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ABSTRACT 

We consider the influence of the magnetic cation (Ni2+) substitution on the structural and magnetic 

properties of Ba0.5Sr1.5Zn2-xNixFe12O22 (x = 0.8, 1, 1.5) powders. The powders were synthesized by 

using the citric-acid sol–gel auto-combustion method. Their ac-magnetization was measured in an 

ac-magnetic field with an amplitude of 10 Oe and a frequency of 1000 Hz to detect any magnetic 

phase transitions. A strong influence of the Ni-substitution on the magnetic properties was thus 

observed. A magnetic phase transition from a helicoidal to a ferrimagnetic spin order at 284 K was 

observed for the sample Ba0.5Sr1.5Zn0.5Ni1.5Fe12O22. The magnetic-phase transition from conical spin 

order to hellicoidal spin order was registered at 149 K and 177 K for x = 0.8 and x = 1, respectively. 

Triple hysteresis loops were observed for all samples at 4.2 K, which indicates the presence of two 

kinds of ferromagnetic states with different magnetization values. 
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1. Introduction 

For the magneto-electric multiferroic materials to be suitable for practical applications, the 

magneto-electric coupling in them should be both large and active at room temperature, with the 

magnetic ordering temperature being high. Preparation of a material in which large ferroelectricity 

and strong ferromagnetism coexist would be a milestone for modern electrics and functionalized 

materials [1]. It is believed that the large magneto-electric effect is due to the possibility of a strong 

interplay between magnetization and electric polarization in insulating systems with long-

wavelength cycloidal, sinusoidal, spiral and conical magnetic structures [2,3]. The hexaferrites are 

one class of materials with a long-wavelength magnetic structure [4,5], and are thus promising 

multiferroic materials possessing potential for manipulation of the polarization by a magnetic field 

up to room temperature [6–12]. The crystal structure of Y hexaferrites belongs to the 

rhombohedral space group R(-3 m) and can be considered as consisting of two types of crystal S- 

and T-blocks consecutively stacked along the hexagonal c axis in the sequence (TST’ST”S”), with 

the primes indicating rotation about the c axis by 120° [13]. The hexagonal unit cell is thus made up 

of three T-blocks and three S-blocks containing 18 oxygen layers. There are six sites for metals, four 

of them octahedral and two tetrahedral in the S-block (Me2Fe4O8; spinel block). The T-block 

(Ba2Fe8O14) is made up of four oxygen layers, with a barium atom substituting an oxygen atom in 

the inner two layers, which are opposite to one another in the neighboring layers, resulting in two 

tetrahedral and six octahedral sites [13]. All cations (Me+2 and Fe+3) are positioned in six specific 

crystallographic sites: two tetrahedral sites and four octahedral sites. For example, the Zn2+ cations 

prefer to occupy tetrahedral sites, together with the Fe3+ cations in Ba2-xSrxZn2Fe12O22 [14,15]. Using 

the qualitative approach and magnetic data, [16] predicted the orientation of the magnetic 

moments in the Y-type ferrite sublattices and the relative strength of the super exchange 

interactions. Thus, for the Zn2Y he evaluated the saturation magnetization value to be 20 μB if the 

zinc atoms are present only in the tetrahedral sites, but the value measured is only 17.6 μB. The two 

magnetic sublattices are different from the crystal structural blocks, namely, Lm and Sm blocks 

alternating along [0 0 1], which bear, correspondingly, opposite large and small magnetization [17]. 

Taking into consideration these two sublattices, Lm and Sm, helps one understand the magnetic 

structures of Y-type hexaferrites because the strongest magnetic interaction occurs inside the T 

block. The superexchange interaction across the boundary of the sublattices, Fe(4)-O(2)-Fe(5), can 

be affected by a proper substitution, e.g., replacing the large Ba2+ with the smaller Sr2+ [18]. 

Therefore, the T block, which contains the Fe(4)-O(2)-Fe(5) bonds, is essential in bringing into being 

the non-collinear screw structure in the Y-type hexaferrite. The Y-type hexagonal ferrite 

Ba0.5Sr1.5Zn2Fe12O22 is a multiferroic material at room temperature in a low magnetic field of 0.1 T. 

The magnetic phase transitions in single crystal Ba0.5Sr1.5Zn2Fe12O22 hexaferrites have been studied 

thoroughly, with the magnetic-phase diagram data exhibiting significant complexity [19,20]. Of 

importance were found to be not only the crystallographic positions occupied by metal cations, 

but also the defects in the crystal lattice, including those of oxygen at the crystal surface. 

Generally, two transitions are taking place – from collinear ferromagnetic to proper-screw (helical) 
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spin order, and from proper-screw to conical spin order. It was also found that Ba0.5Sr1.5Zn2Fe12O22 

shows a helical spin order, where the spin moments lie and rotate in the ab-plane below 326 K 

(Néel temperature) [20]. The partial substitution of Ba2+ cations with Sr2+ cations in Ba2-

xSrxZn2Fe12O22 leads to a lattice deformation around the Sr2+ positions due to the smaller ionic 

radius of strontium accompanied with a redistribution of Zn2+ and Fe3+ in the tetrahedral sites. 

Lately, single crystals of Ba0.5Sr1.5Ni2Fe12O22 were reported to order magnetically at much higher 

temperatures (TN = 650 K) than Ba0.5Sr1.5Zn2Fe12O22 (TN = 326 K) [6,20]. 

Therefore, motivated by the wide range of applications and unique magnetic properties of the 

hexaferrites in powder form, an attempt was made in the present work to understand the effect of 

the magnetic cation (Ni2+) substitution for the diamagnetic Zn2+ on the magnetic phase transition of 

Ba0.5Sr1.5Zn2-xNixFe12O22 (x = 0.8, 1, 1.5) powders. 

2. Experimental 

Polycrystalline samples of Ni-doped Ba0.5Sr1.5Zn2Fe12O22 were fabricated by a modified citric acid 

sol–gel auto-combustion using stoichiometric amounts of the precursors. The corresponding 

metal nitrates were used as starting materials, and a citric acid solution was slowly added to the 

mixed nitrates as a chelator to form stable complexes with the metal cations. The solution was 

then slowly evaporated to form a gel, which was dehydrated at 120 °C and turned into a fluffy mass 

which burned in a self-propagating combustion manner. The auto-combusted powders obtained 

were homogenized and thermally treated using an STF 15/450 Carbolite furnace as follows: heating 

up to 800 °C at a heating rate of 200 °C/h; the material was then kept at 800 °C for three hours to 

remove any remaining organic components; finally, the powder was cooled slowly to room 

temperature at the average cooling rate of 70 °C/h. Then the powders were pressed at 7 MPa to 

bulk pellets with a diameter of 16 mm. The pressing mold was treated with paraffin viscous (Merck) 

and no binder was used. The pellets were annealed at 1170 °C in air for 10 h after heating at the 

maximal furnace heating rate to obtain the Ba0.5Sr1.5Zn2-xNixFe12O22 compositions with x = 0.8, 1, and 

1.5. Finally, the pellets were cooled down freely to room temperature at the average cooling rate of 

70 °C/h. The bulk material thus obtained is suitable for microscopic studies of the effect of Ni 

substitution on the morphology of Ba0.5Sr1.5Zn2-xNixFe12O22 particles. The pellets were cut to study 

their homogeneity by microscopic and EDS analyses. Finally, the pellets were ground to obtain the 

powder materials for magnetic measurements. 

The structure and phase purity of the sintered pellets were investigated by X-ray diffraction (XRD) 

measurements performed using a Brucker D8 diffractometer (40 kV, 30 mA) controlled by a 

DIFFRACT-PLUS software in Bragg-Brentano reflection geometry with Cu-Kα radiation (λ = 1.5418 

Å). Scanning electron microscopy and energy dispersive X-ray spectroscopy (FEI XL30 FEG-ESEM, 

Bruker Quantax EDS coupled to ESEM) were used to determine the samples’ morphology and the 

Ba:Sr:Zn:Ni:Fe ratio, respectively. The magnetic properties were measured by means of a physical-

property-measurement-system (PPMS) from Quantum Design equipped with an ACMS option. The 

hysteresis measurements were conducted at 4.2 K. The ac susceptibility was measured in an ac 
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magnetic field with amplitude of 10 Oe at a frequency of 1 kHz. The sample was first cooled down 

to 4.2 K in the absence of a magnetic field and the ac susceptibility was measured as the 

temperature was raised up to 300 K. 

3. Results and discussion 

Fig. 1 (a) and (b) show typical X-ray diffraction patterns of the as-obtained auto-combusted 

powder and of the powder thermally-treated at 800 °C for three hours. For all compositions, the as-

synthesized samples consisted of a spinel-type phase with crystallite sizes in the range 10–12 nm 

and a unit cell parameter around 8.37–8.375 Å. The latter value is intermediate between that of 

NiFe2O4 (8.336 Å) and that of ZnFe2O4 (8.441 Å), suggesting a spinel structure of Ni - Zn mixed ferrite 

(Zn, Ni)Fe2O4. The second crystalline phase is a mixed carbonate of barium and strontium, i.e. (Ba, 

Sr)CO3, as can be deduced from the intermediate cell parameters between those of BaCO3 and of 

SrCO3. The crystallite size of this phase is about 18–19 nm. The thermal treatment of all 

compositions at 800 °C leads to the disappearance of the carbonate constituent and the formation 

of oxide products with the participation of Ba and Sr, namely BaFeO3-x and BaSrFe4O8. The amount 

of hexagonal BaSrFe4O8 is higher for samples with a Zn:Ni ratio other than  1. More information is 

given in the supplementary file. The powders obtained after thermal treatment at 800 °C were used 

for pellet preparation and were further synthesized at 1170° C in air for ten hours. 

As can be seen in the XRD patterns, none of the substances in the auto-combusted powder and the 

one thermally-treated at 800 °C were observed as second phases in the obtained Ba0.5Sr1.5Zn2-

xNixFe12O22 (x = 0.8, 1, and 1.5) (Fig. 1 c, d, e). In our synthesis, there were no signs of nickel spinel 

ferrite decomposition to NiO as observed by Corso et al. [21]. More information is given in the 

supplementary file. 

The calculated crystal cell parameters a and c are presented in Table 1. The X-ray density (DX-ray) of 

the samples is calculated from the XRD data, while the experimental density (Dex) is calculated from 

the samples’ mass and size [22]. As can be seen, the presence of Ni2+ cations did not alter 

significantly the crystal cell parameters. There is no difference in the calculated values of X-ray 

density due to the similar crystal cell parameters of the three samples. As expected, the values of 

the experimental density are lower than those of the X-ray density, in line with our intent to 

achieve sufficient inter-particle distance to study the samples’ morphology. 

Fig. 2 shows SEM images of polished cross-sections of the bulk samples. As can be seen, the Ni 

substitution did not affect the samples’ microstructure. For each sample, energy-dispersive X-ray 

(EDS) microanalysis was performed on the shown area and four separate points of Fig. 2; the 

averaged results for the elemental ratios, together with the unit cell parameters are summarized in 

Table 1. As can be seen, the Ba:Sr:Zn:Ni:Fe ratio corresponds to the stoichiometric one. 
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Fig. 1. XRD patterns of (a) auto-combusted powder, (b) powder annealed at 800 °C for 3 h (c) 

Ba0.5Sr1.5Zn1.2Ni0.8Fe12O22, (d) Ba0.5Sr1.5ZnNiFe12O22 and (e) Ba0.5Sr1.5Zn0.5Ni1.5Fe12O22. 

 

Table 1. Unit cell parameters a, c, experimental Dexp and calculated X-ray density DX-ray, and Ba:Sr:Zn:Ni:Fe 

ratio from EDS analysis of Ba0.5Sr1.5Zn2-xNixFe12O22 (x = 0.8, 1, 1.5) samples. 

Sample a, Å c, Å DX-ray, g/cm3 Dexp, g/cm3 Ba:Sr:Zn:Ni:Fe 

Ba0.5Sr1.5Zn1.2Ni0.8Fe12O22 5.915 40.743 5.455 3.104 0.5:1.5:1.1:0.8:12:1 

Ba0.5Sr1.5ZnNiFe12O22 5.914 40.748 5.453 3.784 0.5:1.6:1.1:1:12.3 

Ba0.5Sr1.5Zn0.5Ni1.5Fe12O22 5.911 40.743 5.456 3.565 0.5:1.5:0.5:1.47:12.2 
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Fig. 2. SEM images of (a) Ba0.5Sr1.5Zn1.2Ni0.8Fe12O22, (b) Ba0.5Sr1.5ZnNiFe12O22 and (c) Ba0.5Sr1.5Zn0.5Ni1.5Fe12O22. 

 

Fig. 3 presents the differential susceptibility of Ba0.5Sr1.5Zn2-xNixFe12O22 (x = 0.8, 1, 1.5) in the 

temperature region 4–300 K. The real part of the ac susceptibility increases with the temperature; a 

change in its behavior is seen at a temperature of about 225 K, namely, a sharp rise. It should be 

emphasized that, in contrast with the other two samples, for the composition x = 0.8 no maximum 

of the real part curve is observed at 300 K; and neither is a maximum present in its imaginary part 

curve at about 280–290 K. This indicates that the helicoidal/ferromagnetic transition occurs above 

room temperature. Two maxima are seen in the imaginary part of ac-susceptibility curves at 10 K 

and 148 K. We relate the maximum at 148 K to the magnetic-phase transition from conical spin 

order to hellicoidal spin order. In the sample x = 1, in which the ratio between Zn and Ni is 1, there 

is a weakly expressed maximum in the imaginary part of ac-susceptibility curve at 177 K and a 

maximum at 282 K due to the magnetic phase transitions from conical spin order to hellicoidal spin 

and from helicoidal to ferrimagnetic spin order, respectively. At the highest substitution level (x = 

1.5), there is only one maximum in the imaginary part of ac-susceptibility curves at 284 K, which we 

believe is due to a magnetic phase transition from helicoidal to ferrimagnetic spin order. 

To investigate the magnetic behavior at low temperatures, we measured the magnetization in an 

applied magnetic field at 4.2 K (Fig. 4). The magnetization curves of compositions x = 0.8 and 1 

show a similar course. The magnetization steeply increases up to H ~ 1.7 kOe and then exhibits a 

different behavior – a divergent tendency up to H ~ 30 kOe. Similar behavior has been reported by 
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Hiraoka et al. [23] for a Ba0.5Sr1.5Ni2Fe12O22 single crystal at 20 K, providing evidence for magnetic-

field-induced transitions between different magnetic arrangements. One can see that in the Ba2-

xSrxZn2Fe12O22 system, the case x = 1 exhibits the highest saturation magnetization value. The most 

likely cause is the cationic distribution in the sublattices in a way that results in the highest net 

magnetization of the sample. 

 

Fig. 3. Temperature dependence of the differential ac susceptibility (real part χ’, and imaginary part χ’’) of 

the compositions (a) Ba0.5Sr1.5Zn1.2Ni0.8Fe12O22, (b) Ba0.5Sr1.5ZnNiFe12O22 and (c) Ba0.5Sr1.5Zn0.5Ni1.5Fe12O22 

recorded at an ac-magnetic field with an amplitude of 10 Oe and a frequency of 1000 Hz. 

 

 

Fig. 4. Initial magnetization of Ba0.5Sr1.5Zn2-xNixFe12O22 (x = 0.8, 1, 1.5) at 4.2 K. 
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It is noteworthy that the sample with the highest content of nickel ions, which bear magnetic 

moments, has a lower value of magnetization of 5 kOe than the other two samples. This should be 

related to the known preference of the non-magnetic Zn2+ cations to occupy tetrahedral positions, 

whereas magnetic Ni2+ cations prefer to enter octahedral positions [24]. This entails the migration 

of iron cations between crystallographic sites with octahedral and tetrahedral oxygen 

configuration and is accompanied by a corresponding change in the magnetic structure. 

Fig. 5 presents the hysteresis curves of the investigated compositions. As can be seen from their 

course in the low magnetic field region (right panel), a triple hysteresis loop is evident to occur for 

all three compositions, which points to the presence of two kinds of ferromagnetic states with 

different magnetization values. It is well known that in Ba2-xSrxZn2Fe12O22 the substitution of Sr2+ at x 

= 1.5 results in a change in the magnetic phase from the ferromagnetic arrangement of Fe3+ spins in 

unsubstituted samples to a screw spin order. Once affected by a magnetic field, in the region of a 

low magnetic field the magnetic system undergoes transitions through metamagnetic states, 

including those between screw spin order and conical spin order. The change in the magnetic 

structure affects the magnetization of the specimen and gives rise to the observation of a 

multistage hysteresis loop. Similar behavior with a triple hysteresis loop is shown by Khanduri et 

al. [25] for Ba2-xSrxMg2Fe12O22. In our study, this behavior is best expressed by the composition 

Ba0.5Sr1.5ZnNiFe12O22. More detailed studies using neutron diffraction are needed to unravel the 

magnetic structure of the intermediate phases and the distribution of magnetic cations (Fe3+, Ni2+). 

 

Fig. 5. Hysteresis curves of Ba0.5Sr1.5Zn2-xNixFe12O22 (x = 0.8, 1, 1.5) at 4.2 K. The right panel shows the course of 

magnetization in the low magnetic field region. 

4. Conclusion 

The structural and magnetic properties of three different compositions of the Y-type hexaferrite 

system Ba0.5Sr1.5Zn2-xNixFe12O22 (x = 0.8, 1, 1.5) were investigated by X ray diffraction, scanning 

electron microscopy, energy dispersive X-ray spectroscopy and static and dynamic magnetization 

measurements. The samples were prepared by following a modified citric acid self-combustion 

route providing products with an atomic ratio of the elements that is characteristic of the 
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stoichiometric composition and a microstructure and crystallinity practically unaffected from the 

nickel substitution level. The magnetization and ac susceptibility showed a rather complicated 

behavior manifested by specific triple magnetic hysteresis loops for the three studied 

compositions and reflected in the magnetic field-induced transitions between the magnetic 

arrangements depending on the degree of nickel substitution. We observed an increase in the 

temperature of the magnetic phase transitions as the amount of Ni replacing Zn is increased. In 

this way, we obtained a material that is promising for a variety of applications (for example, 

nonvolatile memory) based on the properties of a single-phase multiferroic at room temperature. 
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