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Abstract

Glass ceramics in the (Fe2O3)x�(B2O3)(60�x)�(ZnO)40 (x = 17.5 and 20 mol%) system were prepared by the melt-quench method and

characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier transform infrared (FTIR) and magnetization

measurements. The samples contain a unique magnetic crystalline phase, the zinc ferrite (ZnFe2O4), embedded in an amorphous matrix. The

ZnFe2O4 crystals precipitate during cooling from melting temperature. From the XRD data, the average unit-cell parameter, crystallite size and the

quantitative ratio of the crystallographic phases in the samples were evaluated. FTIR data revealed that the BO3 and BO4 are the main structural

units of these glass ceramics network. FTIR spectra of these samples show features at characteristic vibration frequencies of ZnFe2O4. From the

magnetization curves it was found that the nanoparticles exhibit ferromagnetic interactions combined with superparamagnetism with a blocking

temperature, TB, which is composition dependent. In all samples hysteresis is present below TB. The coercive field is dependent on composition and

magnetic field being around 0.05mB/f.u. for measurements performed in maximum 0.4 T. Finally, the magnetic behavior of iron in this system is

discussed.
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1. Introduction

Spinel ferrites, MFe2O4 (M = Zn, Mn, Co, Ni, Mg) are

currently intriguing materials due to their promising applica-

tions in a variety of fields such as ferrofluid, magnetic drug

delivery and information storage, medical and bio-inspired

technology [1–6]. Glass ceramics containing ferrimagnetic,

ferromagnetic or superparamagnetic particles have potentially

useful applications in different fields of electronic products

[7,8]. Low melting glasses have been widely used for lowering

the sintering temperature and optimizing coefficient thermal

expansion in the field of electric devices such as multi layer

ceramic capacitor, low temperature cofired ceramics, plasma

display panels, cathode ray tube, and electric modules [9,10].

On the other hand iron ions have strong bearing on electrical,
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optical and magnetic properties of glasses. In general the

presence of iron ions in glasses is considered to assemble

together and form clusters which exhibit superparamagnetic

behavior and below the freezing temperature, individual spins

are frozen in random directions because of antiferromagnetic

interaction between nearby ions [11,12]. It was shown that the

magnetic properties of the zinc ferrite ZnFe2O4 are highly

affected by their particle size [13]. From neutron diffraction

data was reported for the first time that bulk ZnFe2O4 that

crystallizes in the normal spinel structure which contains two

different cation sites, 8 tetrahedral A sites and 16 octahedral B

sites per f.u., order antiferromagnetically around 10 K [14].

Later, neutron diffraction studies at different temperatures have

shown the existence of an antiferromagnetic short range order

already around 100 K and the coexistence of long and short

range order below 10 K [15]. More recently Schäfer et al. [16]

have reported from powder neutron diffraction studies that the

magnetic properties of ZnFe2O4 compounds are different if the

samples are differently treated: (i) antiferromagnetic long range
d.
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Fig. 1. The XRD patterns of (Fe2O3)x�(B2O3)(60�x)�(ZnO)40 glass ceramics.
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order below 10.5 K if the sample was annealed and slowly

cooled; (ii) absence of any long range order for the sample

annealed and quenched; (iii) onset of ferromagnetic ordering at

500 K for nanocrystalline material. In a normal spinel all Zn2+

ions are on A sites and all Fe3+ ions on B sites. In a fully inverse

spinel half of the Fe3+ ions fully occupy the A sites while the

remaining half of Fe3+ ions and Zn2+ share the B sites. It is

possible that mixtures between the two configurations could

occur and these are characterized by the degree of inversion

which depends strongly on the preparation procedures [17]. The

magnetic coupling in ZnFe2O4 compound occurs via super

exchange between the Fe3+ ions. The A–B interaction is

stronger as compared with A–A and B–B ones. The zinc ferrite

nanoparticles may have non-zero inversion degrees which leads

to different magnetic properties. These materials may show

ferromagnetism or ferrimagnetism combined with superpar-

amagnetism [13]. The growth of nanoparticles in an amorphous

matrix prevents their coarsening, aggregation and interaction. It

was reported that the inter particle interaction can have a strong

influence on the magnetic properties of the samples [18].

The purpose of the present work was to investigate by XRD,

SEM, FTIR and magnetic measurements the glass ceramics in

the system (Fe2O3)x�(B2O3)(60�x)�(ZnO)40 (x = 17.5 and

20 mol%) in order to obtain information concerning structural

and magnetic properties of these glass ceramics.

2. Experimental

Glass ceramics in the (Fe2O3)x�(B2O3)(60�x)�(ZnO)40 sys-

tem, with x = 17.5 and 20 mol%, have been prepared by

traditional melting method using Fe2O3, B2O3 and ZnO of high

purity (99.9%) in suitable proportion. The mechanically

homogenized mixtures were melted in sintered corundum

crucibles at 1300 8C in an electric furnace in air atmosphere.

The samples were put into the electric furnace directly at this

temperature. After 30 min the molten material was quenched at

room temperature by pouring onto a stainless-steel plate.

The XRD measurements were made with a XRD-6000

Shimadzu diffractometer, with a monochromator of graphite

for the Cu-Ka radiation (l = 1.54060 Å) at room temperature.

Microscopic examination of the samples was made with a

Jeol JSM 5600-LV scanning electron microscope.

The FTIR absorption spectra of the glasses were obtained

with a JASCO FTIR 6200 spectrometer in the 400–1600 cm�1

spectral range with a resolution of 1 cm�1. The IR absorption

measurements were done using the KBr pellet technique. In

order to obtain good quality spectra, the samples were crushed

in an agate mortar to obtain particles of micrometer size. This

procedure was applied every time to fragments of bulk glass to

avoid structural modifications due to ambient moisture. At least

two spectra for each sample were recorded. The spectra were

normalized by making the absorption of any spectrum to vary

from zero to one arbiter unit. Such normalization process was

necessary to eliminate the concentration effect of the sample

powder in the KBr disc.

Magnetic measurements were performed in the temperature

range 4.2–300 K and external magnetic fields up to 12 T using
the 12T Cryogen free vibrating sample magnetometer (VSM)

equipment from Cryogenics. Direct current (DC) magnetiza-

tion was recorded under zero-field cooled (ZFC) and field-

cooled (FC) sequences under 0.05 and 0.1 T. Magnetic

hysteresis loops were recorded at several temperatures below

and above the blocking temperature.

3. Results and discussion

3.1. XRD and SEM data

The XRD patterns of the (Fe2O3)x�(B2O3)(60�x)�(ZnO)40

(x = 17.5 and 20 mol%) glass ceramics are presented in Fig. 1.

A characteristic amorphous halo can be observed in the

2u = 20–408 range. The amorphous phase coexists with a

crystalline phase since the diffraction pattern shows beside the

large maxima overlapped with peaks characteristic to a

crystalline phase. All detectable peaks can be indexed as

belonging to the zinc ferrite crystalline phase, ZnFe2O4, in the

standard data (PDF#221012). Zinc ferrite crystallizes in the

face centered cubic system with Fd-3m space group. The lattice

constant of zinc ferrite increases from a = 8.33 Å in the sample

with x = 17.5 mol% to a = 8.44 Å in the sample with

x = 20 mol%.

From the full width at half maximum for all peaks of the

refined diffraction line profiles, the values of crystallite sizes of

the crystalline phase were calculated by using the Debye–

Scherrer formula given by [19]:

D ¼ l � K

b � cos u
(1)

where D is the apparent volume-weighted crystallite size, l is

the wavelength of X-rays (1.54060 Å, in this case), K = 0.89

(the Scherrer constant), u is the angle of Bragg diffraction,

b = B � b, B is the full width, at half maximum and b represents

the instrumental line broadening. The crystal size of zinc ferrite
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increases from 41 nm in the sample containing 17.5 mol%

Fe2O3 to 98 nm in the sample with 20 mol% Fe2O3, so, the

crystallite size grows with the amount of iron oxide. The degree

of crystallinity was estimated using following relationship [20]:

Xc ¼
Ic

Ic þ Ia

� 100 (2)

where Xc is the crystallinity, Ic is the integrated intensity of the

crystalline phase which represents area of reflexion peaks, and

Ia is the integrated intensity of the amorphous phase, that is area

of amorphous halo. The quantity of the crystallized phase is

68 wt% for the sample with 17.5 mol% Fe2O3 and 74 wt% for

the sample with 20 mol%.

A large number of particles may be observed in the SEM

micrographs of the studied samples – Fig. 2a and b. One can see

that in the case of the x = 17.5 mol% sample the particles are

well defined while in the case of the sample with x = 20 mol%

an agglomeration of the particles and, in the same time, a

texture is present. Sample containing 20 mol% Fe2O3 exhibits

dendrites dispersed within the glass matrix. The distribution of

the dendrites is homogeneous. Primary dendritic axes have a

length of 20–30 mm, and primary dendrites show some

evidence of texturing as expected, since the dendrites tend to
Fig. 2. SEM micrographs of the samples with x = 17.5 mol% (a) and

x = 20 mol% (b).
grow along the direction of the local temperature gradient. The

particles observed by SEM in these samples have a size larger

than that calculated by the Scherrer method. This may be

explained by the thermodynamic conditions at the surface of

the samples which propitiate the growth of crystals. The

majority of zinc ferrite crystals contributing to the XRD

patterns are located inside the samples and therefore with

average particle sizes much smaller than those observed at their

surface.

3.2. FTIR data

Fig. 3 shows the FTIR spectra of the

(Fe2O3)x�(B2O3)(60�x)�(ZnO)40 (x = 17.5 and 20 mol%) glass

ceramics. To get quantitative information about the structural

groups in the studied samples, the FTIR spectra have been

deconvoluted. This procedure was made using the Spectra

Manager program and a Gaussian type function. The use of the

deconvolution procedure allowed us a better identification of

the absorption bands which appear in these spectra and their

more precise assignment. Fig. 4 shows the deconvolution, in

Gaussian bands, of the spectrum for the sample containing

20 mol% Fe2O3. The deconvolution parameters, the band

centers C and the relative area A as well as the band assignment

are given in Table 1 for the studied samples. The peak from

421–464 cm�1 is attributed to the vibration of the chemical

bond (Fe3+–O2�) in B location of the octahedron and the band

from 560–587 cm�1 is attributed to the vibration of the

chemical bond (Zn2+–O2�) in A location of the tetrahedron,

respectively [21,22]. These bands confirm the presence of zinc

ferrite in the studied samples. The intensity of these bands

increases with the increasing of iron ions content. FTIR

spectrum of studied samples contains all the important bands of

vitreous B2O3, but shifted from their original position. So, in all

IR spectra there is an intense band located at 681–691 cm�1

corresponding to the band at 720 cm�1 from the vitreous

IR spectrum of B2O3, attributed to B–O–B bending vibrations
Fig. 3. FTIR spectra of the (Fe2O3)x�(B2O3)(60�x)�(ZnO)40 glass ceramics.



Fig. 4. Deconvoluted FTIR spectra of the samples with x = 20 mol% glass

ceramic using a Gaussian-type function.
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[23–27]. The peaks from 838–857 cm�1 and 1029–1042 cm�1

are due to the stretching vibrations of B–O bonds in BO4 units

from tri-, tetra- and penta-borate groups while the peak from

902–920 cm�1 can be attributed to the stretching vibrations of

B–O bonds in BO4 units from diborate groups [23–27]. The

absorption band from 1237–1247 cm�1 is attributed to the

stretching vibrations of B–O bonds in BO3 units from boroxol

rings. The absorption band from 1371–1394 cm�1 can be due to

the stretching vibrations of B–O in BO3 units from different

borate groups. Finally, the band located at 1447–1482 cm�1 is

attributed to the stretching vibrations of B–O� in BO2O� units

from different borate groups [23–27]. To quantify the iron ions

effect to the changes in the relative population of threefold and

fourfold boron atoms we have calculated the fraction of four-

coordination boron atoms, N4, as was defined previously

[28–30]:

N4 ¼
A4

A3 þ A4

(3)

where A4 and A3 denote the areas of BO4 units (the areas of

component bands from 838–857 cm�1, 902–920 cm�1 and
Table 1

Deconvolution parameters (the band centers C and the relative areas A) and the b

x = 17.5 x = 20 

C A C A

464 26.3 421 20.8 

587 62.9 560 60.7 

691 54.7 683 53.2 

857 7.5 838 12.5 

920 26.2 902 38.3 

1042 81.5 1029 118.8 

1245 171 1237 167.8 

1394 127.8 1371 107.2 

1482 32.9 1447 23.7 
1029–1042 cm�1) and BO3 units (the areas of component

bands from 1237–1245 cm�1, 1371 –1394 cm�1 and 1447–

1482 cm�1), respectively. The fraction of four-coordination

boron atoms, N4, increases with increasing the content of

Fe2O3 from 0.25 for x = 17.5 mol% to 0.36 for x = 20 mol%.

This is due to the structural changes involving the conversions

of the BO3 into BO4 structural units as the content of the Fe2O3

increases. The BO3! BO4 conversion process increases the

stability of the studied samples. The threefold boron atoms are

favored in the investigated system as compared with the

fourfold ones.

3.3. Magnetic data

The DC-magnetization data taken as ZFC/FC curves for

applied magnetic fields of 0.05 and 0.1 Tare presented in Fig. 5.

The ZFC magnetization curves show well defined broad peaks

that are centered at approximately 34 K (x = 17.5 mol%),

respectively 37 K (x = 20 mol%). Below these temperatures

irreversible behavior sets in. These broad peaks coincide with

the bifurcation temperature of the ZFC–FC magnetization and

could be associated with the superparamagnetic blocking

temperature of the nanoparticles, TB [31]. This behavior can be

explained by the progressive magnetic blocking of magnetic

nanoparticles whose size determines a magnetic anisotropy

comparable to the thermal energy [32]. One can see that the

bifurcation point between the FC and ZFC curves shifts to

lower temperatures as the magnetic field used for the

measurements increases, which is another sign of the super-

paramagnetic behavior [17,33,34]. The FC magnetization

curve, for the temperatures below the bifurcation point,

continues to rise. This behavior is characteristic of a super-

paramagnetic system [33] while in spin glass materials the

magnetization is almost flat. Magnetization isotherms mea-

sured at 5 K in magnetic fields up to 12 Tare presented in Fig. 6.

One can see that no saturation is attended. The iron magnetic

moment at 5 K in 12 T external magnetic field is 2.3mB/Fe atom

for the sample with x = 20 mol% and 1.66mB/Fe atom for

x = 17.5 mol%. The increase on iron magnetic moment with

iron concentration could be explained by the increase of the

magnetic coupling in ZnFe2O4 which occurs via super

exchange between the Fe3+ ions. In a normal spinel all Zn2+

ions are on A sites and all Fe3+ ions on B sites while in a fully
and assignments for the (Fe2O3)x�(B2O3)(60�x)�(ZnO)40 glass ceramics.

Assignments

Fe3+–O2� vibration in B location of the octahedron

Zn2+–O2� vibration in A location of the tetrahedron

B–O–B bend

B–O stretch in BO4 units from tri-, tetra- and penta-borate groups

B–O stretch in BO4 units from di-borate groups

B–O stretch in BO4 units from tri-, tetra- and penta-borate groups

B–O stretch in BO3 units from boroxol rings

B–O stretch in BO3 units from varied types of borate groups

B–O� stretch in BO2O� units from varied types of borate groups



Fig. 6. Magnetization isotherms at 5 K in external fields up to 12 T

(Fe2O3)x�(B2O3)(60�x)�(ZnO)40 glass ceramics.

Fig. 5. The temperature dependence of the magnetization in zero field cooled

(ZFC) and field cooled (FC) measured in 0.05 and 0.1 T for the sample with

x = 17.5 mol% (a) and x = 20 mol% (b).
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inverse spinel half of the Fe3+ ions fully occupy the A sites

while the remaining half of Fe3+ ions and Zn2+ share the B sites.

Probably, in our samples, mixtures between the two config-

urations occur and these are characterized by the degree of

inversion [17]. In our sample the degree of inversion could

increase with the increase of iron concentration and more Fe3+

ions occupy the B sites. The A–B interaction is stronger as

compared with A–A and B–B ones and as a consequence the

iron magnetic moment increase. On the other hand the inter

particle interaction can have a strong influence on the magnetic

properties of the samples [18]. In the sample with x = 20 mol%

the average size of the zinc ferrite is higher and a texture was

revealed by SEM micrographs. The average distances between

particles are lower in this sample and the magnetic interaction is

stronger. These could be a reason too for the increase of iron

magnetic moment. The external magnetic field dependence of

the magnetization at various temperatures above and below TB

for the sample with x = 17.5 mol% is shown in Fig. 7. Similar

behavior was obtained for the sample with x = 20 mol%.

Because of the nanoparticle’s magnetic anisotropy, the

magnetic moment is always in one of two energy minima,

separated by an energy barrier. At finite temperature, there is a

finite probability for the magnetization to flip and reverse its

direction. The mean time between two flips is called the Néel

relaxation time and is given by the following Néel–Arrhenius

equation [35]:

t ¼ t0 � exp
EB

kBT

� �
(4)

where t0 is a constant and EB is energy barrier. One can see that

the relaxation time increases with decreasing temperature. For

all the samples hysteresis is present even at temperatures higher

than TB. For example, the coercitive field decreases with

increasing temperature from 0.07 T at 5 K to 0.02 T at 50 K

for the sample with x = 20 mol%. Hysteresis is present at higher

temperatures contrary as expected for a system of non-inter-

acting superparamagnetic particles [34]. The observed loops

are identical and symmetric about their center which is char-
Fig. 7. Magnetization hysteresis loops for the sample with x = 17.5 mol% at

different temperatures.
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acteristic of superparamagnetic behavior [17,36,37]. This be-

havior is characteristic of both superparamagnetic and spin

glass systems [38]. The presence of hysteresis above TB can be

explained by the presence of weak magnetic interactions

between particles at these temperatures. Probably the energy

barrier is still present above TB but is not high enough to stop

the magnetic moment oscillations during the measuring time.

4. Conclusions

In this study glass ceramics containing a unique magnetic

crystalline phase (zinc ferrite crystals) embedded in an

amorphous matrix were synthesized. These glass ceramics

contain 68 wt% zinc ferrite for the sample with x = 17.5 mol%

and 74 wt% zinc ferrite for the sample with x = 20 mol%. The

crystalline phase is produced during the cooling from the

melting temperature to room temperature. No other subsequent

nucleation and crystallization treatments are necessary.

The FTIR studies show that the glass ceramic network

consists of BO3 and BO4 units, but their proportion depends on

the iron ion content in the samples. The increase of iron ion

content in the investigated samples increases their stability. The

FTIR spectra, namely the absorption bands from 421–

464 cm�1 and from 560–587 cm�1 confirm the presence of

ZnFe2O4.

From the magnetic measurements we conclude that

characteristics of both superparamagnetic and spin glass

systems are present. Thus, the blocking temperature that shifts

to lower temperatures as the magnetic field used for the

measurements increases, the FC magnetization curve that,

below the bifurcation point, continues to rise and the fact that

no saturation is attended constitute characteristic of a super-

paramagnetic system. The magnetic loops are identical and

symmetric about their center which is also characteristic of

superparamagnetic behavior. Hysteresis is present at higher

temperatures contrary as expected for a system of non-

interacting superparamagnetic particles. In conclusion, the

observed magnetic behavior is complex and further investiga-

tions are necessary in order to elucidate the properties of the

studied materials.
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