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1 Introduction

Abstract. The magneto-optical rotation at room temperature was mea-
sured for three Ga:S:La:O chalcogenide glasses at several laser lines in
the visible. The first sample was a binary system constituted by 70 mol %
Ga,S; and 30 mol % La,03, whereas in the second and third ones the
lanthanum oxide was partially substituted by lanthanum sulfide, keeping
the amount of gallium sulfide fixed. A pulsed magnetic field between 50
and 80 kG was used for the Faraday rotation measurements. The Verdet
constant for one of the ternary samples was found to be as high as 0.205
min G~ cm™! at 543 nm, indicating that these chalcogenide glasses are
very promising for magneto-optical applications. The data for each
sample were fitted using the expected analytical expression for the
magneto-optical dispersion. Measurements of the refractive index of the
glasses at 632.8 nm are also reported. Data on the magneto-optical
properties of two high Verdet constant, heavy-metal oxide diamagnetic
glasses are also included for comparison. © 1999 Society of Photo-Optical
Instrumentation Engineers. [S0091-3286(99)00102-6]

Subject terms: magneto-optical Faraday effect; chalcogenide glasses.
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um, using a Nd:YAG laset.The high index of refraction

g of these chalcogenide glasses, higher than 2.3, indicates
that they can also show a high value for their Verdet con-
stant; therefore, they are good candidates for magneto-
optical devices. Vitreous and crystalline materials with high
magneto-optical rotation are very useful for building opti-

Chalcogenide glasses containing sulfides of gallium an
lanthanum(GLS glassesare very promising candidates for
many optical applications due to the several interesting op-
tical properties that they present, such as low phonon en-

ergy, high transparency ?n the infrared up .to approximately cal isolators, magnetic field sensors, transducers for mea-
10 um, and high refractive index. Extensive research has g ring electric current in high-voltage transmission lines,
been carried out in order to optimize these glasses, sinceypg displacement sensors, among many other
they are also good host materials for rare-earth ions. Theseyppicationg~4 The magneto-optical effect is also widely
glasses, when they are adequately doped, can be used asged to study basic material properties; for instance, the
bulk laser material or as an efficient fiber optic amplifier magneto-optical dispersion in semiconductors and insula-
operating in the region of the second telecommunication tors gives us important information about the nature of the
window at 1.3um .1~ Recently the second-harmonic gen- optical transitions and the magnitude of the energy gap be-
eration in GLS glasses was investigated at 1.06 and 1.319%ween bands in those materiafs!® The investigation of
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the magneto-optical effect on optical glasSe®® has wheree andm are the electron charge and mass, artde
gained a new impetus in the last few years, due to the velocity of light. The Verdet constaiM is a characteristic
growing need for good materials to be used in magneto- of each material. The factoy, first introduced into the Bec-
optical deviceg®24~26 querel equation by Darwin and Wats®his referred to as

Although in paramagnetic glasses heavily doped with the magneto-optic anomaly factor. Ramasedhhas con-
rare-earth ions the magnetically induced rotation of the sidered the relationship between this anomaly factor and
light polarization is larger than in diamagnetic glasses, de- the nature of the electronic bonding in certain cubic crys-
vices that use paramagnetic materials as magneto-opticallytals. He inferred thay would have a value close to one for
active media have the drawback of requiring special care tojonic bonding and a deviation of its value from unity would
compensate for thermal effeds?® It is advantageous in  indicate a certain amount of covalent character. Other
certain applications to use diamagnetic materials as thegroups pursued no further investigations for a long period
magneto-optical medium because of the small intrinsic of time after Ramaseshan’s work trying to correlgtaith
temperature dependence of their magneto-optical constantssome other material properties. Recent studies, undertaken
allowing for much less temperature-sensitive devices. The by us, showed that for substances having the general for-
largest diamagnetic Faraday rotations are found for high- mulas AB, and AB there is a correlation between the
refractive-index and high-optical-dispersion glasses. magneto-optic anomaly factgrand the difference of elec-

In the present work, magneto-optical dispersion tronegativity between the ions A and B in the botd.

measurements on binary and ternary GLS glasses are The optical dispersion can be expressed by the Sellmeir
presented and discussed. We studied GLS glassesquation

with three different compositiongi) 70 GaS; : 30 La,0s,

(ii) 70 G3S;: 20 L&S;: 10 La,0s, and (iii) ) BA?2

70 G3S;: 25 L8S;:5 La0s, with all the concentrations 1 —1=A+ N2 3
expressed in mole percent. The Verdet dispersion of these

samples was measured at room temperature in the visiblewhereA and B are constants and, is the wavelength
region of the spectrum using three He-Ne lasers Or:)(:"ratmgcorresponding to the average position of the ultraviolet ab-

at the wavelengths 543.5 n(green ling, 594 nm(yellow sorption bands in the material. The constaraccounts for

line), and 632.8 nnired ling, and using a semiconductor the contribution to the refractive index from the infrared

laser at 675.5 nm. The measurements were carried out Uy ntion bands. If we calculate the index derivative that
ing the technique of pulsed magnetic fields, which are gen-

erated by a capacitive discharge over an air-core solenoid appears in Eq(2), using the expression for the refractive
y pacitive discharg indexn as a function of the wavelength given in the E3),
We are also including in this study, for the sake of

. ) ; . we obtain the following relation:
comparison, magneto-optical dispersion measurements
(at room temperature and at the same wavelengthsvo d(n? le| BAZ)2
glass  systems containing heavy-metal oxides: /= Y\ (n ): € y 0 (4
60 Bi,03: 25 CdO: 15 Ge@ (BCG ternary glass and 4mc? dv 2mc® T (Z2-A5)%
10 Bi,03:50 PbO : 32 Ge®: 8 B,O; (BPGB quaternary

glas3. These two glasses are known to have a high Verdet Wheren and y are slightly dependent on the wavelength.
constant® Data on the refractive index at 632.8 nm for all We take the absolute value ebecause the Verdet constant

the glasses are also presented. is defined as positive for a diamagnetic material. Since we
are interested in calculating the value\6ffor only a short
range of wavelengths, far from the absorption bands, we
2 Magneto-Optical Rotation: Theory will neglect the dependence ofand y on the wavelength
The magneto-optical effect known as the Faraday effect N a first approximation, considering them as constants. We
consists in the rotation of the plane of polarization of light Should also take into account the effect of the infrared ab-
when transmitted through a sample of material subjected toSOTPtion in the expression &, adding to Eq(4) a constant
a magnetic field. It is a nonreciprocal phenomenon in which term, which will be denoted b¥;. So we finally obtain
the rotation anglé is given as a function of the strength of the following relationship between the Verdet constant of a
the applied magnetic fieldl and the length of the sample diar_nggnetic material and the wavelength of the incident
by the following relation: radiation:

K,oA2\2
6=VIH, (1) V=K,+ m, (5)
when the light propagates parallel to the magnetic field di-

i U . where the new constait, is given by:
rection. The coefficienV is known as the Verdet constant 2189 y

and is related to the light wavelength and the optical dis- e B
persion of the material by the so-called modified Becquerel Kz:—c2 y—. (6)
equatiort:?° 2m n
The Verdet constar is expressed in min G cm %, and
e dn \ in nanometers. The corresponding units for the constants

V=ome ™ an @ areK;, K, (min G"*em™) and, (nm).
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'E N\ Miror ing a graphite crucible containing typically 5 to 20 g of
pure sulfur was inserted away from the melting zone
e Solenoid A and kept at temperature sufficiently high to create a
Photodetector Polarizer . . .
(SGD 100) ’—% R N vapor that is carried across the melting zone by the
A { Sample } N 7 Miror argon flow. A bubbler containing 2 to 4 in. of silicon
Aralyasr W oil provides a back pressure within the tube. In all,
: * @1 three GLS samples were prepared with the following
rex 2907 auital [ Gortrl f 500 pF compositions in mole percent: GLS-1, 70Sg 30 L&0s;
osdlloscope | system }* T sw GLS-2, 70G3sS;:20LaS;:10La05 and GLS-3,
70 GaS;:25 LaS;:5 La,05. The lengths of the three

Fig. 1 Basic experimental setup for the measurement of the Fara- .
day rotation with a pulsed magnetic field. samples were approximately 5 mm for the GLS-1 and 10

mm for the GLS-2 and 3. The glasses were transparent, no
_ striae or scattering centers being observed by visual inspec-
3 Experimental Results tion. The optical quality of these GLS glasses can surely be

The magneto-optical rotation of our glass samples wasimproved when they are made on a larger scale and under
measured at room temperature by using a pulsed magneti¢he controlled processes of a factory. High values of the
field. The basic experimental setup is shown in Fig. 1. The Verdet constants together with good optical quality of our
pulsed magnetic field is produced by discharging a a0-  samples indicate that the GLS glasses are promising candi-
capacitor bank through an air-core solenoid with a mea- dates for the construction of magnetooptical devices.
sured inductance of 384&H (the resulting pulse duration Glass samples were characterized by x-ray diffractom-
was about 1.5 msTo prevent sample heating, the system etry (XRD), differential thermal analysiéDTA), and Ra-
was operated at a low repetition rate and the solenoid wasman spectroscopy. The XRD patterns were obtained with
cooled by forced air. Also, the sample was mounted me- 3X-DA Shimadzu diffractometer, with a Ni filter and Cu
chanically isolated from the magnet, avoiding in this way K 1.5418-A radiation. The samples showed the typical
sample vibrations during the high-energy dlscharges. 'I_'he halo (260~28 deg) in the XRD patterns, indicating that
rotation angle was measured by the null technique, which

they were amorphous. From the DTA curves of the samples

has been described elsewh&té! The magnet was cali- - .
brated using a sample of HOYA FR-5 whose dimension we found a glass transition temperatdigof about 596°C

was approximately the same as that of the glass samplesand two crystallization temperaturdg at 753 and 779°C.

We take for the Verdet constant of the HOYA ER-5 Raman spectra of samples in the vitreous and crystalline
glas$?* the value of—0.245 min Gcm * at 632.8 nm phases show significant differences between them. The Ra-
and at room temperature. All the measurements were car-man spectrum in the crystalline phase shows sharp peaks,
ried out with magnetic field intensities in the range of 50 to whereas in the glass phase there appears a very broad band.
80 kG. The glass refractive indices were derived from the Glass samples were crystallized at their surface by chemi-
measurement of the Brewster angle at 632.8 nm. At the cal attack with HCI. All three analysis methods indicated
Brewster angledg the reflection of thep waves on the  that our samples were glasses, without the formation of
material surface is zero, i.e., the reflected light from the microcrystals.

surface is totally polarized. The anghy is related to the BCG and BPGB glass&s were fabricated by
material refractive indexn by the following relatior* melting the mixture of highly pure oxides in a high-purity
tan 6g=n. So from the measurement of the andlg it is alumina crucible placed in a Super Khantal electric
possible to determine the value wffor the material. furnace at 1160 to 1200°GBCG glas or 1000°C

The magneto-optical rotation of the glass samples was (BPGB glasy both for 30 min. After melting, glasses
determined as a function of the wavelength. Measurementsundergo annealing at approximately 300°C. The
of the Faraday rotation were taken at 543.5, 594, and 632.8compositions(in mole percer‘)t for these two last g|asses
nm, corresponding to emission lines of green, yellow, and \yere BCG, 60 BjO,;:25 CdO:15Ge@ and BPGB,
red He-Ne lasers, respectively, and 675.5 nm from a red 10 Bi,O5: 50 PbO : 32 Ge@: 8 B,O
diode laser. 273 \ e

GLS glass samples were fabricated using a new tech-
nique that is effective in reducing all hydrogen impurities,

Values of the Verdet constant and the refractive index
for our glass samples, at 632.8 nm, are given in Table 1. All

o . - : ; the measurements were carried out at room temperature.
yielding glasses with high optical quality. The conventional : ) .
way of melting chalcogenide glasses is by batching the We also include in Table 1 the batch composition of each

stoichiometric glass composition in a graphite crucible 91ass sample. The first sample is a binary glass system con-
placed inside a fused silica tube, which is sealed after taining gallium sulfide and lanthanum oxide. In the second
evacuating to a pressure of about ¥aorr and heated to a and third samples the Ia.mthanum. oxide is partially substi-
temperature between 1100 and 1200°C. For the Ga:La:S:0tuted by lanthanum sulfide, forming ternary systems. For
glass system the highest temperature of the melt is limited the sake of comparison we have also added to Table 1 the
to 1000°C because of the formation of sulfur dioxide and corresponding information about two heavy-metal oxide
the consequent explosion of the sealed ampoule. In the newglasses that are known to be good magneto-optical rotator
technique that problem is avoided by using a horizontal materials?® The value of the refractive index of the BCG
tube furnace with silica liner. Melting is done under flow- sample was calculated by interpolation of the data given in
ing argon, and to avoid any loss of sulfur during the melt- Ref. 25.
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Table 1 The refractive index and Verdet constant, both measured ity of building fiber optics amplifiers from these glasses.
at the wavelength 632.8 nm, and the batch composition of the GLS Let us estimate how much such a low doping can affect our
glass system. We have also included for comparison similar infor- .
mation on two heavy-metal oxide glasses. Estimated errors are _measu_rements O_f th_e glass Verdet constant. Paramagnetic
+1% (relative) for the Verdet constant and +0.05 (absolute) for the ions give a contribution to the total Verdet constant of the
index of refraction. glass that is opposite in sign to that from the glass host. Let
us now make a quick estimate of how much thé"Rons
Composition v contribute to the Verdet constant of the GLS glasses. Pet-
Sample (mol %) n (min/G cm) rovskii et al?® observed that the Verdet constant of highly
GLS-1 70 Ga,S, concentrated rare-earth-doped glasses is almost indepen-
2.3 0.125; dent of the host glass. They found that the r&ati€ (where
30 L,03 V is the Verdet constant ard is the ion concentration in
GLS-2 70 Ga,S, the glas$ changes py no more thqn 10% for different hosts
0 LaS 54 0.115 and ion concentrations. From their data\®tC for P at
>3 306, 342, and 400 nm we found by extrapolation the value
10 La,05 of V/C=0.04x 102 min cn? G tion! at 543 nm. Since
GLS-3 70 Ga,S; the PF* concentration in our samples corresponds to
25 La,S, 2.4 0.1364 approximately % 10'8 ions/cn?, the total contribution of
5 La,0, the PP* ions to the Verdet constant should be less than
3.6x10 % min G tcmtat 543 nm, i.e., 500 times smaller
BCG 60 BixOs than the contribution of the glass host. So the fact that our
25 CdO 2.05 0.151 samples were doped is irrelevant as far as the Verdet con-
15 GeO, stant measurement is concerned.
_ Our magneto-optical dispersion data for the GLS, BCG,
BPGB 10 Bi;O, and BPGB glass samples were fitted with the theoretical
50 PbO 20, 0113, expression given in Ed5). Values of the fitting parameters
32 GeO, K, Ky, and\q are also shown in Table 2. We found that
8 B,O, Eq. (5) fits the data within the experimental error tfl%.

The magneto-optical dispersion data as well as the fitting
curves are displayed in Fig. 2 for the samples GLS-1, BCG,
and BPGB, and in Fig. 3 for the two ternary glass samples:

. . L ) GLS-2 and GLS-3, Equatioff5) with the values of the
The magneto-optical dispersion is shown in Table 2 for. arametersk ,, K,, and\, given in Table 2 can be used

the three GLS glass samples. Measurements were taken i o0 determine the value of the Verdet constant for other

;hri ¥r'15$blc% rfrrg;r;) (?:dS’mtg \?;I?Jensmfb flﬁ; |$;%?]Z?O'_2F;?Ctgf dzis_wavelengths within the studied range. It is observed that
persion of the two heavy-metal oxide glasses. The esti- our GLS glasses are good magneto-optical rotator materi-
mated relative error is=1% for the Verdet c-onstant als, presenting values of the \(erdet constant th_at are com-
whereas we have an abgolute error for the refractive inijexparable to those. of the best diamagnetic materials. For in-
measurements of-0.05 stance, we obtained for the Verdet constant of the GLS-3
e glass sample a value as high as 0.207 mitt &n ! at the

. . wavelength 543 nm.

4 Discussion The binary glass system GLS-1 shows a Verdet constant
Two of the GLS glass samplé&LS-2 and 3 were doped  that is between the corresponding values for the GLS-2 and
with a very low P#* ion concentration: 500 ppm, since GLS-3 samples, which are ternary systems. The refractive
both samples were originally prepared to study the feasibil- index and the parametar, for the GLS-1 are smaller than

2Value obtained from the data in Ref. 25 by interpolation.

Table 2 Magneto-optical dispersion of the GLS glass system. The parameters K, K,, and Ay were
obtained by fitting Eq. (5) to the magneto-optical dispersion data. We have also included for compari-
son similar information on two heavy-metal oxide glasses. The estimated error for the Verdet constant
is =1%.

Verdet constant (min/G cm)

K K
Sample 543 nm 594nm 633nm 675nm (107° mi|1'1/G cm) (1072 miz/G cm) (r)1\r$”|)
GLS-1 0.189 0.149 0.1254 0.108 7.2 63.8 236
GLS-2 0.173 0.1335 0.115 0.0980 25.3 25.3 294
GLS-3 0.2075 0.161 0.1365 0.1175 22.3 39.0 277
BCG? 0.228 0.1745 0.151 0.126 20.5 44.2 276
BPGB® 0168 0131  0.113; 0.095, 7.02 54.1 239

aReference 25.
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Fig. 3 Verdet constant as a function of the wavelength for the
GLS-2 and GLS-3 glass samples. Solid lines represent the fitted
curves obtained from Eq. (5) with the values of the parameters K,
K,, and \y shown in Table 2. Vertical and horizontal error bars are
smaller than the symbols representing the data.

Fig. 2 Verdet constant as a function of the wavelength for the BCG,
GLS-1, and BPGB glass samples. Solid lines represent the fitted
curves obtained from Eq. (5) with the values of the parameters K, ,
K,, and \y shown in Table 2. Vertical and horizontal error bars are
smaller than the symbols representing the data.

for the other two glass systems, indicating that the absorp-binary system without lanthanum sulfide. Measurements
tion bands are shifted towards the ultraviolet for the GLS-1 were taken in the visible from 543 to 675 nm. We found
glass. The concentration of ¢& has been fixed at 70 that the Verdet constant can be as high as 0.207
mol % for all the three GLS samples, whereas the relative min G ! cm™* at the wavelength 543 nm. The glasses were
concentrations of Li#; and LgO; were varied from one  transparent, with no striae or scattering centers detectable
samp]e to another. On increasing the amount OZfSh_an by visual inspection_. The Co_mbination of hlgh Verdet_con-
the ternary system, and therefore reducing thgOhacon- stant and good optical quality of the glasses made in our
centration, the Verdet constant is increased by about 20%.0Wn facilities suggests that the GLS glasses are good can-
It is not possible to make a straight comparison of the Ver- didates for magneto-optical devices. The linear refractive
det constant of the sample GLS-1 with those of samples index \./vas.also measured at 632.8 nm. High yalues for the
GLS-2 and 3, since the glass structure is modified when we refractive index were observed: 2.3 for the b|r]ary sample
go from a binary to a ternary glass system. Such a structure@nd 2.4 for the two ternary glasses. No correlation could be
change is corroborated by the differences observed in manyeStablished yet between Verdet constant and glass compo-
of the glass optical properties. A thorough discussion on the Sition, except that the substitution of 4@ by L&S; (keep-
glass formation and the optical properties of the ternary ing constant the amount of Gi#&) increases the Verdet

oxide sulfide system L&;:La,03:GaS; is found in constant of the glass. It will be necessary to analyze more
Ref. 3. samples, with different amounts of the three components, in

It is possible to estimate the value offor the GLS order to find such correlation. A more detailed study is
glasses. The paramet@rin the Sellmeir equatiori3) can underway.

be neglected in a first approximation, since it is small and it  Agreement of=1% was obtained between the theoreti-
makes little contribution to the index of refraction in the cal curves and the experimental data. That agreement is

visible. TakingA=0 in Eq. (3) and choosing the values Within our experimental error. Values of the fitting param-
n=2.3, A\o=236nm, K,=63.8<102minG Lcm eters were calculated for the three samples. The parameter

and \=632.8 nm, we found from Eqg3) and (6) that \o presents a value for the binary glass system that is lower

y=0.39 for the GLS-1 sample. That value, much less than g})as r:)rﬁzowia(ﬁggrt;wgrjgﬁgeuslltrg:/(ijcl)(l;gg.lng a shift of the
1, is characteristic of materials with covalent bonds and

is very close toy=0.41 reported for the BPGB glass in
Ref. 25. Acknowledgments
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