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ABSTRACT cnntinued

The "molecular model" of Tucovsky and coworkers for
vibrational properties of chalcogenide glasses such as
AsyS3, MspSey, GeS, and GeSe, suggests that multiphonon abscin-
tion in these materials should ke analogous to overtone and com-
bination vibrational bands in isolated molecules. A variety
of experiments have been carried out whose results are in
reasonable accord with this vrediction. These include Raman
spectra of A5253 glass, measurement of the frequency depen--
dence of infrared absorption in the multiphonon region for
AsyS3, As,Sej,and mixed AsyS3-nspSez and AsjySe3-GesSep glasses,
and measurement of the temperature dependence of aLcorption
coefficients in the multiphonon region for As,Seq glass.




. Sccurity Classification /1

1
4 LINK A LINK B L NK C
REYArSnES £ HOLE WY ROLE wT ROL ¥ wY

Glass

| Infrared
Chalcogenide
CO2 Laser
Window

Arsenic

Selenium

Multiphonon

[ 4

-

Security Classification




SUMMARY
A quantitative study of infrared absorption in the 250-

4000 cm-l .gion of As Se3 glasses doped with small amounts

2
of Aszo3 or purified by various procedures has been carried
out with particular attention to absorption in the wave-
length regioﬂs of the CO2 and CO lasers. The dependence of
the relative intensities of the oxide impuv=-ity bands in the
650-1340 cm-l region on the total amount of Aszo3 added to
the glass indicates the existence of three distinct oxide
impurity species. A number of higher frequency impurity bands
which are due to the presence of hydrogen in the glass and
whose intensities are highly dependent on the glass melting
conditions have been observed and claszified, Absorption
coefficients of Aszse3 glass in the 920-1090 cm-l c02 laser
req}on are limited by intrinsic multiphonon absorption to
values of around 10-2 cm-l. The lowest absorption coefficients
measured in the 1700-2000 cm-1 CO laser region were around
2 x 10-3 cm-l and may contain contributions frem hydrogen
impurity bands.

Intrinsic multiphonon absorption coefficients of mixed
AéZSe3-GeSe2 glasses were found to be of the same ragnitude
at the same respective frequencies as those for pure As_Se

2 3

glass. Hence selenide glasses are unsuitable as windows for

high power CO2 lasers.




SUMMARY p.2

The "molecular model" of Lucovsky and coworkers for
vibrational properties of chalcogenide glasses such as
ASZS3' A525e3, Ge52 and GeSe2 suggests that multiphonon
absorption iﬁ these materials should be analogous to
overtone and combination vibrational bands in isolated
molecules. A variety of experiments have been carried out
whose results are in reasonable accord with this prediction.
These include Raman spectra of As_S

23

frequency dependence of infrared absorption in the multiphonon

glass, measurement of the

4 c L - [ 94 —
region for Assz, Au28e3, and mixed Aszs3 Aszse3 and Aszge3

GeSe2 glasses, and measurement of the temperature dependence

of absorption coefficients in the multiphonon region for

AséSe3 glass.
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A quantit ‘tive study of infrared absorption in the 250-4000 cm ™" region of AsySey
glasses doped with small amounts ol As; 03 or puriticd by various procedures has been
carried out with particular attention to absorption in the wavelength regions of the CO,
and CO lascrs. The dependence of the relative intensities of the ovide impurity bands
inthe 650—1340 cm ™! region on the total amount ot As303 added to the glass indicates
the existerce of three distinct oxide-impurity species. A number ol higher-trequency
impurity bands which are duc to 1he presence of hydrogen in the glass and whose inten-
sities are highly dependent on the glass-melting conditions have been observed and classi-
fied. Intrinsic multiphonon absorption in the 4001100 cin~" region has been inter-
preted in terms of combination and overtone bands of the two highest-frequei.cy Iunda-
mental vibrational modes. Absorption coetficients of As,Sej glass in the 920-1090 ¢m ™
CO; laser region are hmited by intrinsic multiplionon absorption to values of around
102 cm™". The lowest absorption coefticients measured in the 1700-2000 cm™' CO
laser region were around 2 X 10 em™! and may contain contributions from hydrogen-
fmpurity bands.

1. Introduction

Selewdde glasses are an important class of infrared-transmitting materials [1}].
Probably the most widely studied selenide glass is As,Se 3, but the numerous studies
of infrared absorption in this material [2—14] have provided very little in the way
of quantitative assessment of absorption in wavelength regions of high transparency.
On the other hand, the recent development and commercial availability of high-
power infrared lasers have created a need for information about the inherent limits
of absorption in infrared-transmitting materials [1, 15]. Consequently, we have
carried out a quantitative study of impurity and bulk absorption in As,Se; glass,
with particular attention to absorption at the wavelengths of the CO, laser
(9.2-10.8 p:i1, 1090-920 cm~!) and of the CO laser (5—6 um, 2000—1700 cm=1),

The two principal sources of IR absorption in As,Sej; glasses are light atom im-
purities (oxygen and hydrogen) [1,4-8, 11, 13] and intrinsic multiphonon pro-
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cesses {1, 6, 13]. Hence, two lincs of investigation were pursued by ue. birst, the
magnitude of excess absorption of AsaSeq glasses doped with known amounts ol
oxide impurity was determined. Second, the absorption of As;Seq glasses prepared
using a varicty of purification procedures was measured to fix unambiguously the
intrinsic absorption coefficients.

2. Sample preparation and purification

As,Scy glasses were compounded in batches of about 15 g from commercially
available high-puritv As(Cominco American, 99.99997%) and Se (Atomergic Chem-
icals Co., 99.9999%). These weie stored, weighed, and handled in a Vacuum At
mospheres N,-filled inert atmosplicre box to avoid any contamination from atmos-
plieric oxygen and moisture. Piimary standard Asy03 was used as a dopant.

In the “standard” preparation procedure 1.3 cmod, 1.0 ain id Vycor melt tubes
were sealed at one end, heated with a torch under vacuum to remove adsorbed
water, and transferred to the incrt atmosphere box. The glass components were
loaded into the tubes, which were then removed from the box and scaled off under
vacuum. The glasscs were melted for 20 h at 850°C in a rocking furnace, 1emoved
from the furrace and cooled in air, anncaled inside the inclt tubes for a few hours
at 155—170°C, cooled slowly to roomn temperature, and removed fiom the melt
tubes.

Several special purification procedures desigred to eliminate oxide impuritics
were also tried [1, 7]. These included: )

(1) Baking the Vycor mclt tubes overnight under vacuuin at 850-900°C to re-
move adsorbed water before loading the glass components.

(2) Baking the componeuts overnight at 100-120°C in the melt tubes under
vacuum before sealing off to remove surface moisture from the coinponents.

(3) Addition to the melt components of small amounts of metallic Al or Zr to
act as oxide getters.

(4) Distillation of the glass. The glass after inclting was sealed into one sideof a
1.3 cm od Vycor tube divided into two sections by a coarse-porosity Vycor fritted
disc. With the distillation tube in a horizontal position the glass was heated to
800—850°C so that it distilled through the fritted disc and into the second side
which was held at a lower temperature., Ordinarily the distillation was carried out
with the distillation tube sealed under vacuun, but distillations were also carried
out with the tube scaled at room temperature under § atn of Na, Hj or 5%

Hj - 95% N,. Following distillation the glass was remelted briefly at 700-850°C
in Vycor sealed under vacuuin and then annealed. Vacuum listillations were in-
tended to degas the glass and remove involatile impurities; wistillations under H,
were intended to lead to oxide removal by formation of H,0. The fritted disc
served to prevent carry-over of particulate matter during the distillation.

As,Se4 glasses quantitatively doped with small amounts of Asy03 were prepared
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by dilution procedures. Several batcl:es of As,Sey glass to which had been added
910 ppin As,0; were melted, where “ppm”™ refers to the content of added impurity
on a niolar basis. Glasses containing less than 910 ppm As,O4 were obtained both
by remelting the 910 ppm glass with previously prepared undoped As,Seq glass and
by remnelting the 910 ppm glass witlt appropriate amounts of elemental As and Se.
Glasses of tihe sume noninal AsyOj3 content piepared by the two differeni dilution
procedures were within experimental error indistinguishable on the basis of their
infrared absorption.

3. Infrared abserption measurements

Samplesfor 1R absorption measurements were prepared by cutting slices from the
1.0 cm od glass boules and polishing the opposite faces plane paraliel. Sample thick-
nesses ranged from 0.018 to 2.5 cm, The polished specimens were examined under
an IR microscope, and those found to contain bubbles or gross amounts of parti-
culate maiter were not used for transmission nicasurements.

IR spectra over the range 250-4000 em~1 (40-2.5 pm) were measured at am-
bient teniperature with a Perkin—Eimer Model 467 double biearn spectrometer with
a variable attenuator in the reference beam. Prior to recording the spectrum the
attenuator was set to give a reading of 1007 transmission with no sample in the
samplc beam. A typical spectrum of an oxide-free As,Sey glass is shown in fig. 1.

The absorption coefficicnt & was obtained from the transmission 7, the sampie
thickness x, and the reflectivity R by the equation

T=(1 - R)? exp (—ax)/[1 — R? exp (—2ax)] . (1)

which is valid for normal incidence of the light beam on the sample surface in reg-
ions in which aX << 1, where X is wavelength. The 1eflectivity R used in eq. (1) was
calculated from tlie transimission T} ineasured on the same spectruim in regions of
negligible absorption (the flat regions of the spectrum where ax < 1, see fig. 1):

To=(1 - R)*/(1 - R?). @

The average value of 77 in the 7—10 um region for 34 different As,Se; samples in
our study was 0.63 + 0.01. This agrees well with the T} value of 0.64 calculated
from published values (3, 5, 6] of the refractive index n using eq. (2) and the rela-
tion

R=(n-12(n+1)2.

Slight differences between the T, values obtained from the 1R spectrum and from
the index of refraction may arise because of slight deviations from normal light
incidence or because of scattering from small surface imperfections or foreign-ra-
terial inclusions in the sample in the IR spectrum determination.

P
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Fig. 1. Infrated spectrum of AsyScej glass prepared by the “standard” procedure. Sample thick-
ness 0.40 cm,

Calorimetric absorption coefficient measuremments 1+ the €05 and CO laser-wave-
length regions were carried out at antbient temperatur: using Mulectron Corp. model
C250 tunable €O, and CO lasers and a CRI. mndel 20 power nieter. The method
described by Pinnow and Rich [16] with the sample mounied outside the laser
cavity was employed. Heat capacitics needed for the calorimetric a calculation
were taken from the paper of Schnaus et al. [17).

4. Oxide impurity absorption

In fig. 2 are shown IR spectra of thin samples o[ As50;-doped AsySe; glasees of
comparable thickness. Jerger and Sherwood [5] and Vasko et al. [11] have observed
that As,Ses spectra in the region showu in fig. 2 depend only on the total amount

o Numl

o (0050cm)

U 0

" T000 800 60 a0
PemY

Fig. 2. Infrared spectra of thin samples of As303-doped AsySe; glasses. Sample thicknesses
thown in parentheses. The discont nuities in the spectra at 600 crn ! are due to a grating change
in the spectrometer.
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Fig. 3. Absorption coefficient versus ppm added As;0j; for AsySey glasses for the 657 and
785 em ' oxide impusity band maxima.

of oxygen present aud are independent of whether thie oxygen was added to the
melt components in the form of As»03 or SeO,. The principal features of fig. 2 are
(1) a strong peak at 480 cm~! whose intensitv i< independent of oxide content and
which hence must be an intrinsic absorption. band, (2) an oxide impurity band at
650 cm~! which becomes noticeable at 91 ppm As,O; and growsrapidly with further
additions of As,O3 up to 550 ppm and less rapidiy thereafter, and (3) an oxide
impurity bana at 785 cm—! which first appears at 270 ppm and grows rapidly with
further As,05 additions. Plots of the absorption coefficient at the 650 and 785 em~!
oxide band maxima versus ppm of ad:led As,05 are shown in fig. 3.

The presence in As,Sey glasses of tv'o principal oxide absorption peaks at
650 cm—! and 785 cm~! whose relative intensities varicd with the glass preparation
was first noted by Vasko et al. [11]. On the basis of the spectra of the various forms
of pure As,03 they concluded that the 785 cm~! band was due to oxygen present
as As;O¢ molecules (As,05 form 1), while the 650 cm~! band was due to oxygen
present in a network structure similar (o that of vitreous As,O5 or of the Asy0;
monoclinic crystal (As,03 form 11).

The solubility of As,03 in AsySej glass is roughly 2000 ppm [18]. Hence in the
glasses of fig. 2 the As,0j5 is dissolved in the As,Se; on a molecular level. Figs. 2
and 3 show that the oxide species associated with the 650 cin—! band (form 11) pre-
dominates at low concentrations, but as the'total concentration of As,0j; increases,
the concentration of the 650 cm™—! species begins to level off, and further Asy03
increments end up in the glass mainly in the form of the oxide species associated
with the 785 cm—! band (form 1). These two picces of evidence support the con-
clusions of Vasko et al. [11], so that we may tentatively relate the 659 cm~! band
to vibrations of oxygen incer porated substitutionzily for selenium in the As;Se;
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N
network in the form of > As—Q-As< jocal groups, while the 785 cm"'Amay be
o Wil D 0 o - 5
associated,vibrations of As;Og molecules dissolved in the glass. The relative con-
centrations of the two species would be contiolled by an equilibrium of the form

4 As (network) + 6 O (nctwork ) 2 As4Og (dissolved in melt)

(form 11, 650 cin—1) (form 1,785 cm-1) 3)

which would strongly favor form 11 at lew overall oxygen cencentrations and favor
form I at high concentrations. In view of the very broad miscibiiity gap

(0.2-98 mol” As,03) in the AsySe3 — Asy05 system [18], which indicates 2 pro-
nounced lack of affinity between the oxide and the selenide, the displacement of
€q. (3) to the right with increasing overall oxide coatent and the concomitant aggre-
gation of oxygen into As40¢ molecules may be viewed as » precursor step to the
gross segregution of oxygen into a separate phase that takes place above 2000 ppm
A5203.

A point of some concen to us with regard to our doping experiments was that,
since AsyO5 is highly volatile, the As;03 vapor pressure over the AsySey melt might
be sufficicntly Ligh for a substantial portion of the added As+05 to be segregated
into the vapor phase above the melt at high tempcratures and hence not (o appear
in the quenchied glass, To check on this possibility we carried out a number of syn-
theses of 910 ppm As;05 glasses in which we varied both the ratio of the volume
of the empty space in the scaled me It tube to the melt volume, ¥,/ Ve and the
melt temperature. The absorption coefticents at the 650 and 785 em=! oxide bands
for these glasses are shown in table 1. The a values at 650 cm~! are all identical
within experimental eiror; however, the intensity of the 650 cin=! band is not greatly
sensitive to the total amount of oxide at concentrations around 910 ppm. The a
values at 785 cm™1 show a scatter of about * 107 about their mean. From fig. 3 one
may estimate that about 400 ppin of Asy0j are in form I associated with the
785 cm=! band, so that the scatter in the 785 cm—! a values corresponds to an un-

Table 1

Absorption coefficients at 650 and 785 cm ! of As;Se; glasses doped with 910 ppm As;0;.
Melt history Vvoid!Vimelt agso ™) arps (em™)
20 hat 850°C - 124 20.4

20 h at 850°C 1.8 12,7 19.9

20 h at 850°C 3.7 11.7 18.6

20 hat 850°C 5.5 11.6 15.6

2. hat550°C, L “123 164

20 hat 850°C

20 h at 850°C,

20 hat 450°C - 12.2 164

20 h at 450°C 29 12.3 18.4

Average 122+ 0.3 18.0¢ 1.6
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certainty of about * 40 ppm in the total 910 ppm As5Q5 conitent or about + 0.3 ng
AsyO3ina 15 g batch. This is very close to the estimated accuracy of our Asy05 ad-
dition procedure, so that the scatter may be primarily due to experiniental uncer-
tainty from tlhis source, Alternatively, thie scatter in the 785 cin=?} values may be

due to the extraction of varying amounts of oxide (of the order of 50 ppm; by the
Vycor melt container, 1s explained in sect. 5. The absence of changes in the 785 an—!
a value with changes in melt temperature large enough to pooduce large ditferences

in the As;O3 vapor pressure, llowever. demonstrates fairly conclusively that a neg-
Ligible ainount of oxide is los; as vapor into the void space above the melt.

The tempcerature indep2ndence of the 650 and 785 em-! «values of table T also
indicates that at 910 ppm As203 the rel: tive amounts of the two forms of As+04
impurity in the glass are independent of melt temperature. This may mean that the
reaction of ¢q. (3) is extreinely rapid at 450°C and above, so that the relative amounts
of the two specics observed in the glass correspond to the equilibrivi concentra-
tions al some temperature below 450°C at which the rate of eq. (3) becomes suffi-
ciently slow that the reaction is arrested during the conling of the glass. Alteinatively,
il one assumed that the rate of eq. (3) was slu-2ish compared to the cooling rate at
all temperatures at and below 850°C, then the results of ai.'e | would indicate that
the equilibrium constant for ¢q. (5) and hence the relative amounts of the two oxide
species have very little temperature dependence. This is not an unreasonable pre-
sumption, since in eq. (3) there is no net breakage of’ As- O bonds, one As—O bond
being formed in a AsyCg imolecule for every As—0 bond broken tir the network,
Hence, the enihalpy change and consequentls’ the temperature dependence of tlie
equilibrium constant for eq. (3) may be quite smali,

Itis of interest to note that the existence of two different oxide species in vitre-

Atum)

2 44 5 6 7 891 1%

pureiDa0cm) ] )_\

a6 00cn Y
ppm 100 cm)
"'ﬁ\
mmﬂﬂtfw

Bpom{0G9 erm)

B0 poen{0s Perm)
270pom DS Tem)

————

EA'EF_._mrnmﬁ?cm!I

"\ o0pem0s8em)
_‘-'\,/r —
.llaﬁt:’ doprd with %
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e Transmission —s

40 3000 200018
e

Fig. 4. Expanded ordinate (X $) infrared spectra of thick samples of Asy03-doped As;ySe; glasses.
Sample thickness shown in pareniheses.
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Fig. 5. Calorimetiic absorption cocfficients versus waveruber for As,Sej glasses measured with
the CO; Luscr,

ous selenium hias also been detecte d by infrared spectroscopy [19, 20].

Oxide impuritics 1n As>Sey aiso give rise 1o a number of weaker absorption bands
in the 900- 1400 ¢cm~! region, some of which have been noted previously {57, 11].
These are shown in the expanded ordinate spectra of thick As,0O5-deped As,ySeq
glasses in fig. 4. The giowth of the weak band at 1125 cin-! withy increasing As,04
content correlates with tlie growth of the 650 em=1 band of fig. 2, so that both these
bands may be assigned to impurity oxygen incorporated into the AsySes network
(form 11). Similarly the growth of the weak bands at :050, 1265, and 1340 cm-1
correlate with the growth of the 785 ¢m=1 band in fig. 2, so that all these bands
may be assigned to As4Og molecules dissolved in the melt (form1). The growth of
the weak 965 cm=! band in fig. 4 ~orrelates with the growth of neither the 650 nor
the 785 cm~! bands in fia. 2, so that this band must correspond to yet a third im-
puritvy oxide species (form HI) whose concentration is presumably small compared
to that of form 11. This 965 cn—! band appears to grow in strength with increasing
As;03 content up to about 300 ppm and to saturate thereafter. As the moment we
cannot unambiguously identify 12 origin of this 965 cm~1 band, Altliough Vasko
etal. [11] have demonstrated fairly clearly that impurity oxygen in AssSe3 bonds
preferentially to As, it is possible that a small but detectable fraction of the oxygen
bonds to Se and that the 965 cm—! band may be due 1o Se—-0 vibrations. One of
the oxide impurity species in vitreous seleniumn has a IR bard at 925 cm-1 (19, 20],
not far removed from the observed frequency of 965 cm—1 of form 111 in AsySey. :
It is this 965 cm=! band which is primarily responsible for oxide impurity absorp-
tion in As,Se; in the wavelength region of the CO, laser, as shown in calorimetric
absorption cocfficient data of fig. §.

The various oxide impurity bands are classified in table 2.
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Table 2
Bulk and imipurity absorption maxima in AsySey plass’in the 2.5-40 yn region.
P (cm’“’) A (um} Relative Assignment
intensity 2
< 250 > 40 vs fundamental AsScy stretch
shoulder, fundamental
ﬁ 1
0 2 5 As=Sz-fs streteh (7)
480 20.8 s intrinsic 2-phonon process
690 14.5 m inttinsic 2- and 3-phanon processes
880 114 - shoulder, mlrmsfc 3-and
4-phoiion processes
785 12.7 s
1050 9.5 w oxide forn 1,
1265 1.9 vw molecular AsgO¢
1340 1.5 vw
650 154 s ) oxide form i, network
1125 8.9 w 2As-0-Asz
965 10.4 w oxide form I1f, ~Sc-0- (?)
1585 6.3 w
3520 2.84 w H,0 dissolved in glass
3600 2.718 w
3420 292 w =0~H in glass containing As;03
630 159 vw
. b bl IS¢, ~Se—! and
£ise ot * elated structusal features
2430 412 w - e
2830 3.53 vw

2) vs$ = very strong, s=strong, m = mediun, w = weak, yw = vely weak,

S. Oxide extraction by tiie melt container

batch in w

Dissolution of the silica-glass melt container has
source of oxide contamination >f chalco
| this was a source of'oxide cont
g study we carried out a series of

amination in our As

been suggested as a possible

genide glasses |7, 8. Te d-termine whether
»Se3 glasses, r2ther early in our
syntheses using starting materials 'rom the same

hich we varied both the melting time and the melting temperature. Our
initial thought was that oxide contamination from melt-contain
increase with increases
these glasses are show
650 em~! oxide band

er dissolution should

.1 melting time and melting temperature. Infrared spectra of
nin fig. 6. We found, surprisingly, that the intensity of the
decreased with increases in inclting time and inelting temper-




1

10.

C.T. Moynihan et al. [Iufrarcd absorption

20h at BT

———
4

hat 850 \
Y o
- e

& 20hnt 4%

AsgSey

TR0 000 860 (o)
Viermh)

Fig. 6. Infrared <pecira of AsaSes glasses medted in Vycor as a function of melting time and
Mmelting lemperature. Sample thicknesses 0.40 cm,

ature. Evidently the starting materials for the glasses of fig. 6 were contaminated
with oxide, and this oxide was removed by an extended, high-temperature melt in
Vycor.

Futther evidence for 1emoval of small amounts of oxide during melting of As,Sey
is seen in figs. 2 and 3 in which the absorption coefficient at the 650 em~! oxide
‘maximum does not depart from the value for the undoped glass until over 50 ppm
Asy03 have been added. Similarly firs, 4 and S show that the absorption coetficients
‘near the 965 cm! oxide maximun: arc the same for undoped As,Sc3 and As,Sey
10 which 46 ppm of As;03 have been added.

“The only two reasonable explanations for the disappearance of small amounts of
‘oxide during melting are (1) scaregation of the oxide into the vapor phase above
thie'melt, and (2) extraction of the oxide by diffusion into the walls of the silica-melt
<container. The first explination may be 1uled out on the basis of the evidence pre-
sented i table 1 aud the discussion in sect. 4. In addition, the vapor pressure and
<oncentration of oxide above the meli should depend on the oxide concentration
“In the'melt via a form of Henry's law appropriate to eq. (3). This in turn would re-
«quire that the a-versus-ppm As,05 plot at 650 cmi~! of fig. 3 show a continuous,
‘monotonic fall with decreasing ppin Asy04 all the way down to zero ppin As,0,,
‘tather than the abrupt break at around S0 ppin Asy0; that it does in fact display.

“The second explanation, diftusion of the As;0; into the walls of the Vycor melt
‘container, is not unreasonable in view of, on the one hand, the lack of atfinity be-
"tween AsjScj and As;03 deinoistrated by the large immiscivility gap in this system,
“nd on the other hand, the affinity of As,04 for asilicate network demonstrated
tby the fact that A¢505 can be included in numerous llomogenous oxide glasses. The
“@mount of oxide removed by this process is probably kinetically controlled by the
‘slow rate of diffusion of the As,0j5 into the Vycor glass network and should increase
*with increac~s in melting temperature, melting time, and Vycor glass area in the inter-
Hor of the melting tube. Ou this basis, one would expec: that.an oxide melt should
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be consideiably more effective than the Vycor glass in extracting oxide iimpwiitics
from an As,Sey el To test this supposition, we remelted 15.5 g of previously
prepared AsySey plass containing 911 ppm of added As;05 with 5.0 ¢ of 13,0, for
20 h at 50°C. The B,03 is quite fluid at this tewmperature and is extremely inumis-
cible with the As,Sey melt, us showa by the fact that 1o new oside bands due to
B-0 vibrations were observed in the extracted As3Sey. The absorption coefficients
of the glass extracted with B0y were 5.6 em~! a1 656 em=t :nd 0.31 em -t at
785 cm~! compared with 12.2 em~1 a1 650 e and 18.0 cra~! at 785 em-!
(table 1) for the uneatracted 910 ppm glass, From 1z 3 these o values are seen 1o
correspond to a concentration of about 240 ppm As;03 in the extracted glass, so
that the £,05 extraction remcved about 75% of the Asy04 initially present in the
Ast(‘:;.

For the melt times and temperatures and melt tube sizes used in most of our
oxide doping experiments the amount of As;03 extracted by the Vycor glass melt
tube seems to oe no more thai about 50 pom. Consequently, the actual As,0;
contents of our doped glasses are likely 10 be some 50 ppin lower than ihe ppm of
added Asy0; indicated in figs. 2--5.

6. Hydrogen impurity absorption

As shown in figs. 1,4 and 7, a variety cf high-fiequency IR absegption bands
appear in As;Se;. These b.uds have previously been attributed 1o hydrogen impuri-
tics [4, 6, 7], and thieir occurrence and intensity depend stiongly on preparation

l,‘A(um) i

- T T 2 8910, 35 20
OS5 em)

BN,
. distilled (0B6<m) v j,.

el \

distiied 1/3 a'm Hp (Q72¢m)

m.!l.-:l‘t tube baked 85(_,'\//'

00 ppm Zr, distitied (109¢m)
= —_—

melt tube baked

850°, components
i 120° 198 cm)

i As,Seqy

s Transmission —s

4000 3000 2000 1500 1000
. Vicnr) I

Fig. ©. Infrared spectra of As;Se; glasses prepared using various special purification procedures.
The glass of the topniost spectrum was prepared by the “standard” procedure. Sampte thick-
nesses shown in parentheses.
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conditic.ns. AsyScq elasses prepared by the “standard” procedure (fig. 1 and top-
most spectrum of fig. 7) exhibit a set of bands at 1585, 3520 and 3600 ¢m -}
which are ahways of the same relative intensity with 1espect l‘o:ﬁnmhcr, but whose
absolute intensities vary from batch to batch. 1hese same bands are observed in a
wide variety of other selenide and sulfide plasses [4, 6, 21] and are usually attri-
buted to O--11 vibrations. It scems likely that they are due to moiccular H,0 dis-
solved in the gluss rather than O—H groups bonded i turn to the network ., e.g.
> As—0-11, since their presence does not give rise to any excess absorption in the
wavelength region in which As—Q vibiations manife-t themselves, as detailed below.
Indeed, 2ilowing for a slight shift to lower frequenci.. due to ydrogen bonding 10
the network, the frequencics of these bands agree ratha nicely with the fundmuental
vibrational ficquencies of isolated H,O moleculss (1395, 3657 and 3756 cm V).
The 11,0 must be adsorbed initially on the silica melt tube or on the components,
since the bands do not occur when the melt tube and components are baked be-

fore melting the glass, as shown by the bottom spectrum of fig. 7.

When substantial amounts of Asy07 are added 1o the AssSeq glass, these 11,0
bands gradually shift in character, as slhiown in fig. 4. The 1585 em* ! band becomes
greatly reduced in relative intensity, while the 3520 and 2600 em~! band: are re-
placed by one at 3420 an~L. This merging of the two molecular water stretehing
vibrations (3520 and 3600 em~') into a single vibration at 3420 em ! and the
disappearance of the 1585 ¢m~! 1,0 bending vibiation snagest that in the presence
of excess oxide the molecular H,0 vanishes via a reaction of the form

SAs-0-As< + 1,0 > 2 s As-0-H .

The As—O-1 groups should exhibit a single O-11 stretching frequency close to the
O-H grouy frequency typically observed in organic compounds (35003700 em~1),

As shown in fig. 7, in unde p ed As,Sey glasses which have been melted after
baking of th2 melt tube and components or to which have been added reducing
agents such as Zr or Al the H,0 bands are teplaced by a band at 2190 cin-1. Distil-
lation of the melt under 14 erhances this baid considerably, as has been observed
previously [6, 7], and reveals a number of associated weaker bands at 630, 1280
2430 and 2830 ecm~ L, The 1280, 219 0, 2430 and 2830 bands are probably associ-
ated with impurity 11,S¢ or ~Se—I1 vibrations [6, 7). (For comparison, the isolated
H,Se fundamental frequencics are 1034, 2345 and 2358 em=1.) The 630 ¢cm-—!
band, which is at a rather low frequency for a light-atom vibration, is likely due 1o
bulk As or Se atom vibrations in a local structural group produced by the hydrcgen,
€.g.,a >As—Se-11 group.

In some AsySeq glzsses hydrogen-impurity bands due to both H,0 and H,Se
vibrations ean be observed, e.g., the second spectrum fiom the topin fig. 7. Thus
far we have not succeeded in producing an AsySey glass in which all of the hydro-
gen-impurity bands h.ove been reduced to an indectable level. These bands are listed -
and classified in table 2.
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Table 3
Calorimetsic sbsorptivn coelticients of AsySey plasses measuted with CO Liser,
Special pwitication procedures © (cm"") A (um) a (cm"l
Distilled urder 57 115 9577 N, 1900 @) 525 %) 0.021
Distilled under vecuum 1900 @ 5.252) 0.0084
None 1900 @) 5.25%) 0.007
91 ppim As; Oy added 1900 ™) 5.25 ) 0.0056
1980 5.08 0.0040
910 ppm As, 05 added 1920 5.20 0.0024
1590 5.28 0.0026

a) Untuned laser.

7. Absorpiion in the CO kiser region

Calorimetric absoiption cocfficients of AsaSeq plasses meastived with the CO
laser are kisted in table 3. For the measwement on the 910 ppm As»O5 glass the
laser was tuned to specific veavelensths, For the other alas<es the measurement was
carried oul with the nntuncd Liser Jor which the “center o eravity” of the mmuli-
lire cuiput nlensity-versus-wavelength plotlies a1 5.25 i (1900 em 1), The glasses
are arranged in order of decicasing iatensity of the 4.57 gin (2190 cm=1 ) H,Se

100, . ~ v . . ;? ;-T-;
%

N A

° ° : !

: 4o ° o o vﬂ
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°
3, 3
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1 Fod ]
= o | 3
E g 1 P ]
(%] o
3 °c; % 4
o1 ° 1
°

4? 2 3
35, s ]

0.0} | fdinng% A5

96?'1 %
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"0091l. .
0?200 1000 800 [3el0) 400 200
Pen) ‘
Fig. 8. Absorption coefficient versus wavenumber for purc As;Scy glass in the multiphonon
absorption region. VA= 240 em—, v = 340 em =, O calorimetric a valucs, O [R spectra a val-

ues.
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impurity band as obscived on the TR spectia (see figs, 4 and 7). The e values of
table 3 decrease in e same order, and i seens clear thag the hisher values of o ob-
served al the CO laser waveleneths are due to the low-Tregneney tail o this 4.57 pin
H,S¢ impuiity Land, Somewhatwonically, the oxide-doped glasses which are the
worst transmitters at CO, laser wavelengths are the best aansmiiters in the CO laser
wavelengih region. Even with the 910-ppm As,04 elass the absoiption coatlicient is
still decreasing as one moves away from thie 4.57 pin 8¢ band position, so that
the lowest & values of around 2 X 10~ em ¥ observed in this experiment can still
be considercd only wiy upper linit to the intrinsic absorption of AsySeq plass i the
-6 pm region.

8. Intrinsic absorption below 1100 em~!

In tahlr‘ 4 are listed absorption cocfTicients at the 650 cm~1 impurily oxide ab-
sorption ﬁ(,umu. and at 943 em™ L (10.6 gm, the “nominat™ operating wavelength
of the (.02 laser) for As,Sey glasses preyared and puritied by a variety of techniques.
The good agreement among the ey and the agyq values for tie vatious samples
sugcests that these a values are murinsic, that the ghasses are all essentially free of
oxilc conl: rmnml, and that the shmple “standard™ preparation is sutticiznt to pre-
parc AsySeq alasses with no impurity absorption in the frequency 1egion 1100 cen-!
and below (9 pmn and above), :

Table 4

AsySe; glass absoiplion coefticienis at 650 em=! and 943 e~ (= 10.6 pm). All glasses mzlted
20 h at 850°C in Vycor sealed under vacuum, Doglicate a vatues at 050 em™ are for ditterent
samples fiom the same bateh, Duplicate a values a1 943 em™" were oblained on the same sample
by different experimentets.

Special purification procedures agso (cm ) @943 (cm'l )
None 0.58 0.015
None 0.56 -
Ditilled " 0.53,0.54 -
Distiiled urder Ny 0.63 0.016
Distitled under §7% 115-957N; 0.57,0.62 0.019 ,
Melt tube buked at 850°C,

cbmponenis baked a1 120°C 0.50,0.52 -
Melt tube baked at 900°C,

components baked at 100°C 0.53,0.56 -
Melt tube baked a1 850°C,

1300 ppm Al addcd, distilled 0.56 -
Melt tube baked at 850°C,

1300 ppm Z1 addcd, distilled 0.51,0.57 0.014,0.015
46 ppm As;0; added 0.6t 0.012,0.015
Average 0.56 £ 0.03 0.015 + 0.001
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In fig. 8 is showw 1 plot of intrinsic absorption coclficient-versus-wavemnmber
for AsySes glass in the 300 1100 ¢m yezion. The principa! features of tig. S and
of the pme AsaSeq spectraof figs. 1, 2,5, 6, und 7 are a shoukder at 340 ¢cm I
maxima at 4530 and 690 e~ 1, and a shoulder at 850 em V. Previous investipators
have noted the first three of these featnres {37,171, 12).

Vitreous AvySey hasan cpen-layered stincture consisting of pyramidal As Sey
groups bridged by Se atoms (As- Se- As proups) [14, 22-25]. Lucovsky and Martin
[14,23] ave suzzested thatin As;Seq elass the AsSey pyramidal groups are only
weakly coupled vibiationally by the bridzing As=Se-As graups and that the 1R and
Rz2man spectia in the tundmnental region correspond to those for AsSey molecules
superimposed on much less mtense As- Se—As specira. The o values at the lowest
frequencies in fig. 8 are due to the high-trequency tail of a fundamental band ¢b-
served in IR, Riaman, and retlectivity spectra ai ~bout 230 ein 1 [2. 3,9. 10, 1214,
26}; this is the mostintense fundamental band in As>Sey and has heen assigned to
AsSes proup stietehing vidratious [14, 23] ‘Fhe shoulder at 340 cm=1in fig. 8 is
probably ulso u fundamental, due possibly to an As-Se—~As goup stretcling vi-
bration |23, 27].

Atove 400 em =1 ubsorption coeflicients of fig. § are due to multiphonon pro-
cesses in which a high-energy pl oton couples weakly with a transverse optical mode
of thic solid, which TO mode thendecavs into two or moic lower-energy phcnons
of frequencices correspondimg to some fundamental vibrational mode. In terms of
the molecular model of Lucovsky and Martin |'4, 23] for the vitrational properties
of As,Se;, multiphonon bands in this materiyl brcome analcgous to overtone or
combiuation bands of isolated molecnles. For a high-energy photon of a given fre-
quency the mocst probable multiphonon process involves production of the mini-
mmn number of finul-stzte pironons [28]. Consequently, in a material such as amor-
phous As,Sey in which the density-of-vibrational-states- versus-tiequency plot is
highly structured, one expects similurly a highly structured a-# plot in the multi-
phonon region which minors the density-of-states plot at the high-frequency end.

In fig. 8 we have indicated the frequencies correspondmg to the overtones and
combinrations of two fundamental frequencics, py=240 em~!, which is close in
frequency to the intense AsSey stretching mode observed at about 230 em~!, and
Pg =340 cm~}, the frequency of the long-wavelength shoulder, possibly due to an
As—Se—As stretcl.. The first few of these overtonc and combination frequencies
correspond clearly to promineut features in {ig. 8, ¢.g., the maximum at 480 cm~1,
the change in slope at about 580 cri~ !, and the maximum at 690 cm~1.

9, Conclusions

. Inthe wavelength region of the CO, laser As;Se; glass absorption coefficients
appear to be limited by intrinsic multiphonon processes 1o values of the order of
10-2 cm~1!, Other selenide glasses, e.g., in the Ge—As—Se and Ge—-Sb-Se systems,

o
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are similar 10 As,Seq in their nearest-neighbor reduced masses and bond-force
conslants, und hence a corresponding similarily i 11:c muitiphonon shsorption co-
efficients in the CO, Liser remon is 1o he expected. Selenide glasses are thus marked-
ly inferior in IR trenspmency in the CO5 Jaser veion to nuterials such as ssme
alkali halides and semiconductor matenials for which 10.6 ynn absorption cocthi-
cients approaching 10 % em~! have Leen measued {29].

45,Sey intrinsic absorption covtficicuts in the CO Liser region arc uo higher than
2X10-3em—L,
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MULTIPHONON ABSORPTION IN CHALCOGENIDE GLASSES
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ALSTIRACT

The"molecular model" of Lucovsky and co-
workers for vibrational properties of chal-
cogenide glasses such as AsyS3, AspSes, GeSy
and GeSe2 suggests that multiphcnon absorp-
tion in these materials should be analogous
to overtone and combination vibrational bands
in isolated molecules. A variety of experi-
ments have been carried out whose restlts are
in reasonable accord with this prediction.
These include Raman spectra of As3S3 glass,
measurement of the frequency dependence of in-
frared absorption in the multiphonon region
for Asj3S3, AsjySe3, and mixed AsyS3~AsjySe3 and
AspSej-GeSe); glasses, and measurement of the
temperature dependence of absorption coeffi-
cients in the multiphonon region for AsjSeg
Glass.

INTRODUCTION

Chalcogenide glasses such as As)S3,As,Seq, GeS,,
and GeSej possess open network structures of the types
shown in Fig. 1. For example, AsgY¥3 glass (Y = S or Se)
consists of pyramidal AsY3 groups bridged by bent As-Y-
As groups, while GeY2 glass consists of tetrahedral GeYy4
groups bridged by hent Ge-Y-Ge groups. Lucovsky and his
coworkersl-4 have prcposed a "molecular model" for the
vibrational properties of glasses of this sort whose
central feature is the pre-
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sumption that the high coordination centers, e.g., the
As¥3 pyramidal grouns or the GeY; tetrahedra, are cou-
pled vibrationally to one another only very loosely by
the bridging chalcogenicde atoms. As a consequence their
infrared and Raman spectra are to a first approximation
expected to correspond to those of isolated AsY3 or GeYy
molecules superimposed on less intense spectra due to

the bridging As-Y-As or Ge-Y-Ge groups. Raman and infra-
red spectroscopy studies of chalcogenide glasses in the
fundamental region are in reasonable accord with the pre-
dictions of this mode1l-6,

In solids multiphonon absorption takes place when

a high enerey phouton couples weakly with a transverse
optical mode of the material; this TO mode then decays
into two or more lower enerygy phonons of frequencies cor-
responding to fundamental vibrational modes. For a b _gh
enercy photon of a given frequency the most probable

Altiphonon absorption process involves production of
the minimum number of final state phonons (see papers of
Pohl and coworkers’+8 and references cited therein). For
crystalline materials such as the alkali halides the
one phonon density of vibrational states is sizeable
over a broad range of frequencies. This may be shown7-9
to lead to a predicted absorption spectrum in the multi-
phonon region which is comparatively featureless at am-
bient temgerature and above, in agreement with experi-
ment. 91 For materials such as the chalcogenide glas-
ses, however, the one phonon density of statcs is pre-
dicted by the molecular model to consist of a collection
of discrete vibrational modes broadened only slightly by
the small variations in local structure inherent to the
amorphous state. Multiphonon absorption in these mate-
rials should then be restricted to relatively discrete
frequencies ¥V which satisfy the condition

Y n
v = X Vi (l)
i=1

where Vj are frequencies of the n fundamential modes into
which the photon decaysll. To put it another way, the
molecular model predicts that multiphonon absorption
processes in chalcogenide glasses should be atalogous to
combination and overtone bands in isolated nolecules.

¥
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Figure 1. Local structure in chalcogenide glasses.

Figure 2. Raman spectrum of As3S4 glass at 15 K.




Further, because the probability of a given multiphonon
process at a given frequency falls off rapidly with in-
creasing number of final state phonons, n, multiphonon

absorption in chalcogenide glasses should be dominated

by combinations and overtones of the highest frequency

fundamentals.

In the present paper we report the results of a
number of experiments designed to test this hypothesis
for multiphonon absorption in chalcogenide glasses.
These include Raman spectroscopy of As;S; glass, measu-
rements of the frequency deper.dence of infrared ebsor-
ption in the multiphonon region for As;S;, As,Sej, and
mixed As2S53 - AsySe3 and AspSe3 - GeSep ylasses, and
measurement of the temperature dependence of absorption
coefficients in the multiphonon region for As;Se3 glass.

EXPERIMENTAL SECTION

Chalcogenide glasses were synthesized by reacting
the elements (99.9999% purity) in evacuated Vycor tubes.
Other preparation details are reported elsewherell 12,
Glass densities were determined from the masses and di-
mensions of the cylindrical specimens used for IR absorp-
tion measurements,

At most frequencies infrared absorption coeffi-
cients o were obtained from IR spectra of the glasses
determined with a Perkin-Elmer Model 467 spactrometerl?,
IR spectra above ambient temperature werc¢ measured with
the samples thermostatted in a small aluminum heating
block; corrections to a spectrum for black-body emission
from the hot sample were made using a blank spectrum
run at the same temperature with the light beam to the
sample blocked.

Absorption coefficient measurements for As,Se
glass in the COy laser wavelength region (920-1090 cm~1)
were carried out calorimetrically with a Molectron Corp.
Model C250 tunable CO, laser and a CRL Model 201 power
meter using previously described techniquesl3r14. For
measurements above ambient temperature the sample was
held in position at the ends of three Teflon-tipped
screws and thermostatted in a cylindrical brass oven
with baffles to eliminate spurious air currents and
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and scattered radiation.

| Raman scattering experiments on AsyS3y glass were
carried out using a Coherent Radiation Model 52 Ar ion
laser (wavelength 514.5 nm), a Spex 1401 double mono-
chromator (slit width 20 cm~1l), and an ITT FW130 photo-
multiplier as detector for the photon counting equip-
ment. A 514.5 nm spike filter was placed between the
laser beam and the sample to screen out any additional
emission lines from the laser. The laser power was
about 70 mw focused on a 0.5 mm diamecter spot on the
sample. 7o prevent excessive hcating by the laser beam
the sample was fashioned into a thin plate (0.16 mm
thickness) and attached to an aluminum plate on the end
of a cold finger with thermal paste and bonding resin.
The angle between the incident laser beam and the normal
to the sample surface was set equal to Brewster's angle
| (81.5° for As)Sj3); the scattered laser light was obser-
{’_ ved in a direction normal to the sample surface.

j RAMAN SCATTERING FROM As,;S3 GLASS

| In Fig. 2 is shown the Stokes Raman spectrum of
: As2S3 glass at 15 K. The incident laser light was po-

larized in the scattering plane; the scattered laser
light was unanalyzed. The laser wavelength (514.5nm)
lies well inside the electronic absorption region of

1 As;S3 glass, so that the intensity of scattered light
has been increased considerably by resonance enhancement
relative to the scattering intensity expected for inci-

; dent laser light of wave length well outside the elec-
tronic absorption edgels.

' The spectrum of Fig., 2 is similar to those reported
previously for As;S3 glass below 500 cm~l 5/15,16, The
most pronounced feature is the large peak at 345 cm~1,

. which has been attributed to stretching vibrations of
AsS3 pyramidal groups 1/2/5., It presumably contains con-.
tributions from both the symmetric (344 cm~l) and anti-
symmetric (310 em~1) stretching modes predicted by
Lucovsky's molecular model treatment 1,2,5, The 235 cm-l

| : peak of Fig. 2 is more intense than that in Ward's 16 or

Kobliska and Solin's 5/15 spectra; its assignment is un-

certain, but it may be due to a stretching vibration of

a bent As-S-As groupl/5. The small peak at 485 cm~l has
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also been observed by Kobliska and Solin5¢15 ang by
Wardl6; its assignment is likewise somewhat uncertain,
but it may also be due to a stretch of the bent As-S-As
groupsl'3'5. A S-S stretching vibration at 47t cm~! is
observed in the Raman spectra of Ward 16 for S-rich As-S
glasses, but this appears to be distinct from the 485cm~1
As3S3 band. A similar weak 485 cm~l band was also obser-
ved in GeSj yglasses by Lucovsky et al., who likewise con-
cluded that it was not due to S-S stretching vibrations3.

'

The final prominent feature of Fig. 2, the weak band
centered at 690 cm~1l, lies at a much higher frequency
than any predicted fundamental modes of As)S3 glasser'S.
Since it occurs at just twice the frequency of the strong
345 cm—1 band, it is reasonable to assign it via Eq. (1)
to a 2-phonon scattering process, i.e., to the first har-
monic of the AsS3 pyramidal group stretching frequencies.

MULTIPHONON IR ABSORPTION IN As2S3 AND AspSe3z GLASSES

In Fig. 3 is shown a plot of IR absorption coeffi-
cient o versus wavenumber V for As3S3 and AspSe3 glasses
in the multiphonon region at ambient temperature taken
from our previous paperll. The two high frequency bands
in Fig. 2 at 345 and 690 cm~l are also evident in the
multiphonon IR spectrum of As;S3 glass.

We have indicated in Fig. 3 the overtones and com-
binations of the twc highest frequency fundamentals of
AsyS3 in Fig. 2, the 345 cm™! band (designated ¥,) and
the 485 cm™1 bang (designated V). In line with our mo-
lecular model hvpothesis for multiphonon absorption in
chalcogenide glasses, these overtones and combinations
correspond well to the prominent features of the Asy53
spectrum (maximum at 690 cm~1, change in slope around
800 cm’l, maximum at 980 cm’l, shoulder at 1050 cm“l,eth.

The similarity of the spectra of As3S3 and AsjSej
glasses in Fig. 3 is a striking demonstration of the iso-
structural character of these two glasses, as suggested
in Fig. 1. The dashed line in Fig. 3 is the spectrum of
As);Se,; scaled to that of As3S3 using a frequency scaling
factor 3A525e3/°Aszs3 of 0.70 and an amplitude scaling
factor aAS?SeB/aASZS of 0.63 11, The frequency scaling
factor is thc sameZas that found by Zallen et al.l7 to
relate the Raman and IR spectra peak frequencies of both
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Figure 3. IR absorption coefficient versus wave-

number for AsyS;3 and Asj;Sejz glasses at
ambient temperature.

Pier)

Figure 4. IR absorption coefficient versus wavenum-
ber plots for AszSe3 glass as a function
of temperature in the 2-phonon region.




amorphous and crystalline As;S3 and AsySe3 in the funda-
mental regyion.

From the above frequency scaling factor the two
highest frequency peaks in the fundamental region for
AspSe3 glass are predicted to lic at V,~ = 240 em™1 ls
(close to the intensc Raman peak observed at 227 cm~l )
and at Vg~ = 340 cm™1 (observable as a shoulder in Fig.3),
Overtones and combinations of these frequencies are in-
dicated in the AsjSe3 spectrum of Fig. 3 and correspond
well to prominent features in the spectrum.

TEMPERATURE DEPENDENCE OF ABSORPTION COEFFICIENTS

In Fig. 4 are shown plots at different temperatures
of o versus Vv for As,Sej glass in_the vicinity of the 2-
phonon abscrption peak at 480 em™l. The absorption co-
efficient increases in magnitude and the maximum shifts
slightly to lower frequencies with increasing tempera-
ture. a versus V plots in the vicinity of the 700 cm”
maximum of Fig. 3 for AsySe3 show similar behavior as a
function of temperature.

The shift in the absorption peaks to lower frequency
with increasing temperature may be understood if we as-
sume that the fundamcntal vibrational modes (the AsSe;
and As-Se-As grou> stretching vibrations) are anharmonic
(e.g., described by a Morse potential), so that the spa-
cing of the vibrational energy levels narrows with in-
creasing vibrational quantum number. Increasing tempera-
ture increases the population of the levels of higher
quantum number and hence increases the relative number of
mulitphonon absorption processes originating in the higher
vibrational states, leading in turn to a decrcase in the
average frequency for a given multiphonon process. 1In
the temperature range covered in our experiments on AsjySej
glass, however, the changes in multiphonon absorption
maxima freguency are so small that they may be neglected
in our discussion below of the temperature dependence of a.

For a multiphonon aksorption process in which a
photon of wavenumber V is absorbed and produces n phonons
of the same fundamental wavenumber V¢ the ratio of the
absorption coefficient at temperature T to that at 0 K is
predicted to be
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a(T)/a(0) = [l-exp(-nhcvf/kT)]/[l-eprhcvf/kT)]nz)

where h is Planck's constant, ¢ is the velocity of light,
and k is the Boltzmann constant (cf. refs. 7-9,19 and
papers cited therein). 1In Fig. 5 the absorption coeffi-
cients of AsjSe3 glass at 480 cm-1 (Fig. 4) are plotted
versus temperaturec The line for the 480 cm~! data in
Fig. 5 is calculated from Eq. (2) using n = 2 and an a(0)
value selected to cause the calculated curve to agree
with the experimental data at 75° C. The temperature de-
pendence of o at 480 cm™~ is in good agreement with that
predicted for a 2-phonon absorption process, in accord
with our molecular model analysis of the data of Fig. 3.
The temperature dependence of o at 700 cm~1 shown in Pig.5
is intermediate between that predicted for n = 2 and that
for n = 3, similarly in accord with the molecular model
analysis summarized in Fig. 3, although the 3-phonon pro-
cess appears to dominate absorption at this frequency.

In the COy laser region (920-1090 cm~l) the molecular
model predicts a variety of 3- and 4-phonon absorption
processes for AspSe3 as shown in Fig. 3. The tempera-
ture dependence of a at 943 and 1026 cm~l shown in Fig.6
is again in good agreement with this prediction.

MULTIPHONON ABSORPTION IN MIXED CHALCOGENIDE GLASSES

In this section we will discuss multiphonon ab-
sorption in the mixed chalcogenide glasses X As3S3 -
(1-X) AsjSe3 and X As;Sez - (1-X) GeSep, where X is the
mole fraction of the first component of each pair. Since,
as is evident from Fig. 3, a large number of multiphonon
processes become possible at high frequencies even for
one component glasses, we shall confine our remarks on
the mixed glasses for the most part to the low frequency
2-phonon region in which absorption is due to the pyra-
midal AsY3 and tetrahedral GeY4 group stretching modes.

In Fig. 7 are shown a versus V plots taken from
our previous paperll for two mixed X AsySj3 - (1-X)As,Se
glasses. The solid curves are the absorption coeffic-
ients predicted on the basis of additivity of the a val-
ues cf the end member compositions, As;S3 (= component 1)

and As,;Sey (=component 2), at each frequency:
o = fag + (1-f)ay . (3)

f is the volume fraction of component 1:
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1R absorption coefficient versus tempera-
ture at 420 and 700 cm~! for As,Se5 glass.
Solid lines calculated from Eq. (2) using
n values shown in the figure and a(0)
values selected to give agreement with

the data gt ZS° q. . = .
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1R absorption cE%rrlc1ent versus tempera-
ture at 943 and 1026 cm~1l for AsySe3 glass.
Solid lines calculated from Eq. (2) using
n values shown in the figure and «(0)
values selectéd to_give agreement.with the
data at~75° C.
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£ = (XMy/p1)/[(XMy/py) + ((1-X}My/p3) )

where Z,M1, and p, are the mole fraction, formula

weight, and densi%y of component 1 and (1-X), M2, and

Po the corresponding quantities for component 2, The
glass densities are given in our previous paperll, For
X = 0.602 the experimental and calculated additive a val-
ues agree within about 20% except in the region around
585 cm~l., For X = 0.074 the agreement is somewhat worse,
but still fairly close, except again in the region around
585 cm™1,

Felty and coworkers 20 have observed two rest-
strahlen bands in reflectivity measurements in the fun-
damental region of mixed AspS3-AsySe3 glasses; the two
reststrahlen frequencies correspended closely to those for
the pure glasses.Lucovsky?l suggested that this behavior
could be accounted for either by assuming that the mixed
glass reflectance spectra were a superposition of the
spectra of different AsY3 polymeric entities in the glass
or that the mixed glasses exhibited the two mode rest-
strahlen behavior found in solid solutions such as
Cd5,8e,_, in which the component atoms had large mass dif
ferencas. 1In terms of the molecular model for the vi-
braticnal characteristics of As353 and AsjSe3 the former
explanation is to be preferred.

In the mixed AsyS3 - AsySejz glasses one would ex-
pect a structure of the type shown in Fig. 1 with the
two types of chalcogen atoms distributed over theo As-Y-As
bridging groups, so that a substantial portion of the
AsY3 pyramids should consist of mixed AsS)Se and AsSSej
groups. The lowered symmetry of these mixed groups would
lead to splitting of the degenerate AsY3 stretching modes.
However, because of the large mass difference between S
and Se, the stretching modes for the AsS,Se and AsSSe;
should be close in freguency to those for Ass3‘and AsSej3,
i.e., should be approximately equal to Vpand vpof Fig. 3,
in agreement with the observations of Felty and cowork-
ers?V in the Ffundamertal region of the mixed glasses. 1In

the 2-phonon absorption region ascribable to the AsY3
stretching modes one would expect to observe combination
and overtone bands at 2V, = 690 cm™l, at 2Vp° = 480 cm™1,
and at Y, + Vp” = 585 cm~l. The first two of these pre-
dicted 2-phonon bands (690 and 480 cm~1l) are quite ap-
parent in Fig. 7, but the predicted 585 cm~l band is

s
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Figure 7. IR absorption coefficient versus wave-
number for X As3S3-(1-X)As,Sey glasses.
Solid and dashed curves are calculated
from Eq. (3).

Ty

X AsgSey ~ f
-0X)Gese, & 88

Figure 8. IR absorption coefficient versus wave-
number for X As;Se3-(l-X)GeSe, glasses.
The a scale is correct for the X = 0.75
glass; for clarity the spectra have been
displaced upward by respective factors of
10 and 100 in a.for the X = 0.50 and X =
0.25 glasses. Solid curves are calculated
from Eq. (3).
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discernible only in terms of the large deviations from
additivity at this frequency and as s 2ak shoulder at
about 580 cw~l in the X = 0.074 gla . The relative
weakness of predicted 585 cm~l bands which should occur
-nly in the mixed As3S3 - AsySe; glasses may mecan that
the distribution of the S and Se atoms among the bridg-
ing groups may be highly non-randomll,

In Fig. 8 are shown aversus Vv plots in the multi-
phonon region for mixed X AsySe3 - (1-X) GeSej glasses.
We were unable to obtain the end member composition
CeSey in the glassy state by rapid quenching of bulk
samples, contrary to the report of Tronc and coworkers22
but in agreement with earlier reports of the glass-form-
ing regions in the Ge-As-Se system?3, so that our studies
cover only the composition range X = 0.25 tc 1.00. The
peaks at 780 el in Fig. 8 for the compositions X = 0.25
and 0.50 are due to oxide impurity24, but below 706 cm-1l
the spectra of all the glasses are due to intrinsic ab-
sorption processes.

The ambient temperature densities of the X AsjSejz-
(1-X) GeSey glasses were [X,p(g/cm3)): 0.25, 4.34; 0.50,
4.40; 0.75, 4.53; 1.00, 4.61. Within experimental error

‘the molar volumes were additive.

The solid curves in Fig. 8 are the absorption co-
efficients calculated from Eq. (3) on the assumption of
additivity of the a values of the end member composition
As,Se, (= component 1) and GeSez ( = component 2). Since
the pure GeSejp glass could not be prepared, the oy values
were calculated from Eq. (3) using the experimental o val-
ues for the X = 0.25 compositions. These calculated 0o
values were then used to calculate the solid curves of
Fig. 8 for the X = 0.50 and 0.75 composition . The a-
greement between the experimental and calculated ad-
ditive a versus V curves in the intrincic region below
700 cm~! is within experimental error.

From Fig. 1 the structure of the mixed As,Sej -
GeSe2 glasses is expected to consist of AsSe; pyramids
and GeSe4 tetrahedra linked by Se atom bridges. The
molecular model predicts that the vibrations of neigh-
boring AsSe3 and GeSe4 groups should be only very
loosely coupled, so that in the multiphonon absorption
region one expects in turn to see no combination bands of
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AsSe3 and GeSe4 fyndamental frequencies. The 400 to

600 cm~l region of Fig. 8 is the frequency range in

which 2-phonon processes involving the AsSe3 and GeScy
stretching modes are predicted to occur, and hence the
agreement of the spectra of the mixed glasses in this

region with those predicted from Eq. (3) on the assump-

tion of additivity of the ¢nd member spectra are in com- :
Plete agreement with this hypothesis.

In summary,then, for mixed chalcogenide glasses the e
molecular model predicts additivity of absorption co- p i
efficients in the 2-phonon region when the high coordi-
nation center atoms are mixed, as in the AsySe3-GeSe)
glasses, but deviaticns from additivity when the bridging
chalcogen atoms are mixed, as in the Aszs3-Aszse3 glasses.

These predictions are in accord with tho experimental
results reported here.
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