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Abstract Glasses of the xFe2O3�(100 – x)[B2O3�SrO]

system, with 0 £ x £ 30 mol%, were studied by EPR and

magnetic susceptibility measurements. EPR spectroscopy

and magnetic susceptibility measurements show that the

Fe3+ ions are localized in sites of distorted octahedral

symmetry and in clustered formations containing both Fe3+

and Fe2+ ions. Dipolar and superexchange interactions

involving iron ions were revealed depending on the iron

content of the sample.

Introduction

The wide variety of properties of glasses led to the wide

interest in the investigation of physical and chemical

properties of these materials and their composition

dependence [1]. Borate glasses are usually characterized by

having interesting properties of great value for industrial

exploitation [1–3]. These properties are commonly attrib-

uted to the fact that the boron atom can assume trigonal and

tetrahedral coordinations and also to the different ways

through which the borate building units can be linked to-

gether [1]. The addition of iron ions to borate glasses

makes them superparamagnetic and electrically semicon-

ducting [4, 5]. Iron ions in these glasses are considered to

assemble together and form clusters which exhibit super-

paramagnetic behaviour and below the freezing tempera-

ture, individual spins are frozen in random directions

because of antiferomagnetic interaction between nearby

ions [5]. A general condition for semiconducting behaviour

of borate glasses containing iron ions is the coexistence of

iron ions in more than one valence state, Fe2+ and Fe3+ [6],

but only Fe3+ (3d5, 6S5=2) shows EPR absorptions at room

temperature [7–9]. EPR of Fe3+ ions may provide useful

information concerning the structural details of the vitreous

matrix revealed by their distribution on different structural

units building the network, their coordination and the va-

lence state. It is also possible to follow the structural

changes in the matrix when iron ions concentration in-

creases during a controlled doping process.

Magnetic susceptibility measurements revealed as very

useful to determine the valence states of transition metal

ions and the type of interactions involving them over var-

ious composition ranges. Their magnetic properties depend

on the concentration of the 3d element and the valence

states ratio [10, 11] as well as on the structure of the vit-

reous matrix and implicitly on the conditions of sample

preparation [12]. The superexchange interaction of the iron

ions in the oxide glasses was most frequently attributed to

an antiferromagnetic coupling within the pairs Fe3+–Fe3+,

Fe3+–Fe2+ and Fe2+–Fe2+ [13, 14]. An antiferromagnetic

coupling between iron ions was reported in borate [15, 16],

phosphate [13, 17], tellurite [18, 19], bismuthate [20], sil-

icate [21] and germanate [22] oxide glasses.

This work aims to present our results obtained by means

of EPR and magnetic susceptibility measurements per-

formed on B2O3�SrO glass matrix gradually doped with

Fe2O3. The research is part of a comparative analysis

program focused on the behaviour of transition metal ions

in vitreous oxide matrices.
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Experimental procedure

The starting materials used in the present investigation

were Fe2O3, H3BO3 and SrCO3 of reagent grade purity.

The samples were prepared by weighing suitable propor-

tions of components, powder mixing and mixture melting

in sintered corundum crucibles at 1,200 �C for 30 min. The

mixtures were put into the furnace direct at this tempera-

ture. The melts were poured onto stainless steel plates.

The X-ray diffraction measurements were made with a

diffractometer Philips X’Pert MPD, with a monochromator

of graphite for CuKa (k = 1.540560 Å). The pattern ob-

tained did not reveal any crystalline phase in the samples

up to 30 mol% Fe2O3. For the sample with x = 40 mol% a

crystalline phase of Fe2O3 was pointed out near the vitre-

ous phase.

The electron paramagnetic resonance (EPR) measure-

ments were made using a Portable Adani PS 8400 spec-

trometer in X-band (9.1–9.6 GHz). The measurements

were made at room temperature. To avoid the alteration of

the glass structure due to the ambient conditions, especially

humidity, samples were poured immediately after prepa-

ration and enclosed in tubular holders of the same caliber.

Equal quantities of samples were studied.

The magnetic susceptibility measurements were made

using a Faraday type magnetic balance in 80–300 K tem-

perature ranges. Correction due to the diamagnetism of the

Fe2O3, B2O3 and SrO were taken into account in order to

obtain the real magnetic susceptibility of manganese ions

in the studied glasses.

Results

EPR data

For exploring the structure of the studied glasses Fe3+ (3d5;
6S5=2) ions were chosen as paramagnetic probes in EPR

measurements. The absorption spectra being sensitive at

the symmetry of the structural units which are building up

the network and giving information about the involved

paramagnetic ions, valence states and interactions. The

features of the recorded spectra are detailed in Fig. 1. As

can be seen from the Fig. 1, there is a strong dependence of

the absorption spectra structure and parameters on the

Fe2O3 content of the samples. The resonance spectra

mainly consist in absorption lines centred at geff � 4.3 for

samples with 0.5 £ x £ 20 mol% and geff � 2.0 for all

investigated concentration range, respectively. The evolu-

tion of the resonance lines with increasing of iron ions

content was followed in the dependence of the EPR

parameters, i.e., the line intensity J, estimated as the line

integral and the peak-to-peak line width DB. The corre-

sponding variations of these parameters are plotted in

Figs. 2, 3 for the resonance lines at geff � 4.3 and

geff � 2.0, respectively.

Magnetic susceptibility data

The temperature dependence of the reciprocal magnetic

susceptibility of some glasses from the investigated system

is presented in Fig. 4. The concentration dependence of the

paramagnetic Curie temperature (hp) is given in Fig. 5. The

molar Curie constant values, CM, are given in Table 1.

Discussion

EPR spectra typical for Fe3+ (3d5; 6S5=2) paramagnetic ions

were obtained (Fig. 1). They attest the presence of the iron

ions in the (3+) valence state for all the investigation

samples. The resonance spectra mainly consist in absorp-

tion lines centred at geff � 4.3 for samples with

0.5 £ x £ 20 mol% and geff � 2.0 for all investigated

concentration range, respectively. Their prevalence in the

spectrum depends on the Fe2O3 content of the samples

(Fig. 1). The EPR parameters of the absorption lines also

depend on iron concentration (Figs. 2, 3).

Fig. 1 EPR absorption spectra of Fe3+ ions in xFe2O3�(100 – x)

[B2O3�SrO]glasses
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The resonance line at geff � 4.3 is due to Fe3+ ions

which are isolated and situated in sites of distorted octa-

hedral symmetry (rhombic or tetragonal) subjected to

strong crystal field effects [8, 23–25]. The absorption may

induce transitions between the medians Kramers doublet

lines when the site symmetry is rhombic [23, 24, 26] or

between the lines of the lowest doublet, in the case of

tetragonally [8] or cubic tetragonally distorted sites [27].

The intensity of this resonance absorption line increases

until x = 5 mol% then it decreases at higher content of

Fe2O3 (Fig. 2a). The decreasing of this resonance line

intensity at the same time with the increasing of the Fe2O3

content is due to the destruction of the configuration from

the iron ions neighbourhood, which assures their magnetic

isolation. The structural units of defined symmetry

involving Fe3+ ions although randomly distorted, have at

the origin the structure of glass matrix former, B2O3. These

structural units assure the independence of the involved

Fe3+ ions and their specific state of energy. The gradual

increasing of the iron content in the matrix destroys

the local ordering of the Fe3+ ion neighbourhood, so the

structural units as characteristic entities become less

represented. Consequently the geff � 4.3 line intensity

decreases. The line width evolution of the geff � 4.3 res-

onance absorption (Fig. 2b) shows an increasing up to

x = 5 mol%. For higher content of Fe2O3, the line width

decreases. According to the line intensity decreasing evi-

denced for x > 5 mol% (Fig. 2a), the decreasing of DB is

due to the progressive decrease of the concentration of Fe3+

ions in structural vicinities giving rise to the geff � 4.3

absorption.

The geff � 2.0 line may be attributed either to Fe3+

species interacting by dipole–dipole interaction in sites of

less distorted octahedral (tetrahedral) field and/or to su-

perexchange coupled pairs [9, 28]. The composition

dependence of this absorption line intensity shows an

increasing in all whole concentration range, more evi-

denced for x > 5 mol% (Fig. 3a). On the other hand, the

line intensity of the absorptions at geff � 4.3 decreases for

x > 5 mol% (Fig. 2a), in consequence, at higher content of

Fe2O3 (x > 5 mol%), the Fe3+ ions participated at dipole–

dipole and/or superexchange interactions. The line width of

the geff � 2.0 resonance absorption depends also on the

Fig. 2 Composition dependences of the line intensity (a) and line

width (b) of resonance absorptions at geff � 4.3

Fig. 3 Composition dependences of the line intensity (a) and line

width (b) of resonance absorptions at geff � 2.0
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Fe2O3 concentration (Fig. 3b) revealing the clustering

capacity of the iron ions in the investigated matrix. The

DB = f(x) dependence reflects the competition between the

broadening mechanisms as the dipol–dipol interactions, the

increased disordering of the matrix structure, the interac-

tions between ions in multivalent states and the narrowing

ones that are the superexchange interactions within the

pairs of iron ions. These mechanisms can act simulta-

neously but they are predominant in function of the Fe2O3

sample content. Following the DB = f(x) dependence it was

observed a deviation from linearity of DB at x > 10 mol%.

This suggests that for x > 10 mol% can appear superex-

change interactions between iron ions which narrow the

resonance line from g � 2.0.

The magnetic susceptibility data correlate well with the

EPR result and also complete them. The temperature

dependence of the reciprocal magnetic susceptibility is

given in Fig. 4. For glasses containing x £ 10 mol% the

Curie law is obeyed, suggesting existence of isolated iron

ions or/and subjected to dipole–dipole interactions. For

x > 10 mol% the reciprocal magnetic susceptibility obeys

a Curie–Weiss law with negative paramagnetic Curie

temperature characteristic to antiferromagnetic coupling of

magnetic ions. The peculiar structure specific to vitreous

oxide glasses impose the short-range character of magnetic

interactions and enhance the structural image of clusters.

The result agrees with data explaining the g � 2.0 lines

narrowing as result of superexchange interactions between

iron ions involved in cluster structure. The composition

dependence of hp is given in Fig. 5. The absolute value of

hp increases for x > 10 mol% with the magnetic ions

content of the sample. The composition dependence of the

molar Curie constant (CM) is presented in Table 1. For all

the glasses experimental values obtained for molar Curie

constant and consequently for effective magnetic moments

are lower than those which correspond to the Fe2O3 con-

tent, considering that all iron ions are in Fe3+ valence state,

but they are higher than those calculated for the case when

all iron ions would be Fe2+ species (Table 1). Therefore we

Fig. 4 Temperature dependence of the reciprocal magnetic suscep-

t ibi l i ty for xFe2O3 �(100 – x) [B2O3 �SrO] glasses with

1 £ x £ 5 mol% (a) and with 10 £ x £ 30 mol% (b)

Fig. 5 Composition dependence of the paramagnetic Curie temper-

ature

Table 1 Molar Curie constant, molar fraction of Fe3+(x1) and

Fe2+(x2) ions in xFe2O3�(100 – x) [B2O3�SrO] glasses

x
(mol % Fe2O3)

CM ± 1�10–4

(emu/mol)

x1

(mol% Fe3þ
2 O3)

x2

(mol% Fe2þ
2 O3)

1 0.0845 0.9 0.1

3 0.2455 2.3 0.7

5 0.3920 3.3 1.7

10 0.7589 5.7 4.3

20 1.5085 10.9 9.1

30 2.3696 20.3 9.7
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consider that in these glasses are present both Fe3+ and

Fe2+ ions. The presence of Fe3+ and Fe2+ ions has been

evidenced in other oxide glasses [11, 12, 16–20]. Having in

view this supposition and using the atomic magnetic mo-

ment values of free Fe3+ and Fe2+ ions: lFe
3+=5.92lB and

lFe
2+=4.90lB [29], we can estimate in first approximation the

molar fraction of these ions in the investigated glasses

using the relations:

x � l2
eff ¼ x1 � l2

Fe3þ þ x2 � l2
Fe2þ

and

x ¼ x1 þ x2;

where leff = 2.827�[CM/2x]1/2 are the experimental mag-

netic moment, x1 and x2 are the molar fraction of iron ions

in Fe3+and Fe2+ valence states. The results are presented in

Table 1. From these data one remarks that the molar

fraction of both Fe3+ and Fe2+ ions increases in whole

studied concentration range, the proportion of Fe3+ ions

being prevalent.

Conclusions

Glasses of the system xFe2O3�(100 – x)[B2O3�SrO] were

obtained over the 0 £ x £ 30 mol% concentration range.

EPR absorption spectra due to Fe3+ ions were detected

within 0.5 £ x £ 30 mol%. The structure of the spectra and

the values of the EPR parameters of resonance lines depend

on the Fe2O3 concentration. The isolated Fe3+ ions in sites

of distorted octahedral symmetry subjected to strong

crystalline field effects were detected over a relatively

broad concentration range, attesting the structural ability of

the vitreous matrix in receiving these ions.

The EPR and magnetic measurements revealed both

dipolar and superexchange-type interactions involving iron

ions. For samples with x > 10 mol% antiferromagnetically

coupled iron ions were evidenced.
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