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Abstract

Glass systems of composition 9B30; + 9PbO + 1Fg0; (R =Li, Na and K) and 90LiB,0O; + (10— x)PbO +xFe,0O3 (x=0.5, 1, 3, 4,5, 7
and 9 mol%) have been investigated by means of electron paramagnetic resonance (EPR) and optical absorption techniques. The EPR spectr
exhibit three resonance signalsgat: 6.0, 4.2 and 2.0. The resonancegyat 6.0 and 4.2 are attributed to #dons in rhombic and axial
symmetry sites, respectively. Tlgex 2.0 resonance signal is due to two or moré*Hens coupled together with dipolar interaction. The
EPR spectra of 1 mol% of E©®; doped in lithium lead tetraborate glass samples have been studied at different temperatures (123—433K).
The intensity ofg~ 4.2 resonance signal decreases and the intensgyd.0 resonance signal increases with the increase of temperature.
The line widths are found to be independent of temperature. The EPR spectra exhibit a marked concentration dependence on iron content. A
decrease in intensity for the resonance signgka#.2 with increase in iron content for more than 4 mol% has been observed in lithium lead
tetraborate glass samples and this has been attributed to the formatidhiofFeusters in the glass samples. The paramagnetic susceptibility
(x) is calculated from the EPR data at various temperatures and the Curie co@3taat (been evaluated fromylversusT graph. The
optical absorption spectrum of Peons in lithium lead tetraborate glasses exhibits three bands characteristi¥ abf®in an octahedral
symmetry. The crystal field paramef@4 and the Racah interelectronic repulsion paramdensdC have also been evaluated. The value of
interelectronic repulsion parame®@(825 cn?) obtained in the present work suggests that the bonding is moderately covalent.
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1. Introduction Among borate glassy family, alkali borate glasses have ac-
quired greater significance (especially lithium borate glasses
Due to their potential applications in various domains of as solid electrolytes because of their fast ionic conduction)
modern technology, glasses containing transition-metal ox- [7,8]. Electrical conductivity and infrared studies of the al-
ides have been the subject of intensive investigafibhg-or kali borate glasses have been reported by many investiga-
example, the glasses containing transition metal ion such astors[8,9] and these studies have provided very informative
Fe0sis usedin electrochemical, electronic and electro-optic data on the nature of network, i.e., the type and concentra-
devices[2—-4]. The addition of iron to borate glass makes it tion dependence of variety of boron—oxygen arrangement.
electrically semiconducting and superparamagriéticBo- The addition of heavy metal oxide like PbO to a glass will
rate glasses are also of academic interest because of the boromake them more stable. In addition to this, glasses contain-
anomaly[6] and also BOs is one of the best glass formers. ing lead or tungsten have a reputation of being good mate-
rials for IR transmission, electrochromic, photochromic and
E— _ ferroelectric-like behaviouf0].
* Corre_spondmg_author. Tel.: +91 87_72249666; fax: +91 8772248499. Therefore, we have made alkali lead tetraborate glasses,
E-mail addressjlrao46@yahoo.co.in (J.L. Rao). L . L. .
1 Present address: Department of Physics, Indian Institute of Science, keeping in view of the possible applications and interested to
Bangalore 560012, India. study the structural evolution of these glasses using electron



paramagnetic resonance (EPR). The EPR spectrum of tranating in the X-band frequency (9.205 GHz) with a modula-
sition metal ions in oxide glasses is an interesting researchtion frequency of 100 kHz. The magnetic field was scanned
subject and affords a method to investigate the glass struc-from 0 to 500 mT with a scan speed of 25 mT minA pow-
ture[11]. EPR spectra of F& ions in various glasses have dered glass specimen of 100 mg was taken in a quartz tube
been extensively studigd2—-20] It is found that the triva-  for EPR measurements. The EPR spectrum of CGu&0O

lent ions can take two different coordination sites, i.e., either powdered material was also recorded at 9.205 GHz as a ref-
tetrahedral or octahedral sites in glasses. erence to calculate the number of spins.

Recently, Ardelean et aJ20] studied the EPR and mag- The EPR spectrum of 1 mol% of @3 doped lithium
netic susceptibility of BOs—CaCl-FeOs glasses. Bensimon  lead tetraborate (LiPbTB:1Fe) glass sample was recorded at
et al.[21] studied the EPR in natural clay. No EPR and opti- different temperatures (123-433 K) using a variable temper-
cal absorption studies of Beions in alkali lead tetraborate  ature controller (JES UCT 2AX). A temperature stability of
glasses have been reported so far. In the present investigatiorg=1 K was easily obtained by waiting for approximately half
we have systematically studied the EPR and optical absorp-an hour at the set temperature before recording a spectrum,
tion spectra of F¥ ions in different alkali lead tetraborate  at each temperature.
glasses. We are also interested to know the effect of alkali The optical absorption spectrum of 3mol% of,Pg
ions on spin-Hamiltonian parameters and also to know the doped in lithium lead tetraborate (LiPbTB:3Fe) glass sample
site symmetry around Béions in these glasses. The effect was recorded on a JASCO UV-vis—NIR spectrophotometer
of temperature (123-433 K) on EPR signals have also been(model V-570) in the wavelength region from 300 to 900 nm.
studied.

3. Results and discussion
2. Experimental
3.1. Electron paramagnetic resonance studies

The starting materials (kB4O7, N&B407-10H;0,
K2B407-5H,0, PbO and Fg03) used in the preparation of No EPR signal was detected in the spectra of undoped
glasses were of Analar qualityable 1lists the batch com-  glasses indicating that there are no paramagnetic impuri-
position of glasses in mol% studied in the present work. ties present in the starting materials. When various mol%
The chemicals were weighed accurately in an electrical bal- of F€** ions were added to alkali lead tetraborate glasses
ance, mixed thoroughly and then ground to fine powder. The (seeTable 1), the EPR spectra of all the samples under in-
batches were then placed in porcelain crucibles and melted investigation exhibit resonance signdig. 1 shows the EPR
an electrical furnace. The melting temperature of the batchesspectra of 1 mol% of F¥ ions in (a) lithium lead tetraborate
is given inTable 1 The melts were, then, poured on a polished (LiPbTB:1Fe), (b) sodium lead tetraborate (NaPbTB:1Fe)
porcelain plate and pressed quickly with another porcelain and (c) potassium lead tetraborate (KPbTB:1Fe) glass sam-
plate. The glasses thus obtained were transparent and yellowples. For glass (a), the spectrum has an intense resonance
ish in colour. The colour is due to F&ions entering the glass ~ signals atg~ 4.2 and also ayj~ 2.0 and a shoulder in the
matrix. Care was taken to obtain glasses of uniform thicknessregion ofg~ 6.0. For glasses (b) and (c), the spectrum has an
for recording optical absorption spectra. The glasses so ob-intense resonance signalgt 4.2, a broad resonance signal
tained were annealed at 423 K for 3 h to remove the thermal atg~ 2.0 and a shoulder in the region@# 6.0.
strains. Glasses of good quality obtained after polishingwere  Since the discovery of the unusual paramagnetic reso-
used for optical measurements. nance lines in glasses by Sanj@&], numerous publications

EPR spectra were recorded at room as well as at differenthave been devoted to the study ofFeoordination in vit-
temperatures on an EPR spectrometer (JEOL FE-1X) oper-reous materials. EPR spectra ofEé@ns in various glasses

Table 1

Composition (mol%) of glasses studied in the present work

Glass code 1LB4O7 NayB407-10H,0 K2B407-5H,0 PbO FeOs Melting temperature (K)
LiPbTB 90 - - 10 - 1226
LiPbTB:0.5Fe 90 - - ) 0.5 1226
LiPbTB:1Fe 90 - - D 1.0 1226
LiPbTB:3Fe 90 - - D 3.0 1226
LiPbTB:4Fe 90 - - ® 4.0 1226
LiPbTB:5Fe 90 - - D 5.0 1226
LiPbTB:7Fe 90 - - 3] 7.0 1226
LiPbTB:9Fe 90 - - 0] 9.0 1226
NaPbTB:1Fe - 90 - 9 1.0 1126
KPbTB:1Fe - - 90 )] 1.0 1126
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Fig. 1. EPR spectra for 1 mol% of Feions in different alkali lead tetrabo-
rate glasses. (a) LiPbTB:1Fe, (b) NaPbTB:1Fe and (c) KPbTB:1Fe at room
temperature.

have been extensively studi§23—29] Usually, the occur-
rence of two resonance signalsgat 4.2 and 2.0 has been
reported23,24] In some cases, aresonance mgar6.0 was
also observe{23,24,30]as a shoulder of the resonance near
g~ 4.2. The resonance gt 4.2 and 2.0 were discussed by
many investigatorf23—-29] Some investigatol®3,24]sug-
gested that the value gfin glasses containing Beions is
related to the coordination number. The absorptiarag.2
and 2.0 arise from F%& ions in tetrahedral and octahedral
coordinations, respective[g1].

Fe**ions belong to 8 configuration witfS as the ground
state in the free ion and there is no spin—orbit interaction
[24]. The ‘g’ value is expected to lie very near to the free-ion
value of 2.0023. However g@value very much greater than
2.00 often occurs, in particular an isotrogovalue at 4.2
occurs and these larggvalues arise when certain symmetry
elements are present.

When Fé* ions are placed in a crystal field environment,
the®S ground state splits into three Kramers doubjtets2),
|£3/2) and|+£5/2). The resonance signal gt 4.2 results
from the middle Kramers doubl¢t3/2) [32].

onances aj~ 4.2 and 6.0 have been attributed to the isolated
Fe** ions in rhombic and axial symmetry sites, respectively
[23,33-35] Theg~ 2.0 resonance may be attributed to either
Fe** ions interacting by dipole—dipole interaction in sites of
less distorted octahedral field or to their super exchange inter-
actions within the pairs or Fe iofi23,35,36] Thesey values
observed in the present work indicate that the iron ions are in
trivalent state and the site symmetry is distorted octahedral.
The EPR spectra of 9028407+ 9PbO +1FgO3
(LIPbTB:1Fe) glass sample was recorded at various
temperatures (123-433K) and are shownFig. 2 The
peak-to-peak width of resonance signalgat4.2 and 2.0
are found to be independent of temperature. The intensity of
the resonance signal g~ 4.2 decreases and the intensity
of g~ 2.0 resonance signal increases as the temperature
increases. At low temperatures, we observed a prominent
shoulder ag~ 6.0. As the temperature increases, the inten-
sity of g~ 4.2 resonance absorption decreases. This may be
due to the decrease in population of isolated"Fens. The
increase in intensity @~ 2.0 resonance absorption with the
rise of temperature may be due to the formation of clusters
of Fe* ions containing two or more ions coupled together.

3.2. Calculation of number of spins (N) participating in
resonance

The number of spins participating in resonance can be
calculated by comparing the area under the absorption curve
with that of a standard (CuS&H20 in this study) of known
concentration. Weil et a]37] gave the following expression
which includes the experimental parameters of both sample
and standard.

_ Ax(scan)* Gt Bm)sta(gstd *[S(S + Dlste Pstd) >

Astd(SCaRd)*G (Bm) (x)2[S(S + 1)1 (Po)*?
x [std]

@)

whereA is the area under the absorption curve which can
be obtained by double integrating the first derivative EPR
absorption curve, scan the magnetic field corresponding to
unit length of the chartG the gain,By, the modulation
field width, g the g-factor, S the spin of the system in its
ground stateP is the power of the microwave source. The
subscripts X' and ‘std’ represent the corresponding quanti-
ties for Fé* glass sample and the reference (CyS6,0),
respectively.

Fig. 3shows the variation of number of spingat 4.2 and
2.0 resonances as a function obBg content in lithium lead
tetraborate (LiPbTBde wherex=0.5, 3, 4, 5, 7 and 9 mol%
of Fe03) glasses. From the figure, it is also observed that

In the present study, the authors observed an intense resthe number of spins participating in resonancgat4.2 in-

onance signal g~ 4.2 and 2.0 and a shoulder-like signal at
g=6.0forallthe glass samples under investigation. In sodium

creases up to 4 mol% of F@s, and thereafter, it decreases.
The increase of nhumber of spinsg@d- 4.2 resonance with

lead tetraborate and potassium lead tetraborate glasses, thEe,O3 content is due to increase of ‘isolated’ Fe ions up to

intensity of the resonance signabgt 2.0 is very small when

x=4mol%. The decrease of intensity for 4 mol% may be

compared to that of lithium lead tetraborate glasses. The res-due to the decrease in population of isolateéRens. The
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Fig. 2. EPR spectra for 90:B,07 + 9PbO + 1FeO3 glass sample at different temperatures.

progressive increase of iron content in the glass makes theagainst the reciprocal of absolute temperatur€)(1f is ob-

iron ions to accumulate (at heavy dogim4 mol%), thereby  served that as the temperature is lowered, the number of spins
making them to form clusters which in turn makes the ‘iso- increases and a linear relationship betweenNaand 1T
lated’ FE* ions a less in number. That may be the reason for is observed. This is the phenomenon that can be expected
the decrease in intensity fgr 4.2 resonance for> 4 mol%. from the Boltzmann law. The activation energy can be cal-
From the figure, it can also be observed that the numberculated from the slope of the straight line. The activation en-
of spins participating in resonancega 2.0 increases with  ergy thus calculated is found to be 2.840-21J (0.015 eV).

the mol% of FeOs3. The increase in intensity fag~ 2.0 This is of the same order as expected for a paramagnetic
resonance with FE®3 content also confirms the above ar- ion [38].

guments (formation of clusters). Recently, Ardelean et al.

[35] observed a similar observation where the intensity of 3 3 cgiculation of paramagnetic susceptibility) from

g~ 4.2 resonance increases with,Pg up to x=5mol%, EPR data

and thereafter, it decreases strongly. They have attributed this

due to a destruction of the configuration at the vicinity of The EPR data can be used to calculate the paramagnetic

Fe ions which assures their magnetic isolation. The gradualsusceptibility of the sample using the form{®s):
increase of iron content in the matrix destroys the local or-

dering of F&" ion vicinities, thereby, the structural units as Ng?B2J(J +1)

characteristic entities becomes less represented, and conset = T BksT (2)
quently, a decrease in the intensity of the resonance signal

atgx4.2. whereN is the number of spinsffnand the other symbols

Fig. 4 shows a plot of logarithemic dependence of the have their usual meanindl can be calculated from E1)
number of spins (lo§yl) participating in resonance gt 4.2 andg value is taken from EPR data.
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Fig. 4. A plot of logNg =4.2 against IV for 90Li2B4O7 + 9PbO + 1FgOs3
glass sample.
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Fig. 5. A plot of reciprocal of susceptibility (%) as a function of absolute
temperatureT) for 90Li,B407 + 9PbO + 1Fe0O3 glass sample.

Fig. 5shows a graph between reciprocal of paramagnetic
susceptibility (1%) and absolute temperatur€) for the res-
onance signal aj~ 4.2. The graph is fitted to be a straight
line in accordance with the Curie’s law. From the graph, Curie
constant has been evaluated. The Curie constant is found to
be 0.4x 103 (emu/mol). The Curie constant calculated in
the present work is of the same order to that of measured
value 0.5x 103 (emu/mol) reported for F& ions in oxide
glasses by Moon et g40].

It is observed that thg values calculated does not vary
in different alkali lead tetraborate glasses. Thgsealues
indicate that the paramagnetic ion is in the trivalent state and
the site symmetry is distorted octahedral. Asgh&lues are
independent of alkali content, the symmetry arountf kens
could not be changed with the alkali content.

The number of spindN), the paramagnetic susceptibility
(x) of the glasses studied in the present work are given in
Table 2

Table 2
Number of spinsi{), paramagnetic susceptibility and theoretical values
of optical basicity (iyy) for the glasses studied in the present work

Glass system  Number of spins, Paramagnetic Optical
N x 108 susceptibility ) basicity, A
108 mikg!
LiPbTB:1Fe 9381 968 0.5029
NaPbTB:1Fe $31 570 0.5233
KPbTB:1Fe 11937 1232 0.5551




4. Optical absorption studies Table 3
The observed and calculated energies foP*Feons in 90LbB4O;
+7PbO +3Fg0; glasses at room temperaturé)q(:looocrrrl, B=

. . 0 .
The optical absorption spectrum of 3 mol% of,Pg in 825 cm ! andC = 3150 cnt L o =90 cnr )

lithium lead tetraborate (LiPbTB:3Fe) glass sample is shown

in Fig. 6. The optical absorption spectrum observed in the 53" f'rl'[;?nnsmon 323§|Z§§th vovsjgrxjgber SVZLZU:?J(;LH
present work is a characteristic of ¥eions in an octa- 6A14(S) t0 (nm) (cmY) cm?)
hedral symmetry.lThe spectrum exh|b|tls three bands cen- A T5(G) 250 22215 22996
tred at 22215cm* (450nm), 25830cm* (387 nm) and B “p14(G), *Eq(G) 387 25830 25800
27315cmt! (366 nm). These bands are denoted as A, B ¢ “T,4(D) 366 27315 28379

and C, respectively. These three bands have been assigned
to the transition€A14(S)— *T2¢(G), 8A14(S)— *A14(G),
4E4(G) and®A14(S)— *E4(D). It is known that for F& Also, it may be noted that the ionic radius of*féons
ions, there are no spin-allowed transitions and the bands ob-(0.064 nm) is close to the ionic radius of lithium (=0.068 nm)
served are due to spin-forbidden transitions only. The ob- when compared to the ionic radius of¥1¢0.12 nm). Conse-
served band positions are compared with those found for quently, it is reasonable to assume that th&'Fens occupy
many glass systems containing iron, which indicates that the lithium ion sites in these glasses.
iron ions are present in trivalent state with distorted octa-
hedral symmetry[41-43] The optical absorption spectra 4.1. Optical basicity fi)
of other samples studied in the present work are similar
to Fig. 6. The optical basicity of an oxide glass will reflect the abil-
The energy matrices inclusive of Trees correcfit4] are ity of glass to donate negative charge to the probe[4ai.
formed by adding appropriate Trees correction to the energy Duffy and Ingram{48] proposed that the optical basicity can
matrices of @ configuration in a cubic field given by Tanabe be predicted from the composition of the glass and basic-
and Sugan5]. The inclusion of Trees correctioa”equal ity moderating parameters of various cations present. The
to 90 cnm 1 is necessary in order to obtain a good fit between theoretical values of the optical basicity of the glass can be
the observed and calculated values. By dioganalising the en-calculated by using the formula:
ergy matrices inclusive of Trees correctiag),(the crystal n
field parameteDg=1000cnT? and Racah interelectronic 4 — N~ Zi%i
repulsion parameteB= 825 cnm ! andC=3150 cn7! have ~ 2V
been evaluated. ) . S
The observed and calculated band positions along with Wheren is the number of cations presed, the oxidation
their assignments are given Table 3 The crystal field pa- number of thath ca'qon,ri the_ ratio of n_umber of the_catlon
rameters obtained in the present work are consistent with!© the number of oxides and is the basicity moderating pa-
those for high spin octahedral #eions[38]. The value of rameter of theéth cation. The basicity moderating parameter

inter-electronic repulsion paramet®r(825 cntl) obtained ¥ €&n be calculated from the following equation

®3)

in the present work. is far away from the freg io_n value vi = 1.36(x; — 0.26) 4)
(1300 cnT?) [46]. This suggests that the bonding is mod-
erately covalent. wherex; is Pauli electronegativity49] of the cation. A,

can be used to classify the covalent/ionic ratios of the
glass, since an increasingy, indicates decreasing cova-
lency. FromTable 2 the Ay, values are increasing from
LiPbTB:xFe glasses to KPbTBFe glasses. Hence the co-
valency between P& ions and oxygen ligands should de-
crease as one moves from LiPbkBe glasses to KPbTBFe
glasses. Similar observations have been reported earlier by
Rao et al[50].

5. Conclusions

The EPR spectra of Béions doped in different alkali lead
. I L tetraborate glasses exhibit three resonance signgks &t0,
300 400 600 800 900 ; ;
WAVELENGTH (nm) 4.2 and 2.0._ !t is observed that the g values are indepen-
dent of alkali ion. The resonancesgs- 4.2 and =6.0 have
Fig. 6. Optical absorption spectrum of 99BiO7 + 7PbO + 3Fg0;3 glass been attributed to Fé ions in rhombic and axial symmetry
sample at room temperature. sites, respectively. The resonance signajaR.0 is due to

OPTICAL DENSITY (arb.units)




two or more Fé* ions coupled together with dipolar interac-
tion. It is observed that for E®3 content >4 mol%, a clus-
ter formation takes place in LiPbTB glasses. EPR spectrum
of LiPbTB:1Fe glasses is studied at different temperatures.
The linewidths are found to be independent of temperature
changes for resonance absorptiong~=t4.2 and 2.0. The in-
tensity of resonance absorptiongat 4.2 decreases and the
intensity of resonance absorptiorgat 2.0 increases with the

increase of temperature (123-433 K). The number of spins
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(N) participating in resonance has been computed from the[19] R.S. de Biasi, M.L.N. Grillo, J. Phys. Chem. Solids 64 (2003) 711.

area under the absorption curve. A plot is drawn between
logN and 17 for the resonance signal gt 4.2. Activation

energy has been calculated from this graph and it is found to

be 2.54x 10721J (0.015eV). The magnetic susceptibilities
(x) have been calculated from the EPR data at different tem-
peratures. Alinear relationship is observed betwegRhdT
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evaluated from I versusT graph. The optical absorption

spectrum of LiPbTB:3Fe glasses exhibits three bands char-

acteristic of F&* ions in an octahedral symmetry. The crys-
tal field parameteDqg and Racah interelectronic repulsion
parameter8 andC have been evaluated. The value of inter-
electronic repulsion parametBr(825 cnt 1) obtained in the
present work is far away from the free ion value (1300¢jn
This suggests that the bonding is moderately covalent.
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