

where the first term was the hyperbole asymptote at the
high-temperature range which had a Curie—-Weiss form
[16]. Extrapolated from the fitting line, 7 could be defined
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susceptibility and the fitting of ferrimagnetic Curie-Weiss law down
to nearly 7c. Experimental result is plotted as circle, and the fitting is
presented as the solid line

as the temperature at which the ' was zero. The values of
fitting Tc were, respectively, 91.3, §9.8, 90.2, 90.6, 90.5
and 90.3 K with annealing temperature at 750-1000 °C.
All of the fitting values of 7¢ were about 91 K. It further
confirmed the experimental transition temperature at
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~91 K as shown in Fig. 3. With the decrease in measuring
temperature, magnetization of ZFC and FC curves pre-
sented the clear irreversibility, indicating the strong mag-
netocrystalline anisotropy in the samples. It should be
related to the random distribution of net moments in
polycrystalline Cog 775Cug 225Cr,O4 ceramics and the non-
collinear moments with doping of Cu. Further lowering
measuring temperature from ferrimagnetic transition point,
magnetization of FC curves had a sharp rise, obtained the
maximum and then dropped down passing through the zero
value of magnetization at a special temperature. The tem-
perature point was named as the compensation temperature
(Teomp) as shown in Fig. 3(a). It was the sign of magneti-
zation reversal, at which the magnetic poles could invert
[17]. Generally, the appearance of Tcomp in FC curves was
accompanied with the negative magnetization, displaying
as the positive magnetization above T.omp, zero value of
magnetization at T, and negative value of magnetization
below Teomp. In our samples, FC magnetization took on the
negative value and displayed the minimum at a lower-
temperature range below T¢omp. Here, to be convenient for
explanation and comparison, we defined the maximum of
positive value in FC magnetization curves as M .y.
Accordingly, the temperature, at which M,,,,, was obtained,
was defined as the Ty« Similarly, the M,,;, was on behalf
of the minimum of FC magnetization with negative value.
The temperature with M., is named as Ty,;,,. The details
are shown in Fig. 3a. In our samples, negative value of FC
magnetization revealed that the moment direction was
antiparallel to the direction of applied field. It meant that
negative magnetization behavior could be generated in
Cop.775Cug225Cr,04 ceramics annealed at temperatures
ranging from 750 to 1000 °C. What was more, this mag-
netization reversal between positive and negative values
was realized only by measuring temperature. This phe-
nomenon did not appear in CoCr,O4 samples of so many
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Fig. 4 Evolutions of M,,,x and M,,;, with the increasing annealing
temperature

previous researches. It should be noted that negative value
was also found in ZFC magnetization, which could be
attributed to the uncompensated spins at the grain bound-
aries of polycrystalline samples [18]. As known in the
system of ferrimagnetic spinels, magnetization was
strongly influenced by the site preference of the cations in
structure lattices. It was usually explained on the basis of
magnetic interaction among the metal cations located in the
two crystallographic sites including tetrahedral A sublattice
and octahedral B sublattice, respectively [19, 20]. In con-
sideration of the crystallographic and magnetic structure of
the samples, we explained the negative magnetization
behavior according to the different temperature depen-
dence of the sublattice magnetization based on the two-
sublattice model. Co”" and Cu®" cations were preferen-
tially occupying A sublattices with ferromagnetic interac-
tion bringing about the positive moments, while Cr’"
cations had a strong preference to occupying B sublattices
with antiferromagnetic interaction giving rise to the
antiparallel moments to the direction of applied field. The
different temperature dependence of sublattice magnetiza-
tion emerged as that the magnetization maximum in FC
curves was only from A sublattices. Antiparallel moments
of B sublattices contributing to negative magnetization just
started from the decrease in FC magnetization. This
arrangement resulted in the competition between A and B
sublattice magnetization leading to the negative magneti-
zation behavior in Cog775Cug 2,5Cr,O,4 ceramics. Besides
these intrinsic factors, magnetization could be also affected
by some extrinsic factors such as the annealing tempera-
ture. Moreover, there was no relevant research mentioning
the relationship between negative magnetization and
annealing temperature. As shown in Fig. 3, FC magneti-
zation value was indeed influenced by the annealing tem-

perature; especially, both the M,,,x obtained from
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Fig. 5 Evolutions of T,,,x and T, with the increasing annealing
temperature
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ferromagnetic interaction of A sublattices and the M,
mainly governed by the antiparallel moments of B sublat-
tices had a monotonous change tendency with increasing
annealing temperature. In order to clearly see the variation
characteristics of negative magnetization, we plotted the
different parameter change with the increasing annealing
temperature. Figure 4 shows the variation of M., and
M, with increasing annealing temperature. M.«
increased from ~0.122 emu/g annealed at 750 °C to
~0.273 emu/g at 1000 °C. M,,;, decreased from about
—0.152 emu/g at 750 °C to about —0.333 emu/g at
1000 °C, which could be regarded as that the absolute
value of M, (IMy,inl) Was also increased with increasing
annealing temperature. XRD results manifested that
annealing temperature did not change the crystal structure
of Cog775Cug225Cr,0,4 ceramics. So, the magnetization
change with increasing annealing temperature should be
ascribed to the change in microstructure and morphology
of the samples. As shown in Fig. 2, a distinct change of the
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samples was the monotonously increasing particle size as
annealing temperature increases. The consistent and
monotonous change tendency between particle size and FC
magnetization made the speculation possible that the
increase in M,x and IM;,| was mainly related to the
growth of particle size. Samples annealed at low temper-
ature had the small particle size with relatively poor
crystallinity, which could diminish the surface strain
resulting in the lattice disorder at the particle surface. The
disorder would produce the increased fraction of surface
atoms and the reduced crystal symmetry due to the
incomplete atomic coordination. Hence, small particles
with large ratio of surface to volume possessed the
incomplete spin periodicity with net moments due to the
poor crystallinity. That was, the major contribution to
magnetization annealed at low temperature was just from
the uncompensated spins at the small particle surface. On
the other hand, the disorder in small particles with poor
crystallinity could hinder the formation and growth of
magnetic domains, which also led to the low magnetization
annealed at low temperature. With increasing annealing
temperature, the particle size was gradually increased and
the crystallinity was also enhanced [21, 22]. Accordingly,
the surface area was steadily decreased accompanied with
the growth of magnetic domains. As shown in Fig. 2,
agglomerate phenomenon always existed in the samples
with increasing annealing temperature. The agglomerate
particles through annealing process might be also presented
with some defects such as the pores influenced by oxygen
content. However, the monotonous increase in M,,,, and
IMinl indicated that the agglomeration with possible
defects had negligible effect on the measured magnetiza-
tion in FC process. Moreover, all the samples were
annealed in air atmosphere adequately at different tem-
peratures with enough annealing time. So, Co and Cu
cations in the samples should be mainly Co** and Cu**,
and the valence influence of Co and Cu cations on mag-
netization could be also negligible. The monotonous vari-
ation of M.« and IM,;,] with increasing annealing
temperature could also prove the discussion. In addition,
Tmax and T, also showed the increasing trend as
annealing temperature increases. In Fig. 5, Ty, increased
from ~80.225 K at 750 °C to ~82.407 K at 1000 °C and
Tmin increased from ~20.695 K at 750 °C to ~26.375 K
at 1000 °C. The increasing particle size gave an important
improvement in FC magnetization of the samples. It
revealed that the samples did not need to get a stronger
magnetization at a relative lower measuring temperature
with the increase in annealing temperature, thus exhibiting
the corresponding increase in Tp,.x and Ty,,. However,
IM nin/ M max) Was initially increased from 750 to 900 °C and
then decreased from 900 to 1000 °C as shown in Fig. 6a.
Here, IM,,;,/M,.x| was the absolute value of M ,;,/Max.
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Fig. 7 Magnetic hysteresis loops at 10 K for Cog 775Cug 225Cr,0,4 ceramics annealed at a 750, b 800, ¢ 850, d 900, e 950 and f 1000 °C. Insets
are the magnified patterns of magnetic hysteresis loops of different samples

Because the total magnetization of the samples was chan-
ged with the annealing temperature including the positive
value and negative value, the M,,;, shown in FC curves was
just the observable value of negative magnetization. It was
not sufficient to present the relative intensity of negative
magnetization behavior of the samples. So, referring to the

previous study [23], we defined the IM,;,/M.xl as the
representative of negative magnetization behavior. As the
relative intensity of negative magnetization, |Min/M pax
could display the change of negative magnetization
behavior more clearly. As annealing temperature increases,
IMin/Mmax] Wwas not enhanced monotonously with the
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Fig. 8 Evolutions of My, with the increasing annealing temperature

increase in annealing temperature. The increasing particle
size enhanced the FC magnetization containing both posi-
tive and negative value, but the two kinds of values coming
from two sublattices did not have the similar increasing
rate with increasing annealing temperature. As a result, the
maximum of 1M ;/M x| was from the sample annealed at
900 °C. As the other important parameter of negative
magnetization behavior, Tcomp demonstrated the similar
change tendency to IM /M .| as shown in Fig. 6b, which
was the variation of Tiomp With annealing temperature.
T.omp increased from ~56.884 K at 750 °C to ~59.322 K
at 900 °C and then dropped to ~58.893 K at 1000 °C. The
highest Tcomp Was also at 900 °C. The change tendency of
IM nin/M o) indicated that the negative moments of B
sublattices increased faster than the positive moments of A
sublattices with annealing temperature increasing from 750
to 900 °C. It was meaning that negative value could offset
the positive value at a higher temperature with increasing
annealing temperature. Once exceeding 900 °C, magneti-
zation of B sublattices changed gradually slowly compared
with the A sublattice magnetization; thus, |IMin/Mpaxl
decreased and the offset point of the magnetization
accordingly shifted toward to a lower temperature from
900 to 1000 °C. That was to say, the change tendency of
T.omp With increasing annealing temperature was also
attributed to the magnetization variation in A and B sub-
lattices as annealing temperature rose.

Figure 7 shows the magnetic hysteresis loops at 10 K
for the samples annealed at different temperatures. Mag-
netic properties were successfully realized with the well-
defined hysteresis loops. The detailed magnetic hysteresis
loops at low field value are, respectively, shown in the
insets of the different samples in Fig. 7. It could be found
that all the hysteresis loops were symmetric around the
origin [24, 25]. It was worth noting that the loops were not
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saturated in the field of 60 kOe. The antiferromagnetic
interaction between Cr’" cations could contribute to this
phenomenon. Regardless of the annealing temperature, all
the hysteresis loops revealed the almost similar remnant
magnetization and coercive field. Unlike these two
parameters, the maximum field magnetization (Mg, )
defined as the magnetization in the field of 60 kOe was
affected by the annealing temperature. Evident annealing
temperature dependence of My was vivid as shown in
Fig. 8. Obviously, My, showed an initial decrease from
~3.381 emu/g at 750 °C to ~2.469 emu/g at 900 °C and
then increased to ~3.058 emu/g at 1000 °C. We had stated
that the change of negative magnetization behavior in FC
curves was mainly due to the increasing particle size.
However, when annealing temperature increased from 750
to 900 °C, My, at 10 K dropped sharply with an inflexion
at 900 °C. This should be not the only result of the
increasing particle size. Besides particle size, increasing
annealing temperature also led to the different crystallinity
and growth of the samples. The homogeneous arrangement
of crystal structure in magnetic materials had the essential
responsibility for the magnetic order which made the
materials magnetic. As shown in Fig. 2, particle size
increased with increasing annealing temperature, but the
microstructure was anomalous. Microstructure with
agglomerates began to find with annealing temperature
increasing from 800 °C. The appearance of agglomerates
represented that there were defects such as pores in the
ceramic samples. Those pores acted as pinning centers for
the electron spins to impede the moment rotation, thereby
lowering the magnetization. As annealing temperature
further increased from 900 °C, annealing effect led to the
particle growth and pore elimination due to densification.
The larger particles made the formation of domain walls
possible with a greater number of the domain walls in the
samples. The magnetization caused by domain wall
movement required less energy than that required by
domain rotation [26]. As the number of walls increased
with particle size, the contribution of wall movement to
magnetization was greater than that of domain rotation.
Due to the domain wall movement under the action of the
magnetic field, magnetization would increase. That was,
they could be attributed to the increase in average particle
size and the bulk density.

4 Conclusions

In conclusion, we have mainly studied the annealing tem-
perature dependence of negative magnetization behavior in
Cop.775Cu225Cr,0O,4 ceramics. Negative magnetization
appears in Cog775Cup225Cr,0O,4 ceramics annealed at
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temperatures from 750 to 1000 °C. Magnetization in FC
curves displays the evident dependent phenomenon on the
annealing temperature. M,.x and |IM,;,l in FC curves
increase monotonously with increasing annealing temper-
ature accompanied by the increasing Ty.x and T
Through analyzing the relative intensity of negative mag-
netization and the compensation temperature, the two
parameters of negative magnetization behavior obtain the
maximums at 900 °C. We have also measured the mag-
netic hysteresis loops at 10 K with different annealing
temperatures. Magnetic properties are well realized, and
My, also shows the evident dependence on the annealing
temperature. We attribute the relationship between
annealing temperature and negative magnetization behav-
ior to the microstructure variation including the particle
growth and the crystallization of the samples. Our results
help in understanding the controversies in the negative
magnetization of Cog 775Cug225Cr,04 ceramics. Of course,
more studies should be carried out to give the detailed
information of the underlying mechanisms.
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