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] ABSTRACT .

The re%lectivities of liguid Ga;_,Te, alloys have

been measured as a function 5f composition, temperature, and
v ,

frequency in the far infrared, using an optically pumped far
inf;ared laser and Fourier-transform spectroscopy (FTS) .

Th;ée lase:;wavglengths were used to investicate alloy
compqéitions_with 0.34 < x < 0.85. >At 119 4, dramatic
iﬁcreéses in reflectivity and its.temperature dependence were.
observed petween the compositions 0.5 <.x < 0.6, corresponding
to the‘stoiéhiomgféic alloys GaTe and'GaZTe3. |
uHeasurements at 571 4 and 1217 4 however, were,fognd to
contain systematic errors resulting from diffractibn and
interference of the laser.radiation. aThe .
composition-dependence of fhe reflectivity results- devidtes

strongly freom that predicted from published resistivity data

using the Drude nodel.

Broad-bani spectra of the two intermetallic melts,

measured using TS, show smooth frequency dependence, free of ¢
- > . ! ." ; - ) » .
zmodes attributable to suspected molecularsclusters. Liguid g

SasTey has & Srude-like far infrared@ spectrum, but GaTe

i
’
H

The far infrzred properties dre similar to. those of the

- . IS



liguigd Mg-Bi system, the only previously investigated binary

liguid semiconductor, and to several amorphous solids,

suggesting that the properties may be intrinsic to disordered

systems in general. ; -

\
\
0 o 4 k.\
Results are discussed in terms of current theories. %
' . .
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Friends, eséape the daArk enclosur
vVnere they tear the ]ight apart
And in wretched ble exposure

Twist, and cripple Nature's heart

Goethe
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I. INTRODUCTION

L

Gallium-Tellurium is a binary alloy system which, when in 'L
the liquid state, exhibits anomalous physical and chemical
properties, including semiconducting behaviour. Such
materials are presently little understood, despite several
attempts at semi-quantitative models. A general explanation
of tﬂeir properties would élarify the broad field of
disordered-matter physics, the iargest unexplained area of
condensed-matter studies. Far infrared measurements can
provide important information on structural and electronic

trarisport -properties, providing input which is essential to

proposed models.
#Terminology

In the following sections, abbreviations will‘usually be ~
used for certain terms:
FIR far infrared
R reflectivity at a particular waﬁelength
X atomic Tellurium fraction, from the notation Gaj_xTey.

Compositions will always be guoted in tesms of atomic, and

-~
~

nct weight or wvolume, fractions.

Zallium anéd Tellurium will usually be denoted by their

9]

rexical symbols, Gz and Te.



% . . .
Radiation units will be variously wavelength in microns

or frequency (inverse wavelendgth) in cm~l. The latter term is
more cérrectly called wavenumber; ‘it is proportional to
frequency measured in units of 1/time.

&

Phase changes from liguid to solid are characterized by

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

system in which liguid and solid coexist is known as the-

L,IQUIDUS; the lower limit, as the SOLIDUS.

A. LIQUID SEMICCXDUCTORS

Liquids characterized by a low-to-moderate (below a few
thousand ohm'lcm’l) electrical conductivity that rises with
temperature are known as liguid semiconductors. Elemental
Tellurium and Selenium are single-component examples. Most
liquid semiconductors are two- or higher-component alloys
(such as the group II1I-VI alloys Ga-Te, In-S, and Tl-Se). All
melt at fairly hil temperatures (typically above 300 deg.C),
and are semicondﬁctdrs in the solid state. Many, like Ga-Te,
exhibit anomalies at particular compositions, suggestive of

molecular associations or clustering.

Ligquid semiconductors are also considered a subclass of

zmorphous semiconductors.l Chalcogenide-~doped glasses are

5

-



3 . .
solid-state examples. This class of material exhibits only
short-range atomic ordering. The liguids may change the

.number and quality of thedr local bonds with- temperature,

leading to additional complexity over crystalline -

semiconductors.

—

!

The divefsity of al{;y‘combinations provides a wide

variation in properties, and a corresponding difficulty in

classification. ©Differences in electronic transport

' T
properties are the usual bases of the various classification

schemes. Allgaier2 suggests~a 3-region scheme pased on DC
conductivity; Cutler,> a metal/semiconductor dichotomy
determined by temperature dependence; and Enderby et al.,4 a

separation according to ‘'regular' and 'irregular'

composition~dependence of electrical properties.

Several paradicms have been used to explain particular,
liguiZ alloy systems. Liguid semiconductors are usually
described in terms of perturbations of better-understood

systems, such as crystalline materials or free molecules.

The successful Ziman theory of liguid metals serves as a
cundation of +the ¥ott pseudogap model for amorphous

sermiconductors.> The absence of long range order is shown to




.\
\

13

cause a miniﬁ&m in the density of states (the pseudogap). -
Based on égveral theoretical analyses, disorder is believed to
localize the electron states which have—eneragies in the
pseudogap, preventing them from contributing to conduction
except by phonon-assistedl’hopping‘.’ Mo£t asserts that the

characteristics of the pseudogap itself are related to the

unique electrical properties of liquid semiconductors.

-

Betwgen such 'locaii%ec state' behaviour and true liquid metal

o

conductivity, Allgaier“ cites evidence for an intermediate

1

'Brownian motion' regime. 1In this transport scheme, the
electrons move by rapidly jumping between neigﬁbﬁuring lattice
sites without the necessity of phonon intervention, because
the states are non-localized (such 'extended' states permit
electrons to be found at infinite distances from their
starting points after infinite time).

In contrast to Mott's model, more conventional

eaxplanations of certain pinary alloys are proposed in the work

3

0

8]

of Cutler et al.
A
pand @iructure and energy gaps common to solid semiconductors,

DVJ

ssuming liguid semiconductors to have the

Cutler interprets the transport properties in the standard
sense of p or n type conduction, etc. For example, increase

i

3

conductivity away £from the stoichiometric compesition may
amcount to adding electrons or holes to the valence band of the

semiconductor, converting it from an intrinsic igfgxuzxtrinsic

mazerial. The garz width may vary with composition and

%




témperature~dependent structure. This increased variability
causes liguid semiconductors to have a broader range of

properties than their crystalline counterparts.

Tﬁeriépudobinary Alloy model® seems appropriate to some
systems. Acéording to Enderby, an alloy A-B mayféssociate as
a molecular étate AaBb (where a and b are the stoichiometric
coefficients) plus the excess element, especially when near
the stcichiometric composition. Sudden changes in properties
atKihiS intermetallic composition are seen as fesulting from
depletion of the'excess constituent. Elaborations of the
model include the possibility of partial dissociation of - the
molecules into their componént elements, even at the
stoichiometric composition. This scheme has been used to

calculate the associated fraction of molecules by fitting the

model to thermodynamric data.’



C. Ga-Te ALLO¥S

1. Previous Work

A number of propérties of the liquid Ga,_4Te, alloy
system have been investigated; electrical conductivity,
thermoelectric power, magnetic susceptibility,'viscosity,
density, compressibility,8 enthalpy of formatiﬁn, and NMR
studies. The only optiEal measurements have been

visible/near-IR reflectivity.?
LS

‘.
1]
1‘\

DC conductivitylo experiences a sharp reduction (to
below 100 ohm'lcm—l) at x=0.60 and, to a lesser extent, at
¥=0.50. (x denotes the atomic fraction of Tellurium). This
minimum conductivity is small enough for localization of
states, according to Mott's model. Similar, but less
striking, anomalies exist in the viscosityll {positive

12 ana magnetic

deviations), enthalpy of formation
susceptibilityl3. Thermoelectric power is positive for most
compositions, and reaches a maximum near 0.6. These five .

guantities are each plotted versus concentration in figures

1-1 and 1-2.

For all these properties, the anomalies become less

dramatic with increasing temperature, particularly for the

x=0.5 composition. The conductivity shows an exponential



10% (ufcm)

(cma/g.atom)

Figure 1-1 Liquid Ga-Te Prﬁerties Vs. Alloy C%osition:

(a) Resistivity™ ; (b) 'Iheigqxxer ;

\ﬁy (c) Magnetic Susceptibility™~.
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(cen‘tis‘t‘okes )
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Figure 1-2 Liquid Ga-Te Properties Vs.
Alloy Ccuposiﬁm:
(a) Viscosity ; 12
(b) Molar Enthalpy of Mixing
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temperature -dependence:
(1-1) o(T) = O, exp(-E,/2kT)

The actiﬁation energy E, has a bell-shaped éoncentration
dependence,10 beaking‘at x=0.6. ﬁBy interpreting E, as a band .
gap energy, the investigatoré imblfcitly chose Cutler's modél

of alloy structure. ’

In combination, épese data have ‘been interpreted as
indigafing~the existencg of at least twé species of atomic
cluster, at x=0.5 and 0.6\respectively.‘ Becauge of its
greater témperature’depéndence, the g=0.5 compound (a
guspected‘GaTe molecular’association) is generally thought to
be more’wéakly bound EEap the x=0.6 (Ga2Te3)\compound.

The most conclusive evidence for such cluster formation
is the NMR work of Warréﬁ.l4 The Knight shifts of Ga and Te
were measured, aYong with the quadrupolar relaxation rates for
Ga-Te alloys. The shifts show deep minima for low temperatgre

‘melts with'x=0;6?and smaller shifts for x=0.5 alloys. Warren

interpreted this as clustéring of GaTe and Ga,Tes near these

compositions, in the presence of excess Te or Ga (ite.a -~
pseudobinary alloy). From the guadrupolar relaxation rate, a

GazTe3 molecular lifetime of about 10~1l second was inferred. e



10

Reflectivity at Qavélengths between 0.4 and 1.9 microns
has been méasured for the Ga-Te;gAloy system.9 The result;,
being typically smooth, nearly featureléss_spectra, were
interpreted in terms of models invdlyigg 3 or 14 garameters.
For example, the parameters of an oscif}atér were chosen to
represent free carriers, while other os;illators were modelled
to have band gaps of various si;es. The investigétors cited
themtéasonabie fit of the model to reflectivity data as

indicating energy bands and band gap structure for liquid

Ga-Te alloys.

Some measurements have been reported gnly for the solid
‘alloys or for a narrow range of liguid compositions. These

are too restricted to elugidate the liquid state structure.

2. Far Infrared Studies

Far iﬁfrared\frequencies provide 'valuable electronic
transport information and can indicate molecular structure.

Metallic materials usually exhibit féaturelésS‘EIR
«Aspecirafgiagaeeefé~with’the~ﬁruﬁe*free=eiectr0ﬁ“thébry”éf‘*“‘
conductivity. 1In this model, reflectivity is related simply
to conductivity, and so should yield extrapolated -

conductivities in acreement with measured D.C. values.



On the other hand, strongly frequency-dependent

reflectivity can often’ be ascribed to structure-related
) ~ o
transitions. Vibrationgl-rotational modes of many molecules

have energies that lie)_n the FIR frequency range. ' The,

optically active modes uigsffi appear as maxima in

reflectivity at the resogzwt frequencies of the molecdles. .
i ‘ : >

The FIR spectrum can often;geveal the masses and bond

strengths which characterize the molecule or its component
parts.

T 4

The far infrared properties of liquid metals have been

largely neglected, despite the existence of a very useful tool

'

- the FIR laser. The laser permits fairly precise absolute -

measurements ofs reflectivity to be ﬁade as a function of

. s 2NN

sample temperature. In contrast, the standard FIR tool - the
Tourier-transform spectrometer - is more suited to
constant-temperature, broad-bané observations. Both devices

nave been used in the experiments described here to study the
temperature~, freguency-, and composition-dependence of Ga-Te

alioy reflectivity. The use of these two systems is described

9

in detail in sections II-A and II-B, respectively.,

’

»

ne only previcusly published FIR study of this subject

is for the Mg-3i allicy systerm, using Fourier-transform

instrumentation.~> Sther measurements of this system had



. '

hoal

suggested the existence oFf an Mg3Bi, molecule near the

stoichiometric composition. An anomaly was indeed found at

this composition; reflectivity increased, over a concentration
range cf 4+ 3% from the intermetallic composition, to nearly
unity. This is in contrast to the predictions of the
simplistic Drudé orrneariy-fre; electron models which
predicted a drop in reflectivity in accord with an observed

s
dip in DC conductivity at the critical composition., -

\ .
This thesis describes FIR reflectivity experiments

verformed on Ga-Te allcys to determine whether the Mg-Bi

I Y

esults are unigque to that system, and, if not, how such

unexpected behavicr can be understood in terms of a general

Initial tests, Zetailed in chapter III, were extended to
systematic measurements which yielded the results described in

- -

cnapter IV. 1In the lizht of thecries mentioned above, the

da*ta are fitte?d to various models in chapter V. Discussion of

the data and conclusions are presented in chapter VI.

L“\h




IT1. 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.

!
Submillimetre lasers have been available since the early
1960's.16.,17 During the first decade, laser design and

properties occupied the~-attention of experimenters; it is only

—

in the last tén years that applications of the dewices have hx\k
been much investigated. To date, laser spectroscopy has

mostly involved measuring parameter—dependént absdrption, e.qg.
cyclotron resonant absorption as a function of applied

magnetic field.l8 Some studies of liquids have béenr
reported,lg'20 but to the author's knowledge, few if any

reflectivity experiments have been performed.

The laser permitted relatively fast measurements to be
made as a function of sample temperature. The interferometer

-was used to obtain reflectivity data at a fixed temperature

. __Cver a wide range of freguencies. R
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A
A. LASER REFLRCTIVITY MEASUREMENTS

Reflectivity of the prepared alloys was determined at
discrete wéveléngths 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 chanﬁeled to
a detector. The intensity meésureﬁent 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) détection

apparatus.
1. Laser System and Optics

The laser is similar to systems described in the
literature,21:22 ang 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 CO,

iaser.u“%héiéﬁgéwﬁééﬁ is focused through a quartz window and
2 mm hole at one ené of the cavity. Methyl alcohol was used
as the 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 Qicrons, which span the FIR region} were used
for the reflectivity experiments. Their relative intensities
(of the order of milliwatts)(were roughly 4, 1, and 3,
respectively. The FIR output wavelength is selected by first
tﬁning the C02 laser to the near-IR wavelength appropriate to
excite the methyl alcohol molecules. This is accomplished by
selecting the line with an internal diffraétion grating, and
then adjusting the cavify (henceforth called the IR cavity)
length with a piezoelectrically positioned end-mirror. Next,
a stepping motor is usea to vary the FIR cavity length until
it is approximately an integral number of half wavelengtﬁs of
the FIR transition of methyl alcochol. Fine adjustment is then
made with piezoelectric end-mirror positioning. The IR cavity
and FIR cavity 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. 1In these experiments, a mechanical ch;pper directed
light alternately to the reference detector and the optical
furnace. The detectors were Molectron Corp. P4-43
pyroelectric detectors, with average sensitivity of about 100
V/W in the FIR. One detector was used to detect intensity
modulations (introduced by vibrating the.piezoelectric

positioners with an AC voltage) introduced for the feedback

loops, and also to act as the ‘reference' detector: even with
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automatic compensation of cavity length variations, 'raw'
output power was not sufficiently constant to serve ;s a
reference in an absolute measqrement. The detector signal
passed to three lock-in amplifiers, for IR and FIR control and
signal amplification, respectively. The amplified signals of
the reference detector and a 'sample' detector - monitoring
furnace output - were divided by a digital ratiometer to yield
an output proportional to the intensity of light leaving the

F

furnace, but corrected for power fluctuations of the laser:

I

Icompensated = lsample det./Ireference det.

7

The reference arm of the light path also contained a
Fabry Perot interferomeéer (with mylar mirrors) with which
waveléngth could be de£§rmined to within 2%. This was
adeguate Eecause FIR methanol lines are widely spaced in
wavelength, and bécause their precisely measured values have
been published. The alternate (sample) path directed
radiation from the brass light pipesrphrough the furnace
windows and ultimately to the sample détector.

B}

2. Optical Furnace

The furnace itself was a double-walled welded stainless
steel cylinder with removable 1id. A cut-away drawing is
given in figc. 2-2., All walls and 1id surfaces were coocled by

flowing water. The lid contained light pipe and vacuum



Fiqwre 2-2
Cut-Away View of Optical Furnace

T —



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 éurnace wintdows
reflected down a stainless steel light pipe; impinged on the
sample at 16 degree incidence, and reflected back out to the
sample deﬁector. The light pipes delivered and collected
radiation from an-area about bne cm in diameter on the

sample surface. The silica crucibles themselves had inner

diameters of approximately 2 cm. Sample-area details are

-

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. Bbth thermocouples were Chromel-Alumel.
The remainder’of the furnace, containing the crucible holder,
its heater, electrical and water connections, could be raised
with theréid of a jack to facilitate attachment to the 1id.
The crucible holder was resistance heated, and could reach a
maximu?;ifmperature of about 940 deg.C. Heater gzwer was

contrecllked by a 3.5 XVA variac.
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Figure 2-3 Optical Fumace Sample Area Detail:
(1) light pipes; (2) silica stirring
rod;. (3) silica crucible; (4) heater
wire wound an boron nitride cylinder;
(5) thermocowple; (6) micrometer-
adjustable support.

[\ Y
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3. Detection

The FIR laser, with its relatiQely high output power (g
few milliwatts), permitted the use of pyroelectric detectors.
These have responsivities (signal change per FIR power change)

about 10 X worse thaane3—éooled detectors,rand are aboui four
orders of magnitude noisier. Pyroelectrics, though, have the
advantage of operating at room temperafure with good
reliability. The accuracy of signal detection is limited
mainly by mismatch of the response characteristics of the two
detectors. For example, the estimated e;ror due to

temperature drift in the detector.is 0.3%/deg.C.23 Amplifier
noise contributes a comparable random uncertainty. Any
differences in spectral sensitivity of the twoﬁdetectors were
compensated for by the scheme of diyiding iﬁgiéendent

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 beam area brings a corresponding increase

in the angle of the light rays with respect 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
(11-1) 8 = sin~1(1.22A/4) .

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

and D

d;ameters, D. out’

in and taper. In the limit of infinite

cone length, there exists a maximum angle which can be

channeled through the cone, given by

(I1-2) sin8 = Dout/Pin

80 | A channelled < 8Dout/1-22Djp

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. Thg effect was also important in the
optical furnéce, where cones directed the light from 12 mm
brass pipes to 9 mm steel furnace pipes.

— .
The effect of blackbody radiation must_also be examined. ..

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 fed at this temperature.
Much of this emitted light is scattered by tﬁe diffuse furnace
window or is too divergent for light-pipe channeling. Black
polyethylene and quartz filters in the detectors prbperrqlso

~

absorb most non-FIR radiation.

While the remainingﬂblackbody raaiation is comparable to
the laser output power, it is unmodulated: the mechanical
light chopper precedes thé furnace. Acé@rdingly, the constant
blackbody component of the detected radiation isrignored by
the frequehcy—selective lock-in amplifier. It {; still
possible, though, for this l1ight to overload the pyroelectric
detector. To test for an offset or overload, the furnace
light pipes were blocked before and after the ﬁgt furnace: in‘
poth cases, the modulated signal fell exactly to =zero,
‘indi%ating that no offset had been introduced. Additionally;
theAiigﬁf pipe was blocked with mylar when the furnace was
first hot and then cold; no diffe;ence in transmissivity was
noted, implyingrlinear 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.v Warming

caused a very reproducible 18% decrease in signal streng&h.

to thermal expansion, which caused. . ..

This is ascribed entirely

deviation from specular reflection by shifting the sample's
height. A similar result was‘thained by cooling a mirror

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

*
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J
optihized for reflection. Hence, sample emission had no
effect on measurements. The lack of any observable change in
the reflectivit§ of the stainles; steel light pipes™with
temperature implies that room temperature copper reflectivity
measurements were valid references. ﬂ -

4. Measurement Procedure

Experimental procedure was as follows. The laser system
was adjusted to theé desired wavelength anq&allowed to
stabilize. The signal from the furnace deﬁector was meésured,
at room temperature, with a reference material in the furnace.
A flat aluminum disk in a steel crucible was used as the
feference. Later, the aluminum_disk reflectivity was found to
be less than that of some liquid samples, implying
less~than-100% R. The low reflectivity is ascribed to
roughness of the surface rather than intrinsic aluﬁinum
properties or surface contamination. To correct this error,
the aluminum reflectivity~was compafgd to that of a
gold-coated glass disc, which was known to have near-100%
reflectivity in the far infrared. Tﬁe gold reference had a

reflectivity larger than any alloy.’

'

-

After the reference measurement, the furnace was opened
carefully. The reference crucible was replaced by the sample

ingot in its silica crucible. Jhe system was pumped down with
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roughing pump, 1id screws were evenly tightened, and the
furnace was evacuated via a diffusion pump to less than 1074
torr. Helium gas was then admitted to the system to an
overpressﬁre of about one atmosphere. Thglgas had been dried
by passing-through a long copper coil immersed in liquia
nitrogen. This cold trap was kept open throughout the run to
cdllect any water or outgassed vapours released while heating.
Variac voltage was then increased in steps until furnace
tempéfafure'exteeaea'tﬁé sample melting point. This was

signalled by an abrupt increase in reflectivity, R.

Aftgr a constant réflectivity\and temperature had been
-obtained, the stirring rod was lowered into the sample
crucible and rotated. This removed any solid surface film
whicﬁ may have been present, and made the alloy more
homogeneous. Sample height was chanéed by the external
micrometer until R was maximum. Stirring and height
optimization were repeated at least once par run.
T
Measurements at the maximum temperature were made at
thermal equilibrium. 1In addition, while cooling slowly, the

reflectivity was recorded to note temperature dependence.

Variac voltage was reduced in small steps. The sample thus

cooled through the freezing point at an average rate of 12

S

deg.C per minute. Wnen furnace itemperature stabilized at each

0f the intermediate variac gettings, thermocouple signals were



recorded. .In addition to these numerical data, a chart

recorder (R and 'raw’' laser output power versus time) and X-Y
recorder (R vs. temperature) constantly recorded changes.
The chart recorder was used to note any systematic changes in

signal attributable to the laser.

#

. .
When cocled to below 50 deg.C, the furnace was opened,

the sample was again repléced with the aluminum blank, and the
- megsurements were repeated at room temperature to provide a -
second reference reflectivity. The two reference measurements
typically agreed tc about 5%. The average of these 'before’
and 'after' references was used with the average sample signal
to determine normalized reflectivity and measurement

uncertainty.
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B. BROAD-BAND SPECTRUM MEASUREMENT

Searches for molecular modes, which should appear as
sharp features in the far infrared reflection spectrum, were
effe;;sd using an interferoﬁeter system.r Compositions
corrézignding to GaTe and Ga,Tes, compgunds 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 broad-band study in the far infrared.
Large—-aperture optics and multiplexing - simultaneous
detection of all freguencies in the light source - make
optimal use of the little energy available from broad-band
sources in this spectral region.zs. A spectrum covering the

(\"ai-m—‘
entire far infrared is obtained from corresponding
interferometer méasurements. Thé interferometer accepts light
from a continuous-spectrum source, separatés it into two

beams, and adjusts ‘their relative phase. This is accomplished

N , L ,
Dy a&ﬁusting a mirror position so that the length of path

travelled by one of the two beams is increased. The two—— 1 —
components are then recombined and passed along to the sample.
The intrinsic properties. of the sample will modify the

intensity of light reflected: this will dependaon ‘the
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'frequency make-up' ofvthe ligh} i.e. the interferometer
mirror position. The intensity modulatiéns are detected and
recorded as a function of mirror position. It can be shown
that the resulting 'interferogram' is proportibnaijto 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-
(something with near-100% reflectivity throughout the spectral
. region of interest). By dividing Fhe sample and reference
spectra, the instrumental effects (e.g. source spectral

distribution or filter absorption) can be removed.

2. Apparatus

Fig. 2-4 shows a block diagram of the intergg?bmeter
apparatus. A modified Beckman RIIC FS~720 Michelson
interferometer was used to modulate the radiation from a
water-cooled mercury arc lamp. The source intensity was

modulated by an oscillator-controlled mechanical chopper to.

permit lock-in detection. ©ne mirror of the interferometer
was stepped by a fixed increment on reception of a signal from

a2 computer. The radiation passed down brass light pipes to
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the optical furnace and then to the detector. Between furnace
and detector, the light was filtered by various filter
combinations to restrict transmission to frequencies smaller
than some maximum, as listed in Table II-1. This ensured
correct spectral transformation, and prevented overlocading of !
the detector, a HeS3-cooled Germanium bolometer.2’ After
electrical fiitering of high-frequency noise, the detector

signal was passed to a lock-in amplifier, ahd then to the

computer.

3. Computer and Programming

Active control of the experiment, data recording, and
display were handled by a minicomputer. The output of the
lock-in amplifier was transmitted to an analog-to-digital
(A/D) converter, a PDP AR-11. This latter device also
performed D/A conversions for ﬁransfer of data to an X-Y

recorder, and contained an ‘internal clock for timing

operations.

The computer itself was. a ﬁigital-Equipment Corporation
PDP 11/34 with 28k-word available memory (16 bit words).
idditional storace was available on a double floppy-diskette
drive. 1In adéition to the A/D converter, peripherals included

a VT-55 video *terminal which permitted graph plotting, an X-Y

1s

racor:

[\

er, and a2 ZECWRITER III hard copy terminal.
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( The experiment-running program was written in FORTRAN IV
by the author, using packaged subroutines?8 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 from the operator:; these included the desired gate
time {(periocd over which the detector signal was to be
averaged), deadtime (betweén-measurement waiting interval,
during which the interferometer mirror moved and the amplifier
locked-in to the signal), mirror step increment, and number of
voints to be acguired. The program then caused a voltagé
pulse to be sent to the mirrér indexer, waited the deadtime,
sampled 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
Zata) by a toggle switch. Periodically during acquisition, a
fast-Fourier-transform was performed on the data and plotted
on the screen. When the run was complete, the data and/or

final spectrum couléd be plotted and stored as a named file on

disk. If desired, real-time transforms or mirror stepping

(1
[oh)

ouild b

1]

excluded Irom the run operations, to%ggilow either

. . . . L
faster acquisition or test of the set-up parameters,
respectively. Up to 1120 points could be accepted, yielding,

after a thirty-four second transformation, a 1024 point
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spectrum.

Simpler programs, not listed here, permitted data files
to be averaged for better signal-to-noise ratio and

de-emphasis of electrical noise ‘glitches', plotted on video
{
screen or X-Y recorder, and divided by 'reference spectrum'’

files.

4, Procedure

After éllowing all electronic apparatus to stabilize for
several hou;s, and having prepared the bolometer detector for.
operation, the optical furnace and interferometer were
evacuated with separate diffusion pumps. A copper mirror in a
silica crucible had previously beén placed in the furnace.
When a vacuum better than 104 torr had been attéined, the
furnace was backfilled with ary He. To avoid vibrations which
appeared as periodic oscillations in the detector signal, the
interferometer pump was replaced by a sorption pump when
acquiring data, and the furnace mechanical pump was turned

off.

Using the computer, bolometer output was averaged for
various time intervals to determine the minimum acceptable
gate times. A signal to noise ratio of about 100:1 was

typically obtained by using 2 to 3 second averaging times.
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The interferometer mirror stepping increment was chosen
to conform to previously selected beam splitter and filter
combinations, as shown in Table II-1. The step size is
restricted to one-half the minimum wavelength transmitted by
the filters, in ordér to avoid 'aliasing', or ambiguous
Fourier transformation of the data.

1 3

The total distance of interferometer mirror travel is
inversely proportional to the spec@ral resolution obtained.
The number of mirror steps was selected accordingly, providing

typical resolution of 2 to 10 em~L.

When the experiment parameters had been chosen, two or
more reference spectra were run. Apparatus and data
écquisition 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 befaborted.

The furnace was next opened to replace4the referenée with
the solid sample, then closed, evacuated, and backfilled with
dry He to a pressure of about two atmospheres. After heating
the sample past the melting point, it was stirred with the

silica stirring rod, and its height was adjusted for specular

reflection.
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Data were acquired for up to four hours using each melted
sample. Intermittently, the melt was stirred to ensure a
clean, homogeneous surface. (tradual evaporation of liquid-
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 laservruns. The
change in sample cpmposition is described further in Section

ITII-C. ‘ -

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 éoﬁtamination. 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
averaging fe%efeﬁee~speetra;£§at~had~beenfrecordedmbeforewand~*
after heating the sample, andaby noting and compensating any
linear decrease in interferogram intensity in successive

sample spectra. The latter operation was seldom requireg,
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" 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 requiremehts for specular reflection at FIR
wavelengths are much less severe than for visible work). Aall
samples, once melted, had flat surfaces except for edge
meniscus. The similarity of surface shape for the solid and
melted sample was confirmed by watching the freezing
trénsition: after the He-backfilled silica tube containing
the sample wés 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 'frozen' solids,
the meniscus ranged from convex for the pure Gallium-silica

¥

poundary, to concave for pure Tellurium in contact with

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

only within about 2 to 3 mm from fﬂéicrﬁciblersides, affectingi
only about 20% of surface area. This region was outside the

T
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FIR "beam", and thus did not contribute to the feflectivity

G

measurement.

2. Sample Rgactivity
Initial attempts to prepare suitable samples were
frustrated by leaks in'the optical furnace. Heating above
about 500 deg.C caused the sample surfaces exposed to the
furnace atmosphere to spatter, become grey ‘or black, and to
cover the interior walls with grey—broWn greasy dust. This
contamination seemed to be accen£ua£ed wheﬁ stainless steel
crucibles were used. Several minor changes, such as the use
of siltica crucibles ind an increase in the dry-He pressure in
thé furnace were only partially Sucéessful. After mgch.
fruitless effort using a helium maés—spectrqmeter leak
detector to test the furhace exterior, the contamination was
traced to leaks$ in the silver-soldered light pipe joints
between the inner;gp%face of the furnace and the surrounding

H

water jacket. These had allowed water vapour to stream over

-

and react with the heated liquid sample. Once the leak was

fixed, samples were not visibly‘degraded by melting in the

~

furnace.

e
.

Tellurium has a, very high vapour pressure at elevated

temperatures. It exists in two golid forms; a crystalline,

shiny silver-grey material, and a black, amorphous powder.
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The latter form is frequently mixed with the predominant
oxide, Teo.2° Attempts to melt solid pieces of Gallium and
Tellurium togethef-under good vacuum (about 1072 torr)
invariably led to blackening of the container walls with ”
black, sooty éubstances and metallic 'plating'. The soot was
not of a single composition, as evidenced by different rates
of dissolution in sulphuric acid. A product of the chemjcal
reaction between the 'soot' and acid was tentively identified
as Te(SO3), by its purple colour, thus identifying the black

) .
material as either amorphgus Tellurium or TeO. Although Ga,0

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‘

3

To avoid the excessive vapourization and contamination of
- ; s
Tellurium described above, two sample preparation techniques

were tried. The first, used by numerous workers,2:10 jnvolved

placing so0lid Ga and Te in a silica tube, evacuating to less’

than 104 torr, sealing off using an oxyacetylene torch to

form an ampoule, and then heating this ampoule in a ldrger
silica tube in a resistance-heated melting furnace. The
larger tube could be easily withdrawn from the furnace cavity,

examined, and shaken to mix the liquid contents of the



ampoule.  The tubes were theh allowed to-cool slowly to room
temperature, the ,ampoule was broken, and the allpy ingot was
placed in a crucible for subsequent use. Although this method
yvyielded 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 rpOSitioned at zhe thtom of é
larger, ebacuable siligca tube. The iatter was pumped down to
less than 5 x 10~ torr, backfilled with dry Helium to an
ovérpressure‘of about 1/3 atmosphere, and placed in the
melting furnace cavity. The Helium gas had been dried by
passing it through a liquid—Nitfogen-filled cold trap.
Temperature was,monito;ed by a Chromel-Alumel thermocouple
placed in the furnace wall near the silica tube. "To aid
mixing, the larger tube was tapped up and down repeatedly wheﬁ
-
tge sample had melted. The melting furnace used furnace-brick
for walls and base, and the silica tubé was wrapped by Sréided
asbestos tape. Thermal inertia, therefore, was high, _wi

heating times to reach 900 deq.C peingftypically 45 minutjs.

Samples cooled over the same range in about three hours.

-——The -elements were purchased from the Alfa Div.of —

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

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

\t’-ﬂ:—b‘~
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dust, a face mask and gloves were worn while weighing out the

nine gram samples.

Thirteen different alloy compositions, accurate to 0.1%,
were prepared for use in three series of runs: 47, 50, 53,
A0, 63, and 70 at.% Te (first series); 34, 40, 50, 55, 60, 56,

75, 8% at.% Te (second series); 50,60 at.% Te (third series).

1

Very-Ga-rich samples were excluded because of a
Kmiscibility gap in the alloy sysﬁem for at$ Te between 0 énd
33%: such alloys simply do not exist. The phase diagram of
tre alloy sysﬁem is =iven in figure 2-5.

I}

“sing the second arrangement, little coating of the
silica tube walls was observed, thoS;h yellow Tellurium vapour .
was present in the béttom of the tubelat high temperatures.
Alloys were shiny, silver-grey, uniform in appearance, and
usually contained flat or orainy crystals of a few millimeters
in diameter. All Te-rich alloys were brittle, easily ground
2r shattered. They dropped easily as ingots from the cooled’
silica crucibles. This 'no-wetting' characteristic of silica
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D. In-Situ MELTING

During a run, the prepared ingot in its silica crucible
was melted in the optical furnacéﬂ 'Proceduré 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;ithis was reduéed 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
temperéture caused deterioration of the bottom edge of the
light pipes, necessitating their replacement per}odically.

”’/Eﬁe loss in mass of the 8 g crucible pluys 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
evaﬁoration comprising all of the loss, the change in sample

composition did not exceed 0.2% per run.

~ —~— ~ —= -~ —The optical furnace could be-heated to 900 -deg.C within
about twenty minutes, and cooled in roughly thirty minutes.
Rapid cooling, along with segregation of alloy constituents on

freezing,3l is believed to account for the variety of crystals
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observed én 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_éubsequent runs’tended to produce
largér flat, mirror—like crystals. The forms are believed to
be combinatibns of GaTe (monoclinic lattice) and Ga,Teq

(zincblende lattice).32
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IJII. INITIAL TESTS AKD EXPERIMENTAL PROGRAMME

A. FAR INFRARED LASER

Properties of the FIR laser were catalogued to determine
their influence on measurements. Several pertinent effects

were noted.

1. Mode Differences

T

~
AN
It was initially hoped‘t@at repeated reference runs would
: ~
not be necesséry. The furnace output, when divided by
¥

. reference detector output, (resulting in what will henceforth
be called 'éompensated'output'), was expected to be constant
for any one TEM mode of a given wavelength. However, by
locking onto different longitudinal modes of the same

transverse type (e.a. TEMyoxs where x is a large iﬁteger),

< . L
dlfferences in the compensated output of about 10% were
observed. This was probably a result.of imperfect alignment
of the FIR cavity mirrors. Minor differences in anagle of exit

of the beam from the FIR laser can cause major changes in

N
received power pecause of incomplete capture of the light
reflected from _the sample surface. Furthermore, the problem
is accentuated at longer wavelengths; (Cf: 'Detection',

section II-2-3),
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Because of this, experimental procedure involved
measuring the reference reflectivity at least once for every
laser mode 'locked onto'. As the laser could be kept locked

to a singié mode for hours, if necesskry, this proved to be

easily achieved. V3

#

e

2. Laser Stability

Mode jumping was a secordd~troublesome effect. A plot of
laser output power vs. FIR cavity \length is shown in fig.
'3-1. The FIR cavity, when séanned in mirror separation, lases
when the cavity length is a half-integral number of
wavelengths.q Yowever, diffefent transverse modes may have
very slightly different 'cavity periods' and so may
occasionally overlap‘.33 When two modes are both approximately
satisfied by a cavity length setting, lasing may change
abruptly from one to another as changes ;Em;emperature or
cavity gas pressure cause the optical path length to vary.
Since the 'throuchput' for different modes is different, a
reflectivity measurement will appear to change abruptly. In
'practiée, this effect occﬁré only at a wavelength of 119
microns, where, because of the relatively short wavelength,
longitudinal modes are closely spaced -as a function of FIR
cavity mirror separation. Also, by proper mirror alignment

and careful optinization cof the output power, mode Jjumping can

~ Y
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always be identified and corrected.
3. Cavity Pressure ' !

A third laser property influencing measurements was the
dependence of output power on the pressure of the FiR cavity
gas, methanol.- While the compensated sighal is independent of
beam intensity, a reductiop 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

3 ~

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
édjustment of a needle valve between a liquid methanol
4reservoir-and the FIR cavity, which is continuously evacuated

by a mechanical pump.
4, Interference Effects

In these experiments, one commdn characteristic of lésers
was unwanted: interference of its highly monochromatiec
radiation. A desirable experimental arrangemegt -
normal-incidence reflection -~ could not be used because bf7the

appearance of standing waves between the detector surface and
P

Vi
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sample. This made the measufed signél’Ve;y depeﬁdent on the
~samp{é—detector distance. “
~ ‘ ‘

By ostetting ip?}dent and reflected light paths by 32
degrees, interference disappeared for short—waveléngth laser
lines. However, for thé longest wavelen@ﬁh, 1217 microns (and
occasidnally 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 furnaée is plotted for two
wavelengths as a functioﬁ of sample height. Measurements were
performed by adjusting sample height to obtain the maximum
peak. Changes in sample height caused by thermal expansion or
denéity change were not sufficiently large’to affect

reflectivity measurements, at least o%fr ranges of 100 deg.C.
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B. PROCEDURAL TESTS
1. Solder Metal

In order to determine the most appropriate procedurg and
the att%inable-reprodﬁcibility of reflectivity measurements on
liguid alloys, several laser experiment.runs were made using
fluxless solder metal, 50% Pb - 50% Sn, as the sample. Each
run'ehtailed meiting the sample in the optipal furnace as
described 'in section II-D. ;,—
3 - ;\\J |

Results of two runs are shown iﬁafig. 3-4.° On melting,
the solder exhibited a significant increase in reflectivity,
particulérly jusf above the meltiﬁglpoint. Considerable-
hysteresis in thél%easured melting temperature was observed;
this canﬁot be attributed to different solidus and liquidus
points for the alloy, but is instead ascribed to the low
thermal inertia of the measuring t erﬁocouple. This was
fastened to the steel.crucib%e hol#er'below the silica
crucible, and could be expected td follow changes in heater
perr more rapidly than the liquid sample.

By reducing the cooling rate, hysteresis was avoided and

temperature accuracy of + 10 deg.C was obtained.

sample gave reflectivities reproducible to within about 1.5%.
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Limitations 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 changes in sample orientation from apparatus jostling.
Comparable uncertainty was introddiced 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%.

!
S

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

in the surface roughness when solid.
2. Ga-Te Observations ’ S

The procedure of section iI—A—4 was used for all
measurements except initial laser runs at 119 microns, for
which the-melts weré not stirred. Visually, unstirred samples
appeared to have Gallium-rich surfaces, probably from Te =
N f;evaper—a%ienferfﬁea&ﬁgﬂﬁﬁa—ts—the—surface: “The density of ———

Ga 1s roughly 5% less than that of Te. .
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The first 119 micron runs were also charaéterized'by
faster cooling rates. This was later suspected to reduce the

accuracy of reflectivity measured at:the liguidus point. -

-
.

Furthermore, isotherms at two or three temperatures of thé
) ,

melted alloy were desired. For subsequent runs, therefore,

2

heater power was reduced in small steps.
e
. /;
Using botR f¥he laser and interferometer systems, a large
e e N - e e e L ]
drop in refleéectivity {about a factor of three) was observed
-for all alloy samples on freezing. As with the solder metal,
the reproducibility of the solid reflectivities was somewhat
worse than liguid measurements; based on 6 sets of runs, the

ratio R had a mean standard deviation of 7%.

/ . ;
solidus”Rllquldus

Some of the decrease on freezing is attributable to light scat-

o

tering by crystallites on the alloy surface. The contribution Q‘

-

5f density change - causing a change in sample height and thus
,

Taking reflection less efficient - was investigated. After ar-

sarmple had cooled throuagh the freezing point, its height was

adiusted to again maximize radiation output from the furnace.

*

in several such %frials, the improvement never exdégded.a

factor of about 1.2. This suggests that a single height

adiustment at the peak furnace teMperature was sufficient to

rovide accurate reflectivities over a wide range of

'

-

“emperatures in *he liguid.



To avoid errors due to possiblé systematic change in the
apparatus, all lasgr runs Were done randomly in terms of alloy
composition. The seven samples of the first se;Ees were used
at laser wavelengths of 119, 1217, and then 571 microns (84.2,
8.2, and 17.5 cm~1 respectively). 'The same seven samples were
usga fo; repeated measurements at 119 microns. Finally, |
samples of the second serieé were obéerved at 119 and 1217
microns. (Ssee Section II-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 ghowr
anomalies at or very near the intermetallic compositions, the
Ga,Tey and GaTe alloys were thought most likely to exhibit
unusual reflectivity. This:opinion was supported by the
previous laser data, which showed dramatic changes in R and

its temgﬁréture dependence between these compositions.
\

k
The 50 and 60 at.% Te alloys of series II and III 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.

—
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Initial interferometer runs were performed using a P4-43
py;oelectric detector. This device was found to have an
unsatisfactorily high noise level for use with the rather low
energy interferometer lamp. In order to obtain reasonable S/N
ratios, averaging timeS”Were necessarily long, leéding to slow
data acquisition and poof resolution. -Sﬁbsequent runs used a
He3-cooled bolometer detector. Colder detectors have superior
S/Hrratiés becaﬁsg of the reduction in Johnson noise with

14

temperature.

No blaékbody overloading of the detector was observed
~when using the interferometer system. The detector itself
received about 20X less signal than in a typical run without
the furnace in the light path, and is designed to respond

linearly over a much greater dynamic range.

C. COMPOSITION ANALYSIS

Following the final laser and interferometer runs, the

compositions of several solid ingots were determined by X-ray

Fluorescence spectroscopy‘34

The top surface of:each ingot was 5craped off to a depth
of about 1 mm to yield a powdered or granular sample. To

investigate whether a concentration gradient existed through
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the ingots (éaused 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, dﬁe sample (the 50 at.% Te alloy) was
assumed to have retained its original elemental

P

concentrations, and other measurements were scaled

7
?gcordingly.

Mechanical properties and analysis results are summarized
in Table III-1. Using the relative reference scheme, measured
sample compositions are seen to be internally consistent: the
same 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 Ga,Teq ingot
were also insignificant, probably because of periodic stirring

when melted. 2
} .

SN
) e
Supporting evidence. for the stability of the melted

alloys is the previocusly mentioned mass-loss measurement
{section II-D)} and +rne absence of any systematic change in

sample spectra in successive interferometer runs.
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IV.  RESULTS

A. LASER REFLECTIVITY
'Measurements made“with the FIR laser revealed
relationships between liquid alloy reflectivity and optical

frequency, composition, and temperature.
1. Fréquency

The use of threé wavelengths was sufficieﬁt only to
pro&ide‘a rough icdea of the dépendence of refleétivity on
freguency. There are marked differenéeé, though, between
these data. Figures 4-1 and 4-2 plot R vs. alloy composition
at 17.5 and 8.2 cm™l. The two fregquencies yield similar |
reflectivities, typically in the 60 - 70% range. An anoﬁalous
increase in 8.2 cm~l (1217 micron) reflectivity for a Aarrow
range of composition is not seen in the scantier 17.5 cm—1
(571 micron) data, thouch. In contrast, the 84.2 em~ 1 (119
micron) results, plotted in figure 4-3, exhibit more dramatic
zehavior, both in rance of wvalues (rising to nearly 100% R)
and general trend wizth composition; For most alloy
ccmpositions, refleéfivity falls ﬁzih‘deéréggiﬁg ffequéncy
over the laser rang=s. The interferometer results illustraté

the freguency Zeperifence more clearly.
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Figure 4-1

Reflectivity at 571 u versus Liquid
Ga;_4Te, 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 alloyé ére
(in deg.C):

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

x=O.47,_T=815; x=0.50, T=824;._

x=0.53, T=812; x=0.57, T=780;

X=O.60,‘T=790; %x=0.63, T=760;

x=0.66, T=730; x=0.70, T=680;

x=0.75, T=612:; x=0.85%, T=470;
X=1.00, T=453.

Liquidus temperatures are taken

from Hansen and Anderko,32 the published

figures most closely followed by the

less precise measurements of the present
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=
2. Composition
\\ v
Figures 4-1 and 4.5 illustrate a general trend
of R with composition. Figure 4-2 plots the mean

reflectivity when more than one méasurement 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 compdsitidﬁ
range, 0.45 < x < 0.60, is present at 1217 microns, but not at
57£ 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).
The 119 micron data, plottedlin figure 4-3,‘shows strong
composition dependence. At 1200 deg.k and around compositions
of 58 + 2 % Te reflectivity rises to yefy large values. At
lower temperatures;:the maximum becomes broader amd-shifts
toward 50% Te. - At all temperatures studied, this high .
«efiectivity falls off drastically: for x ¢ 0.50 or > 0.60 .
Except fof this anomalously high-R region,  the 119 micron

results display a composition dependence similar to the longer

waveléhgths: namely, increasinglR with Te composition.

- Note that the "Repeated Series I" data is shifted 1%
towards Gallium. This was done'Wheﬁfblotting,%"b correct for
3

- ~



T

’ ,
the estimated change in sample composition that arose from

evaporation of Te during preceding runs. (Each sample-was

typically used in four-funs, with an estimated %oss of 0.2% Te .

.

_per run).

3. Temperature " _/

Dramatic temperature dependence is‘apparent for 119

micron reflectivity: Eiamina@ion of figures 4-3a and 4-3b

4dndicates a systematic variation with temperature. Note that

-

whi;e fig. 4-3a is an isothermal plot; figf 4-3b consists of
data taken at a variety of temperatures: the iiquidus points
of different alloys ranged from about 430 to 830 deg.C (Cf:
phase dfagram, fig. 2-5). The liquidus-temperature results
were included to indicate most sensitively the possible |
existence of weakly-bound molecular clusters; reflectivity

anomalies caused by such molecules would disappear as the

clusters dissociated at higher temperatures.

Figure 4-4 plots R at 119 microns vs. x at 3
temperatures:’/apﬁ{pximately 1200 deg.K, 1150 deg.K, a&nd the.
ligquidus temperatpﬁes. Examples of R vs T curves for three

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

A1l such curves display almost.temperature—independent
reflectivity below the liquidus point, but an increase in R

with Tiwﬁéniiniiﬂé'iiéﬁidrsté£e.miFor evéfy alioy sfﬁdiéd,'R

-
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»is lower in the so0lid than in the liquid state. The slopes of

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

¥

x=0.6.

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

tempéraﬁures, divided by the temperature difference. The

maximum temperature in all cases was 1200 deg.K: the minimum
was the liquidus point. Published values of liquidus
temperature were used: while the experimental melting points
agreed most closely with those published in Hansen and
aAnderko, 32 théir random error was>highgﬁ‘ leading to a less
‘;mooth‘ differential reflectivity curve. The figure shows an
obvious peak at about x=0.6 corresponding to the composition
GajTe;. The temperature dependence of R falls to zero for

x < 0.4 and alsoc drops dramatically (but remains finite) for
alloys with atomic Te fraction greater than about x=0.65 .

The Tellurium-rich compositions provided less precise data ¢
becausgse oOf rapié Te evaporation and conseguent furnace
contamination. \

Similar plots for 571 and 1217 m%cron wavelengths

{figures 4=7a and 4-7b) show a rather constant shift of R with
3 ,

T, rising somewhat with Te concentration. The experimental

3

uncertainty nides any small effects which may be present. No
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significant peak is obvious. 1In particular, the differential
reflectivity remains high at large Te concentrations, making
these results qualitatively different than the 119 micron

measurements.

B. INTERFEROMETER REFLECTIVITY

The far infrared freguency spectra of liquid Ga,Teq and
GaTe are shown in figures 4-8 and 4-9. Each graph is composed

of spectra from twoc alloy samples and three spectral ranges.

The spectra cf each freguency range consist of two to four

averaged sample ané reference runs.

The reflectivity of Ga,Te; shows a gradual rolloff with
frequency, ané no significant bumps or other spectral
features., Therirregularities were identified as noise by
observing the spectra of separate runs: bumps were differegt
from run to run, and tended o diminigh in magnitudé as
spectra were averaged. The data conform, within the random
experimental noise, with the Drude model of metallic

reflectivity (see Section V-B). Crude pyroelectric detector

measurements, not included in fig. 4-8, indicate that this

Srude-like derendence continues at least up to 700 em~i.
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Liguid GaTe reflectivity is gualitatively different from

_that of Ga,Tey. The GaTe spectrum is much flatter, and does

not display the monotonic increase in R towards 100% as
frequency decreases. A slow decrease in R with frequency,

approximating Drude behavior, is evident at higher

E—

~freguencies, but is lacking below about 175 em~l. This low

‘ﬁrequéhcy region is shown in fig. 4-10. A possible peak around

40 cm‘lhmay.be idehﬁifiei, although this is barely above

the experimental noise. As with GaéTe3, the

GaTe spectrum_shows hq‘feétures attributable to optically
active modes, despite high resolution and moderately good S/N
levéels. o

Laser measurements at- 119 microns agree within the

estimated error with interferometer results. The

P

interfercometer random error is estimated to be roughly the

magnitude of the irregularities in the curve, and systematic
error in the reflectivity scale may be as much as + 10 %. Low
frequency laser reflectivities deviate from the broad-band

*

spectra, however: the laser data tend to -be 10 to 35% low.

wo

e

P



75

0

|- (A
0] 06 0L 09 0S 07 0€ 0Z ol
1 § 1 T T I e T
" o
- Jo0 006
- 3| Dg )
0T~y aanmbrg

P

S -
o
% 'ALIAILO3143Y




76

V. MODEL CALCULATIONS ' T s

A. Activated Conductivity

 The temperature dependence displayed in the differential ~
reflectivity plot, fig. 4-6, can be quantitatively related to
rE
conductivity.
At normal incidence, the reflectivity R is related to the

dielectric constant € of the alloy by

{(v-1) R =

This relation is a good approximation for the 16 deg.
incidence used in these experiments. According to the Drude
|

model,

2
Wp

w +'iw/rd

.,

The plasma freguency wp and relaxation time T4 are
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R -

related to DC conductivity Op and electron density N by

2
w2 - 41TNe
p *
m
(v-3)
1., = 4rroQ
d 2
Wp

where m* is the effective mass of the charge carriers.
Equations (V-1) and (V-2) can be evaluated by computer, using
chosen values of wp and T,, to calculate reflectivity versus
frequency. An approximate closed-form expression can be used
here, though.

‘ For far infrared frequencies, uJE<<11. Using this
condition with (V-1) and (V-2), one obtains the Hagen-Rubens

relation, an expression relating reflectivity and Drude

conductivity, valid at far infrared and longer wavelengths:




in terms of wavelength in MKS units.

By invérting equation (V-4), cooling curve data such as

-

figure 4-5 LR‘VE’.3 T;fgr liguid alloys) can be converted: to

o(T) informétiqn, extrapolated to zero frequency. The

resulting conductivities deviate drastically from those .

obtained from published resistivity measurements, differing by

- as much as a factorrof lSt _Furthermbre, tﬁis conductivity,
cfir’ extrapolated from FIR reflectivity, has a concentration
dependence which is qudlitatively different from that of odé'

is anomalouslf iarge over

ir , .
the range 0.5 < x < 0.6, and drops bac% to low values at x =

Like the reflectivity itself, G;

0.4 gndrx_= 0.7 . Figure 5-1 compares the DC and FIR
conductivities as a function of liquid alloy composition. The
FIR data based on laser measurements agree within the
estimated e%perimegtal error wiFh the c%pductivity infe;red
from the broad-band specé;a. Conductivity varies dramatical;y

with small changes in reflectivity, especially near 100% R.

e

In contrast, the temperature dependences of O4o and O

fir

at fixed concentration are similar. Plotting the experimental

lnof‘ vs. 1/T, a linear dependence {within the measurement
ir o

W*f’f*'*me§n€3rt&iﬁt¥4~i5~Gb%§%ﬁeé*ferﬂa%ibyucompositionsﬂﬁ:SSuf*x~<~~*”7*f*~~

2 P
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0.66 . For x < 0:55, FIR conductivity is neafly independent
of temperature; for x > 0.66, conductivity rises more than
exponentially with T. Some typical curves are shéwn:in figure
5-2. From the slopgs'of the curves, an activation energy E

-

is obtained:

(v=5) o(T) = o exp(-E_ /2KT)

A plot of E, versus alloy composition conforms fairly

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

B. FITS TO BROALC-BAND SPECTRA
1. Drude Reflectivity

The simplest model, and one known to be applicable to

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

LU o

described in section V-A. Rather than use the Hagen-Rubens
approximation, which!sg;omes invalid at the highest
freguencies measured, equation (ﬁ—z)_for the dielectric

constant and equation (V-1) may be eValuatedfexa;;ly”by”

ES

computer. To fit this mcdel to the broad-band spectra of

s

GasTeq and GaTe, the electron concentration N was initially

assumned to be, for composition x, i,//

.l
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(v-6) By = {1-%)Ngy + xNopg

.where, as usual, x denotes th; atomic Te fraction. The
relaxation time T; was then varied to reproduce the shape of

. the reflectivity curve.

This procedure yielded a reasonably good fit to the

spectrum of Ga,Te3, shown in fig. 4-8. The best-fitting

L3

uncertainty of both the interferometer and llép laser

measurements. The fitting constants were

., 4 -1
, Wp(Ga,Tey) = 9-3 ¥ 107 om

T

= ~-18
Td(GazTe3) = 6.3 x 10 sec

OO(GazTe3) (170 + 30} ohm~lem—1

for GaZTe3 at 900 deg.C.

Since equation (V-6) is an interpolation of electron

density between the values of N for the separate atoms, it

neglects the effect of possible bonding. A more realistic

value of N would probably be lower, to account for the dip in

DC conductivity at x = 0.6. To test this possibility, the

‘plasma freguency was taken to be 2.82 x 10°% em™! (a figure

%



- obtained in a fit to NIR/Vis data: see secticn B-2). By

setting the relaxation time to be Tq = 7.1 x 10717 sec

(Ob = 180 ohm~lcm~!), a Drude fit comparable to that from
equation (y-6) was obtained. The random error thus restricts
!

the informétion obtainable from the Drude fit to the sinale

parameter Og, a function of W, and T3 (cf: equation Vv-3).

p

In contrast to the Ga,Teq résults, the spectrum of liquid
GaTe is certainly not Drude-like at low frequencies. The
gradual decrease in reflectivity with rising frequency
characteristic of the’Dgude model is absent in GaTe. As seen
in figure 4-10, the low freguency speétrum is almost flat. if
onl§ the higher frequency‘portion (V> 175 ém'}) is
considered, though, a Drude curve can be fit to within the

”

experimental uncertainty. This gives

N

(ﬂp(GaTe) = 9.7 x 104 em~1

Td(GaTe) = 2.7 x 10717 sec

I

Co(gaTe) (800 + 150) ohm~lcem—1

for GaTe at 900 deg.C.

Neglect of the low frequency reflectivity lacks physical
justification, -however, because the free—electrons responsible
for the higher-freguency reflectivity would also raise the low

frequency R to near unity.



2. Quantum Oscillator ‘

In the work of Trotter et al.,, visible and near~-IR
reflectivity data for a wide range of liquid Ga-Te alloys were

fitted using the 'guantum oscillator' model. This is the

guantum mechanical analog of the Lorentz model and is a simple

’qggscription of a material with a bahd,qap34 It assumes .the
. alloy to have a sharp valence band and a conduction band of

width l], separated by fiw, The resulting dielectricﬁconstént

is given by

(V=7) Elw) = ¢ +
N WS- we -~ iwfl

where g represents the contribution of lower-lying
bands. This expression reduces to tﬁe Drude formula when the
band gap ?uuo;—+ 0, so the model is able to deal with alloy
properties ranging from metallic to semiconducting. Using
{¥-7) and equation (V-1) to calculate reflectivity, rough fits
to the NIR data were obtained9 by varying the plasma

frequencyldb,'the,ban&hgap u); and the conduction band width

- T .—PFor-exam: £ Gaﬁfpes, fbm’r fitting parameters were
wp = 3.5 eV, MWy =1.9 ev, an® ®l = 2.1 ev. When

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



nearly constaﬁt reflectivity far below the observed Qalues.
This is not surprising, since the simplistic model does not
include the contribution of free electron absorption, which
dominates reflectivity in this region. The guantum oscillator
model accounts only for the interband transitions responsible

for visible reflectivity, and so is inappropriate to describe

tpe FIR results.

3, W&;Ehanical Oscillator

Unlike Section 2, in which a ﬁiglectric'c;nstant
calculated for a particularhband 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 effectsrfrom excess Ga atoms, for

example) should be included. The dielectric constant then

becomes
wg Swg
(v-8) gw) = 1 - +
w2+iw/1d W= W= iwly

where wm = resonant-mode frequency, ﬁ“'is the oscillator

line width, and S = oscillator strength. Even assuming the

low freguency laser results to be valid, this expression is

unable to fit them; the high free-electron reflectivity swamps

s

any contribution due to resonant modes.



=

D. DISSOCIATIOﬁ MODEL FOR ENTHALPY dF MIXING .

, ~ _ -
. ./ This section does not deal directly with the data

obtained in the present experiments, but yields previously

unreported information concerning the Ga-Te system.

The enthalpy of mixing provides informétion about the
binding energy cf a molecule: for'any reaction involwving £he
formation 6f a compound, alnggafiﬁé'éﬁﬁhaléy implies the
release of energy. In an alloy.system[van infinite gradation
:of mixtures is possible, with cofrésponding enthalpies of
formation. The way in which the enthélpy varies with alloy
composition is determined by the ndﬁbérs of atoms a§ailable
for compouné formation. For example, therex1stence of an
intermetallic compound in a binarfvsystem would tend to cause
atoms to associate in the sgp}chiometric proportions, leaving
an excess of one consistuent (thﬁs:is essentially the

pseudobinary alloy model).

2 more realistic model for hot liguids permits the
intermetallic compound t0 have a finite lifetime; that is, not
all atoms, even at;therstoichiometric composition, are

associated into rolecules. In thls event, the enthalpy of

e — -

mixing will obv1ously be changed, since the reaction numbers

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

£

complex thermodynamic calculations, but that of McAlister and




Crozier’ is one of the sihplest.

Assuming a fraction @ of the atoms to be associated into

molecules A_B,, the dissociation expression is

(V-9)  A_B, —— A_By + (1-a)(ah +bB) .

-

Chemical equilibrium regquires

()

W

(v-10) - =——————— = constant = K
¢kb5b
}!i
where ¢'n = volume fraction of species n in the

pseudocbinary system, i.e. ¢‘n = Vn/v‘tot; where
vV, = molar volume of species n.

According to the model, which relates the concentrations
of species in the dissociated and completely associated
pseudobinary systems, the total molar volume. for a system Qith

a molecular compound A2B3 is

e ,X(VB - VA) + VA
tot’ ] - 2Q(‘-x)

{v-11) v?

.

where x = concentration of species B.



From this, an expression relating the equilibrium
constant, associated fraction of molecules, and alloy ’

composition is obtained:

vg3v,? 1 - 2a(1-x) |4 ~
(2VA+3VB) x(VB- ALAN

(v-12) K =

o

“§inally, the composition dependence of the enthalpy of

"mixing is taken to be

289X AN, x ¢ 3/5

(v-13) AH = : y - ‘
5a(l-x) NAR , x > 3/5 ’

‘ . » : ,
where Ah = molar “emfhalpy of formation, per atom, of the

compound molecules. Ncte that the model considers only one
. intermetallic composition (AZBB in this case); for the Ga-Te

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

These relations were used “to fit the model to
experimental measurements of enthalpy of mixing made by :

Castanet andrBergmanl2. The data were obtained by droppihg



bonding for Ga,Te3 molecules: -

heat of formation for Ga,Tes is ?gprqximately 1.7 kT per atom.

2 ' - 90

ﬁmall knowni quantities of solid Te .into liquid Ga at 1200 and -

1238 deg.K (927 and 965 dec.C) contained in a calorimeter.

-
3

The model has two adjustable parameters: NAh and a.

The associa}ed fraction at seme alloy composiﬁion X is
adjusted; this fixés the '‘equilibrium constant K for all other
compositions, and, for theé correct a, reprodqées the shape of
experimental curve. |

The resulting fit, shown in fié. 5-4a, is gquite good.
The fitting parameters yield the enthalpy of formation of .
GazTe3,t€AT;= 86 kJ/mole, and the frac£ion of molecuies
associated at x = 0.6: @ =0.45 £ 0.03. Furthermore, a
sygtem%tic deviation between moéél'and experiment occurs near
x = 0.5; the discrepancy, plotﬁed in the inset of fig. 5-4

versus alloy composition,

=

is similar in shape to that of the

entire curve. This suggests that GaTe is present along with
i .
Ga,Tey as a dissociating compound, though in smaller amounts.
This inference is in accord with Glazov's viscosity and e

conductivity data, which also show relatively weak anomalies

»

around the composition of GaTe.

The fitted enthalpy of formation impligé very weak
—— {- -

86 kJ/mole-molecule = 17.2

xJ/mole-atom, while ™RT = 9.98 kJ/mole at 1200 deg.K., i.e.

\

A S
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.. composition are apparent: S S
v ‘ : : |

VI. DISCUSSION

. -

-7 o . ! ’ . 9
A. CHARACTERIZATION

- ’

5

Referring to the temperature variation of the laser

~results shown in figures 4-6 and 5-3, three regibns'of

+

(a) Ga—rich, X < 0.4: reflectivity independent of T..

r

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

w;‘ =0.6. The largévvalues fall rapidly at the boundaries'of

this re¥ion.

- ke

[ 48

. v i
t%\/ (c¢) Te-rich, x > 0.7 : smaller but non-zero T A

dependence.

-~

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

butAare erthanced over mos & 5 « x < 0.6) of region (b)..

r

Sﬁéh'pfopéftiés havepreviouslybﬁFnusédtpcharacterize

1 s

B e N R

1liguid semiconductors; for example, region (a) is M-type and

regions {b) and (c).arévs—type (metallic and semiconducting,

respectiveiy;’deduced’soIer'frcm”theﬁtemperaturé”dependence*”"'”m

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

[
+

-



-
observations. ‘ ’ -

)" . . , . ’ 93 %

L
b

, . ‘ _ ,
- . : /1 - ' .
A ‘ .

Allgaier would plaéeiall the alldyq in his category B-

Y

(intermediate conductivity, 100 <_O, < 5000 ohm~tem—1)

‘according to the conductivities inferred from reflectivity

-

data. Models corresponding to such classifications are

discussed in Section C below.

. -

Applicable theories must address the following

1. Temperature Dependence

Thérmally activated conductivity, the basis of the
calculations-of Section V-A, has previously been reported in
liquig Ga-Te alloYs by Vvalient & Faber, 10 who measured |
resistivities; it haé‘also been observed in other liguid

semiconductors3 and amorphous solid semiconductors36

R
-
RN

The activation energy deduced from the reflectiyiiy\

_temperature dependence (fig. 5-3) agrees well with

resistivity measurements for compositions x>0.63. At the

b ,

Ga2$e3}composition, however, the activation energy of the =%
(=

" .
present EXPerimengjfﬁﬁo‘“4}ev) is*somewhat higher than-
; H : .

g

previously’

lisfed data {Eq ~ 2.5 eV [vValient,& Faber] or
4 }

3.4 eV [Shelykh & zhuze37]). This large value for Eg

seems too large to be interpreted as a band gap (the high 7

conductivity is incompatible with such a wide gap). In

i J



a4

FIR conduct1v1ty is abcut 10 times larger than the DC value-

contrast, the crude 'gquantum oscillator' fltS made by Trotter
et al.? to their v131ble reflectivity" data lndlcated that the
band gap varies only slowly w1th alloy comp051tlon, peaklng at

about 0.9 eV for Ga2Te3. : .

2. Frequency Dependence . , T

,,4aﬁfﬂqﬂmhg -good conformity oifiba 632383,sppn*rnm +o_the e

Drude model implies that conéhctlon is mainly by free

carriers. However, the DQ conductivity oac is somewhat

lower than the value inferred‘from the FIR conductivity, as

illustrated in fig. 5-1. The FIR composition dependence is .

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

near x=0.6, while O4. reaches a minimum there.

.

- T
s

This departure from the Drude model is apparent in the
:
reflectivity sﬁectrum of GaTe. The low—freQuency flattening
of the spectrum may actua}ly be a mild peak, making it . -
gualitatively like those of some amorphous solids. At least '

two such materials - As,Se; and Tl SeAszTe3 - have

some of the optlcal characterlstlcs of llquld GazTe3 (a)

“conductivity (v < 1010 Hz.) has also been measured in

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

‘with similar activation energies.38 row fregquency

8

disordered solids: such materials display a power-law



increase in O{(Ww) with freqﬁ;ncy in -this region. O reaches a

plateau at microwave or FIR freguencies, and‘then decreases %
*  again. The,conductivities of liguid GaTe and Ga,Tey show %
the latter behaviour over the FIR fregquencies studied. The ;
vié;ble refle%;;yities of liguid Ga-Te, measured by Trotter et ;
al., also regemble those of amorphous solids. Howeveﬁ, .
glasses have conductivities some 2 to 5 orders of maénitude
~ Iower than liguid semiconductors. T T T
The present GaTe spectrum is gualitatively different from
that of the solid single crystal,;which has several
infrared-active modes znd reflectivity only half that of the
7liquid.39 The -lack of features in tﬁe liguid spectrum )
confirms that a well-defined cgystal lattice ié absent in this
state, -
'
: e )
B. COMPARISON WITH THE Mc-Bi SYSTEMI~al. -
Liguid Mg~Bi alloys-are the onlf'binary liquig
semiconductors other ﬁhan Qa—Te~§or which the FIR prppgpgie;' )
have been)studied. Thejtwo gystems are rather d;fférent: »
Mg-Bi is a metal-~metal systeﬁ, wnile Ga-Te is a

.

metal-chalcogen, the ~ost common type of liquid semiconductor.”

Other guantitdes alsc differ, in particular the thermopower,
wnich changes sign 23 the intermetallic composition Mg,Bi,

4

e

4



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 displazﬂ//f

/
several common features: T

o
Ll
(1) Reflectivity is enhanced within a few percent of the

intermetallic composition - aroundeg:,;Bi2 and between GaTe

- and GayTeg. S el s - :

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

away from the intermetallic compositions, but rises somewhat

near the pure components.

(3) Extrapolated Ofjr is quantitatively different ffom
O4c obtained from resistivity measurements:; for Mg-Bi,
Ogiy at MgyBi, is enhanced 100 X over-cdc% for CGa-Te,’
deviations are as much as factors of 10 to 15.

(4) At the méjor intermetallic compositions, broad-band
spectra are Drude-like, at least over the range 10 to 250
cm~l, The GaTe composition, however, departs f;qm éﬁis

behdviour at low freguencies.

“absent.

. ST o
= N Iy .

(5) Optically active modes in the far infrared are

e

e
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The similarities, most notably (3), suggest that liquid
semiconductors as a class may exhibit such far infrared
T
properties. Property (4) has been observed in the s

L &,

near-infrared for Bi-Te and Cd-Sb alloys.‘l'O

C. EXPLANATIONS FOR Ga{%e

N
1

1. Pseudogap
-
: z

Mott et al.® suggest that the linear 1n.G vs. 1/T
dependence observed in several binary-liqﬁid'semiéonauctors
may actually represent only a strongly temperature depe;dent
conductivity. As température increases, disorder in the
liquid alsq rises, leading to the accentuation of ‘tails' at
the edges ofrcoqgggtion and valence bands. These tails.
eventually overlap?ko form the pseudogap, a minimum in the(/
electron ‘density of states. Higher temperatures raise
disorder.and increase the probability of the promotion of
carriers to the pseudogap, causing the pseudogap to ‘fill in'.
If the Fermi energy Ef is invthe middle of the pseudogap,

conductivity of the melt is expected to rise with temperature,

4——mffﬂ~ﬁasfthemgapmfiiiS*1ngand‘thE‘denSIty‘Uf‘sfafés*approacnes a
free-electron-like shape. The particular ¢(T) and composition
dependences are determined by the characteristics of the
pseudogap:and bandstructure of the liquid alloy.flgg};example,

v P
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sutton4l has fitted visible reflectivity data for various
amorphous Mg-Bi alloys by postulating a particular model for
dénsity of states:. parabolic valence and conduction bands
with exponential tailing into the gap. When conduction is via
diffﬁsid;»of electfons (i.e. mean free path = interatomic
distance, denoted By Allgaier as conductivity region B), the
density of states is related to the optical conductivity by

the Kubo-Greenwood formula

oW = 2"_9_2;‘2_9 {f (B) -f (E+hw)} | |28 (E) N (E+hw) AE
m< W

where N(E) is the electron density of states, ID|2 is

an average probability for transitions of energy hw, and f(E)
is the Fermi function. His results indicate that the
pseudogap i§deepest at the intermqtallic composition, and
'fills in';forlsurrounding alloy cqmpositions. However, the
fits are not good at low freguencies, the region of interest

here.

Based on NMR measurements, W.W. warrenl4 infers
molecular associations of Ga,Te; 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

as evidence of localization of electron states in a pseudogap,
the depth of which decreases with incfegging temg{rature, as

predicted by Mott.
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In the pseudogap model, the existence of localized states
leads to conductivity via thermally-activated hopping.  Mott
calculates the very-low-freguency conductivity to be

<

I-1 o(Ww) = A WS
%7 (W) W

!

. -5

where A = constant and s is approximately 0.8.

The present data do not obey this';elation, since,
according to Mott, (1) Equation (VI-1) holds‘only for
frequencies v < 1010 hz.;. (2) true hopping conduction may
not exist in liguids, in which localized states rapidly appear
and disappear with changing microstructure; (3) The presence
of highly comrducting Ea or Te states would swamp the small
hopping contribution. Near>liquidus in Ga,Te,, however,
conductivity is guite ow, and might make such
hopping dependence observable. The FIR lasér
results show a constant activation energy from liquidus to at
legst 140 aeg.c above it, though; no additional T-dependence

is seen.

Mott has given an argument (without explicit

calculations) that a pseudogap 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 wvalues
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w{th de?feasing frequency.42 As mentioned above, however,
fits Ty Sutton by this model of densi&y of states failed to
reproduce a peak in optical conductivity in the far infrared,
known to exist from reflectivity measurementst® and implied

ry radio frequency measurements on amorphous Mg—Bi.Sé By

= e

permitting the Fermi energy to shift by as little as <0.1 ev
in a rigid band rmodel (rather than have the density of states
vary dramat&%ally with composition), Sutton?! and Ferrier &
Herrel143 appear to obtain the required conductivity peak.

A pseudogap density of states seems, therefore, consistent '

with the reflectivity data only when the Fermi energy is not .

pinned to the centre of the gap.

2. Molecular Clusters
'

An alternative proposal shifts the scale of explanation » -«
from atomic to submacroscopic. Ga-Te alloys may be thought of
as heterogeneous mixtures of molecular clusters in a sea of
free atoms or ions. This"soup‘ of component; is implied by
the good fit of the dissociative pseudobinary alloy model
(Section v-C). Viscosityll measuremeh are a second

~
cenvincing indicator of clusters.

The effect of molecular bonds should be discernible in

ﬁié'feflectivityrspectrum. Fcr example, the approximate

vibrational-rotational freguencies of the GaTe molecule,

calculated in 2Appendix RB, are



R 204 + 7.2nR cm~1

V. =
N
Vp = 190 - 7.2np em™? ‘
_
_ ™
Vo =197 em~L, o
C

where V., Vo, and QQ are the lowest freguency

b4

absorption bands for this diatomic molecule, and ng and

ng, = 0,1,2:,3,...

Reflectivity maxima at these wavenumbers would have been
resolvable in the interferometer experiments. Their absence
suggests that, if GaTe molecules exisf, their concentration or
lifetimes are sufficiently small to weaken or broaden the
lines to beyond detectability. Warren estimates the lifetime
for a Ga,Tey 'molecule’ near the melting point, 10-11
sec, to be about five times smaller th?ﬁ:fﬁé time for
molecular rotation, indicating that molecular
rotational-vibrational modes should not be expected. This

arcument also holds for GaTe, for which evidence suggests

hump at about 40 cm-l isr£ﬁeﬁhighly broadened remnant of the
L3

molecular vib-rot band. Such a peak in amorphous solid

spectra ha$% been attributed to washed-out vibrational

»

modes, 38 .
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k¢ 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 compositions [i.e. region
! ,

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

o(T) (cf: fig. 5-2)._ An increase in band gap with
increasing temperature . would cause such an effect, but is not

physically reasonablé.  On the other hang, - this could be

explained as the combination of two mechanisms:

(1) Pure liguid Te is known to be a narrow-gap
semiconductor, with activation energy44 Eg ~ 0.4 evV. This
introduces T—dependehce 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 covalentliy-bonded lattice in the liguid

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

higher temperature.45 nging temperature thus  leads to
: o’ s
increased bond breakage and makes available more conduction

electrons (from the dangling bonds). The conductivity rises

acbordingly. A model incorporating these features has been

presented by Johnson46 for pure Te, in which a metallic .

conductivity Oy = A/T due to free electrons (A = constant),
semiconductor conddttivity”déc = dcexp(-Eo/ZkT) due to ‘ﬂ?rﬂ

Te bonds, and a Boltzmann weighting factor f = exp(-W/kT)



L

.o - 103

¥ -
representing the probability of finding bonded Te atoms, are

combined:

(vi—-z) O, = (1-f)c'SC + foM.,;
' 4

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

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

parameters [A, EO, O

and W] are in?olved). For Ga-Te,

the number ofrTe bonds will decrease with Te conEentration.
According to tﬁe pseudobinary alloy quel; the number of Te~Te
bonds should be g(éportional to (x-0.6) if ail atoms are
fssociated as GazTe3 at x=0.6, and could exist in hiéher

concentrations for all x if the molecules can dissociate.

A similar explanation, that is, temperature dependent
T
cluster geometry, with covalent Te-Te bonds replaced in part
or entirely by molecular bonds of Ga,Tey, may account for

a portion of the observed %>dgpendence 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. Hence, the Ga-rich liquid alloys of region (a)

The different conductivities UfijPand O3 could -

indicate different bulk and surface qualtfies. Liquid mercury

»

B bohon B0

K
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is believed to have such surface anomalies.47
In the absence of any
supporting evidence, however, such an explanation is -

»

completely ad hoc.

Alternatively, the differing O3c and extrapolated FIR
conductivities may be reconciled by the following
Inhomogeneous model, due mainly to Cohen & Jortner,48 and to
Hodgkinson.49

LS
)

The inhomogeneity of é liguid 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
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'), extep@ed conduction
paths disappeér; DC conductivity plummets. - Electron transport

is then by Mott hopping between regions‘or by promotion of

electrons across the mobility gap in the semiconducting ——— ——

regions. The acC conductivity could exceed the DC value: DC
conduction requires continuous paths through the melt, while

AC conduction can proceeg even with isolated conducting
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islands in a poorly conducting matrix. The temperature
variation of ¢ would be dominated‘by the semiconducting L\;
clusters, but enhanced by the metallic regions:; hence, the

anomalously large 'activation energy' at Ga.Te,.
b4 2Tes

o

This explahation can be applied to several classes of
disordered material. Quantitative ﬁodels have been developed
for métal-grain suspensions in a dielectric matrix. One éuch
model, Effective Medium thebry, predicts frequency dependence
gualitatively like that observed for GaTe in:the FIR: a
Drude-like drop-off in R at higher freq?encies, but reaching a
peak at a low frequency which is déﬁendent on alloy
compoéitioniso Such a peak must also occur in Ga,Teq

1

{somewhere below 10 cn”+, the lowest frequency observed)\

recause the LC conductivity is smaller than the fIR value.
5
3. Conventional Semicondﬁctcr
:
M. Cutler3 describes liquid Ga-Te mainlé in terms of
conventional semiconductor theory, with densities of electron
states determined by the concentrations of Te-Te anera—Te

ronds; it is further assumed that the band structure remains

)
»

%,

_unchanged- over a wide range of composition. He cites the
parallel increase of magnetic susceptibility and conductivity
on melting for Ga,Tey as evidence tﬁgg,considerable

covalent bonding persists in the molt%h compound. The large
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: agtivation enerqy,énd peaks in viscosity and resistivity at
GaTe and Ga2Te3 arelascribed to. chemical reaction as well

as electronic effects. As concluded by oﬁﬁer investigators,
the evidence séems to‘supggrt pseudobinary-alloy separation of
species, with the excéss Te covalently bonded. Because of the
dissimilarity in thermopower for Ga-Te (positive excepf'in the
miscibility gap, rather than reversing sign at the’ |
stoichiometric composition), the system’capﬁot be described in
terms of the detailed theory developed for T1=Te, thé*moéf’iy/

completely characterized binary liquid alloy. Cutler's

-

gualitative descriptions, however, are supported in the main

by the FIR reflectivity results. Trotter et al. Dbase

explanations of their visible reflectivity results on the

existence of bands assumed to be formied from Ga-Te and Te-Te

ponding and anti-ponding stat The lack of prominent

- /
features in the spectra makes interpretationambiguous,

though. As discussed in Section V-2, their deduced band
- -

~.
hY

parameters are not supported by\the\present data.

»

The present FIR reflectivity measurements can thus

confirm earlier descriptions of the liquid Ga-Te system, but

are insensitive to the differences between. the prevailing

liguid semiconductor models. The models are not all mutually
exclusive. 'Péeﬁdébinéry sepéféﬁioﬁiéfrspecies or molecular
- .';b .
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formation in the liquid melt is not sbecificallyrdeélt Qiih iﬁ
the Mott maael: the pseudogaﬁ simply explains electronic
transport propertiesrin terms of density of states. The
pseﬁdobinary alloy model.dgscribes the compositional variation .’

of those properties. These complementary descriptions account

i
Y
‘

for the present FIR data. ,

B

The InhoqggeneoUs modérk(Section 2) relates optical

gpopeftiesfto*micro?tructuremof”&iscrdéféa‘ﬁafériéls in.

4

. general. Effective medium theory,‘its most gquantitative

expression, Has not been applied in detail,‘owin§ 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
eartier DC measurements and visible/near-infrared experiments,

\ A
and relate the properties of a particgﬂar liquid semiconductor

e d

to other disordered materials. Presumably, semiconducting
glasses, metal-grain suspensions, and liquid semiconductors

evince similar frequency-dependeﬁce of .conductivity because of
. i - . fs
similarities in their structures; that is, short range order

with discontinuities in the conduction paths.
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D. LONG WAVELENGTH LASER DATA

-

T
N

-y

-

Laser measurements at 571 and 12174 were anomalous. The

u

reflectivity was frequently below that expected from simple

A}

medel calculations, previous work on other systems, and_

& L , . _
interferometer measurements; no clear trend was apparent in
E

the differential reflectivity; and int@&rference effects were

observed as a function of sample height, .. .. . _

The results at these wavelengtbs are believed to be
spurious: even neglecting the‘trustfp}thy brocad-band spectra,
the observed low reflectivities cannot be ascrited to
absorptgon by resonant modeg {the freé electrons that‘account:
for thé observed DC"conduétivity would maintain high

2

reflectivity).

Instead, thé anomalies should be attributed to the effects
of beam divergence. The 2 im laser exit window stronaly
d;ﬁf:acted the long waveléngtﬁ laserkliqes; assuming the
angular distribution of radiation from the laser to follow a
(sinc)?2 dépendence (this appfbximates the éctual.zerofﬁrdér

Bessel function dependence),the intensity was

(VI-2)  1(B) = sin2(&)/({E)2

where £ = TdsinB/1.22A, and 4@ = laser exit hole diameter.
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Trhe angles, with respert to the light pipe axis, contained in

the first order diffraction envelope (the Airy disc) were. thus

4 deg at 119 n

B ax™=+4 20 deg at 571 p

48 deg at 1217 u.

o Rays reflecting down the entrénce light pipe at more than

‘r}ﬁ,deg. could strike the sample surface normally and reflect
bagk up the pipe, as shown in figure 6-1. Subsequ{ﬁfa
reflection at the entrance window would reverse the ray and
allow interference with another incoming ray. Other
interference paths may have been preéent, but this geometry
explafﬁs the lack of interference at 1194 and—ihe observation

of inteévgzegge maxima at A/2 multiples of sample height at

1217 B . The observed intensity of the interference modulation

surports the hypothesis that only a single reflection from the

-

polyethylene window occurred.

The interference is one reason for the systematically low

icng wavelencth reflectivity. Because the backward-reflected

neam undergces at least one extra reflection from the sample

ectivicy, R. This interfering beam therefore

wn
w
|
o]
', =
)
"
®
th
’_,A

varies by apn szxtra factor R _compared-to the -straight-through - -

¥ a“ kb [

As a result, the interference modulation (which depends
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Pigqure 6-1 -

Interference Path for
laser Radiation with
 A>s500an .



on the sum of théqbaﬁk—reflected and straight-through beam
‘amplitudes) will not be proportional to the refléctivity gf
the sample. By adjusting the sample ﬁeight to obtain the
interference maximum, instead of using the averaée of the
interference extremes, a systematié error in the méasured
reflédtivity'is thereby introduced. = A simple calculation
based on the measured interference modulation shows that this

effec€ can cause as much as a 9% lowering of the measured

reflectivity below the true value at 1217 4, and somewhat less
at 571 p. (Lack of interference effects made 119 y
measurements free of this error). The interferénge thus

partially accounts for the observed measurement errors.

VThe remaining discrepancies in the long wavelength laser
data are most likely due to minor misalignments of the light
pipes and detector light cone between sample ané\fgfgrence
runs. Using egquation (VI—2), and noting that the detector
ligh£ cone accepts only rays at angles smaller than 6 deg.

with respect to its axis, the change in signal for a minor

angular misalignment can be computed:
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TABLE VI-1

EFFECT OF LIGHT PIPE MISALIGNMENT ON MEASURED SIGNAL

B A
i

Wavelength Fraction of light Fraction of light Reduction in

channeled in channeied after intensity due

correct align. 3 deg. misalign. misélignment
119 1.000 0.993 A : 0.7 %
571 g 0.587 : 0.539 8.2 %
1217 i 0.301 0.294 2.3 %

As shown in the right hand column, a 3 degree change in
light pipe orientation is sufficient to cause signal changes
of fair magnitude. Such misalignments could have occurred by
slight movement of the furnace pipes when handling the sample.
(The furnace light pipes were either replaced or aligned by
eye before each initial reference run). Furthermore, several
small misalignments at the various light pipe joihts could
have an equivalent effect. Such an effect should cause a
large RANDOM error in measurement. If light pipes were bumped
after the reference runs, however (e.g. when inserting the
sample into the furﬁace, or when stirring thermelt)(

misalignments would consistently lead to low reflectivity

measurements. A subsequent reference measurement, when
averaged with the initial correctly aligned reading, would not

. completely correct for this error. Examination of the chart
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records verified these statements: tﬁe 'after heating';
reference runs averaged 1%, 11%, and 6% léwer than the
‘before' references for A = 119, 571, ana 1217 4,
respectively.
A\

The long wavelength anomalies are thus attributable to
interference effects and a random alignment error exacerbated
by large beam divergence.

.
The problems could be removed by

1) Increasing iaser exit hole diameter (to reduce
divergence at the expense of beam intensity);

2) Replacing the exit hole with a partially reflecting
exit mirror at the full aperture of 1 cm. (This'would tend to
couple-out higher order modes, but the wavelength-measuring
Fabry-Perot interferometer could be placed in the laser exit
area to act as a tunable band-pass filter).

3) Modifying detector light cone dimensions to increase
acceptance angle.

4) Improving mechanical rigidity to reduce misalignment.
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E. SUMMARY AND CONCLUSIONS

The FIR properties of liguid Ga-Te show several
Eimilarities to those of other liguid and amorphous-solid
sémiconductors. 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 tﬁe data. (Thé 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-gbj Thé most likely model for liquid Ga;_,Te,
appears to be a pseudobinary alloy; consisting of Ga +
Ga,Te; (and probably GaTe) for x < 0.6, and Ga,Te; +
Te for x » 0.6. 1If partial dissociation takes plaée, as
implied by NMR measurements by Warren and the enthalpy fit of
Section V-C, a;l four spec;es may be present, to some extent,
for all x. The enhanced reflectivity and its temperature
dependence\Bé%WEen GaTe and Ga,Te3 compositions are
—iﬂuﬂpmﬂéiasih&stmmgﬁLAWQQmmyoﬁanécgpnhmdEWWfW*f;fﬁfﬁ

species (i.e. molecular clusters) of semiconducting nature.
i . . -



115 -
F. SUGGESTIONS FOR FURTHER WORK

It'is clearly desirable to investigate the FIR
rreflectivity of other liquid binary alloys £o 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 chalcogéns Te, Se, and S
each the rather‘ﬁissimilar and complex physical properties,
however, and are éonsidered semiconductors éhemselves.
Simpler metal-metal systems analogous to Mg-Bi, such as Cd-Sb.

or Cs-Au, should probably be studied first.

In addition, the transition from DCXto AC conduction
should be investigated in the low frequenéévrange (v« 1910
Hz.) to verify whether the conductivity of liquid
-semiconductors is similar to that of amorphous—sélid
semiconductors. The latter exhibit power-law dependences of

on U, the exponents of which are predicted by various

theories.dr>1 :ij '
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APPENDIX A ‘, . | I

EXPERIMENT-RUNNING PROGRAM

WRITTEN IN FORTRAN IV, WITH 'FORTRAN EXTENSIONS'
(FOR A PDP-11/34,RT-11 CPERATING SYSTEM, WITH AR-11
LAB PERIPHERAL)

TOO0O00

DIMENSION IPULSE (2)
LOGICAL*1 ID(18)
COMMON Y (4398) ,DATA (1126)
DATA A,B/'A','B'/
INAME=8 -
, IRUN=6
c CREATE "PULSE ARRAY":

IPULSE(1) 100v9

IPULSE(2) =. 8

CALL CLRD (IPULSE,2,ISPCE,l. ﬂ)
C INITIALIZE :

125 CALL PLOTS55(2,512,)
L=P
LI=9
CONST=6,
IGFLG=A
DO 136 I=1,1128
DATA(I) = 8.

139 CONTINUE

IRUN=IRUN+1
IF (IRUN.EQ.1) GO TO 158
IF (MODE.EQ. 'C') GO TO 158
IBACK = NPTS*STEP
TYPE 146 ,IBACK
140 FORMAT (' ## #+ ## BACK UP',Ib,"' STEPS')

159  CALL PARAM(H)DB NPTS, IGATIM,DEADTM,STEP)
IF (MODE.EQ.'D'} GO TO 1994
IF (MODE.EQ.'C') GO TO 1899

c CLEAR ALPHANUMERICS FROM VIDEO SCREEN:

C

- 435 CALL PLOT55(9,8,8) — -~ —— — —

CALL PLOT55(18,,)
C

DO 1888 N=1,NPTS ,

IF(N.EQ.1) GO TO 978
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949

942

958

[oNeNe]

9698
C
C
C
97¢

OO0

1808

c

C

___IF(ENDRUN.GT.58.8) GO TO 1280 ~ -
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SEND APEEth'QTHE INDEXER TO INCREMENT THE
INTERFEROMETER MIRROR POSITION:

CALL FSH(IP ,ISPCE,2,1,1)
WAIT A “gg;gijME" FOR THE APPARATUS TO SETTLE,
- AND FOR FIER TO LOCK-IN TO THE NEW SIGNAL:

CALL SETR(5,9,DEADTM, IFLG)
WHILE WAITING, PLOT DATA: : .

K = N-1 . ~
CALL PLOT55(9,8*L,8) -
TYPE 940,DATA (K) :

FORMAT (1X,F5.8)

CALL PLOT55(9,34,1)

_TYPE 942;K ' L
" FORMAT (1X,14,' MEASUREMENTS ') L
CALL GRAPHI (K,IPLT) i
I=L+1

IF (L.LT.18) GO TO 968

L=0

REDUCE DEAD TIME RY 15% :

IF (DEAD’IM.LT.Z@.) GO TO 959
DEADTM = @.96*DEADTM

IF (K.GT.512) GO TO 968

IF (MODE.EQ. 'B') GO TO 964

- LL = FLOAT (NPTS) /CONST

IF(K.LT.LL) GO TO 969

IF (LL.GT.NPTS) GO TO 964

CONST = 8.75*CONST

CALCULATE FOURIER TRANSFORM OF DATA SO FAR, AND
PIOT IT:

CALL FFT (K,STEP,SMAX,SMIN,MM,RES)
CALL GRAPHZ (K,STEP,B,SMIN,SMAX,RES,MM)
CALL LWAIT(IFLG,H)

MAKE A MEASUREMENT:

CALL GATE (DATA (N) , IGATLM)

IPLT = IFIX(9.2295*DATA (N))

CHECK FOR EXTERNAL SIGNAL FROM EXPERIMENTER

(A SWITCH CLOSURE) TO STOP FURTHER DATA COLLECTION:.
ENDRUN = CVSWG(IADC(1,3))

CONTINUE
&0 TO-1388

. SIGNAL STATISTICS:



1899

1110

1109
1115
1117
1118
1120
1139

1200

1285
1360

1302

1385

1318

C
- 1335
1348

1345

X

X
Y
Z
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SUM = 9.
SUMSQ = B.
MAKE MEASUREMENTS WITHOUT INDEXING THE INTERFEROMETER:

DO 1188 I=1,NPTS

CALL GATE (DATA (I) ,IGATiM)

SUM = SUM + DATA(I)

SUMSQ = SUMSQ + DATA (I) *DATA (I)

TYPE 1110,I,DATA(I)

FORMAT (1X,14,' -— ',F5.8)

STOPIT = CVSWG (IADC (1,3))

IF (STOPIT.GT.56.8) GO TO 1115

CONTINUE

GO TO 1118 2

NPTS = I ' .

TYPE 1117

FORMAT(' # # # SIGNAL RECOGNIZED; RESET SWITCH.')
AVG = SUM/FLOAT (NPTS)

SD = SQRT( (SUMSQ - (SUM*SUM/FLOAT (NPTS)))/FLOAT (NPTS - 1))
TYPE 1120 ,
FORMAT (/' #4####%# NOISE TEST RESULTS ######%'//)
TYPE 1138 ,NPTS,AVG,SD ,

FORMAT (' NO. OF MEASUREMENTS: ',I4,//' MEAN SIGNAL: ',F5.4,
//' STANDARD DEVIATION: ',F5.8//)

GO TO 125

NPTS = N

TYPE 1285

FORMAT (//' # # # ENDRUN SIGNAL RECOGNIZED; RESET SWITCH'//)
IF (MODE.EQ. 'B') GO TO 1335

CALL FFT (NPTS,STER,SMAX,SMIN,M1,RES)

DISPLAY DATA:

CALL PLOTS5(2,512,) . -
TYPE 1305
FORMAT(' SELECT PLOTTING MODE:'//' A. INTERFEROGRAM |'/
| VIDEO DISPLAY'/' B. TRANSFORM P

/' C. INTERFEROGRAM |'/' | X-Y RECORDER'
/' D. TRANSFORM |'//' E. NO MORE")

ACCEPT 1318,IGFLG

FORMAT (AL)

IF (IGFLG.EQ.'E') GO TO 125
CALI GRAPH2 (NPTS,STEP, IGFLG,SMIN, SMAX;RES ,MM)

_TYPE 1348 -

FORMAT (' DO YOU WANT TO STORE THIS ON DISK?')
ACCEPT 1345,ANS2

FORMAT (A1)
IF (ANS2.EQ.'Y') GO TO 13560 -
IF (MODE.ER. 'B') GO TO 125 . -

GO TO 1382
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135¢@ CALL STORIT (NPTS,MM,IGFLG,ID,INAME,STEP)
IF (MODE.EQ.'B') GO TO 125
GO TO 1382

1999 CALL PLOTS5 (2,8,2+4+8+32+64)
STOP 'SHUT DOWN' ,
END - .
SUBROUTINE PARAM(PDDE,NP‘I‘S,IGATIM,DEAD’IM,STEP)‘"

ASK EXPERIMENTER FOR PARAMETERS:

eNeNe!

TYPE 135 .
135 FORMAT (//' SELECT MODE:'//' A. RUN'/' B. SYMMETRY CHECK'
. X /' C. NOISE TEST'/' D. SHUT DOWN EXPERIMENT'/)

ACCEPT 14#,MODE T
149 FORMAT (Al) ,

IF(MODE.EQ. 'D') GO TO 999

TYPE 145
145 FORMAT (//' NO. OF POINTS?')
158 ,NPTS
15¢ RMAT (14)
IF (NPTS.EQ.9) NPTS=1129
TYPE 155

155 FORMAT (//* GATE TIME (INTEGER MULTIPLE Or 1/2 SECOND)?')
ACCEPT 166,IGATIM
168 FORMAT (14)
IF (IGATIM.EQ.8) IGATIM=2
IF (MODE.EQ. 'C'3 -GO TO 999
TYPE 415 e
415 FORMAT (//' DEAD TIME (UP TO 2.55 SEC.)?')
ACCEPT 420,DEADTM
428 - FORMAT(F4.2)
IF (DEADTM.FQ.9.08) DEADTM=0.50
DEADTM = 1@¢*DEADTM

TYPE 425
425 FORMAT (//' STEP SIZE?')

ACCEPT 438 ,STEP
439 FORMAT (F>.8)

IF (STEP.EQ.8.6) STEP=2.
C
999 RETURN

END

SUBROUTINE GRAPHI (N,IPLT) - SR e
C INTERFEROGRAM~PLOTTING ROUTINE: .
h ,

CALL PLOT55(2,1+2+8,)..
CALL PLOT55(1,8,) -

CALL PLOT55(3,N,IPLT) :

END



120

SUBROUTINE GATE (AVRG, ITIMES)

MEASUREMENT ROUTINE

THE LOCK-IN AMPLIFIER'S VOLTAGE IS SAMPLED 100 TIMES A -
SECOND, IN BURSTS OF 1/2 SEC. THE DATA ARE STORED IN AN
ARRAY, CONVERTED, AND THEN AVERAGED. THE NUMBER OF
<BURSTS (ITIMES) IS EQUIVALENT TO A GATE TIME.

PESNO NS NSNS

DIMENSION IDAT (58)

suM =9, ' '
M=24 +
DO 708 1=1,ITIMES ' .
IFLG=0
ISFLG=0 :
CALL RTS{IPAT, 58,4 1y r 3+, IELG—,IBUM)
CALL SETR(5,9,1.,ISFLG)
CALL LWAIT(IFLG,9)
CALL SETR("]-III)
DO 708 J=1,58 _
SUM = SUM + CVSWG(IDAT(J))

. M=M+1 3
700 CONTINUE

. AVRG = SUM/FLCAT (M)
RETURN
END

SUBROUTINE GRAPHZ2 (NPTS,STEP,IGFLG,SMIN,SMAX,RES,MM)
DIMENSION PLOT(1025),IYPLT(1825) ,IXDISP(1),IYDISP(1)
~ COMMON Y(4£98) ,DATA (1120)
EQUIVALENCE (Y(2048),PLOT(1)),(Y(3673) ,IYPLT(l))
C SCALE DATA TO BE PLOTTED:

IF (IGFLG.EQ. 'A’) GO TO 820

IF (IGFLG.EQ. 'B') GO TO 848

IF (IGFLG.EQ. 'C') GO TO 868

DO 815 J=1,MM '

| PLOT(J) = (Y(J)-SMIN)/ (SMAX-SMIN) *1823,

815  CONTINUE |

NN = MM

GO TO 878
820 DO 825 J=1,NPTS , |

-~ PLOT(J) = B.2295*DATA(T)

825  CONTINUE

NN = NPTS H

GO TO 878 ~
B48 DO 845 J=1,MM ,
PLOT(J) = (Y(J)-SMIN)/ (SMAX-SMIN) *235,
845 CONTINUE
e
GO TO 878
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868
865
878

C
C

886

898

892

9¢e

DO 865 J=1,NPTS

' PLOT(J) = DATA(J)

CONTINUE

NN = NPTS

XGAIN =512, /FLOAT (NN)

IF (XGAIN.LT.1.P) XGAIN=1.8

PLOT DATA: L

IF (IGFLG.EQ. 'C')
")

(/]
IF (IGFLG.EQ.'D 2

GO TC 98
GO TO 96
CALL PLOTS5(9,8,08)

CALL PLOT55(18,,) -
CALL PLOTS5(2,1+4+32+64,)

CALL PLOT55(1,1,)
CALL PLOT55(4,1,8)

_CALL PLOTS54{5,8;1) o e

CALL PLOTS5(?,8,8)
IGAIN = IPIX(XGAIN48.5) -

LEN = (NN-1)*IGAIN

DO 888 I=1,NN-1

YDISP = PLOT(I)

INTERP = PLOT(I+l) - PLOT(I)

IF (INTERP.EQ.#) INTERP=1

DO 888 L~1,IGAIN

YDISP = YDISP + FLOAT (INTERP)/XGAIN
IYPLT{(I-1)*IGAIN + L) = IFIX(YDISP)
CONTINUE '

CALL PLOTS5(3,-LEN, IYPLT)

CALL PLOTS5(9,28,8)
TPE 898,NPTS,MM-1 ‘

FORMAT (1X,I4,' PNTS. USED - ',I4,' PT, TRANSFORM')

IF (IGFLG.EC.'A') GO TO 938 ‘
RANGE = 1088./STEP : \
CALL PLOTS5(9,17,23) : ’
TYPE 892,RES,RANGE . :
FORMAT (* RESOLUTION = ',F7.3,8X,' RANGE = ',F5.6)

CALL PLOTS5(9,8,8)

GO TO 938

CALL CLRD{IXDISP,1,1ISP,l1.8)

CALL CLRD{IYDISP,1,ISP,1.8)

IXGAIN = IPIX{XGAIN) -
SET-UP PROCEDURE -

- XeNelle]

81

T CALL FXY(IXBISP,IYDISP,1,1,1)

MOVE PEN TO CENTRE POINT OF DATA:

IXDISP(1) = IFIX(8.5*FLOAT (NN*IXGAIN))
IYDISP(1) =

PAUSE ' MITDLE POINT - ADJUST X-ZERO FOR PAPER CENTRE'



982

384

918

[SN@

(Y1 OY Oy

Py
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MNE PEN TO FIRST POINT:

IXDISP(1) = 1
IYDISP (1) = IFIX(PLOT(1))
CALL FXY{IXDISP,IYDISP,1,1,1)
TYPE 982 .

FORMAT (' 1ST POINT - ADJUST X-GAIN FOR LEFT EDGE'/
' TO REPEAT SET-UP, TYPE Y; OTHERWISE, DROP PEN')
ACCEPT 924 ,ANSR

FORMAT (A1) ,

IF (ANSR.EC.'Y') GO TC 881

DO 928 I=1,NN-1

YDISP = PLOT(I) -
YINTRP = PLOT(I+l) - PLOT(I)

ILOOP = IFIX(ABS(YINTRP)/(XGAIN)+8.5)
IF(ILOCP.LT,.Z) ILOCP=2

TDO5Ee TEICIXGAIN T -

IXDISp{1) = (I-1)*IXGAIN + L

DO 928 M=1,1I0C®

IF(YINTRP.EQ.2.28) GO TO 918

YDISP = YDISP + YINTRP/FLOAT (IXGAIN*ILOOP)
IYDISP(l] = IFIX({YDISP)

CALL FXY(IXDISP,IYDISP,1,1,1)

WAIT BETWEEN PLOTTING LNCREMENTS:

DO 928 J=1,28
ABORT = CVSWG{IADC(1,3}) ot
IF (ARORT,.GT.52.8) GO TO 925 "
CONTINUE )
PAUSE ' COVER PEN AND PRESS ''RETURN''.'
RESET ANALOG CUTPUT VOLTAGE TO -5 V, FOR THE
INDEXING ROUTINE:

\
IYDISP(l) =] T
CALL FXY(IXDISP,IYDISP,1,1,1)

RETURN .
END :

SUBROUTINE STORIT (N,MM, IGPLG, ID, INAME ,STEP)
FILE STOPAGE ROUTINE: ACCEPTS A FLOATING-POINT ARRAY FOR
DISK STORAGE AND RETURNS THE CHOSEN FILENAME FOR POSSIBLE
DEFAULT {SE,

COMMON Y {4898}  DATR(1128)

o - ~ir ’ 4
DATA NGL/B/ '

DATA PREX/'D', X', "1, "'/

GET & 1% TEARACTER FPILENAME: 1

IF (DM, E0.8) GO TO 1686
TYPE 1882,1IC
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1682  FORMAT(' THE PREVI(IJSLY USED NaME WAS ',10Al) , . :
1686  TYPE 1688
1688  FORMAT (' DESIRED FILFNAME” (E.G. ABCDEF.XYZ)')
ACCEPT 1616,ID .

1618  FORMAT(1@Al) ‘
C BUILD FILENAME THAT LS READABLE BY THE OPERATING SYSTEM: o

1648 DO 1658 J=1,4
EXPTID(J) = PRFX(J)

1658  CONTINUE .
DO 1668 J=5,14 ¥
EXPTID(J) = ID(J-4) :

1668  CONTINUE

EXPTID(L5) =

MAKE A LOGICAL CONNECTION TO THE DISK DEVICE, STORE THE

FILE, AND THEN BREAK THE CONNECTION:

O0n0n

"OPEN (UNIT=2,TYPE="NEW', NAME=EXPTID,ACCESS="'SEQUENTIAL")
IF (IGFLG.EQ. 'B') GO TO 1678
IF (IGFLG.EQ.'D') GO TO 1678
WRITE(2,1665) N,STEP
1665 FORMAT (14, /F5.8)
LINES = N/18+1 -
DO 1668 J=1,LINES .
WRITE (2,1667,ERR=1698) (DATA (K) ,K=10*J-9,18*J)
1667 FORMAT (18 (F6.0,1X))
1568 CONTINUE
GO TO 1699
1678 WRITE({2,1665) MM,STEP
LINES = MM/1841
DO 1685 J=1,LINES
WRITE (2,1688,ERR=1698) (Y (K) ,K-lﬁ*J-—Q 18*J)
le6s8 FORMAT (16 (Fo.8,1X))
1685 CONTINUE
- 1699 - CLOSE (UNIT=2,DISPOSE='SAVE')
TYPE 1695,EXPTID .
1695 FORMAT (//' # ¢ # STORED (N DISK AS FILE ',15Al1)
INAME =1
RETURN
END
The FFT subroutine is a minor modification of a Fortran II
version written by T. Templeton:

- SUBROUTINE FFT (NP, STEP,SMAX, SMIN,MM,RES)
ASYMMETRICAL , TRIANGULAR-APODIZING, FAST FOURIER TRANSFORM

@ W)

COMMON Y (4898) ,[ATA (1128)
DO 17938 I=l,’4698
1799 Y(I) :
S _XN= N;.L b Ll o e .
J2 =

g o AT L



READ DATA SET

NP= NO. OF POINTS, Jl= NO, OF POINTS IN LONGER SIDE O

INTERFEROGRAM, N= NO. OF POINTS ON SHORTER SIDE.

Jl1 =19

N=2 :

DO 1885 J=1,NP

Jl = J1+1

Y(J) = DATA(J)

IF (Y(J}-Y(4898)) 1865,18068,1800

1800 Y(4098) = Y(J)
N=J
Jl =@
1885 CONTINUE
C COMPUTE AVERAGE VALUE AND STANDARD DEVIATION OF
C INTERFEROGRAM, USING IAST TEN POINTS, AND SUBTRACT
C THIS ZERO OFFSET:
C
JJ = 9
DO 1812 K=JJ,NP
1818 Y(4896) = Y(4896) + Y(R)/18.
DO 1815 K=1,NP
1815 Y(K) = Y(K) - Y(4096)
SUM = 8.
DO 1828 R=JJ,NP
1829 = SUM + Y(K)*Y(R)/18.
sm-::v =* SORT (SUM) *108. /Y (4896)
RES = 2008, /STEP/FLOAT (J1)
TYPE 1822,RES,SDEV
1822 FORMAT (' RESOLUTION = ',F7.3,/,' PCNT SDEV = *,F6.3)
C STORE MINIMUM AND MAXIMUM:
C
Y (4898) = Y(4898) - Y (4896)
Y (4897) = Y (4698)
DO 1825 R=1,J2
IF (Y(R)-Y(4897)) 1824,1825,1825
1824 Y (4897) = Y(R) -
1825  CONTINUE —
C DETERMINE MP, THE SMALLEST POWER OF 2 IARGER THAN
C THE NO. OF DATA POINTS ON THE LONGER SIDE OF THE
C INTERFEROGRAM :
C )
1845 Mp-z ‘ ,
1858 IFMUMBS&JB&&J&&L E——————————
1855 MP = MP*2
GO TO 1858
C EXTEND INTERFEROGRAM TO 2*MP POINTS:
c - APODIZE POR LONG TRANSFORM, PUT IN REAL PART OF ARRAY:
C - APODIZE FOR SHORT TRANSFORM, PUT IN IMAGINARY PART;
C
1868 MM = 2*MD
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SEQER
(LTI 1}

?

z

o]

908 I=1,MM
= MM-T+1
27K-1
KR+1
= K-MX

IF (K-MP-NP) 1618,1610,1900
1618 IF(K~J1) 1968,1620,1620

QN

I

Q=

1628 X1 = FLOAT (K~-MP) /XN
X1 = ABS(X1)
Xl =1.-X1
X2 =1,
X3 =298

IF (R-J2) 1650,1658,1880
1658 X2=1,-FLOAT (J2-K) /XA
X3 = FLOAT (MP-K) *2. /XA
X3 = ABS (X3)
X3 = 1,-X3
1889 Y(KR) = Y(J)*X1*X2
Y (KI) Y (J) *X1*X3
- GO TO 2808 o
1908 Y(KR) = 8.
Y(KI) = 8.
2808 CONTINUE
C COMPUTE FOURIER TRANSFORM BY ERENNER ALGORITHM:

nono

wou

= 4*MP
R=1 .
J=1 .
DO 45 1=1,N,2
IF(I-J) 41,42,42 -
41 TEMPR = Y (J)
TEMPI Y (J+1)
Y(J) = Y(I)
Y(J4+l) = Y(I+l)
Y(I) = TEMPR
Y(I+l) = TEMPI
42 K =N/2
43 IF(J-K) 45,45,44
44 J = J-K
K = K/2
IF(K-2} 45,43,43

N

45— = 4K

KR = 2

46 IF (KR-N) 47,58,58

47 II = 2*KR
XN =.6,283185/FLOAT (IR*KR)
XM = SIN(XN/2.)

X3 = =2, *¥XM*XM



48

49

23080
2469

OO0

21
22
23

 SMIN=]1.E+168 . _ __
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X4 = SIN(XN)

X1 =1,

X2 = B,

DO 49 K l,KR,2

DO 48 I=EK,N,II

J = I+KR

TEMPR = X1*Y (J)-X2*Y(J+1)
- TEMPI = X1*Y(J+1)+X2*Y(J)

Y(J) = Y(I)-TEMPR ‘

Y(J+1l) = Y(I+1l)-TEMPI

Y(I) ="Y(I)+TEMPR

Y(I+l) = Y(I+1)+TEMPI

TEMPR = X1 i

X1 = X1*X3-X2*%4+X1

X2 = X2*X3+TEMPR*X4+X2

KR = II

‘GO .TO 46

CONTINUE

UNSCRAMBLE DATA:

DO 2460 I=2,MP

K = MM-T+2

2*I-1

21

2*K-1

2'K

= (Y(IR)+Y(KR
(Y(IT)-Y(KI
(Y(II)+Y
Y (4498 (Y(IR)-Y
Y (4098) -Y (4698)
PHASE CORRECT:

RHH
JH

=
[ ]
el (I TR T T}

Y(L
Y(2
Y (4097)

)

)/
)/
KI

2.
2
)
KR)

—~ N

/2.
/2.

wonn

Y(1) = Y(L)*Y(4697)+Y(2)*Y(4098)

Y(4097) = SQRT (Y (4897)*Y (4897)+Y(4098) *Y (4898))
IF (Y (4897)) 2468,2300,2400

Y(4697) = £.8801

Y(I) = Y(1)/Y(4897)

Y() 8.

DETERMINE MAXIMUM AND MINIMUM VALUES FOR LATER SCALING

AND PLOTTING:

MM = MP+1
Y(MM) = Y{MP)
SMAX = -1,E+190 -

ISVAL = ,12*MP

DO 24 L=ISVAL,MM

IF (Y(L)-SMIN) 21,21,22
MIN = Y(L)

IF (SMAX-Y (L)) 23,23,24
SMAX = Y(L)
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CONTINUE

DO 25 I=1,ISVAL-1

IF (Y(L).GT.SMAX) Y (L)=SMAX
IF (Y(L) .LT.SMIN) Y (L)=SMIN
CONTINUE

RETURN
END
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APPENDIX B

«

PREDICTED VIBRATIONAL-ROTATIONAL MODES FOR THE GaTe MOLECULE

As shown in standard textssz, the allowed vibrational

energies of a diatomic molecule are given by

- - hed 1, .4 1‘/f
(3d2-1) E = hcvvib(v +-2) = 2T#V +-§) m

where H = reduced mass

R VA

f = force constant

1,2,3,...

1}

v

According to Gordy53, an empirical formula for the force

constant is : ) ) L~
' 3/4 .
(a2-2) £ = 1.67/%a%p\> + .3 millidynes/&
2
d
where X5, Xp = electronegativities of atoms in the molecule

d = equilibrium atomic separation.

The allowed rotational energies of the molecule are

-

]

(a2-3) E = h2J(3+1) / (J = 6,1,2,...)
21

wnere I = moment of inertiaxj‘pdz.
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The molecular energy is the sum of the vibrational and
rotational termé. A transition from energy state E, to E,
(E1<E2) causes absorption (and thus a reflectivity
maximum) at wavenumber?12 = E,-E;/hc.

So, vibrational-rotational reflectivity maxima can occur at

wavenumbers

- - Jh _ _

VP = vVib -C—_I-Jl (for AJ = J2- J]—-])
(A2-»4) VQ = Vvib (for AJ = 8)

_ _ h ,

V% = VWip *t oT(l + J;) (for AJ = +1)

For GaTe, these wavenumbers are

<l
n

(A2-5) V¥, = 198, 182, 175, 168,... cm 1

-

Vo =197 el
Vo = 204, 212, 219, 226,... cm”l,

Because of the estimation of the force cthtant and atomic

separation, these values are only approximate.
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