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a b s t r a c t

Detailed magnetic properties of Al3+-modified CuFe2O4 spinel ferrite system: CuAlxFe2−xO4; x = 0.0, 0.2, 0.4
and 0.6, have been studied by means of X-ray powder diffraction, field cooled (FC) and zero field cooled
magnetization (ZFC) (H = 10 mTesla, T = 4–325 K), magnetic hysteresis (Hmax = 2 Tesla, T = 10 and 300 K)
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and low field (40 A/m) ac susceptibility (T = 300–750 K) measurements. The system exhibits canted spin
structure. It has been shown that the observed features of the FC–ZFC magnetization and ac suscepti-
bility curves arise due to the low magneto crystalline anisotropy, not due to the cluster spin-glass-like
magnetic ordering. The interesting features like low temperature cusp in the ZFC magnetization for all
the compositions and negative magnetization for x = 0.6 composition have been observed. An attempt

the n
agnetic anisotropy
agnetic ordering

has been made to explain

. Introduction

Copper ferrite (CuFe2O4) is one of the most investigated fer-
ite by various experimental techniques. Due to a relatively
mall energy difference between Cu2+-ions at the tetrahedral (A-
and octahedral (B-) sites, cation redistribution is possible and

trongly dependent on the annealing temperature, cooling rate,
icrostructure and other parameters [1]. Copper ferrite is mostly

n inverse spinel. Statistically, 6–24% of Cu2+ ions occupy the A-sites
epending on the preparative parameters [2]. The correspond-

ng magnetization is about 1.48–2.92 �B per chemical formula. On
he other hand, copper ferrite is ferrimagnetic at room temper-
ture with Neel temperature of 738 K [3], although lower values
own to 290 K have also been reported [2]. Thus, tailoring of the
agnetic and electrical properties of CuFe2O4 is possible with

ase [1,4,5]. On the spin structure, as the t2g bands of Cu2+ on
he B-sites are fully occupied; the inter-site direct hopping is
bsent and results in a ferromagnetic or weak anti-ferromagnetic
xchange coupling between the B-sites which stabilize the Neel
onfiguration (collinear spin arrangement). However, as Cu2+ is
edistributed on the A-sites, Fe3+ occupies the B-sites and results

n an anti-ferromagnetic exchange coupling between the B-sites,

hich frustrates the Neel configuration. If the exchange coupling
etween Cu2+ on the A-sites and Fe3+ on the B-sites is weak enough,
he redistribution may result in spin canting, or other complex

∗ Corresponding author. Tel.: +91 281 2588428; fax: +91 281 2576802.
E-mail address: kunalbmodi2003@yahoo.com (K.B. Modi).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.190
egative magnetization within the framework of available models.
© 2011 Elsevier B.V. All rights reserved.

structures. In addition, redistribution of Cu2+ from the B- to A-sites
alters the ground multiple from doublet to triplet. This effect, com-
bined with the large spin-orbital coupling constant, may result in
different magnetocrystalline anisotropy [6].

In particular, copper ferrite (CuFe2O4) in bulk polycrystalline
[7,8] and thin film [5,9–12] forms have shown very interesting
multifunctional properties upon the application of external stim-
uli. On the other hand, nanoparticles of CuFe2O4 have been shown
to be useful as a catalyst for CO2 decomposition, hydrogen pro-
duction and as a gas sensor [13]. In the literature, wide varieties
of experimental techniques have been employed for the synthesis
and characterization of nanocrystalline copper ferrite [14–19].

The substitution of Al3+-ions have some beneficial effects on
power handling capability [20]. The addition of Al3+-ions have
shown to modify the structural properties [21], electrical prop-
erties [22,23] including switching characteristics [7,24], magnetic
properties [22,25–29], dielectric properties [30,31], and elastic
properties [32] of spinel ferrite materials in an interesting manner.

The system under investigation, copper ferrite aluminates,
CuAlxFe2−xO4, belong to a large class of compounds having the
general formula A2+B2

3+O4
−2 and crystallize in the spinel structure.

Magnetic systems undergoing transitions to ordered ferromag-
netic, anti-ferromagnetic and ferrimagnetic states are reported to
show irreversibility, indicated by the difference between their field

cooled (FC) and zero-field cooled (ZFC) magnetization [33,34]. The
irreversible FC and ZFC magnetic behavior is one of the characteris-
tic features of a spin glass [35,36], other characteristic properties of
a spin glass include the relaxation of magnetization (i.e. the aging
effect) and the presence of a cusp in the low field ZFC magnetiza-

dx.doi.org/10.1016/j.jallcom.2011.01.190
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:kunalbmodi2003@yahoo.com
dx.doi.org/10.1016/j.jallcom.2011.01.190
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ion as well as in the thermal variation of ac susceptibility curves.
he spins are frozen in random directions due to lack of long-
ange magnetic interactions. Spin-glass-like properties have been
eported for magnetic systems [37,38] for which neutron diffrac-
ion studies indicate long range magnetic ordering. These results
ontradict each other. On the other hand, low field magnetic behav-
or of some ferromagnetic and ferrimagnetic oxides indicated that
heir spin-glass-like magnetic properties originate from the mag-
etocrystalline anisotropy [33,39]. In other words, the magnetic
ehavior similar to that of cluster spin glass could also be explained
ased on the magneto-crystalline anisotropy of the compound.
hough, conventional spin glasses and materials showing spin-
lass-like features such as superparamagnetic systems, cluster spin
lass systems, superconducting oxides, the ordered magnetic sys-
em, show thermomagnetic irreversibility between the FC and ZFC

agnetization and cusp in their ZFC susceptibilities, the origin of
uch a behavior is not yet properly understood [33].

Recently, Sundaresan et al. [40] have demonstrate that in certain
errimagnetic materials, small negative trapped field in the sam-
le space as well as large coercive fields are responsible for the
bserved negative magnetization under ZFC process. The negative
alues of magnetization measured in low applied fields for dou-
le perovskite composition: LaSrCoRuO6, have been interpreted
o be due to disorder in site occupancy of Co and Ru leading to
ctahedral distortions and formation of Ru–O–Ru ferromagnetic
inkages. It is mentioned that below 150 K these ferromagnetic
u spins polarize the Co-spins in a direction opposite to that of
he applied field resulting in observed negative magnetization
41]. In short, there still exists large controversy regarding the
rigin of the phenomenon. A microscopic understanding of this
henomenon can be effectively utilized to tailor the magnetic prop-
rties for various applications. This would facilities the design of
arious magnetic memories, thermo magnetic switches and mag-
etic cooling/heating devices [42]. The authors have observed a
rossover of the ZFC magnetization from positive to negative for the
uAl0.6Fe1.4O4 (x = 0.6) composition, below their magnetic ordering
emperature.

The thermomagnetic irreversibility (MFC > MZFC) below a cer-
ain temperature has been observed for many ferrite system
n nanoregime [43,44]. The results are explained based on the
locking of the magnetic moment of nanoparticles and the super-
aramagnetic behavior of the studied system. It may also be due to
he large anisotropy barrier for the studied compositions. On the
ther hand, the observed non-coincidence of the FC–ZFC curves
or nanosized nickel ferrite with grain size of 51 nm, has been
xplained based on the distribution of particle size in the sample
45]. We have observed that for x = 0.0,0.4 and 0.6 compositions of
uAlxFe2−xO4 system, the ZFC and FC curves bifurcate at about 276,
10 and 278 K, respectively, while for x = 0.2 composition, ZFC–FC
urves do not coincide throughout the temperature range stud-
ed. Nanosized ferrite particles exhibit unusual magnetic properties

hich are not observed in the bulk material, such as, single domain
ehavior, superparamagnetism, and reduced magnetization. Sim-

larly, the mechanisms responsible for such magnetic behavior of
errite nanoparticles are not directly applicable to coarse-grained
micron size particles) polycrystalline ferrite material.

In the present communication, it clearly demonstrates that the
bserved features of the FC–ZFC magnetization and ac suscepti-
ility curves arise due to the low magnetocrystalline anisotropy,
ut not due to the cluster-spin-glass-like phase in the system. To
ur knowledge, no work has been reported on the role of magne-

ocrystalline anisotropy in governing the magnetic properties of the
oarse-grained ferrite materials in general, except for an excellent
ork by Joy et al. [33,46] on Ni–Zn ferrite, Ni0.8Zn0.2Fe2O4. Recently,

he role of anisotropy ion, Fe2+, in enhancing and tailoring the mag-
etization of CuFe2O4 nanoparticles has been discussed by Thapa
Fig. 1. EDAX pattern of CuAl0.4Fe1.6O4 (x = 0.4) composition.

et al. [13], while the observed large magnetic moment (80 A m2/kg)
for nanosized Cu0.25Co0.25Zn0.5Fe2O4 has been explained in terms
of the enhancement in the B–B interaction because of the distortion
in the B-sites due to the presence of the Jahn–Teller cation Cu2+ at
this site [47].

To our knowledge few research reports are available on various
physical properties of CuAlxFe2−xO4 spinel ferrite system including
our recent work on the system [21,25,26,30,32,48–51].

In the view of above facts, the effect of Al3+ substitution on
magnetic properties of CuFe2O4 with general chemical formula:
CuAlxFe2−xO4 (x = 0.0, 0.2, 0.4 and 0.6) have been studied by means
of field cooled and zero field cooled magnetization, magnetic hys-
teresis and low field ac susceptibility measurements.

2. Experimental

From the CuO-Fe2O3 phase-diagram, CuFe2O4 is formed between 1000 and
1100 ◦C. The samples sintered below 1000 ◦C or above 1100 ◦C were of mixed-phase
[4]. Aluminum (Al3+)-modified copper ferrite ceramics with a general formula of
CuAlxFe2−xO4 (x = 0.0, 0.2, 0.4 and 0.6) were synthesized from high purity chemicals,
namely CuO, Al2O3 and Fe2O3, of 99.9% purity supplied by Sigma–Aldrich. The oxides
were mixed thoroughly in stoichiometric proportions to yield the desired compo-
sition and then wet-ground. The mixture was dried and pressed into pellets. These
pellets were pre-sintered at 1100 ◦C for 24 h and slowly cooled to room temperature.
The samples were again powdered, pressed into pellets, sintered at 1100 ◦C for 24 h
and then slowly furnace cooled to room temperature at the rate of 2 ◦C/min. The
stoichiometry of the powder samples was checked by energy dispersive analysis of
X-rays (EDAX). The samples were characterized for single phase formation and the
determination of cation distributions by X-ray powder diffractometry using Cu K�
radiation at 300 K.

Magnetic measurements (field-cooled (FC) and zero-field-cooled (ZFC) mag-
netization and magnetic hysteresis) were performed using the physical property
measurement system (PPMS, Quantum Design). The low field ac susceptibility mea-
surements for powdered samples were made in the temperature range 300–750 K
using double coil setup [52], operating at a frequency of 263 Hz with r.m.s. field of
40 A/m.

3. Results and discussion

High temperature prolonged sintering may result in the loss of
ingredients, which leads to non-stoichiometry in composition. This,
in turn, shows unexpected behavior which cannot be explained
based on normal stoichiometry. Thus, it was essential to check
the chemical stoichiometry of each composition. A representative
energy dispersive analysis of X-rays (EDAX) pattern for typical com-
position with x = 0.4 is shown in Fig. 1.
The results of EDAX confirm the expected stoichiometry, with
small oxygen deficiency. No trace of any impurity was found indi-
cating the purity of the samples. It is also clear that there is no loss of
any ingredient after high temperature sintering. EDAX results sug-
gest that the precursors have fully undergone the chemical reaction
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Fig. 2. Observed (solid circles) and calculated (solid line) X-ray powder diffrac-
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applied field. The high field slope has been established as due to
ion patterns for the CuAlxFe2−xO4 (x = 0.2 and 0.6) system at 300 K. The difference
etween the observed and calculated spectra is plotted at the bottom. The ticks

ndicate allowed Bragg peaks positions.

o form the expected ferrite composition. The reason for making
DAX characterization was to verify the purity and the chemical
omposition.

The room temperature (300 K) X-ray diffraction (XRD) patterns
f the samples were obtained by X-ray powder diffractometry.
ndexing and Rietveld refinement using general scattering analysis
oftware (GSAS) of XRD patterns for x = 0.0, 0.2, 0.4 and 0.6 composi-
ions of CuAlxFe2−xO4 system, revealed that these are single-phase
ompounds, crystallizing in a face centered cubic (fcc) structure
space group O7

h Fd3m). No peaks from impurity phases could be
etected within the limits of X-ray detection, which is typically
%. Fig. 2 displays Rietveld fitted XRD patterns for the typical com-
ositions with x = 0.2 and 0.6. One of the most important Rietveld
rror indices or discrepancy values is that of “Chi-squared” or �2

53]. It is found that �2 for different compositions lie in the range
.2–1.4. The �2 values obtained in the present analysis suggest good
efinements of the data.

The distribution of the cations among the available tetrahedral
A-) and octahedral (B-) sites of the spinel lattice have been deter-
ined by comparing experimental and calculated intensities of
he diffracted beam. The X-ray diffraction line intensities of var-
ous Bragg’s planes were calculated for different combinations of
he cations in the A- and B-sites using a computer program based
H (Tesla)

Fig. 3. Magnetic field dependence of magnetization at 10 K; main panel, inset at
300 K, for Cu–Fe–Al–O samples.

on the Buerger formula [54]. In the process of arriving at the final
cation distribution, the site occupancy of all the cations was varied
for many possible combinations and those that agree well with the
experimental intensities of various Bragg’s planes were taken into
consideration. The cation distributions obtained for CuAlxFe2−xO4
system are represented as:

x = 0.0 (Cu0.22Fe0.78)[Cu0.78Fe1.22]O4

x = 0.2 (Cu0.22Fe0.70Al0.08)[Cu0.78Fe1.10Al0.12]O4

x = 0.4 (Cu0.18Fe0.64Al0.18)[Cu0.82Fe0.96Al0.22]O4

x = 0.6 (Cu0.14Fe0.58Al0.28)[Cu0.86Fe0.82Al0.32]O4

Near room temperature (323 K) Seebeck coefficient values (˛)
have been used to determine the cationic concentration of Cu1+,
Cu2+, Fe2+ and Fe3+ ions using the Heikes formula [55]. The details
of this are given elsewhere [51]. The actual cation distributions thus
derived for different compositions are summarized below, which,
in turn, are used to explain the magnetic properties.

x = 0.0 (Cu1+
0.15Cu2+

0.07Fe3+
0.78)A[Cu2+

0.78Fe3+
1.22]B

O2−
3.925

x = 0.2 (Cu1+
0.12Cu2+

0.10Fe3+
0.70Al3+

0.08)A[Cu2+
0.78

Fe3+
1.10Al3+

0.12]BO2−
3.940

x = 0.4 (Cu2+
0.18Fe3+

0.64Al3+
0.18)A[Cu2+

0.82Fe2+
0.43

Fe3+
0.53Al3+

0.22]BO2−
3.785

x = 0.6 (Cu2+
0.14Fe3+

0.58Al3+
0.28)A[Cu2+

0.86Fe2+
0.35

Fe3+
0.47Al3+

0.32]BO2−
3.825

The main plot of Fig. 3 shows the magnetization (M) versus
applied magnetic field (H) curves, measured at 10 K for x = 0.0–0.6
compositions. The hysteresis loops recorded at 300 K are shown in
the inset. The values of saturation magnetization (�s), and the mag-
neton number (saturation magnetization per formula unit in Bohr
magneton (�B)) at 10 K for each composition are listed in Table 1.
Fig. 3 demonstrates that there is a high field slope to magnetiza-
tion M(H) curves for x = 0.0–0.6, compositions which exhibit strong
evidence for a canted spin structure, and canting angle varies with
the high magnetic anisotropy [56]. This fact does not apply here
since all the compositions have very low concentration of magnetic
anisotropy ion (Fe2+), and therefore, the observed features may be
thought of arising from canting of spins. From the field dependence
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Table 1
Magnetic parameters for CuAlxFe2−xO4 system.

Al-content
(x)
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x = 0.6
0.0 58.07 2.49 2.91 20.1 1.63 60 276
0.2 41.71 1.74 2.68 31.8 1.48 65 –
0.4 22.61 0.92 1.81 34.1 1.27 61 310
0.6 15.22 0.61 1.57 37.7 1.20 75 287

f magnetization, and observed magnetic moment, it is clear that
he samples with x = 0.0–0.6 show ferrimagnetic behavior, which
ecreases with increasing x values.

A very important characteristic of the M(H) curves is the negli-
ible coercivity and remanence for all the compositions, which are
ften found in magnetic cluster system [57]. The negligible coer-
ivity for different compositions also suggests that these are low
nisotropic compounds [46].

According to the Neel’s two sub-lattice model of ferrimag-
etism [58], Neel’s magnetic moment per formula unit in �B, nN

B , is
xpressed as:

N
B = MB(x) − MA(x) (1)

here MB and MA are the octahedral (B-) and tetrahedral (A-)
ub-lattice magnetization to be determined from the cation distri-
utions and the free-ion magnetic moments of the cations involved:
(Fe3+) = 5 �B, m(Fe2+) = 4 �B, m(Cu2+) = 1 �B, m(Cu1+) = 0 �B and
(Al3+) = 0 �B. It is clear from the Table 1, that the observed val-
es of magneton number do not agree with the Neel’s moment
nN

B ) found from the Neel’s formula for collinear spin arrangement.
his indicates significant canting of the B-site moments. The substi-
ution of non-magnetic Al3+ ions in CuFe2O4 may lead to collapse
f long range magnetic ordering in the system. Therefore, it was
hought appropriate to apply random canting of spins (RCS) model.
ince, the actual spin canting depends upon a number of non-
agnetic nearest neighbours and their spatial arrangement, the

tatistical model like RCS proposed by Rosenewaig [59] should
e used. According to this model, the B-sites magnetic ions can
e considered to be canted with an average angle 〈�RCS〉 due to
on-magnetic substitution (Al3+) which, in the average nearest
eighbour approximation is estimated to be:

os〈�RCS〉 =
(

MA

MB

)(
JAB

ABB

)
(2)

here JAB and JBB are exchange integrals.
The net magnetization per formula unit (magneton number), nB,

s related to canting angle, 〈�RCS〉, by:

B = MB(x) cos〈�RCS〉 − MA(x) (3)

The experimental values of canting angle, 〈�RCS〉 have been
btained from Eq. (3), using measured nB values (Table 1), and the
ame are also listed in Table 1.

As the Al3+-content increases in the system, the magnetic cou-
ling, JAB/JBB, remains nearly constant for x = 0.0–0.2 and thereafter

t is getting weakened for x > 0.2, indicates change in the magnetic
tructure (increase frustration and disorder).

Further, studies on magnetic properties using dc magnetization
easurements were carried out. Fig. 4 shows plots of magne-

ization versus temperature (M–T) recorded in zero-field cooled
ZFC) and field cooled (FC) modes in an external magnetic field of
0 mT for the samples with x = 0.0, 0.2, 0.4 and 0.6. The ZFC mag-
etization was recorded by first cooling the sample from 325 to

K in zero magnetic fields, then applying the magnetic field and
arming the sample up to 325 K in the presence of the field and

ecording the moment during the warming cycle. Field cooled pat-
erns were obtained by first cooling the sample from 325 K down
o 4 K in the external field and then warming it up to 325 K and
Temperature (K)

Fig. 4. Temperature dependence of MFC and MZFC of Cu–Fe–Al–O system. Inset shows
the expanded version of the ZFC mode near the magnetic transition.

recording the moment. The plots of ZFC–FC magnetization show
thermo-magnetic irreversibility (TMI) (divergence between FC and
ZFC magnetization). This is the property of all magnetic systems
exhibiting magnetic hysteresis behavior. For the compositions with
x = 0.0, 0.4 and 0.6 the ZFC and FC curves bifurcate at about 276, 310
and 287 K, respectively. This temperature is referred to as the tem-
perature of irreversibility above which [(MFC/MZFC) − 1] is less than
1%. The behavior of x = 0.2 composition is particularly interesting
of which ZFC and FC curves show bifurcation at the whole temper-
ature range, which indicates that the system is not magnetically
homogeneous although the material is chemically homogeneous.
This may indicate the existence of magnetic cluster phase in the
sample [57].

During both the FC and the ZFC processes, the anisotropy field
plays an important role in determining the magnetization at a given
field strength. Magneto crystalline anisotropy aligns the spins in
a preferred direction. As mentioned earlier, during the process of
zero-field cooling (ZFC) magnetization measurement, no magnetic
field is applied while cooling the sample through the ordering tem-
perature. At the lowest temperature when a small magnetic field
is applied, the magnitude of resultant magnetization will depend
on the magnetic anisotropy of that material. If the system is low
anisotropic, as in the present case, the small applied magnetic
field will be sufficient to rotate the spins in the direction of the
applied field and therefore the magnetization will be very large,
i.e. difference in the FC and ZFC magnetization will be small. If the
anisotropy of the sample is very low, the FC magnetization will
remain almost constant, while the FC magnetization increases with
decreasing temperature for highly anisotropic materials [33]. The
observed flat response of FC magnetization with temperature con-
firms that all the ferrite compositions studied are low anisotropy
materials.

We have observed a very broad hump in the ZFC magnetization
(MZFC) for x = 0.0, 0.4 and 0.6 compositions in vicinity to bifurcate
temperature between the FC and ZFC curves. The sharp peak in MZFC
is observed at a temperature where the coercivity is larger than the
applied field and a broad maximum is observed when coercivity
is comparable or smaller than the applied field. This observation

suggests that in the present case coercivity for different composi-
tions is much less than the 10 mT and materials under study are
low anisotropy compounds.

The TMI between the MFC and MZFC and a very broad maximum
in the ZFC magnetization of the ferrite compositions are due to their
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agnetic anisotropy and not due to any spin-glass-like behavior as
eported for many ordered magnetic systems [46].

A careful examination of Fig. 4, reveals two interesting features:
i) for x = 0.6 composition ZFC magnetization decreases slowly with
ecrease in temperature, shows cusp centered around 75 K, then
ecreases rapidly, passes through a zero value of magnetization
M = 0) at the compensation temperature (T ∼ 35 K). Below this
emperature, the magnetization is negative, down to the lowest
emperature (4 K).

Negative magnetization was observed more than five decades
go in spinel-like Co2VO4 [60], and more recently in natural fer-
ites such as magnetite and maghemite [61] spinel-like CoCr2O4
nd MnCr2O4 [62], ferrite-like Fe2Mo0.6Ti0.4O4 [63], perovskite-like
dMnO3+ı La0.75Nd0.25CrO3 [64], molecular magnets [65], other
xides [66], double perovskites Sr2YbRuO6 [67], Cu, Mn and Fe
ased prussian blue analogues [42], Co2CrAl type Heusler alloy,

norganic compounds [68] and CuFe2O4 thin film [69]. A number
f mechanisms and new models have been proposed to explain
he phenomenon of negative magnetization [64]. Usually, negative

agnetization appears in complex ferri or canted antiferromag-
etic systems or two-phase magnetic system.

Since, a non-zero, but negative residual field of the supercon-
ucting magnet during cooling is another possible reason for the
bserved diamagnetism, we have checked the residual field. It was
2.5 Oe, which is positive. Therefore, the observed negative mag-
etization is not due to the residual field of SQUID magnetometer
uring cooling. Furthermore, the investigated sample is ferrite sam-
le; we can safely exclude superconductivity as the origin for the
bserved negative magnetization down to ∼35 K.

Reports of materials exhibiting asymmetry along the magneti-
ation axis have been limited to a two-phase magnetic system [60].
n this case, the hysteresis loop was explained as a symmetrical �-
e2O3 loop superimposed upon a very hard magnetization in one
irection. This explanation cannot be applied indiscriminately to
ur sample because it is essentially a single-phase material.

However, CuAl0.6Fe1.4O4 (x = 0.6) composition represents a com-
licated magnetic system. Magnetic interactions of the A-sites
ations with the B-sites cations (A–B interactions) and of the B-
ites cations among themselves (B–B interactions) give rise to
ve distinct interactions. The effects of FeB–CuB and FeB–FeB,
–B interactions have been ignored. These interactions make it
ossible to obtain the multiple magnetic effects required to under-
tand the experimental results. In copper-ferri-aluminates the
e3+–O2−–Fe3+, A–B interaction is the strongest single interaction
nd will give rise to a net magnetic moment whether or not a canted
pin arrangement of the Fe3+-ions exists. In addition, a weaker A–B,
e3+–O2−–Cu2+ interaction exists as well as a direct B–B, Cu2+–Cu2+

nteraction. If these latter two interactions are of comparable mag-
itude, the Cu2+ ions will have a canted spin arrangement with
net magnetic moment. This copper moment, with a net effect

ntiparallel to that of the Fe3+ ions but with different temperature
ependence, could give rise to a compensation effect. However,
espite the simplifications, the above description should be illus-
rative of the true behavior of the sample. As discussed earlier, for
iAlxFe2−xO4 spinel ferrite system annealed at the rate of 1◦/min,
ompositions with x ≥ 0.63 have shown reversal in the direction of
he resultant magnetization [70]. These results are consistent with
resent findings. The possibility of the presence of uncompensated
pins at grain boundaries of polycrystalline sample [71], or the crys-
allographic imperfections cannot be neglected as a possible cause
or negative magnetization.
(ii) For all the four compositions, x = 0.0, 0.2, 0.4 and 0.6, as the
emperature decreases, the ZFC curve splits from the FC one below
irr, abruptly falls below T ′

s and finally saturates at TF (Fig. 4). Such
nomaly at T ′

s and TF on the ZFC curve was observed earlier in
oCr2O4 and MnCr2O4 spinels [60]. On the similar line of argument
Fig. 5. Temperature dependence of ac susceptibility �ac(T)/�ac(RT) for different
compositions of CuAlxFe2−xO4 system.

in copper–ferrite–aluminates, magnetic order consists coexistence
of a ferrimagnetic long range order and short range order [70], at all
temperatures below the Neel temperature (TN) up to Tirr. The short
range order transforms into long-range at T ′

s while below TF the
ferrimagnetic long–range order and the short range order coexist.
The low temperature neutron scattering, specific heat and dielec-
tric measurements are essential to understand the low temperature
anomaly in the system.@@

The temperature dependence of relative ac susceptibility,
�ac(T)/�ac(RT) (�ac(T)) for all the four compositions is shown in
Fig. 5. For x = 0.0, 0.2 and 0.4 compositions the �ac(T) displays two
peaks. The first asymmetric peak at a high temperature corre-
sponds to ferrimagnetic to paramagnetic transition temperature.
The emergence of the peak just below the transition temperature
can be explained based on the fact that, at lower temperature a
higher value of magnetization is expected in ferrimagnetic system
due to an ordering of spins within the domains. On the other hand,
magnetic hardness also increases because of domain wall pinning
mechanism at lower temperature. Both the competing agencies
result in a peak near the transition temperature. The second lower
temperature peak has the shape, which is rather like a hump, which
is an indication of some degree of magnetic ordering or net result
of competing anisotropies. Such a ‘cusp’ in susceptibility resem-
bles the feature shown by spin glasses [72,73] and spin-glass-like
phases. However, such a feature also arises due to locally canted
spins system [74–76]. The second peak arises where magneto crys-
talline anisotropy constant changes its sign. The temperature at
which the sign reversal occurs is referred to as an isotropic point.
Below this temperature shape anisotropy dominates and coercive
force increases rapidly resulting in a rapid diminution of suscepti-
bility.

We see that the ferrimagnetic peak gradually diminishes on Fe-
dilution indicating shift towards lower temperature and decrease
in TN. However, low temperature broad hump appears around the
same temperature for x = 0.0, 0.2 and 0.4 compositions. The sample
with x = 0.6 shows normal ferrimagnetic behavior.

In general, the observed features of ac susceptibility curves arise
in the systems with high concentration of anisotropy ions like Co2+,
Mn3+, Fe2+ as they can give rise to a local induced anisotropy. It has

been shown that the system under investigation possesses small
concentration of anisotropy ion Fe2+.

The possibility of any spin-glass-like phase is thus ruled out
based on the above discussion and the following facts:
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Table 2
Neel temperature (TN) for CuAlxFe2−xO4 system.

Al3+-content (x) Neel temperature, TN (K)

ac susceptibility ±2 K Theoretical

0.0 733 –
866 V.K. Lakhani et al. / Journal of Alloy

i) It is well known that when ferrites are sufficiently diluted with
non-magnetic cations they can show a wide spectrum of mag-
netic structure [74]. According to Scholl and Binder [77] if the
magnetic ion concentration on the A-sites and B-sites is lower
than the A-sub-lattice percolation threshold (0.429) and the B-
sub-lattice percolation threshold (0.390) respectively, no long
range ordering is possible in the system. However, if we assume
that the short range interactions are present and these are lim-
ited to the first neighbours, then according to mean field theory,
the interacting spins form clusters which behave as single enti-
ties below a certain temperature. These clusters may not have
the collinear spin configuration within, as the nearest neigh-
bours are at random.

In the present system, magnetic ion concentration on both the
ites is well above the percolation threshold limits thus; spin-glass-
ike phases cannot be expected.

ii) If the canting angle is greater than 60◦, it is expected that a
transverse component is much larger than a longitudinal com-
ponent. As a result there is a gradual increase of spin-spin
correlation as the temperature is lowered and that favours clus-
ter spin glass type magnetic ordering [78,79].

The canting angle is much smaller than 60◦ (Table 1) that pre-
ents formation of spin-glass-like phases in the system.

iii) On increasing the applied frequency, peak and hump temper-
atures should shift towards lower temperature side, which is
a general feature of the cluster spin glass type of magnetic
ordering.

No such shifting in peak and hump temperatures have been
bserved on increasing the frequency to ∼1300 Hz (not shown).
hus, the possibility of spin glass type of magnetic ordering is ruled
ut.

iv) If the system approaching the cluster spin glass type of mag-
netic ordering, sudden rise in �ac(T) with magnetic dilution
has been observed [80,81], this is because of the inter-cluster
interaction comparable to the thermal energy. As a result, there
may be a rapid increase in magnetic viscosity resulting in the
freezing of clusters.

The system studied shows no sudden rise in �ac(T) curves on
agnetic dilution by replacing of magnetic (Fe3+) ions by non-
agnetic (Al3+) ions. This further supports the absence of spin glass

ype magnetic ordering.

v) If the observed magnetic moment is much lower than the spin
only moments of constituent cations, one can expect that no
long range ordering contributes to transverse component but
it exists only for the longitudinal component. This supports the
random freezing of ‘spin clusters’ in the system, rather than
freezing of individual spins as in the case of conventional spin
glass [82].

The present system showed magnetic moment for different
ompositions not very much lower than the Neel’s moment. Thus,
he possibility of spin glass type magnetic ordering is ruled out.

The magnetic transition temperature, i.e. Neel temperature (TN),

t which the magnetic susceptibility vanishes, is determined from
he thermal variation of ac susceptibility measurements for differ-
nt compositions as listed in Table 2. Copper ferrite is ferrimagnetic
t room temperature with Neel temperature of 738 K [3], although
ower values down to 290 K have also been reported [2]. The Neel
0.2 693 698
0.4 653 654
0.6 613 610

temperature ∼733 K found for CuFe2O4 (x = 0.0) (Table 2) lies in the
expected range.

Table 2 shows the Neel temperature decreases with increasing
Al3+-content (x) in the system. The Neel temperature depends on
the active magnetic linkages per magnetic ion per formula unit. The
substitution of non-magnetic Al3+ ions (0 �B) for magnetic Fe3+ ions
(5 �B) in the system weakens the Fe3+–O2−–Fe3+ super exchange
linkages and hence the Neel temperature.

The Neel temperatures have also been calculated theoretically
for x = 0.0–0.6 compositions, applying the modified molecular field
theory [83] and using the cation distribution found from X-ray
diffraction line intensity calculations. The average number of mag-
netic interactions, n(x), for a ferrite with non-magnetic substitution
(x) is given by:

n(x) = 1
N

[ftf0(ZBAC0 + ZABCt)] (4)

where ft and f0 are the fractions of magnetic concentration with
respect to un-substituted ferrite and Ct and C0 are the number of
metal ions at the tetrahedral and octahedral sites respectively, ZBA
and ZAB denote the A-site nearest neighbours to the B-site, and the
B-site nearest neighbour to the A-site respectively. N is the total
number of magnetic ions in a substituted ferrite. In CuFe2O4, each
iron ion at the A-site is surrounded by 12 octahedral ions (ZAB) on
the other hand, each iron ion at the B-site has only 6 A-nearest
neighbours (ZBA). Thus, Eq. (4) reduces to:

n(x) = 24
N

(ftf0) (5)

The influence of Al3+-ion substitution upon Neel temperature
of un-substituted ferrite CuFe2O4 may be approximated through
its effect upon the average number, n(x) of the super exchange
interactions per magnetic ion per formula unit. In the case of
M′

1−xM′′
xFe2O4 (where M′ and M′′ are non-magnetic divalent

cations), there are 24/2 interactions per magnetic ion Fe3+ which
is denoted by n (x = 0). In the present case, the un-substituted
ferrite possesses three magnetic cations (Cu2+ + 2Fe3+) with mag-
netic moment; Cu2+ (1 �B) and Fe3+ (5 �B). The introduction of
non-magnetic Al3+-ions into CuFe2O4 will reduce n(x = 0), which
is expressed by general chemical formula of spinel ferrite system
under investigation: CuAlxFe2−xO4 and Eq. (5), as:

n(x) = 24
1 + 5(2 − x)

[ftf0]

Therefore, the Neel temperature of Al3+-substituted CuFe2O4,
TN(x), will vary approximately as n(x), so that it can be related to
the Neel temperature of CuFe2O4, TN(x = 0), by:

TN(x) = n(x)
n(x = 0)

TN(x = 0) (6)

The Neel temperatures estimated using Eq. (6) for x ≤ 0.6 compo-

sitions are in good agreement with the measured values and given
in Table 2. The difference observed between measured and calcu-
lated Neel temperature values is due to the random variation of
number of super exchange interactions per magnetic ion because
of the random distribution of Al3+-ions at the A- and B-sites.
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. Conclusions

From the aforementioned X-ray powder diffraction, field
ependent magnetization M(H), dc magnetization (M(T)) and ac
usceptibility �ac(T) measurements on CuAlxFe2−xO4 spinel fer-
ite system, several important experimental conclusions are listed
elow:

1) M(H) curves show high field slope, negligible coercive field
and remanence. These results suggest that the materials under
study are low anisotropic materials with canted spin structure.

2) The flat response of the FC magnetization with temperature,
relatively small difference in the FC and ZFC magnetization, a
very broad maximum in vicinity to bifurcate temperature and
a broad hump in ac susceptibility curves are characteristic fea-
tures of a low anisotropy material. The observed features in ac
susceptibility and dc magnetization may arise in locally canted
spins system from magnetic domain effect but not due to cluster
spin glass phase in the system.

3) The composition with x = 0.2 shows a bifurcation between the
FC and ZFC curves for the whole temperature range which indi-
cates that the composition is not magnetically homogeneous
although the material is chemically homogeneous. The nega-
tive magnetization below 35 K for x = 0.6 composition is due to
the copper ion moment, with a net effect antiparallel to that
of the Fe3+ ions with different temperature dependence giving
rise to a compensation effect.

4) The anomaly at T ′
s and TF on the ZFC curves for all the com-

positions is due to coexistence and interplay between the
ferrimagnetic long range ordering and short range ordering in
the system.
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