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Comparison of some properties
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Samples with 1T0Nd,03-5Ca0-17Al,03-68Si0O, composition (mol %) were prepared by the
sol-gel method and by melting. The structure of the samples was investigated by X-ray
diffraction, scanning electron microscopy, infrared spectroscopy, a.c. susceptibility
measurements and electron spin resonance. The gel-derived sample heat-treated between
250 and 700°C is amorphous and has a granular microstructure. In the samples heat-treated
at 800, 900 and 1000°C we detected by X-ray diffraction AINdO3 crystalline particles. The
melted sample was amorphous and the micrograph shows a glass matrix containing
particles. The infrared measurements show structural changes produced by the
heat-treatment of the gel samples. The magnetic susceptibility data indicates that
neodymium oxide is present in these samples as Nd3+-O-Nd3* aggregates with an
antiferromagnetic interaction. © 2001 Kluwer Academic Publishers

1. Introduction pared from tetraethylorthosilicate (TEOS), alumi-
The optical properties of rare-earth doped glassegsium (Ill) nitrate nonahydrate (Al(N€)3-9H20), neo-
are affected by the glass forming anions and glasslymium (lll) nitrate hexahydrate (Nd(Ng%-6H0),
forming/modifying cations and to a lesser extent byand calcium nitrate tetrahydrate (Ca(B)@4H,0) as
the methods of preparation and heat-treatment [1]. Theources of silica, neodymium, alumina and calcium
distribution of N&* ions in a host glass affects the oxides. First, a mixture of TEOS, ethanol, water and
fluorescent lifetime of N&". In Nd-Al co-doped silica HClinamolar ratiol : 1:1:0.0027 was stirred for one
glasses the homogeneity of the distribution ofNdan  hour atroom temperature. After this hydrolysis, nitrates
be increased and the clustering ofNiccontrolled [2].  which had been dissolved in water (1 mj® for each
The sol-gel method has been successfully applied tgram of nitrate) were added. The solution was stirred for
the synthesis of neodymium silica-glasses witt*Nd one hour, poured into Petri dishes and allowed to gel and
content greater than is attainable by conventional prodried at 60C. The gel obtained was then heat-treated
cessing technique [3]. at temperatures between 250 and @ oxidizing
In this paper 10NgD3-17Al,03-5Ca068Si0G, (mol%)  conditions (air).
glasses were prepared by the sol-gel method and by The melted glass was prepared by mixing appropri-
melting. We chose this composition because the perforate amounts of Sig) CaCQ, Nd,O3 and ALO3. Melt-
mance of a laser glass is linked to the rare earth dopinghg was carried out in a corundum crucible, at about
level and the distribution of Nt ions, (which isinflu-  1700°C, in air. The glass was then quenched in air. For
enced by the presence of aluminium). In this study wencreasing homogeneity melting at higher temperature
compare the structure and magnetic properties of thenay be suitable to increase the homogeneity of the final
gel and melted glasses and we prove that by using thglass [4]. The structure and properties of the samples
sol-gel method the distribution of Nt is random and  were examined by X-ray diffraction (XRD), scanning
the formation of N@* clusters is reduced. electron microscopy (SEM), infrared spectroscopy (FT-
IR), electron paramagnetic resonance (EPR) and ac sus-
ceptibility measurementg@.c.).
2. Experimental XRD analysis was performed at room temperature
Samples of 10NgD5-5Ca017Al,03-68Si0, (mol %)  on a Rigaku XDMAX diffractometer using monochro-
were prepared by two methods: sol-gel and meltingmated (monochromator graphite) CuxKradiation
The samples obtained by the sol-gel route were prefx = 1.5418A) at 40 kV and 30 mA, by step scanning
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using powdered samples. We used three seconds fém the samples heat-treated at 400, 500, 600 and 700
each step of counting time and the step width was90.05 we observed a band that shifts to smalleénghen the
The SEM micrographs were obtained using an electemperature increases (Fig. 1A). The X-ray diffraction
tron microscope (Hitachi (S4100-1)). of a melted sample was similar to that obtained for the
The infrared transmission spectra were recorded00 C sol-gel sample (Fig. 1A).
from, 400 to 4000 cm?, in a spectrometer (Mattson  However, in the sample treated at 800, 900 and
7000 (FTIR)). The FT-IR samples were prepared usindl0O00C we detected the presence of AINgQalu-
the KBr pellet method. minium neodymium oxide) (Fig. 1B).
The alternating current magnetic susceptibility
(xa.c.) measurement, between 80 and 320 K, was dor@

. o .2. Scanning electron microscopy
119.5 Hz in a magnetic field of 1 . The meas . X
at119.5 Hz in a magnetic field of 10 gauss. The eaThe SEM micrographs of the gel-derived samples are

surements were performed on a home-built mutual in- U
ductance differential transformer system. The accurac hown in Figs 2 and 3. The fractured surfacgs of 250,
00 and 700C samples present a granular microstruc-

of temperature controland measurementsw#.1 K 0 Fig. 2A). 1 in th d surf f
over the whole range and the overall accuracy of mearé (Fig. 2A). However, in the as prepared surface o

surements of the magnetimment is btter thant0.2%. the 500 and 700 samples the coalescence of the par-

The EPR measurements were carried out in a spediCles is observed (Fig. 2B). At 1000 the granular
trometer (Buker ESP 300E) operating at X band structure dlsappe_ars and we can see a d_ensmeq mate-
(9.7 GHz). The EPR spectra were acquired at 5, 50 anElaI (Fig. 3A) and. in some regions crystalline particles
300 K on finely powdered samples packed in quartzare observed (Fig. 3B). In the fractured surface; of a
capillary tubes. The spectrometer parameters were th@elted sample we detected the presence of particles in
following: power=20.1 mW, modulation amplitude & 9/ass matrix (Fig. 4).
=10"* Tesla, modulation of frequeney100 kHz,
field sweeps of & 1072 to 4.5 x 10~ Tesla, receiver 3.3. FT-IR spectra
gain = 10°. The FT-IR spectra of gel-derived samples and glasses

2’Al NMR (Nuclear Magnetic Resonance) spectraprepared by melting are shown in Fig. 5.
were not registered because as referred by T. Fujiyama
et al [5], when aluminium ions are connected with
neodymium through an Al-O-Nd bond the NMR peaks
disappear.

3. Results

3.1. X-ray diffraction (XRD) :
The gel-derived sample heat-treated between 250 and§
700°C and the melted glass are amorphous (Fig. 1A).

u)
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Figure 1 (A) X-ray diffraction patterns of the sol-gel samples heat- (B)

treated at 250, 400, 500, 600, 7@and the melted sample. (B) X-ray

diffraction patterns of the sol-gel samples heat-treated at 800, 900 anBligure 2 Scanning electron micrograph of the samples: (A) fractured
1000C. surface of the-500°C sample; (B) free surface of the 5@-sample.
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Figure 5 Infrared absorption spectra of the sol-gel derived samples (250,
500, 7000, 1000C) and of the melted glass.

B)
Figure 3 Scanning electron micrograph of the 10@%ample; (A) frac- higher W_avenumber' The band around 92(Tér_mhat
tured surface (B) crystalline particles in the fractured surface. appears in the spectrum of the 1008sample (Fig. 5),
may be due to the formation of AINd@nd the band at
~680 cnt! to the presence of AlPgroups [13]. The
vibrational mode of deformation of the Si-O-Si bonds
is represented by the band-a#50 cnt! [6-10]. The
amplitude of this band increased with the increase of
the temperature of the thermal treatment.

The FT-IR spectrum of the sample prepared by melt-
ing (Fig. 5) has absorption bands atL060, ~680
and~460 cnt!. This spectrum is similar to those ob-
tained for other silicate glasses [13-15]. The first band
is assigned to the antisymmetric stretching mode in-
volving bridged oxygen (Si-O-Si bonds) and the other
two bands are related to the bonding modes involving
bridges oxygens [13-15].

25.08kV X48.0

Figure 4 SEM of the melted sample (fractured surface). 3.4 Magnetic susceptibility

The temperature dependence of reciprocal susceptibil-
E{'{y (x 1) is plotted in Fig. 6 for the gel and melted sam-

ples from 80 to 300 K. The data are approximately a
" linear functions of the inverse of temperature indicating
that the magnetic susceptibility obeys the Curie-Weiss

The gel-derived sample spectra have a band
3440cn1?, thatis due to Si-OH stretching vibrations [6
7] and a band near 1640 crthat is attributed to the
deformation vibration of free water [8, 9]. The inten-
sity of these bands decreases when the heat treatméﬁw
temperature increases. The band around 1480 dsn X =C/(T —6p) 1)
due to C-H bending vibrations [9, 10] and is not present
in the samples heat-treated at temperature greater thadhered,, is the paramagnetic Curie temperat@ehe
250°C. The band near 1060 crhcan be assigned to the Curie constant an@l the temperaturé,, is indicative of
stretching vibration of Si-O bonds [11, 12] and shifts the strength of the average interaction between the Nd
to smaller wavenumbers when the heat-treatment temens and is negative for all the samples which is due
perature increases (between 250 and@)0However, antiferromagnetically coupled Nd ions [16]. The other
this band in the spectra samples at 1@0shifts to  magnetic property calculated from the susceptibility
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TABLE | Effective magnetic momenterr and paramagnetic Curie-  shifts to smaller wave numbers with increasing temper-
Weiss temperaturép derived from the data fox ~1 as a function of atureduetoa Softening ofthe Si-O bonds (between 250
t ture for the gl d .

eMperafure Tor the glasses measure and 700C) [11]. At 1000C the band shifts to larger

Heat-treatment wave numbers due to an increase in the strength of Si-O
Temperature°C) —6p (K) £2 et (uB) £ 0.02 bonds [11].

From the magnetic susceptibility data (Fig. 6) we
250 56 2.64 O ;
500 30 319 conclude that some of the neodymium is present, in
700 27 323 these samples, as RidO- Nd®+aggregates with an an-
1000 44 3.58 tiferromagnetic interaction [18]. We assume that the
Melting glass 70 3.05 maximum interaction, J, between two ions is obtained

when two ions share an oxygen at a minimum bond
angle. Though this interaction can fluctuate according
2508403 to the bond angle, in agreement with a qualitative argu-
ment that we are following, we can assume an average
for J. Joining Nd*-O- N&®* to form an aggregate does
not affect the interactions but only the average number,
N, of nearest neighbours. In the mean field theory of
magnetic properties, the Curie temperatdggis given
by 6, ~ NJ and thus we see that in our cagshould in-
crease linearly with increasesf[19]. Thed, (Table I)
obtained for the 25 - sample can be explained by
the existence of aggregates of neodymium oxide par-
70 120 170 20 20 ticles. The number of neighbours of the neodymium
Temperare (9 oxide particles seems to be smaller in the case of the
Figure 6 The temperature dependence of the inverse magnetic susce;ZOO)C sample because it has a smaﬂ@(TabIe ). At
tibility of the sol-gel samples and melted glass. 1000°C there is an increase 3 that we ascribe to the
formation of the AINdQ crystalline particles also de-
tected by XRD, SEM and FT-IR (Figs 1-5). However,
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(Table I) the melted sample haglalarger than the gel-samples.
' This largeré, is attributed to a larger number of Nd
3cgC oxide particles in the melted samples.
peft = [ = 2) We explain the increase with the heat-treatment tem-

perature Ofues, for sol-gel samples by the molar mass
Wherexsg is the Boltzmamm constant amdithe num-  difference between the 250 and 10@0samples. That
ber of magnetic particles. Thees's for the sol-gel difference may be due to the fact that we assume
samples increase with increase of the heat-treatmemthe same molar formula, 10M@3-5Ca0-17A$05-
temperature (Table I). Thees for all samples, except 68SiQ, for all gel-samples and this assumption may
1000°C, is smaller than that for the neodymium free be incorrect because the gel-samples have a progres-

ion (3.6 ug) [17]. sive deshydratation, polycondensation and the removal
of alkoxy groups. So the actual molar weight is greater
for the sample heat-treated at 260and has the lower

3.5. EPR mpared to the), of th mple heat-treated at

For all samples and for all temperatures (5, 50 an %ggcpa edto p O the Sampie heat-treated &

300 K) of measurements EPR absorption was not de= Th f th ited le. is attributed t
tected. The electronic spin-lattice relaxation times of € pefi, OF the melled sample, 1S allributed 1o a

non-s-state 4f rare earth ions such as Nd usually pres_mallerc (Curie constant). The presence of exchange

| h ibility of : EPR sianal interactions between m_agnetic _ions, respecti\_/ely the
(;;J ?(e[i] e possibility of observing any signa atprocess of exchange pair formation, affeCtdn view

of this process, an increase of the number of antiferro-
magnetically coupled ion pairs leads to a variation of

4. Discussion _ _C similar to that given by a decrease of the number of
Inthe XRD patterns (Fig. 1), of the gel sample, the shiftyagnetic jons.

of the broad band (to lower@), when the tempera-

ture of heat-treatment increases, means that the lon@. Conclusions

range periodic structure was in formation [11]. The From the results it is evident that the distribution of
results of FT-IR measurements show some structuraid3+ ions is more uniform in the samples prepared by
changes during the heat-treatment process. The prehe sol-gel method.

gressive polycondensation of the gel-sample, with the The magnetic aggregates in the samples have an an-
increase of heat-treatment temperature, is indicated byferromagnetic interaction, that is function of the heat-
anincrease of the amplitudes of the 1040 and 450'cm treatment temperature for the sol-gel samples.

bands (Fig. 5). The 1480 crth band is only present in

the sample heat-treated at 280because, at a temper- Acknowledgements
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