
Vol.:(0123456789)1 3

Applied Physics A         (2021) 127:831  
https://doi.org/10.1007/s00339-021-04974-z

Interplay between cation distribution and magnetic properties 
for  CoAlxFe2−xO4 0.0 ≤ x ≤ 0.7 nanoparticles

Ebtesam E. Ateia1  · K. K. Meleka1 · F. Z. Ghobrial1

Received: 19 September 2021 / Accepted: 29 September 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract
The relationship between cationic distribution, bond angle, bond length with magnetic properties of  CoFe2−xAlxO4 (0 ≤ x 
≤ 1) nano-ferrite is demonstrated. The magnetic properties of spinel nano-ferrites have been examined using a vibrating 
sample magnetometer. The crystal structure was calculated using an X-ray diffractometer and ratified via high-resolution 
transmission electron microscopy. Substitution of Al content (x) in cobalt ferrite caused a reduction in particle size, lattice 
parameter, and magnetic properties. The saturation magnetization changes with increasing Al content due to the effect of 
cation distribution in tetrahedral and octahedral sites and due to a change in ferrimagnetic structure. The existence of the 
strong dipolar interactions and/or exchange coupling is established via the appearance of double peaks in switching field 
distribution. The obtained data ratify that the substitution of Al content in the cobalt system is a powerful tool for tuning 
the magnetic properties of the investigated samples. This substitution decreases the magnetic energy loss and the switching 
field distribution. Consequently, the studied samples are recommended to be used in transformer cores and high-density 
recording. The strong correlation between cation distribution, bond angle, bond length, and the magnetic properties of the 
studied samples is the main advantages of the present work as compared to the literature reported on Co-Al nano-ferrite.
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1 Introduction

The spinel nano-ferrites have novelty and fascinating techno-
logical applications due to their attractive physical properties 
[1–6]. The nanosized-cobalt ferrite has enormous applica-
tions in all technological fields depending on the exclusive 
microstructure and cation distribution [7–12].

Cobalt ferrite is a partially inverse spinel structure with 
space group Fd3m. It represents as  (Cox

2+Fe1−x
3+)  [Co1−x

2+ 
 Fe1−x

3+]  O4, where ( ) and [] brackets designate the tetrahe-
dral (A) and octahedral sites, respectively. [7]. The magnetic 
properties of cobalt spinel nano-ferrite can be adapted by 
adding Al cations. This addition changes the microstructure 
properties such as crystal size, effective bond lengths, lat-
tice constant, crystalline density, and cations distribution 
between A and B-sites [13–17]. The most crucial parameters 
that affect the expected physical properties of the resulting 

doped cobalt ferrite nanoparticle are the synthetization pro-
cess as well as the content of the doped cation [18, 19].

The citrate-gel auto-combustion method was used for 
the synthesizing of the investigated samples due to its low 
cost, short time of production, purity, and homogeneity of 
the final product, narrow size distribution, and controlled 
stoichiometry [20].

The ferrite nanoparticles containing cobalt, aluminum, 
and chromium were studied by Mane et al. [21]. They con-
cluded that aluminum ion substitution has a noticeable effect 
on softening and regulating the magnetic properties of hard 
cobalt ferrites. Hanh et al. [22] prepared cobalt ferrite nano-
particles by the forced hydrolysis method. They found that 
the addition of trivalent ions like  Al3+, instead of  Fe3+ ion 
into Co, Zn, the system greatly influences both their electri-
cal and magnetic properties [23].

In the present work, the  CoAlxFe2−xO4 nanoparticles 
were synthesized using the auto-combustion technique and 
characterized samples by numerous procedures. The struc-
tural and magnetic properties of the system are testified. 
One of the challenges faced in this study is to focus on the 
relationship between the cation distribution, bond angle, 
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and the magnetic properties of the studied samples. The 
switching field distribution for  Al3+ doped cobalt ferrite 
nanoparticles examined in this report can be considered 
as one of the few studies done in this field.

2  Experimental work

CoAlxFe2−xO4 (x = 0.0, 0.3, 0.5, 0.7) samples were manu-
factured by the citrate-gel auto-combustion method using 
stoichiometric amount of high purity (99%, Fisher chemi-
cals) Co(NO3)2  6H2O, Al(NO3)3, and Fe(NO3)3. The citric 
acid was used to enhance the homogeneous mixing, and 
the deionized water is used as a solvent. All powders are 
calcined at 600 °C for 4 h with a heating rate of 4 °C/min 
as shown in Fig. 1.

The structure and crystallite sizes were tested by X-ray 
diffraction (XRD) pattern using Diano Corporation tar-
get Cu-Kα (λ = 1.5418 A°). The nano-particles average 
sizes were estimated using Scherer’s relationship [24]. 
The morphology of the samples was studied by high-res-
olution transmission electron microscopy (HRTEM) and, 
field emission scanning electron microscope (FESEM) 
attached with EDAX unit (energy-dispersive X-ray analy-
sis). Room-temperature magnetic hysteresis of the nano-
ferrite samples was measured by maximum field 20kOe 
using vibrating sample magnetometer (VSM) model, Lake 
shore 7410.

3  Results and discussion

3.1  Structural analyses

3.1.1  XRD analysis

Figure  2 shows the X-ray diffraction pattern for 
 CoAlxFe2−xO4 (0 ≤ x ≤ 0.7). All samples are formed in a 
single-phase without any impurity as shown from the figure. 
The XRD pattern exhibits broad diffraction corresponding 
to the cubic spinel crystalline single phase (ICDD card no. 
(00–001-1121)) indexed to (220), (311), (222), (400), (422), 
(511), and (440) planes, belonging to Fd3m space group 
[18].

The calculated lattice parameter varies from 8.412 to 
8.304 A° depending on the Al content [25]. This decrease 
of the lattice parameter is elucidated by many issues. The 
first issue is the doping cation (Al) that has a smaller ionic 
radius (0.535) compared to that of Fe (0.645). The second is 
the possible redistribution of the cations between the tetrahe-
dral (A) and octahedral (B) sites, which will be followed by 
significant changes in the magnetic properties. Another issue 
is a fraction of cations occupying the B site and forcing  Al3+ 
ions into the A site against their chemical preferences [26].

On the other side, Debye–Scherrer’s equation [24] is 
utilized to calculate the crystallite size of the samples (D). 
The size is estimated from the broadening of the respective 
high intensity (311) peak. As the Al content x is increased 
the diffraction peaks became broader. This broadening with 
 Al3+ content points to the decrease of characteristic size. The 
results are shown in Table 1. A similar trend was reported 
for  NiFe2−xAlxO4 system [27, 28].

The movement of  O2− ion due to the substitution of cation 
at “A” site is characterized by the oxygen parameter “u”. The 

Fig. 1  Flow chart for the synthetic scheme
Fig.2  The X-ray diffraction pattern for  CoALxFe2−xO4 (x = 0.0, 0.3, 
0.5, 0.7)
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“u” parameter for the ideal spinel has a value nearly equals 
to 0.375, whereas for the actual spinel lattice u > 0.375. It 
is observed that the calculated value of u is greater than 
0.375 and increases with increasing Al content [29]. This 
means that the distance between A–O ions increases and 
that between B–O ions decreases [30] causing a decrease in 
A–A interaction, and an increase in B–B interaction as will 
be discussed.

For the spinel system, the theoretical lattice constant (ath) 
can be detected via knowing the ionic radii of the ions at the 
B site (rB), and the A site (rA). These calculations are based 
on the distribution of cations as illustrated in the following 
relation [31]:

The ionic radii; r(Co2+), r(Fe3+), r(Al+3) are taken accord-
ing to Shannon [24].  xCo,  xFe and,  xAl are the ion concentra-
tion of  Co2+,  Fe3+, and  Al3+ on different sites taking into 
account the corresponding cation distribution. The (ath) is 
determined using the equation [20]:

where ro is the radius of the oxygen ion (1.38 A°). The cal-
culated values agree well with that experimental data. The 
X-ray density can be calculated as reported in the previ-
ous work [32]. The decrease of the theoretical density with 
increasing  Al3+ content can be attributed to the smaller 
molecular weight of  Al+3 (26.982 gm/mol) compared to that 
of iron (55.845 gm/mol) [9].

3.1.2  Microstructural features

The homogeneity of the investigated samples can be ratified 
via the high-resolution transmission electron micrographs 
(HRTEM), d spacing, and the selected area electron diffrac-
tion patterns (SAED). Figure 3a–f shows the typical HRTEM 
for  CoFe2O4, and  CoAl0.3Fe1.7O4 samples. It is detected that 
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the particle size distribution is nearly homogeneous and the 
particles are agglomerated in nanometric size. The observed 
agglomeration is due to the magnetic interactions between 
nanoparticles [33]. The morphology evaluation shows a ten-
dency to decrease the particle size with the substitution of 
Al in the system. This means that the presence of Al inhibits 
crystal growth. The reduction in the size is due to two issues 
the first is the size mismatch between  Fe3+ and  Al3+ ions, 
while the second is the flexibility of Al substitution into 
the available sites during particle growth, thus limiting the 
nucleation process [34]. The observed pores in the samples 
may be due to the release of excess amounts of gases during 
the combustion method [35]. The SAED shape consists of 
concentric rings with spots over the rings. This characteristic 
designates that the samples have good nano-crystalline in 
nature [36]. The rings with a dotted pattern in SAED ratify 
the widespread size distribution of ferrite nano-particles. 
The patterns provide the d-spacing consistent with those 
obtained from XRD studies. The lattice fringes of the core, 
as detected from the HRTEM images, also approve the sin-
gle crystalline nature of the studied samples.

Figure  3g–i represents the energy-dispersive X-ray 
(EDAX) spectrum for  CoAlxFe2−xO4 nano-particles (x = 0.3 
0.5, 0.0). The estimation of elements obtained from the 
spectrum through its weight and atomic percentages are 
illustrated in the inset of the figure. The elemental analysis 
attained from EDAX is in good agreement with the used 
materials during the preparation.

3.1.3  Surface topography using AFM

Atomic force microscopy is an excellent procedure to testify 
surface topography and texture of the different surfaces of 
the ferrite nanoparticles. Figure 4a–b shows the 3-D AFM 
micrographs of  CoFe2O4, and  CoAl0.5Fe1.5O4. AFM images 
for all samples show that the surfaces have hillocks over the 
entire scanned region. The obtained particle size from AFM 
is larger compared to the XRD data [37].

Figure 4c–d represents the histograms of the root mean 
square roughness of the investigated sample which indicates 
the decrease of the roughness with increase  Al+3 concentra-
tions. This is due to the decrease in grain and crystal size by 

Table 1  Crystallite size (D), theoretical (atheo) and experimental (aexp) lattice parameters, X-ray density (Dx), the radii of the tetrahedral (rA) 
and octahedral (rB) sites and oxygen parameter (u) of  CoAlxFe2−xO4

Cation distribution D (nm) aexp (Å) atheo (Å) Dx (gm/cm3) rA (Å) rB (Å) u (Å)
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adding  Al+3 ions and the large spreading of the nanoparticles 
over a larger surfaces area [38].

3.1.4  Thermal analysis

Thermo-gravimetric analysis (TGA) and differential 
scanning calorimetric (DSC) for  CoAl0.3Fe0.7O4 and 
 CoAl0.5Fe1.5O4 are shown in Fig. 4a–c.

As shown from the figure, the TGA traces exhibit 
three distinct weight loss steps. In the temperature range 
30–150 °C, the weight loss is due to the dehydration process 
where an insignificant amount of adsorbed water is released 
from the wet chemically synthesized nano-ferrite samples. 

The further weight loss during 150–300 °C is correlated to 
the decomposition of nitrates, some organic residues that are 
left in the samples, and removal of OH ions. Finally, a steady 
change in weight is detected up to 1000 °C. The maximum 
losses for the investigated samples appear in the range of 
300–800 °C. The typical nitrate-citrate auto-combustion 
reaction for the entire precursor can be presented as [39] 
(Fig. 5a–c)

 
The DSC graph for the  CoFe2O4 sample shows a wide 

exothermic peak which designates the temperature range 
for crystal recovery, while the presence of the endothermic 
and exothermic peaks indicates phase and magnetic tran-
sition for  CoAl0.3Fe1.7O4 and  CoAl0.5Fe1.5O4. No weight 
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Fig. 3  a–f The HRTEM images, g–i the EDAX analysis for Co  AlxFe2−xO4; 0.0 ≤ x ≤ 0.7



Interplay between cation distribution and magnetic properties for  CoAlxFe2−xO4 0.0 ≤ x…

1 3

Page 5 of 10   831 

gain is observed for  CoAl0.3Fe1.7O4 and  CoAl0.5Fe1.5O4. 
On the other side, the observed weight gain for  CoFe2O4 
is due to the oxidation process [40].

Considering the DSC and TGA data of the investigated 
samples, a temperature of 600 °C is selected for sintering 
the sample to obtain the maximum crystalline phase.

3.2  Magnetic properties measurements

In general, the size and the shape of the hysteresis curve 
for ferromagnetic materials are of considerable impor-
tance. Figure 6a–b illustrates the magnetization versus 
external magnetic field (M–H) hysteresis loop and the 

Fig. 4  a–b AFM image, c–d The roughness of the  CoFe2−xAlxO4; (x = 0.0, and 0.5) nano-ferrite sample

(a) (b) (c)

Fig. 5  a–c The TGA, and DSC for a Co and b  Al0.3 c  Al0.5
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fitted Langevin curve. The experimental M versus H 
loop is determined with an external applied magnetic 
field ranging between −20 and +20 kOe. The saturation 
magnetization (Ms) value that corresponds to 20 kOe is 
53.79 emu/g. The Ms of Co  Al0.3Fe1.7O4 nanoparticle also 
can be detected by an approximation of Stoner–Wohlfarth 
theory by extrapolating the plot of magnetization versus 
1/H2 to approach zero [41, 42]. This theory is applied for 
non-interacting particles as confirm from squareness val-
ues in the Table. In this way, the Ms value is equal to 
54.29 emu/g. Both the calculated and the experimental 
values agree well with each other. This conclusion ratifies 
that an applied field of ±20 kOe is appropriate to saturate 
the studied samples.

The properties such as saturation magnetization (Ms), 
remnant magnetization (Mr), coercivity (Hc), observed 
magnetic moments (nµobs), calculated magnetic moments 
(nµcal), the Yafet–Kittel angles (αY−K), and anisotropy con-
stant (K) are illustrated in Table 2.

In general, the aluminum  Al3+ as nonmagnetic ions 
are known to be ‘B’ sites preferable than less percentage 
of  Al3+ ions occupy ‘A’ sites in the present system. The 

replacement of an  Al3+ ion that has no magnetic moment 
(0 µB) instead of a  Fe3+ ion (5 µB) will dilute the magneti-
zation at the octahedral site and hence reduces the mag-
netic moment and accordingly the magnetization of the 
lattice. Consequently, the reduction in both magnetization 
and the area of the hysteresis loops will change the inves-
tigated system from hard to soft ferrite, accordingly, the 
 CoFe1−xCoxO4 is appropriate for high-frequency devices.

The anisotropy constant ‘K’ is estimated from the 
Stoner–Wohlfarth relation as follows [43]

Non-collinearity (canting) of spins on the surface of the 
samples, as well as the decrease of spin–orbit coupling, is 
the main issue for the obtained data.

Table 2 illustrates the estimated magnetic parameters of 
 CoAlxFe2−xO4; 0 ≤ x ≤ 0.7. The variation of coercivity with 
particle size is explained on the basis of the domain size 
of the particle and crystal anisotropy [44]. Also, it may be 
caused by lowering the anisotropy barrier in small particles 

(3)K =
H

C
×M

S

0.98

(a) (b)

Fig. 6  a The hysteresis loops for  CoAlxFe2−xO4; 0.0 ≤ x ≤ 0.7 nano-ferrite b fitting plot between M versus 1/H2

Table 2  Estimated remnant magnetization (Mr), saturation magnetiza-
tion (Ms), squareness (Mr/Ms). Coercivity (Hc), Magnetic anisotropy 
(K), the magnetic moment of A and B sites, experimental magnetic 

moments, the Yafet–Kittel angles, and switching field distribution 
(SFD) of  CoAlxFe2−xO4; 0 ≤ x ≤ 0.7

Sample Mr
emu/g

Ms
emu/g

Mr/Ms Hc
(G)

K 
(G.emu)/g ×  103

MA (μB) MB (μB) nB (calcu) nB (exp)
(μB)

αY-K SFD

CoFe2O4 30.838 65.07 0.474 1486.4 98.74 5 8 3 2.73 14.93 1.68
CoAl0.3Fe1.7O4 23.869 53.79 0.444 984.69 54.10 4.225 7.275 3.05 2.18 28.44 2.03
CoAl0.5Fe1.5O4 16.604 41.68 0.398 778.57 33.12 4.025 6.475 2.45 1.64 28.97 2.38
CoAl0.7Fe1.3O4 5.4711 16.58 0.33 677.25 11.46 4.475 5.275 0.8 0.64 14.15 3.69
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and the small anisotropy density in the case of higher Al 
content [45].

The squareness (Mr/Ms) is the significant characteristic 
parameter for applications for ferro/ferrimagnetic materials. 
The compositional variation of the squareness is listed in the 
Table. The gradually decrease of Mr/Ms with Al content indi-
cates the switching to the multidomain nature of the highly 
doped Al samples.

However, the magnetic parameters decrease with increas-
ing Al content as shown in the Table. Similar behavior was 
reported for Al-substituted soft ferrites [46]. It is obvious 
from Table 2 that the values of nBexp are systematically lower 
compared to that calculated by the Neel model nBcal. This 
difference suggests a deviation from the perfect collinear 
structure of spins in the tetra and octahedral sites. Con-
sequently, the system cannot be elucidated completely by 
the Neel model, but can be elucidated by Yafet and Kittel’s 
model [47, 48]. The Yafet–Kittel angles (αY−K) describe the 
spin canting created by the dopants.

The values of αY−K have been calculated using the fol-
lowing formula [49]

where MA, MB are the magnetic moment of A and B sites, 
respectively, expressed in the units of Bohr magneton (μB). 
The magnetic moment of Co, Fe, and Al is 3 μB, 5 μB, and 
0 μB, respectively [34]. The experimental magnetic moment 
is calculated as mentioned in the previous work [50], and 
tabulated in the Table.

The value of the αY–K angle is in the range 14.15–28.97°, 
which ratifies the existence of a triangular (canted) spin 
arrangement in  CoAlxFe2−xO4. This indicates that the ran-
domness and frustration increase with increasing Al con-
tent and a significant departure from the Neel-type collinear 
magnetic order is detected [51]. Similar results have been 

(4)�YK = cos
−1

(

nB +MA

MB

)

reports for Cu-Mn and Mg-Zn ferrites [52, 53]. Initially, for 
0 ≤ x ˂ 0.7 αYK increases suggest triangular spin arrange-
ments on the B site, results in the weakening of A-B interac-
tion and strengthening B–B interaction.

The decrease of αYK for samples with x = 0.7 implies a 
reduction of triangular spin arrangement on the B. Addition-
ally, the increase in Al content (x = 0.7) leads to an increase 
of Fe migration from B-site to A-site and consequently 
increases the net magnetic moment of A site. Accordingly, 
an increase in the A–A interaction and a decrease in the 
B–B interaction are expected. Furthermore, information on 
magnetic interactions can also be obtained via bond angles 
as discussed below.

The types and the distribution of cations between A and B 
sites have a strong effect on the exchange interactions among 
them. In ferrites, there are three reasonable super exchange 
interactions as follows: A–A, B–B, and A–B interactions 
(Fig. 7) where the A-B interaction is much strongest one.

The strength of the A–B, B–B, and A–A interactions 
depends on both the bond lengths and bond angles between 
the cations and cation–anion. The strength of interaction var-
ies directly with bond angle and inversely with bond length 
for the  CoFe2−x  AlxO4; (0 ≤ x ≤ 0.7) spinel nano-ferrites.

The bond lengths are tabulated in Table 3, while the bond 
angles (θ1, θ2, θ3, θ4, and θ5) between the cations and cat-
ion–anion are estimated using the following relations and 
tabulated in Table 4 [54, 55]

Fig. 7  Schematic configuration 
of the ion pairs in spinel ferrite 
with favorable distances and 
angles for effective magnetic 
interactions

Table 3  The estimated bond distances for  CoAl0.3Fe1.7O4
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In the present case, the estimated bond angles for the 
 CoFe2−xAlxO4 (0 ≤ x < 0.7) indicate that θ1, θ2, and θ5 
decrease, while θ3 and θ4 nearly increase with increasing 
 Al2+ ion content. This can be attributed to the cationic rear-
rangement due to Al-doping as confirmed from the previous 
discussion. The increase in θ3 and θ4 indicates a strengthen-
ing of B–B interactions, while θ1, θ2, and θ5 decrease, which 
is indicative of weakening A–B and A–A interactions.

The correlation between bond angle and canting angle 
αYK is detected. Table 4 shows the bond angle and the αYK, 
essentially depending on Al content. Consequently, the fluc-
tuation of the strengthening of B–B and the weakening of 
the A–B interaction is detected.

Figure 8 shows the switching field distribution field SFD 
value for the  CoAlxFe2−xO4; 0.0 ≤ 0.7 as a function of coer-
civity. Its value is calculated from the following equation 
as the ratio of the half-width of the peak in the ∂ M/∂H and 
coercivity

(5)
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(6)SFD =
ΔH

Hc

Double peaks are detected for all studied samples as 
shown in the figure. Generally, the observed peaks ratify 
the competition between exchange coupling and strong dipo-
lar interactions. Adjusting the dipolar field energy and the 
exchange coupling energy to a value of the same order leads 
to a double peak derivative. The first peak comes from the 
saturation field and occurs before reaching zero-field [56]. 
Therefore, for the investigated sample, the dipolar interac-
tions are more effective, which implies a strong reduction of 
the inter bump exchange coupling in our bump array.

From the above arguments, it is concluded that the small 
SFD value of the investigated sample is due to an intrinsic 
magnetic nature such as uniformity of substitution and crys-
tallinity as confirmed from XRD data.

4  Conclusion

The citrate auto-combustion technique was successfully used 
to obtain  CoFe2−xAlxO4 ferrite nanoparticles. The crystallite 
sizes of the studied samples are in the range of 52–14 nm 
depended on Al ion concentration. The  Ms decreases with 
increasing Al content and can be correlated to the weakening 
of the super exchange interaction between A-site and B-site. 
The reduction in the magnetization and the hysteresis loops 
will change the investigated system from hard to soft fer-
rite; accordingly, the  CoFe1-xCoxO4 is appropriate for high-
frequency devices.

Distinct advantage and uniqueness of the manuscript as 
compared to the previous literature (8, 41, 47, 54, 56) lies 
in the strong correlation between cation distribution, bond 

Table 4  The estimated bond 
angles for  CoAl0.3Fe1.7O4

Samples θ1° θ2° θ3° θ4° θ5° αY-K

CoFe2O4 124.3 149.5 91.4 125.6 77.1 14.93
CoFe1.7Al0.3O4 123.3 145 95.93 125.9 74.4 28.44
CoFe1.5Al0.5O4 123.1 144.3 93.11 126.7 74 28.97
CoFe1.3Al0.7O4 123.4 145.2 92.81 125.9 74.6 14.15

Fig. 8  a–d Switching field distribution for  CoAlxFe2−xO4 with x = 0.0, 0.3, and 0.5 at room temperature
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angle, bond length, canting angle αYK and the magnetic prop-
erties of the  CoAlxFe2−xO4 0.0 ≤ x ≤ 0. 7 nanoparticles.

The Yafet and Kittel’s model is more appropriate to elu-
cidate the investigated system compared to the Neel model.
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