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The reflectivities of liquid Gal-,Te, alloys have 

been measured as a function of composition, temperature, and 
I 

frequency in the far infrared, using an optically pumped far 

infrared laser' and Fourie'r-transform spectroscopy (FTS). 

\ 
Three laser'wavelengths were used to investiaate alloy 

conpositions with 0 . 3 4  < x 0.85. At 119 p,  dramatic . , 

increases in reflectivity.and its.temperature dependence were 

o'sserved betweep She compositions 0.5 c .x < 0.6, corresponding 

?' 
tc the stoichio-gtric alloys SaTe and Ga2Te3. 

Yeasurements at 571 p and 1217 p however, were,found to 

contain syste~ztic errors resulting from diffractibn and 

ihterference of the laser-raeiation. The 

zoz_wsitio~-cieper16ence of the reflectivity results, devidtes . 

stro~gly frcz t : ~ a t  pre?icted 2ror published resistivity data 

using the 3ru5e r o d e l .  

Broad-ban? spectra of the two intermetallic melts, 

-eascred z s i n ~  FTS, s5ox szooth frequency dependence, free of t 

. 2 r e  roperties are similar tc' those of the 



liquid Yq-Bi systerrt, .the only previously investiqated binary 

liquid semiconductor, and to several amorphous solids, 

sugaestinq that theproperties may be intrinsic to disordered 

-b 

Results" are discussed in terms of current theories. 
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Gallium-Tellurium is a binary alloy system which, when in 7 
the liquid state, exhibits anomalous physical and chemical 

I 

* 
properties, including semiconducting behaviour. Such 

materials are presently little understood, despite several 

attempts at semi-quantitative models. A general explanation 

of their properties would clarify the broad field of 

disordered-matter physics, the largest unexplained area of 

condensed-matter st~dies. Far infrared measurements can 

provide important information on structural and electronic 

transport-properties, providing input which is essential to 

proposed models. 

Terminology 

In the followin? sections, abbreviations will usually be- , 

used for certain terns: 

FIR far infrared 

I7 reflectivity at a particular wavelength 

x atonic Tellurium fraction, from the notation Gal-,Tex. 

€trrt_-ik+cms xi3i-&~ays be quoted in t e e m  of atornic, and -- . . 
net weight or v c l x ~ e ,  fractions. 

Calliurn an2 Tellurium will usually be 2enoted by their 

z?~?.ical sy;i3ols, C3 and Te. 



? 

Radiation units will be variously wavelength in microns 

or frequency (inverse wavelenqth) in cm-l. The latter term is 
A 

1 more correctly called wavenumber; it is proportional to 

frequency measured in units of l/the. 

8 
Phase chan5es from liquid to solid are characterized by 

* 
two temperatures. The upper temperature limit of a two-phase 

- 

system in which liquid and solid coexist is known as t h w  

LIQUIDUS; the lower limit, as the SOLIDUS. 

A .  LIQUID SEFIICCSDUCTORS 

Liquids characterized by a low-to-moderate (below a few 

thousand ~hrn-~crn'~) electrical conductivity that rises with 

temperature are known as liquid semiconductors. Elemental 

Tellurium and Seleniurr. are single-component examples. Most 

liquid semiconductors are two- or higher-component alloys 

(such as the group 111-VI alloys Ga-Te, In-S, and T1-Se). All 

xelt at fairly hi temperatures (typically above 300 deg.C), i 
and are semiconductdrs in the solid state. Many, like Ga-Te, 

exhibit anomalies at particular compositions, suggestive of 

noIecuIar associations or clustering. 

Liquid seriicc~ductors are also considered a subclass of 

=-- -...- rphous ser?.icon?uctors.1 Chalcogenide-doped glasses are 
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temperature-dependent structure. This increased variability 

causes liquid seaiconductors to have a broader range of 

properties than their crystalline counterparts. 

The Pyudobinary Alloy modelB seems appropriate to some 
/ 

systems. According to Enderby, an alloy A-B may'associate as 

a molecular state Aa% (where a and b are the stoichiometric 

coefficients) plus the excess element, especially when near 

the st=ichiuz-etric t=~sikiun. Sudden changes in propertfes 

i' at this intermetallic composition are seen as resulting from 
I 

depletion of the excess constituent. Elaborations of the 
0 

rr.02el include the cossibility ofi partial dissociation of,,-the 

zolecules into their component elements, even at the 

stoichiometric composition. This scheme has been used to 

calculate the associated fraction of molecules by fitting the \ 
sodel to thernodynnic data.' 



1 

A C. Ga-Te ALLOYS 

1. Previous Work 

A number of properties of the liquid Gal-xTe, alloy 

system have Seen investigated: electrical conductivity, 

thermoelectric power, magnetic susceptibility, 'viscosity, 

density, ~ompressibilit~,~ enthalpy of formatibn, and NMR 

studies. The only optical measurements have been 

visible/near-IR-reflectivity. 9 
i 

t 

9 ', 
DC conductivityl0 experiences a s h a ~ p  reduction (to 

below 100 ohm-lcn-l) at x=O . 6 O  and, to a lesser extent, at ' 

x=0.50. (x denotes the atognic fraction of Tellurium). This 

minimum conductivity is small enough for localization of 

states, accordinq to Xott's model. Similar, but less 

striking, anonalies exist in the viscosityll (positive 

deviations), enthalpy of formationl2 and maqnetic 

susceptibility13. Tnernoelectric power is positive for most 

con-msitions, and reaches a 2aximu.n near 0.6. These five . 

quantities are each plotted versus concentration in figures 

1-1 and 1-2. 

For all these properties, the anomalies become less 

Zraxatic with i2creasinc teaperature, particularly for the 

x=O.S co?.-r>c,sitio?. The cor5uctivity shows an exponential 





Figure 1-2 Liquid WTe Prcperties Vs. 
Allay Ccnposifyn: 
(a) V i s c o s i t y  ; 
0,) Molar ht3lalpy of MixingL2. 

-\ 
f 



temperature .aependence : 

(1-1) u(T) = bc exp(-~~/2k~) 

The activation energy Eo has a bell-shaped concentration 

dependence, lo heaking at x=0.6. ,By interpreting Eo as a band 

gap energy, the investigators implicitly chose Cutler's model 

of alloy structure. 

In combination, these b data have'been interpreted as 

indicating the existence of at least two species of atomic 

clusyer, at x=0.5 and 0.6 respectively. Because of its 

greater temperature dependence, the x=0.5 compound (a 

suspected GaTe molecular association) is generally thought to 

be more weakly bound than the x=O.6 (Ga2~e3) .compound. 
k 

The,most conclusive evidence for such cluster formation 

is the NMR wolPk of warr&.14 The Knight shifts of Ga and Te 

were measured,-gong with the quadrupolar relaxation rates for 

Ga-Te alloys. T_he shifts show deep minima for low temperature 

-melts v=th' x=0.6 *a and smaller shifts for x=0.5 alloys. Warren 

interpreted this as clustering of GaTe and Ga2Te3 near these 

c o ~ s i t  ions, i n  thepr=ence ex- Te or -Gap f ire. -F 

pseudobinary alloy). From the quadrupolar relaxation rate, a 

Ga2Te3 molecular lifetime of about second was inferred. 



R e f l e c t i v i t y  a t  wavelengths between 0.4 and 1 . 9  microns 

has  been measured f o r  t h e  Ga-Tes. loy system.9 The r e s u l t s ,  .;" I 

being t y p i c a l l y  smooth, nearly f e a t u r e l e s s  s p e c t r a ,  were 

i n t e r p r e t e d  i n  terms of models involving 3 o r  14  arameters.  -- 
+ 'I r: 

For example, the 'parameters  of an o s c i l l a t o r  were chosen t o  

represent  f r e e  c a r r i e r s ,  while other  o s c i l l a t o r s  were modelled 

t o  have band gaps of var ious s i z e s .  The i n v e s t i g a t o r s  c i t e d  

the rpasonabie fit of t h e  model t o  r e f l e c t i v i t y  d a t a  a s  

ind ica t ing  energy bands and band gap s t r u c t u r e  f o r  l i q u i d  

Ga-Te a l l o y s .  

Some measurenents have been reported ~ n l y  f o r  the  s o l i d  

. a l loys  br f o r  a narrow range of l i q u i d  compositions. These 

a r e  too  r e s t r i c t e d  t o  eluq:date t h e  l i q u i d  s t a t e  s t r u c t u r e .  

2 . .  Far Inf rared  Studies  

. '< 
Far infra , red frequencies provide ]va luable  e l e c t r o n i c  

t r a n s p o r t  information and can ind ica te  m ~ l e c b l a r  s t r u c t u r e .  

MetaZIic ma te r i a l s  usual ly  exh ib i t  f e a t u r e l e s s  F I R  

~ ~ , ~ e ~ o r d - w i ; ~ t k ~ r ~ ~ - ~ ~ ~ - ~ e ~ y - o ~  

conduct ivi ty .  In  t h i s  model, r e f l e c t i v i t y  i s  r e l a t e d  simply 

t o  conduct ivi ty ,  ax? so  should yield extrapolated 

conduc t iv i t i e s  i~ agreement with measured D . C .  va iues .  



3 n  t h e  o the r  hand, s t rongly  frequency-dependent 

r e f l e c t i v i t y  can oftenLbe ascr ibed t o  s t r u c t u r e - r e l a t e d  

t r a n s i t i o n s .  1 - ro ta t iona l  modes of many molecules 

have energies  t h a t  lid& t h e  FIR frequency range. The. . 

o p t i c a l l y  active appear a s  maxima i n  

r e f l e c t i v i t y  a t  of t h e  molecules. 

The F I R  s p e c t r u m  can o f t e n  qeveal  the  masses and bond 
- -- -- - - - - --- 

s t r eng ths  which cha rac te r i ze  t h e  molecule or  i ts  component 

p a r t s .  

u 4 

The f a r  i n f r a r e ?  p roper t i e s  of l i q u i d  metals have been 

l a r g e l y  neglected,  desp i t e  t h e  exis tence  of a very usefu l  t o o l  , 

- t h e  F I R  l a s e r .  The l a s e r  -permits f a i r l y  p r e c i s e  absolu te  
r *  

xeasurementt of. r e f l e c t i v i t y  t o  be Pade a s  a  funct ion  of 
+- 

s m p l e  temperature.  I n  con t ras t ,  t he  standard F I R  t o o l  - t he  

Fourier- t ransfom. ~~pebtrorneter  - i s  more s u i t e d  t o  

zgnstant-temperature,  broad-ban2 observat ions.  Both devices 

, have beer. use3 i r r  t h e  exper iments  debcribed here t o  study t h e  

r e ~ p e r a t u r e - ,  frequency-, and composition-dependence of Ga-Te 

alloy reflectivity. The use of these two systems is described 

in d e t a i l  in sectinns FI-A a n 5  11-3, respectively. 

3 e  3nly ere-iiczsly published F I R  study of t h i s  sub jec t  
- - 

is f 3 r  3 e  Y f - 3 1  allzy syster, u s i n g  Four ie r - t r ans fom 



s u g g e s t e d  t h e  e x i s t e n c e  ok an 'lg3Bi2 molecule  n e a r  t h e  

s t o i c h i o m e t r i c  compos i t ion .  An anomaly was indeed  found a t  

t h i s  compos i t ion ;  r e f l e c t i v i t y  i n c r e a s e d ,  o v e r  a  c o n c e n t r a t i o n  

range  of + 3% from t h e  i n t e r m e t a l l i c  compos i t ion ,  t o  n e a r l y  

u n i t y .  This is i n  c o n t r a s t  t o  t h e  p r e d i c t i o n s  of t he  
d 

s i m p l i s t i c  Drude or nearly-free e l e c t r o n  models which 

p r e d i c t e d  a d r o p  i n  r e f l e c t i v i t y  i n  accord  w i t h  an observed 
+ 

d i p  i n  DC conductivity at khe c r i t i c a l  cmpesieion. - - 

\ 

T h i s  t h e s i s  descr i 'kes  F I R  r e f l e c t i v i t y  exper iments  

cerformed on Ga-Te allsys t o  2e te rmine  whether  t h e  Mg-Bi 

results are  unique 53 rhat system, and, i f  not, how such 

z n e x ~ e c t e d  behavigr can 3e unders tood i n  t e rms  of a g e n e r a l  

Initial t e s z s ,  2ezaile2 i n  c h a p t e r  111, were extended t o  

s y s t e m t i c  neasurezezrs wkic? y i e l d e d  t h e  r e s u l t s  d e s c r i b e d  i n  

- -:.apter -* I V .  T R  :he li>:?t of t h e o r i e s  mentioned above,  t h e  

izca are  fitte? t o  v a r i o u s  .%03els i n  c h a p t e r  V .  D i s c u s s i o n  o f  

C .. b.. - 3252 325 coriclcsicns a r e  p r e s e n t e d  i n  c h a p t e r  VI. 



11. INSTRUMENTATION AND PROCEDURE - 

Far infrared reflectivity observations, varying 

temperature, alloy composition, and optical frequency, were 

made with the aid of ( A )  a laser system and ( B )  interferometer 

apparatus. 

1 
Submillimetre lasers have been available $ince the early 

1960's; 16r1' ~uring the first decade, laser design and - 
properties occupied therattention of experimenters; it is only 

r- 

in the last ten years that applications of the devices have 7 
i 

been much investigated. To date, laser spectroscopy has 

mostly involved measuring parameter-dependent absorption, e.g. 

cyclotron resonant absorption as a function of applied 

magnetic >field, 18 Some st&?euf liquids have been 

reported. 19t20 but to the author's knowledge, few if any 

reflectivity experiments have been performed. 

The laser permitted relatively fast measurements to be 

za2e as a function of sample temperature. The interferometer 

*was used to obtain reflectivity data at a ffxed temperature 



~eflectivity of the prepared alloys was determined at 

discrete wavelengths by using a far infrared (FIR) laser as 

light source, The experimental configuration is shown in fig. 

2-1. Measurement of reflectivity consisted essentially of 

channeling radiation from the laser to the surface of the 

melted sample. This light was reflected once and channeled to 

a detector. The intensity measurement was then divided by a 

similar measurement of a reference material to obtain true 

reflectivity of the Ga-Te sample. The principal components in 

the experiment were: (1) a far infrared laser system; (2) a 

sample melting furnace with optical access; and ( 3 )  detection 

apparatus. 

1. Laser System and Optics 

The laser is similar to systems described in the 

literature, 21r22 and so will be only briefly mentioned. The 

FIR laser cavity consists of a cylindrical gold-coated 

waveguide with adjustable end mirrors. The lasing medium is 

optically pumped by a 25 watt Coherent Radiation Model 42 C02 
- -  - -~ --- p~ - - - - - - - - - ~  ~ -- ~ 

laser. The pump beam is focused through a quartz window and 

2 m hole at one en2 of the cavity. Methyl alcohol was used 

as t 3 e  laser gas because of its large number of strong ( 

transitions in the FIR. Three, of the strongest lines, 119, 
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571, and 1217 microns, which span the F I R  region, were used 

for the reflectivity experiments. Their relative intensities 

(of the order of milliwatts) were roughly 4, 1, and 3, 

respectively. The F I R  output wavelength is selected by first 

tuning the C02  laser to t-he near-IR wavelength appropriate to 

excite the methyl alcohol molecules. This is accomplished by 

selecting the line with an internal diffraction grating, and 

then adjusting the cavity (henceforth called the I R  cavity) 

length with a piezoelectrically positioned end-mirror. Next, 

a stepping motor is used to vary the FIR cavity length until 

it is approximately an integral number of half wavelengths of 

the FIR transition of methyl alcohol. Fine adjustment is then 

made with piezoelectric end-mirror positioning. The 'IR cavity 

and F I R  c5vity piezoelectric positioners can both be 

automatically adjusted by feedback loops to maintain maximum 

output power. 

Radiation is channeled from laser to detectors via light 

pipes. in these experiments, a mechanical chopper directed 

light alternately to the reference detector and the optical 

f3rnace. The 2etectors were Molectron Corp. P4-43 

pyroelectric detectors, with average sensitivity of about 100 

T,*/W in the FIR. 9ne detector was used to detect intensity 

zodulations (introduced by vibrating the.piezoelectric 

~sitioners with an AC voltage) introduced for the feedback 

loops, and also to act as the 'reference' detector: . even with 



automatic compensation of cav i ty  length v a r i a t i o n s ,  ' raw' 
1 

output  power was not s u f f i c i e n t l y  constant  t o  serve  a s  a  

re ference  i n  an absolute  measurement. The d e t e c t o r  s igna l  

passed t o  t h r e e  lock-in ampl i f i e r s ,  f o r  I R  and F I R  con t ro l  and 

s i g n a l  ampl i f i ca t ion ,  respect ive ly .  The amplif ied s i g n a l s  of 

t h e  reference de tec to r  and a 'sample' de tec to r  - monitoring 

- furnace output - were divided by a  d i g i t a l  ra t iometer  t o  y i e l d  

an output propor t ional  t o  t h e  i n t e n s i t y  of l i g h t  leaving t h e  
3- 

furnace,  but  cor rec ted  f o r  power f l u c t u a t i o n s  bf t h e  l a s e r :  

- 
'cornpensated - 'sample d e t   reference d e t .  

7 

The reference arm of t h e  l i g h t  path a l s o  contained a  

Fabry Perot in ter ferometer  (with mylar mi r ro r s )  w i t h  which 

wavelength could be d e t ~ r m i n e d  t o  within 2 % .  This was 

adequate because FIR methanol l i n e s  a r e  widely spaced i n  

wavelength, and because t h e i r  p r e c i s e l y  measured v s u e s  have 
4 

been published. The a l t e r n a t e  (sample) path d i r e c t e d  

r a d i a t i o n  f r o m  t h e  brass  l i g h t  pipes ckrouah t h e  furnace 

windows and u l t i n a t e l y  t o  t h e  sample d e t e c t o r .  

2 .  Opt ical  Furnace 

?he f3rneee F t s e l f  was 3 duuble-walled wefc3ed1 s t a i n l e s s  

s t e e l  cyl inder  with renovable l i d .  A cut-away drawing i s  

g i v e r  ~II fiz. 2 - 2 .  A l l  xalls and lid su r faces  w e r e  cooled by 

flowing waxer. 3 e  l i c ?  contained l i g h t  pipe and vacuum 





connections, and was rigidly,bolted to a metal frame to 

maintain constant optical alignment with the laser. Radiation 

passing through 1.5 mm thick polyethylene furnace winHows 

reflected down a stainless steel light pipe, impinged on the 

sample at 16 degree incidence, and reflected back out to the 

sample detector. The light pipes delivered and collected 

, radiation from an.area about 6ne cm in diameter on the 

sample surface. The silica crucibles themselv-es had inner 

diameters of approximately 2 cm. Sample-area details are 
6 - 

illustrated in fig. 2-3. A stirring rod/thermocouple probe 

could be lowered at any time into the sample crucible. The 

stirring rod was constructed 6f silica, one of the few 

materials which does not react with the alloys. To the cru- 

cible holder, which could be moved vertically by an external 

micrometer to optimize specular reflection, was affixed a 

second thermocouple. Both thermocouples were Chromel-Alumel. 

The remainder of the furnace, containing the crucible holder, 

its heater, electrical and water connections, could be raised 

with the aid of a jack to facilitate attachment to the lid. 

The crucible holdkr was resistance heated, and could reach a 
\ 

mperature of about 940 deg.C. Heater pbwer was 

by a 3 . 5  k V k  variac. 





3. Detection 

The FIR laser, with its relatively high output power (a 

few milliwatts), permitted the use of pyroelectric detectors. 

These have responsivities (signal change per FIR power change) 

about 10 X worse than ~ e ~ - ~ o o l e d  detectors, and are about four 

orders of magnitude noisier. Pyroelectrics, though, have the 

advantage of operating at room temperature with good 

reliability. The accuracy of signal detection is limited 

mainly by mismatch of the response characteristics of the two 
t 

detectors. For example, the estimated error due to 

temperature drift in the detect0r.i~ 0.3%/deg.C. 23 Amplifier 

noise contributes a comparable random uncertainty. Any 

differences in spectral sensitivity of the two detectors were 
,- 
, , 

compensated for by the scheme of dividing inxpendent 

reference and sample observations. 

Detection of radiation becomes less efficient with 

smaller wavenumber. Light cones immediately before the 

pyroelectric detector-element channel the light from the 

light-pipe diameter to the diameter of the sensing element. 

Such a decrease in b e a ~  area brings a corresponding increase 
- - - - - - 

in the angle o-f the light rays withrespect to the cone axis, 

as described by Williamson. 24 The initial maximum angle of 

radiation leaving the laser exit-mirror is determined by the 



wavelength and the coupling hole diameter d by 

Thus, smaller-wavenumber radiation is increasingly 

diverged by diffraction. The ability of a light cone to 

collect radiation is related to its entrance and exit 

diameters, Din and Dout, and taper. In the limit of infinite 

cone length, there exists a maximum angle which can be 

channeled through the cone, given by 

(11-2 ) sin 8 = D ~ ~ ~ / D ~ ~  

Because of this, orientation of the detectors becomes , 

more critical for long wavelengths, for which the non-paraxial 

portion of the radiation is not collected. This is also the 

case for higher transverse laser modes, where the output power 

is distributed through relatively large angles with respect to 

the light pipe axis. m e  effect was also important in the 

optical furnace, where cones directed the light from 12 mm 

brass pipes to 9 mm steel furnace pipes. 

r, 
The effect ~ ----- of - - blackbody radiation must -- also be exa-mined_c--~- 

For sample temperatures of 900 deg.C, Stefan's radiation law 

predicts power radiation of nearly ten watts per square 

centimeter, with peak emission at a wavelength of about 2.4 



microns. The samples glow bright red at this temperature. 

Much of this emitted light is scattered by the diffuse furnace 

window or is too divergent for light-pipe channeling. Black 

polyethylene and quartz filters in the detectors praper also 

absorb most non-FIR 'radiation. 

While the remaining blackbody radiation is comparable to 

the laser output power, it is unmodulated: the mechanical 

light chopper precedes the furnace. Accordingly, the constant 

blackbody component of the detected radiation is ignored by 
d 

the frequehcy-selective lock-in amplifier. It is still 

possible, though, for this light to overload the pyroelectric 

detector. To test for an offset or overload, the fyr_n_a-ce 

99 . light pipes were blocked before and after the hot furnace: in 

both cases, the modulated signal fell exactly to zero. 

indigating that no offset had been introduced. Additionally, 
9 

- 

the ligfit pipe was blocked with mylar when the furnace was 

first hot and then cold; no difference in transmissivity was 

noted, implying linear detector response at high temperatures. ' 

As a second test, the reflectivity of a copper mirror was 

observed as the furnace was heated to 900 deg.C. warming 

caused a very reproducible 18% decrease 'in signal strength. - 
This - is ascribed entirely to_ thermal-emsion, xhichhcaused 

deviation from specular reflection by shifting the sample's 

height. A similar result was bbtained by cooling a mirror 

from 900 deg.C, provided that its height had been initially 

* 
t 



5 3
 

rn 
h
 

rn 

k
 

a, 
rn 
id 
d

 

i
 

:
 

0
 

4
 

d
 

0
 

w
 m
 

id 

V
) 

a,. 
k
 
7
 

a
 a, U
 

0
 

k
 
a
 

d
 

rd 
11 2 E 4

 
k

 
a, 

2 W
 

id 
k
 

-
4

 
w

 C
 

3
 

-
4

 

- 
k
 

U
 

id 
m

 
'+

-I 
-ri 
a
 

a, 

m
 
5
 

rn 
id 

C
 

d
 

-4
 

tv 
$1 

a
 

c, 
a, 

-
4

 
c

r
?

 
cd 

,4
 

0
 

4J 
U

 
u

 
I 

a, 
a
 

d
 

r
l 

'ti 
0

 
@

 
t

r
,

k
 

m
 

id 

Z a, 
U

 
d
 

a, 
k

 
a, 
'ti 
a, 
bl 

Q
) 

5 k
 

al 
+
J
 

w
 

4
 

a; f-l 
P

 
.
d
 

u
 
1
 

k
 

U
 

Id U
 

- 4
 

rl 
4
 

10 

m
 

+' 
-rl 

r: 
.4

 

3
 

% Is: 
-d

 



roughing pump, l i d  screws were evenly t ightened;  and t h e  

furnace was evacuated v i a  a  dikfusion pump t o  l e s s  than 

torr .  Helium gas was then admitted t o  t h e  system t o  an 

overpressure of about one a-tmosphere. The gas had been dr ied  

by passing through a  long copper c o i l  immersed i n  l i q u i d  

n i t rogen.  This cold t r a p  was kept open throughout t h e  run t o  

c o l l e c t  any water or outqasse2 vapours re leased  while hea t ing .  

Variac vol tage was then increased i n  s t e p s  u n t i l  furnace 

- - 

temperature excesaed the sample melting po in t .  This was 

s ignal led  by an abrupt increase  i n  r e f l e c t i v i t y ,  R .  

After  a  constant  r e f l e c t i v i t y  and temperature had been 

- o b t a i n e d ,  the  s t i r r i n q  rud was lowered i n t o  t h e  sample 

c ruc ib le  and rotated. T h i s  removed any s o l i d  su r face  f i lm 

which may have been present ,  and made t h e  a l l o y  more - 
3omgeneous. S a r ~ l e  h e i g h t  w a s  chanbed by t h e  ex te rna l  

zicrorneter u n t i l  R was nax imu~.  Stirrinu- and he ight  

3 p t i ~ i z a t i o n  were repeated a t  l e a s t  once pbr r u n .  
--- / 

%eascrecents  a t  t h e  naxinum temperature were made a t  

therna l  e q ~ i l i b r i ~ .  I n  addi t ion ,  while cooling slowly, the  

r e f l e c t i v i t y  was r e c ~ r d e d  t o  note temperature dependence. 

Variac vol tage w a s  reduced i n  small s t e p s .  The sample thus 
~~ -- 

~ ~ l e d  throush t h e  f reez ing  point  a t  a n  averaae r a t e  of 1 2  

3 e q . C  per nin~te. h i ~ e n  furnace temperature s t a b i l i z e d  a t  each 

of t h e  inteme3i?tto va r i ac  s e t t i n g s ,  thermocouple s i u n z l s  were 
d 



recorded. Jn add i t ion  t o  these  nurherical d a t a ,  a c h a r t  

recorder  { R  and 'raw' l a s e r  output power versus t ime) and 
/ 

X-Y 

recorder  I R  v s .  temperature) cons tant ly  recorded changes. 

The c h a r t  recorder  was used t o  note anp systematic  changes i n  

signal a t t r i b u t a b l e  t o  t h e  l a s e r .  
\ 

4 
When cooled t o  below' 50 deg.C, t h e  furnace was opened, 

the  sample w a s  a?.ain replaced with t h e  aluminum blank, and t h e  

- 
second reference  r e f l e c t i v i t y .  The two reference  measurements 

t .(pically agreed t o  about 5 % .  The average of t h e s e  ' be fo re '  

and ' a f t e r '  re ferences  was used with t h e  average sample s i g n a l  

t o  Zetermine corrnalized r e f l e c t i v i t y  and measurement 

uncertainty. 



B BROAD-BAND SPECTRUM MEASUREMENT 

Searches for molecular modes, which should appear as 

sharp features in the far infrared reflection spectrum, we* 

e f f e w d  using an interferometer system. Compositions 
-4 - 

corresponding to GaTe and Ga2Te3, compounds known to exist in 

the solid state, were selected as those most likely to evince 

molecular-mode properties. 

1. Introduction 

Fourier Transform Spectroscopy is the most suitable 

technique for Sroad-band study in the far infkared. 

Large-aperture optics and multiplexing - simultaneous 

detection of all frequencies in the light source - make 
optimal use of the little energy available from broad-band 

sources in this spectral region.25 A spectrum covering the 
- 

entire far infrared is obtained from correspon%ng 

interferometer measurements. The interferometer accepts light 

from a continuous-spectrum source, separates it into two 

beams, and adjusts -their relative phase. This is accomplished 
' \ 

by ad\usting a airror position so that the length of path 

con-mnent$ are then recombined and passed along to the sample. 

me i n t r i n s i c  ?roperties of tke sample will modify the 

intensity of light reflected: this will depen-on-the 



'frequency make-up' of the light i.e. the interferometer 
t 

mirror position. The intensity modulations are detected and 

recorded as a function of mirror position. It can be s h o p  

that the resulting 'interferogram' is proportional to the 

Fourier transform of intensity versus optical frequency data, 

i.e. the desired spectrum. 26 

Spectrum measurement thus involves several steps. 

Observations of intensity vs. optical path difference are 

collected. These are Fourier transformed to yield the sample 

spectrum. Similar data are obtained for a reference material 
t 

(something with near-100% reflectivity throughout the spectral 

region of interest). By dividing the sample and reference 
L 

spectra, the instrumental effects (e.g. source spectral 

distribution or filter absorption) can be removed. 

2. Apparatus 

Fig. 2-4 shows 

apparatus. A modif 

&, 

block diagram of the interfer- 

3 Beckman RIIC FS-720 Michelson 

interferometer was used to modulate the radiation from a 

water-cooled mercury arc lamp. The source intensity was 

nodulated - -  - bx a n  oscjllatgr-controlled mechanical_ chopper to 

permit lock-in detection. One mirror of the interferometer 

was stepped by a fixed increment on reception of a signal from 

a computer. The radiation passed down brass light pipes to 
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t h e  o p t i c a l  furnace and then t o  t h e  d e t e c t o r .  Between furnace I 

and d e t e c t o r ,  t h e  l i g h t  was f i l t e r e d  by various f i l t e r  

combinations t o  r e s t r i c t  transmission t o  frequencies  smaller  

than some maximum, a s  l i s t e d  i n  Table 11-1. This ensured 

c o r r e c t  s p e c t r a l  t ransformation,  and prevented overloading of i 

t h e  d e t e c t o r ,  a FIe3-cooled Germanium bolometer. 27 After  

e l e c t r i c a l  f i l t e r i n g  of high-frequency noise ,  t h e  d e t e c t o r  

s i g n a l  was passed t o  a lock-in ampli 'fier, ahd then t o  t h e  

computer. 

3.  Computer and Programming 

Active cont ro l  of t h e  exp&iment, da ta  recording,  and 

d isp lay  were handled by a  minicomputer. The output  of t h e  

lock-in ampl i f i e r  was t r a n s a i t t e d  t o  an analoq- to-d ig i ta l  
t 

( A / D )  converter ,  a  PDP A R - 1 1 .  This l a t t e r  device a l s o  

performed D/A conversions f o r  t r a n s f e r  of data t o  an X-Y 

recorder ,  and contained an i n t e r n a l  clock f o r  t iming 

opera t ions .  

The co-nputer i t s e l f  was. a Dig i t a l  .Equipment Corporation 

PDP 11/34 with 28k-word ava i l ab le  memory (16 b i t  words) .  

Additional s t o r a ~ e  was ava i l ab le  on a  double f loppy-disket te  

? r i v e .  In a" i t io r  t~ t h e  ~ ! 3  converter ,  pe r iphera l s  included 

a I'T-55 video t e r r i ~ a l  which permitted graph p l o t t i n g ,  an X-Y 

rocor3er1 ar?2 2 3 E 9 t T I T E R  111 hard copy t e r n i n a l .  





i The e,xperiment-running program was written in FORTRAN IV 

by the author, using packaged ~ u b r o u t i n e s ~ ~  for operations 

such as repetitive sampling of the lock-in amplifier's output,. 

timed 'wait', and output of a voltage pulse. 

This program, listed in appendix A ,  accepted run 

parameters  fro^ the operator: these included the desired gate 

tine {period over which the detector siqnaf was to be 

averaged), deadtime (between-measurement waiting interval, * 

! 

during which the interferometer mirror moved and the amplifier 

locked-in to the signal), mirror step increment, and number of 
4 

points to be acquired. The program then caused a voltage . 
pulse to be sent to the mirror indexer, waited the deadtime, - -  

sam~led the amplifier output for the gate time, plotted this 

measurement on the video screen, and repeated. Data 

acquisition could be stopped at any time (without loss of 

5ata) by a toggle switch. Periodically during acquisition, a 

fast-Fourier-transfom was performed on the data and plotted 

en the screec. hlen the run was complete, the data and/or 

final spectrlm could 3e plotted and stored as a named file on 

5isk. If desired, real-time transforms or mirror stepping 

z m l C  be excluc?,ed from the run operations, t-low either 

faster acquisitior: or test of the' set-uprparameters, 

respectively. L p  to 1120 points could be accepted, yielding, 

after a thirty-f~zr second transformation, a 1024 point 



spectrum. 

Simpler programs, not l i s t e d  he re ,  permit ted da ta  f i l e s  

t o  be averaged f o r  b e t t e r  signal-to-noise r a t i o  and 

de-emphasis of e l e c t r i c a l  noise ' g l i t c h e s ' ,  p l o t t e d  on video 
i 

screen or  X-Y recorder ,  and divided by ' r e f e r e n c e  spectrum' 

f i l e s .  

4 .  Procedure 

After  allowing a l l  e l e c t r o n i c  apparatus t o  s t a b i l i z e  f o r  

seve ra l  hours ,  and having prepared the  bolometer d e t e c t o r  f o r  

opera t ion ,  the  o p t i c a l  furnace and in ter ferometer  were 

evacuated with s e w r a t e  d i f fus ion  pumps. A copper mirror i n  a  

s i l i c a  c ruc ib le  had previously been placed i n  t h e  furnace.  

h%en a  vacuum than t o r r  had been a t t a i n e d ,  t h e  

furnace was with Sry H e .  To avoid v i b r a t i o n s  which 

appeared a s  per iodic  o s c i l l a t i ~ n s  i n  t h e  de tec to r  s i g n a l ,  t he  

in ter ferometer  pump was replaced by a  sorp t ion  pump when 

acquir ing d a t a ,  and t h e  furnace mechanical pump was turned 

o f f .  

var ious time i n t e r v a l s  t o  determine t h e  minimum acceptable  

s a t e  tines. A s i p d  t o  noise r a t i o  of about 100:l Gas 

t y p i c a l l y  obtained by using 2 t o  3 second averaging t imes.  



The interferometer mirror stepping increment was chosen 

to conform to previously selected beam splitter and filter 

combinations, as shown in Table 11-1. The step size is 

restricted to one-half the minimum wavelength transmitted by. 

the filters, in order to avoid 'aliasing', or ambiguous 

Fourier transformation of the data. 

f. 

The total distance of interferometer mirror travel is 

inversely proportional to the spectral resolution obtained. 

The number of mirror steps was selected accordingly, providing 

typical resolution of 2 to 10 cm-l. 

When the experiment parameters had been chosen, two or 

more reference spectra were run. Apparatus and data 

acquisition were computer controlled, requiring only resetting 

of the interferometer mirror position after each run. 

Periodically updated spectra, displayed by the video terminal, 

showed the quality of the data, allowing interesting features 

to be noted and bad runs to be aborted. 

The furnace was next opened to replace the reference with 

the solid sample, then closed, evacuated, and backfilled with 

d r y  He to a pressure of about two atmospheres. After heating 

the sample past the melting point, it was stirred with the 

silica stirrina rod, and its height was adjusted for specular 

reflection. 



Data were acquired for up to four hours using each melted 

sample. Intermittently, the melt was stirred to ensure a 

clean, homogeneous surface. eadual evaporation of liquid 
1 

onto the light pipes reduced the radiation leaving the 

furnace. This caused only a general drop in bolometer signal, 

and no significant frequency dependent change in the recorded 

spectra. Because of the length of the interferometer runs, * 

sample evaporation was greater than in the laser runs. The 

change in sample composition is described further in Section 

Following these runs, two or more Cu reference runs were 

again recorded. 

Reduction of the data included averaging of spectra, 

numerically dividing spectra, and correcting for the 

time-dependent light pipe contamination. Averaging was 

mandatory to obtain good S/N ratios, particularly at the 

extremes of the frequency range. By dividing sample by 

reference spectra, the intrinsic instrumental response is 

removed, leaving the true frequency-dependent sample 

reflectivity. Furnace contamination was corrected for by 

/ after heating the sample, and by noting and compensating any 

linear decrease in interferogram intensity in successive 

sample spectra. The latter operation was seldom require$, 



because most of the furnace contamination seemed to occur in 

the first few minutes of sample melting. The absolute 

reflectivity is estimated to be correct to about + 10%. 

C . SAMPLE PREPARATION 

1. Requirements 

For accurate and reproducible measurements of 

reflectivity, samples had to be well alloyed and reasonably 

flat (although the requirements for specular reflection at FIR 

wavelengths are much less severe than for'visible work). All 

samples, once melted, had flat surfaces except for edge 

meniscus. The similarity of surface shape for tEe solid and 

melted sample was confirmed by watching the freezing 

transition: after the He-backfilled silica tube containing 

the sample was removed from the melting furnace (at 950 

deg.C), the shape and position of the ingot edges remained 

constant. Based on visual examination of the 'fmzen' solids, 

the meniscus ranged from convex for the pure Gallium-silica 
Y 

boundary, to concave for pure Tellurium in contact with 

silica. In all alloys, this edge curvature was significant 
- - - pp pp pp - 

only within about 2 to 3 m from the crucible sides, affecting 

only about 20% of surface area. This region was outside the 

7 - 



F I R  "beam", and thus did not cont r ibute  t o  t h e  r e f l e c t i v i t y  

measurement. 

2 .  Sample React iv i ty  

I n i t i a l  a t tempts  t o  prepare s u i t a b l e  samples were 

f r u s t r a t e d  by leaks  i n ' t h e  o p t i c a l  furnace.  Heating above 

about 500 deg.C caused t h e  sample sur faces  exposed t o  t h e  

furnace atmosphere t o  spatte;,  become grey *or  black,  and t o  

cover t h e  i n t e r i o r  wal ls  with grey-brown greasy dus t .  This 

contamination seemed t o  be accentuated when s t a i n l e s s  s t e e l  

c ruc ib les  were used. Several  minor changes, such a s  t h e  use 

of s i l i c a  c ruc ib les  a:d an increase i n  t h e  dry-He pressure i n  

t h e  furnace were only p a r t i a l l y  successfu l .  Af te r  much 

f r u i t l e s s  e f f o r t  using a  helium mass-spectrometer leak 

de tec to r  t o  t e s t  t h e  furnace e x t e r i o r ,  t h e  contamination was 

t raced  t o  leaks  i n  t h e  s i lver -so ldered  l i g h t  pipe j o i n t s  
? 

d 

between t h e  inner  s)i;face of t h e  furnace and t h e  surroundinq 

water jacket .  These had allowed water vapour t o  stream over 
t 

and r e a c t  with t h e  heated l i q u i d  sample. Once t h e  leak was 

f ixed ,  samples were not vis iblyhdegraded by melting i n  t h e  
* 

furnace. 

- - - - -  --- - - -  - - - 
I 

3 
T e l l u r i u ~  has a ,  very high vapour prqssure a t  e levated 

temperatures.  I t  e x i s t s  i n  t w o  forms; a  c r y s t a l l i n e ,  

shiny s i lver -grey  mate r i a l ,  and a  black,  amorphous powder. 



The latter form is frequently mixed with the predominant 

oxide, ~ e 0 . ~ ~  Attempts to melt solid pieces of Gallium and 

Tellurium togethe; under good vacuum (about torr) 

invariably led to blackening of the container walls with 

black, sooty substances and metallic 'plating'. The soot was 
s 

not of a single composition, as evidenced by different rates 

of dissolution in sulphuric acid. A product of the chemical 

reaction between the 'soot' and acid was tentively identified 

as Te(so3I2 by its purple colour, thus identifying the black 
w 

mater'ial as either amorphous Tellurium or TeO. Although Ga20 

is also grey-black, the vapour pressure of-Ga is negligible. 30 

The metallic plating, which occurred only on the high 

temperature surfaces (hotter than about 800 deg,C) is believed 

to have been crystalline Tellurium. 

3. Methods 

To avoid the e~cessive vapourization and contamination of 
,! 

Tellurium described above, two sample preparation techniques - 
were tried. The first, used by numerous  worker^,^,^^ involved 

placing solid Ga and Te in a silica tube, evacuating to less 

than torr, sealing off using an oxyacetylene torch to 
- 

silica tube in a resistance-heated melting furnace. The 

larqer tube could be easily withdrawn from the furnace cavity, 

examined, and shaken t6 mix the liquid contents of the 



ampoule. The tubes were then allowed to cool slowly to room 

temperature, the ,ampoule was broken, and the alloy ingot was 

placed in a crucible for subsequent use. Although this method 

yielded excellent samples, it was lengthy and produced ingots 

of inconvenient shape for the optical furnace. 

For this reason, a simpler procedure was adopted. - 
Weighed fragments of solid and Te were placed in a silica 

* 
crucible. This crucible positioned at the bottom of a 

larger, ebacuable The latter was pumped down to 

\ less than 5 x loe5 torr, backfilled with dry Helium to an 

overpressure.of about 1/3 atmosphere, and placed in the 

melting furnace cavity. The Yelium gas had been dr-ied by 

passing it through a liquid-Nitrogen-filled cold trap. 

Temperature was monitored by a Chromel-Alumel thermocouple . 
I 

placed in the furnace wall near the silica tube. 'To aid 

nixing, the larger tube was tappq up and down repeatedly when 
1 

tQe sample had melted. The melting furnace used furnace-brick 

for walls and base, and the silica tube was wrapped by braided 

asbestos tape. Thermal inertia, therefore, 
was 

V 
heating tines to reach 900 de9.C being typically 45 minut s .  f 
Samples cooled over the same range in about three hours. 

Ventron Corp., Danvers, Mass. Purities were 99.99% for Ga and 

99.9998% for Te. To avoid exposure to poisonous Te fumes or 

\ 





Figure 2-5 

Phase ~i~~~ of t?E' 

Ga-Te A l l o y  system. 



In-Situ MELTING -- 

During a run, the prepared ingot in its silica crucible 

was melted in the optical furnace. Procedure was modified 

from the initial preparation so that loss of Tellurium was 

minimized: the cool (about 100 deg.C) interior furnace walls 

became coated with black Tellurium dust as Tellurium vapour 

sublimed; this was reduced somewhat by using a higher pressure 

(about one atmosphere overpressure) of dry Helium gas. The 

crucible and the light pipes were free of this contamination 

because of their high temperature. However, over several 

short laser runs or one long interferometer run, Tellurium 

accumulated on the bottom few centimeters of the pipes as 

shiny crystallites. This exposure to Te vapour at high 

temperature caused deterioration of the bottom edge of the 

light pipes, necessitating their replacement per3odically. 
1 / 

The loss in mass of the 8 g crucible plus 9 g ingot as a result 

of sample melting during a laser run was typically thirty to 

forty milligrams. Assuming the worst case, with Te 

evaporation comprising all of the loss, the change in sample 

composition did not exceed 0.2% per run. 

- - e u p t - i ; w r c o u b F b e + r e - & e M M 4 L ,  . C wik;ki;~ 
about twenty minutes, and cooled in roughly thirty minutes. 

Rapid cool ing,  along with segregation of alloy constituents on 

freezing,31 is believed to accoJnt for the variety of crystals 

A 



C 

observed on the solid sample surface after cooling. These 

ranged from fan-like 'window ice' crystals to needles, to the 

previously mentioned plate or grainy crystallites. The much 

slower freezing during subsequent runs tended to produce 

larger flat, mirror-like crystals. The forms are believed to 

be combinations of GaTe (monoclinic lattice) and Ga 2Te3 

(zincblende lattice). 3 2  



111. I N I T I A L  TESTS AxD EXPERIMENTAL PROGRAMME - -- 

A .  FAR INFRARED LASER 

P r o p e r t i e s  of  t h e  FIR l a s e r  were cata logued t o  determine 

t h e i r  in f luencg  on measurements. Severa l  p e r t i n e n t  e f f e c t s  

were noted.  

1 .' Yode Di f fe rences  ' 

\ 

I t  was i n i t i a l l y  hoped kha t  repea ted  r e f e r e n c e  runs would 

not  be necessary .  "he when d iv ided  by 
c: 

r e f e rence  d e t e c t o r  ou tpu t ,  ( r e s u l t i n g  i n  what w i l l  hencefor th  

be c a l l e d  'compensated,output ') ,  was expected t o  be cons tan t  

f o r  any one TEM node of a given wavelength. However, by 

locking onto d i f f e r e n t  l o n g i t u d i n a l  modes of t h e  same 

t r a n s v e r s e  type  ( e  .? .  TEYoox, where x  i s  a  l a r g e  i , r k e o e r ) ,  

S i f f e r e n c e s  i n  t h e  corpensate2 output  of about 10% were 

observed.  This  was probaSly a r e s u l t . . o f  imper fec t  alignment 

of the F I R  c a v i t y  r i r r o r s .  ?!inor d i fpe rences  i n  ana l e  of e x i t  

of t h e   be^^ f r o 3  t h e  F I R  l a s e r  can cause  major changes i n  
i 

rece ived  p o w e r  

s e f l e c t e 5  from 

i s  accentuated 

s e c t i o c  11-A-3 

Secacse of incomplete cap tu re  of t h e  l i g h t  

+ n _L ,e  san9le  s u r f a c e .  Furthermore, t h e  problem 

a t  l 9nse r  wavelenaths. ( C f :  ' D e t e c t i o n ' ,  



Because of  t h i s ,  experimental  procedure involved 

measuring t h e  r e f e rence  r e f l e c t i v i t y  a t  l e a s t  once f o r  every - 
l a s e r  mode ' locked  o n t o ' .  A s  t h e  l a s e r  could be  kep t  locked 

, . 
t o  a s i n g l e  mode f o r  hou r s ,  i f  necess r y ,  t h i s  proved t o  be .d 
e a s i l y  achieved.  # 

2 .  Laser S t a b i l i t y  

Mode jurnpinq was a  secorjbtroublesorne e f f e c t .  A p l o t  of 

l a s e r  ou tpu t  power vs .  F I R  c a v i t y  , length i s  shown i n  f i g .  

3-1. The F I R  c a v i t y ,  when scanned i n  mi r ro r  s e p a r a t i o n ,  l a s e s  

when t h e  c a v i t y  length i s  a  h a l f - i n t e g r a l  number of 

wavelengths. However, d i f f e r e n t  t r a n s v e r s e  modes may have 

very s l i g h t l y  d i f f e r e n t  ' c a v i t y  p e r i o d s '  and so  may ! 

' 3 3  Wen two modes a r e  bo th  approximately occas iona i ly  over lap .  

s a t i s f i e d  by a  c a v i t y  leng th  s e t t i n g ,  l a s i n g  may change 

ab rup t ly  f r o n  one t o  another  a s  changes i5Aempera ture  o r  

c a v i t y  gas  p r e s s u r e  cause t h e  o p t i c a l  pa th  l e n g t h  t o  vary.  

S i n c e  t h e  ' t h rouqhpu t '  for d i f f e r e n t  modes i s  d i f f e r e n t ,  a  

r e f l e c t i v i t y  3easurement w i l l  appear t o  change a b r u p t l y .  I n  

' p r a c t i c e ,  t h i s  e f f e c t  o c c i r s  only a t  a  wavelength of 119 

z icrons ,  where, Secause of the r e l a t i v e l y  s h o r t  wavelength, 

lfmqitadi=ai W He + z l e s & y ~ ~ e d  as a funct- of FIR 

c a v i t y  n i r r o r  separation. Also, by proper  mi r ro r  al ignment 
- 

a2d czseful op-bizat ion of t h e  ou tpu t  power, mode jumping can 

t 



Change in cavi ty  length 



always be identified and corrected. 

3. Cavity Pressure 

A th'ird laser property influencing measurements was the 

dependence of output power on the pressure of the FIR cavity 

gas, methanol. While the compensated signal is independent of 

beam intensity, a reduction in laser power will clearly 

decrease the signal-to-noise ratio. For six laser lines. 

studied, output power was maximum for a cavity pressure in the 
4 

range 150-350 millitorr, and varied with pressure in a 

qualitatively similar way. Fig. 3-2 plots output power as a 

function of cavity pressure for the 119 micron line. 

The cavity gas pressure is controlled to within 5 mT by 

adjustment of a needle valve between a liquid methanol 

reservoir and the FIR cavity, which is continuously evacuated 

by a mechanical pump. 

4. Interference Effects 

In these experiments, one common characteristic of lasers 

was u ~ m k e c k  *edere~ee of it* hiqhly menochrematic- 

radiation. A desirable experimental arrangement - 
normal-incidence reflection - could not be used because of the 

, 7 

appearance of standing waves between the detector surface and 
4 



FIR C a v i t y  Pressure a ImT1 + 
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Figure 3-2 
Laser PaJer Vs. FTR 



sample. This made the measured signal very dependent on the 

sample-detector distance. 
9 

By >?setting incident and reflected light paths by 32 
? 

degrees, interference disappeared for short-wavelength laser 

lines, However, for the longest wavelength, 1217 microns (and 

occasionally at 571 microns), the widely diverging beams 

apparently reflected from a second surface and recombined. 

The resulting interference caused intensity modulation of 

nearly 20% as sample height was varied. In fig. 3-3, 

radiation output from the furnace is plotted for two 

wavelengths as a function of sample height. Measurements were 

performed by adjusting sample height to obtain the maximum 

peak. Changes in sample heighf caused by thermal expansion'or 

density change were not sufficiently large to affect 

reflectivity measurements, at least ov r ranges of 100 deg.C. P 
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Figure 3-3 Laser Power Leaving @tical Furnace as 



B.  PROCEDURAL TESTS 

1. Solder Metal 

In order to determine the mostxappropriate procedure and 

I 
the attainable reproducibility of reflectivity measurements on 

liquid alloys, several laser experiment-runs were made using 

fluxless solder metal, 50% Pb - 50% Sn, as the sample. Each 

run entailed melting the sample in the optical furnace as 

described in section 11-D. 
J 

3 
A u 

Results of two runs are shown i n  fig, 3-4. On melting, 

the solder exhibited a significant increase in reflectivity, 

particularly juyt above the melting point. Considerable 

L' 
hysteresis in the measured melting temperature was observed; 

this cannot be attributed to different solidus and liquidus 

points for the alloy, but is instead ascribed to the low 

thermal inertia of the measuring t ermocouple. This was f 
fastened to the steel crucible hol er below the silica 9 

. crucible, and could be expected tB follow changes in heater 

power more rapidly than the liquid sample. 

By reducing the cooling rate, hysteresis was avoided and 

Repeated cycling of furnace temperature with any one 
- - 

sanple gave reflectivities reproducible to within about 1.5%- 





  imitations in accuracy were usually due to imperfect height 

optimization. The signal maximum was sometimes obscured by 

laser or detector noise, sensitivity to interference effects, 

.- 
or dhanges in sample orientation from apparatus jostling. 

Comparable uncertainty was introduced in the 'reference 

reflectivity' measurement: despite careful and standardized 

procedures for opening and closing the furnace, signal 
- 

reproducibility using an aluminum sample was typically 4 % .  

The solid-sample reflectivities were less reproducible, 

and at the same time were significantly less than the liquid 

R. This is likely due to some surface contamination (a leak 

in the furnace existed at the time) and to slight differences 

1 
in the surface roughness when solid. 

2. Ga-Te Observations 

The procedure of section If-A-4 was used for all . 

measurements except initial laser runs at 119 microns, for 

which the melts wer; not stirred. Visually, unstirzed samples 

appeared to have GaIlim-rich surfaces, probably f rum Te 

Ga is roughly 5 5  less than that of Te. 



faster cooling rates. This was later suspected'to reduce the 

accuracy of reflectivity measured aththe liquidus point. 
# - --. _ 

Furthermore, isotherms at two or three temperatures of the 

melted alloy were desired. For subsequent rGns, therefore, 
5 

heater E w e r  w a s  reduced in small steps. 

1 
Using b w e  laser and interferometer systems, a large 

C .. 
- d ? ~ %  pe&tiirity ( a i u t  a FaTctor of three? w a s o b s e r v e d  - ----- 

"for all alloy sa~ples on freezing. As with the solder metal, 

the reproducibility of the solid reflectivities was somewhat 

worse than liquid reasurements; based on 6 sets of runs, the 

ratio Rsolidus 'Rliquidus had a mean standard deviation of 7%. 

S e x  of the 2ecrease on freezing is attributable to light scat- 
-* 

tering by crystallites on the alloy surface. The contribution < 
2f 3ensity c3an~e - causi~q a change in sample height and thus --, 

rrakin? reflection less efficient - was investigated. After a,i 

s a c p l e  had m o l e 2  through the freezing point, its height was 

ad;usted t~ zgain s u x i ~ z e  radiation output from the furnace. 

I n  several such trials, the improvement never excgdeqa 

f a c t ~ r  gf about 1.2. This sugests that a single height 

ad2ustnezt at zhe peak furnace tehperature was sufficient - to 

p r ~ v i 2 e  acccrats reflectivities over a wide range of 

teni=eratures ix the liquid. 



To avoid errors due to possible systematic change in the 

apparatus, all laser runs were done randomly in terms of alloy 

--. composition. The seven samples of the first serles were used 

at laser wavelengths of 119, 1217, and then 571 microns (84.2, 

8 - 2 ,  and 17.5 c m - l  respectively). The same seven samples were 

used for repeated measurements at 119 microns. Finally, 

samples of the second series were observed at 119 and 1217 

microns. (See Section 11-C-3 for sample compositions). 

Two sample compositions were used in the interferometer 

measurements. Based on the published viscosity, enthalpy, and 

resistivity data shown in figures 1-1 and 1-2, which show 

anomalies at or very near the intermetallic compositions, the 

Ga2Tej and GaTe alloys were thought most likely to exhibit 

unusual reflectivity. Thissopinion was supported by the 

previous laser data, which showed dramatic changes in R and 

its tempe ature dependence between these compositions. f 
\ 

i 
The 50 and 60 at.% Te alloys of series 11 and I11 were 

found to have constant reflectivities, neglecting furnace 

contamination, over periods of up to 4 hours. After this time, 

the furnace interior was quite often blackened by Te dust, 

reducing the accuracy of further measurements. Light pipes 
--- 

-- were also encrusted by corrosive, evaporated products. 



1 I 

I n i t i a l  i n t e r f e r o m e t e r  r u n s  w e r e  performed u s i n g  a  P4-43 

p y r o e l e c t r i c  d e t e c t o r .  This d e v i c e  was found t o  have  an  

u n s a t i s f a c t o r i l y  h i g h  n o i s e  l e v e l  f o r  u s e  w i t h  t h e  r a t h e r  low 

energy  i n t e r f e r o m e t e r  lamp. I n  o r d e r  t o  o b t a i n  r e a s o n a b l e  S/N 

r a t i o s ,  a v e r a g i n g  t i m e s  were n e c e s s a r i l y  l o n g ,  l e a d i n g  t o  s l o w  

d a t a  a c q u i s i t i o n  and poor r e s o l u t i o n .  . s@sequen t  r u n s  used a 

~ e ~ - c o o l e d  bo lomete r  d e t e c t o r .  Colder  d e t e c t o r s  have  s u p e r i o r  

S/H r a t i o s  b e c a u s e  of t h e  r e d u c t i o n  i n  Johnson n o i s e  w i t h  

t e m p e r a t u r e .  

No blackbody o v e r l o a d i n g  o f  t h e  d e t e c t o r  w a s  observed 

when u s i n g  t h e  i n t e r f e r o m e t e r  sys'tem. The d e t e c t o r  i t s e l f  

r e c e i v e d  a b o u t  2 0 X  l e s s  s i g n a l  t h a n  i n  a t y p i c a l  run withou t  

t h e  f u r n a c e  i n  t h e  l i g h t  p a t h ,  and i s  des igned  t o  respond 

l i n e a r l y  o v e r  a much g r e a t e r  dynamic r a n g e .  

Fol lowing t h e  f i n a l  l a s e r  and i n t e r f e r o m e t e r  r u n s ,  t h e  

compos i t ions  of s e v e r a l  s o l i d  i n g o t s  were de te rmined  by X-ray 

34 Fluorescence s p e c t r o s c o p y l  

The t o p  s u r f a c e  of each i n g o t  was s c r a p e d  o f f  t o  a  d e p t h  

of a 'mut  1 mm t o  yield a powdered o r  g r a n u l a r  sample.  T o  

i n v e s t i g a t e  whether a c o n c e n t r a t i o n  g r a d i e n t  e x i s t e d  th rough  



1 
the ingots (caused by evaporation of one component from the 

liquid surface), horizontal sections were taken from one 
/ 

ingot. A mechanical mixture of Ga and Te fragments in 50/50 

ratio was found to be too structurally dissimilar from the 

ingot samples to serve as a reference composition in the XRF 

measurements. Instead, ohe sample (the 50 at.% Te alloy) was 

assumed to have retained its original elemental 

concentrations, and other measurements were scaled 
f 

Mechanical properties and analysis results are summarized 

in Table 111-1. Usinu the relative reference scheme, measured 

sample compositions are seen to be internally consistent: the 

sane order of Te'concentration is maintained. Deviations from 

the initial mixtures are usually below 3 at.% Te, the minimum 

separation between alloy preparations. Differences between 

the surface, ceRtre, and bottom compositions of a Ga2Te3 ingot 

vere also insignificant, probably becabse of periodic stirring 

\L 

Supporti2g evide~ce. for the stability of the melted 

alloys is the previously nentioned mass-loss measurement 

sa-xple spectra ir? sz=cessive interferometer runs. 
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RESULTS 

A .  LASER REFLECTIVITY 
- 

L 

f- 

Measurements made"with the FIR laser revealed 

relationships between liquid alloy reflectiv.ity and optical 

frequency, composition, and temperature. 

frequency. There are xarked aifferences, though, between 

1. Frequency 

The use of 

- provide' a rough 

three wavelengths was suff-icient only to 

i2ea of the dependence of reflectivity on 

these data. Figures 4-1 and 4-2 plot R vs, aIloy composition 

at 17.5 and 8.2 c.-l. The two frequencies yield similar 

reflectivities, typically in the 60 - 70% range. An anomalous 

increase in 3.2 c r , - l  (1217 micron) reflectivity for a narrow 

range of cornrx>sition is not seen in the scantier 17.5 cm- 1 

(571 nicron) data, rhouqh. In contrast, the 94.2 cm-l (119 

-icron) results, plotted in fiaure 4-3, exhibit more dramatic 

ke5aviorl both iz ra2:e of vzlues (rising to nearly 100% R )  

-- - -- - 

csa-cosi~ions, reflectivity falls with decreasing frequency 

Zver the laser razGo. ?.e interferometer results illustrate - 

t?.e Erecpenzy 3epez5ence Tare cTearLy. 



Figure 4-1 

Reflectivity at 571 p versus Liquid 

Gal-xTe, Alloy Composition. (a) T = 

1200 deg.K'.(927 deg.C) (b) T -- liquidus. 

In this and following diagrams, the 

liquidus (completely melted) 

temperatures for the various alloys are 

- (in deg.C): 

x=0.34, ?=740; x=0.40, T=793: 

x=0.47, T=815; x=0 - 5 0 ,  T=824:_ 

x=0.53, T=812; ~ 4 . 5 7 ,  T=780; 

x=0.60, T=790; x=0.63, T=760; 

x=0.66, T=730; x=0-70, -680; 

x=0.75, T=612: x=0.85, T=470; 

x=1.00, T = 4 5 3 .  

Liquidus terperatures are taken 

fr33 Sansen and L~derko, 32 the published 

figures xast  closely followed $y the 

l ess  precise n e a s u r e E n t s  sf the present 









2. Composition 

\ 0 

Figures 4-1 and 4.2 illustrate a general trend 

of R with composition. Figure 4-2 plots the mean . 
reflectivity when more than one miasuremynt has been made. At 

1200 deg.K - ( 927  deg .C) , reflectivity rises almost linearly 

with Tellurium concentration at 571 and 1217 microns. Some 

evidence of rapid increase in R over a narrow composition 

range, 0.45 < x < 0.60, is present at 1217 microns, but not at 
\ 

571 microns. The reproducibility at these wavelengths, as 

indicated by the plotted error bars, is somewhat poorer than 

at 119 microns. (See Section IV-B for further discussion). 

Tkte I19 micron data, plotted in figure 4-3, shows strong 

composition dependence. At 1260 deg.K and around compositions 

of 58 + 2 8 Te reflectivity rises to very large values. At 

lower temperatures, the maximum becomes broader a M  shifts 

toward 50% Te. a At all temperatures studied, this high I 

.reflectivity falls off drasticall$ for x 2 0.50 or > 0.60 . 
Except for this anomalously h w - ~  region, the 119 micron 

resul'ts display a composition dependence similar to the longer 
/- 

- uavel&ngths: namely, increasing 'R with Te composition. 

, - Yote that the uRepeated'tSeries In data is shifted 1% 

towards Gallium. This was done when plotting, y' for 



the estimated change $n sample composition tha 

- 

t arose from 

e,vaporation of Te during preceding runs. (Each sample-was - 
typically used in four- runs, with an estimated W s s  of 0.2% Te 

per run). 
1 

3. Temperature 1 
Dramatic temperature dependence is apparent for 119 

micron refktivity. Ekamirmtfon of figures 4-3a and 4-33 

'Indicates a systematic variation with temperature. Note that 

while fig. 4-3a is an isothermal plot, fig. 4-3b consists of 

data taken at a variety of temperatures: the liquidus points 
b J. 

of different alloys ranged from about 430 to 830 deg.C (Cf: 

phase diagram, fig. 2-5). The liquidus-temperature results 

were included to indicate most sensitively the possible 

existence of weakly-bound mlecular clusters; reflectivity 

anomalies caused by such molecules would disappear as the 

clusters dissociated at higher temperatures. 

- .*-*c?h 
Figure 4-4 plots R at 119 microns vs. x at 3 

temperatures:-oximately 1200 deg.K, 1150 deg.K, and the 

liquidus temperatures. Examples of R vs T curves for three 

alloys ( x  = 0.4, 0.6, and 0.85) are presented in figure 4-5. 

All such curves display almost temperature-independent 

reflectivity below the liquidus _point, but an increase in R 
- 

with T when in t 3 e  liquid state. For every alloy studied, R 





Temperature, @C . 

Figure 4-5 - 

%p R=fLecSvityvs. ?ksprabae 

--m: 
(I) x = 0.40 (40 at.% Te) 

$2). . x = 0.W (60 at.% Te); 
-- 

' 4  
- - 

- (3 t = -o, 85 485 . <  

r 

9 



-is lower in the solid than in the liquid state. The slopes of 

the R { T )  curves are composition-dependent, being steepest near 

This variation at 119 microns of R with T is more clearly 

indicated in figure 4-6, which plots the differential 

reflectivity, that is, the change in reflectivity between two 

tem_peratures, divided by the temperature difference. The 

7 - rnaxlmLm iempera~ure 3 3  a11 asesTas IZOO--deg .Kc the r n ~ n i S - ~ - - ~  

was the liquidus point. Published values of liquidus 

temperature were used: while the experimental melting points 

aqreed most closely with those published in Hansen and 

. X n d e ~ k o , ~ ~  their rcndor e r r o r  was highea leadinq to a less 

'srrtooth' differential r e f l e c t i v i t y  curve. The figure shows an 

obvious peak at about x=O.S corresponding to the composition 

Ga2Te3. The temperature dependence of R falls to z e r o  for 

x c 0 . 4  and a l s o  drops dramatically (but remains finite) for 

alloys with a t o ~ i c  Te fraction greater than about x=0.65 . 
Q 

The Tellurium-rich coc~~x,siticms provided less precise data 

because of rapid Te evaporation and consequent furnace 

contamination. 

Si - i l ar  plots fur 571 and I217 m i c r o n  wavelengths 

I f  igures 4>7a a n d  4-7bf show a rather constant shift of R w i t h  
d f  i 

T, rising soaewkat w i t h  Te concentration. The experi'mental 
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Liquid GaTe r e f l e c t i v i t y  i s  q u a l i t a t i v e l y  d i f f e r e n t  from 

t h a t  af ~ a ~ ~ e ~ .  The GaTe spectrum i s  much f l a t t e r ,  and does  

not d i sp lay  the. w n o t o n i c  increase i n  R t o w a r c i s  100% a s  

frequency decreases .  A slow decrease i n  R with frequency, 

approximating Drude behavior, i s  evident a t  higher  
. * , - 

- f requencies ,  but i s  lacking below about 175  an-', This  l o w  - 

frequency region i s  shown i n  f i g .  4-10. A poss ib le  peak around 

40 an-' may .be i d e n t i f i e d ,  although t h i s  i s  bare ly  above - .  
- 

t h e  experimental noise .  A s  w i t h  Ga2Te3, t h e  

GaTe spectrum shows no' f e a t u r e s  a t t r i b u t a b l e  t o  o p t i c a l l y  

a c t i v e  modes, ,despi%e high r e so lu t ion  and moderately good S / N  

l e v e l s .  ' 

r 
- 

Laser measurezents at .119 nicrons agree within the  

es t imated  e r r o r  with interferometer  resul* ts .  The 

in ter ferometer  r a n d 0 5  e r r o r  i s  e s t i m a t e d ' t o  be roughly the  
- 

rnaonitude of t h e  i r r e g u l a r i t i e s  i n  t h e  curve,  a n d  systematic  

e r r o r  i n  t h e  r e f l e c t i v i t y  sca le  may be a s  much as  + 10 8 .  Low 

frequency l a s e r  r e f l e c t i v i t i e s  devia te  from the broad-band 
4 

spec t ra ,  however: the l a s e r  da t a  tend t o - b e  10 t o  35% low. 





MODEL CALCULATIONS P 

Activated Conductivity 

The temperature dependence displayed in the differential 

reflectivity plot, fig. 4-6, can be quantitatively related to 
4 

conductivity . 

At normal incidence, the reflectivity R is related to the 

dielectric constant E of the alloy by 

- r n i s  relation is a good approximation for the 16 deg. 

incidence used in t h e s e  experiments. According to the Drude 
t 

r;o&l, * 

3 e  plasza f req iency  up an6 relaxation time T d a r e  
- 



related to DC conductivity oO and electron density N by 

where m* is the effective mass of the charge carriers. 

Equations (V-1) and (v-2) can be eveluated by computer, using 

chosen values of u p  and Td, to calculate reflectivity versus 

qrequency. An approximate closed-foh expression can be used 

here, though. 

For far infrared frequencies, w ~ < < ' l .  Using this 

condition with (v-1) and ( v - 2 ) ,  one obtains the Hagen-Rubens 

relation, an expression re la tin^ reflectivity and Drude 

conductivity, valid at far infrared and longer wavelengths: 



in terms of wavelength in MKS units. 
. # 

By inverting equation {v-4); cooling curve data such as 
7 - 2 

figure 4-5 (R vs: T for liquid alloys) can be converted to 

Q ( T )  information, extrapolated to zero fr.equency. The 

resulting conductivities deviate drastically from those 
- - - - -  -- - - - -- - - -  

obtained from published resistivity measurements, differing by 

as much as a factor of 15. Furthermore, this conductivity, 

a f i r '  extrapolated from F I R  reflectivity, has a concentration 

dependence which is qualitatively different from that of o&. 

Like the reflectivity itself, cr 
$if 

is anomalously large over 

the range 0.5 4 x 4 0.6, and drops back to low values at x = 
rt 

0.4 and x = 0.7 . Figure 5-1 compares the PC and FIR 

conductivities as a function of liquid alloy composition. The 

FIR data based on laser measurements agree within the 

estimated experimental error with the ccpductivity inferred ' 

frow the broad-band spectra. Conductivity varies dramatically 

w i t h  small ch&noes in reflectivity, especially near 100% R. 

1 

In contrast, the temperature bependences of ode and Gfir 

* f i x e d  caneentsa~ior :  are sirnilar. Plotting the experimental 

In o vs. ~ J T ,  a Linear dependence (within the measurement 
fir 
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0.66 . For x < 0.55, FIR conductivity is nearly independent 

of temperature: for x > 0.66, conductivity rises more than 

exponentially with T. Some typical curves are shown in figure . 

5 - 2 .  From the slopes-of the curves, an activation energy Eo 
C 

is obtained: 

A plot of Eo versus alloy composition conforms fairly 

well.to various published measurements (fig, 5-3). 

B'. FITS r0 BROAE-BAED SPECTRA 

1. Drude Reflectivity 

The simplest model, and one known to be applicable to 

pure liquid Ga, is the free electron, or Drude model, 
. ' l  s. 

described in ?ect;on V-A. Rather than use the Haqen-Rubens 
6 

approximation, which comes invalid at the highest sh 
frequencies measured, e q u a t i o n  (v-2) for the dielectric 

cons t an t  and equation (V-1) may be evaluated exactly by 
f 

cmpu te r .  To f 5 t  this model to the broad-band spectra of 

G a 2 T e g  and G a l e ,  the electron concentration N w a s  initially 
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.where ,  a s  u s u a l ,  x d e n o t e s  th '  a t o m i c  Te f r a c t i o n .  The D 
r e l a x a t i o n  t i m e  Td was t h e n  v a r i e d  t o  r e p r o d u c e  the s h a p e  of 

. . the  r e f l e c t i v i t y  c u r v e .  

T h i s  p r o c e d u r e  y i e l d e d  a  r e a s o n a b l y  good f i t  t o  t h e  

spec t rum o f  Ga2Te3, shown i n  f i g .  4-8. The b e s t - f i t t i n g  

DrTde c u r v e  c o n - f ~ ~ d  t o p t h e d a t a p t 6  w l ' t h i n t h e  expe r iKeTta l  
1 

u n c e r t a i n t y  o f  both t h e  i n t e r f e r o m e t e r  and 119 p l a s e r  

measurements .  The f i t t i n q  c o n s t a n t s  were 

Td ( ~ a ~ ~ e ~  ) = 6 . 3  x 10- la  s e c  

f o r  Ga2Te3 a t  900 deg.C.  
a 

S i n c e  e q u a t i o n  (v-6) i s  a n  i n t e r p o l a t i o n  o f  e l e c t r o n  

d e n s i t y  be tween t h e  v a l u e s  o f  N f o r  t h e  s e p a r a t e  a toms,  it 
- - 

n e g l e c t s  t h e  e f f e c t  o f  p o s s i b l e  bonding .  A more r e a l i s t i c  

v a l u e  o f  N would p r o b a b l y  b e  lower ,  t o  a c c o u n t  f o r  the d i p  i n  

DC c o n d u c t i v i t y  a t  x = 0.6 .  T o  t e s t  t h i s  p o s s i b i l i t y ,  t h e  , 

- -  - - - 

plasma f r e q u e n c y  w a s  t a k e n  t o  be-2.82 x 10'~-cm" ( a  f i g u r e  



obtsined i n  a  f i t  t o  N I R / V ~ ~  data:  see sec t ion  B-2). By 

s e t t i n g  t h e  r e l axa t ion  time t o  be Td = 7 . 1  x 10-17 sec  

(0, = 180 ohm-lm-l) , a  Drude f i f  comparable t o  t h a t  from 

equation Q - 6 )  was obtained. The randon! e r r o r  thus  r e s t r i c t s  
J 

t h e  i n f o r k t i o n  obta inable  from the  Drude f i t  t o  t h e  s i n a l e  

parameter Go, a  funct ion of W and ld ( c f :  equation V - 3 ) .  
P 

I n  c o n t r a s t  t o  the  GaZTe3 r e s u l t s ,  t h e  spectrum of l i q u i d  

G a ~ e - i s  c e r t a i n l y  not Drude-like a t  low f r e q ~ e ~ c i e s .  The 

gradual decrease i n  r e f l e c t i v i t y  with r i s i n g  frequency 

c h a r a c t e r i s t i c  of t h e  Drude model i s  absent i n  GaTe. As seen 

i n  f i g u r e  4-10, t h e  low frequency spectrum i s  almost f l a t .  I f  

only the  h igher  frequency por t ion  ( ?  > 1 7 5  crr-l) i s  

considered, thougk, a  Drude curve can be f i t  t o  within t h e  
# 

experimental uncer ta in ty .  This gives 

T d ( ~ a ~ e )  = 2 . 7  x 10-17 sec 

J> *+  
- f o r  GaTe a t  900 6eg.C. 

Neglect of t h e  low frequency r e f l e c t i v i t y  lacks  physical  

- justification, however, because the free- e l e c t r o n s  respons ib le  

f o r  t h e  higher-frequency r e f l e c t i v i t y  would a l s o  r a i s e  t h e  low 
'- < 

frequency R t o  near uni ty.  



2. Quantum Oscillator 

reflectivity data for a wide range of liquid Ga-Te alloys were 

fitted using the 'quankun: oscillator' model. This is the -' 

quantum mechanical analog of t3e Lorentz model and is a simple 

~'descri~tion d of a material with a band. c ~ a ~ . 3 4  It assumes the 

- alloy to have a sharp valence band and a conduction band of 

widthirr, separated by Rwo The resulting dielectric constant 

is given by 

where E ,  represents the contribution of lower-lying 

Sands. This expression reduces to the Drude formula when the 

band gap h w o  - 0 ,  so the model is able to deal with alloy 

properties ranqinq from metallic to semiconducting. Using 

!V-7)  and equation (V-1) to calculate reflectivity, rough fits 

to the Y I R  data were obtained by varying the plasma 

frequency up, the 3anb gap mot and the conduction band width 

f .-- i n 3  parameters were 
-- 

extrapdated to the  far infrared, however, these fits yield a 



nearly constant reflectivity far below the observed values. 

This is not surprising, since the simplistic model does not 

include the contribution of free electron absorption, which 

dominates reflectivity in this region. The quantum oscillator 

nodel accounts only for the interband transitions responsible 

for visible reflectivity, and so is inappropriate to describe 

the FIR results. 

- 

3. Mechanical Oscillator 

C 

Unlike Section 2, in which a dielectric constant 

calculated for a particular 'hand model was used, the effect of 

a mechanical oscillator ( e . g .  vibrating molecule) can be 

considered. Furthermore, the Drude expression ( introduced to 

describe free electron effects from excebs Ga atoms, for 

example) should be iacluded. The dielectric constant then 

becomes 

where w, = resonant-node frequency, rm is the oscillator 
T 

lixe width, an8 S = oscillator strength. Even assuming the 

low frequency laser results to be valid, this expression is 

anable to fit then: the hioh free-electron reflectivity swamps 
7 

any contribution dae t~ resonant =odes. 



- 
--- - - - d -- - - ". 

\ . 
\-  

D. C I S S O C I R T f O ? ~  FtODEL FOR ELTFALPY OF Fj IXZEG \ ,  

/ This section does not deal directly with the data 

obtained in the present experiments, but yields previously 

unreporteq information concerning the Ga-Te system. 

The enthalpy of mixing provides information about tHe 

binding energy of a rpolecule: f o ~  any reaction involving the 
- -  

formation of a compound, a neqative enthalpy implies the 

release of energy. In an alloy system. an infinite gradation 

of mixtures is possible, with correspondha enthalpies of 

formation. The way in which the enthalpy varies with alloy 

composition is 2etermined by the numbers of atons available 
f 

i for compound formation. For example, the existence of an 

intermetallic compound in a binary system would tend to cause 

atoms to associate in the stoichiometric proportions. leaving 
t .  

an excess of one consistuent {this is essentially the 

pseudobinary alloy model). 
, 

% 

A more realistic model for hot liquids permits the 

intermetallic compound to have a finite lifetime: that is. not 
fl 

all atoms, even at khe stoichiornetric composition, are 

associated into molecules. In this event, the enthalpy of 
-- 

- 

cixing will obviously be changed, s.inre the reaction numbers 

will be reduced. Several such models have been used for more 

coxplex thermodynm-ic calculations, but that of McAlister and 



crozier7 is one 

Assuming a 

molecules A a ~ b ,  

fraction a of 'the atoms to be associated into 

the dissociation expression is 

Chemical equilibrium requires 

(V-10) = constant I K 

where = volume fraction of species n in the 

pseudobinary system, i.e. +I n  = v ~ / v * ~ ~ ~ ,  where 

Vn = molar volume of species n. 

Accordinq to the model, which relates the concentrations 

of species in the dissociated 3nd completely associated 

pseudobinary systems, the total molar volume for a system with 

a molecular c o m ~ u n d  A2B3 is 

where x = concentration of species B. 



From this, an expression relating the equilibrium 

constant, associated fraction of molecules, and alloy 

composition is obtained : 

- 
pinally, the composition dependence of the enthalpy of 

where A h  = mlarLRihalpy of formation, per atom, of the 

compound molecules. Ncte that the model considers only one 

intermetallic compcsition ( A p 3  in this case); for the Ga-Te 

system, the effects of a GaTe compound are not included. 

These r'elations were used Y o  fit the model to 

experimental measurements of enthalpy of mixing made by 

Castanet and ~erqmanl~. The. data were obtained by droppinq 



- - -  - - --- - --- 
- 

@J 

s m a l l  knowit w n t i t i e s  of s o l i d  T e . i a t o  l i q u i d  Ga a t  1200 and - 
r . 
1238 deg.K ( 9 2 7  and 965 deg.C) contained i n  a  ca lor imeter .  

The model has 'two ad jus table  parameters: N Ah and a .  

The associa ted  f r a c t i o n  a t  some a l l o y  composition x i s  

adjus ted;  t h i s  f i x e s  the equilibrium constant  K f o r  alT o the r  

i 
~ornpos i t ions ,  and, f o r  t h e  co r rec t  a ,  reprodu6es tPe  shape of 

9 

experimental curve.  

- 

The r e s u l t i n ?  f i t ,  shown i n  f i g .  5-4a, i s  q u i t e  good. 

The f i t t i n g  paraneters  y i e l d  the  enthalpy of formation of 

Ga2Te3, N A h  = 8 6  k ~ / m o l e  ant! the  f r a c t i o n  of molecules 

associa ted  a t  x = 0 . 6 :  a = 0.45 2 0.03. Furthermore, a  

systematic  devia t ion  between model and experiment occurs near 

x = 0 .5 ;  t h e  discrepancy, p lo t t ed  i n  t h e  i n s e t  of f i g .  5-4  

versus a l l o y  conposi t ion,  i s  s imi la r  i n  shape t o  t h a t  of t h e  
1 - 

e n t i r e  c u r v i .  This sugaests  t h a t  GaTe i s  present  along with 
I 

Ga2Te3 a s  a  d i s s o c i a t i n g  compund, though i n  smaller  amounts. 

This inference  i s  i n  accord with Glazov's ' v i s c o s i t y  and 

conduct iv i ty  d a t a ,  which a l s o  show r e l a t i v e l y  weak anomalies 

around t h e  corn-position of GaTe. 

The f i t t e d  enthalpy of formation implie's very weak 
- -  r - 

bondin~r f o r  Ga2Te3 m o l e c u l e s :  86 k~/mole-molecule = 17.2 





VI. DISCUSSION 1 
a, 

Referring to the temperature variation of the laser , 

results shown in figures 4-6 and 5-3, three regions of 

(a) Ga-rich, x < 0.4: reflectivity independent of T. 

(b) 0.5 < x < 0.7. : very large T dependence, peaked near 

- _  x=O.6. The larae values fall rapidly at the boundaries of 

this re8ion. - C 

* I 

C 

? - 

(c) Te-rich, x > 0.7 : smaller but non-zero T 

dependence. 

# # 
The reflectivities tend.to be low in-regions (a) and (c), 

but are eninced over < x c 0.6) of region (b)., 
c- 

- 

SfFch properties have n used t-o characterize -. 

*liquid semiconductors; for example, region (a) is M-type and 

regions (b) and (c) ar; S-type (metallic and semiconducting, 

re~ectivelty , deduced solely from- the temperature dependence 

or freedom from it of.the data) in Cutler's partitioping. 



/ ,- 

Allgaier would place,all the alloys In his category B -  
., I 

(intermediate c,onductiuity, 100 Uo < 5000 dhm-lcm-l - 
according to the conductivities inferred from reflectivity . 
data. Modelg corresponding to such classifications ̂ are 

discussed in Section C below. 

Applicable theories must address the following 

observations. * 
1. Temperature Dependence ' 

~h;rmall~ activated conductivity, the basis of the 

calculations~of Section V-A, has previously been reported in 

liquid Ga-Te alloys by Valient & Faber,l0' who measured 

resistivities: it has also been observed in other liquid 

semiconductors3 and amorphous solid semiconductors36. 

i 
A \ 

The activation energy deduced from .the reflectiyify . -- 
temperature dependence (fig. 5-3) agrees well with 

\ 

resistivity measurements for compositions x>0.63. At the 
3, 

GaZTe3 composition, however, the activation energy of the r 

'somewhat- higher t h w  - 

. 5  eV rvalieU,& Eaberf or- 
f; 

large value for Eo 

seems too large to be interpreted as a band gap (the high 

conductivity is incompatible with such a wide gap). In 



contrast, the crude 'quantum oscil,lator' fits made by Trotter 

et alV9 to thgir visible reflectivity data indidatedbthat the 

band gap varies only slowly with arloy composition, peaking at 

about 0.9 eV for Ga2Te3. 

2. Frequency Dependence 

- -,The g b c d  c a E f f o & t y ~ f t f i e G a ~ ~ - e j  spec-&= - -- --- 

- 
Drvde model implies that con&ction is mainly by free 

carriers. However, the DC conductivity Udc is somewhat 

lower than the value inferred from the FIR ~onductivity, as 
I 

illustrated in fiq. 5-1. The FIR composition dependence is , 

almost the inverse of the DC data: Gfir is small except 

near x = 0 . 6 ,  while Udc reaches a minimum there. 

This departure from the Orude model is apparent in the 
1 

reflectivity spectrum of GaTe. The low-frequency flattening 

of the spectrum may actually be a mild peak, making it 

qualitatively like those of some amorphous solids. A t  least 
r 

two such materials - AsZSe3 and T12SeAs2Te3 - have 
some of the optical characteristics of liquid Ga2Te3: ( a )  

- 

FIR conductivity is about 10 times larger than the LsC value: 

and. (b) the DC and FIR conductivities are thermally activated, 

'with similar activation LOW frequency 

- 

conductivity CV < l ~ I f f  HZ.-) h a s  a i S 6  &en measured ii - 

1 

disordered solids: such materials display a power-law - 



increase i n  G(w) w i t h  f r d e n c y  i n  t h i s  r e g i o n .  0 rea~hes  a 1 
1 

plateau a t  microwave or F I R  f r e q u e n c i e s ,  and t h e n  d e c r e a s e s  

- again. The c o n d u c t i v i t i e s  of l i q u i d  GaTe and GaZTeg show 

t h e  l a t t e r  behaviour o v e r  t h e . P I R  f r e q u e n c i e s  s t u d i e d .  The 

v i s i b l e  r e f l e c t i  i r i e s  -cf l i q u i d  Ga-Te, measured  by T r o t t e r  et 4 * 
ai., a l s o  r e s e m b l e  t h o s e  of amorphous s o l i d s .    ow ever^, 

g l a s s e s  h a v e  c o n d u c t i v i t i e s  some 2 t o  5 o r d e r s  of m a a n i t u d e  

f 
- - -- - - 

lower m a n  l l q u i a  wenFcon&c tors. 

d 
. The p r e s e n t  GaTe s p e c t r ~ ~  i s  q u a l i t a t i v e l y  d i f f e r e n t  from 

t h a t  of t h e  solid s i n ~ l e  c r y s t a l , ' w h i c h  h a s  s e v e r a l  

infrared-active moees 2nd r e f l e c t i v i t y  o n l y  h a l f  t h a t  o f  the  

L i q u i d .  39 The - l a c k  of f e a t u r e s  i n  t h e  l i q u i d  s p e c t r u m  

c o n f i r n s  t h a t  a wei2-defined c r y s t a l  l a t t i c e  i s  a b s e n t  i n  t h i s  

s t a t e .  

L i q u i d  Y u - B i  a l l o y s  a r e  the o n l y  b i n a r y  l i q u i d  
v 

ser r , i conductors  other t'nar. C-a-Te ' for  which t h e  F I R  properties 
* 

have h e n  stueiec?. 'I"r.e r w c  ~ s t e n s  a r e  r a t h e r  d i f f e e n t :  + .. -- 

ng-3i  is a netal-retal system, w h i l e  Ga-Te i s  a 

zetai-chalcogen, t k e  - e s t  c3rn..cn type of l i q u i d  s e m i c o n d u c t o r .  ? + , -  
- 

- -  - - -  
- - 

\ ?i-ker qus;nt i ' . , i es  a l s c  5Fffer ,  i r ;  p a r t i c u l a r  t h e  themtopower ,  

r>ich chances s i 2 r .  s: s?.e i n t e r z e t z l l l c  composition Hg3Bi2 



but which remains positive for most Ga-Te compositions, and 

the ionicity of the bonds, greater in Mg-Bi than in -. 
Ga-Te. However, their far infrared reflectivities display . 

r' 

several common features: 
J' 

I 

i f 

q= 
(1) Reflectivity is enhanced within a few percent of the 

% 

intermetallic composition - around Mg3Bi2 and between GaTe 

(2) R drops precipitously to moderate values (40 to 60%) 

away from the intermetallic compositions, but rises somewhat 

near th'e pure components. 

(3) Extrapolated Gfir is quantitatively different from 

adc obtained from resistivity measurements; for Mg-Bi, 

afir at Mg3Bi2 is enhanced 100 X over adc; for Ga-Te,' 

deviations are as much as factors of-10 to 15. 

. 

(4) At the major intermetallic compositions, broad-band 

spectra are Drude-like, at least over the range 10 to 250 

i /  
m.-l. The GaTe canposition, however, departs from this 

behawour at low frequencies. 

( 5 )  Optically active modes in the far infrared are 



, The similarities, most notably ( 3 ) ,  suggest that liquid 

semiconductors as a class may exhibit such far infrared 
"p 

properties. Property (4) has been observed in 'the +--, 

'b 1 .  

near-infrared for Bi-Te and Cd-Sb alloys.4h 

EXPLANATIONS FOR Ga 
-,-. 

Pseudogap 

Mott et al. suggest that the linear 1n.Q vs. 1 / ~  

dependence observed in several binary liq4id semiconductors 
.'r 

may actually represent only a strongly temperature dependent 

conductivity. As temperature increases, disorder in the 

liquid also rises, leading to the accentuation of 'tails' at 

the edges of conAuction and valeke bands. These tails 

f' 
eventually overlap to form the pseudogap, a minimum in the 

electron'density of states. Higher temperatures raise 

i % 
disorder and inerease the probability of the promotion of 

carriers to the pseudogap, causiqthe pseudogap to 'fig1 in'. 

If the Fermi energy Ef is in the middle of the pseudogap, 
.- 

conductivity of the melt is expected to rise with temperature, 

e-theqap fills in dnd the ci x k t ~ - ~ f -  stzmsapProacnesa-- 

free-electron-like shape. The particular O ( T )  and composition 

dependences are determined hy the characteri&xics of -the 
/- 

pseudogap and bandstructure of the liquid alloy.~ For :example, 
t 



sutton41 has fitted visible reflectivity data for various 

amorphous Mg-Bi al1.oys by postulating a particular model for 

density of states:. parabolic val/ence and conduction bands 

with exponential tailing into the gap. When conduction is via 
. , 

diffusion of electrons (i.e. mean free path " interatomic 
aistance, denoted by Allgaier as conductivity region E), the 

density of states is related to the optical conaucti,vity by 

the Kubo-Greenwood formula 
\ 

where N ( E )  is rhe electron densfiy of states. I D  l 2  is 
an average probability for transitions of energy %w, and f(E) 

is the Fermi function. His results indicate that the 

pseudogap is deepest at the intermetallic composition, and 
* /  - 

'fills l n '  for surrounding alloy compositions. However, the 

fits are not good at low frequencies, the region of interest 

here. 

Based on NMR measurements, W.W. Piarren14 infers 

molecular associations of Ga2Te3 and probably GaTe for 0.5 

< x < 0.7, along with the presence ot excess Ga or Te atoms. 

He interprets an enhancement of the magnetic relaxation rate 
- - - pppp----------- -- --- 

- -p 

as evidence of localization of electron states rn a pseudogap, . . - 

the depth of which decreases with incteqsing tem<eature, as 
t- ' + 

predicted by Mott. 



In the pseudqap model, the existence of localized states 

leads to conductivity via thermally-activated hopping;- Mott 

calculates the very-low-frequency conductivity to be 

," 
#. 

where A = constant and s is approximately 0.8. 

The present data do not obey this relation, since, 

according to Mott, (1) Equation (VI-1) holds only for 

frequencies v < lo1' hz. ; (2) true hopping conduction may 

not exist in liquids, in which localized states rapidly appear 

and disappear with changing microstructure; (3) The presence 

of highly conducting Ga or Te states would swamp the small 

hopping contribution. gear fiquidus in Ga2Teg, hbwever, 

conductivity is quite Tow, and might make such 

hopping dependence observable. The FIR laser 

results show a constant activation energy from liquidus to at 

least 140 deg.C above it, though; no additional T-dependence 

is seen. 

. 
Mott has given an argument (without explicit -- ' 

- -- - -- - -- - - - 

calculations) that a 9seudogap in the density of states should 

yield a spectrum consistent to that of GaTe: Drude-like at high 

frequencies, but flattening and falling to smaller values 



100 

with de?3!easing frequency. 42 A s  mentioned above, however, 

f i t s  by Sutton by t h i s  model of dens i ty  of s t a t e s  f a i l e d  t o  

reproduce a peak i n  o p t i c a l  conduct ivi ty  i n  t h e  f a r  i n f r a r e d ,  

known t o  e x i s t  from r e f l e c t i v i t y  measurementsl5 and implied 

by radio  frequency measurements on amorphous M a - B i .  
t -- 

5 4  By - -' 
permit t ing the  F e m i  enerqy t o  s h i f t  hy a s  l i t t l e  a s  (0 .1  eV 

i n  a r i g i d  band cudel ( r a t h e r  than have the  d e n s i t y  of s t a t e s  
1 

vary dramatical ly  w i t h  composition),  sutton4'  and F e r r i e r  & 

~ e r r e 1 2 ~ ~  a p p a r  to obtain t h e  required conduct iv i ty  peak. 

A pseudogap dens i ty  of s t a t e s  seems, t h e r e f o r e ,  c o n s i s t e n t  , 
with t h e  r e f l e c t i v i t y  data  only when t h e  F e m i  energy i s  not 

pinned t o  the  cen t re  of t h e  gap. 

2 .  Molecular Clus ters  

1 

An a l t e r n a t i v e  proposal s h i f t s  t h e  s c a l e  of explanation N 

from atomic t o  submacroscopic. Ga-Te a l l o y s  may be thought of 

as  heterogeneous n i x t u r e s  of molecular c l u s t e r s  i n  a sea of 

f r e e  atoms o r  ions .  This 'soup '  of component2 i s  implied by 

t h e  good fit of t h e  d i s s o c i a t i v e  pseudobinary a l l o y  model 

(Sect ion  V - C )  . ~ i s c o s l t ~ l ~  neasuremafi a r e  a  second c. \ 
ccnvincing i n 2 i c a t o r  of c l u s t e r s .  

The e f f e c t  of nolecular  bonds should be d i s c e r n i b l e  i n  
- - -- - - - -  - - 

- 
- 

t h e  r e f l e c t i v i t y  s p e c t r m .  Fcr example, t h e  approxinate 

v i b r a t i o n a l - r o t a t i o n a l  frequencies of t h e  GaTe molecule, 
.I 

calculatec! i n  A2pendis 3,. a r e  



where vR, , sad QQ are the lowest frequeocy 

absorption bands for this diatomic molecule, and nR and % 

Reflectivity maxima at these wavenumbers would have been 

resolvable in the interferometer experiments. Their absence 

suggests that, if GaTe molecules exist, their concentration or 

lifetimes are sufficiently small to weaken or broaden the 

lines to beyond detectability. Warren estimates the lifetime 

for a Ga2Te3 'molecule' near the melting point, 10-11 

sec, to be about five times smaller th &e time for 7 
molecular rotation, indicating that molecular 

rotational-vibrational modes should not be expected. This 

argument also holds for GaTe, for which evidence suqgests 

weaker molecular association. It is possible that the gentle 
- -  - 

p-p-- - - - --- 

kmp at about 40 a ~ - ~  is the hiuhly broadened remnant of the 
C 

zolecular vib-rot band. Such a peak in amorphous solid 
% 

spectra >a5 been attributed to washed-out vibrational 



C-l, / 
P The temperature and composition dependence of R may be 

/ ,'- 
attributed-to heterogeneity. Consider pure liquid Te. As 

I 

mentioned in Section V-A, Te-rich composition's €i.e. region 
1 

(c)] showed more-than-exponential temperature dependence of 
- 

U(T) (cf: fig. 5 - 2 )  ._ A n  increase in band gap with 

increasing temperature,would cause such an effect, but is not 
_/- 

physically reasonable.- On the other ha*, this could be 

explained as the combination of two mechanisms: 

(1) Pure liquid Te is known to be a narrow-gap 

44 semiconductor, with activation energy Eo -- 0.4 eV. This 

introduces T-dependence by thermal activation across the band 

gap, just as in solid semiconductors. 

( 2 )  Te is not a homogeneous material: it is believed to 

exist as a fluctuating covalentXy-bonded lattice in the liquid 

state, with the number of covalent Te-Te bonds decreasing with 

higher tern~erature.~~ Fsing temperature thus'leads to 
' 1  &w 

increased bond breakage a,nd makes available more conduction 

electrons (from the dangling bonds). The conductivity rises 
- 

accordingly. A model incorporating these features has been 
- - - 

pre~e~teZby~~ohnson46 for pure Te, in which a metallic 

conductivity OM = A/T due to free electrons (A = constant), 

seKticonductor cond~ctivity OgC = U,exp(-Eo/2k~) due to 

Te bonds, and a Boltmnn weighting factor f = exp(-w/~T) 



-* 

k .A 

representing the probabiGty of finding bonded ?e atoms, are 

combined : 

W is the Te-Te bond energy. Johnson obtained good 

agreement'with experiment (note, however, that several fitting 

parameters [A, Eo, Uc, and W) are involved). For Ga-Te, - 

I 

the number of Te bonds will decrease with Te concentration. 

According to the pseudobinary alloy mopel; thpumber of Te-Te 
/ 

bonds ihould be y'&portional to (x-0.6) if all a+oms are 

associated as GaZTej at x=0.6, and could exist in higher ', 
concentrations for all x if the molecules can dissociate. 

explanation, that is, temperature dependent 
1 

cluster geometry, with covalent Te-Te bonds replaced in part 

or entirely by molecular bonds of Ga2Teg, may account for 

a portion of the observed &dependence of region (b). 

According to this, the temperature independence of 

reflectivity for compositions x < 0.4 implies that the 

concentration of Te-Te bonds and molecular clusters is very 

small there. flence, the Ga-rich liquid alloys of region (a) - 
-semisk of- a -rxdcm -mi;xture o-f free F a  a s  Te atoms. 

The different conductivities and ad, could f3 
1 

indicate different bulk and surface qualTf'ies. Liquid mercury 



is believed toshave such surface an~malies.~' 

In the absence of any 

supporting evidence, however, such an explanation is 

completely ad hoc. 

Alternatively, the differing Udc and extrapolated FIR 

conductivities may be reconciled by the following 

Inhomogeneous model, due mainly to Cohen & ~ortner,~* and to 

Hodgkinson. 49 

i 
1 

The inhomogeneity of a liquid consistinq of - 
semiconducting molecular clusters threaded by a random, 

metallic melt reduces electron mobility. scattering is likely 

to be less for Te-rich compositions, because of the partial 

ordering of Te in a covalent network. The mixture of 
I --. 

microscopic metallic and semiconducting regions increases 

scattering by forming a local band gap in the electronic 

density of states which excludes electrons .near the Fermi 

energy. When this gap is deep enough (density of states at 

Ef below a 'percolation threshhold'), extended conduction 
\ 

paths disappear; DC conductivity plummets. -Electron transport 

is then by Mott hoppino between regions or by promotion of 

electrons across the mobility gap in the-semicanducting- - - - - . 
- - - 

reqions. The AC conductivity could exceed the DC value: DC 

conduction requires continuous paths through the melt, while 

AC conduction can proceep even with isolated conducting 



islands in a poorly conducting matrix. The temperature 

variation of uwould be dominated by the semiconducting I 
clusfers, but enhanced by the metallic regions; hence, the 

\ 

anomalously large 'activation energy' at GaZTej. 

3 
This explanation can be applied to several classes of 

disordered material. Quantitative models have been developed 

for metal-grain suspensions in a dielectric matr,ix. One such 

model, Effective Medium theory, predicts frequency dependence 

qualitatively like that observed for GaTe in the FIR: a 

Drude-like drop-off in R at higher frequencies, but reaching a 
\ 

peak at a low frequency whjch is dzpendent on alloy 

cornp~sition~~~ Such a peak must also occur in GaZTeg 

(somewhere below 10 an-', the lowest frequency observed) 

because the CC conductivity is smaller than the FIR value. 

3. Conventional Semiconductor 

M. cutler3 describes liquid Ga-Te main14 in terms of 

conventional semiconductor theory, with densities of electron 

states determined by the concentrations of Te-Te and Ga-Te 

bonds: it is further assumed that the band structure remains 

unchanged - over awidepranna_e a f _ r a m p ~ & i m  H c - c i - L -  

paralley increase of magnetic susceptibility and conductivity 

a on meltino for Ga2Teg as evidence thbt.considerable 

covalent- bonding persists in the molten compound. The large 



activation energy and peaks in viscosity and resistivity at 

GaTe and Ga2Te3 are ascribed to chemical reaction as well 

as electronic effects. As concluded by other investigators, 

the evidence seems to su-t pssudobinary-alloy separation of 

species, with the excess Te covalently bonded. Because of the 

dissimilarity in thermopower for Ga-Te (positive except in the 

miscibility gap, rather than reversing sign at the. 

stoichiometric composition), the system cannot be described in 
. 1 

terms of the detailed theory develope& for TGTe, ewe mosf - 
b 

completely characterized binary liquid alloy. Cutler's 

qualitative descriptions, .however, are supported in the main 
* ,  

by the FIR reflectivity results. Trotter et al. base 

explanations of their visible reflectivity results on the 

existence of bands and Te-Te - 

bonding and anti-bonding stat The lack of prominent 

features in the spectra makes interpretation*ambiguous, 

though. As discussed in Section V-2, their deduced band 
4 - \ %  

parameters are not supported by\tkQpresent data. 

The present FIR reflectivity measurements can thus 
- 

confirm earlier descriptions of the liquid Ga-Te system, but 

are insens'itive to the differences between,the prevailing 

liquid semiconductor models.. The models are not all mutually 
- - 

exclusive. ~sevdobinar~ separation of species or molecular 
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. 
------ - 

-- - --- 

formation in the liquid melt is not specifically dealt with in 

the Mott model: the pseudogap simply explains electronic 

transp'ort properties in terms ofFdensity of states. The 

pseudobinary alloy modelodescribes the compositional variation ' 

of those properties. These complementary descriptions account 
' 

for the present FIR data. - 

&e Inhomogeneous mocdkk( section 2 ) relates optical 
B. 

p~pert- ies  to microphucturcz of &ksorbered ihaCerLals in -. 
Y 

general. Effective medium theory. its most quantitative 

expression, has not been applied in detail; owing to the . 

complicated mixture of species suspected to exist in liquid 

Ga-Te . 

Most importantly. the reflectivity data provide new.. 

information on high-frequency AC conductivity between the 

earlier DC measurements and visible/near-infrared experiments. 
--l '! t ' 
and relate the properties of a particFar liquid semiconductor 

.J 

to other disordered materials. Presumably, semiconducting 

glasses, metal-grain suspensions, and liquid semiconductors 

evince similar frequency-dependence ofcondyctivity because of 
b 

similarities in their structures: that is. short range order 

with discontinuities in the conduction paths. 



- 
D. LONG WAVELENGTH LASER DATA 

- 
)-d 

7 

i 
- 4 - .  

Laser  measurements at- 571 and 1217p were qnomalous. The 
5 

r e f l e c t i v i t y  was f r e q u e n t l y  below t h a t  expected from s imple  

medel c a l c u l a t i o n s ,  previous  work on o t h e r  systems,  an*_- 
- 

t 
i n t e r f e r o m e t e r  measurements: no c l e a r  t r e n d  was apparen t  i q  

t 

t h e  d i f f e r e n t i a l  r e f l e c t i v i t y :  and i n t & f e r e n c e  e f f e c t s  were 

The r e s u l t s  a t  t h e s e  wavelengths a r e  be l i eved  t o  be  

spur ious :  even neg lec t ing  t h e  t ru s twor thy  broad-band s p e c t r a ,  
+ 

t h e  observed low r e f l e c t i v i t i e s  cannot be a s c r i b e d  t o  

abso rp t ion  by resonant  modes ( the  f r e e  e l e c t r o n s  t h a t  account ,  * 
f o r  t h e  observe6 CC conduc t iv i ty  would main ta in  h igh  , 

-? 

r e f l e c t i v i t y ) .  

2 

I n s t e a d ,  t h e  anomalies should be a t t r i b u t e d  t o  t h e  e f f e c t s  

of beam divergence.  The 2 nm l a s e r  e x i t  window s t r o n a l y  

d i f f r a c t e d  t h e  long wavelength l a s e r  l i n e s ;  assuming t h e  

ahqular d i s t r i d u t i o n  of r a d i a t i o n  from the l a s e r  t o  fo l low a  

i 
( s i x  dependence (this app&ximates t h e  b c t u a l  zero-order 

- 

Bessel  function de-pendencef,the i n t e n s i t y  was 

where = ndsin0/1.22A1 and d = laser e x i t  hole diameter. 



+ ' 

The a n g l e s ,  w i t h  r e b p e k t  t o  t h e  l i g h t  p i p e  a x i s ,  c o n t a i n e d  i n  - 
+ 

t h e  f i r s t  o r d e r  E i f f r a c t i o n  enve lope  ( t h e  A i r y  d i s c )  w e r e .  t h u s  

4 d e g a t  1 1 9 ~  

'mox 20 deq  a t  571 p 

48 dea  a t  1217 p .  

8 Rays r e f l e c t i n 9  down t h e  e n t r d n c e  l i g h t  p i p e  a t  m o r e  t h a n  
-- 

- - - --  
-- - 

16 deg .  c o u l d  s t r i k e  t h e  sample  s u r f a c e  n o r m a l l y  and ref lect  

back up t h e  p i p e ,  a s  shown i n  f i g u r e  6-1. Subsequ  

r e f l e c t i o n  a t  the e n t r a n c e  window would r e v e r s e  t h e  r a y  and  

a l l o w  i n t e r f e r e n c e  w i t h ' a n o t h e r  incoming r a y .  O t h e r  

i n t e r f e r e n c e  paths m y  have  been  p r e s e n t ,  b u t  t h i s  geomet ry  
r 

e x p l a i n s  t h e  lack o f  i n t e r f e r e n c e  a t  119  p and  the o b s e r v a t i o n  

of inte-e maxima a t  A / 2  m u l t i p l e s  o f  s a m p l e  h e i g h t  a t  

1217 p .  The oSse rved  i n t e n s i t y  o f  t h e  i n t e r f e r e n c e  m o d u l a t i o n  

s u p p o r t s  t h e  k:+otkesis that o n l y  a  s i n g l e  r e f l e c t i o n  from t h e  

p o l y e t h y l e n e  win2ow occurred. 

T h e  interference i s  one r e a s o n  f o r  t h e  s y s t e m a t i c a l l y  l o w  

l z n g  w a v e l e n g t 5  r e f l e c t i v i t y .  Because  t h e  b a c k w a r d - r e f l e c t e d  

5ea2 r ;?derg~es a t  i e a s t  sne e x t r a  r e f l e c t i o n  f r o m  t h e  s ample  

: & - :, + * : 2 L - -  . I  * - =L'-) 11-3 . I . .  B - L  L e r - v r o p o r t i o n  to ,  t h e  

sanpls reflectivity, R .  %is i n t e r f e r i n g  beam t h e r e f o r e  

Sea-. As  a r e s z L t ,  the i n t e r f e r e n c e  m o d u l a t i o n  (which  depends  



InW- Path for 

Laser Radiation w i t h  

A > sot, --I. 



on  t h e  sum o f  t h e p s - r e f l e c t e d  and s t r a i g h t - t h r o u g h  beam 

a m p l i t u d e s )  w i l l  n o t  be p r o p o r t i o n a l  t o  the r e f l e c t i v i t y  o f  

t h e  sample .  B y  a d j u s t i n g  t h e  sample h e i g h t  t o  o b t a i n  t h e  

i n t e r f e r e n c e  maximum, i n s t e a d  o f  u s i n g  t h e  a v e r a g e  o f  t h e  

i n t e r f e r e n c e  e x t r e m e s ,  a  s y s t e m a t i c  e r r o r  i n  t h e  measured 

r e f l e c t i v i t y  i s  t h e r e b y  i n t r o d u c e d .  A s i m p l e  c a l c u l a t i o n  

based  on t h e  measured i n t e r f e r e n c e  modu la t ion  shows t h a t  t h i s  

. e f f e c t  c a n  c a u s e  as  much as a  9 % - l o w e r i n g  o f  t h e  measured 

r e f l e c t i v i t y  below t h e  t r u e  v a l u e  a t  1217 p ,  and somewhat less 

a t  571 p .  ( ~ a c k  o f  i n t e r f e r e n c e  e f f e c t s  made 119 p 

measurements f r e e  o f  t h i s  e r r o r ) .  The i n t e r f e r & * ? &  t h u s  

p a r t i a l l y  a c c o u n t s  f o r  t h e  obse rved  measurement e r r o r s .  

The r e m a i n i n g  d i s c r e p a n c i e s  i n  the l o n g  wavelength  laser 

d a t a  a r e  m o s t  l i k e l y  due  t o  minor  m i s a l i g n m e n t s  o f  t h e  l i g h t  

p i p e s  and d e t e c t o r  l i g h t  cone between sample  and r e f e r e n c e  
,-- 1 

r u n s .  Using e q u a t i o n  ( V I - 2 ) ,  and n o t i n g  t h a t  t h e  d e t e c t o r  

l i g h t  cone  a c c e p t s  o n l y  r a y s  a t  a n g l e s  s m a l l e r  t h a n  6 deg .  

w i t h  r e s p e c t  t o  i t s  a x i s ,  t h e  change i n  s i g n a l  f o r  a minor  

a n g u l a r  m i s a l i g n m e n t  c a n  be computed: 



TABLE V I - 1  

\ 

Wavelength F r a c t i o n  o f  l i g h t  F r a c t i o n  o f  l i g h t  Reduct ion  i n  

channeled  i n  channeled  a f t e r  in - fens i ty  due 

c o r r e c t  a l i g n .  3 deg.  m i s a l i g n .  misa l ignment  

A s  shown i n  t h e  r i g h t  hand column, a  3 d e g r e e  change i n  

7 l i g h t  p i p e  o r i e n t a t i o n  i s  s u f f i c i e n t  t o  c a u s e  s i g n a l  changes 

o f  f a i r  magni tude .  Such rnisal iqnments  c o u l d  have  o c c u r r e d  by 

s l i g h t  movement o f  t h e  f u r n a c e  p i p e s  when h a n d l i n g  t h e  sample. 

(The f u r n a c e  l i g h t  p i p e s  w e r e  e i t h e r  r e p l a c e d  o r  a l i g n e d  by 

eye  b e f o r e  each i n i t i a l  r e f e r e n c e  r u n ) .  Fur thermore ,  s e v e r a l  

s m a l l  misa l ignments  a t  t h e  v a r i o u s  l i g h t  p i p e  j o i n t s  cou ld  

have an  e q u i v a l e n t  e f f e c t .  Such a n  e f f e c t  shou ld  c a u s e  a  

l a r g e  RANDOM e r r o r  i n  measurement. I f  l i g h t  p i p e s  were bumped 

a f t e r  t h e  r e f e r e n c e  r u n s ,  however ( e . g .  when i n s e r t i n g  t h e  

sample i n t o  t h e  f u r n a c e ,  or when s t i r r i n g  t h e  m e l t ) ,  

m i sa l ignments  would c o n s i s t e n t l y  l e a d  t o  low r e f l e c t i v i t y  

measurements.  A subsequent  r e f e r e n c e  measurement, when 

averaged w i t h  t h e  i n i t i a l  c o r r e a t l y  a l i g n e d  r e a d i n g ,  would no t  

comple te ly  c o r r e c t  f o r  t h i s  e r r o r .  Examinat ion o f  t h e  c h a r t  



E 

records v e r i f i e d  these  statements:  t h e  ' a f t e r  hea t ing '  

re ference  runs averaged 1 % ,  113, and 6% lower than t h e  

' be fo re '  re ferences  f o r  h = 119, 571, and 1217 p ,  

r e spec t ive ly .  

t 

The long wavelength anomalies a r e  thus  a t t r i b u t a b l e  t o  

in te r fe rence  e f f e c t s  and a random alignment e r r o r  exacerbated 

by l a r g e  beam 'divergence. 

\ ,  

The problems could be removed by 

1) Increasing l a s e r  e x i t  hole  diameter ( t o  reduce 

divergence a t  t h e  expense of beam i n t e n s i t y ) .  

2 )  Replacing t h e  e x i t  hole  with a p a r t i a l l y  r e f l e c t i n g  

e x i t  mirror  a t  t h e  f u l l  aper ture  of 1 cm. (This  would tend t o  

couple-out h igher  order  modes, but  t h e  wavelength-measuring 

Pabry-Perot in ter ferometer  could be placed i n  t h e  l a s e r  e x i t  

a rea  t o  a c t  a s  a tunable band-pass f i l t e r ) .  

3 )  Modifying de tec to r  l i g h t  cone dimensions t o  increase  

acceptance angle .  

4 )  Improving mechanical r i g i d i t y  t o  reduc,e misalignment. 



E. SUMMARY AND CONCLUSIONS 

'-j The FIR properties of liquid ~ a - ~ e  show several 

. similarities to those of other liquid and amorphous-solid 
semiconductors. The temperature and frequency dependences of 

FIR reflectivity appear to be general features of electronic - 

conduction in disordered materials. The appropriate model has 

not been isolated, but the Mott Pseudogap and Inhomogeneous 

models are consistent with the data. (The theoretical 

description of liquid semiconductors is itself in a disordered 

state). 

The variation of reflectivity with.the third parameter, 

composition, indicates how this disorder is related to alloy 

make-up. The most likely model for liquid Gal-,Tex 

appears to be a pseudobinary alloy, consisting of Ga + 

Ga2Te3 (and probably GaTe) for x < 0.6, and Ga2Te3 + 

Te for x > 0.6. If partial dissociation takes place, as 

implied by NMR measurements by Warren and the enthalpy fit of 

Section V-C, all four species may be present, to some extent, 

for all x:  The enhanced reflectivity and its temperature 

dependence h-v' b t een GaTe and GaaTeg compositions are 

species (i.e. molecular clusters) of semiconducting fiature. 



F -  SUGGESTIONS FOR FURTHER WORK 

It *is clearly desirable to investigate the FIR 

reflectivity of other liquid binary alloys to determine 

whether they show properties analogous to Ga-Te and Mg-Bi.. - 
The alloy systems chemically closest to Ga-Te are In-Te, 

In-Se,,Ga-Se, and Ga-S. The three chalcogens Te, Se, and S . 
a each h ve rather idissimilar and complex physical properties, 

P however, and are considered semiconductors themselves. 

Simpler metal-metal systems analogous to Mg-Bi, such is Cd-Sb 

or Cs-Au, should probably be studied first. 

In addition, the transition from DC:to AC conduction 
1 

sho 
i <  * 

uld be investigated in the low frequency range ( V < 10lo 

Hz.) to verify whether the conductivity of liquid 

semiconductors is similar to that of amorphous-solid 

semiconductors. The latter exhibit power-law dependences of 

on 0, the exponents of which are predicted by various 
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EXPERIMENT - 
RUNNING 
PROGRAM 

oufpd for  
GATE TIME 



W R I m  IN FDFmm IV, 
(FOR A PDP-11/34,RFll 
IAB PERLPHERAL) 

DIMENSION TPULSE(2) 
LOGICALfl ID (10) 
CDlhS3I-J Y (4898) ,MTA (1120) 
DATA A,B/'A1 , 'B1/ 
I ~ = 0  - 

1- 
CREATE "PULSE ARRAY" : 

IPULSE (1) = l0B0 
IPULSE (2) = 0 
CALL CIIID(IPULSEl2,ISPCE,l.0) 
TdITIALIZE : 

CALL Prn55(2,512,) 
L=0 
-0 
CONST=6. 
IGFLG=A 
DO 130 1=1,1120 
DATA(1) = 0, 
cDBnmm 

IRUN=IRWl 
IF(IRUN,EQ.l) GO 7 0  150 
IF(M3DE.EQ. 'C') GO !I0 150 
IBACK = NPTSfSEf  
TYPE 140,IBXK 
m m ( '  ##  8# ## BACK UP1,IbI1 SIZPS1) 



FOR THE APPARATUS '10 SETTLE, 
AND FOR '10 =-IN THE' NEW SIGNAL: 

ImA;=0 
CALL SE;TR(5,0,DEADTPIrIFLG) 
WILE WITIK, PKYT DATA: 

K = N-1 
CALL PLCT55 (9,8*L,0) 
TYPE 940,lXTA(K) 
FORMAT (lX, F5.0) 
C A U  PIMT55(9,30,1) 
TYPE 942,K 
FORHAT (1X ,14, ' MEASUREMENIS ' ) 
CALL G W R l  f K f IPLT) 
L=L+1 
IF(L.LT.10) GO TO 960 
L=0 
REDUCE DEAD TIME BY 10% : 

CALCULATE FaJRIER TRANSFORM OF DATA SO FPR, AND 
P r n  IT: 

MAKE A MEASuRmzm: 



SUM = 0. 
SmSQ = 0. 
MAKE WI?IKXPT INDEXIN2 THE INTERFEROMETER: 

DO 1100 1 = 1 , m  
CALL GATE (DATA (I ) , IQ4TIM ) 
SUM = SUM + IXITA(1) 
s m s ~  = s m s ~  + DATA(I)+I~ATA[I) 
TYPE 1110 ,I ,DATA(I) 
I;DRMAT(1Xl14, ' -- ',F5.0) 
SToPIT = CVSG(IADC(l,3)) 
IF(STDPIT.GT.50.0) GO 1\3 1115 
CQrnINUE 
GO 'K) 1118 B 
NFTS = I \ 

TYPE 1117 
FoF!wF(' # Bt -QF S I m  ~ I Z E D ;  RESm S W I r n * ' )  
A% = SUM/FLaT(NPTS) 
SD = SQRT ( (SJEQ - (SUM*SJH/FUXT (NPTS) ) /FLCIAT ( W S  - 1) ) 
TYE'E 1120 
FDFMAT(/' #######  NOISE TEST RESULTS ######%'/ / )  
TYPE 1130,NPTS,AVG,SD 
FDRWI'(' NO. OF 7: ',14,//' MEAN SIGNAL: ',F5.0, 
//' STANDARD DEVIATICN: ',~5.0//) 
GO TO 125 

NFTS=N . - 
TYPE 1205 
FDIFlfAT f//' B # # ENDFUN SIGNAL REUXNIZED; RESET SWITCH1//) 
IF(FQDE.EQ. 'B') GO TO 1335 
CALL FET (~S,S~~MAX,SMINl~lRES) 

DISPLAY DATA: 

CALL PLm55(2,512,) , - 
TYPE 1305 
FDmT(' SELET PLMTITJG M3DE:'//' A. -RAM I t /  
t I VIDEO DISPLAY1/' B. TRANSFORM I ' 
/' C. !2E'€RFEROGW4 1 '/' I X-Y RM70RDERf 
/' D* TRAE3Srn I '//I E. NO rnRE1) 
ACCEPT 1310,IGFLG 
F D m T  (Al ) 
IF' (1GFLG.EQ. 'E') GO TO 125 
CALf,  ~ 2 f ~ , S f E P , I G ~ , S E g f N , S M A X , R E S , ~ )  



CALL S l O R I T ( N P T S , ~ , I G R X ; , I D , I ~ , S T E P )  
IF(MODE.EQ. 'B') GO ?O 125 
GO 10 1302 

CALL P m 5 5  (2,0 ,.2+4+8+32+64) 
s m  ' S m  rn' 
END 

TYPE 135 
FDMYT(//' SELECT MODE:'//' A. RUN'/' B. SMWlXY CHECK' 
/ c. NOISE TEST'/' D. s m  DOWN MPERIMEW~/) 
ACCEPT 140,M3DE 
F D M T  (A1 ) 
E ~ . ~ .  9's €0 33 999 
TYPE 145 
!mrn(//' NO. OF POINIS?') 

IE' cNpTs.EQ. 0) NPTS1120 
TYPE 155 
FOIFIAT (//* GA'IE TIME ( R W Z J 3 R  MULTIPLE OF '1/2 SECOND) ? ' ) 
ACCEPf 160,IGATIM 
m m  (14) 
IF fIGATIW.E4.@) IGATw2 
IF (rnDE.EQ. 'CI,.) GO TO 999 
TYPE 415 3 c -  - 
FDm(//' DEAD TIME (UP TO 2.55 SIX.)?') 
ACCEPT 420,DEAMM 
FDIFfAT(F4.Z) 
IF0EADTM.EQ.0.0) DEADTM=8.50 
DEADTM = 10BfDEADTM 
TYPE 425 
EDFww(//' STEP SIZE?') 
ACCEPT 430,SW 
FOfh3AT(F3.0) 
IF(SEP.EQ.0.0) SlTS2. 



SUBlXUTRE GF_TE ( A m ,  ITIMES) 
MEASUREMENT ROUTINE 

--IN AMPLIFIER'S VOLTAGE IS SAMPIED 108 TIMES A 
SECOND, I N  BURSTS OF 1/2 SEC. THE DATA ARE STORED IN AN 
ARRAY, C O ~ R I E D ,  AND THEN AVERAGED. TEIE NUMBER OF 

QBURSTS (ITIMES) I S  EQUlXUWT TO A GATE TIME. 

DIMENSION IDAT (50) 
s€JM = 0. 
M = 0 
DO 700 I=l,ITIMES 
1FLG-B 
1- 

SJBKUTINE GRAPH2 (NPTS,STEP,IGFU;,SMIN,SMAX,RES ,MM) 
DIMENSION mMT (1825) , IYPLT (1025) ,lXDISP (1) ,IYDISP (1) 
CfXM3N Y (4898) ,MTA (1128) 
n Q U W D l C E  (Y (2848) ,PLM'(l) ) , (Y (3873) ,IYJ?LT (1) ) 
SCAfrE DATATO BE PEX7ITEI3: 

I F  (1GFLG.EQ. 'A' ) GO TO 820 
I F  (IG)?LG.EQ. !B') GO ?O 840 
I F  (1GFLG.EQ. 'C ' ) GO l[o 860 
W 813 J=l,M 
PWT (J) = (Y (3) -SMIN)/ (m-SMIN) *1023. 

81 5 C O m  
NN=m 
GO TO 870 

820 DO 825 J=l,NPTS 
PUrr(3) = %.2-295*fw3fB-fJ) - 

825 C D m  
- - 

GO ?O 870 t 

848 DO 845 J=l,X 
P I d  (3) = (Y (J) -SEN)/ (SMAX-SMIN) *235. 

845 
- - -  

a3vrmtE - -- 
-- -- =-= - 

GO TO 878 



CALL Pf13T55 (4,1,0) 
--fs#rl+ - - -- 

CALL P~55(?,0,0) 
IGAIN = IFIX (XGUHt-0.5) - 
LEa = (Wlf * I W  
DO 888 f=l,NN-1 
YDISP = P r n ( 1 )  
lwERJ? = Pm(I+l) - P U T  (I) 
IF ~Irn.EO.0) IMmP=l 
DO 880 G-1 ,I- 

- 

 XI,^ m. usm - I FT. 'PRANsmm1) 
IF WFU.EX2, 'A' ) GO 10 938 





. 
* The 

-versian 

~ E h - ( p m F Z , ~ -  rm' ,-- ,ACCESS= ' SEQUENTIAL ' ) 
IF (1GF'LG.a. 'B' ) GO 110 1670 
IF (1GF'LG.m. 'D' 1 GO ?O 16?0 
WTE(2,1665) N , S W  
FOFWiT(I4,/F5.0) 
LINES = N,'lWl 
DO 1668 J=lILINES 
W T E  (2,1667 ,ERR--1690) (DATA (K) ,K=10*J-9,10*J) 
FOfFlAT(l0(F6*0,1X)) 
m m m  
00 'ID 1690 
WTE(2,1665f M,STEP 
LINES = MM/lB+l 
DO 1685 J=l,LINES 
ERITE(2,1680,ERR=1690) IY (K) ,K=lB*J-9,1BfJ) 
FOEPfAT(16 fF6.0,lX) ) 
cT3mmm 
WE(uNT'P2,DISPOSE='SAVE')  
TYPE 1695,ExprsD 
FOFMAT(//' # t # S I k D  CN DISK AS FILE ' , l ! X L )  
IxwE = 1 
RETum 
END 

FFT subroutine is a minor mAification of a Fortran I1 * 
mitten by T. Tmpleton: 



READ DATA SFT 
W= NO. OF POINTS, J1= NO. OF FOIWIS IN IXMGER S l D E  OF 
IMWFEFKGRAM, N= NO. OF POINTS ON SHORTER SIDE. 

J1 = 8 
N = O  
DO 1805 J=l,NP 
J1 = J l + l  
Y ( J )  = DATA(J) 
1FfYfJ)-Y(4098)) f805,f8BBff800 
Y(4098) = Y (J) 
N =  J 
J1 = 0 
c o r n  

AVEBBGE VALUE AND STAPIDARD DEVIATIOM OE' 
1-RAM, USING LAST TEN POLNTS, AND SUBTRACT 
THIS ZEPO OFFSFT: 

JJ = NP-9 
DO 1810 K=JJ,NP 
Y(4096) = Y(4096) + Y(K)/10. 
DO 1815 K=l,.@ 
Y ( K )  = Y (K)  Y(4096) 
SUM = 0. 
DO 1820 K=JJ,NP 
SUM = SUM + Y(K)fY(K)/10. 
sDEV =' SQRT(SUM) *l00./"i(4096) 
RES = 2 0 0 0 . / S E P ~ ( J l )  
TYPE ~ ~ ~ ~ , R E S , S D E V  
EDHWT(' RESOLUTION = ',F?.3,/,' PCNT SDEV = 
SIDRE M2zamM AND MAXIMM: 



MX=MP-N 
J1 = MP-N+1 
52  = MPN-1 
XA = J2-J1 
DO 2000 I=1 ,MM 
K = MM-I+1 

. KR = ZxK-1 
KI = KR+1 
J = K-MX 
I F  (K-MP-NP) 1610,1610,1900 
I F  (K-J1) 1900,1620,1620 
X I  = FLQAT (K-MP)/XN 
X l  = ABS ( X I )  
X 1  = 1,-x1 
X2 = 1. 
X3 = 0. 
I F  (K-JZ] 1650,1650,1880 
==I. -FLOAT (J2-K) /XA 
X3 = PLQW (MP-K) *2 ./XA 
X3 = ABS (X3) 
X3 = 1.-X3 
Y(RR) = Y(J)fXlFXZ 
Y ( K 1 )  = Y(J)fX1*X3 
GO ?D 2800 
Y(KR) = 0. 
Y ( K 1 )  = 0. 

-m FOCTRIER 'TRANSFORM BY ERENNER ALGORITHM: 

N = 4=MP 
I R  = 1 

4 

J = 1  
DO 45 I=l,N,2 
I F  (I-J) 41142, 42 
TEPrPR = Y (J) 
TEMPI = Y (J+l  ) 
Y (J) = Y (I) 
Y(J+1) = Y(f+l )  
Y ( 1 )  = r n R  
Y (I+1) = TEMPI 
K = N/2 
I F  (J-K) 45,45,44 
J = J-K 
K = K/2 
IF(K-2) 45,43,43 
d- - d-+K ppppp - - -  - -- - - -- - - -- 

KR = 2 
LF (KR-N) 47,58,58 
I1 = 2 m  
XH = Q,Z83l8S/~~awf  mwf 
2 4  = SIN(XNl '2 . )  
X3 = -2.mm 



X4 = SIN(xN) 
xl = 1. 
X2 = B. 
DO 49 K=l,KR,2 
DO 48 I=K,N,II 
J = I+RR 
TEXPR = XZfY (J) -X2T (J+1) 
TEMPI = XlT(J+l) +X2fY(J) 
Y(J) = Y (I)-TB@R 
Y(J+l) = Y(I+l)-'m@I 
Y (I) = 'Y (I)+??EXPR 

48 Y(f+l) =Y(I+~)=I 
TEMPR = xl 
xl = x1*x3-x2~x4+x1 

49 X2 = X2*X3iJImPR*X4+X2 
m = I1 
GO ?O 46 

50 cfMI'INUE 
C UNSCRAMBLE DATA: 
C 

DO 2400 I=2,MP 
K = M I + 2  
IR = 2"I-1 
I1 = 2"I 
KR = 2•‹K-1 
KI = 2•‹K 
Y (1) = (Y (IR)+Y (KR) 1/2* 
Y (2) = (Y (11) -Y (KI) ),&. 
Y (4897) = (Y (II)+Y (KI) )/2. 
Y (4098) = (Y (IR) -Y (KR) )/2. 
Y(4098) = -Y (4898) 

C PHASE CORRELT: 
C 

Y (1) = Y (1) fy(48g7)+Y ( 2 )  T(4898) 
Y(4097) = 9QRT(Y (4097) -(40g7)+Y (4098) *Y (4098) ) 
IF (Y (4Bg7) 2400,2300,2400 

2300 Y(409') = B.0001 
2488 Y(1) = Y (l)/Y(40g7) 

Y(1) = 0. 
DETERMINE W M U M  AND Fll%MlM VALUES FDR LATER SCALING 
AND PIAx'TrX: 





APPENDIX B 

PREDICTED VIBRATIONAL-ROTATIONAL MODES FOR THE GaTe MOLECULE ---- 

A s  shown i n  s t a n d a r d  t e x t ~ ~ ~ ,  t h e  a l l o w e d  v i b r a t i o n a l  

e n e r g i e s  of  a  d i a t o m i c  molecu le  a r e  g i v e n  by 

where p = r educed  mass  
k-- 

f = f o r c e  c o n s t a n t  

v  = 1 , 2 , 3 , .  .. 
Accord ing  t o  ~ o r d ~ ~ ~ ,  an  e m p i r i c a l  f o r m u l a  f o r  t h e  f o r c e  

c o n s t a n t  is L 

where X a , X b  = e l e c t r o n e g a t i v i t i e s  of  a toms i n  t h e  m o l e c u l e  

d = e q u i l i b r i u m  a t o m i c  s e p a r a t i o n .  

The a l l o w e d  r o t a t i o n a l  e n e r g i e s  of  t h e  m o l e c u l e  a r e  

1 

vnere I = moment o f  i n e r t i y z  ~ d ' .  



The molecular energy is the sum of the vibrational and 

rotational terms. A transition from energy state El to E2 

(E1<E2) causes absorption (and thus a reflectivity 

naximum) at wavenumberq2 = E2-El/hc. 

So, vibrational-rotational reflectivity maxima can occur at 

wavenumbers 

(for AJ = J2- J l = - 1 )  

(for AJ = 8 )  

- - 
v - h 
R - "vib + ,1(1 + J ~ )  (for AJ = +1) 

For GaTe, these wavenumbers are 

Because of the estimation of the force constant and atomic 

separation, these values are only approximate. 
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