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A magnetic study of dilute magnetic glasses 40B2O3 4 30NazO + (30 — z)V20s5 + xzFe203 with
x=0,...,5 (abbreviated as FVNBz) has been undertaken to understand the effect of magnetic interac-
tions and super-exchange between like and unlike spins. Two complementary experimental techniques
were used, namely, the magnetization measurement and the EPR spectroscopy. The study confirmed
a minor presence of an active VT oxidation state in the form of a vanadyl (V=0)** molecular ion.
The majority of vanadium remains in the diamagnetic V>* oxidation state. It is apparent that vana-
dium contributes little to the magnetization of these glasses. The experimental value of magnetization
of FVNBO was used to evaluate the concentration of V4T and it was found that only 11% of total
vanadium transforms to the magnetic V** oxidation state. The magnetization attributed to iron was
found also reduced by an order of magnitude from the expected value. The canted antiferromagnetic
pairing of the magnetic dipoles is suggested to cause the reduction in the observed magnetization. The
effects of magnetic interactions (both dipolar as well as super-exchange) are clearly observed in the EPR
spectra of both V4T and Fe3" in these glasses. The observed features of EPR are the evidence that
iron is experiencing highly distorted oxygen environments (octahedral/tetragonal/tetrahedral) in these
glasses, resulting in very high zero field splitting D for the local Fe*" sites. The large D and magnetic
exchange interactions between the like and unlike spins are responsible for the complex features of the

EPR spectra.
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1. Introduction

Borate glasses remain attractive for research and
applications due to lower temperature fabrication
and a variety of chemical compositions for desired
properties [1-3]. Gaffar et al. [4] have studied the
effect of metal oxides such as V50Os5, FeoOgz, CraOg,
NiO, TiOz, MnOs and CuO on the acoustic prop-
erties of alkali borate glasses. Guskos et al. [5]
have studied an FeVO,—Co3V20g system by elec-
tron paramagnetic resonance (EPR) and DC mag-
netic susceptibility and found that only 0.58% of
all magnetic (Fe3") ions were involved in the fer-
romagnetic states and the rest were antiferromag-
netically coupled. EPR spectra of the samples sug-
gested that the Fe3t high-spin ions coupled by an-
tiferromagnetic (AFM) interaction and clusters of
ions play a major role in the observed features of
EPR spectra.

Pure soda-borate/silicate/phosphate glasses are
diamagnetic in nature. To make glasses magnetic in
nature, though, the diamagnetic glasses are modi-
fied by adding transition metal ions such as Cu?*,
Mn2+, V4 Cr?t, Fe3t, Co?t, Ni%t etc. [6-9).
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There are some reports concerning the investi-
gation of the valence states and the distribu-
tion mode of the transition metal ions in the
network of oxide glasses [10, 11]. The mag-
netic behavior of the glasses could be meaning-
fully studied by EPR spectroscopy and compli-
mentary magnetization measurements [11]. De-
spite being more informative, the combined EPR
and magnetic susceptibility studies of the magnetic
glasses are not frequently done by the researchers.
Recently Stefan and Karabulut [12] have studied
an FegO3-P205-Ca0-MgO-B2 O3 system by X-ray
diffraction (XRD), the Fourier transform infrared
(FTIR) spectroscopy and EPR and have shown that
the structure undergoes changes both in phosphate
and iron environments depending upon Fe;O3 con-
centration. The bioactivity tests indicated that
an iron-free sample shows some bioactivity but the
crystallization tendency increases with increasing
iron concentration.

In a previous paper [13], the authors re-
ported magnetic behavior of xFesO3—(2—xz)Vo05—
38Li,0 — 60P205 (x = 0,1,2) glasses (abbreviated
as FVLPz) containing two magnetic ions, namely,
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iron and vanadium in different compositions. The
magnetic measurements of FVLPx indicated con-
siderable reduction in the expected magnetization
of both vanadium and iron containing glasses.
A canted-antiferromagnetic-pairing (CAFMP) of
the magnetic ions was envisaged for explaining the
reduction of the magnetization in FVLPz glasses.
The EPR spectra of FVLPx revealed the presence
of a vanadyl ion (V=0)?" and a ferric ion in these
glasses. The vanadyl ion was shown to have a dis-
torted octahedral coordination with oxygen to cre-
ate a tetragonal contraction. The high spin fer-
ric ion in these glasses was concluded to possess
two kinds of co-ordinations with oxygen, i.e., rhom-
bic and octahedral. The effects of magnetic ex-
change (both dipolar as well as super-exchange) on
the features of EPR of FVLPx glasses were stud-
ied through the number, width, shape, and posi-
tion of the EPR signals. It was deemed interesting
to study the magnetic behavior of the borate glasses
containing vanadium and iron in higher concentra-
tion as compared to FVLPz glasses. The system
Li;O-P505 was replaced by NasO-B2O3. It was
expected that P and B atom would have different
networks to accommodate iron and vanadium hence
the magnetic behavior of the resulting glass network
would be different.

A lithium atom was replaced by an Na atom due
to the fact that Na has a tendency to bond with
vanadium predominantly in the form of diamagnetic
NaVOs; units [14] which, as a consequence, will af-
fect the concentration of magnetic V4T oxidation
state in the glasses.

The present investigation is aimed at the study
of the magnetic behavior of 40B;0O3 + 30NayO+
(30 —2)V205 + 2Fe305 (2 = 0,...,5) oxide glasses.
No indirect approach was made to manipulate the
oxidation states of iron and/or vanadium in the
glass preparation. It is well known that iron may
exist in two oxidation states: Fe(II) (3d°) and/or
Fe(III) (3d®) and both of them are strongly mag-
netic in nature in their high spin states. The mag-
netic behavior of the materials has been studied
by X-band EPR spectroscopy and magnetization
measurements by a vibrating sample magnetome-
ter (VSM) [15-19]. Fe(II) is a very fast relaxing
ion so the EPR is not observed at room tempera-
ture (RT) and can rarely be detected even at lig-
uid helium temperatures. However, Fe(III) is EPR
active at RT and even above RT [19]. Vanadium
is known to exist in several oxidation states: V2T,
V3*, V4 or V5 out of which only V°* is non-
magnetic. The oxidation states V2 and V3* are
not common and can only be achieved by special
techniques. The oxidation state of V47 is very sta-
ble and in a wide range of temperature it is EPR
active. In the case of V41, it can be sensitively iden-
tified through its characteristic in the EPR spec-
trum. Usually, V** bonds with oxygen to form
a distinct (V=0) bond known as a vanadyl ion
(VO)2* whose EPR is very distinct in solutions,
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powders, glasses, and crystals [15]. The presence of
magnetic ions in higher concentrations creates ex-
change and dipolar interactions and consequently
alter the magnetic behavior of the glasses. If there
are two or more kinds of magnetic ions, then the
super-exchange interactions between the like and
unlike magnetic ions may further change the mag-
netic behavior [16, 20]. EPR is a very sensitive tool
to monitor the magnetic exchange effects [13, 16].
Therefore it was considered interesting to study
the 40B203 + 30Na20 + (30 - I’)VzOs + I’F6203
(x=0,...,5) glasses by EPR and VSM. In the
present paper, the results of these experimental
techniques are presented and discussed.

2. Experimental

2.1. Sample preparation

The magnetic glasses xFesO3 + (30 — 2)V205+
30NayO + 40B,03 with = 0 to 5 were syn-
thesized by the conventional quick melt-quench
technique. The starting materials were analyti-
cal grade reagents (ANALR): H3BOj3 (for B5O3),
N32003 (fOI‘ NagO), V205 and F€203. The
desired amounts of components were calcu-
lated according to the compositional formula (to
be called molar formula henceforth) zFeyOsz—
(30 — $)V205 — 30Na20 — 4OB203, where x = O,
2, 3 and 5. The calculated stoichiometric amounts
of the desired composition were well mixed and ho-
mogenized. The homogenized powders were then
melted in high purity alumina crucibles at a temper-
ature of 1100 (£25) °C in an electrically heated and
temperature-controlled muffie furnace for about 1 h.
The alumina crucibles containing glass melts were
swirled frequently to insure the homogeneity of the
melt. The melts were then quickly quenched to
a lower temperature (= 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 preheated to about 300°C to
provide a uniform quenching rate and to reduce the
quench-induced strains during glass formation. By
this method, smooth surfaces of the plate-glass sam-
ples were obtained upon cooling ambient to room
temperature (RT).

2.2. X-ray diffraction

The as-prepared samples were crushed to fine
powders and analysed by an X-ray diffractometer
(XRD, Rigaku Ultima IV) by employing Cu K,, ra-
diations with nickel filter. The diffraction patterns
were obtained for 26 angle from 20° to 80° at a scan
rate of 2° per min. The prepared plate glasses were
annealed at 200 °C for several hours to remove any
moisture and residual stress. For XRD recording
at RT fine powders of the glasses were obtained by
crushing into a mortar and pestle.



Magnetic Study of Dilute Magnetic Glasses. ..

2.3. VSM measurements

The magnetic moment as a function of applied
field was measured for the prepared glasses on
a VSM (Lakeshore VSM 7410) within the magnetic
range £1.5 T with a time constant of 1 s and sen-
sitivity 10765 emu at RT.

2.4. EPR spectroscopy

EPR spectroscopy measurements were performed
on an X-band EPR spectrometer (JEOL Model
JES FA200) at X-band frequency (= 9.4 GHz) and
a magnetic field modulation of 100 kHz. The mi-
crowave power of 1 mW was used for EPR measure-
ments. The amplitude of the magnetic modulation
was kept at about 1 mG (one milligauss) and the
first derivative of the resonance absorption was ob-
tained against the DC magnetic field sweep in the
desired range. The suitable amounts of powdered
glasses were filled in thin walled quartz capillary
for the EPR experiment. The EPR spectrum of
FVNBO was also recorded at liquid nitrogen tem-
perature (LNT) by dipping the sample in liquid ni-
trogen in a quartz cold-finger Dewar.

3. Results and discussion

3.1. XRD

All these samples examined by powder XRD
at RT gave XRD patterns which were free from
any sharp diffraction peaks. The patterns dis-
played only broad characteristic hump of glasses.
The XRD results confirmed the amorphousness of
the samples. The characteristic XRD patterns are
shown in Fig. 1.

3.2. Magnetization

The representative magnetization curves are
shown in Fig. 2. These curves indicate the paramag-
netic nature of the glass samples under study due
to the presence of the linear magnetization curves
up to magnetic fields of cycle 15 kG (kilo gauss).
The magnetic data for all the samples are given
in Table I..

The magnetization in FVNBO is only caused by
vanadium as there is no iron in this sample. The
magnetization curve cannot resolve the issue of ex-
isting oxidation states of vanadium or iron. In this
regard, complementary information can be provided
by EPR results. They confirm an assumption that
the vanadium ion V#* is the the main paramag-
netic species in FVNBO. Therefore, the magneti-
zation in these glasses is assigned mainly to V4*,
however, the measured value of magnetization indi-
cates that only about 10.6% of the total vanadium
exists in the (V4) magnetic state. A similar obser-
vation was reported by Mekki et al. in vanadium-—
sodium-silicate glasses where only 2% of the total
vanadium was found in V4* oxidation state and the
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Fig. 1. XRD patterns of the FVNBz (z = 0, 2,

3 and 5) glasses recorded at RT: black — FVNBO,
red — FVNB2, blue — FVNB3, green — FVNB5.
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Fig. 2. The magnetograms of FVNBz glasses ob-

tained with VSM at RT (® — 2 =0, @ — 2 = 2,
A — 2 =3, x — z =15). Lines are the linear fits
to the data.

rest of it remained in the non-magnetic V°* oxi-
dation state [14]. A similar result was reported in
2V505-38Li,0-60P2 05 glasses by Chand et al. [13]
where only 12% of the total vanadium was es-
timated to be in magnetic V4t oxidation state.
Assuming, however, that all vanadium exists in
a magnetic state V4, the reduced effective mag-
netization could be explained by means of a canted
AFM pairing (CAFMP) of magnetic moments like
Meg = Ma — Mg cos(p), where My Mp and
¢ is the angle between the paired magnetic mo-
ments M, and Mp. The resultant Mg per pair
is the reduced magnetic moment of vanadium [13].
If the canting angle ¢ is close to zero, the resul-
tant magnetic moment will also be close to zero. In
the case of FVNBO, the canting angle is estimated
to be 26.6° assuming a 100% V** oxidation state of
the total vanadium. This means that two V4t mag-
netic dipoles (1 = 1.7 BM) are paired antiferromag-
netically with a canting angle of ~ 26.6° resulting
in an effective magnetic moment p.g = 0.18 BM
per pair.

The EPR study of FVNBO glass is special since
no iron is involved, hence the study will provide
specific information about the oxidation states of
vanadium in the sample. Detailed discussion will be
presented later during the EPR analysis in Sect. 3.3.
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TABLE I

The magnetization data of the FVNBx glasses. FM — formula mass, Ma15 k¢ — magnetization at 15 kG, xm
— molar susceptibility, pres/ry — estimated effective magnetic moment per formula unit, peg/(vat or pes+) —

estimated effective magnetic moment per V4 or Fe?t ion, pef/pair — estimated pesr per CAFM pair and @ —

canted angle.

Sample | FM |[g] Mans ia Xm Heft/FU | Heft/(VA+ or Fed3+) Heff /pair (%]
[emu/g] [emu/(g mol)] [BM] [BM] [BM] [Degree]
FVNBO | 10120 0.073 0.049 10.8 0.18 0.18 (V¥ )pair | =~ 26.6°
FVNB2 | 10076 0.168 0.113 16.3 1.56 1.56 (Fe*t)pair | A 49.2°
FVNB3 | 10054 0.197 0.132 17.6 1.26 1.26 (Fe*t)pair | ~ 43.9°
FVNB5 | 10010 0.252 0.168 19.9 1.09 1.09 (Fe*)pair | =~ 40.5°

However, at this stage it is enough to mention
that either vanadium exists in majority in the non-
magnetic V°* oxidation state and V4t oxidation
state is in minority or there exists an AFM cou-
pling between the V4* sites similar to NaVO3 [14].
From Table I it is clear that upon replacing V by
Fe atoms, even by a small fraction, the magne-
tization increases by many folds. Its increase is
anticipated by the fact that iron (both Fe?* and
Fe?t) possesses a much higher magnetic moment
(et ~ 4.5 BM) in its high spin states as com-
pared to V4* (ueg &~ 1.7 BM) which, in turn, is in
low concentration. Therefore the magnetization of
these glasses is mainly due to iron while vanadium
makes a negligible contribution. In low spin state
Fe?T becomes diamagnetic while low spin Fe3* has
a single unpaired electron and its magnetic moment
is equal to that of V4*. EPR spectroscopic stud-
ies of these glasses indicate that iron surely exists
in high spin Fe3T oxidation state but about Fe?*
EPR is silent. Assuming the presence of only Fe3™
ions, the measured values of magnetization indicate
that the effective magnetic moment per iron mag-
netic species is very much reduced (about by one or-
der of magnitude) as compared to theoretical value
(4.5 BM). Such reduction in effective magnetic mo-
ment of Fe3T is possible by the earlier proposed
CAFMP effect of iron magnetic moments [13].

The analysed data given in Table I clearly indi-
cate that the reduction in the effective magnetic
moment varies from sample to sample depending
upon the x iron content. One can also observe that
the peg of Fe3™ is decreasing and, correspondingly,
the proposed canting angle ¢ is decreasing as the
content = of iron increases from 0 to 5. Due to
the observed reduction of the magnetization, these
glasses may be called dilute magnetic glasses. The
linear part of the magnetization was used to calcu-
late the x = M/H and the variation of x vs z is
shown in Fig. 3.

3.3. EPR

The EPR spectra of the samples are shown in
Figs. 4 and 5. The glass FVNBO does not contain
any iron. The EPR signals, therefore, should arise
due to vanadium only. In diamagnetic hosts, sharp
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Fig. 3. The variation of susceptibility x vs z in
FVNBz (z =0, 2, 3 and 5) glasses at RT. The line
is a linear fit: y = 2.36z + 5.58 with R? = 0.98.

line EPR spectra of vanadium(IV) magnetic ions
are observed even at RT due to the absence of mag-
netic dipolar broadening and super-exchange inter-
actions [15]. Vanadium(IV) usually forms a distinct
covalent bond with oxygen resulting in the vanadyl
molecular ion (V=0)?* whose characteristic EPR
spectrum (S = 1/2,1 = 7/2 for *'V) is easily iden-
tified by characteristic eight hyperfine lines due to
nuclear spin I = 7/2. Vanadyl EPR can be easily
identified in crystals, liquids, powders and glasses.
In glasses, a characteristic sixteen line spectrum
(a combination of # = 0° and 6 = 90°, i.e., re-
spectively, the so called perpendicular and parallel
part) is shown by vanadyl ions when only moder-
ate dipolar and /or exchange interactions are present
(see Fig. 6) [13, 15]. A comparison of Figs. 4 and 6
clearly demonstrates the effect of strong magnetic
exchange interactions on the EPR spectra of V4* in
the FVNBO glass. The most important line broad-
ening mechanisms in EPR are dipolar and super-
exchange interactions.

The magnetic exchange interactions between like
spins cause a narrowing of the EPR lines whereas
the magnetic exchange interactions between unlike
spins cause a broadening of the EPR lines [16, 20].
Broadening or smearing of EPR spectra may occur
due to fast magnetic exchange interactions and/or
motions of the ions [17]. As a consequence, liquids
show an averaged eight hyperfine lines and in higher
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Fig. 4. X-band EPR spectra of the FVNBO glass
at RT (red) and at LNT (black) are compared to
resolve the issue of low field minor signal between
100 mT and 200 mT.

concentrations of vanadium(IV) even the hyperfine
structure is smeared out [16, 17, 21]. Contrary
to this, a well resolved 8-line EPR spectrum was
reported even for the pure vanadyl complex due
to the reduced magnetic exchange and absence of
dipolar broadening [21]. Since the V505 content
in FVNBO is high, i.e., meaning that 11% of to-
tal vanadium is estimated to be in the V4t oxi-
dation state, one expects the moderate magnetic
exchange interaction in the EPR spectrum at RT,
similar as in FVLPO [13]. In turn, the smeared
out hyperfine-structure in the EPR spectrum is less
expected in FVNBO. Now, the EPR spectra of
FVNBO shown in Fig. 4 confirm the exchange nar-
rowing both at RT and at LNT. The narrowing of
the EPR signal at LNT, as compared to RT, in-
dicates that the exchange interaction has become
more rapid at LNT as compared to RT [16, 20].
The smeared EPR signals may be characterised by
a parameter g (g-tensor) which is independent of
the EPR spectrometer’s operating frequency. It is
defined as:
hv

g BBI‘QSOH (1)
where h is Planck’s constant, v is the EPR spectro-
meter’s operating frequency, 8 is the Bohr magne-
ton and Byeson is the resonance field (i.e., the center
of the resonance peak in terms of the applied exter-
nal magnetic field). The expression may be rewrit-

v GHz

ten as
2
Bieson |:mT:| ’ ( )

g = T71.448

In the EPR spectrum of FVNBO at RT (Fig. 4),
there are three resonance signals at g values of 1.97,
1.99, and 4.16. The narrow and the prominent EPR
signal at ¢ = 1.97 with a peak to peak line width
(AB,y) of ~ 6.8 mT is assigned to V4T (vanadyl
VO?2*) which occurred due to magnetic exchange
narrowing in between like spins and is observed at
an average g value called

Jiso = 3 3 .

(3)
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Fig. 5. EPR spectra of FVNBxz at RT and at
X-band in order of FVNB0O, FVNB2, FVNB3 and
FVNB5 from bottom to top. The y-axis represents
the offset first derivative EPR signal intensities at
different gains.

B"(m)
— 3000 m= I712 -‘5/2 -‘3/2 —‘1/2 ‘1/2 5/2 “’;IZ %IZ
B B (m)
S 2009
= 712

E m= -7/2
2 1000
G
c
Z
£
©
C -1000
2
)

~2000—>g00 3200 3600 2000 2400

Magnetic Field [G]

Fig. 6. Well-resolved sixteen line EPR spectrum of

vanadyl species in FVLPO glass at RT and X-band.
The peaks of the parallel and perpendicular parts
are identified by Bj(m) and B, (m)respectively,
where m stands for the nuclear spin quantum num-
ber of vanadium. Figure 6 was taken from Ref. [13].

The other two subordinate EPR signals may re-
sult due to a small fraction of vanadium in either
V3t or V2+ oxidation state. In fact, V27 is a rela-
tively unstable oxidation state of vanadium — usu-
ally obtained by photoreduction of V3T to V2+.
As V3t is a non-Kramers ion with S = 1, hence
with local symmetry less than octahedral (cubic)
it will be usually EPR silent at X-band frequen-
cies. This happens due to large zero field split-
ting (ZFS) parameter D which is greater than the
X-band microwave quanta (=~ 0.3 cm™!) such that
no spin allowed (AM, = +1) EPR transitions are
within the experimental frequency-magnetic field
range [17, 22-25]. The allowed transitions occur
when the following condition is satisfied:
hl/:‘D—Bg”BL (4)
Therefore, these transitions depend on a ZFS pa-
rameter D and the operating EPR spectrometer
frequency v. In the FVNBO glass, there are two
EPR signals at RT (Fig. 4). There is one EPR
signal at 338 mT with relatively broad line width
(ABp, =~ 63 mT) which is assigned to the allowed
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EPR Parameters of FVNBx glasses. TABLE IT

Sample Signal Freq. [MHz| Bieson [mT] AB,p [mT)] g (£0.01) Remarks
1 343.6 6.8 1.97 sharp
FVNBO 2 9453.7 338.5 63.0 1.99 broad
3 162.5 11.0 4.16 weak
LNT 9178.6 333.4 7.1 1.97 single
FVNB2 1 9452.2 327.5 50.0 2.06 broad
2 161.7 9.5 4.17 weak
FVNB3 1 0452.3 335.2 67.3 2.01 broad
2 161.8 8.8 4.17 weak
FVNBS5 1 9452.0 334.5 67.0 2.02 broad
2 160.3 8.1 4.21 weak

transition as per (2). The large line width is as-
signed mainly to the variation of ZFS parameter D
at various V37 sites in the glass matrix. The rough
estimate reveals that the ZFS parameter D at RT
is about 0.6 cm~!. The hyperfine splitting is absent
due to magnetic exchange interactions, as discussed
earlier. However, a weak signal for (AM,; = 2),
which is normally forbidden, can also be seen in
pseudo-octahedral local symmetry at

hv
Breson = ?6 q)- (5)

This transition is independent of the ZFS parame-
ter D, thus it is only slightly broadened due to g
strain in the glass. Consequently, this EPR signal
has usually been sharp. With g = 1.9 for V3+, such
a signal is expected to appear at a magnetic field of
~ 177.7 mT at a frequency of 9.45 GHz. In Fig. 4,
this signal is observed at ~ 177 mT with a peak-
to-peak line width AB,, of 11 mT. When the EPR
is recorded at LNT, only the main line spectrum is
observed which is assigned to V41, and the subordi-
nate spectrum due to V31 disappears. The reason
seems to be due to the distortion of the local sym-
metry around V3t and the consequent increase in
the ZFS parameter D which makes the V3* EPR
silent at X-band within the magnetic field range of
the experiment. It is thus concluded that out of
the two magnetic oxidation states, V3* and V4+,
in the FVNBO glass, the latter state is in majority
and the negligible fraction is in V3*. The presence
of traces of V3T can be neglected for the estima-
tion of magnetization. Therefore, for magnetization
estimation only the V4t oxidation state was con-
sidered in estimating the peg for vanadium earlier
in Sect. 3.2.

Now, we consider the EPR in the FVNB2,
FVNB3 and FVNB5 glasses. Iron is one of the
most pervasive impurities in borate and phosphate
glasses. Notably, Fe?t is EPR silent at RT. The
ferric ion in the absence of external magnetic field
has three Kramers doublets which split into six lev-
els corresponding to Mg value from +5/2 to —5/2
and its EPR spectrum is expected to show five
resonance signals according to allowed transitions

150

AMg = +1 [17, 24]. The EPR spectrum of the
ferric complex is described by the following spin

Hamiltonian [17, 24]:

+E(S2 - S)). (6)
Here D and E are called the axial and tetrago-
nal ZFS parameters, respectively, and S; (i = «z,
y, z) denotes the components of spin S. In the
case of Fe3*t, it has an isotropic g-tensor (i.e., g,
gy = g = 2 is the free electronic value) but D and
FE depend on the local environment as well as are
anisotropic. In regular octahedral local ligand field,
both D and F = 0 and the EPR spectrum com-
prises a closely spaced quintet at g = 2. This quintet
becomes a single broad line under the influence of
dipolar broadening in systems having a higher con-
centration of iron. In local fields of lower symmetry
(octahedral + tetragonal), the energy levels of Fe3+
in an external magnetic field become complicated if
external magnetic field B is not along the principal
axis. In a tetragonal microsymmetry £ = 0 and if
D > hv, only transitions between the | £ 1/2) en-
ergy states will be observed at g = 2 (g = 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 &~ 6 (= g, ) [24-28|. Specific param-
eters of the EPR spectra are collated in Table II.
Some specific features of the Fe3™ EPR, such as
line width (AB,,) and line shape in glass matrices,

depend on the glass composition and the concentra-
tion of paramagnetic ions.

S(S+1)

H=g8B-S+D <S§+ 2

The EPR spectra of most glasses containing iron
exhibit the two well-known resonances at the ef-
fective g values (ger ~ 2 and geg ~ 30/7) that
have been considered as a signature of the pres-
ence of Fe3t ions in a glassy host. The X-band
(frequency ~ 9 GHz) EPR spectra of most oxide
glasses with low Fe3* concentrations show an EPR
signal at geg = 30/7 which is relatively narrow,
and in most of the cases a broader EPR signal at
geff = 2 is also observed even at RT. McGavin and
Tennant [26] have explained in detail the occurrence
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of an isotropic g-tensor in high spin d° systems un-
der various conditions for D and E. The observa-
tion of an intense isotropic signal at g ~ 30/7 and
a weak signal at g =~ 9.7 may generally be taken to
be indicative of high spin Fe3* in a rhombic environ-
ment (D = 3E). It has been discussed by Golding
et al. [27] that both tetragonal and rhombic distor-
tions from octahedral symmetry may give isotropic
signal g = 30/7 under different conditions. Iwamoto
et al. [28] have investigated the state of Fe?* ion and
Fe3*—F~ interaction in xCaFa—9(1—2)Ca0—9Si0,
(0 £ = < 0.3) glasses by EPR and similarly ob-
served two resonances near ¢ = 2.0 and g = 4.3
which were assigned to Fe3* ions with dipole-dipole
interactions and isolated Fe3* ions in rhombic sym-
metry, respectively [28]. A careful look at the
EPR parameters of FVNB2, FVNB3 and FVNB5
given in Table II reveals that only two EPR signals
are prominently due to Fe3t and lie at geg ~ 2
and g ~ 30/7. The gt ~ 2 EPR signal is
broad due to magnetic exchange interactions and
the gegr =~ 30/7 is narrow but weak. These features
may be explained by the two different types of Fe3+
co-ordinations with oxygens: distorted octahedral
and distorted tetragonal. The distorted iron site
co-ordinations causing very large zero field splitting
D and the magnetic exchange interactions (dipolar
as well as super-exchange) manifest in the observed
EPR characteristics of these glasses.

4. Conclusions

The magnetic study of dilute magnetic glasses
40B203 + 30Na20 + (30 - .CE)VQO5 + XF6203 with
x =0,...,5 has been undertaken to understand the
effect of magnetic interactions and super-exchange
between like and unlike spins by the methods of
magnetization measurement and EPR spectroscopy.
The following outcomes may be highlighted:

1. Only about 11% of the total vanadium existed
in V4* which is similar to the observation in
the 2V505-38Li,O-60P2 05 glasses [13] where
vanadium content was far less as compared to
the FVNBz glasses under study. The contri-
bution of vanadium to the magnetic moment
of FVNBz glasses is minor despite vanadium
being in much higher concentrations as com-
pared to FVLPz glasses.

. EPR confirms the presence of vanadium in
V4* oxidation state and iron in Fe3t oxida-
tion state in these glasses. Sodium appears to
play a role in keeping the concentration of V4+
low in the glass networks of FVNBx glasses.

. Despite being in minority, the concentration
of V4T is found sufficient to cause magnetic
exchange effects on the EPR spectra of both
vanadium and iron.

. The major contribution to the magnetization
of these glasses comes from iron. The effective
magnetization is found much reduced from the

151

expected one. A CAFMP is suggested for the
reduction of the experimental magnetization.
Despite having high concentrations of vana-
dium and iron these glasses are found to be
magnetically dilute.

. The EPR spectra are affected by magnetic
exchange interactions as well as by dipolar
broadening due to like and unlike magnetic
dipoles. A negligible presence of V3% is also
indicated by EPR in FVNBO.

. The iron is concluded to exist in high spin
Fe3* spin state. The EPR spectra reveal
that iron is surrounded by highly distorted
psuedo-octahedral oxygen environments in
the FVLBz (z 2, 3, 5) glass networks.
This causes very high rhombicity (E/D ~ 0.3)
in the iron co-ordination. The EPR spectra
of iron are further manipulated by the exis-
tence of super-exchange interactions between
like and unlike spins V4* and Fe3t.
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