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Dilute magnetic glasses of formula xFe2O3 + (2− x)V2O5 + 38Li2O + 60P2O5 (where x = 0, 0.2, 0.5, 0.7, 1.0,
1.5 and 2.0) are synthesized by melt quench technique. The glassy nature is confirmed by X-ray diffraction. The
density is found to increase but the molar volume and optical basicity are found to decrease as the iron content x is
gradually increased from 0 to up to 2. The Fourier transform infrared spectra of these glasses show absorption peaks
corresponding to P=O, O-P–O–, (P–O–P) symmetric stretching, (P–O–P) asymmetric stretching, and O–P–O
group bending vibrations. The magnetic measurements indicate considerable reduction in magnetization of both
vanadium and iron containing glasses. A canted-antiferromagnetic pairing of the magnetic ion pairs is envisaged for
explaining the reduction of magnetization. The EPR spectra reveal the presence of vanadyl ion and ferric ion in the
glasses. Characteristics of local bonding and co-ordination of vanadyl and ferric ions are discussed. The vanadyl
ion is shown to have a distorted octahedral coordination with oxygen to create a tetragonal contraction. The high
spin ferric ion is concluded to possess two kinds of co-ordinations with oxygen viz. rhombic and octahedral in these
glasses. The effects of magnetic exchange on the EPR features are discussed.
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1. Introduction

Ever growing developments that demonstrate the im-
portance, versatility, and promise of glasses for newer
and newer uses make these materials very attractive for
research. Glass is an immensely versatile material since
it is used every day in numerous applications and side
by side there are more specific technological applications
in various fields of science and technology. The chemical
formulation dictates the physical properties and charac-
teristics of the glass [1]. Phosphate glasses are mainly
composed of the network former P2O5, i.e., P5+ and O2+.
The phosphate glasses feature a high resistance to hy-
drofluoric acid, but otherwise they have a relatively low
resistance to chemical corrosion. The compositions can
be made more resistant to the chemicals and the envi-
ronment by engineering the composition for the specific
applications.

Phosphate glasses are well suited for doping with
various colorants, including transition metal ions and
rare earth oxides [2]. This ability results in glasses
that exhibit unique and desirable transmission spectrum.
These coloured glasses have found their niche in various
medical, military, and scientific applications. Bioactive
glass, which is the material of choice to promote bone
growth in the medical industry, is also a phosphate-based
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glass [3–5]. The glasses are prepared by almost limitless
different chemical compositions, which in turn give rise
to different properties.

Phosphate glasses generally have lower manufacturing
temperature, lower glass transition temperature, lower
dispersion, and higher refractive index as compared to
silicate-based optical glasses. Thus, phosphate glasses
offer a greater advantage in many applications, such as
moulding of optical elements, and nuclear waste stor-
age. Phosphate glasses have gained recent interest due
to their potential applications as solid-state amorphous
electrolytes in secondary batteries.

Recent results indicate that it is possible to pre-
pare phosphate glasses with excellent resistance to aque-
ous corrosion by adding metal oxides with high valence
cations like Fe2O3, Al2O3, and V2O5. Also, V2O5 is
known to participate in the glass network with VO5

pyramidal structural units or VO6 octahedral structural
units. Therefore the [PO4] tetrahedral structural units,
gets modified to different units in the alkali phosphate
glasses. Vanadium can exist in various oxidation states
(such as V5+, V4+, V3+ and V2+) by bonding with
different number of oxygen atoms. Out of which only
V5+ is non-magnetic [6, 7]. Also, it is well known that
iron exists in two oxidation states: Fe(II) (3d4) and/or
Fe(III) (3d5), and both of them are strongly magnetic
in nature in their high spin state. The magnetic be-
haviour of these ions can be studied by electron paramag-
netic resonance (EPR) spectroscopy [6–9], and magneti-
zation measurements by vibrating sample magnetometer
(VSM) [10, 11]. The EPR of Fe(II) is not observed at
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room temperature (RT) and can rarely be detected at
very low temperatures. However, Fe(III) is EPR active
even at RT and above [12]. Vanadium oxidation states
(V2+, V3+, V4+) can be identified through their char-
acteristic EPR spectra [13–15]. The oxidation state V4+

bonds with oxygen to form a distinct (V=O) bond known
as vanadyl ion (VO)2+ (3d1) whose EPR is very dis-
tinct in solutions, powders, glasses and crystals [16, 17].
Therefore, the magnetic behaviour of the glasses contain-
ing both iron and vanadium oxides would be interesting
to study by EPR and VSM.

Structural information is usually obtained by XRD
and FTIR spectroscopy. Garbarczyk et al. have
studied Li2O–V2O5–P2O5 glasses by differential scan-
ning calorimetry (DSC), EPR and impedance spec-
troscopy [18]. The nature of electronic conduc-
tivity in olivine-like glasses and nanomaterials of
Li2O–FeO–V2O5–P2O5 system have been studied by
Pietrzak et al [19]. The authors have recently pub-
lished a paper on the structural, physical, electrical
and dielectric properties of dilute magnetic glasses:
xFe2O3 + (30 − x)V2O5 + 30Na2O +40B2O3 (with
x = 0 to 15) [20]. The present investigation is aimed
at the study of physical, structural, and magnetic
behaviour of the dilute magnetic phosphate glasses:
xFe2O3 − (2− x)V2O5 − 38Li2O-60P2O5, where x = 0,
0.2, 0.5, 0.7, 1.0, 1.5 and 2.0 containing two magnetic ions
namely iron and vanadium in different compositions. We
here report results of density, molar volume, theoretical
optical basicity, XRD, FTIR, VSM and EPR investiga-
tions of these glasses.

2. Experimental

2.1. Glass preparation

The glasses of the desired composition were pre-
pared by the conventional rapid melt quenching
technique. The starting materials were analyti-
cal grade reagents (ANALR): NH4H2PO4, Li2CO3,
V2O5 and Fe2O3. The desired amounts of compo-
nents were calculated according to the molar formula
xFe2O3 − (2− x)V2O5-38Li2O-60P2O5, where x = 0,
0.2, 0.5, 0.7, 1.0, 1.5 and 2.0 (abbreviated as FVLPx).
The calculated amounts of the desired components were
well dry mixed and homogenized. The homogenized
powders were melted in high purity alumina crucibles
at a temperature of 1050 ◦C in an electrically heated
and temperature-controlled muffle furnace for about one
hour. The alumina crucibles containing glass melts were
swirled frequently to insure the homogeneity of the melt.
The melts were then quickly quenched to lower temper-
ature (≈ 300 ◦C) by pouring onto clean thick stainless
steel (SS) plates preheated to ≈ 300 ◦C and subsequently
pressing by another thick SS plate which was pre heated
to ≈ 300 ◦C to provide a better quenching rate and to re-
duce the strains during glass formation. By this method
smooth surfaces of the plate-glass samples were obtained
upon cooling slowly to RT.

2.2. XRD

The as prepared samples were crushed to fine powders
and analysed by X-ray diffractometer (Rigaku Ultima
IV) by employing Cu Kα radiations with nickel filter.
The diffraction patterns were obtained for 2θ from 20◦

to 80◦ at a scan rate of 2◦ per min.

2.3. Density measurement

The density (D) of the prepared glass samples was
measured using the Archimedes principle at RT. The
masses of the samples were measured by sensitive elec-
tronic balance (CAS CAVY 220). Xylene was used as an
inert immersion liquid for measuring the buoyancy. The
density was calculated using the formula

D = Dχ
Wa

(Wa −Wχ)
, (1)

where Dχ, Wa and Wχ are density of xylene, weight of
sample in air and weight of sample in buoyant liquid
(here xylene), respectively. The molar volume Vm of each
glass sample was calculated from data obtained for den-
sity using formula Vm = M/D, where M is molar mass
of samples. The error in the density measurement was
±0.01 g/cm3.

The theoretical optical basicity (Λth) was calculated
by using the following relation:

Λth = XFe2O3
ΛFe2O3

+XV2O5
ΛV2O5

+XNa2OΛNa2O +XB2O3
ΛB2O3

. (2)
Here X-terms are mole fractions and Λ-terms are opti-
cal basicity values of corresponding oxides as assigned in
literature.

2.4. FTIR

The FTIR spectra of the glass samples were recorded
at RT on Perkin Elmer Frontier FTIR spectrometer
in the mid-IR range (400–4000 cm−1). To record the
infrared absorption spectra, KBr pellet technique was
used. Base line and noise correction were achieved using
Spectrum-10 software (provided with FTIR spectropho-
tometer). For peak identification of the processed spec-
tra, multiple peaks fitting of each spectrum was done us-
ing Origin-16 Pro till the fit parameter became ≥ 0.999.

2.5. VSM measurements

The magnetic moment as a function of applied field was
measured for the prepared glasses on a vibrating sample
magnetometer (VSM, Lakeshore VSM 7410) within the
magnetic range ±1.5 T with a time constant of 1 s and
sensitivity 10−7 emu, at RT.

2.6. EPR spectroscopy

EPR measurements at RT were performed on
the X-band EPR spectrometer (JEOL Model JES
FA200) at X-band frequency (≈ 9.4 GHz) and a mag-
netic field modulation of 100 kHz. Microwave power
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of ≈ 1 mW was used for EPR measurements. The ampli-
tude of the magnetic field modulation was kept about one
milli-gauss and first derivative of the resonance absorp-
tion was obtained against the DC magnetic field sweep
in the desired range.

3. Results and discussion

3.1. XRD

The glass samples were analysed by XRD to confirm
the glassy nature of the samples prepared. The XRD
patterns are shown in Fig. 1. All the samples have
shown only characteristic glass XRD patterns. No crys-
talline phase is detected by XRD. This confirms the non-
crystalline nature (amorphous nature) of the samples pre-
pared for study.

3.2. Density

Measured values of density (D) and calculated values
of molar volume VM are displayed in Fig. 2a. There is
a slight variation in the densities of the glasses depend-
ing on the iron and vanadium contents. As can be seen,
the overall change in density is around 0.04 g/cm3 by
replacing V2O5 with increasing concentration of Fe2O3

(from x = 0 to x = 2). The increase in density and de-
crease in molar volume with the increase in iron content
is justified because glass modifier V is being replaced by
heavier metal iron and a better filling factor is created
by Fe–O coordination as compared to V–O in the glass
network. The variation of density D, molar volume VM
and theoretical optical basicity against the iron content
x are shown in Fig. 2a and b.

The molar volume VM is found to decrease with the
partial replacement of V2O5 by Fe2O3. This is in confor-
mity with the compaction of the glass network caused by
the partial introduction of Fe2O3 in the glass structure.

Fig. 1. XRD spectra of FVLPx (x = 0, 0.2, 0.5, 0.7,
1.0, 1.5 and 2.0) glasses recorded at RT.

Fig. 2. (a) Variation of density ρ and molar volume
VM of FVLPx glasses against iron content x. (b) Varia-
tion of theoretical optical basicity Λth of FVLPx glasses
against iron content x.

Fig. 3. FTIR spectra of FVLPx (x = 0, 0.2, 0.5, 0.7,
1.0, 1.5 and 2.0) glasses recorded at RT. The arrows
show the principal IR absorption bands.

The optical basicity proposed by Duffy and Ingram [21] is
conventionally used as a measure of acid-base properties
of oxide glasses and is expressed in terms of the electron
density carried by oxygen. The variation of theoretical
optical basicity for the prepared compositions (as shown
in Fig. 2b) shows a marginal decrease with an increase in
Fe2O3 content at the cost of V2O5 in the glass. The de-
crease in optical basicity upon partial replacing of V2O5

by Fe2O3 indicates a decrease in the ability of glass to
donate negative charge to the probe ion. It points out
towards a marginal increase in covalent character of the
glass network with the increase in Fe2O3 content.

3.3. Infrared absorption spectra

The Fourier transform infrared (FTIR) absorption
spectra of FVLPx glasses at RT and in the frequency
range of 400–1600 cm−1 are shown in Fig. 3. The
main absorption band positions and their assignments
are given in Table I.



Physical, Structural, and Magnetic Study of Dilute Magnetic Glasses. . . 1199

TABLE I

The observed IR absorption band positions and their
assignments

Approximate band
position [cm−1]

Band assignment

506 bending of O–P–O

641
symmetric stretching
vibration of P–O–P linkage

743
symmetric stretching
vibration of P–O–P linkage

881
asymmetric stretching
vibration of P–O–P linkage

1012
PO−2 asymmetric
stretching vibration

1126 symmetric P–O bonds

1295
stretching vibration
mode of the P=O

Fig. 4. Different models of phosphate tetrahedra that
can exist in phosphate glasses.

The structures of phosphate anions can be described
using the Qn terminology, where n represents the number
of bridging oxygens (BOs) per [O=PO3] tetrahedron as
shown in Fig. 4.

Van Wazer [22] developed relationships that describe
the compositional dependences of the tetrahedral site dis-
tributions in binary alkali phosphate glasses. The addi-
tion of a modifying oxide (M2O) to phosphate glass de-
polymerises the structure from those with more highly
cross linked tetrahedral units to those with more non-
bridging oxygen (NBOs) units to maintain charge bal-
ance as shown below

[2Q3 + M2O]→ 2Q2, [2Q2 + M2O]→ 2Q1,

[2Q1 + M2O]→ 2Q0.

The Li2O breaks the –P–O–P-linkage of the phosphate
glass and creates more and more NBOs as the concen-
tration is increased. Therefore, [PO4], [PO4]3−, O–P–O,
P–O–P and P=O, etc., species are expected in lithium
phosphate glasses in different populations depending
on the composition [23–25]. The peaks in the region
1300–1200 cm−1 are assigned to the stretching vibration
modes of the P=O.

Intensity of bands at ≈ 1300 cm−1 strongly depends on
phosphate content. There are at least two bands in this
region which are clearly seen in Fig. 3. These two bands
are connected with P=O vibrations affected by asym-

metric stretching vibrations of O–P–O bonds. Position
of these bands strongly depends on the chemical com-
position of the glass. The band at ≈ 1100 cm−1 results
from symmetric O–P–O vibrations in phosphate tetra-
hedral units. The band at ≈ 1020 cm−1 is connected
with PO−2 asymmetric stretching vibrations. The absorp-
tion band at 889–879 cm−1 is attributed to asymmetric
stretching vibrations of P–O–P linkage of Q1 tetrahedral
units with NBO. The band around 850–600 cm−1, may
be attributed to the symmetric stretching vibration of
P–O–P linkage of Q2 tetrahedral units with NBO. The
spectra exhibit a strong broad absorption peak in the re-
gion 506–474 cm−1, which is attributed to the O–P–O
bending modes [23–25]. It may also be noted that in
the region 800–1300 cm−1 the spectra show some band
splitting suggesting minor structural modifications due to
vanadium/iron inclusion in the glasses. The FTIR spec-
tra show the characteristic peaks originating from the
phosphate network and all the glasses under study show
essentially the similar spectra. This means that iron and
vanadium are entering in the glass network as glass form-
ers in the range of concentrations used in this study (up
to 2 mol fraction of Fe2O3).

3.4. Magnetization measurements

The magnetization [emu/g] versus magnetic fieldH [G]
at RT is shown in Fig. 5. The magnetization curves did
not show any hysteresis and were linear. These are the
characteristics of the paramagnetic materials. The mag-
netic data obtained from the analysis of magnetization
curves for all the samples are given in Table II for com-
parison.

The magnetization in FVNB0 is due to vanadium only
since no iron is present in this sample. The vanadium
atom can exist in V2+, V3+, V4+ and V5+ oxidation
states out of which only V5+ is non-magnetic and hence
EPR silent. The V2+, V3+ and V4+ oxidation states

Fig. 5. The magnetization M–H curves of the FVLPx
glasses between ±15 kG and at RT.
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TABLE IIMagnetic data obtained from the analysis of M–H plots of FVLPx glasses at RT.

Sample
M at 15 kG

×10−2 [emu/g]
Mfu at 15 kG

[emu]
χ = M/H × 10−6

[emu/g-G]
(µexp)fu
[BM]

(µth)fu
[BM]

(µexp) [BM]
V or Fe

(µth) [BM]
V or Fe

(µpair) [BM]
and φ [◦]

FVLP0.0 2.73 4.72 1.82 6.59 6.92 1.65 per V 1.73 / V4+

FVLP0.2 3.00 5.18 2.00 6.91 8.43
FVLP0.5 3.76 6.50 2.51 7.74 10.69
FVLP0.7 4.95 8.56 3.30 8.87 12.20
FVLP1.0 5.48 9.47 3.65 9.33 14.46
FVLP1.5 6.28 10.84 4.19 9.99 18.23
FVLP2.0 7.05 12.17 4.70 10.57 22.00 2.64 per Fe 5.5 / Fe3+ 5.28;φ = 58.7

are EPR active and can be identified by their character-
istic EPR spectra. Magnetization curve cannot resolve
the issue of existing vanadium oxidation states. In this
regard complementary information can be obtained by
EPR of this sample. As will be discussed in the EPR
results the main paramagnetic species is believed to be
V4+. Therefore, magnetization is believed mainly to be
due to V4+. However, the measured value of magnetisa-
tion indicates that only about 12% of the total vanadium
exists in (V4+) magnetic state, so the diamagnetic contri-
bution has not been taken into account into the analysis.

A similar observation was reported by Mekki et al. in
vanadium–sodium silicate glasses where only 2% of to-
tal vanadium was found in V4+ oxidation state and most
of it lied in the non-magnetic V5+ oxidation state [26].
Similar observation was reported by Saetova et al. [27]
in Li2O–V2O5–B2O3 glasses. Alternatively, if the other
possibility is accepted that all the vanadium exists in
magnetic state V4+ and there exists a magnetic exchange
interaction between the V4+–V4+ pairs resulting in a
canted antiferromagnetic (CAFM) coupling of the mag-
netic moments giving rise to µeff = (µA − µB cos(ϕ)),
where µA = µB, i.e., (µ4+

V =1.73 BM) and ϕ is the
angle between the CAFM coupled magnetic momenta
µA and µB. The µeff is the resultant magnetic mo-
ment of the coupled pair. Magnetic exchange coupling
between different magnetic ion pairs was suggested by
Ardelean et al. [28] in Bi2O3–GeO2 magnetic glasses to
cause reduction in observed magnetization. If the canting
angle ϕ is close to zero the resultant magnetic moment
will be very small. In the case of FVNB0 canting angle
is estimated to be ≈ 41◦ that means two V4+ magnetic
dipoles (µ = 1.73 BM) are coupled antiferromagnetically
with a canting angle of 41◦ degree resulting in an effective
magnetic moment (µeff = 0.44 BM) per pair in agreement
with the experimental value. Before discussing other re-
sults, it is convenient to examine the results on FVLP2.0
glass which contains only iron content because the vana-
dium content is zero. Here the magnetization results due
to iron which can exist in Fe2+ and/or Fe3+. Both the
oxidation states are magnetic but only Fe3+ is EPR ac-
tive at RT and above [10, 13].

The observed EPR of FVLP2.0 confirms the presence
of Fe3+ oxidation state of iron in the glass but does not
rule out the presence of Fe2+ in the glass under dis-
cussion. However, both Fe+2 (µ ≈ 5 BM) and Fe3+

(µ ≈ 5.5 BM) have much higher atomic magnetic mo-
ments in their high spin state as compared to V4+. As-
suming that all the iron exists in Fe3+ high spin state
and the diamagnetic contribution is ignored, the theo-
retical magnetic moment per formula unit [fu] comes out
to be 22 BM. The experimental value comes out to be
only 1.38 BM which is one order of magnitude lower. It
amounts to only ≈ 6.3% of total Fe atoms are contribut-
ing to magnetization. Assuming the presence of both
Fe2+ and Fe3+ and considering even diamagnetic contri-
butions, the discrepancy in the theoretical and experi-
mental results is not resolved. Therefore, the alternative
explanation suggested for vanadium above CAFM may
be used here assuming the Fe3+–Fe3+ coupled pairs anti-
ferromagnetically. The estimated canting angle comes
out to be ≈ 29◦ in this case and the resultant mag-
netic moment per pair is estimated to be ≈ 0.69 BM
per pair which agrees well with the experimental value of
0.7 BM per pair.

From the values of magnetic moment per pair the val-
ues of magnetic moment per fu are calculated and are
given as µcal in Table II for a comparison. These val-
ues are in satisfactory agreement with the µexp values.
The experimental and the calculated values of magnetic
moment per formula unit (µexp and µth, respectively) are
plotted in Fig. 6 and Fig. 7. It is clear that there is a great
discrepancy between the expected magnetization and the
experimental magnetization of the FVLPx glasses and a
magnetic exchange of CAFM coupling between the ion
pairs is envisaged to explain the results.

3.5. EPR

The EPR spectra of all the FVLPx glasses are shown
in Fig. 8. These spectra can be divided into two
groups. In one group there are the spectra of samples
FVLP0, FVLP0.2 and FVLP0.5 where clear sharp split-
ting of EPR signals is discernible in the magnetic field
range of 250 mT to 450 mT and in the other group
there are the spectra of samples FVLP1.0, FVLP1.5 and
FVLP2.0, where prominently structureless broad EPR
signals are seen.

We shall first concentrate on the EPR spectra of the
first group. The EPR spectrum of the sample FVLP0 is
blown in Fig. 9 to analyse it precisely. The glass FVNB0
does not contain any iron in it, therefore EPR signals in
FVLP0 should arise due to vanadium only without any
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Fig. 6. Magnetization [emu/g] and [emu] per formula
unit for the maximal applied magnetic field of 1.5 T,
i.e. 15 kG.

Fig. 7. µexp per fu [BM] and µth per fu [BM] vs. iron
content x.

interference from other paramagnetic ions. In diamag-
netic hosts sharp line (≈ 15 G) EPR spectra of vana-
dium(IV) magnetic ions are observed even at RT due to
the absence of magnetic dipolar broadening and magnetic
exchange interaction which further reduces on lowering
the temperature. Vanadium(IV) usually forms a dis-
tinct covalent bond with oxygen resulting in the vanadyl
molecular ion (V=O)2+ whose characteristic EPR spec-
trum (S = 1/2, I = 7/2 for 51V) is easily identified by
characteristic eight hyperfine lines due to nuclear spin
I = 7/2 [17, 20, 29, 30]. Vanadyl EPR can be easily
identified in crystals, liquids, powders and glasses. In
glasses a characteristic sixteen line spectrum (a combi-
nation of O = 0, i.e., the so called parallel part and
O = 90, i.e., the so called perpendicular part) is obtained
due to the randomly oriented V=O bonds of vanadyl lo-
cal complexes in the glass network akin to powders when
no dipolar and/or exchange interactions are present [17].

Fig. 8. EPR spectra of FVLPx glasses at RT and at
X-band. The first derivative of EPR absorption signals
is plotted against applied DC magnetic sweep.

Fig. 9. EPR spectrum of FVLP0 glass at RT and X-
band. The peaks of the parallel and perpendicular parts
are identified by B⊥(m) and B‖(m), respectively. The
peaks corresponding to marked by ∗ were used to deter-
mine the line widths in the different spectra.

Broadening or smearing of EPR spectra may occur due
to magnetic exchange interactions and/or motions of the
ions [31–33].

As a consequence, liquids show only averaged eight
hyperfine lines and in higher concentrations of vana-
dium(IV) even the hyperfine structure is smeared out
to give rise to a single structure less line EPR spectrum.
Since the V2O5 content in FVNB0 is high (2 mol.%),
consequently magnetic exchange effects are expected in
its EPR spectra even at RT and a structureless EPR
spectrum is expected. Contrary to it, the observed EPR
spectrum is well resolved hence indicates a diminished
magnetic exchange interaction between the V4+ EPR ion
probes. Interestingly, a well resolved 8-line EPR spec-
trum was reported even for the pure vanadyl complex
(a dense magnetic system) at RT [31]. The reason was
assigned to the reduced magnetic exchange and dipolar
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Fig. 10. Gaussian and Lorentzian fits of second lowest
magnetic field peak of the EPR spectrum of FVLP0
marked by ∗ in Fig. 9.

Fig. 11. A comparison of FWHM of EPR in FVLP0,
FVLP0.2, and FVLP0.5 glasses.

broadening resulting from the long molecular structure
of the porphyrin complex. Saetova et al. could observe
well resolved EPR spectrum of vanadyl in the glasses
having a very high mol.% (≈ 30 mol.%) of vanadium
and argued that most of the vanadium is in the dia-
magnetic V5+ oxidation state [30]. The reduced dipo-
lar and magnetic exchange broadening in FLVP0 may
be explained by accepting the presence of non-magnetic
V5+ ions so that V4+ is in minority such that the glass
behaves as a dilute magnetic system. This is equiva-
lent to the presence of EPR sensitive probe V4+ in a
diamagnetic host. This is in agreement with the mag-
netization results on the FVLP0 sample discussed ear-
lier. The most important line broadening mechanisms
in EPR are dipolar and exchange interactions [32, 33].
The magnetic exchange interactions between like spins
cause a narrowing of the EPR lines whereas the mag-
netic exchange interactions between unlike spins cause

a broadening of the EPR lines. However, magnetic dipole
interaction always causes a broadening of the EPR sig-
nals. It is well known that the second lowest field EPR
line of the vanadyl spectra in powders and glasses can be
used to determine the line width of the EPR spectra by
fitting it to Lorentzian/Gaussian shape [31, 34].

To estimate the effect of line broadening on the EPR of
vanadyl due to the presence of iron ions along with vana-
dium we have analysed the full width at half maximum
(FWHM) of the second lowest magnetic field EPR signal
(at ≈ 300 mT and marked by an ∗ in Fig. 9) by fitting it
to Lorentzian and/or Gaussian line shape (see Fig. 10 for
FVLP0) and the variation is shown in Fig. 11 for three
selected glasses (viz. FVLP0, FVLP0.2 and FVLP0.5).
It is clear that the FWHM is progressively increasing due
to the increase of iron concentration in conformation with
the magnetic exchange effect between unlike spins V4+

and Fen+. FWHMmeasurements could not be performed
for other glasses due to the serious deformation/overlap
of the vanadyl EPR spectrum by the Fen+ EPR spec-
trum. In turn, it is demonstrated that the intensity of
vanadyl EPR is progressively decreasing and the hyper-
fine structure is smearing out upon replacing vanadium
by iron in the glasses. This is expected due to the mag-
netic exchange interactions as discussed above and the
progressive decrease of the vanadium concentration.

3.6. Spin Hamiltonian parameters

The EPR spectrum of the vanadyl ion in glasses is
analysed by using a spin-Hamiltonian [7–9, 16, 31, 32]:

H =
∑

i=x,y,z

βgiBiSi +AiSiIi, (3)

where the first term represents the electronic Zeeman
term and the second term represents the nuclear hy-
perfine interaction with electron spin. The compo-
nents of the external applied magnetic field vector de-
notes Bi, while the other symbols represent their usual
meanings.

In an axial symmetry (C4v) the g tensor has princi-
pal components: gz = g‖ and gx = gy = g⊥. Similarly
the hyperfine splitting tensor A has the principal com-
ponents: Az = A‖ and Ax = Ay = A⊥. The resonance
magnetic fields are given by [7, 20]:

Bm = B0 −mK (4)

−A
2
⊥g

2
⊥

4B0g2

(
A2
‖g

2
‖ +K2g2

K2g2

)[
I(I + 1)−m2

]
− m2

2B0

(
A2
‖g

2
‖ −A

2
⊥g

2
⊥

Kg2

)2(
g‖g⊥

g2

)2

sin2(θ) cos2(θ),

where B0 = hν/gβ with h being the Planck constant,
β — the Bohr magneton, and ν [Hz] — the EPR spectro-
meter’s operating frequency, m assumes eight values:
−7/2,−5/2, . . . , 5/2, 7/2 when I = 7/2, and θ is the an-
gle between the external applied magnetic field and the
principal z-axes of g and A tensors which are coincident



Physical, Structural, and Magnetic Study of Dilute Magnetic Glasses. . . 1203

TABLE IIIThe EPR SHPs of vanadyl ion in the FVLP0.0, FVLP0.2 and FVLP0.5 glasses. The uncertainty
in the values of g is ±0.001 and in the values of A is ±5 [G].

Sample g∗‖ g⊥ A‖ [G] A⊥ [G] go A0 [G] δg δA

FVLP0.0 1.921 1.981 204. 78 1.961 120 0.03 1.05
FVLP0.2 1.920 1.980 205 77 1.960 120 0.03 1.06
FVLP0.5 1.922 1.980 203 77 1.960 119 0.03 1.06

with each other for vanadyl ion and coincides with
the V=O bond direction for the vanadyl complexes. Fur-
ther the following relations are used:

K2 = A2
‖ cos2(θ) +A2

⊥ sin2(θ),

g2 = g2
‖ cos2(θ) + g2

⊥ sin2(θ),

K2g2 = A2
‖g

2
‖ cos2(θ) +A2

⊥g
2
⊥ sin2 θ. (5)

Since there is a random distribution of V=O bond direc-
tions in the glassy structure akin to the powdered crys-
tal (polycrystalline sample) containing vanadyl ions, the
EPR spectra of vanadyl ions in glasses are similar in na-
ture to the powder spectra [20]. The resultant EPR spec-
tra are characterized by sixteen resonance signals cor-
responding to the two so-called turning points [7, 20]:
(i) θ = 0◦, i.e., B parallel to the V=O bonds (the so-
called parallel part of the spectrum), and (ii) θ = 90◦,
i.e., B perpendicular to the V=O bonds (the so-called
perpendicular part of the spectrum) as shown in Fig. 9
and Fig. 10. The calculated spin Hamiltonian parameters
(SHP) are collated in Table III.

To justify the correctness of the calculated SHPs the
simulated so-called parallel and perpendicular EPR spec-
tra are combined with the observed EPR spectrum of
FVLP0 glass in Fig. 12a. The simulated spectra show
a good agreement of both B⊥(m) and B‖(m) with the
experiment. Also the powder-like EPR spectrum was
simulated for FVLP0 to compare with the experimental
EPR spectrum. These spectra are shown in Fig. 12b.

Reasonably good agreement between the simulated
and observed spectrum is seen which justifies the accu-
racy of the analysis. However, it may be mentioned here
that in contrast to the polycrystalline (powder) sample in
the case of strongly disordered systems like glasses a wide
distribution of g and A parameters may take place by na-
ture and this would cause diffuse effect on the averaged
resultant EPR spectrum. Meaningful analysis of vanadyl
EPR spectra could only be done for FVLP0, FVLP0.2
and FVLP0.5 glasses because in other glasses the vanadyl
EPR spectra overlapped with the iron EPR spectra and
smeared out too much to be analysed properly. It may be
discussed here that for perfect octahedral symmetry one
expects isotropic values of g and A parameters defined
as:

go =
1

3
(gx + gy + gz)→

1

3
(g‖ + 2g⊥),

and

A0 =
1

3
(Ax +Ay +Az)→

1

3
(A‖ +A⊥). (6)

Due to distinct V=O bond vanadyl complexes are al-
ways tetragonally compressed to a lesser or greater ex-
tent. Hence, g‖ < g⊥ < ge = 2.003 and A‖ > A⊥
are always observed [17]. The tetragonal compression
of the [(V=O) O5] octahedra may be compared with the
help of the out-of-plane anisotropies of the g and A pa-
rameters defined by δg and δA, respectively:

δg =
|g‖ − g⊥|

go
and δA =

|A‖ −A⊥|
A0

. (7)

These parameters are included in Table III along with
other SHPs. For no distortion of the regular octahedral
coordination these anisotropy parameters reduce to zero.
It is clear from the values of anisotropy parameters that
the tetragonal compression does exist but remains essen-
tially unaltered by the concentration of vanadium up to
2 mol.% in the glasses under discussion.

3.7. Bonding parameters for vanadyl complexes

For the purpose of approximate estimation of bonding
parameters of the local vanadyl complexes, the follow-
ing simplified expressions appropriate to C4v symmetry
of the vanadyl complexes may be used [20, 29, 30]:

∆g‖ = 8(β∗1β
∗
2)2λ/∆E‖

∆g⊥ = 2(β∗2e
∗)2λ/∆E⊥

−
A‖

P
= (β∗2)2

(
k +

4

7

)
+ ∆g‖ +

3

7
∆g⊥,

−A⊥
P

= (β∗2)2

(
k − 2

7

)
+

11

14
∆g⊥. (8)

where ∆g⊥,(‖) = ge − g⊥,(‖), and ge is the free elec-
tronic g value (g = 2.0023), β∗1 , β∗2 and e∗π are the
molecular orbital (MO) bonding parameters, ∆E⊥,(‖)
are the energy splitting of the corresponding orbitals
of vanadyl complex P = gegNββN < r−3, and k are
the dipolar-coupling-parameter and the Fermi-contact-
parameter, respectively, for vanadium (V4+) nucleus and
λ is the spin-orbit-coupling constant of the metal ion
(V4+). The corresponding electronic energy splittings
∆E⊥,(‖) are obtained from the optical absorption spec-
trum. The parameters β∗1 and β∗2 measure the in-plane
σ− and π− bonding respectively and e∗π measures the
out-of-plane π−bonding. Here an octahedral vanadyl
complex [(V=O) O5] is assumed with tetragonal (ax-
ial) contraction along axial V=O. Four out of the five
bonding oxygens are treated coplanar with metal ion
and are called the equatorial oxygens. The vanadyl
oxygen and the sixth oxygen are called apical/(axial).
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Fig. 12. (a) Overlapped EPR spectra of FVLP0 glass.
0SIM and 90SIM represent the simulated parallel and
perpendicular parts, respectively. Spectrum FVLP0 is
the experimental EPR spectrum of the iron free FVLP0
glass. (b) Simulated powder-like EPR spectrum of
FVLP0 glass (PWD-SIM). The observed EPR spectrum
(FVLP0) is also given for a comparison.

Therefore in-plane means within the equatorial plane
V-O4. Out-of-plane means perpendicular to the equato-
rial plane, i.e., along the apical axis. With oxygen as
ligands it is assumed that the in-plane π-bonding param-
eter β∗2 = 1 [17]. From the SHPs and the orbital en-
ergies ∆E⊥,(‖) the dipolar hyperfine coupling parameter
P = 2γββN (r−3), the Fermi contact parameter k and the
bonding parameters β∗1β∗2 , e∗π may be evaluated using the
above expressions. The value of λ = 170 cm−1 for vana-
dium is taken here for calculations. The bonding parame-
ter (β∗2)2 is usually found to be very close to unity for the
octahedral vanadyl species with oxygen as ligands hence
it becomes easier to determine four unknowns: (β∗2)2,
e∗π)2, P and k provided energies ∆E⊥,(‖) are known. For
reasonable estimates of the parameters ∆E⊥ = 1.2 and
∆E‖ = 1.6 in units of 104 cm−1 which are assumed
here [20]. An estimate of k = 0.84 and P ≈ 135 G is made
from the above relations for A⊥ and A⊥ and SHPs given
in Table IV. The parameter k is sensitive to the 4s char-
acter in the orbitals and higher the value k higher is the
contribution of the unpaired s electron to the hyperfine
splitting. The theoretical value of P obtained by Wat-
son with the help of Hartee–Fock radial function of V4+

ion is 160× 10−4 cm−1 (≈ 171 G) [35]. The lower value
obtained here may be attributed to the covalent bond-
ing of the V4+ ion with the ligands. For vanadyl com-
plexes P is found to lie between (100–160)× 10−4 cm−1,
i.e., ≈ (107–171) G. The values of k and P obtained here

Fig. 13. (a) EPR spectra of FVLP0.7, FVLP1.0,
FVLP1.5 and FVLP2.0 glasses at RT and at X-band.
(b) Frequency independent EPR spectra of FVLP1.5
and FVLP2.0 glasses.

compare favourably well with those measured for vanadyl
complexes [20]. The excitation energies ∆E‖ = Eb1−Eb2
and ∆E⊥ = Eeg − Eb2 are assumed here with b2 to be
the ground state orbital of the vanadyl complex with C4v

symmetry [20, 29, 30]. The product k · P provides the
isotropic hyperfine interaction parameter which in this
case is ≈ 115 G which is slightly less than the experi-
mental isotropic hyperfine parameter A0 =≈ 120 G, and
which may be assigned to the co-valency effects in the
bonding. Assuming k to be anisotropic with principal
components: k‖ and k⊥ we can find them from the re-
lations: k‖ = P/A‖ and k⊥ = P/A⊥. The calculated
values of k‖ and k⊥ are given in Table IV along with
other parameters.

To have a better visualization of the features the EPR
spectra of the second group (viz. glasses FVLP0.7,
FVLP1.0, FVLP1.5 and FVLP2.0) are separately shown
in Fig. 13a.

It would be easier to understand if we first discuss the
EPR spectrum of FVLP2.0 because the sample is free
from vanadium hence the spectrum is free from any over-
lapping of iron and vanadium EPR spectra. All the res-
onance peaks in this EPR spectrum are assigned purely
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TABLE IVP , k, and other bonding parameters for the vanadyl octahedral units in the glasses.

Sample P [G] k k‖ k⊥ P · k [G] (β∗1 )2 (e∗π)2 1-(β∗2 )2 1-(e∗π)2

FVLP0.0 135. 0.85 0.66 1.73 115 0.94 0.50 0.06 0.50
FVLP0.2 137 0.83 0.66 1.75 114 0.96 0.60 0.04 0.40
FVLP0.5 135 0.85 0.67 1.75 114 0.93 0.56 0.07 0.44

TABLE VEPR signal characteristics of FVLPx glasses (x = 0.7, 1.0, 1.5 and 2.0).

Sample parameter FVLP0.2 FVLP0.5 FVLP0.7 FVLP1.0 FVLP1.5 FVLP2.0
resonance peak position

in terms of g
(∆Bp−p line width [G])

2a (–)
4.3a (245)
9.3b (–)

2 (–)
4.3 (245)
9.3 (–)

2 (420)
4.3 (240)
9.3 (–)

2 (400)
4.3 (230)
9.3 (–)

2 (380)
4.3 (210)
9.3 (–)

2 (340c)
4.3 (200d)
9.3 (–)

relative intensity of
(Ig=2/Ig=4.3)

− − 4 11 15 19

The error in g is a0.1 and b0.3, the error in line width is c25 G and d15 G.

to iron. It is clear from the spectrum that there are three
distinct resonance signals of different intensity and line
width and they are marked as 1, 2 and 3 in order of
decreasing magnetic field in Fig. 13a. Instead of mag-
netic field the EPR signals may also be characterised by
a parameter g which is independent of the EPR spectro-
meter’s operating frequency. The frequency independent
variable q is defined as: g = hν/βBreson, where Breson

is the resonance field, i.e. the centre of the resonance
peak in terms of the applied external magnetic field.
The EPR spectra of glass FVLP1.5 and FVLP2.0 are
shown in Fig. 13b in terms of the variable g for compar-
ison and discussion. The presentation of EPR spectra in
terms of g is advantageous because it remains unaltered
even if the experiments are done at multi frequencies. It
may be mentioned here that the EPR signals of vanadyl
have diminished to almost negligible levels in these sam-
ples and the features of the EPR signals of iron are
vividly seen.

The characteristics of the EPR spectra are summa-
rized in Table V. Iron is one of the most pervasive im-
purities in borate and phosphate glasses. Iron can exist
in Fe2+ and/or Fe3+ oxidation states in glasses. Fe2+

is EPR silent at RT but Fe3+ gives EPR signals over
a very wide range of temperature [13, 36]. The ferric
ion (d5) in the absence of external magnetic field has
three Kramers doublets which split into six levels in an
external magnetic field corresponding to MS value from
+5/2 to −5/2 and its EPR spectrum is expected to show
five resonance signals according to allowed transitions
∆MS = ±1 [7, 8, 30]. Rao and Rao [37] studied the
EPR of transition metal ions including iron in glasses
and found typical EPR spectra of iron in glasses.

The features of EPR spectra of Fe3+ in glasses were
successfully explained by Castner et al. [38] by using the
spin Hamiltonian given below [7, 9, 10, 39, 40] :

H = gβB · S +D

[
S2
z +

S(S + 1)

3

]
+ E

[
S2
x − S2

y

]
, (9)

where D and E are called the axial and tetrago-
nal zero field splitting (ZFS) parameters respectively,
Si (i = x, y, z) denotes the components of electron
spin S. Being an S-state ion Fe3+ has an isotropic g
(gx = gy = gz = 2 (the free electronic value)) tensor but
D and E depend on the local environment of Fe3+ ion
and consequently may be highly anisotropic. In regular
octahedral local ligand field both D = E = 0 and the
EPR spectrum comprises a closely spaced quintet (set
of five fine splitting EPR signals) at g = 2 [7–9]. This
quintet becomes a single broad line under the influence
of dipolar broadening in systems having a higher con-
centration of iron and also at elevated temperatures due
to motional narrowing [13, 32, 33, 40]. In local fields of
lower symmetry (rhombic, tetragonal, tetrahedral etc.)
with distortion the energy levels of Fe3+ in an external
magnetic field become complicated if external magnetic
field B is not along the principal axes and the ZFS pa-
rameters are large [39, 40]. In a tetragonal local symme-
try E = 0 and if D � hν only transitions between the
| ± 1/2〉 energy states will be observed at g = 2 = g‖
for B parallel to z-axis of the ZFS tensor but for B⊥
to the z-axis of ZFS tensor the resonance signal will be
observed at g ≈ g⊥ ≈ 6 [7, 9, 10]. Mc Gavin and Ten-
nant [40] in their excellent paper have explained in detail
the occurrence of an isotropic g-tensor in high spin d5

systems under various conditions for D and E. Some
specific features of the Fe3+ EPR line width and shape
in glass networks depend on the glass composition and
the concentration of paramagnetic ions. The EPR spec-
tra of most glasses containing iron exhibit the two well
known resonances at the effective g values (geff ≈ 2 and
geff ≈ 30/7) that have been considered as a signature
of the presence of Fe3+ ions in a glassy host [41]. The
X-band EPR spectra (frequency ≈ 9 GHz) of most oxide
glasses with low Fe3+ concentrations show an EPR signal
at geff = 30/7 which is relatively narrow as compared to
the EPR signal at geff = 2. The sharpness of this signal
may be assigned to the isotropic nature and lesser effect
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Fig. 14. (a) Variation of peak-to-peak EPR line width
of signals marked 1 & 2 in Fig. 13. (b) Relative intensity
of signal 1 to signal 2.

of the g-strain (distribution of g in disordered glasses) on
this signal. The observation of an intense isotropic signal
at g ≈ 30/7 and a weak signal at g ≈ 9 may generally
be taken to be indicative of high spin Fe3+ in a rhombic
environment where D = ±3E. It has been discussed by
Golding et al. [39] that both tetragonal and rhombic dis-
tortions from octahedral symmetry may give g ≈ 30/7
isotropic signal under different conditions.

The main features of the observed EPR signals of Fe3+

in the glasses under study may be summarized here:

1. The positions of EPR signals (g values) are un-
altered within the experimental errors for all the
FVLPx glasses under study.

2. The g ≈ 9 signal (called signal 3) is the weakest
signal and its relative intensity does not appear to
increase with the increase of iron concentration pro-
portionally.

3. The relative intensities of g = 4.3 (called signal 2)
and g = 2 (called signal 1) increase progressively as
the iron content is increased but the increase is not
linearly proportional as revealed by the intensity
ratio plotted in Fig. 14b.

4. The p-p line widths of both signal 1, as well as
signal 2 progressively decrease upon increasing the
iron content x.

Bogomolova and Henner [42] showed how at X-band
the geff ≈ 2 line width can be explained by a cluster-
ing of Fe3+ ions. The theory predicts an increase of line
width with spin concentration due to the dipolar broad-
ening [32, 33]. The exchange interaction between like
spins will cause line narrowing [33]. However, exchange
interaction is believed to appear at a sufficiently high con-
centration of paramagnetic ions when neighbouring spins
become highly coupled. The g = 4.3 resonance can be
produced by rhombic symmetry D = 3E of either octa-
hedral or tetrahedral coordination of Fe3+ with effective
tetragonal distortion (C4v). Different possible coordina-
tion environments of iron can cause different values of D
and E which are associated with resonances at g = 2,
4.3, 6, and 9 [36–42]. In the case of strongly disordered
systems (for example glasses) wide distribution of D and
E values may take place in the same host. As a result,
broad diffuse absorption from zero field to higher mag-
netic fields occurs with the lines corresponding to the
singularities, i.e., at g = 9.7, 4.3, 3.3, 6.0 and 2.0 [40].
For the polycrystalline substances the situation is how-
ever, different because local environment of the Fe3+ ions
is well defined. The g = 2.0 resonance can be caused by
both axiality of the crystal field (E = 0) and spin–spin
interaction. Momo et al. showed that the g = 4.3 reso-
nance is due to Fe3+ ions in rhombic sites in their studies
of selected silicate glasses [36]. Iwamoto et al. [41] have
investigated the state of Fe3+ ion and Fe3+–F− inter-
action in xCaF2 − 9(1 − x)CaO−9SiO2 (0 < x < 0.3)
glasses by ESR and only two resonances were observed
near g = 2.0 and g = 4.3 which were assigned to Fe3+ ions
with dipole–dipole interactions and isolated Fe3+ ions in
rhombic symmetry, respectively. In the light of the above
discussion the following inferences could be made in the
present study:

1. The g = 2 signals represent the nearly regular octa-
hedral coordination of oxygens with the metal ion
(D = E = 0). The magnetic dipole exchange nar-
rowing effects dominate over the dipolar broaden-
ing up to the 2% concentration of iron in the glasses
under study, hence the line width of the EPR signal
is seen decreasing progressively. Since the relative
intensity of the g = 2 signal is the highest as com-
pared to g = 4.3 and g ≈ 9 signals, the regular oc-
tahedral co-ordination is in majority as compared
to other coordinations discussed below.

2. The g = 4.3 signal represents the strong rhom-
bic distortion (D = 3E) in the metal ion coor-
dination and a resulting large ZFS is responsible
for an isotropic g = 4.3 transition. The varia-
tion of relative intensities (Fig. 14b) of g = 2 and
g = 4.3 indicates the increase in the concentrations
of both the octahedral co-ordination and tetrag-
onal co-ordination but the former increases more
rapidly.

3. The weak g ≈ 9 signal does not represent to any
specific co-ordination but is often observed in the
powder/glass spectra of the completely rhombic
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Fe3+ systems (D = 3E) in addition to the intense
isotropic g = 4.3 signal. Nevertheless the obser-
vation of an intense isotropic g = 4.3 signal and
a weak g ≈ 9 may generally be taken to be indica-
tive of high spin Fe3+ in nearly complete rhombic
environment [39, 43].

4. Conclusion

The samples FVLPx (x = 0, 0.2, 0.5, 0.7, 1.0, 1.1,
and 2.0) prepared by quick melt quenching have shown
their glassy nature when studied by XRD. The density
measurements have shown that the density increases pro-
gressively as V is replaced by Fe (i.e. x is increased from
0 to 2.0). The reason is assigned to a better atomic fill-
ing and replacement by a heavier metal Fe. The molar
volume is found to decrease as x is increased whereas the
theoretical optical basicity remains almost same in these
glasses. The IR absorption bands reveal the presence
of various structures involving P and O such as: P=O,
O-P–O−, (P–O–P), and O–P–O groups as revealed by
the characteristic vibrations. The presence of V and Fe
in the range of 0–2 mol.% does not seem to cause ap-
preciable structural changes to be reflected in IR spec-
tra in these phosphate glass systems. The experimen-
tal magnetic moment per fu is in consistence with the
calculated magnetic moment per fu. This discrepancy
can be explained if the canted-antiferromagnetic pairing
of the magnetic ions is envisaged. The EPR study re-
veals that vanadium exists in the form of vanadyl local
complexes and there is a considerable covalence in the
bonding. However, the presence of V5+ is also suggested
based on the magnetization results. Iron gives three EPR
signals at g = 2, g = 4.3 and g ≈ 9 which are assigned to
two coordinations of ferric ion with oxygen viz. octahe-
dral and nearly complete rhombic. However, neither the
presence nor the absence of Fe2+ could be confirmed by
the experiments done in the present study.
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