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a b s t r a c t

(MnO)x·(P2O5)40·(ZnO)60−x glasses containing different concentrations of MnO ranging from 0 to 20 mol%
were prepared by the melt-quenching technique. The samples had a fixed P2O5 content of 40 mol% and
the MnO:ZnO ratio was varied. The thermal, structural and magnetic properties of these glasses were
investigated by means of differential thermal analysis (DTA), electron paramagnetic resonance (EPR) and
magnetic susceptibility measurements. Compositional dependence of the glass transition (Tg), crystal-
lization (Tp) and melting temperatures were determined by DTA investigations. From the dependence of
the Tg on the heating rate (a), the activation energy of the glass transition (Eg) was calculated. The fragility
index (F) for the studied glasses was determined to see whether these materials are obtained from kinet-
agnetic properties
PR
TA

ically strong-glass-forming (KS) or kinetically fragile-glass forming (KF) liquids. The EPR spectra of the
studied glasses revealed absorptions centered at g ≈ 2.0, 3.3 and 4.3. The compositional variations of the
intensity and line width of these absorption lines was interpreted in terms of the variation in the concen-
tration of the Mn2+ and Mn3+ ions in the glass and the interaction between the manganese ions. EPR and
magnetic susceptibility data reveal that both Mn2+ and Mn3+ ions are present in the studied glasses, their
relative concentration being dependent on the glass composition. Magnetic susceptibility data reveal an

tion
antiferromagnetic interac

. Introduction

Glasses containing transition metal ions (TMI) have attracted
uch attention due to their electrical [1–7], optical [8–13] and
agnetic properties [14–17] which render them suitable for large

ractical and potential applications in many fields such as mem-
ry switching [18,19] electronics [5,6,12,15], catalysis [20–22] and
agnetic information storage [10,14,16]. These properties of the

MI glasses arise from the presence of TMI in multivalent states
4,23–26]. Manganese ions have been frequently used as paramag-
etic probes for exploring the structure and properties of glasses
27–33]. Studies of the coordination, bonding characteristics and
ovalence state of TMI in glasses are very helpful in understanding
he structure of the glassy state. Changes in the chemical com-
osition of glass may change the local environment of the TMI

ncorporated into the glass, leading to ligand field changes which

ay be reflected in the EPR spectra [34]. EPR studies of manganese

ons in glasses have been used to obtain information regarding
he glass network and to identify the site symmetry around the

anganese ions [27–36]. Manganese ions exist in different valence
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between the manganese ions for the glasses containing 20 mol% MnO.
© 2011 Elsevier B.V. All rights reserved.

states with different local symmetry in the glasses, for example, as
Mn2+ with both tetrahedral and octahedral coordination and/or as
Mn3+ with octahedral coordination [31,35]. The content of man-
ganese in different coordinations and valence states exist in the
glass depending upon the quantitative properties of modifiers and
glass formers, size of the ions in the glass structure, their field
strength, mobility of the modifier cation, etc. [31,35]. Though Mn2+

and Mn3+ ions are both paramagnetic, only Mn2+ (3d5, 6S5/2) shows
EPR absorptions at room temperature. It is well known that in case
of d5 metal ions, the axial distortion of octahedral symmetry gives
rise to three Kramers doublets

∣∣±5/2
〉

,
∣∣±3/2

〉
and

∣∣±1/2
〉

. An
application of Zeeman field will split the spin degeneracy of the
Kramers doublets. As the crystal field splitting is normally much
greater than the Zeeman field, the resonances observed are due
to transitions within the Kramers doublets split by the Zeeman
field [29]. Generally, the spectra consist of resonance lines centered
at g ≈ 2.0, 3.3 and 4.3 with their relative intensity being strongly
dependent on composition.

Magnetic susceptibility measurements of glasses containing

manganese ions reveal the nature of interactions between the man-
ganese ions apart from providing information on the valence states
of manganese ions. The magnetic properties of glasses containing
manganese depend on the concentration of the 3d element and
the ratio of valence states as well as on the structure of the vitre-

dx.doi.org/10.1016/j.jallcom.2011.01.056
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. DTA curves of (MnO)x·(P2O5)40·(ZnO)60−x glasses at the heating rate of 15
0 mol% MnO (b).

us matrix and implicitly on the conditions of sample preparation.
he superexchange interaction of the manganese ions in the oxide
lasses has been mostly attributed to an antiferromagnetic cou-
ling within the pairs Mn2+–Mn2+, Mn2+–Mn3+ and Mn3+–Mn3+

33,37–39].
The aim of this paper is to present our results obtained by means

f DTA, EPR and magnetic susceptibility measurements performed
n some zinc phosphate glasses gradually doped with manganese
ons. The research is part of a comparative analysis program focused
n the behaviour of TMI in vitreous matrices, in order to obtain
enerally valuable rules, which allow imposing and controlling the
roperties of such materials.

. Experimental

Glasses in the ternary system (MnO)x·(P2O5)40·(ZnO)60−x with x varying from
mol% to 20 mol% were prepared by conventional melt-quenching using as starting
aterials reagent grade MnO, P2O5 and ZnO of high purity (99.9%) in suitable propor-

ion. The mechanically homogenized mixtures were melted in sintered corundum
rucibles at 1100 ◦C in an electric furnace. The samples were put into the electric
urnace directly at this temperature. After 10 min the molten material was quenched
t room temperature by pouring onto a stainless-steel plate. The obtained samples
ere analyzed by means of X-ray diffraction. The patterns obtained are charac-

eristic for vitreous systems in this concentration range (0 ≤ x ≤ 20 mol%) of MnO
40].

The thermal behaviour of glass samples was carried out using a PerkinElmer
G/DTA 6300 thermal analyzer under Ar gas atmosphere. About 20 mg of bulk glass
as heated in Pt-holder with another Pt-holder containing �-alumina as a reference
aterial. In order to determine the activation energy of the glass transition and

ctivation energy for the crystallization process the DTA traces were recorded at
ve heating rates a = 5, 10, 15, 20 and 25 ◦C/min.

The EPR measurements of powder samples were carried out in the X-band
∼9.79 GHz) at room temperature using a Bruker E-500 ELEXSYS spectrometer. The
pectra processing was performed by the Bruker Xepr software. To avoid the alter-
tion of the glass structure due to the ambient conditions, especially humidity,

amples were poured immediately after preparation and enclosed in tubular holders
f the same caliber. Equal quantities of samples were studied.

The magnetic susceptibility measurements were made using a Faraday type
agnetic balance in 80–300 K temperature range. Corrections due to the diamag-

etism of the MnO, P2O5 and ZnO and were taken into account in order to obtain
he real magnetic susceptibility of manganese ions in the studied glasses.
(a) and DTA curves obtained with different heating rates for glasses containing

3. Results and discussion

3.1. DTA data

DTA is very suitable for determination of glass characteristic
temperatures, such as glass transition temperature, Tg, crystalliza-
tion temperature, Tp and melting temperature, Tm. These thermal
parameters are suitable for a qualitative estimation of the ther-
mal stability of glasses and the glass forming ability. Typical DTA
curves for MnO–P2O5–ZnO glasses at a heating rate of 15 ◦C/min
are shown in Fig. 1a. The obtained thermal parameters are sum-
marized in Table 1. The appearance of a single peak due to Tg in
the DTA pattern of all the glasses indicates the homogeneity of the
studied glasses. One also observes that Tg for all samples is around
415 ◦C, denoting that Tg in this zinc phosphate glass matrix is poorly
affected by the substitution of ZnO with MnO up to 20 mol%.

The thermal stability (TS) of glass can be expressed by the tem-
perature difference between the Tg and Tc introduced by Dietzel
[41–44]:

TS = Tc − Tg, (1)

where Tc is the onset temperature of crystallization. By the use of
the characteristic temperatures, Hruby [45,46] introduce the glass
forming ability (Kgl) which is defined by the relation:

Kgl = (Tc − Tg)
(Tm − Tc)

(2)

Another parameter usually employed to estimate the glass sta-
bility, introduced by Saad and Poulin [47] is the thermal stability
parameter (S):

(T − T )(T − T )

S = p c c g

Tg
, (3)

which reflects the resistance to divitrification after formation of the
glass. In Eq. (3), the (Tp − Tc) term is related to the rate of devitri-
fication transformation of the glassy phase. On the other hand, the
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Table 1
Glass transition temperature (Tg), crystallization temperatures (Tp1 and Tp2), melting temperatures (Tm1 and Tm2), thermal stability (TS, Kgl and S), fragility index (F) and
activation energy of glass transition (Eg) for the (MnO)x·(P2O5)40·(ZnO)60−x glasses.

x
[mol%]

Tg

[±1 ◦C]
Tp1

[±1 ◦C]
Tp2

[±1 ◦C]
Tm1

[±1 ◦C]
Tm2

[±1 ◦C]
TS
[±1 ◦C]

Kgl

[±0.05]
S
[±1 ◦C]

F
[±0.5]

Eg

[±5 kJ/mol]
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0 412 667 – 776 79
5 407 635 – 785

10 417 629 – 782
20 415 625 686 767

igher values of the (Tc − Tg) term delays the nucleation process
42,44]. The obtained values of TS, Kgl and S for different content
f manganese ions are given in Table 1. Inspecting these data, one
emarks that the glass matrix (undoped with MnO) has the high-
st thermal stability as indicated by all glass stability parameters.
he glasses containing 20 mol% MnO shows a tendency towards
rystallization more than the other compositions.

The fragility index can be obtained using the following relation-
hip [42,44,48,49]:

= Eg

RTg ln 10
, (4)

here Eg is the activation energy of glass transition. The activation
nergy of enthalpy relaxation of the glass transition, or the activa-
ion energy of glass transition Eg of the investigated glasses, was
alculated using the Kissinger formula [50]:

n

(
T2

g

a

)
= Eg

RTg
+ const. (5)

here a is the heating rate of DTA (a = 5, 10, 15, 20 and 25 ◦C/min), Tg

s the glass transition at different heating rates and R is the gas con-
tant. DTA curves obtained with different heating rates for glasses
ontaining 10 mol% MnO are shown in Fig. 1b. The plot of ln(T2

g /a)
ersus 1000/Tg is expected to be linear. The glass transition activa-
ion energy, Eg, can be calculated from the slop of this plot. Fig. 2
hows the plots of ln(T2

g /a) versus 103/Tg for different contents of
nO. The values of the fragility index and of the activation energy

f glass transition obtained for the studied glasses are shown in

able 1. The study of structural relaxation in the glass transition
egion of glass-forming liquids is important from both academic
nd technological points of view. Structural relaxation processes
n glasses occur at temperatures lower than their Tg. Glass form-
ng liquids that exhibit an approximately Arrhenius temperature

ig. 2. Plots of ln(T2
g /a) versus 1000/Tg for the (MnO)x·(P2O5)40·(ZnO)60−x glasses.
195 0.85 35.67 20.16 264.38
163 0.76 26.03 21.01 273.53
151 0.71 22.09 27.12 358.33
144 0.69 22.90 28.91 380.78

dependence of the viscosity are defined as strong glass formers
and those which exhibit a non-Arrhenius behaviour are declared
fragile glass former [42–44]. Fragile glasses have higher ionic bond
character as compared to covalent bond component. Strong glasses
are those which show resistance to structural degradation in the
liquid state. It was found that the limit for kinetically strong-
glass-forming (KS) liquids is reached for a low value of F (F ≈ 16)
[42,44,51], while the limit for kinetically fragile-glass-forming (KF)
liquids is characterized by a high value of F (F ≈ 200) [42,44]. For
the (MnO)x·(P2O5)40·(ZnO)60−x (0 ≤ x ≤ 20 mol%) glasses the values
of F are near to KS limit (Table 1). This indicates that all the glassy
alloys prepared in the present study are obtained from KS liquids.

3.2. EPR data

For exploring the local structure of the studied glasses, Mn2+

(3d5, 6S5/2) ions were chosen as paramagnetic probes in EPR
measurements. The absorption spectra are sensitive to the sym-
metry of the structural units which are building up the glass
network and give information about the involved paramagnetic
ions, valence states and interactions. The EPR spectra obtained at
room temperature for the (MnO)x·(P2O5)40·(ZnO)60−x glass system
with 1 ≤ x ≤ 20 mol% are shown in Fig. 3. As can be seen from this
figure, there is a strong dependence of the absorption spectra struc-
ture and parameters on the MnO content of the samples. The EPR
spectra structure consists mainly in absorptions centered at g ≈ 2.0,
3.3 and g ≈ 4.3 their prevalence depending on manganese ions con-
centrations. The resonance at g ≈ 2.0 is attributed in general to (i)
isolated Mn2+ ions in octahedral symmetric sites slightly tetrago-
nally distorted when the hyperfine structure (hfs) is resolved or to
(ii) associated ones, the Mn2+ ions being involved in dipole–dipole
and/or superexchange interactions, and is known to arise from the
transition between the energy levels of the lower doublet |±1/2〉
[30,32,33,52–54]. At low content of manganese ions (x = 1 mol%),
the EPR spectrum shows a hfs sextet due to the hyperfine interac-
tion of the electron spin (S = 5/2) with its own nuclear spin (I = 5/2)
superposed on a large absorption line for g ≈ 2.0. The g-factor value
and the well resolved hfs with a coupling constant of A ≈ 95 G show
the predominantly ionic character of the bonding between Mn2+

and the O2− ions generating the octahedral symmetry of the ligand
field. Weak axial distortions could be superposed on this field, vary-
ing in intensity and orientation from the vicinity of a manganese
ion to another [54,55]. When the concentration of manganese ions
increased beyond 1 mol%, the hfs sextet dissappears leaving behind
a single broad line due to both the distribution of crystal field
parameters and the dipole–dipole interaction accompanied by the
superexchange magnetic interaction. The resonances at g ≈ 3.3 and
4.3 are due to magnetically isolated Mn2+ ions located at tetrag-
onally distorted sites of octahedral symmetry subjected to strong
crystal field effects and arise from transitions between the energy
levels of the middle Kramers doublet |±3/2〉 [30,32,33,54]. In the

case of our glasses these absorptions are less intense than the one
at g ≈ 2.0 and appear only for low concentrations of manganese ions
(x ≤ 5 mol%). The resonance signal centered at g ≈ 3.3 is broad, unre-
solved, with the aspect of a shoulder like signal. There is a relatively
small concentration of Mn2+ ions involved in such structural units.
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Fig. 3. EPR spectra of Mn2+ ions in the (MnO)x·(P2O5)40·(ZnO)6

he lack of hfs at these absorption lines could be due to the fluctu-
tions of the ligand field parameters in the Mn2+ ion neighborhood
nd the random distribution of the octahedral distortions vicinity.
he evolution of the resonance line centered at g ≈ 2.0 with increas-
ng of manganese ions content was followed with respect to the
PR characteristic parameters, namely the absorption line inten-
ity (J) and the peak-to-peak linewidth (�H). The corresponding
ariations of these parameters versus the manganese ions content
re plotted in Fig. 4. The intensity and line-width of the g ≈ 2.0
bsorption line increase as function of the manganese ions con-
ent. Generally, the signal intensity is proportional to the number

f EPR active species involved in the resonance absorption, so
he increase of the g ≈ 2.0 line intensity indicates an increase in

n2+ ion concentration. The nonlinear increase of J and �H with
he increase of the MnO concentration (depicted in Fig. 2) can be

ig. 4. Composition dependence of intensity and line-width for g ≈ 2.0 absorption
ine of (MnO)x·(P2O5)40·(ZnO)60−x glasses. The lines are drawn as a guide for the eyes.
sses (a) and EPR spectra of glasses containing 1 mol% MnO (b).

attributed to the process by which the manganese ions enter the
vitreous glass matrix either as Mn2+ or Mn3+ [30,54,56–58]. With-
out giving rise to EPR absorption, Mn3+ ions may influence the
Mn2+ ions absorption spectra when they are involved in magnetic
interactions. The �H = f(x) dependence reflects the competition
between the broadening mechanisms (due to the dipole–dipole
interactions, the increased disordering of the matrix structure, the
interactions between ions in multivalent states) and the narrow-
ing ones (due to the superexchange interactions within the pairs of
manganese ions). These mechanisms act simultaneously but one of
them may become predominant in function of the MnO content of
the samples. Following the �H = f(x) dependence it was observed
a deviation from linearity at x > 10 mol%. This suggests that for
x > 10 mol% superexchange interactions narrow the resonance line
from g ≈ 2.

3.3. Magnetic susceptibility data

The magnetic susceptibility data correlate well with the EPR
results and also complete them. The magnetic susceptibility data
offered useful information concerning the distribution of the man-
ganese ions in the host glass matrix, the valence state of manganese
ions and the nature of the magnetic interactions between these ions
in various composition ranges. The temperature dependence of the
reciprocal magnetic susceptibility of glasses from the studied sys-
tem is presented in Fig. 5. For the samples with x ≤ 10 mol % a Curie
law is observed which is typical for isolated ions or/and subjected to
dipole–dipole interactions. For x > 10 mol% the reciprocal magnetic
susceptibility follows the Curie–Weiss law:

� = �0 + CM

T − �p
(6)
where �0 is the temperature-independent contribution, �p is the
paramagnetic Curie temperature and CM is the molar Curie constant

CM = �2
eff · NA

3kB
(7)
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where x1 and x2 are the molar fraction of manganese ions in Mn
and Mn3+ valence states. The results obtained are listed in Table 2.
From these data one remarks that the molar fraction of both Mn2+

and Mn3+ ions increases with increasing the content of MnO in
whole concentration range. For all the studied glasses the molar

T
M
g

ig. 5. Temperature dependence of the reciprocal magnetic susceptibility for (MnO

In this formula, �eff is the effective magnetic moment, NA is the
vogadro’s number, x is the concentration of manganese ions in

he glass, kB is the Boltzmann’s constant. The negative values of
p obtained for the glasses with x > 10 mol% indicate that the man-
anese ions are coupled by antiferromagnetic interactions, namely
uperexchange ones. The �p is a rough indicator of both the strength
f the interaction between the magnetic moments and the num-
er of magnetic ions participating in the interactions. The absolute
agnitude of �p values increases with increasing the MnO content,

, suggesting that the magnetic interactions become stronger at
igher x values (Fig. 6). Due to the disordered structure of glasses,
he magnetic order takes place at short range, possibly in the form
f the micromagnetic type order [59]. The values of the effective
agnetic moment of manganese ions in the studied samples were

stimated using the formula:

eff = 2.827

√
CM

x
(8)

The values obtained for �eff and CM are given in Table 2. For all
he studied glasses the experimental values obtained for CM and,
onsequently, for �eff are lower than those which correspond to
he MnO content, considering that all manganese ions are in the

n2+ valence state, but they are higher than those calculated for
he case when all manganese ions would appear as Mn3+ species

Table 2). Therefore we consider that in these glasses are present
oth Mn2+ and Mn3+ ions. Having in view this supposition and using
he atomic magnetic moment values of the free Mn2+ and Mn3+ ions,
nd �Mn3+ = 4.90�B [60], we can estimate in first approximation
he molar fraction of these ions in the investigated glasses using

able 2
olar Curie constant CM, experimental values of �eff , the molar fraction of Mn2+ ions (x1), t

lasses.

x CM �eff

[mol%] [±1 × 10−4 emu K/mol] [±1 × 10−2�B]

1 0.0358 5.35
5 0.1739 5.27

10 0.3431 5.23
12.5 0.4301 5.24
15 0.5178 5.25
17.5 0.6029 5.24
20 0.6813 5.22
O5)40·(ZnO)60−x glasses with 1 ≤ x ≤ 10 mol % (a) and with 12.5 ≤ x ≤ 20 mol % (b).

the relations:

x · �2
eff = x1 · �2

Mn2+ + x2 · �2
Mn3+ and x = x1 + x2, (9)

2+
Fig. 6. The composition dependence of the paramagnetic Curie temperature for
(MnO)x·(P2O5)40·(ZnO)60−x glasses. The solid line is only a guide for the eye.

he molar fraction of Mn3+ ions (x2) and the x2/x1 ratio for (MnO)x·(P2O5)40·(ZnO)60−x

x1 x2 x2/x1

[±0.1 mol %] [±0.1 mol %] [±0.1]

0.4 0.6 1.50
1.7 3.3 1.94
3 7 2.33
3.9 8.6 2.21
4.8 10.2 2.13
5.5 12 2.18
5.9 14.1 2.34



and Co

f
M
t
i
c
i
(

4

w
d
h
s
f
b
c
o
d
a
d
E
h
i
i
a
t
s
l
T
i
p
t
b

(
s
b

A

P

R

[

[

[
[
[

[
[
[

[
[
[
[
[
[
[
[
[

[
[

[

[
[
[
[
[
[

[

[

[

[
[

[
[
[
[
[
[
[
[
[

[
[
[

[
[

P. Pascuta et al. / Journal of Alloys

raction of Mn2+ ions are lower than that of the molar fraction of
n3+ ions. The ratio of the number of ions in Mn3+ state (x2) and

he number of ions in Mn2+ state (x1) for studied glasses is listed
n Table 2. The x2/x1 ratio increases with the increasing of MnO
ontent more prominently for x ≤ 10 mol %. This is due to a decrease
n Mn3+ and a corresponding increase in Mn2+ up to a certain level
x = 10 mol%) after that which there are not many changes.

. Conclusions

Glasses of the (MnO)x·(P2O5)40·(ZnO)60−x system were obtained
ithin a large concentration range, namely 0 ≤ x ≤ 20 mol%. DTA
ata show that the glass undoped with MnO (the host glass matrix)
as the highest thermal stability. The values of F indicate that the
tudied glasses are formed from KS liquids. The values calculated
or the activation energy are ranging from 264.38 to 380.78 kJ/mol
y the progressive addition of manganese ions in the investigated
omposition range. The DTA data indicate a good thermal stability
f the studied glasses. EPR absorption spectra due to Mn2+ ions were
etected within 1 ≤ x ≤ 20 mol %. The structure of the EPR spectra
nd the values of the EPR parameters of resonance lines strongly
epend of the manganese ion concentrations. The analysis of the
PR spectra shows that they are due to isolated Mn2+ ions in octa-
edral symmetric sites slightly tetragonally distorted when the hfs

s resolved or to associated ones, when the Mn2+ ions are involved
n dipole–dipole and/or superexchange interactions giving rise to
n absorption line centered at g ≈ 2.0. Strongly distorted versions of
hese sites result in the resonance lines at g ≈ 4.3 and 3.3. The inten-
ity of the last two lines is small enough and indicates a relative
ow concentration of Mn2+ ions involved in such structural units.
he magnetic susceptibility data revealed superexchange magnetic
nteractions involving manganese ions, antiferromagnetically cou-
led for the sample containing 20 mol% MnO. Manganese ions enter
he studied glasses in both Mn2+ and Mn3+ valence states, the last
eing the dominating one.

Comparing the results obtained in this paper for the
MnO)x·(P2O5)40·(ZnO)60−x glasses with the ones obtained by
tudying the (Fe2O3)x·(P2O5)40·(ZnO)60−x glasses [17], we note that
oth systems show a similar magnetic behaviour.
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