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� Growth of large Zn-substituted crystals BaFe12�xZnxO19.
� Zn-content controllable by flux composition.
� Zn substitution influence on the unit cell parameters.
� Decrease of coercivity, magnetization and Curie temperature upon Zn-substitution.
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a b s t r a c t

Zn-doped barium hexaferrite BaFe12�xZnxO19 (0 � x � 0.065) single crystals were grown from carbonate
flux at temperatures below 1260 �C in order to study the effect of Zn-substitution on the structural and
magnetic properties. Upon increasing Zn-content the lattice parameters increase to a small degree, due
to a larger ionic size of Zn2þ as compared to Fe3þ. The saturation magnetization and coercivity of the
studied crystals turns out to depend very sensitive on the level of Zn-substitution. A considerable
coercivity decrease up to 30% was observed for samples with x ¼ 0.065, while the Curie temperature was
found to be comparably little influenced, dropping from 455 �C for the undoped compound to 445 �C for
the maximum x obtained. We demonstrate the possibility to use the carbonate flux growth method for
producing hexaferrite crystals and tune their functional properties via doping with zinc.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The interest in magnetic materials has historically been driven
by use to create permanent magnets and high density magnetic
recording storage devices. In the last decade, it has undergone
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significant changes due to the new opportunities for application of
the unique properties of magnetic materials.

An example of such material is barium hexaferrite (M-type
barium ferrite). The possibility to use hexaferrites in new applica-
tions explains the exponentially increasing degree of interest in
these materials, which is ongoing today [1]. The structural and
magnetic properties of barium hexaferrites were found to be
strongly dependent on the fabrication method as well as on the
substitution of Fe with ions of different nature and concentration
(doping). In literature, results of comprehensive studies on modi-
fying the properties by substitution of iron atoms in the
magnetoplumbite-type BaFe12O19 are available [2e28]. Such func-
tional magnetic characteristics as coercivity and Curie temperature
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can be significantly changed by doping with magnetic and non-
magnetic metals [29e31]. The modification of BaFe12O19 by
doping makes it possible to obtain unique and previously unknown
properties of this material, which leads to the development of new
applications. One example of such newly arising applications
may be the use of barium hexaferrite as microwave absorbing
material [32].

Currently, most commonly used materials for microwave ab-
sorbers are ferrite spinels with cubic crystal structure. However, the
use of those spinels at frequencies of about 2 GHz is limited due to
Snoek's limit [33e35]. Hexagonal ferrites with magnetoplumbite
structure exhibit higher resonance frequency and higher micro-
wave permeability and are thus expected to bemore effective in the
higher frequency range [36].

So far, the effect of Zn substitution on the properties of barium
hexaferrite is poorly studied, although several reports can be found
in literature [4,18e20,37e41]. Different cations or combinations of
cations have been used to substitute the Fe3þ ions to reduce the
grain size and high magnetic uniaxial anisotropy field of BaFe12O19
without affecting the saturation magnetization Ms for applications
in high-density magnetic recording and microwave absorption
devices [36]. For example, samples BaFe12e2xZnxTixO19 (0 � x� 0.6)
were produced by mechanical milling. Upon increasing substitu-
tion of Fe a reduction can be observed in both the intrinsic coer-
civity, Hci, and the remanent magnetization, Mr, whereas the
saturation magnetization, Ms, diminishes gradually, having a
maximum at x ¼ 0.3. The Curie temperature was also found to be
decreasing with x. The average temperature coefficient of Hc for
samples BaFe12�2xCox/2Znx/2SnxO19 (x ¼ 0.0e0.6) grown by co-
precipitation/molten salt method decreases with x [21].

Since the information about the influence of solely Zn doping on
the structure and functional properties of barium hexaferrites is
sparse in literature, especially for case of flux grown crystals, this
cation was chosen as an object for a detailed study of the substi-
tution effect on the properties.
2. Experimental part

Crystals of Zn-substituted barium hexaferrites were grown from
flux [42] composed of iron oxide (g-Fe2O3), zinc oxide (ZnO),
barium carbonate (BaCO3) and sodium carbonate (Na2CO3) of 99.5%
purity. Compositions of the batches are listed in Table 1.

The initial mixture was ground in an agate mortar, filled into a
30 mL platinum crucible and placed in a resistive furnace. The
details can be found elsewhere [43,44]. Heating was controlled by a
type B thermocouple and a precision thermocontroller RIF-101. The
furnace was maintained at 1260 �C for 4 h followed by cooling to
900 �C with a rate of 4.5 K/h. The solidified material after cooling to
room temperature was leached in hot nitric acid to separate the
crystals.

The samples composition was determined using transmission
electron microscope JEOL JSM7001F with energy-dispersive spec-
trometer Oxford INCA X-max 80 for elemental analysis. Powder
Table 1
Composition of batches for ferrite crystal growth.

# Target composition Components concentration [wt.%]

ZnO Fe2O3

1 BaFe12O19 e 0.67465
2 BaFe11.875Zn0.125O19 0.00715 0.66642
3 BaFe11.75Zn0.25O19 0.01427 0.65823
4 BaFe11.5Zn0.5O19 0.02844 0.64192
5 BaFe11.25Zn0.75O19 0.04251 0.62573
X-ray diffraction analyses of powdered crystals was performed on a
Rigaku Ultima IV diffractometer in the angular range from 10� to
80� with the speed of 0.5�/min using CuKa radiation.

Single crystal X-ray diffraction was carried out using a four-
circle diffractometer NONIUS k-CCD, Bruker AXS at ambient tem-
perature with monochromatic MoKa radiation. Structural re-
finements were performed with isotropic displacement factors for
the oxygen atoms to reduce the number of variables.

The Curie temperature was determined using differential
scanning calorimetry on a Netzsch 449C Jupiter thermal analyzer.
The samples were placed into a crucible and heated in air at a rate
of 2 K/min up to 800 �C. The phase transition temperature was
determined using the peak positions in heating and cooling cycles.

For further investigations, ground powders were sealed in
plastic capsules with a maximum total weight of 9 mg. Magnetic
properties were studied using vibrating sample magnetometer
LakeShore 7407 in magnetic field up to 1.6 T at room temperature.

3. Results and discussion

High quality single crystals of BaFe12�xZnxO19 with Zn contents
varying in the range 0 � x � 0.065 were successfully grown from
flux (see Table 1). We were able to perform the fabrication of
samples at a temperature of 1260 �C, which is significantly lower
than in the case of other crystal growth methods [45]. Similar to
other transition metal substitutions like Ti, Co, Ni, Cu, or W, the
doping level of Zn in barium hexaferrite crystals can be varied using
different initial concentrations of the dopant in the batch
[13,26,29,31,42]. The correlation of Zn concentration in the melt
and in the crystals is shown in Fig. 1. Several selected hexagonal
shaped crystals with size up to 7 mm are shown in Fig. 2.

The unit cell parameters of Zn-substituted barium hexaferrite
crystals are summarized in Table 2 and compared with published
Crystal composition

BaCO3 Na2CO3

0.13895 0.18640 BaFe12O19

0.13870 0.18773 BaFe11.985Zn0.015O19

0.13845 0.18905 BaFe11.975Zn0.025O19

0.13796 0.19168 BaFe11.955Zn0.045O19

0.13747 0.19429 BaFe11.935Zn0.065O19

Fig. 1. Correlation of Zn-concentration in the melt and in the hexaferrite crystals.



Fig. 2. BaFe12�xZnxO19 crystals obtained from flux composed of iron oxide (g-Fe2O3), zinc oxide (ZnO), barium carbonate (BaCO3) and sodium carbonate (Na2CO3) (left bottom scale
is in mm).

Table 2
Unit cell parameters, Curie temperature and saturation magnetization values of Zn-doped hexaferrites in comparison with literature data for pure BaFe12O19 [31,46,48e50].

No. Composition a [Å] c [Å] V [Å3] TC [�C] Ms [emu/g] Hc [Oe]

[46] BaFe12O19 5.893 23.194 697.5 e e e

[48] BaFe12O19 e e e 457 e e

[49] BaFe12O19 e e e e 72 6700
[50] BaFe12O19 e e e e 59 360
1 [31] BaFe12O19 5.8929(4) 23.194(2) 697.54(6) 455 71 363
2 BaFe11.985Zn0.015O19 5.8930(4) 23.1937(15) 697.54(6) 452 64.83 325
3 BaFe11.975Zn0.025O19 5.8939(6) 23.1972(22) 697.87(10) 450 62.89 303
4 BaFe11.955Zn0.045O19 5.8941(5) 23.1992(18) 697.98(8) 448 61.87 262
5 BaFe11.935Zn0.065O19 5.8949(4) 23.2031(15) 698.27(6) 445 54.4 259
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data for pure BaFe12O19, including one pure sample obtained from
the same carbonate flux technique as applied for growth of the Zn
containing crystals [31,46]. There is a very small increase of both
hexagonal lattice parameters a and c, and consequently V when x
increases (Fig. 3). The tiny changes in the unit cell parameters are
Fig. 3. Dependence of unit cell parameters a (Å), c (Å) and V (Å3) of BaFe12�xZnxO19 on
the Zn-content x.
well explained by theminute maximum doping level with Zn in the
samples. Due to the larger size of Zn2þ ions compared to Fe3þ ions
(e.g., r(Fe3þ) ¼ 0.63 Å; r(Zn2þ) ¼ 0.74 Å for CN ¼ 4 and
r(Fe3þ)¼ 0.785 Å (high-spin); r(Zn2þ)¼ 0.88 Å with CN¼ 6 [47]) an
increasing unit cell is readily understood. For substitution with
similarly larger Ni2þ and Co2þ ions we have recently observed
analogously increasing unit cell parameters, however, followed by a
decreasing unit cell volume with x > 0.09, probably related to the
necessity of formation of oxygen vacancies for charge balance [26].
In case of substitution with higher-charged, but smaller Ti4þ ions,
for comparison, an initial increase in unit cell parameters is related
to reduction of Fe3þ to larger size Fe2þ ions, which only starts to be
compensated above a degree of substitution of x > 0.75 due to
formation of vacancies in the metal substructure [13].

Magnetic hysteresis loops measured at room temperature are
presented in Fig. 4. The functional magnetic parameters such as
Curie temperature, saturationmagnetization and coercivity are also
summarized in Table 2. Literature data of pure BaFe12O19 concern a
wide variety of different synthesis techniques of studied samples,
thus some properties cover large ranges [31,48e50]. For the crystals
presented here, all three characteristics decrease with increasing
Zn content. The largest change is observed for magnetization and
coercivity values with almost 30% decrease, while the Curie tem-
perature is found to change only by up to about 3% (Fig. 5).



Fig. 4. Hysteresis loops of substituted barium hexaferrite samples with different Zn
concentrations measured at room temperature.

Fig. 5. Dependence of saturation magnetization, Curie temperature and coercive field
of BaFe12�xZnxO19 on the Zn-content x.

D.A. Vinnik et al. / Materials Chemistry and Physics 163 (2015) 416e420 419
Pure barium hexaferrite BaFe12O19 is an antiferromagnet with
two sublattices of Fe ions: The spins at Fe located at the crystallo-
graphic sites 4f1 (Fe(3)) and 4f2 (Fe(4)) arrange antiparallel to those
at 2a (Fe(1)), 2b (respectively 4e, Fe(2)) and 12k (Fe(5)). According
to earlier studies Zn ions occupy exclusively one crystallographic
site (4f1), which is located in tetrahedral coordination of oxide ions
[20,41,51,52]. The exclusive occupation of Zn at a tetrahedrally co-
ordinated site rather than those in octahedral environments in
ferrites was earlier described [53,54]. Accordingly, for the magne-
toplumbite structure, in addition to 4f1 only the 2b site might be
considered for additional occupation with Zn2þ. Even a minute
substitutionwith Zn2þ carrying no local magnetic moment leads to
disturbance of the magnetic arrangement in its vicinity and a
misbalance of Fe2þ and Fe3þ ions, which causes the magnetic
properties change. The decrease of the coercivity with increasing
Zn concentration can be explained as the result of decreasing
magnetocrystalline anisotropy of the samples. The saturation
magnetization depends on the superexchange interaction, which is
sensitive to the interatomic distances and angles in the oxoferrate
substructure. Substitution of Fe3þ by the larger Zn2þ leads to a
decreasing exchange interaction and thus to a decreasingMs. Above
a Zn concentration of x ¼ 0.04 the saturation magnetization
decrease becomes more appreciable (Fig. 5). In the current inves-
tigation it was detected that a higher influence on the properties
appears for concentration exceeding x ¼ 0.04.

4. Conclusions

Zn-substituted barium ferrite single crystals BaFe12�xZnxO19 (x
up to 0.065) with size up to 7 mmwere grown from flux composed
of iron oxide, zinc oxide and barium and sodium carbonates. This
method can be used at temperatures significantly lower than for
other fabrication techniques. The influence of Zn concentration on
the structural and magnetic properties was studied. The lattice
parameters were found to be slightly increasing with concentration
of the dopant. Zn substitution significantly effects the coercivity
and magnetization of barium hexaferrite, while the Curie temper-
ature was shown to be nearly constant over the whole range of
doping. The study shows the possibility to tune the magnetic
properties including the magnetocrystalline anisotropy of
BaFe12O19 in wide range via doping with zinc.
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