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ABSTRACT

Cos_xFey04 (x=0,0.09, 0.14 and 0.27) powders were synthesized by the thermal-decomposition method
with annealing treatment. With the increase of x, the composition of the products experiences a transition
from the single-phase compound of Cos_,Fe,Oy4 to the coexisted phases of Co;_xFe,04 and CoFe, 04, which
is accompanied with the enhancement of the ferromagnetic (FM) response. In addition, the horizontal
negative exchange bias (EB) effect was observed in the Fe3* doped samples. For Coz_yFe,04 with x=0.09
and 0.14, the EB fields at 10K are larger than 100 Oe, and the EB effect disappears as temperature is above
30K, close to the Néel temperature for the antiferromagnetic (AFM) Co304. While for Cos;_yxFe,04 with
x=0.27, the EB field at 10 K weakens clearly, but the EB effect finally disappears as temperature increases
to 200 K. These results indicate that the EB effect for Cos_yFexO4 with x=0.09 and 0.14 are mainly related
with the exchange coupling at the FM/AFM interfaces, while for x=0.27, the decoupling of the FM and

AFM phases may occur.

© 2011 Published by Elsevier B.V.

1. Introduction

The exchange bias (EB) effect, which was firstly observed in 1956
[1], refers to the shift of a hysteresis loop, which is related with
the competitive exchange interaction at the interfaces of differ-
ent kinds of nano-sized magnetic materials, such as the exchange
bonding at the interfaces between the ferro-/ferrimagnetic (FM)
and the antiferromagnetic (AFM) nano-materials, or between the
FM cores and the frozen surface spin-glasslike (SGL) states in some
FM nano-particles. As these samples are cooled under a field from
a temperature higher than the Néel temperature (Ty) of the AFM
phase (or the freezing temperature (T¢) of SGL state) to a lower
temperature, the spins at the FM/AFM or FM/SGL interfaces will be
pinned in the direction of the external field (the so-called unidirec-
tional anisotropy), and an external energy is necessary for reversing
these pinned spins, which leads to the horizontal shift of the
loop.

In recent years, the EB effect has attracted studying interest
due to its potential application in the field of information stor-
age [2,3]. Up to now, the EB effect has been observed in a lot of
materials with composite magnetic structures, including (1) the
FM/AFM composite films, such as NigjFe19/CoO [4], Fe/FeF; [5,6],
Fe/MnF2 [6], (Fe, Co, Ni)/COO [7], CO/C0304 [8], NigoFEzo/C0304 [9],
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Ni/Co304 [10], (2) the FM nano-particles embedded in the AFM
matrices or FM(core)/AFM(shell) composite nano-particles, such as
Co/CoO0 [1,3,11], Fe/Fe; 03 [12-14], Ni/NiO [15], CoFe,04/NiO [16],
CuFe;04/NiO [17], CoFe;04/Co0 [18], and a review by Nogués et al.
[19] gives a detail discussion on the EB effect in this kind of FM/AFM
composite materials, and (3) the FM nano-particles with SGL spins
near the surfaces, such as CoFe;04 [20-22], NiFe,04 [23-25], v-
Fe, 03 [26].

Among these composite materials, the FM and AFM(SGL) phases
are separated, and the FM/AFM(SGL) interfaces are mainly formed
by some special methods, such as mechanic balling [24,25], oxy-
gen passivation [1,12-15] and some chemical methods [16-18].
While it is also predictable that the FM/AFM(SGL) interfaces may
also be induced by doping magnetic ions in the AFM compound,
since this can break the AFM exchange coupling, cause the cant-
ing of the moments near the doping sites, and induce the net FM
moments and the competition between the FM and AFM interac-
tions. For example, it is reported that by doping Fe ions in the AFM
compound NiO, an EB effect is observed [27].

In the present work, the EB effect in the Fe doped Co304 has been
studied in detail. Co304 was chosen due to its easy fabrication, as
well as the related works concerning the EB effect in Co304 and the
related composite materials [8-10,28,29].

2. Experimental methods
The raw materials for synthesizing cobalt ferrite nano-particles are

Co(NOs3),-6H,0, Fe(NO3)3-9H,0 and oleylamine. All of the reagents used in
the experiments are of analytical grade and used without further purification.
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Fig. 1. (a) The XRD patterns for Cos_yFeyO4 (x=0, 0.09, 0.14 and 0.27) powders.
(b) The change of the lattice constants with the doping content of the Fe3* ions in
Cos_xFey04 (x=0, 0.09, 0.14 and 0.27) powders.

Firstly, the precursor powders were synthesized by the thermal-decomposition
method according to Ref. [30]. Then the final products of Co;_Fey04 (x=0,0.09,0.14
and 0.27) were obtained by annealing the precursor powders at 873K for 5h. The
samples were named by Fe000, Fe009, Fe014 and Fe027 according to the amount of
the doped Fe3* ions.

X-ray diffraction (XRD, D8-Advanced) phase analysis was performed by using
Cu Ko radiation in a 26 scanning from 15° to 70° (1°/min) at a step of 0.02°. The
magnetic measurements were carried out by using a vibrating sample magne-
tometer (VSM) on a physical property measure system (PPMS-9 Quantum Design).
The magnetization-temperature (M-T) curves were measured with the zero-field-
cooling (ZFC) and FC procedures under the field of 5000 Oe. The hysteresis loops
were collected at 300K, 250K, 200K, 150K, 100K, 50K, 30K, 20K and 10K with
the FC procedure from 350K to these temperatures under the field of 5000 Oe. For
comparison, the ZFC loops were also collected at 10K.

3. Results and discussion

The XRD spectra of the pure and Fe-doped samples are shown in
Fig. 1(a). It can be seen that the peak positions of sample Fe000 are
close to the data in the Committee for Powder Diffraction Standard
(JCPDS) for Co304 (No. 43-1003). This indicates the formation of
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Fig.2. The ZFC-FC magnetization for Cos_,FexO4 (x=0,0.09,0.14 and 0.27) powders,
the inset shows the close-up view of the curves for Cos_yFeyO4 (x=0, 0.09 and 0.14)
between 150 and 250 K.

the single-phase Co304. In the XRD patterns for samples Fe009,
Fe014 and Fe027, the peak intensity weakens, which is ascribed to
the destroyed lattice near the doping sites. In addition, for sample
Fe027, the second phase of CoFe,04 (JCPDS card: 22-1086) is also
detected (labeled as *).

By the positions of the strongest (31 1) peaks, the lattice con-
stants were determined by using the well known Bragg equation,
and the results are shown in Fig. 1(b). It can be seen that the lattice
constants show a small increase with the increasing content of the
doped Fe3* ions, whose radius, 0.645 A, is a little larger than that of
Co%* ion (0.60A) [31].

In the M-T curves shown in Fig. 2, with the increase of the doping
content, the great enhancement of magnetization is seen. In addi-
tion, it is also noticed that for sample Fe000, the ZFC and FC curves
are almost overlapped, while for the samples with the doped Fe
ions, the bifurcation of the ZFC and FC branches occurs below cer-
tain temperatures (named as Tg), and the Ty shifts to the higher
temperatures with the increase of the doping content. These results
indicate that the doping of Fe3* ions induces the short-range FM
orders and the formation of the FM CoFe; 0,4 nano-particles in sam-
ple Fe027 enhances the FM response greatly. Furthermore, in the
M-T curves of samples Fe000 and Fe009, peaks appear at about
30K, and for samples Fe014 and Fe027, such peaks shift to about
25K. In addition, in the ZFC curve for sample Fe027, another broad
peakis clearly detected near 220 K, and as shown in the inset figure,
in sample Fe014, a very weak peak is also detected near 200 K. The
peaks near 30K are close to the Ty of Co304 [28,29], which indi-
cates the transition between AFM and paramagnetic state, and the
small shift of Ty for samples Fe014 and Fe027 may be ascribed to the
destroyed AFM couplings due to the increase of the doping content.
For sample Fe027, the broad peak near 220 K may be related with
the transition between the blocked FM state and the superparam-
agnetic state for the formed CoFe, 04 nano-particles [32], which are
detected by XRD, while in sample Fe014, the size or content of such
second phase may be so small that they cannot been detected by
XRD, but only a weak peak is detected in the ZFC curve.

The ZFC and FC magnetic hysteresis loops measured at 10K for
samples Fe000, Fe009, Fe014 and Fe027 are shown in Fig. 3(a)-(d),
respectively. It can be seen that for samples Fe000, Fe009, and
Fe014, the magnetization near 30,000 Oe is reversible, which
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Fig. 3. The magnetic hysteresis loops measured at 10K by ZFC and FC procedures for Cos;_xFe,04 powders with (a) x=0, (b) x=0.009, (c¢) x=0.14 and (d) x=0.27. The inset
figures show the close-up view of the loops near M =0emu/g for a clear observation on the loop shift.

indicates that for these three samples, this 30,000-Oe field is suf-
ficient to surpass the irreversibility field in the FM phase, while
for sample Fe027, the loop near 30,000 Oe is open, which is due
to the larger anisotropy energy at the lower temperature for
CoFe, 04 with larger size. In this case, the loop can also shift after
the FC process, which is the so-called minor loop effect [33,34],
but not the EB effect. Therefore, for sample Fe027, the maxi-
mum applied field is increased to 80,000 Oe, which, as shown in
Fig. 3(d), seems to be large enough to surpass the anisotropy field of
CoFe;04.

From the loops in Fig. 3, the coercivity (H¢) and the EB field
(He) are determined by fitting the data near M=0emu/g. Let Hcq
and Hc; be the fitted intercepts at the negative and positive axis,
respectively, Hc =(Hcz — He1)/2 and He =(Hc; + Hc )/2. Therefore, if
H. is smaller than zero, the loops have negative shift, and vice versa.
The values of Hc and He are all listed in Table 1.

Table 1
The magnetic properties measured at 10K for Cos_xFexO4 (x=0, 0.09, 0.14 and 0.27)
powders.

Sample Hc (ZFC)/Oe Hc (FC)/Oe H./Oe

Fe000 359 £2 378 £3 10+2
Fe009 880 + 2 984 + 3 -104 £ 2
Fe014 1932 £2 2096 + 2 -139+1
Fe027 5695 + 6 5856 + 9 -70+£9

As can be seen in Fig. 3, the hysteresis loops of sample Fe000
show clear AFM characterization, such as the linear shape, the small
magnetization under the field as large as 30,000 Oe and the small
coercivity. While the doping of Fe ions induces the bending of the
loops, as well as the great enhancement of coercivity and magneti-
zation, which indicates the appearance and enhancement of the FM
response. In addition, for sample Fe000, the ZFC and FC loops are
almost overlapped, while for samples Fe009 and Fe014, in compari-
son with the ZFC loops, the FC loops show clear horizontal negative
shifts, for sample Fe027, the loop shift becomes clearly smaller.
From Table 1, it is shown that the values of He for samples Fe009
and Fe014 are larger than 100 Oe, and the He of sample Fe014 is
larger, about 139 Oe, while the He for sample Fe027 is only 70 Oe,
and for these samples, the values of Hc with FC procedures are about
100-200 Oe larger than those with ZFC procedures. These results
indicate the EB effect for the Fe doped samples, and the changes of
He may reflect the changed areas of the FM/AFM interfaces, which is
decided by the amount and size of the FM phase. For sample Fe009,
due to the small doping content, the amount and size of the FM
phase is small, which may lead to the smaller areas of the FM/AFM
interfaces, and the EB effect is not very strong, for sample Fe014, the
areas of the FM/AFM interfaces may increase due to the increased
amount of the FM phase with still small size, and thus the EB effect
is relatively stronger. For sample Fe027, since the doped Fe ions
induce the formation of the second phase of CoFe, 04 nano-particles
with the larger amount and sizes, which may decrease the areas of
the FM/AFM interfaces greatly, and thus weakens the EB effect.
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Fig. 4. The temperature dependence of H, for Co;_yFe,04 (x=0.09, 0.14, and 0.27)
powders.

In sample Fe027, it is clear that the enhanced FM response is
contributed from the CoFe;0,4 nano-particles. In samples Fe009 and
Fe014, even though the FM phase cannot be detected by XRD, from
the characteristic M-T curves for samples Fe014 and Fe027, it is rea-
sonable that the FM response should also be related with CoFe; 04,
and its amount can be roughly estimated by the M-H curves: Since
the susceptibility of the AFM Co304, is several magnitudes smaller
than that of CoFe, 04, the magnetization contributed from Co304 is
negligible, and it seems that near 30,000 Oe, the M-H curves have
become straight lines, which indicates the magnetization satura-
tion for CoFe,04. Therefore, by the known sample masses and the
saturation magnetization for CoFe,04 (about 80emu/g [35]), the
amount of the CoFe,04 was estimated by removing the high-field
susceptibility, the results show that in sample Fe009, the amount
of CoFe; 04 is about 1.2%, and in sample Fe014, it is about 3.1%, both
are indeed not larger than the detection limit for XRD.

The temperature dependence of He is shown in Fig. 4. It is clear
that for samples Fe009 and Fe014, the values of He decrease greatly
with temperature increasing from 10K to 30K, and as temperature
is higher than 30K, it seems that little shift is observed. Since the Ty
of Co304 is close to 30K, it can be concluded that in samples Fe009
and Fe014, the EB effect is related with the exchange coupling at
the FM/AFM interfaces. For sample Fe027, even though the He at
10K is obviously smaller, the values of He decrease smoothly with
the increase of temperature. As temperature is higher than 30K,
the shifts can still be observed, and finally disappear above 200K,
which is near the blocking temperature shown in the ZFC M-T
curve. This indicates that in sample Fe027, the coupling between
the FM and AFM phases may be destroyed due to the formation
and crystallization of the FM CoFe,0,4 nano-particles with larger
sizes. While the mechanism for this small loop-shift phenomenon
is complicated: for the FM nano-particles, the frozen surface SGL
state can also cause the EB effect, but it is generally reported that in
ferrite nano-particles such EB effect appear at the very low temper-
ature (usually lower than 50 K), and will disappear as temperature
is higher than the freezing temperature for the SGL state [20-26],
but in the present work, for sample Fe027, the loop shift reduces
slowly with temperature increasing and finally disappears above
200K, i.e. the small loop shift can be observed if only the CoFe;04
nano-particles are in a blocked FM state. Therefore, we think that
this small loop shift in sample Fe027 may not be the general EB
effect, but may be ascribed to some other mechanisms. Since in
sample Fe027, even though the strong exchange bonding between

CoFe,04 and Co30y4 is destroyed, both phases still co-exist in the
final products, and the weaker inter-particle interaction, such as
the dipole interaction, may still exist, which can cause the so-called
“magnetic proximity effect” [36] or “magnetic stability effect” [37],
and can also induce a small loop shift. This weak EB-like effect in the
composite magnetic materials without strong interface exchange
bond deserves the further research.

4. Conclusions

The content of the doped Fe3* jons in Co;_,Fex04 (x=0,0.09,0.14
and 0.27) has great impact on the composition and magnetic prop-
erties. The enhancement of the FM response with the increasing
content of the Fe3* ions is observed due to the formation of the FM
phase.In addition, for samples Fe009 and Fe014, the horizontal neg-
ative shifts occur due to the exchange interactions at the FM/AFM
interfaces, while in sample Fe027, the CoFe;04 second phases are
observed, and the FM/AFM coupling is destroyed.
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