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Abstract Y-type hexaferrites Ba2Mg2-xCoxFe12O22 (x = 0.4,

0.8, 1.2, 1.6) were synthesized by solid state reaction method.

The impedance spectrum, AC conductivity, and dielectric

properties were investigated at various temperatures and in a

wide range of frequency. The dielectric properties and AC

conductivity have been explained on the basis of space charge

polarization and the electric exchange betweenFe3? andFe2? as

well as the hole hopping between Co2? and Co3? ions at octa-

hedral side. The complex impedance analysis indicates the

existenceof space charge and thepresenceof electrical processes

at increased temperatures. The change of the activation energy

obtained from lnfmax versus 1/T and lnrdc versus 1/T plots indi-

cated that with increasing Co content, the transport mechanisms

at low and high temperatures are different. Two magnetic phase

transitions were observed in these samples and their transition

temperatures increased with increasing Co2? doping. High Co

content suppresses thesecondmagnetic structure transitionunder

an appliedmagnetic field. For all samples, the room temperature

coercivity is less than 20 Oe, while the saturation magnetization

increaseswith increasingCo content. The presentwork provides

a fundamental understanding of the dielectric and conductivity

mechanism of Mg2Y type hexaferrite, which is essential for

microwave and electronic applications in the materials.

1 Introduction

A variety of ferrites, including spinel ferrites and magne-

toplumbite ferrites, exhibit excellent magnetic and electric

properties, and have important applications in magnetic

and electric devices. For examples, Fe3O4 [1], CoFe2O4

[2, 3] and Z-type [4], W-type [5], M-type [6] hexaferrites

can be used as microwave absorbing materials based on

their nature resonance loss and magnetic hysteresis loss.

The polycrystalline Y-type hexaferrites also show high

dielectric constants, low AC electrical conductivity, and

low dielectric losses, which make them very useful for

microwave applications and chip components [7–10]. The

chemical formula of Y-type hexaferrite can be expressed in

the general form of (Ba,Sr)2Me2Fe12O22 (Me = Co, Mg,

Zn, Ni, Cu, etc.). Its structure belongs to space group R�3m

and is constructed from the basic units of hexagonal barium

ferrites and cubic spinel ferrites [7].

The dielectric and conductivity properties are the most

important properties of the polycrystalline Y-type hexa-

ferrites, which depend on the prepared method, ion distri-

bution, doping elements and so on [11]. The dielectric

constants for Y-type hexaferrites can be as high as 104–106

and show dispersion at low frequencies [12–14]. These

phenomena were discussed based on the Maxwell–Wagner

model [15, 16] and Koop’s phenomenological theory [17]

in connection with the inhomogeneous structure of sample.

For good understanding the mechanism of electric con-

duction and dielectric polarization in hexaferrites, the
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experimental measurements of the dielectric constant,

impedance spectrum, AC conductivity and activation

energy can provide valuable information on the behavior of

the free and localized charge carriers [18].

Up to now, many investigations have been focused on

the dielectric properties and conductivity properties of

Y-type hexaferrite, such as the Zn2Y hexaferrite [19, 20],

Co2Y hexaferrite [21–23], and Ni2Y hexaferrite

[10, 13, 24]. However, there is few work related to the

dielectric and conductivity properties of Mg2Y hexaferrite.

It was reported that Ba2Mg2Fe12O22 (Mg2Y) hexaferrite is

a multiferroic material which exhibits the highest control-

lability of ferroelectric polarization under the weak mag-

netic field, and the polarization can be reversed by the

magnetic field switching [25, 26]. Therefore, in order to

further understand the interesting properties of Mg2Y

hexaferrite, it is important to investigate the dielectric and

conductivity properties of this ferrite.

In this work, we prepared the Mg2Y-type Ba2Mg2-x

CoxFe12O22 hexaferrites with various compositions by

solid state reaction method. The dielectric properties were

studied at a wide frequency region, from 40 Hz to 1 MHz.

The conductivity, complex impedance spectra and mag-

netic properties at different temperatures were investigated.

This work aims to give a valuable understanding of the

conductivity behavior of Mg2Y-type hexaferrite.

2 Experimental

Polycrystalline samples of Mg2Y-type hexaferrties Ba2
Mg2-xCoxFe12O22 (x = 0.4, 0.8, 1.2, and 1.6) were syn-

thesized by the traditional solid state reaction method as

our previous work [27]. The raw materials of BaCO3

(99 %), MgO (98 %), Co3O4 (99 %) and Fe2O3 (99.99 %)

with desired ratios were thoroughly mixed by ball milling

with agate balls in ethanol for 2 h. The mixtures were dried

and pre-sintered at 1000 �C for 6 h in air. After that, they

were milled again and dry pressed into pellets with

approximately 11.5 mm in diameter and 2–3 mm in

thickness. Finally, the pellets were sintered at 1200 �C for

16 h followed by annealing at 1000 �C for 10 h in air.

The phase purity was detected by using an X-ray

diffractometer (XRD) (Cu-Ka1, 1.54059 Å, Model X’Pert

PRO, PANalytical, Almelo, Netherlands) at room temper-

ature. The phase can be assigned to the Y-type hexaferrite

as shown in Fig. 1. Vibrating sample magnetometer (VSM,

Quantum Design’s PPMS-9T) was used to measure the

magnetization curves and magnetic hysteresis loops of the

samples at various temperatures. The temperature depen-

dence of magnetization was measured in the temperature

range of 30–380 K. For the electrical measurement, the

samples were polished into thin plates with a thickness of

*0.5 mm, and conductive silver paste was used on both

sides in order to create good electrodes. A computer-con-

trolled impedance analyzer (Agilent 4294A, Agilent

Technologies, Santa Clara, USA) was used to measure the

dielectric properties in the frequency range from 40 Hz to

1 MHz and the impedance spectra at various temperatures

with a set of temperature control facilities.

3 Results and discussion

3.1 Complex impedance spectrum

The complex impedance spectroscopy is a very well known

technique to describe the electrical properties of poly-

crystalline electroceramics. The grain and grain boundary

contributions to the electrical properties of dielectric

materials can be analyzed by using an equivalent circuit

which consists of two parallel RC circuits, RgCg and Rgb

Cgb, where RgCg represents the grain boundary circuit

corresponding to the low frequency response, while RgbCgb

is the grain circuit corresponding to high frequency

response.

For the prepared Ba2Mg2-xCoxFe12O22 samples, the

complex impedance spectra in a wide range of frequencies

(40 Hz–1 MHz) at different temperatures (300–430 K)

were investigated. The variations of real (Z0), imaginary

(Z00), and Z0 versus Z00 part of impedance at selected tem-

peratures are shown in Figs. 2, 3 and 4.

In Fig. 2, the real parts of impedance (Z0) of all samples

exhibit the low frequency dispersion. With increasing

temperature, all samples show a temperature dependent Z0

plateau at low frequencies. This plateau indicates the dc

conductivity of the samples, appears to broaden towards

high frequency side with the increases in temperature and

in x value. Also, Z0 values decrease with increasing tem-

perature and frequency, and finally merged in the high

frequency region for all samples. The decrease of Z0 may

Fig. 1 Powder X-ray diffraction patterns of BaMg2-xCo2Fe12O22

samples
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be due to the increasing ac conductivity with the temper-

ature and frequency. The merged Z0 suggests a possible

release of space charge and a consequent lowering of the

barrier properties in the materials [28].

Figure 3 shows the plot of imaginary part of impedance

(Z00) versus frequency at various temperatures. All samples

show a loss peak and the peak position shifts to high fre-

quency side and the peak value decreases with increasing

temperature. This type of impedance spectrum is probably

due to the presence of space charge in the sample and

ensures the temperature dependent relaxation process [29].

The appearance of peak in the loss spectrum is an indica-

tion of the beginning of electrical relaxation in the material

[28]. Therefore, it can be concluded that the space charge

and electrical relaxation may exist in all samples below the

room temperature. At high frequency region, the spectra

Fig. 2 Frequency dependence

of the real part Z0 of impedance

for BaMg2-xCo2Fe12O22 at

different temperatures

Fig. 3 Frequency dependence

of the imaginary part Z0 0 of
impedance for

BaMg2-xCo2Fe12O22 at

different temperatures
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merged together irrespective of temperature for all sam-

ples, which indicates the space charge release at high fre-

quency. Another feature of Fig. 3 is the asymmetric

broadening of the loss peaks for all samples, which is an

evidence of the presence of electrical processes [28], i.e.

the electric exchange between Fe3? and Fe2? and hole

exchange between Co2? and Co3?.

The Z0 versus Z00 plots for the samples are displayed in

Fig. 4. Clear semicircles can be found for all samples at the

selected temperatures. The center of these semicircles are

all located below the real axis (Z0), indicating a non-Debye

relaxation. There are two semicircles (or its tendency)

presented for x = 0.4 sample, while only one for x[0.4

samples. The high frequency semicircle is attributed to the

grain effect while the low frequency semicircle results

from the grain boundary. The presence of two semicircular

arcs in the impedance spectrum for x = 0.4 sample indi-

cates the presence of both bulk and grain boundary con-

tributions to its overall electrical properties.

The relaxation frequency at the apex of the Z0 versus Z00

semicircle is an intrinsic characteristic frequencyof the ceramics,

and it fulfills the condition 2pfmaxRC = 1. The relaxation acti-

vation energies Erel can be determined from the frequency using

theArrhenius law,x ¼ 2pf ¼ x0 exp½�Erel=kBT �,wherex0 is

the preexponential factor and kB is the Boltzmann constant. The

obtainedErel values are shown inTable 1. Figure 5 shows anon-

linear relationship for the plot of lnfmax - 1/T except for the

sample of x = 0.4. The non-linear behavior can be described by

various data regions, including low temperature region, define as

region I, andhigh temperature region, as region II.Therefore, two

activation energies exist for x[0.4 samples. The activation

energy in region I is smaller than that in region II,which indicates

the relaxation processes are attributed to different response

mechanisms. In region I, the values of Erel for x = 0.8 and 1.2

samplesare0.33and0.32 eV, respectively,while forx = 1.6 the

value is 0.45 eV. This level of Erel values indicates that the

relaxation carriers are due to the electron hopping between

Fe3? $ Fe2? and hole transfer between Co2? $ Co3? (Refs.

[12, 20, 22]). In region II, the values ofErel are 0.53–0.62 eV for

all samples, which are comparable to those obtained in other

works [30, 31], indicating that the relaxation carries are the

oxygen vacancies [31–34].

3.2 AC conductivity analysis

Figure 6 shows the ac conductivity as a function of fre-

quency at different temperatures. For all samples, the fre-

quency independent plateau was found at the low

frequency region and extends to higher frequencies with

increasing temperature. This plateau is attributed to the

long-range translational motion of ions contributing to dc

conductivity. At high frequency, the AC conductivity

increases exponentially with increasing frequency due to

the increasing hopping of carriers. For x = 1.6 sample, a

step-like behavior was found below 368 K in the rac -
f plots, indicating the multiple relaxation process for the

sample. With increasing Co2? ion number, the hole tran-

sition between Co2? $ Co3? becomes dominant. So it can

be concluded that, the multiple relaxation process for

x = 1.6 sample at the low temperatures is due to the

oxygen vacancies and the hole transition between

Co2? $ Co3?.

Fig. 4 Real (Z0) versus
imaginary (Z0 0) part of
impedance at different

measurement temperatures of

BaMg2-xCo2Fe12O22 samples
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The frequency behavior of conductivity can be investi-

gated based on the universal power law [35],

r0ac ¼ rdc þ axn. The first term rdc is the dc electrical

conductivity, which follows an Arrhenius form,

rdc ¼ r0 exp ð�Ea=kBTÞ. The conductivity activation

energy Econ can be calculated from the plot of lnrdc - 1/T,

and the values are also shown in Table 1. The data in Fig. 7

for all samples show non-linear relationship, which can

also be defined as region I (low-temperature region) and

region II (high-temperature region). As for the case of

relaxation, the conductivity activation energies for all

samples in region I are smaller than those in region II. In

region I, the activation energy increases with the increasing

Co2? ion number. The values for x B 1.2 samples are

0.21–0.27 eV, and that for x = 1.6 sample is 0.35 eV.

These values are comparable to the relaxation activation

energies in region I, and indicates the relaxation and con-

ductivity processes may be attributed to the same type of

carries, i.e. the electron hopping between Fe3? $ Fe2?

and hole transfer between Co2? $ Co3?. Therefore, with

increasing Co2? ion concentration, the electron hopping

between Fe3? $ Fe2? and hole transfer between

Co2?$ Co3? become the dominant mechanism. In region

II, Econ values for all samples are 0.54–0.61 eV, close to

that of relaxation, indicating that the relaxation and con-

ductivity processes are attributed to the oxygen vacancies.

Therefore, it can be concluded that, at low temperatures,

the carries for relaxation and conductivity are the

Fe3? $ Fe2? and Co2? $ Co3?, while at high tempera-

tures, oxygen vacancies become the dominant carrier for

the relaxation and conductivity. However, for the abundant

Co-doping sample (x = 1.6), Co2? $ Co3? may be the

dominant carriers since the Erel and Econ are 0.45 and

0.35 eV, respectively.

3.3 Dielectric properties

As shown in Fig. 8a, the dielectric constants (e0) versus

frequency plots of Ba2Mg2-xCoxFe12O22 samples clearly

show the large e0 values for the samples with relatively high

Table 1 Activation energy and

magnetic properties measured at

300 K

Sample Erel (eV) Econ (eV) Magnetic transition temperature (K) MS (emu/g) HC (Oe)

I II I II T1 T2

x = 0.4 0.62 0.21 0.61 50 200 24.22 14.9

x = 0.8 0.33 0.53 0.24 0.54 77 182 26.18 18.3

x = 1.2 0.32 0.53 0.27 0.55 90 203 28.85 16.7

x = 1.6 0.45 0.58 0.35 0.56 92 226 30.09 20.1

Fig. 5 Arrhenius plots of fmax

(peak) versus 1000/T of

BaMg2-xCo2Fe12O22 samples
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Co-doping at the low frequency. With increasing the fre-

quency, e0 decreases continuously. For the Co2?-containing
Ba2Mg2-xCoxFe12O22 samples, Co2? ? Co3??e- will

occur. As analyzed in the conductivity behavior, the carries

contributed to the conductivity process are electric

exchanges between Fe3? $ Fe2? and hole hopping

between Co2? $ Co3?. Since the mechanism of the

polarization process in ferrites is similar to that of the

conduction process [36, 37], it can be assumed that the

electric exchange between Fe2? and Fe3? gives rise to the

displacement of the local charges in the direction of the

external field while the hole transfer between Co2? and

Co3? will give rise to displacement of the holes in the

opposite direction of the external field, which are the main

origin of polarization [13] and contribute to the high

dielectric constant at low frequency. With increasing Co2?

Fig. 6 Frequency dependence

of the real part of AC

conductivity r0ac at different
temperature

Fig. 7 Temperature

dependence of dc conductivity

and its fitting curve from

Arrhenius law
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ion concentration, the exchange interaction of Co2? ?

Fe3? $ Co3? ? Fe2? become more active [12]. There-

fore, the dielectric constant increases with increasing

cobalt content. At high frequency, the electric exchange

Fe3? $ Fe2? and hole exchange Co2? $ Co3? cannot

follow the change of the applied field, leading to the

decrease of dielectric constant.

The dependence of dielectric loss (tand) on the fre-

quency is shown in Fig. 8b. All samples show dispersion

behavior. The dielectric loss of x = 0.4 sample is very low

due to the small dielectric constant value. For x = 0.8 and

1.2 samples, the dielectric loss at high frequency shows an

increasing tendency. This may be due to the existence of a

dielectric peak at higher frequencies (out-of the observed

window). While for x = 1.6 sample, a dielectric loss peak

exhibits at lower frequency (in the measure frequency). In

other words, with increasing Co content, the dielectric loss

peak shifts to low frequency side. Therefore, it can

be roughly concluded that the hopping frequency of

Co2?$ Co3? is smaller than that of Fe3? $ Fe2?. The

dielectric loss peak for the x = 1.6 sample may result from

the collective contributions of both Co2? $ Co3? and

Fe3? $ Fe2? type of charge carriers [38]. A peak exhibits

when the jumping frequency of electrons exchange

between Fe2? and Fe3? and hole transfer between Co3?

and Co2? in octahedral sites are equal to the frequency of

the applied AC field.

3.4 Magnetic studies

The magnetic phase transition temperatures in Ba2
Mg2-xCoxFe12O22 (x = 0.4, 0.8, 1.2, 1.6) were deter-

mined from the temperature dependence of magnetiza-

tion measured after zero field cooling (ZFC) in an

applied magnetic field of 0.05 T (Fig. 9). Two magnetic

phase transitions can be clearly seen from the dM/

dT versus T plot, and the transition temperatures are

marked as T1 and T2, respectively. For Ba2Mg2Fe12O22,

it was reported [25, 39] that the magnetic ordering

changes from collinear ferrimagnetic structure to a

proper-screw spin phase at the temperature around

195 K, and from the screw spin phase to a longitudinal

conical spin phase at around 50 K. Similarly, for our

samples, the transition temperature T1 may represent the

temperature for the magnetic ordering change from screw

to conical structure, while T2 represents the temperature

for the change from collinear to screw structure. The

magnetic transition temperatures for all samples are

given in Table 1. All transition temperatures increase

with increasing Co content, which results from the fact

that Co2? ions can contribute to the enhancement of the

magnetic ordering temperatures [40]. However, for

x = 0.8 sample, the magnetic transition temperature T2 is

less than that for the x = 0.4 sample. The reason for the

decrease of this temperature is still unknown.

Figure 10 shows the magnetic hysteresis loops mea-

sured with an applied field 4 T at different temperatures.

The coercivity (HC) and the saturation magnetization (MS)

at 300 K were shown in Table 1. HC values for all

samples are very small (less than 20 Oe), which means

the Co2? ions make a litter effect on the coercivity at

300 K. However, MS increases with the increasing Co

content. As we known, the Co2? ions are the magnetic

ions and have the magnetic moment of 3 lB, whereas the
Mg2? ions are non-magnetic ions and do not have any

magnetic moment. Both of them are preferred to occupy

the octahedral side. The increase in magnetic Co2? ions

replaces of non-magnetic Mg2? ions results in an

enhancement of magnetization. In addition, the stepwise

changes in M–H curve for hexaferrites was reported to

indicate the H-induced phase transitions [25, 26, 41, 42].

It is clear in Fig. 10 that all samples shown the stepwise

character in the M–H curve at the selected measuring

temperatures. One stepwise change can be found at

around 0.1 T. Clearly, Co substitution has no significant

effect on this field. This change corresponds to the

magnetic transition from the slanted longitudinal conical

to transverse conical phase [42]. For x = 0.04 sample,

Fig. 8 Frequency dependence of a dielectric constant (e0) and

b dielectric loss (tand) of BaMg2-xCo2Fe12O22 samples at room

temperature
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another stepwise change was found at around 1 T, and it

gradually disappear with increasing temperature. This

change indicates the ferroelectric phase transition between

FE2 and FE3 phases, which is only 0.25 T for Ba2Mg2
Fe12O22 [42].

4 Conclusion

In summary, Co-doped Y-type hexaferrites Ba2Mg2-x

CoxFe12O22 (x = 0.4, 0.8, 1.2, 1.6) were prepared by solid

state reaction method. The conductivity and relaxation

Fig. 9 Temperature

dependence of magnetization

and its dM/dT for

BaMg2-xCo2Fe12O22 samples

Fig. 10 Magnetic field

dependence of magnetization

for BaMg2-xCo2Fe12O22

samples
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process are contributed to different carries at low and high

temperatures. Co2? $ Co3? and Fe3? $ Fe2? types of

charge carriers play a major role at low temperature while

oxygen vacancies show a significant effect at high

temperature. With increasing Co2? ion concentration,

Co2?$ Co3? becomes the dominant carrier for relaxation

and conductivity process at low temperature. The dielectric

polarization process in these ferrites is similar to that of the

conduction process, and the electric exchange between

Fe2? and Fe3? and the hole transfer between Co2? and

Co3? are responsible for the high dielectric constant at low

frequency side. Two magnetic phase transitions are

observed in all samples, one corresponds to the magnetic

change from ferrimagnet to proper screw magnetic struc-

ture, and the other represents the change from screw to

longitudinal conical structure. With increasing Co2? ions,

all the magnetic transition temperatures and the magneti-

zation increase. However, Co2? ions make a litter effect on

the coercivity at 300 K. The present results give a funda-

mental understanding of the dielectric and conductivity

mechanism of Mg2Y type hexaferrite, which exhibits

potential use in microwave magnets and magnetoelectric

materials.
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