
Journal of ELECTRICAL ENGINEERING, VOL. 56, NO. 1-2, 2005, 21–25

PROPERTIES OF M–TYPE BARIUM FERRITE
DOPED BY SELECTED IONS
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The magnetic and structural properties of substituted Ba hexaferrite M-type samples with composition BaFe12−2x(Me1−
Me2)xO19 ,where Me1 = Zn, Co, Ni, and Me2 = Zr, Ti, were compared. The powder samples with 0.0 ≤ x ≤ 0.6 were
prepared by two processing routes. Different Fe/Ba ratio was used for mechanical alloying (Fe/Ba = 10.0) and for the

citrate precursor method (Fe/Ba = 10.8). Magnetic properties were studied by both vibrating sample magnetometry and
thermomagnetic analysis. The ferrite formation process was followed by Mssbauer spectroscopy.
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1 INTRODUCTION

M-type barium hexaferrite BaFe12O19 exhibits high-
saturated magnetic polarisation Js , strong uniaxial crys-
talline anisotropy and large coercivity Hc . For this rea-
son, it is mainly utilized for the production of permanent
magnets. Nevertheless, when substituting Fe3+ and/or

Ba2+ ions by other metal cations or cation combina-
tions, its great magnetocrystalline anisotropy can be di-
minished, which leads to its new properties for a variety
of applications. Substituted barium hexaferrites are suit-
able for high-density perpendicular and magneto- opti-
cal recording [1], and microwave devices applications [2].
These electronical applications require a material with
strict control of its properties such as magnetic param-
eters, homogeneity, particle size and shape, temperature
dependence of the coercivity ∆Hc/∆T and remanent po-
larization Jr .

Co-Ti mixture is one of the most studied that has
demonstrated that Hc decreases (from ∼ 360 kA/m to
∼ 80 kA/m) with the increase in substitution level 0 ≤

x ≤ 0.6 without a significant reduction of magnetic polar-
isation [1]. Moreover, narrow switching field distribution
(SFD) and excellent high-frequency response were found
for this substitution [3, 4]. On the other hand, it is known,

that Ni2+ ions reduce the temperature coefficient of co-
ercivity (∆Hc/∆T ), which is an important parameter for
the stability of the recorded data [5]. Likewise, it has been

shown that Zn2+ ions have preference for 4f1 tetrahedral
sites and Ti4+ ions for 4f2 and 12k octahedral sites in
BaM doped with Zn-Ti, besides, this hexaferrite possesses
a positive temperature coefficient of coercivity [6]. Zn-Zr
substituted barium hexaferrite nanoparticles exhibit an
extraordinary high Js at low substitutions (maximum
at x = 0.4), and a coercivity easily controllable (from

360 kA/m to 16 kA/m) [4]. Single-phase formation in Co-
Zr system with the best properties was observed after
calcination in a flux of NaCl at 900 ◦C for 4 h [7]. How-
ever, from economical point of view, Zr- salts are cheaper
than those of Ti. In addition, these salts are easily solu-
ble in water, being so even more suitable for liquid phase
preparation [8].

In this paper, the effect of several metal ion combina-
tions (Zn, Co, Ni with Zr or Ti) on the magnetic proper-
ties and magnetocrystalline structure of the barium hexa-
ferrite was investigated. The samples were synthesized by
citrate precursor method and mechanical alloying. The
estimation of the influence of doping concentration on
structural parameters is shown.

2 EXPERIMENTAL

Sample preparation route (1) — The preparation
route, where the samples are labelled as (Mx), is as fol-
lows: Fe2O3 , BaCO3 , ZnO, NiO, TiO2 and ZrO4 purity
(∼ 98%), were used as raw materials. The Fe/Ba ratio
of 10 was chosen. Mechanical alloying was performed in a
high-energy mill (Segvary Attritor) using a ball/powder
ratio of 15. Milling was carried out for 45 h in air with an
angular frequency of 400 rpm. A liquid medium (250 ml
of benzene) was added to avoid agglomeration of powders
at the bottom of the mill, and to assure active participa-
tion of powders in the milling process. After mechanical
milling, the powders were annealed at 1050 ◦C for 1.5 h.

Sample preparation route (2) - samples labelled as
(Sk), with high purity (99%) Fe(NO3)3.9H2O, Ba(OH)2.
8H2O, and other reagents (ie ZrOCl2 , titanyl acety-
lacetonate TiO(acac)2 , Zn(CH3COO)2 , Co(NO3)2 or
Ni(NO3)2 ) were used as the starting materials. In this
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Fig. 1. The temperature dependences of the magnetic susceptibility

for Ba(ZnZr)xFe12−2xO19 (Sk).

Fig. 2. The temperature dependences of the magnetic susceptibility

for Ba(CoZr)xFe12−2xO19 (Sk).

Fig. 3. The temperature dependences of the magnetic susceptibility
for Ba(NiZr)xFe12−2xO19 (Sk).

Fig. 4. The temperature dependences of the magnetic susceptibility
for Ba(NiZr)xFe12−2xO19 (Mx).

case, a Fe/Ba ratio of 10.8 was optimal. An aqueous solu-

tion was prepared from dissolving Fe(NO3)3.9H2O into

deionized water, where the amount of the iron was gravi-

metrically determined. From this, iron hydroxide was pre-

cipitated by adding drop by drop a concentrated ammo-

nia solution under constant stirring. A second solution

was prepared by dissolving citric acid into deionized wa-

ter along with the other reagents (ZrOCl2 , TiO(acac)2 ,

Zn(CH3COO)2 , Co(NO3)2 or Ni(NO3)2). Both solutions

were mixed together and an additional small amount of

ethylene glycol was added to obtain an amorphous phase

after dehydration. The solvent was removed by introduc-

ing the solution in an excessive amount of alcohol during

one hour. The finely divided precipitate was heated at

80 ◦C with a soaking time of 30 min, and then filtered

and dried in a vacuum oven. Afterwards, the amorphous

citrate precursor was decomposed at 360 ◦C for 5 hours.

The samples were successively annealed at temperatures

700 ◦C and 1070 ◦C for 2 h in a muffle furnace.

The magnetic properties were measured on a vibrat-

ing sample magnetometer (VSM) with a maximum ap-

plied external magnetic field of 540 kA/m. The phase

constitution was analyzed by Mössbauer spectroscopy us-

ing a conventional constant acceleration mode with a
57Co source in Rh matrix. The spectra were fitted using

the NORMOS software package. The temperature depen-

dences of the magnetic susceptibility χ(ϑ) were measured

by the bridge method while the samples were heated at
a constant rate of 4 ◦C/min.

3 RESULTS AND DISCUSSION

The temperature dependences of the magnetic sus-
ceptibility χ versus temperature ϑ , for selected substi-
tutions x are shown in Figs. 1–4. The initial suscepti-
bility is given in arbitrary units and is related to the
same amount of sample for all cases. The χ(ϑ) depen-
dences for pure x = 0.0 (Mx and Sk) samples show, in
the vicinity of the Curie temperature, a sharp Hopkinson
peak for monophase M-hexaferrite. For (Me1 –Zr), sub-
stituted (Sk) samples, χ(ϑ) up to x < 0.6, show single-
phase curves (Figs. 1–3), however, the Hopkinson peaks
are broadened. This is attributed mainly to a wide dis-
tribution in the shape of the particles and a spread in
the composition. For Zn–Zr and Co–Zr substituted (Sk)
samples, χ(ϑ) curves show a small maximum before the
Hopkinson peak, probably owing to the disorders in the
composition.

The results of curves for Ni-Zr (Mx) samples are not
explicit in Fig. 4, due to both the presence of maxima be-
low Tc of pure magnetoplumbite phase and a secondary
magnetic phase with Tc of around 560 ◦C which probably
corresponds to a spinel phase. These results are very dif-
ferent from those found in Ni-Zr (Sk) samples, where the
χ(ϑ) curves show almost a monophase behaviour (Fig. 3).
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Fig. 5. The temperature dependences of the magnetic susceptibility
for Ba(ZnTi)xFe12−2xO19 (Sk).

Fig. 6. The temperature dependences of the magnetic susceptibility
for Ba(CoTi)xFe12−2xO19 (Sk).

Fig. 7. The temperature dependences of the magnetic susceptibility

for Ba(NiTi)xFe12−2xO19 (Sk).

Fig. 8. Curie temperatures of substituted

Ba(Me1 –Zr)xFe12−2xO19 ferrites.
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Fig. 9. Curie temperatures of substituted

Ba(Me1 –Ti)xFe12−2xO19 ferrite.
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Fig. 10. Occupation fractions for Ba(ZnTi)xFe12−2xO19 , (Sk).

Figures 5, 6 and 7 show the χ(ϑ) dependences for sub-

stituted (Me1 –Ti) (Sk) samples (where Me1 = Zn, Co,

Ni). One can observe single-phase curves for all (Me1 –

Ti) substituted samples except for Ni–Ti substitution

x = 0.6. It could be observed that the Hopkinson peaks

appeared for all Co–Ti substitutions.

It is important to notice that χ(ϑ) curves measured

for (Me1 –Zr) substitutions had roughly similar behaviour

like those for (Me1 –Ti) substitutions (Sk) samples. One

could also see a smaller decrease of Tc for Co–Ti mixtures

than that for Co–Zr substitutions, probably caused by

the deficiency in building in of titanium from the Co–Ti

substituents in the hexagonal structure for (Sk) samples.

This could be a result of the presence of dissolved tita-

nium ions in ethanol used for the ferrite preparation. The

χ(ϑ) curves for Ni–Zr (Mx) samples presented multiphase

system (Fig. 4) and the same behaviour have the Ni–Ti

(Mx) samples. It confirms the Tc vs. x curves (Figs. 8

and 9), whose changes of Tc values with substitutions are

negligible.

These substitutions are no explicit, due to presence

of maxima below Tc of pure Ba ferrite and second mag-

netic phases with Tc about 560 ◦C–580 ◦C. The values of

ordering temperatures Tc were obtained from the maxi-

mum of the χ(ϑ) curve. The Tc of all substitutions for

(Me1 –Zr) systems decreased with the substitution rate

(Fig. 8). The highest Tc values versus substitution x were

obtained for Ni–Zr substituted (Mx) samples. In Fig. 9,
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Table 1. Magnetic properties of substituted Ba ferrites.

x Js−m Js−r Hc Js−m Js−r Hc

(−) (10−6Tm3kg−1) (10−6Tm3kg−1) (kA/m) (10−6Tm3kg−1) (10−6Tm3kg−1) (kA/m)

Zn–Zr Zn–Ti
0.0 (Mx) 80.77 42.91 350 (Mx) 80.77 42.91 350
0.2 (Mx) 75.57 39.13 207 (Mx) 79.78 40.62 291
0.4 (Mx) 67.65 31.55 148 (Mx) 78.68 40.35 208
0.6 (Mx) 71.89 33.88 155 (Mx) 76.15 36.96 169
0.0 (Sk) 72.19 35.57 376 (Sk) 72.19 35.57 376
0.2 (Sk) 76.52 38.26 248 (Sk) 71.61 30.5 304
0.4 (Sk) 77.11 37.84 219 (Sk) 73.60 29.95 260
0.6 (Sk) 71.96 33.89 179 (Sk) 92.45 37.45 95

Ni–Zr Ni–Ti
0.0 (Mx) 80.77 42.91 350 (Mx) 80.77 42.91 350
0.2 (Mx) 75.06 38.47 215 (Mx) 75.79 39.96 246
0.4 (Mx) 72.46 35.37 152 (Mx) 73.28 36.75 208
0.6 (Mx) 69.95 31.77 127 (Mx) 71.97 33.50 175
0.0 (Sk) 72.19 35.57 376 (Sk) 72.19 35.57 376
0.2 (Sk) 82.63 42.76 254 (Sk) 75.24 39.01 320
0.4 (Sk) 85.94 42.28 207 (Sk) 72.31 37.49 254
0.6 (Sk) 79.99 38.24 190 (Sk) 62.59 29.84 221

Co–Zr Co–Ti
0.0 (Sk) 72.19 35.57 376 (Sk) 72.19 35.57 376
0.2 (Sk) 75.78 38.90 295 (Sk) 78.67 41.05 294
0.4 (Sk) 78.06 38.19 205 (Sk) 77.82 39.39 303
0.6 (Sk) 82.70 37.99 130 (Sk) 85.72 40.77 165

Fig. 11. Occupation fractions for Ba(CoTi)xFe12−2xO19 , (Sk). Fig. 12. Occupation fractions for Ba(NiTi)xFe12−2xO19 , (Sk).

one can see that Tc for all substitutions (Me1 –Ti) system

also decreased with the substitution rate.

The highest Tc values versus x were observed for

Ni–Ti substituted (Mx) samples, since these ferrite sys-

tems are disordered and contain additional spinel phase

with higher Tc than that of hexaferrite.

The magnetic properties of substituted BaM ferrites

up to a substitution x = 0.6 were measured according to

the method explained in [9] and are summarized in Ta-

ble 1. The values of Js−m vs. x decreased for (Mx) sam-

ples whilst for (Sk) samples increased except for Zn–Zr,

Ni–Zr at x = 0.6 substitutions. The Ni–Ti substitution

had a maximum at x = 0.2 and then decreased. The re-

duction of Js−m at higher substitution levels can be ex-

plained by assuming that the magnetic collinearity will

gradually break down after doping with non-magnetic

cations.

The Hc vs x behaviour decreases in all substitution

rates for both (Mx) and (Sk) samples. The occupation

fractions F (%) were calculated from the relative areas

S (%) and for pure BaM sample we can estimate it as a

superposition of four subspectra (4f2 , 4f1 +2a , 12k and

2b). The occupation fractions for Ba(NiTi)xFe12−2xO19 ,

(Sk) samples (Fig. 12.) were calculated.

For substituted Ba ferrites, 12k positions splits into

(12k and 12k′ ), from which 12k′ has the smallest hy-

perfine field ∼ 36T . The values of relative area S (%)

correspond to the number of iron ions (N ) at respec-
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tive sites. The occupation fractions of substituted ions
(F )sub for BaFe12−2x(Me1 –Ti)xO19 samples on the five
sites (Figs. 10–12) were estimated according to the for-
mula: Fsub(i) = [Nsub(i)/N(i)]x100% [4]. From the fig-
ures, it can be seen that the sites were more substituted
for 2b , 4f2 and 12k for all types of samples.

4 CONCLUSIONS

The magnetic properties Js−m , Js−r , and Hc for sam-
ples (Mx) of (Me1 –Me2 ) prepared by mechanical alloying
decreased in all concentration rates. Whereas the Js−m

of (Me1 –Me2 ) samples (Sk) prepared by citrate precur-
sor method increased except to Zn–Zr and Ni–Zr sub-
stitutions at x = 0.6. The substitutions Ni–Ti show a
maximum at x = 0.2. Hc decreases in all substitution
levels for (Sk) samples. The χ(ϑ) curves showed, that
(Sk) samples were monophasic in all cases, whilst (Mx)
samples with substitutions Ni–Ti and Ni–Zr showed sec-
ondary phases. The values of Curie temperature, Tc de-
crease faster for (Sk) samples with substitution x than for
(Mx) samples. The lower diminution in the Tc was due
to the presence of the secondary magnetic phase observed
in Ni-Zr and Ni-Ti substituted (Mx) samples.

Mössbauer studies show that the preference occupy of
the metal ions combinations were as follows:
(Sk) samples:

Co2+ – (4f1 + 2a), 2b , 4f2 and 12k

Ni2+ – 4f2 and 12k Zn2+ – 4f1 , 2b , 4f2 and 12k
Ti4+ – 4f2 and 12k Zr4+ – 2b and 4f1

(Mx) samples:

Zn2+ – 4f1 Ni2+ – 4f2 and 12k
Ti4+ – 12k and 4f2 Zr4+ – 2b and 4f1

The optimal values of Hc and Js−m , suitable for mag-
netic recording media were reached for Co–Zr substitu-
tion of (Sk) samples at x = 0.6. Prospectively, these ma-
terials can be important as well as fillers in microwave
absorbers of the ferrite — polymer composites.
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