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A B S T R A C T 

The propagation of ul t rasonic waves i n s ingle crystals of 

mercury t e l l u r i d e has been studied on a broad f r o n t between 1»2°K 

and 380°K« Measurements have been made by the pulse-echo technique 

f o r u l t rasonic waves (frequency 10 MHz to 300 MHz) directed along the 

[100] , [110] and crystal lographic d i rec t ions . 

The large mercury t e l l u r i d e single c rys t a l s , required f o r the 

ul t rasonic measurements, have been grown by the Bridgman technique 

from ei ther stoichiometric melts or f rom o f f - s t o i c h i o m e t r i c , t e l l u r i u m -

r i c h , melts. 

The e l a s t i c constants C..» C.n and C. , o f mercury t e l l u r i d e have 
11 iZ 44-
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been measured as a func t ion of temperature between 1*2 K and 300 K, 

a t ten t ion being paid to possible e f f e c t s o f non-stoichiometry i n the 

c rys ta l s , and the resu l t s correlated w i t h ultrasound attenuation data. 

Results are discussed i n terms o f the c r y s t a l l i n e interatomic forces 

and are compared w i t h those o f other I I - V I and I I I - V compounds w i t h the 

zinc blende s t ructure , together w i t h group I V , elemental semiconductors 

and I - V I I compounds: e las t ic propert ies o f mercury t e l l u r i d e correspond 

closely to those of cubic zinc sulphide and f a l l i n to the general scheme 

presented by the re la ted compounds. Prom the Sz ige t i r e l a t ionsh ip , the 

i o n i c i t y e i s estimated as 0*65 - 0*05e and the fundamental l a t t i c e 
12 

absorption (restrahlen) frequency as (4*1 - 0*1) x 10 Hz. The Debye 

temperature, calculated from the e las t ic constant data, i s 14-1 ± 4°K. 



Anelastic propert ies o f mercury t e l l u r i d e have been deduced from 

the temperature (1*2°K to 300°K), frequency (10 MHz to 300 MHz) and 

applied stress dependences o f ultrasound at tenuation measurements* The 

important ultrasound diss ipat ion mechanisms include the viscous drag o f 

l a t t i c e phonons and forced d is loca t ion motion. 

Theoret ical assessments o f p iezoelec t r ic coupling on sound at tenuation 

and thermoelastic loss* show that the e f f e c t o f both are neg l ig ib l e . 

One of the main sound energy d i ss ipa t ion mechanisms i s due to the 

l a t t i c e phonon-ultrasonic phonon i n t e r ac t i on . Attenuation due to t h i s 

e f f ec t exhibi ts character is t ic features at low temperatures. These have 

been found i n mercury t e l l u r i d e . The e f f e c t i s larger than observed i n 

other materials because the Debye v e l o c i t y i s lower and can therefore be 

observed at r e l a t i v e l y low frequencies. 

Another loss mechanism arises from forced v i b r a t i o n of d i s loca t ion 

segments. At 4*2°K a maximum has been observed i n the frequency 

dependence of at tenuation. The resul t s have been accounted f o r by the 

v i b r a t i n g s t r i n g model. The resonance frequency i s 220 MHz. The 
-5 -2 o d is locat ion drag c o e f f i c i e n t i s 2*3 x 10 dyn.sec.cm at 4*2 K and loop 

_4 

length i s about 3 x 1 0 cm. Data f o r the u l t rasonic wave v e l o c i t y and 

attenuation before and a f t e r annealing and under stress are i n agreement 

wi th the d is loca t ion mechanism. 

I n the region 170°K to 260°K peaks are found i n the at tenuation which 

show charac ter is t ics o f those o f Bordoni. The ac t iva t ion energy i s about 

0*15 eV and the attempt frequency about 4 x 10^ Hz. 
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C H A P T E R 1 

INTRODUCTION 

Ultrasonic v e l o c i t y and at tenuation measurements provide valuable 

information about the nature o f materials* Yet few deta i l s are avai lable 

f o r compound semiconductors or semimetals. V/hile I I - V I compounds exh ib i t 

many u s e f u l and in t e re s t ing ul t rasonic phenomena* no studies have been 

previously reported f o r the mercury chalcogenides* a group whose propert ies 

span from semimetals to wide gap semiconductors* The present concern has 

been a study on a broad f r o n t of u l t rasonic wave propagation i n the 

semimetal mercury t e l l u r i d e . The p r i n c i p a l object ives were to asses both 

i n t r i n s i c properties and the e f f ec t s o f mater ia l imperfections. 

Before discussion o f u l t rasonic wave propagation i n mercury t e l l u r i d e * 

l e t us discuss sound wave motion i n e las t i c and anelastic sol ids i n general. 

1.1 PROPAGATION OF ELASTIC WAVES IN ELASTIC AND ANELASTIC SOLIDS 

An "e las t ic" s o l i d may be defined as one i n which the stress o~ i s 

proport ional to the s t r a i n e . Thus the s t ress-s t ra in r e l a t i o n can be 

w r i t t e n f o r an elast ic* l inear* one dimensional s o l i d i n the f o l l o w i n g form. 

cr = M.« (1.1) 

This i s Hooke's law. Here the p ropo r t i ona l i t y constant M i s a r e a l number 

and i s defined as an e las t i c modulus* I n an anisotropic s o l i d o~ and e are 

second rank tensors and M i s f o u r t h rank tensor. This i s the case f o r a l l 
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single crysta ls and w i l l be discussed l a t e r , i n pa r t i cu la r f o r cubic 

c rys ta l s . I n most r e a l so l ids , Hooke's law of e l a s t i c i t y i s not obeyed, 

even f o r the smallest stress. Deviations from Hooke's law give r i s e to 

the e las t ic a f t e r - e f f e c t s shown by anelast ic or v iscoelas t ic so l ids . 

A modif ica t ion o f Hooke's law to contain the anelastic behaviour 

was proposed by Zener (1948), who gave an expansion i n terms o f the time 

derivatives o f the stress and s t r a in and re ta ined only the f i r s t 

derivat ives c and c 

Here M q i s the t rue or unrelaxed modulus, i s the time dependent or 

relaxed modulus and T i s the stress re laxa t ion t ime. 

I n a one-dimensional s o l i d the s t r a i n i n terms o f displacement 

gradient i s 

and the equation o f motion i s 

Here £3 i s the displacement vector , X i s the pos i t i on vector, S i s the 

second der iva t ive w i t h time of the pos i t i on vector , that i s the 

accelerat ion, and p i s the density o f the solid* Then on combining 

Equations (1*4) and (1*3) wi th ( 1 . 2 ) , one obtains the fo l l owing equation: 

o" + To" = + rM € 
o 

(1.2) 

6V 
SX (1-4) 

M p2 £ M. K2 M j3 1 o o~ o Q- 1 8 o" o fro-
— 2 + 3 = ? + 2 
T St St rp 5x P 8% St 

0 .5) 
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This equation admits solutions o f the form 

cr = Ae"** cos (kX - cut) (1*6) 

or 

where 

-a 'X 
cr = Ae cos (kX) cos (wt) (1-7) 

which define an attenuated t r a v e l l i n g wave and an attenuated standing 

wave. Here a i s the at tenuat ion, w i s the angular frequency and k i s the 

propagation vector f o r the X d i r ec t i on . Introducing Equations (1*6) and 

(1 .7) in to (1 .5) leads to f o l l o w i n g expressions f o r attenuation (Lucke 

1956). 
2 2 

, _ 1 AM t» r { 

1+W T 

and f o r v e l o c i t y 

The frequency dependences o f a ' and V given "by Equations (1 .8) and (1.9) 

are shown i n Figure (1*1). I n the f i g u r e V i s the group v e l o o i t y , v i s 

the phase v e l o c i t y , a i s the attenuation c o e f f i c i e n t and A i s the 

logarithmic decrement ( A o c a / f ) . From t h i s i t may be concluded that i n 

an enelastic s o l i d , sound waves are attenuated, and v e l o c i t i e s are 

frequency dependent, that i s the s o l i d i s dispersive. For a> T « 1 

Equations (1.8 and 1.9) lead to a ' - O andM-^pV 2 ; therefore , f o r 

WT<< 1 a s o l i d does not absorb e las t ic waves and v e l o c i t i e s are independent 



in I / T 

FIGURE (1-1) Logarithmic decrement (A), phase v e l o c i t y ( v ) , 
group veloci t y (V) and attenuation (a) of a sound wave i n a 
standard l i n e a r body as a function of frequency (LUcke,1S56). 
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o f frequency. This case, also shown Figure ( 1 . 1 ) , i s the Hooke's law 
approximation. 

Before discussing the ul t rasonic wave propagation i n mercury 

t e l l u r i d e , i t i s necessary to describe the c r y s t a l s t ructure and relevant 

de ta i l s of thermal and e las t i c properties o f mercury t e l l u r i d e . 

1.2 PROPERTIES OF MERCURY TELLURIDE 

Mercury t e l l u r i d e i s formed from the group I I element mercury and 

the group 71 element t e l l u r i u m . Like the semiconducting group IV 

elements, the I I I - V compounds and several o f the wider band gap U-VT 

compounds, mercury t e l l u r i d e possesses the zinc-blende s t ructure . The 

point group i s 43m. The zinc-blende s t ruc ture , l i k e the diamond s t ructure , 

i s composed o f two face centred cubic l a t t i c e s displaced from each other 

by one-quarter o f a body diagonal (see Figure 1.2). The zinc-blende 

structure i s derived from the diamond structure simply by placing A atoms 

on one face-centred subla t t ice and B atoms on the other in terpenetra t ing 

face-centred sub la t t i ce . There are four each o f mercury and t e l l u r i u m 

atoms i n a un i t c e l l ; a l l atoms occupy spa t i a l posi t ions w i t h the 

coordinates: 

Four mercury atoms at ( 0 , 0 , 0 ) ; ( 0 ,1 /2 ,1 /2 ) ; ( 1 /2 ,0 ,1 /2 ) ; (1 /2 ,1 /2 ,0) 

and 

Four t e l l u r i u m atoms at (1 /4 ,1 /4 ,1 /4 ) ; ( 1 /4 ,3 /4 ,3 /4 ) ; ( 3 /4 ,1 /4 ,3 /4 ) ; 

(3 /4 ,3 /4 ,1 /4 ) . 

Each mercury atoms has fou r nearest neighbours, which are t e l l u r i u m atoms, 



7* 

\7 \ 

\J 

V 

\ 

j ^ — s 

FIGURE (1.2) Zinc-blendo l a t t i c e . The elementary cubes 
of the- two interpenetrating face-centred cubic l a t t i c e s are 
shown. 
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1 
at a distance o f 7 V3 a , a t the corners o f regular tetrahedron* where a 

4 - 0 0 
i s the cubic l a t t i c e parameter. There are twelve next-nearest neighbour 

o f atoms o f the same kind a t the distance — V~2 a . 
2 0 

An important aspect of the zinc-blende structure i s the absence of a 

centre of symmetry or invers ion. As i l l u s t r a t e d i n Figure (1.3a) and 

(1.31s)» the mercury-tel lurium layers have unique or ienta t ions along the 

[ m ] d i r ec t i on . As a r e s u l t , mercury t e l l u r i d e l i k e other zinc-blende 

crys ta ls i s polar and i s p iezoe lec t r i c . The opposed ( h k l ) and ( h k l ) 

faces and opposed [ h k l ] and [ h k l ] d i rec t ions have d i f f e r e n t physical and 

chemical propert ies . The i n t e n s i t y o f d i f f r a c t e d X-rays from an idea l 

l a t t i c e w i l l be d i f f e r e n t f o r the (hkl) and ( h k l ) c rys t a l faces. The 

e f f e c t i s small but Warekois et a l . , (1962) have been able to es tabl ish 

that the i n t e n s i t i e s f o r the (111) and (111) faces are not the same. The 

higher i n t ens i t i e s are character is t ic o f the surfaoe plane consist ing o f 

mercury atoms. These workers have also reported the etching character

i s t i c s o f mercury t e l l u r i d e . The behaviour f o r p i t producing etchants 

was correlated w i t h the X-ray data. I t was found tha t etch p i t s were 

formed on the mercury surface o f mercury t e l l u r i d e . 

Mercury t e l l u r i d e , l i k e other I I - I V compounds, forms a l i n k between 

semiconducting elements o f the f o u r t h column o f the periodic table and the 

I - V I I compounds. The s i tua t ion i s i l l u s t r a t e d schematically i n Figures 

(1.3*0 0*3c) and (1.3d). Consequently, i t i s u s e f u l to compare the 

properties o f mercury t e l l u r i d e w i t h those of the neighbouring substances. 

The nature o f the bond i n mercury t e l l u r i d e i s a mixture of i o n i c 
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3_Dim. model of zinc-blende lattices 
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Zinc-blende structure 
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FIGURE ( 1.3 ) 
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and covalent bonds. Wolff and BrOder (1959)» from cleavage experiments 
have concluded that the ionic character of mercury telluride i s slightly 
greater than 50%. 

Unlike the other II-VT compoundsi mercury telluride i s a semimetal 
with overlapping valence and conduction bands (Harman 19̂ 7» P»790). 

The l a t t i c e and thermal properties of mercury telluride have not been 
studied extensively. Measurements of those l a t t i c e and thermal properties 
relevant to an understanding of ultrasonic wave propagation are collected 
in Appendix A. 

1.3 THE ELAN OP THE WORK 
The primary object of the measurements reported here was to develop 

an understanding of the elastic and anelastic properties of mercury 
telluride. Like other compounds» preparation of stoichiometric mercury 
telluride presents a problem and attention has been paid to effects of 
non-stoichiometry: a wide variety of crystals have been studied. Effects, 
which could play a role i n the absorption of ultrasonic waves* include 
dislocation dampings the viscous drag of l a t t i c e phonons* the thermoelastic 
loss» electronic interactions and piezoelectric coupling, have been studied. 
Contributions from different absorption mechanisms are often d i f f i c u l t to 
distinguish because predicted attenuations are of the same order of 
magnitude. To f a c i l i t a t e separation of possible interactions* measurements 
have been made over a wide range of temperature 0_*2°K to 400°K) and 
frequencies (10 MHz to 300 MHz). 
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After details of the crystal growth and the specifications of the 
specimens used have been given* ultrasonic wave propagation i n single 
crystal of mercury tellu r i d e w i l l be discussed i n detail. First the 
velocity and elastic constants w i l l he considered, followed by the 
absorption of ultrasonic waves. 
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C H A P T E R 2 

PREPARATION AND EXAMINATION OF SPECIMENS 

2.1 INTRODUCTION 
Stoiohiometry plays an important role In the electronic properties 

of compounds* particularly those containing volatile components* Excess 
atoms act l i k e foreign impurities i n the materials* Knowledge of the 
phase diagram is useful for preparing orystals with controlled 
stoichiometry. An incomplete phase diagram of the mercury-tellurium 
system i s given by Hansen (1958* p.840). The complete liquidus curve has 
been obtained by Delves and Lewis (1963) and Strauss and Brebrick (1965). 

The phase diagram of the mercury-tellurium system* l i k e other I I I - 7 , 
11-71 systems exhibits a maTiimim melting point (See Fig. 2*1a) higher 
than that of either components. The melting points of mercury and 
tellurium are -38?9°C and 453°C respectively (Hansen 1958, p.840), while 
the melting point of mercury telluride i s 670°tl°C (Delves and Lewis,1963). 

Delves and Lewis (1963) have stated that the maximum i n the liquidus l i e s 
on the tellurium rioh-side, between 2*5 and 4 at.%. However, Brebrick 
and Strauss (1965) have concluded from the results of their electrical 
measurements on annealed mercury telluride that the deviation i s at most 
0*01 &t.fo, much smaller than their upper l i m i t of 0*60 at.fo obtained by 
partial pressure measurements. 

Crystal growth of mercury telluride from the melt can be approached 
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FIGURE (2.1a). Schismatic phase diagram for the system 
Hg-Te near the stoichiometric composition 
(After Delves and Lewis 1963)-
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i n two different ways: f i r s t , crystal formation from stoichiometric 
or near-stoichiometric melts, and second from off-stoichiometrio melts* 
Although most workers have grown mercury te l l u r i d e from near-stoichiometrio 
melts, the relatively high mercury vapour pressure does create some 
technical d i f f i c u l t i e s i n achieving stoichiometric and well-formed 
monocrystals and the results are erratic* Brebriok and Strauss (1965) 

have found that the pressure of mercury over mercury saturated mercury 
telluride at the melting point i s 12*5 atnu and i s 19 atm- between 6^3° 

and 656°C. Thus a considerable quantity of mercury i s lost from the 
liq u i d phase to the vapour phase under the crystal growing conditions a 
further complication i s that the system often has to be heated considerably 
above the melting point to assure a completely l i q u i f i e d system. Giriat 
(1964) and others have demonstrated that the properties of as grown 
meroury telluride vary from sample to sample. For example, the Hall 

o 3 3 coefficient at 77 K ranged from +1 cm /C to -9 cm /C i n samples grown 
under apparently identical conditions. Harman (1967, p.778), using 
exoess mercury, observed even larger variations of the Hall coefficient 

3 3 

between +1 om /C to -100 cm /C. These variations were attributed to 
slight differences i n the cooling process, growth conditions and melt 
composition. 

Some of these problems may be overcome by growth from o f f -
stoichiometric melts. Delves (1965) has predicted that the mercury-
tellurium phase diagram near the stoichiometric composition there could 
be a region of two immiscible liquids, between about Hg, Q Te. and 
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and Hgi;Q Te^.^. » (see Figure 2.1b). He has shown that i n a 
binary system i t i s possible to grow single crystals from the monotectic 
point Y> where solid i s i n equilibrium with the two immiscible liquids. 
At this point the oompoaition of the solid i s fixed. On oooling the 
f i r s t l i q u i d solidifies and the seoond liquid* carrying the exoess tellurium 
is rejected from the freezing interfaoe. 

Growth of single crystals from the monotectic by this method of 
Delves (1965)> has certain advantages* namely 

1. There i s no segregation. 
2. Constitutional supercooling w i l l not occur provided that 

certain conditions are obeyed. These w i l l be discussed later. 
3* The solidification temperature i s lower than that of the 

stoichiometric composition) whioh i s at the maximum melting point i n the 
phase diagram. 

The large single crystals required for the ultrasonic measurements 
were grown by the Bridgman technique from either stoichiometric or 
off-stoiohiometrio melt, i n sealed quarts crucibles. 

2.2 DESCRIPTION OF THE CRYSTAL GROWTH FURNACE 
The furnace* shown i n Figure (2.2) used to grow HgTe single crystals 

consisting of a vertically mounted* 79 cm long* 4 cm bore* mullite tube 
inside a rectangular (78 ac 40 x 40 om̂ ) sindanyo box. To increase the 
temperature gradient* the furnace was constructed i n two sections* only 
the top half being well-insulated by vermiculate. Three windings of 
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FIGURE (2.1b). Schematic phase diagram for Hg-Te near the 
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with two immiscible l i q u i d s (After Delves 1965). 
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kanthal wire* independently controlled to f a c i l i t a t e minimization of 
the temperature humps i n the high temperature region* were wound onto 
the upper part of the mullite tube. To prevent the coils from slipping 
together* the heater wires were held i n position with alumina cement. 

A potentiometrio* proportional* Eurotherm controller was employed 
to control the furnaoe temperature. The voltage difference between a 
measuring thermocouple sited i n the furnace and the reference setting 
on the controller is amplified and fed back into the heater windings. 
The external resistances used to control the heater currents were wound 
non-inductively to avoid any disturbanoe of the controller. The true 
temperature of the charge was measured by another thermocouple whose 
potential could be reoorded during the growth process. Platinum versus 
13/& rhodium-platinum thermocouples were used throughout. The junctions 
were made by twisting cleaned ends of the appropriate wires together and 
fusing them with oxygen-gas flame. 

The growth furnace temperature profile* shown i n Figure (2.3)* has 
two major features* a sharp gradient and a slightly humped plateau. The 

o 
temperature gradient was found to be 35 C per cm at the growing interface. 

The furnace was designed to allow orystal growth from the melt 
either by pulling the oharge through the temperature gradient or keeping 
the oharge s t i l l i n the furnace while lowering the whole temperature 
profile. In the l a t t e r case mechanical vibrations were eliminated. 
Smooth lowering of the charge at a rate of 3 nun per hr. was obtained 
(see Figure 2.2)* through a stainless steel rod driven by motor rotated* 
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sorew legs* For the other method the whole temperature gradient was 
lowered at 2°C per hr. using a geared down* slow motor driving an 
appropriate potentiometer i n the controller. (Figure 2.2). 

2.3 PREPARATION OF THE CHARGE AND CRYSTAL GROWTH 
Crystals were grown i n quartz crucibles whose shape differed for the 

pulling technique and the temperature profile lowering method. Crucibles 
used i n the pulling teohnique were made from 13 mm bore 1*5 mm wall-
thickness quartz tubing. I n the temperature profile lowering method, not 
only the freezing interface but also the charge ought to l i e completely i n 
the temperature gradient. Therefore to avoid heating the charge too much* 
shorter length crucibles were used i n this method. These were made from 
24 mm bore 1*5 mm wall thickness: no preferred orientation of mercury 
telluride during the growth was observed and to prepare samples of desired 
orientation and sizes large crystals were required. 

Both types of crucibles have similar features. To f a c i l i t a t e seed 
crystals formation* the bottom ends were oonical i n shape (""70°) (see 
Figure 2.4)' 

The tubes were cleaned with hot chromic aoid* followed by d i s t i l l e d 
water and heating under vacuum. To prevent the sample sticking to the 
tube surface* the crucibles were then carbon coated* by burning a few drops 
of acetone i n them using an oxygen-gas flame. 

Single orystals were grown from either stoichiometric Hĝ  #QQ Te^ < Q 0 

or non-stoiohiometric H, o n Te. . melts (Delves' method). The crucible 
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was oharged with the prerequisite amounts of (99*9999^ purity) meroury 
and (99*999$ purity) tellurium obtained from Koch-Light Co.Ltd. The 

-h. 

charged crucibles were evacuated for several hours under the 10 torr 
pressure, and occasionally the charge was warmed slightly to remove any 
trapped a i r . Tubes were sealed o f f under vacuum at the construction using 
an oxygen-gas flame. To ensure that the materials were not heated during 
the quartz fusion* the lower part of the tube was wetted to cool i t down. 
For safety from possible explosion at high temperatures* which could rise 
from the high vapour pressure of mercury (the vapour pressure of mercury 
at 700°C i s approximately 70 atm.) crucible was placed i n a stainless 
steel bomb* sealed by a copper gasket. 

The oharged oruoible inside i t s stainless steel bomb was located on 
the top of the pulling bar i n the furnace (see Figure 2.2). The position 
of the charge i n the temperature profile was such that* the conical t i p 
of the crucible was approximately 15°C above the melting point of mercury 
telluride. 

The furnace temperature was increased gradually over three days to 
the working conditions. Crystals were then usually grown by the method 
of lowering the temperature gradient slowly. In the samples which were 
solidified with high growth rates (10°C per hour), or with a small 
temperature gradient (5°C per cm) constitutional supercooling was observed. 
An interesting example of polycrystalline growth arising from fast growth 
rate, i l l u s t r a t e d i n Figure (2.5)* Here the core was supercooled due to 
poor heat conductance of the solid, especially important i n that wide 
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samples and froze out rapidly to give small grains. 
Large and well-formed single crystals of mercury telluride grew 

when the temperature gradient decrease did not exceed 2°C per hour. 

2.4 EXAMINATION OF THE SINGLE CRYSTALS 
To take out the sample the top end of the quartz crucible was cut 

with a water cooled* grinding wheel. The sample then s l i d out easily. 
To reveal of the grain boundaries* specimens were etched with freshly 
prepared concentrated one part n i t r i c * one part hydrochloric acids and 
two parts water* followed by re-etching with concentrated hydrochloric 
acid and washed with d i s t i l l e d water. Monocrystallinity of the solid 
was further inspected using the Z-ray back reflection Laue technique. 
Laue photographs were taken at translational intervals along a face of 
the sample and after 180° rotation. The sample to f i l m distance (3 cm) 
and the angular orientation were held constant during this process; i f 
the sample was a single crystal* a l l of the photographs were identical. 

Usually one complete single crystal grew. I n Delves' method (1965) 

an abrupt line* marking growth from melts with a large excess of tellurium, 
was extant towards the top of the boule* as shown i n Figure (2*4). The 
tellurium-rich upper portion was removed by spark erosion and not 
examined f u l l y ; i n X-ray powder photographs a few extra lines* i n 
addition to mercury telluride lines* were observed* and X-ray back 
reflection photographs showed this portion to be single crystal. The 
specimen from the main bulk of the boule showed no cellular structure* 
and as evidenced on back-reflection Laue photographs by a complete lack 
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of spot s p l i t t i n g or spreading, no mosaic structure or strain. Examples 
of back-reflection Laue photographs are shown i n Figures (2.6a*b and c) 
which were taken along [001J (four fold symmetry), [l103 (2m symmetry) 
and [ i l l ] (three f o l d symmetry). 

Etoh pit s i n mercury telluride 
Etch pits formation was examined on (111) surfaces prepared f i r s t 

by spark cutting, followed by mechanical polishing. Warekois et a l . , 
(1962) have described upon the etching characteristics of the mercury 
telluride. Their polishing etchant .(see Table 2.1) has been used i n the 
present work for chemical polishing. To reveal the p i t s , an etchant 
suggested by Delves seen i n the same table (private communication) was 
used. 

The mercury and tellurium surfaces along the (111) direction have 
been explained i n more detail i n Chapter (1» page 5 )• The triangular 
p i t s , which appear on the mercury surface, were examined under a 
vertically illuminated* metallurgical microscope. Examples of photographs 
are shown i n Figure (2*7)* The magnification was calculated from 
photographs of a graduated scale enlarged under the same conditions. 
The number of dislocation etch pi t s was found to be about 10^ p i t s per 

2 

cm both for samples grown by Delves' method and for samples grown from 
stoichiometric melts. No figures are available i n the literature for 
comparison. 
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TABLE (2.1). Polishing and structure etchant for mercury telluride 

Composition of 
etchant 

Etching 
Condition 

Results on (111) 
and (TTT) surface 

6:1:1 
HNO, = HCl = 

25°C, 10-15 min. Pitless polish on 
both surface • 

1:1:2 
HNOj = HCl = 
H„° 2 

Use freshly, after 
a few min. rinse 
with HCl, followed 
by water 

Pits on mercury 
surface. 



5TG-URS (2.4). Ingot i n the quartz crucible ( l e f t ) . Mercury 
t e l l u r i d e specimen with the transducer attached. 
Abrupt l i n e on the ingot, marking growth from 
melt with a large excess of t e l l u r i d e ( r i g h t ) . 

FIGURE (2.5)• Cross section of a supercooled mercury t e l l u r i d e 
sample. 
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2.5 MEASUREMENTS OF LATTICE SPACING- AND DENSITY OF HgTe 

The l a t t i c e s p a c i n g o f HgTe was measured b y t h e powder m e t h o d . 

S u f f i c i e n t l y f i n e powder was f i x e d b y c o l l o d i o n t o t h e g l a s s f i b r e , 

w h i c h was t h e n l o c a t e d a l o n g t h e a x i s o f a P h i l i p s D e b y e - S c h e r r e r 

camera o f c i r c u m f e r e n c e 3̂ 0 mm. N i c k e l f i l t e r e d X - r a y s f r o m a copper 

t a r g e t were employed . A t w e n t y h o u r e x p o s u r e was f o u n d s a t i s f a c t o r y 

t o r e s o l v e t h e s i n g l e t s a t t h e l o w 6 end . The a c c u r a t e l a t t i c e s p a c i n g 

was measured t h r o u g h t h e d o u b l e t s a t t h e h i g h 6 end . To make them c l e a r * 

t h e exposu re t i m e was i n c r e a s e d t o two days* i n t h i s oase t h e s i n g l e t s 

w e r e a l m o s t l o s t i n t h e b a c k g r o u n d . The a n g l e s 6 be tween t h e r e f l e c t e d 

X - r a y beam a n d t h e a t o m i c p l a n e s w e r e deduced f r o m t h e r i n g d i a m e t e r 

on t h e f i l m s 1 w h i c h w e r e measured w i t h a c c u r a c y o f a n ± 0*05 mm by a 

H i l g e r a n d W a t t i l l u m i n a t e d s c a l e . The 0 v a l u e s w e r e u s e d t o c a l c u l a t e 

d - s p a c i n g and t h e l a t t i c e s p a c i n g a Q f r o m B r a g g l a w b y t h e s t a n d a r d 

p r o c e d u r e . 

A n a c c u r a t e l a t t i c e s p a c i n g a can be o b t a i n e d i f measurements a r e 
0 

made on t h e s p e c t r a t h a t a r e r e f l e c t e d a l m o s t b a c k i n t o t h e i n c i d e n t 

beams s i n c e l a r g e B r a g g a n g l e s a r e v e r y s e n s i t i v e t o s m a l l change i n 

c e l l d i m e n s i o n s . T h i s can be seen b y d i f f e r e n t i a t i n g t h e B r a g g e q u a t i o n 

t o o b t a i n 

Si = - d c o t 6 S 6 (2.1) 
o 

because o o t 8 t e n d s t o z e r o a s 6 t e n d s t o 90 , t h e r e f o r e * a s m a l l 

e r r o r i n 8 s h o u l d p r o d u c e a v a n i s h i n g l y s m a l l e r r o r i n d as 9 

o 
app roaches 90 » a n d a l l t h e s y s t e m a t i c e r r o r s such as n o n - c o i n c i d e n c e 
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o f t h e a x i s o f t h e oamera and t h e r o t a t i o n a x i s o f t h e s p e c i m e n , s h o u l d 

be zero* A l t h o u g h t h i s i s i m p o s s i b l e t o a c h i e v e * s i n c e a B r a g g a n g l e o f 

90° c o r r e s p o n d s w i t h r e f l e c t i o n d i r e c t e d b a c k i n t o t h e Z - r a y beam, i t can 

be done i n e f f e c t b y d e t e r m i n i n g d f r o m s e v e r a l r e f l e c t i o n s h a v i n g d i f f e r e n t 

o 

6 1 s a n d e x t r a p o l a t i n g t h e r e s u l t t o 9 = 90 • T h i s oan be done i n 

s e v e r a l ways* The method u s e d i n t h e p r e s e n t i n s t a n c e was t h a t d e v e l o p e d 

b y N e l s o n a n d R i l e y ( 194-5)* I n F i g u r e (2.8) t h e p l o t o f t h e l a t t i c e 

s p a c i n g o f b o t h as g rown a n d a n n e a l e d HgTe (100 h o u r s a t 300°C i n m e r c u r y 

v a p o u r ) a g a i n s t 1/2(COS d / s i n d + cos d / d ) i s shown. F r o m t h i s f i g u r e 
o 

t h e l a t t i c e s p a c i n g , e x t r a p o l a t e d t o 8 = 90 was deduced t o be 

a = 6*463 t 0*001 A* f o r a n n e a l e d HgTe , a n d 
o 

a = 6*461 1 0*001 A* f o r as g rown m a t e r i a l ; 
o 

A n n e a l i n g does n o t a l t e r t h e l a t t i c e s p a c i n g w i t h i n e x p e r i m e n t a l e r r o r . 

These r e s u l t s a g r e e w i t h t h e q u o t e d (6*462 1 ) b y W o o l l e y a n d Ray (1960) 

and o t h e r s . 

The t h e o r e t i c a l Z - r a y d e n s i t y was c a l c u l a t e d i n t h e f o l l o w i n g way . 

The d e n s i t y o f t h e c e l l i s (Mass o f c e l l ) / ( V o l u m e o f c e l l ) . C e l l vo lume 

i s a ^ , i f i t i s o o n s i d e r e d t h a t t h e r e a r e f o u r m e r c u r y and f o u r t e l l u r i u m 

a toms p e r c e l l . The mass o f t h e c e l l i s (4 A ^ + 4 A ^ ) / N where t h e 

A ' s a r e t h e a t o m i c w e i g h t s o f m e r c u r y a n d t e l l u r i u m a n d N i s A v o g a d r o ' s 

number . T h e r e f o r e , t h e d e n s i t y i s 

4 ( A T e + V 

P = 5 (2.2) 
N a 
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a n d u s i n g 6*462 1 f o r t u r n s o u t t o be 8*079 gm/cm^. D e n s i t i e s 
measured b y A r c h i m e d e s ' p r i n c i p l e * o f b o t h a s grown a n d a n n e a l e d 
c r y s t a l s * w e r e f o u n d t o be 8*08 * 0*01 gm/cm^. These r e s u l t s s u p p o r t 
t h e c o n c l u s i o n o f firebrick a n d S t r a u s s (1965) t h a t t h e d e v i a t i o n o f t h e 
maximum i n t h e l i q u i d u s o n t h e phase d i a g r a m f r o m 50-50 a t % p o i n t i s 
v e r y s m a l l . 

2.6 COMPARISON BETWEEN THE CRYSTALS GROWN FOR THE PRESENT EXPERIMENTS 

AND THOSE OF OTHER WORKERS 

A good way t o compare m a t e r i a l s g rown b y d i f f e r e n t methods i s t o 

examine t h e e l e c t r i o a l p r o p e r t i e s * w h i c h a r e v e r y s e n s i t i v e t o excess o f 

e i t h e r e l e m e n t s i n compounds. I n T a b l e (2.2) measurements o f t h e r m o 

e l e c t r i c power* c o n d u c t i v i t y * H a l l c o e f f i c i e n t * m o b i l i t y a n d t h e number 

o f c a r r i e r s a r e t a b u l a t e d f o r t w o s e l e c t e d t e m p e r a t u r e s (77°-300°K). 

I n F i g u r e (2*9) t h e t e m p e r a t u r e v a r i a t i o n o f t h e s e p r o p e r t i e s a r e 

p r e s e n t e d . The u n i t s o f each p r o p e r t y oan be o b t a i n e d f r o m T a b l e (2.2). 

We a r e g r a t e f u l t o D r . Dahake f o r p e r m i s s i o n t o p r e s e n t t h e s e da ta* 

Sample (1) was grown b y Dahake f r o m t h e s t o i c h i o m e t r i c m e l t w h i c h was 

u n a n n e a l e d . Sample (2) was t h e same b u t a n n e a l e d f o r 70 h o u r s a t 300°C 

i n m e r c u r y v a p o u r . Sample (3) was r e a n n e a l e d f o r 180 h o u r s a t 300°C i n 

m e r c u r y v a p o u r . Sample (4) was c u t o u t o f t h e same D e l v e s ' t y p e b o u l e 

f r o m w h i c h some samples f o r u l t r a s o n i c measurements w e r e p r e p a r e d . T h i s 

sample was a n n e a l e d f o r 100 h o u r s a t 300°C i n m e r c u r y v a p o u r . Sample (5) 

was t h e same a s (4) b u t i t was r e a n n e a l e d f o r 150 h o u r s a t 300°C i n 

m e r c u r y v a p o u r . 
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Harman e t al .(1958), Rodot a n d T r i b o u l e t (1962), G i r i a t (1964) 

and t h e o t h e r s have shown t h a t a n n e a l i n g o f as g rown m e r c u r y t e l l u r i d e 

i n m e r c u r y v a p o u r a t d i f f e r e n t t e m p e r a t u r e s f r o m 630°G t o a s l o w as 

250°C p r o f o u n d l y a l t e r s t h e e l e c t r i c a l p r o p e r t i e s . G d r i a t (1964) f r o m 

t h e v a r i a t i o n i n e l e c t r i c a l p r o p e r t i e s w i t h a n n e a l i n g t i m e and t e m p e r a t u r e , 

c o n c l u d e d t h a t i n t h e a n n e a l i n g p r o c e s s t w o , p o s s i b l y t h r e e r e a c t i o n s t a k e 

p l a c e . I n t h e f i r s t r e a c t i o n m i c r o h e t e r o g e n e o u s p r e c i p i t a t e s a r e d i s s o l v e d . 

I n t h e s e c o n d , m e r c u r y a toms d i f f u s e i n t o t h e m e r c u r y t e l l u r i d e f r o m t h e 

v a p o u r . T h i s p r o c e s s u l t i m a t e l y makes t h e m e r c u r y t e l l u r i d e s t o i c h i o m e t r i c . 

I n t h e t h i r d p r o c e s s f u r t h e r d i f f u s i o n o f m e r c u r y a toms o c c u r s . T h i s 

r e a c t i o n l e a d s t o t h e o b s e r v e d i n c r e a s e i n e l e c t r o n c o n c e n t r a t i o n . F u r t h e r 

a n n e a l i n g b e y o n d t h e s t o i c h i o m e t r i c c o m p o s i t i o n c r e a t e s excess m e r c u r y 

samples . 

The H a l l c o e f f i c i e n t o f sample (4) i s n e g a t i v e a n d shows a b r o a d 

maximum o f 80 cm^/C a t 91°K ( s ee F i g u r e 2.9 ) . The e l e c t r o n m o b i l i t y 

2 o 

r e a c h e s a maximum o f 21000 cm / V . s e c . a t 240 K . The r e s u l t s f o r sample 

(5) a r e i d e n t i c a l w i t h t h o s e f o r sample (3) a n d c o n f i r m t h a t HgTe becomes 

more p - t y p e as a r e s u l t o f a n n e a l i n g a n d t h a t t h e D e l v e s ' m a t e r i a l c l o s e l y 

r e s e m b l e s t h e o t h e r g r o w n f r o m t h e s t o i c h i o m e t r i c m e l t s : a g a i n e v i d e n c e 

f o r t h e phase d i a g r a m o f B r e b r i c k a n d S t r a u s s (1965)* 

2.7 PREPARATION OF THE SPECIMENS FOR ULTRASONIC MEASUREMENTS 

The samples w e r e o r i e n t e d b y use o f Laue b a c k r e f l e c t i o n p h o t o g r a p h s . 

The g o n i o m e t e r , w i t h t h e c r y s t a l f i x e d on i t , was l o c a t e d on an a l i g n e d 
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t r a c k I n t h e s p a r k c u t t i n g mach ine . The t r a c k a x i s was n o r m a l t o t h e 

c r y s t a l l o g r a p h i c p l a n e down w h i c h t h e c u t was made b y a b r a s s p l a t e 

e l e c t r o d e . A f t e r c u t t i n g * t h e o r i e n t a t i o n o f t h e s p a r k e r o d e d f a c e was 

r e i n s p e c t e d b y X - r a y d i f f r a c t i o n . The same p r o c e d u r e was r e p e a t e d t o 

p r e p a r e t h e o t h e r sample f a c e . The mmrirmim e r r o r was e s t i m a t e d t o be 

l e s s t h a n 1 ° . The f a c e s w e r e s p a r k p l a n e d t o a c h i e v e a c c u r a t e p a r a l l e l i s m . 

The p l a n i n g d i s k o f t h e s p a r k mach ine was f i r s t u sed t o p l a n e a b r a s s 

r e f e r e n c e s u r f a c e o n t o w h i c h one f l a t f a c e o f t h e spec imen was t h e n f i x e d * 

B o t h f a c e s o f t h e spec imen w e r e p l a n e d i n t h e same c o n d i t i o n s . The 

p a r a l l e l i s m o f t h e f a o e s w e r e checked w i t h d i a l gauge c a p a b l e o f m e a s u r i n g 

0*005" a f t e r a c c u r a t e p l a n i n g no r e s p o n s e c o u l d be seen on t h i s gauge . 

A l t h o u g h t h e ( 1 0 0 ) a n d (111) f a c e s w e r e e a s i l y p l a n e d easy o l e a v a g e o f 

t h e ( 1 1 0 ) f a c e made t h i s f a c e somewhat more d i f f i c u l t . C y l i n d r i c a l 

specimens ( o n e o f them can be seen i n F i g u r e 2 . 4 ) w e r e o b t a i n e d b y s p a r k 

c u t t i n g w i t h a c y l i n d r i c a l e l e c t r o d e * The p l a n e d f a c e s w e r e p o l i s h e d w i t h 

J j i f o l l o w e d b y 1(j d i amond powder . 
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C H A P T E R 3 

VELOCITY AND ATTENUATION MEASUREMENTS 

3.1 THE UNITS OF ATTENUATION. 

The a t t e n u a t i o n o f e l a s t i c waves h a v i n g a n i n f i n i t e p l a n e w a v e -

f r o n t , may be w r i t t e n i n t h e f o l l o w i n g f o r m : 

o(x) = a e - ° X (3.1) 

h e r e cr(l) a n d o~(0) a r e t h e a m p l i t u d e s o f s o u n d waves a t two d i f f e r e n t 

p o s i t i o n s a n d a i n t h e a t t e n u a t i o n c o e f f i c i e n t . F o r t w o d i f f e r e n t 

p o i n t s , f r o m t h e s o l u t i o n o f E q u a t i o n (3»1)> a t u r n s o u t t o be 

a = - t i n cr(x)] (3.2) 
OA. 

o r 

a = j-=r^-^r ( n e P ^ V c m ) (3.3) 

h e r e I n i s t h e n a t u r a l l o g a r i t h m . The u n i t s o f a i s " n e p e r / c m " 

—1 

( some t imes j u s t w r i t t e n as "cm " ) . Power a t t e n u a t i o n i s c o n v e n t i o n a l l y 

e x p r e s s e d i n ' d e c i b e l ' ( ' d B ' ) . The d e f i n i t i o n o f " d B " i s : 

( P o w e r ) . 
1 0 . l o g . n 7 — ( d B ) (3.4) 

10 ( P o w e r ) 2

 v ' 

T h e r e f o r e a , t h e a t t e n u a t i o n c o e f f i c i e n t , i n t e r m s o f n d B / c m " c a n b e 

w r i t t e n , s i n c e power i s p r o p o r t i o n a l t o t h e squa re o f t h e a m p l i t u d e , a s : 
a = v ^ 2 0 l o * i 0

 ( d B / c m ) ° ' 5 ) 
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i n t e r c o n v e r s i o n , be tween E q u a t i o n s (3»3) a n d (3»5) u s i n g t h e r e l a t i o n 

o f ( l n X = 2-3026 l o g 1 Q X ) 

1 n e p e r = 8-686 dB (3.6) 

A n o t h e r commonly u s e d u n i t i n t h e a t t e n u a t i o n measurements i s : 

n dB /Vsec n » w h i c h i s g i v e n f r o m : 

-6 
a(dB/Vsec) = 10 v ( c m / s e c ) a ( d B / o m ) (3«?) 

Y e t a n o t h e r e x p r e s s i o n f o r e n e r g y l o s s i s t h a t o f " l o g a r i t h m i c dec remen t " 

( " A " ) , w h i c h i s d e f i n e d f o r a h a r m o n i c a l l y o s c i l l a t i n g s y s t e m a s 

» - i (3-8) 

h e r e W i s t h e e n e r g y l o s s p e r c y c l e i n t h e s p e c i m e n , a n d E i s t h e t o t a l 

v i b r a t i o n a l e n e r g y s t o r e d i n t h e s p e c i m e n . I t t u r n s o u t t h a t 

A ( n e p e r s ) = a ( n e p e r s / c m ) A ( c m ) (3*9) 

h e r e A i s t h e w a v e l e n g t h o f t h e sound w a v e s . The e x p r e s s i o n f o r 

c o n v e r s i o n t o " A " i s : 

a ( d B / u s e o ) , v 
A - 8-686 .f(MHz) ^ * 1 0 J 

_1 

T h e r e i s , t h e e q u i v a l e n t measure o f d i s s i p a t i o n c a l l e d t h e "Q " o f a 

s y s t e m , w h i c h i s d e f i n e d a s 

Q - 1 = 2 f r f (3.11) 

-1 

where E a n d W a r e a s d e f i n e d a b o v e . From t h e d e f i n i t i o n o f Q a n d A 

i t i s seen t h a t f r o m E q u a t i o n s (3*8) a n d (3*11)• 
Q" 1 A = i r (3.12) 
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5 .2 THE BASIC PRINCIPLES 03? THE PULSE-ECHO TECHNIQUE. 

The sound a t t e n u a t i o n can he measured b y a v a r i e t y o f t e c h n i q u e s * 

whose v a l u e depends u p o n t h e p h y s i c a l s i t u a t i o n ( a comprehens ive r e v i e w 

may be f o u n d i n M c S k i m i n 1964). I n t h e p r e s e n t e x p e r i m e n t s t h e " p u l s e -

echo t e c h n i q u e " was u s e d f o r m e a s u r i n g b o t h t h e v e l o c i t y ( v ) a n d t h e 

a t t e n u a t i o n ( a ) o f u l t r a s o n i c waves i n m e r c u r y t e l l u r i d e . 

A p l o t o f o~ a g a i n s t d i s t a n c e X u s i n g E q u a t i o n (3«1) i s shown i n 

F i g u r e ( 3 * l a ) . I t c a n be seen t h a t a knowledge o f o n l y t h e a m p l i t u d e 

o f t h e sound waves a t t w o d i f f e r e n t p o s i t i o n s i s s u f f i c i e n t t o g i v e t h e 

a t t e n u a t i o n c o e f f i c i e n t . F o r gases a n d l i q u i d s t h e a m p l i t u d e o f t h e 

sound waves* can be e a s i l y measured* a t any d e s i r e d p o s i t i o n * b u t f o r 

s o l i d s * t h e m e a s u r i n g t e c h n i q u e i s r a t h e r more d i f f i c u l t . He re t h e 

p u l s e - e c h o t e c h n i q u e i s p a r t i c u l a r l y v a l u a b l e . 

The p r a c t i c e a l m o s t i n v a r i a b l y t o p r o d u c e t h e h i g h f r e q u e n c y i n a n 

e l e c t r i c a l c i r c u i t a n d t h e n t o c o n v e r t t h e e l e c t r i o a l o s o i H a t i o n s t o 

m e c h a n i c a l v i b r a t i o n s . A d e v i o e p r o d u c i n g t h i s c o n v e r s i o n i s t e r m e d a 

t r a n s d u c e r . I n t h e p u l s e - e c h o t e c h n i q u e * t h e t r a n s d u c e r * bonded t o t h e 

specimen* i s e x c i t e d b y a wave p a c k e t o f e l e c t r i c a l o s c i l l a t i o n s o f t h e 

d e s i r e d f r e q u e n c y * and t h e wave p a c k e t o f sound* g e n e r a t e d b y t h e 

t r a n s d u c e r * t r a v e l s t h r o u g h t h e m a t e r i a l . The r e f l e c t e d beam i s d e t e c t e d 

a n d r e c o n v e r t e d t o e l e c t r i c a l o s c i l l a t i o n s b y t h e same t r a n s d u c e r i n t h e 

s i n g l e - e n d e d m e t h o d . The wave p a c k e t o f sound t r a v e l s t h r o u g h t h e m a t e r i a l 

b y s u c c e s s i v e r e f l e c t i o n s * w h i l e t h e a m p l i t u d e d i e s o f f a c c o r d i n g t o 

E q u a t i o n (3.1). F i g u r e (3»1b) g i v e s a s c h e m a t i c o f t h e s i t u a t i o n . H e r e 
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V q i s t h e a m p l i t u d e o f t h e e l e c t r i c a l o s c i l l a t i o n e x c i t i n g t h e t r a n s d u c e r , 

o ^ X ^ a n d o ^ X ^ ) a r e t h e a m p l i t u d e s o f t h e sound waves a t t h e t r a n s d u c e r -

spec imen b o u n d a r y , and a n d 7 ^ , t h e a m p l i t u d e s o f t h e e l e c t r i c a l 

o s c i l l a t i o n s , a r e p r o p o r t i o n a l t o t h e ff(X^) and o ^ X g ) ( t h e p r o p o r t i o n a l i t y 

f a c t o r i n c l u d e s t e r m s such as t h e t r a n s d u c e r e f f i c i e n c y a n d l o s s e s a t t h e 

i n t e r f a c e s ) . As may be seen f r o m t h e same f i g u r e , t h e d i s t a n c e be tween 

Xg a n d X^ i s t w i c e t h e spec imen l e n g t h , a n d , t h e r e f o r e , E q u a t i o n (3.3) 

can b e r e w r i t t e n a s : 

T h u s , measurement o f a n d a n d t h e spec imen l e n g t h g i v e t h e s o u n d 

a t t e n u a t i o n * F u r t h e r t h e t i m e d e l a y measurement b e t w e e n a n d V ^ , g i v e s 

t h e v e l o c i t y o f s o u n d , w h i c h i s 2 l / t because w i t h i n t h e t i m e i n t e r v a l 

t » w a v e s t r a v e l t w i c e t h e sample l e n g t h . The measurement o f a m p l i t u d e s a n d 

t h e t r a n s i t t i m e w i l l now be d e s c r i b e d . 

3-3 DESCRIPTION OF THE MEASURING- EQUIPMENT 

The v e l o c i t y a n d a t t e n u a t i o n o f u l t r a s o n i c waves i n m e r c u r y t e l l u r i d e 

were measured b y t h e s i n g l e - e n d e d p u l s e - e c h o t e c h n i q u e shown i n F i g u r e 

(3*2). A M a t e c , i n c . , A t t e n u a t i o n c o m p a r a t o r , M o d e l 9000 e m p l o y i n g 

M o d e l 96 R . F . P l u g - i n u n i t , was u s e d . P u l s e d e l e c t r i c a l o s c i l l a t i o n s 

o f f r e q u e n c i e s b e t w e e n 10 MHz a n d 310 MHz c o n t i n u o u s l y t u n a b l e , g e n e r a t e d 

i n t h e R . F . p l u g - i n , a r e a p p l i e d t o t h e a p p r o p r i a t e t r a n s d u c e r and t h e 

r e s u l t i n g u l t r a s o n i c e n e r g y c o u p l e d i n t o t h e s p e c i m e n . The p u l s e w i d t h 
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can be v a r i e d between 0*5 and 5 usee. The pu l se ampl i tude i s con t i nuous ly 

v a r i a b l e and has a maximum o f 3K7 peak-to-peak a t 10 MHz which decreases 

a l i t t l e a t h ighe r f r equenc i e s . The pu l se r e p e t i t i o n r a t e can be v a r i e d 

between 10 and 1,000 pulses sec . The R . i ' . pu lse i s tuned t o the 

fundamental o r an odd harmonic o f the t r ansduce r . A t each echo a smal l 

e l e c t r i c a l s i g n a l reaches the o r i g i n a t i n g t r ansduce r . These e l e c t r i c a l 

s i gna l s are coupled t o a h i g h ga in r e c e i v e r f o r a m p l i f i c a t i o n . The 

bandwidth o f t h e r e c e i v e r i s 4 MHz and t h e maximum ga in 80 dB. The 

f requency range covered i s again 10 MHz t o 310 MHz w i t h cont inuous t u n i n g . 

These a re t hen de tec ted and f i l t e r e d and the r e s u l t i n g video envelope 

d i s p l a y e d on an o s c i l l o s c o p e . A photographs the echoes and t h e exponen t i a l 

wave f o r m i s p resen ted i n F igu re ( 3 « 2 ) . The f i r s t peak ( a ) r e s u l t s f r o m 

leakage o f t h e R.F. power through t h e sample h o l d e r ; t he second peak ( b ) 

and subsequent peaks ( c 9 d e t c . ) are the echoes propagated through t h e 

specimen t w i c e , f o u r t imes and s i x t imes r e s p e c t i v e l y . Since the 

abso rp t i on r a t e o f u l t r a s o u n d i s c h a r a c t e r i s t i c a l l y exponent ia l* a 

c a l i b r a t e d , con t i nuous ly v a r i a b l e exponen t i a l waveform generator i s 

employed f o r measurements. By matching the exponen t i a l waveform t o t h e 

peaks o f t h e echoes and us ing t h i s exponen t i a l decay generator* i t i s 

p o s s i b l e t o o b t a i n d i r e c t l y t h e va lue o f a t t e n u a t i o n i n n dB/ jasec . n f r o m 

c a l i b r a t i o n curves . The t ime delay between successive echoes on the 

o s c i l l o s c o p e i s the t ime taken f o r t h e pulse t o pass tw ioe through t h e 

specimen. V e l o c i t y measurements may be r e a d i l y ob ta ined t o w i t h i n 1$ by 
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measuring the round t r i p t i m e between echoes and measuring sample l e n g t h . 

The t r a n s i t t ime measurement i s ob t a ined by us ing c a l i b r a t e d delay 

genera tor . 

3 . 4 GENERATION AND DETECTION OF ULTRASOUND: THE QUARTZ CRYSTAL TRANSDUCER. 

Quartz t ransducers were used t o conver t t o e l e c t r i c a l o s c i l l a t i o n s 

i n t o mechanical v i b r a t i o n s and v i c e versa . These t ransducers are based on 

the p i e z o e l e c t r i c e f f e c t . Quartz (S102) c r y s t a l l i z e s i n the t r i g o n a l 

system* f o r m i n g a hexagonal p r i s m w i t h two rhombohedric ends (see F igu re 

3 . 3 a ) . The "X" aoes connect ing oppos i t e corners o f a c r o s s - s e c t i o n o f 

t h e p r i s m a re c a l l e d p i e z o e l e c t r i c axes. The axes normal t o t h e p r i s m 

faces are t h e mechanical or "Y" axes. I n F igure (3*3b) o n l y one each o f 

the "X" and "Y" axes are shown. Each o f these axes has two i d e n t i c a l 

axes o b t a i n a b l e by r o t a t i o n s o f t 1 2 0 ° . 

The l o n g axes o f the p r i s m i s an axes o f o p t i c a l symmetry and i s 

c a l l e d the o p t i c a l or "Z" axes , t h i s i s a l so shown i n F i g u r e (3>3&) and 

( 3 . 3 b ) . The " X " , "Y" and "Z" axes f o r m an o r thogona l s e t . 

I n F i g u r e (3*3c) a s imple diagram o f t h e quar tz c r y s t a l l a t t i c e i s 

shown. I n t h e undeformed l a t t i c e , t h e nega t ive i o n i c charge o f oxygen 

and t h e p o s i t i v e charge o f s i l i c o n n e u t r a l i z e each o the r . When a t e n s i o n a l 

s t r e s s i s a p p l i e d t o a f l a t p l a t e a long t h e "X" d i r e c t i o n , t h e n , due t o 

t h e r e s u l t i n g s t r a i n , t h e p o s i t i v e s i l i c o n ions a re s h i f t e d towards the 

one sur face and the nega t ive oxygen ions towards t h e o ther su r face . The 

d i s tu rbance o f t h e e l e c t r i c a l e q u i l i b r i u m leads a p o t e n t i a l d i f f e r e n c e 
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"V" between t h e e l ec t rodes . I f t he d i r e c t i o n o f s t r e s s i s i n v e r t e d , t h e 

s ign o f t h e s t r a i n i s a l s o i n v e r t e d and t h e charge on the e lec t rodes 

changes s i g n , and t h e p o t e n t i a l d i f f e r e n c e becomes f o r t h e same s t r e s s . 

A quartz s lab under the t e n s i o n a l s t r e s s i s shown i n F i g u r e ( 3 . 3 c ) . A 

charge d i s t r i b u t i o n a l so r e s u l t s i f t e n s i o n o r compression i s a p p l i e d a t 

r i g h t angles t o " X p ( i . e . i n d i r e c t i o n " Y " ) ; t h i s i s t he t r ansverse 

p i e z o e l e c t r i c e f f e c t . Conversely, i f t h e quar tz s lab i s sub jec ted t o an 

e l e c t r i c f i e l d i n t h e "X" d i r e c t i o n by a p p l y i n g a p o t e n t i a l d i f f e r e n c e 

between the e l e c t r o d e s , i o n i c charges a r e caused t o move i n t h e d i r e c t i o n 

o f the f i e l d , g i v i n g r i s e t o a s t r a i n . Th i s e f f e c t i s c a l l e d t h e r e c i p r o c a l 

p i e z o e l e c t r i c e f f e o t . 

To generate l o n g i t u d i n a l and t r ansve r se waves, t he t ransducer p l a t e 

i s cut f r o m t h e c r y s t a l a t a r i g h t angles t o one o f the p i e z o e l e c t r i c 

axes n X - c u t a , and the one o f the mechanical axes " Y - c u t " r e s p e c t i v e l y . 

A schematic diagram o f the two methods o f c u t t i n g out t ransducers i s shown 

i n F igu re (3«3&)> Opposite faces a re coated w i t h a t h i n g o l d l a y e r t o 

fo rm e l ec t rodes . I n F igures ( 2 . 4 ) and (3*9) a p i c t u r e o f a t r ansduce r , 

and i t s e l e c t r o d e i s shown. 

I n o p e r a t i o n the t ransducer i s e x c i t e d t o one o f i t s mechanical 

normal modes. Because an X - c u t p l a t e i s v i b r a t i n g i n t h e d i r e c t i o n o f 

t h i c k n e s s , t h e n a t u r a l f requency o f t h e t ransducer i s t h a t when t h e r e i s 

maximum e l o n g a t i o n o f t h e f a ce s i n t h e two oppos i te d i r e c t i o n s , a s i t u a t i o n 

descr ibed by a s t and ing e l a s t i c wave w i t h displacement an t inodes on bo th 

f ace s . I n t h e case o f the f i r s t normal mode o f v i b r a t i o n t h e r e i s o n l y a 
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s i n g l e nodal plane* and t h e t ransducer th ickness i s equal t o h a l f a 
wavelength . When a quar tz s l ab i s e x c i t e d a t i t s n t h harmonic, i t s 
t h i ckness i s devided i n t o n equal p a r t s w i t h compressions and expansions 
t a k i n g p lace i n a d j o i n i n g s e c t i o n s . When n i s even, compression occurs 
i n n/2 o f t h e sec t ions and expansions occur i n t h e remaining sec t i ons ; 
thus the re i s no net s t r a i n i n t h e c r y s t a l : t he even harmonics cannot 
be used. When n i s odd , however, (p-1 )2 compressions n e u t r a l i z e t h e same 
number o f expansions, l e a v i n g e i t h e r a compression o r an expansion i s l e f t 
i n the r ema in ing s e c t i o n . Dur ing t h e measurements, f r equenc ies out t o 
290 MHz have been generated f r o m t ransducers o f fundemental f requency 10 MH 

3.5 TRANSDUCER-SPECIMEN COUPLING-. 

Success fu l use o f t h e pulse-echo u l t r a s o n i c method depends c r i t i c a l l y 

on t h e na tu re o f t h e sea l between t h e t ransducer and t h e specimen. The 

character o f the sea l becomes i n c r e a s i n g l y i m p o r t a n t a t h igher f r equenc i e s 

( s h o r t e r w a v e - l e n g t h ) . A t room temperature t h e r e a re many choices f o r a 

bonding m a t e r i a l , but a t l i q u i d he l ium temperatures t h e choice i s l i m i t e d . 

Any m a t e r i a l used w i l l become a s o l i d be fo r e l i q u i d he l ium temperature i s 

reached and d i f f e r e n t i a l t he rmal expansions cause a cons iderab le change i n 

the na tu re o f t h e sea l d u r i n g c o o l i n g . 

Requirements i n choosing the c o r r e c t m a t e r i a l and i n p r e p a r a t i o n o f 

a good bond a re : 

1 . The sea l should be u n i f o r m and a t h i n f r a c t i o n o f t h e u l t r a s o u n d 

wave- leng th . 
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2. A l l p a r t i c l e s and a i r bubbles should be excluded. 

3< I n temperature dependent measurements s ea l should s t ay on the 

sample, and keep a good match between specimen and t ransducer . 

Dur ing the presen t work f r o m experiment, a few bonding m a t e r i a l s have 

been found t o g i v e s a t i s f a c t o r y performance a t low temperatures . The most 

succes s fu l bonding has been achieved by 250,000 c e n t i s t o k e s i l i c o n e f l u i d 

ob ta ined f r o m "Hopkin and W i l l i a m s L t d . , Chadwell Heath , Essex," f o r X-cu t 

t r ansducer , i n the temperature range between 1*2 t o 390°K. Also u s e f u l i s 

1,000,000 c e n t i s t o k e s i l i c o n e f l u i d . However Y - c u t t ransducers tended t o 

break away above about 250°K f o r the p ropaga t ion d i r e c t i o n s [100] and 

[110]. Near room temperature p a r a f f i n wax or pheny l s a l i c y l a t e ( s a l o l ) was 

found t o be s a t i s f a c t o r y . 

The f o l l o w i n g steps were f o l l o w e d t o bond t h e t ransducer t o t h e 

specimen w i t h s i l i c o n e f l u i d s J 

1. The t ransducer and specimen faces were cleaned w i t h acetone and 

d r i e d . 

2. A smal l drop o f f l u i d was pu t on the cleaned f a c e o f t ransducer 

and specimen. 

3. To remove any t rapped a i r bubbles i n the f l u i d , t h e t ransducer 

and the specimen were kept i n a vacuum f o r a few hours . 

4 . The t ransducer was pressed onto t h e sample and rung onto g i v e 

a homogeneous, t h i n s e a l . 

5. U n i f o r m i t y and th inness o f t h e sea l was ensured by l e a v i n g a 

weight o f approx imate ly 30 gm on t h e t ransducer f o r about a day. 
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P a r a f f i n wax and phenyl s a l i c y l a t e bonds were prepared by h e a t i n g the 

specimen on a hot p l a t e and f o l l o w i n g t h e above procedure. Phenyl s a l i c y l a t e 

gave t h e b e t t e r bonds. On mechanica l ly p o l i s h e d specimen faces w i t h a 

m i r r o r f i n i s h t h e bond tended to break away. The good adhesion was 

achieved on such faces by s l i g h t l y e t ch ing them. 

The q u a l i t y o f t h e bond was checked by t h e echo p a t t e r n on t h e 

o s c i l l o s c o p e . 

3 .6 SOURCES OP ERRORS. 

3 . 6 . 1 . E r r o r s i n t h e a t t e n u a t i o n measurements. 

I n s i n g l e c r y s t a l s ) t h e measured a t t e n u a t i o n i n c l u d e s , i n 

a d d i t i o n t o t h e i n t r i n s i c a b s o r p t i o n i n the m a t e r i a l , a) the l o s s due to 

d i f f r a c t i o n o f the sound beam, b ) t h e l o s s due t o phase s e n s i t i v i t y o f t h e 

t ransducer , c) the l o s s due t o s l i g h t m i s o r i e n t a t i o n o f t h e specimen, 

d) t h e los s due to d i s s i p a t i o n o f t h e sound energy i n the bond. These 

w i l l be considered i n t u r n . 

a ) d i f f r a c t i o n e f f e c t ; The sound wave i s not a t r u e plane 

wave as i t leaves t h e quar tz t ransducer but r a t h e r a d i v e r g i n g wave, and 

t h i s c o n t r i b u t e s an apparent a t t e n u a t i o n , which a t low f r equenc ie s can be 

a dominating e f f e c t . A p p l y i n g t h e r e s u l t s found f o r a l i q u i d , an es t imate 

o f t h e d i f f r a c t i o n c o n t r i b u t i o n to t h e a t t e n u a t i o n i s g iven by ( f r ranato 

and T r u e l l 1956) . 
2 

1 dB per a / A 

here a i s the r a d i u s o f the t ransducer and A i s t h e wavelength o f t h e 

sound wave. Thus, t h e d i f f r a c t i o n l o s s v a r i e s i n v e r s e l y w i t h f requency . 
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b ) phase s e n s i t i v i t y o f t h e t ransducer ; A plane wave 
r e f l e c t e d back and f o r t h w i t h i n a specimen w i t h n o n p a r a l l e l face w i l l have 
i t s wave f r o n t s d i s t o r t e d , so t h a t the p a r t o f the wave f a l l i n g on one s ide 
o f a t ransducer w i l l be out o f phase w i t h t h a t s t r i k i n g another p a r t . The 
s i t u a t i o n i s shown schema t i ca l l y i n F igu re ( 3 » 4 ) . The t ransducer i n t e g r a t e s 
the pressure s i g n a l over i t s sur face and i n t e r f e r e n c e and apparent a t t e n u a t i o n 
r e s u l t s . Th i s va lue o f t h i s a t t e n u a t i o n i s g iven by (Granato and T r u e l l 

8*68 ir f a d n v v a = (dB/nsec) ( 3 « 1 4 ) e r r o r Lv 

here f i s t h e sound wave f r equency , a i s the t ransducer r a d i u s 0 i s t h e 

angular d e v i a t i o n f r o m p a r a l l e l , n i s t h e echo number, L i s t h e specimen 

l e n g t h , and v i s t h e v e l o c i t y o f sound i n the m a t e r i a l . 

For example, i n order t o i n s u r e t h a t t h e l o s s due t o t h i s e f f e c t i s 

l e s s than 10^ o f t h e measured va lue o f mercury t e l l u r i d e a t 100 MHz, t h e 

r e q u i r e d p a r a l l e l n e s s can be es t imated f r o m a numer ica l example. T y p i c a l 

numbers a r e : 

a ~ 1 * 7 dB/nsec ( a t 77°K, a long the [110] d i r e c t i o n f o r 

100 MHz, i . e . 

a = 0*17 dB/usec) e r r o r ' 

L = 1 cm 

a = 0*6 cm 

n = 4 echoes 

v = *295 (cm/nsec) 



FIGURE ( 3 * 4 ) . A plane sound wave r e f l e c t e d back and f o r t h 
w i t h i n a specimen w i t h n o n p a r a l l e l f ace w i l l 
have i t s wave f r o n t s d i s t o r t e d , so t h a t t h e 
p a r t o f the wave f a l l i n g on one s ide o f t h e 
t ransducer w i l l be out o f phase w i t h t h a t 
s t r i k i n g another p a r t . 
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s u b s t i t u t i n g these numbers i n t o t h e Equat ion ( 3 . 1 4 ) , on f i n d s t h a t the 

d e v i a t i o n angle 8 must be l e s s than 2 x 10 r a d i a n s . 

The best way o f checking p a r a l l e l i s m , o t h e r than d i r e c t measurement, 

i s f r o m exponen t i a l charac ter o f the echo t r a i n . I n F igu re (3*5) an 

echo d i s p l a y o f one o f t h e spark-planed mercury t e l l u r i d e specimens, i s 

shown. From t h i s evidence, i t has been f o u n d t h a t to le rances o f b e t t e r 

- 4 

than 10 rad ians a re r e a d i l y ob ta ined by t h e spa rk -p l an ing t echn ique , 

p r o v i d e d ' t h a t , t h e c o n d i t i o n s which were exp la ined i n Sec t ion ( 2 . ? ) a re 

a l l obeyed. 

As seen f r o m Equat ion (3*14) t h e e f f e c t becomes more impor t an t a t 

h i g h f r e q u e n c i e s ; t h i s can be reduced by u s i n g a smal l diameter t ransducer 

and a l o n g specimen. The l i m i t a t i o n i n choosing the t ransducer diameter i s 

the d i f f r a c t i o n l o s s , which i s l a r g e r f o r smal le r t r ansducers . The 

specimen l e n g t h i s l i m i t e d bo th by the d i f f i c u l t i e s o f g rowing l a r g e r 

s i n g l e c r y s t a l s and the measurement o f t h e a t t e n u a t i o n . 

c ) t h e e f f e c t due t o specimen m i s o r i e n t a t i o n : M i s o r i e n t -

a t i o n r e s u l t s i n mode conversion o f t h e sound waves, which leads an 

u l t r a s o n i c a t t e n u a t i o n . 

d) the l o s s i n t h e bond; There i s l i t t l e a v a i l a b l e data 

i n the l i t e r a t u r e about t h e a t t e n u a t i o n i n t h e bonding m a t e r i a l . Bobylev 

and Kravchenko (1967) f o u n d e x p e r i m e n t a l l y t h a t t h e l o s s i n t h e c o u p l i n g 

f i l m i s about 8 x 10 (dB/Vsec) per r e f l e c t i o n a t 150 MHz. The l o s s o f 

sound energy i n v e r y t h i n seals o f bonding m a t e r i a l s i s n e g l i g i b l e . 
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I n t h e present experiments the maximum r e l a t i v e e r r o r o f t h e 

a t t e n u a t i o n measurements d i d not exceed 10J& except a t low f r equenc ie s 

( ~ 1 0 MHz) f o r smal l t ransducer when d i f f r a c t i o n losses were app rec i ab l e . 

3 . 6 . 2 . E r r o r s i n t h e v e l o c i t y measurements. 

The main e r r o r i n t h e present v e l o c i t y measurements 

comes f r o m t h e measurements o f the t r a n s i t t ime ( ~ 1 $ ) . The e r r o r i n 

the measurement o f sample l eng th by a micrometer i s about 0*2^. Other 

sources o f e r r o r a r e n e g l i g i b l e when compared w i t h t h a t i n t r a n s i t t i m e 

measurement. For example, Waterman (1959) f i n d s t h a t the e r r o r in t roduced . , 

i n v e l o c i t y measurements on cubic c r y s t a l s depends on t h e square o f t h e 

m i s o r i e n t a t i o n ang l e . For s i l i c o n , f o r a one degree m i s o r i e n t a t i o n , he 

concluded t h a t f o r sheer wave p ropaga t ion i n a [100] d i r e c t i o n 

£ 2 = -2 -8 x 1 0 ~ 4 

v 

I n F igu re ( 3 . 6 ) , Ct^ ot mercury t e l l u r i d e c a l c u l a t e d f r o m shear wave 

propaga t ion i n a [100] d i r e c t i o n f o r t h r e e temperatures , i s presented . 

The v e l o c i t i e s , i n t h i s f i g u r e were measured on t h e same specimen, u s i n g 

d i f f e r e n t bonding m a t e r i a l . The maximum e r r o r , ob ta ined f r o m t h e 

s c a t t e r i n g o f t h e exper imenta l p o i n t s , i s 2% on e l a s t i c cons tan t , and Xfo 

on v e l o c i t y measurements (C. . « v ) which i s , e x a c t l y , equal t o quoted 

e r r o r s i n t r a n s i t t i m e . T h e r e f o r e , i t may be concluded t h a t the e r r o r s 

i n e l a s t i c constants measurements a re (remembering t h a t e l a s t i c cons tants 

are p r o p o r t i o n a l t o d e n s i t y and t h e square o f t h e v e l o c i t y 

2 L 2 

C. , « p v o r C. .<*P - 5 ) : 
i j x j . 2 



FI&URE (3«6). E r r o r s i n e l a s t i c constant measurements. 

2,20 

o 
o 

[100] direction, shear waves 

fc 
O 

•o 
%— 

x 

o"4 

2.10 

o 

o 

o 

BONDING MATERIALS: 

o Silicon fluid ( 1 0 6 centistokes ) 

o „ „ (2,5 x10 s „ .) 

<• ( Diff. pump oil ) 

a Phenyl Sal icylate 

A Parafin wax 

A 

A 

100 200 
TEMPERATURE ( °K ) 

300 



- 3 6 -

E r r o r i n the X- ray d e n s i t y : 0*075^ 

E r r o r i n the l e n g t h measurements: 2 x 0*2$, 

E r r o r i n the t r a n s i t t i m e : 2 x 1 $ 

i . e . t o t a l e r r o r i n e l a s t i c cons tan ts : 2*5% 

To es t imate the e r r o r due t o the rmal expansion, t h e the rmal 

e x p a n s i v i t y o f mercury t e l l u r i d e was measured (see F igu re 3 . 7 ) w i t h a 

s imple quar tz d i l a t o m e t e r , employing a d i a l gauge capable o f r e a d i n g 

1/lQQOO". The measured the rmal e x p a n s i v i t y o f mercury t e l l u r i d e , 

t oge the r w i t h t h e c a l c u l a t e d thermal e x p a n s i v i t y f r o m t h e the rmal 

expansion d a t a , measured by Novikova and Abr ikosov (1964) i s shown i n 

t h e F igu re ( 3 * 8 ) . The maximum e r r o r i n v e l o c i t y , a t 77°K, c a l c u l a t e d 
- 4 

u s i n g room temperature l e n g t h i s 0*06%, ( A l / L ) ^ ^ ~ 6 x 10 ) which 

i s a lso n e g l i g i b l e among t h e o ther sources o f e r r o r and can r e a d i l y 

be co r r ec t ed f o r . 

3 .7 THE SAMPLE HOLDER AMD CRYOSTAT USED FOR ULTRASONIC MEASUREMENTS 

The sample ho lde r was designed t o operate over a wide temperature 

range between 1• t o 450 K w i t h o u t a l t e r i n g the sample* s p o s i t i o n . 

To a l l o w f o r d i f f e r e n t the rmal expansions between t h e sample and the 

m a t e r i a l s used i n t h e sample ho lde r c o n s t r u c t i o n s p r i n g adjus tments and 

contac ts were used. 

As shown i n F i g u r e (3»9)> t h e p l a t f o r m , upon which t h e sample i s 

p l a c e d , can be d r i v e n upwards by compressing t h r e e spr ings by a l t e r i n g 

t h e p o s i t i o n o f a lower p l a t f o r m by a screw. The spr ings and the two 
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FIGURE ( 3 . 7 ) . The quartz d i l a t o m e t e r . 
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platforms were guided by three ver t ica l brass bars, which were screwed 

to the sample holder head. For simplici ty, i n Figure (3.9) , only two 

of these bars are shown. A spring loaded, guided, copper plunger was 

used to obtain contact with the inner electrode of the quartz transducer. 

The outer electrode was earthed by a brass r ing with same internal 

diameter, connected to the sample holder head. The spring contacts used 

were successful i n preventing contact breaking due to thermal expansion. 

P.T.F.E. was used as the electr ical insulation within the sample 

holder head the coaxial l i ne , carrying R.F. power. Thin walled (0*1 mm), 

cupro-nickel tubing was used to make this coaxial l i ne ; sizes were 

outer diameter 6*0 mm and inner diameter 1*0 mm. The space between the 

lines was f i l l e d with P.T.F.E. sleeving. The inner l ine was soldered 

to the top of a copper case, which contained a spring-loaded copper 

plunger as the inner electrode. 

The actual sample holder was isolated from the refrigerant l i qu id 

by two th in walled vacuum cans. As shown i n Figure (3*9)» these cans 

were connected separately to a vacuum system by two th in walled, cupro-

nickel tubes. 

A l l the jo in ts , except for those of the two concentric vacuum cans, 

were hard soldered. To avoid damage of the inner components of the 

sample holder the two vacuum cans were soldered, just before starting 

each experiment, with "Wood's metal", which melts at about 65-70°C, 

usixig " k i l l e d sp i r i t " as f l u x . The methods of soldering vacuum can 

joints are i l lus t ra ted i n Figure (3>10a); these gave completely 



0 r 
n ,i n 

Cupro-nickel tube 
4 ^ BNC plug 

n ii 
L 

f \ .Hard solder 

vacuum vax 
SAM 

Mi Outer line ft 

inner line 
1 £ i i 

Wood's metal solder P i F E sleeving 

X r vacuum can 

( a 

FLEXIBLE 

CONNEXION '0 RING 

INSERT 

' o . iu ; Various vacuum joints used 
in the sample holder. 



-38-

satisfactory vacuum-tight joints unaffected by repeated cooling to 
l i qu id helium temperature* A vacuum t ight coaxial, also i l lus t ra ted i n 
Figure (3«10b) was f i t t e d on the cryostad head to prevent a i r leakage 
down the coaxial l i ne . Heater and thermocouple leads were taken out 
through the vaouum lines to the cans and the method of insuring vacuum 
tightness i s i l lus t ra ted i n Figure (3.10c). The inner can pumping l ine 
had a T-junction outside the cryostat to allow attachment of a helium 
gas f i l l i n g system. Cryostatic equipment i s shown i n Figures (3=11) 
and (3.12). 

The top of the glass l i q u i d helium dewar was located to a rubber 

gasket and vacuum tightness achieved by a rubber sleeve. The inner space 

of the dewar was joined, through the cryostat head, to a manometer system 

and to a large mechanical pump. To release any built-up pressure i n the 

dewar, as shown i n the Figure (3*12), the inner space connected to a mercury 

protection valve. The other arms of the manometers, and the interspace 

of the helium dewar were pumped by a further mechanical pump. The vacuum 

spaces were monitered by Pirani gauges. 

A superconducting gauge (Figgins et a l . 1964) was used to measure 

the l i qu id helium level i n the dewar. This was made from a c o i l of 

constantan wire tinned with 60fio Sn - 40/S Fb solder, using phosphoric acid 

as f l u x . The location position at the top of the sample holder i s shown 

i n Figure (3.11). A constant electric current i s passed through the c o i l . 

In the l iquid helium, the wire is superconducting with a transit ion 

temperature of Tc 2: 7°K. By observing the voltage drop across the wire, 

the level of the l i q u i d helium could be monitered. 
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To measure and control the sample temperature, two copper-constantan, 

and one 0*03 a.t,% gold/lron-chromel thermocoupler were used. 40 gauge 

(0*01219 cm diameter) copper and constantan, 0*008 cm diameter gold/iron 

and 0*009 cm diameter chromel wiring were used to make these thermocouples. 

For insulation, the pairs were inserted into th in sleeve, carried a l l the 

way through the cupro-nickel tubing. 

The joints of the copper constantan thermocouple were prepared i n 

the standard way. The gold/iron and chromel wire were fused together by 

silver soldering. 

The reproducibil i ty of the thermocouples depends upon very much 

the quality of the alloy wire and the junction, even mechanically straining 

effects the reading. Beoause of these reasons each thermocouple was 

calibrated. For calibration of the copper-constantan thermocouples the 

reference temperatures were: ice and water (0 C j , dry ice and acetone 

(196°K) and l iqu id nitrogen (77°K). The gold/iron-chromel thermocouple 

was calibrated against the manometer thermometer, 
o 

Above 40 K the copper-constantan thermocouples were used while 
0 0 / 

between 4*2 K and 40 K the gold/iron-chromel thermocouple was employed. 

To read the thermocouple potentials a "Tinsley" decade potentiometer, 

capable of reading 1 |iV, and a spot l i g h t galvanometer was employed. The 

reference junction of the copper constantan thermocouple, immersed 

according to the temperature range i n , ice and water or l i qu id nitrogen. 

As the reference junction of the gold/iron-chromel thermocouple's, a 

specially prepared, long junction arm of 1*0 mm diameter th in walled 

cupro-nickel tube was direct ly immersed to the l iqu id helium dewar. 
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Temperatures below 4*2°K were measured with manometers. The vapour 
pressure of a l i q u i f i e d gas i s a rapidly varying function of the temperature, 
and therefore the pressure over the l i q u i d i s a measure of temperature. I n 
the range between 760-40 tor r a mercury manometer was used and fo r the 
lower pressures an o i l manometer was employed. The density of the o i l 
(silicone f l u i d MS705) i n the manometer 14*0 times less than that of the 
mercury. Both manometers were calibrated f o r the vapour pressure of l i qu id 
helium and l iqu id nitrogen. Tables can be found i n White(1959s p»104-50 

The cryostat was designed to give a temperature control accuracy to 

better than t 0*5 degree, Preliminary experiments had shown that th is 

adequate. Different temperature ranges required different techniques: 

a - Control by electr ical heating 

b - Charcoal desorption control 

c - Vapour-pressure control 

I n a l l these methods the required accuracy was achieved readily. 

a - Control by electr ical heating; 

The usual method i s by controlling the supply of electr ical energy 

to preserve a temperature (T) i n the space which i s to be above that of the 

surroundings (at To). As the loss of heat, to the surroundings by 

radiation, conduction, e t c , i s a monotonically increasing function of 

(T-To), so the electr ical input, must increase similarly with (T-To). I n 

the present experiment, temperature was controlled, over a wide temperature 

range between 4'2°K and room temperature. Electr ical control was used 

solely between 77°K and 300°K successfully by th is method. The arrangement 

used i s shown i n Figure (3*13)« The inner vacuum jacket of around the 
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sample was f i l l e d with a controlled pressure of helium gas as heat 

exchanger* and this assembly was isolated from the refrigerant l iqu id by 

evacuating the outer can. A temperature gradient* measured by the two 

copper-constantan thermocouples* developed along the sample due to heat 

flow i n the support rods and electr ical leads. This gradient was 

compensated f o r by adjustment of current to two independently controlled, 

heater coils of constantan wire wound around the sample holder bars* 

concentrically with the sample. Control was carried out by a solid state 

control unit* similar to that used fo r control of temperature i n the crystal 

growth furnace (see page 11 ) . The heaters were fed by the output of the 

controller* which i s proportional to the difference between thermocouple and 

a reference voltage* which can be set on the uni t . The setting which had 

been calibrated f o r rhodium/platinum-platinum thermocouples. With th is 

arrangement the sample temperature could be held at room temperature* when 

l i qu id nitrogen was used as a refrigerent l i q u i d , to better than that 

t 0*5 degree accuracy for a long time. 
o 

To a t ta in temperatures below 77 K l iqu id helium was used as coolant. 
To reach thermal equilibrium* using the electr ical heater control system, 

was about 3.0 minutes. Thus to take a reasonable number of measurements 
o o 

between 4*2 K and 77 K took many hours. To keep the l i qu id helium level 

high for this time was uneconomical. 
c - Charcoal desorption control: 
(Rose-Innes and Broom 1956). A simple desorption system was 

o o 
therefore used fo r obtaining temperatures between 4*2 K and 77 K. The 
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space i n the inner dewar surrounding the sample holder was f i l l e d with 

activated charcoal. After measurements at 4*2°K were completed) the l iqu id 

helium i n the inner dewar was boiled o f f at atmospheric pressure by an 

electr ical heater, leaving the charcoal saturated with absorbed helium. 

When a l l the l iqu id helium had gone the temperature of the sample rose: 

th i s r ise could be accelerated by the heater or the temperature held constant, 

when required* by pumping on the inner dewar. An additional advantage of 

th is system i s that the saturated charcoal has a large heat capacity and so 

the temperature rises very slowly even when the charcoal i s not being pumped. 

I n the Figure (3*14) temperature variation of the sample is shown. I n the 
o o 

region between 4*2 K and 30 K average temperature r ise i s 12 minutes per 
degree, i n this range, readings were taken, while temperature rises. The 

o , o 

temperatures between 30 K and 60 K were held steady by pumping on the inner 

dewar. 

c - Vapour pressure control; 
0 , 0 0 

The temperatures below 4*2 K and between 60 K and 77 K were 

obtained by reducing the vapour pressure over the l i q u i d helium and nitrogen 

by pumping with a fast pump. The inner space of the dewar was pumped 

through a cartesian manostat to control the vapour pressure over the l iqu id 

and this gave a steady temperature during measurements. 



FIGURE (3.14). Temperature change with time of the 
sample when charcoal i s used. 
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C H A P T E R 4 
ELASTIC CONSTANTS OF MERCURY TELLURIDE 

4.1 INTRODUCTION 

The elastic constants of single crystals furnish basic mechanical 

and thermodynamic information i n solids* During the study of ultrasonic 

wave propagation the adiabatic elastic constants C^* C ^ a n d of 

mercury te l lur ide have been obtained* Preparation of stoichiometric 

mercury te l lur ide presents a problem (see Section 2.1) and serious 

discrepancies exist between published data, especially on electron 

transport properties: carrier densities and mobilities are part icularly 

sensitive to excess of either component i n such a semimetal with a very 

small band overlap. Stoichiometry i s also relevant to ultrasound wave 

propagation and crystals prepared i n different vrays have been examined 

for any effects of non-stoichiometry and possible relationship to 

mechanical properties. 

I n I I - V I compounds the ion ic i ty , the proportion of ionic component 

i n mixed covalent-ionic bond, plays an important role. One aim of the 

present work was to estimate the ion ic i ty i n mercury te l lur ide through 

the elastic constants. I n zinc blende materials, due to their piezo

electric nature, sound velocities i n some directions can be modulated. 

However, i n the present work no effect of piezoelectricity on sound 

velocities i n mercury te l lur ide was detected. The appl icabi l i ty of 

Bora's relation and the three-force constant model are tested i n mercury 
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te l lur ide . Although Born* s relat ion i s found to be a reasonable 

approximation, the three-force constant model should not be r i g i d l y 

applied to compounds. From the comparison of results with those of 

neighbouring substances, i t i s concluded that the elastic constants, 

l i k e other in t r ins ic l a t t i ce properties of materials belonging the 

same crystallographic classes, exhibit remarkable s imi lar i t ies ; mercury 

te l lur ide shows no anomalous behaviour. Relevant parameters such as the 

T)ebye temperature has been calculated from the elastic constants data. 

4.2 THE VELOCITY OF ELASTIC WAVES IN CRYSTALLINE SOLIDS. 

Since the strains encountered i n ultrasonic measurements are of the 
—6 —8 

order of 10 to 10 , calculations based upon the classical theory of 

linear e las t ic i ty are va l id . Hooke's law, which has been defined for a 

l inear, one dimensional solid i n Section (1.1) and given as Equation 

(1.1) , i s applicable. This equation for three dimensional, crystal l ine, 

real solids takes the following form: 
<r. . = c . (4.1) i j l j k l i j v ' 

Here stress (o~) and strain (e) are second rank tensors and the proportion

a l i t y constant (c), defined as an elastic modulus, i s a fourth rank tensor. 

Elastic constants can be determined not only from the stress-strain 

relat ion (Equation 4*1) but also from sound velocities. The procedure 

fo r obtaining the elastic constants from sound velocities i n a dynamic 

experiment w i l l now be outlined. 
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The stress tensor (o~. ) represents the components of force per unit 

area. The f i r s t subscript denotes the plane on which the stress component 

acts. The second subscript denotes the direction of the stress component. 

The strain tensor defines the deformation i n the neighbourhood 

of a point i n the undeformed medium by the position vector X. The strain 

for small deformations may be writ ten i n terms of displacement gradient 

i n the form. 

Here the commas show the d i f f e ren t i a l with respect to position vector. 

The c .̂. defined by this equation have a simple geometrical meaning such 

that f for , i = j = fe^/SX.^) i s the change i n length per unit length 

of a straight l ine segment. For n ^ j , *. . i s twice the change i n an 

angle whose sides were or ig ina l ly paral lel to the X,. and X^ axis. 

The equation of motion for an elastic body can be derived from 

Newton* s second law. Equating the force components to the acceleration 

components for a medium of density p, one obtains 

to time; that i s the acceleration. Then on combining Equations (4.3)> 

(4.2) and (4*1) one obtains the following equation. 

e i o = 1 ' 2 < V • s i , J
) 

(4.2) 

(i=1,2,3) (4.3 pS 

Here S. i s the second derivative of the displacement vector with respect 

C i j k l t S l , k j + S k , l j 
) = 2PS (4.4) 

and, since C i j k l = C i j l k , th is equation simplifies to 

(4.5) C i j k l S l , k j 
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This equat ion admits s o l u t i o n o f the f o r m 

S l = S o l e x p ( 1 = 1 ' 2 ' 3 ) (4.6) 

which i s an e l a s t i c plane wave. Here S i s the p a r t i c l e displacement 

and k i s t h e wave vec to r d e f i n e d as k = — n . 
v 

There fo re 

» k j 

and 

S l , k j = - \ n j s o l i ^ t " K p ) A - ? ) 

* 9 

S = u - *• S Q i exp i ( u t - k r ) (4.8) 

The equat ion o f m o t i o n , given i n Equa t ion (4.5) becomes 
C - - M

 S i n v n - = S , ( i = 1.2,3) (4.9) i j k l o l k j o i 

I n t h i s f o r m t h e equations c o n s t i t u t e the bas i s f o r t h e " l o n g wavelength" 

(no d i s p e r s i o n ) method t h a t Born and h i s coworkers used to develop t h e 

e l a s t i c constants f r o m l a t t i c e theory , (see Born and Huang 1954). Hence, 

a n o n t r i v a l s o l u t i o n o f t h e f o r m o f Equat ion (4.6) r e q u i r e s t h a t the 

determinant o f t h e c o e f f i c i e n t i n t h e system o f Equat ion (4*9) must v a n i s h . 

2 
C . ., _ n n . - pv 

l j k l k J 
= 0 (4.10) 

For a p p l i c a t i o n s t o a c t u a l s i t u a t i o n s i n which e l a s t i c cons tants are 

determined f r o m plane wave p ropaga t i on , i t i s u s u a l l y p r e f e r a b l e to 

t r a n s f o r m to a co -o rd ina t e system i n which t h e d i r e c t i o n o f p ropaga t ion 

i s one o f t h e axes . E l a s t i c constants may be t r ans fo rmed f r o m one a x i a l 

system t o another by means o f t h e t ensor t r a n s f o r m a t i o n equations 

Sl'± s.r. SX^ SX^ 
C i j k l = W ' "Sx̂  * W ' "Sx~ Cmnop C4.11) 

m n o p 



The p a r t i a l d e r i v a t i v e s appearing i n t h i s equat ion a re d i r e c t i o n 

cosines and, i f one goes f r o m a c r y s t a l l o g r a p h i c set o f axes t o a 

r o t a t e d set des ignated by p r imes 5 o r v i s e ve r sa , t h e d i r e c t i o n cosines 

are r e l a t e d t o the p a r t i a l d e r i v a t i v e s as 

X. 1 

fix. fix. 

2i 
fix" 

s 5 
(4.12) 

Hence, t h e r e a re o n l y 21 independent constants C j ^ j Q o f the p o s s i b l e 81. 

The usual m a t r i x n o t a t i o n g i v i n g t h e e l a s t i c constants as C. . i s 

ob ta ined by r e p l a c i n g 

1 by 11 ; 2 by 22 ; 3 by 33 ; h by 23 ; 5 by 13 ; 6 by 12. 

I n cubic ma te r i a l s* due t o the h i g h c r y s t a l symmetry, t h e r e a re 

o n l y t h r e e independent e l a s t i c cons tan t s . These a r e : 

c 1 1 = C22 = °33 

= °21 " C 1 J 

< U = C55 = °66 

= °21 = °23 = °32 

There are t h r e e o r i e n t a t i o n s ([100], [110] and [111j d i r e c t i o n s ) f o r 
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which a pure l o n g i t u d i n a l and two pure shear waves can be t r a n s m i t t e d 

i n a cubic m a t e r i a l . F o l l o w i n g the t r a n s f o r m a t i o n o f Equat ion (4.10) 

f o r these p a r t i c u l a r c r y s t a l l o g r a p h i c d i r e c t i o n s by the t r a n s f o r m a t i o n 

law o f f o u r t h rank t e n s o r s , g iven i n Equa t ion (4.11)> and choosing the 

d i r e c t i o n cosines o f these d i r e c t i o n s (Equat ion 4.12), sound v e l o c i t i e s 

p ropaga t ing a l o n g these major c r y s t a l l o g r a p h i c d i r e c t i o n s can be ob ta ined . 

These a re : 

For the [ lOOj d i r ect-ion 

1 
V l o n g . = ( C 1 1 / P ) 2 ( 4 ' 1 3 ) 

± 
v s h e a r = ( C j t j / P ) p o l a r i s e d a long e i t h e r [001 ] o r (4.14) 

[010] d i r e c t i o n 

Uor the [I10j d i r e c t i o n 

V l o n g . = U C 1 1 + °12 + 2 C i A ) / 2 P ' ^ ^ 

V s h e a r = ) p o l a r i s e d a long [001 ] d i r e c t i o n 

y s h e f t r = - C 1 2 ) / 2 p ] z p o l a r i s e d a long [110] d i r e c t i o n 

For t h e [111J d i r e c t i o n 

v l o n g . = [ ( C 11 + 2 C 12 + ^ 4 4 ) / 3 p ] * ^ 1 8 > 

V s h e a r = ^C11 " C12 + C 4 4 ^ 3 P - ' 2 P ° l a r i s e d any d i r e c t i o n (4.19) 

i n t he (111) p lane 

I t i s i n t e r e s t i n g t o note t h a t i n cubic m a t e r i a l s a l l t h r e e e l a s t i c 

constants can be ob ta ined f r o m t h e l o n g i t u d i n a l and two shear v e l o c i t i e s 
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o f waves propagated i n t h e [110] d i r e c t i o n . I n t h e present work sound 
v e l o c i t i e s have been measured a long [100], [110], and [ i l l ] ( m a j o r ) 
c r y s t a l l o g r a p h i c d i r e c t i o n s and l i n e a r combinations o f the e l a s t i c 
constants have been ob ta ined f r o m these v e l o c i t i e s u s ing Equations 
(4.13-19). 

The preceding t rea tment i s based upon Hooke's lav; o f e l a s t i c i t y , 

—8 

but most r e a l s o l i d s » even f o r s t r a i n s o f 10 , do not obey Hooke's law 

e x a c t l y . Thus, as p r e v i o u s l y discussed i n Sec t ion (1*1) i n an a n e l a s t i c 

s o l i d , sound waves a re a t t enua ted and v e l o c i t i e s are f requency dependent. 

On the o ther hand t h e v e l o c i t y changes, due t o most o f the r e l a x a t i o n 

phenomena encountered i n s o l i d s , a re l e s s than V]i. T h i s i s about t h e 

e r r o r i n v e l o c i t y measurements i n the present work . Thus, the approxim

a t i o n s made t o o b t a i n Equations (4.13-19) a re reasonable . Because o f t h e 

smal l change o f v e l o c i t y , t h e a n e l a s t i c p r o p e r t i e s o f mercury t e l l u r i d e 

are much more impor tan t i n sound a t t e n u a t i o n r a t h e r t han the v e l o c i t y 

change. Th i s i s l e f t t o subsequent chapters . 

4.3 RESULTS 

The temperature dependences o f u l t r a s o u n d v e l o c i t i e s were measured 

between 1«4°K and 300°K f o r wave p ropaga t ion a long [100], [11o] and [111J 

c r y s t a l l o g r a p h i c d i r e c t i o n s i n seve ra l c r y s t a l s . The a p p r o p r i a t e 

r e l a t i o n s h i p s between t h e v e l o c i t i e s and l i n e a r combinations o f t h e 

e l a s t i c constants CA,t C\ and C,. f o r those d i r e c t i o n s o f e i t h e r pure 
11 12 44 

l o n g i t u d i n a l or pure shear waves p ropaga t ion has been g iven i n t h e 

preceding s e c t i o n . I n F i g u r e (4.1) and (4.2) a re presented l i n e a r 



FIGURE (4 .1) . The temperature dependence o f t h e e l a s t i c constant s 
o f an as-grown c r y s t a l o f HgTe o r i e n t e d a long t h e 

11 L100] d i r e c t i o n . The u n i t s are 10 dynes/cm 
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The e l a s t i c constants o f an as-grown HgTe o r i e n t e d 
a l 0 " g t h e d i r e c t i o n . The u n i t s a re 10 1 1 dynes/cm 2 



combinations o f the e l a s t i c constants d e r i v e d , us ing Equat ions 

(4.13-14) and (4-18—19)» f r o m t h e u l t r a s o n i c wave v e l o c i t i e s measured 

i n (100) and (111) samples. L inea r combinations o f the e l a s t i c cons tan t s , 

ob t a ined f r o m t h e u l t r a s o n i c wave v e l o c i t i e s measured i n (110) samples, 

be fo re and a f t e r anneal ing i n mercury vapour, a re i l l u s t r a t e d i n F igu re 

(4»3)« Ca l cu l a t ed (Equations 3-5—17) va lues o f t h e t h r e e e l a s t i c 

constants C . . » C. _ and C.. ob ta ined f r o m u l t r a s o n i c wave v e l o c i t i e s 

measured i n (110) sample, be fo r e and a f t e r annea l ing a re shovm i n F i g u r e 

(4«4) and t a b u l a t e d f o r se lec ted temperatures i n Table (4«1) , t o g e t h e r 

w i t h t h e b u l k modulus and the mean r e s u l t s o f (100) and (111) samples. 

Changes i n the e l a s t i c constants (AC^,.) b e f o r e and a f t e r annea l ing a re 

smal l (see Table 4 .2, ~1'5# a t 4«2°K and - 2$> a t 300°K) and a re o f 

s i m i l a r magnitude f o r each cons tan t , a l though A C ^ i s nega t ive i n c o n t r a s t 

t o AC. . and AC. . C r y s t a l p r e p a r a t i o n and h i s t o r y mod i fy t h e e l a s t i c 

constants o f mercury t e l l u r i d e : t h i s would e x p l a i n the discrepancy 

between t h e present r e s u l t and those o f Mavroides and Kolesar (1964) 

(see Appendix k) measured a t room temperature o n l y ; these workers g ive 

no d e t a i l s o f c r y s t a l p r e p a r a t i o n so t h a t f u r t h e r comparison cannot be 

made. The thermal v a r i a t i o n o f e l a s t i c constants i s cha rac t e r i z ed by two 

genera l f e a t u r e s ; a ) an approach w i t h zero s lope t o t h e T = 0°K and 

b) a nega t i ve slope a t h i g h tempera tures . The r e s u l t s on mercury 

t e l l u r i d e show t h i s normal behaviour . 
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FIGURE (4«3)« The temperature dependence of the measured 
linear combinations of the elastic constants of a crystal 
oriented along the [110] direction both as grown and 
after annealing at 300° for 100 hr in mercury vapour. 

The units are 10 1 1 dyn/cma. 
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TABLE (4*2) The change i n e l a s t i c constants o f mercury t e l l u r i d e 

a f t e r annea l ing . 

Temper
a t u r e 

(°K) 
11 % change 12 % change 

* C 4 4 
% change 

4'2 (+) 0-07 1*2 (+) 0*06 1-4 ( - ) 0-03 1-4 

77 (+) 0-07 1*2 (+) 0*06 1-5 ( - ) 0-04 1-8 

196 (+) 0-08 1-4 (+) 0*07 1-8 ( - ) 0-05 2-3 

290 (+) 0-09 1-6 (+) 0-07 1*8 (-) 0-05 2-4 
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4-4- DISCUSSION 

Before t h e s i g n i f i c a n c e o f t h e e l a s t i c constants i s d iscussed, i t 

i s u s e f u l t o l o o k a t t h e ohanges produced by annea l ing . Then t h e 

magnitude o f t h e d i f f e r e n c e between t h e r e s u l t s on t h e c r y s t a l s and those 

which would be measured on p e r f e c t c r y s t a l s can be assessed. 

The smal l changes i n the e l a s t i c constants produced by annea l ing i n 

mercury vapour p robab ly do not stem f r o m v a r i a t i o n s i n c a r r i e r d e n s i t i e s 

and energ ies . Keyes (1961) has shown f r o m the de fo rma t ion model t h a t i n 

n - t ype germanium o n l y i s e f f e o t e d by e l e c t r o n i c energy changes and 

consequent f l u c t u a t i o n s i n c a r r i e r d e n s i t y . I n general the shape o f the 

arrangement i n k-space o f t h e energy su r face extrema determine which o f 

t h e e l a s t i c constants w i l l be m o d i f i e d by doping . Annea l ing o f mercury 

t e l l u r i d e e f f e c t s a l l t h r e e e l a s t i c constants p r o p o r t i o n a t e l y , a l t hough 

AC., i s d i f f e r e n t i n s i g n f r o m AC..^ and AC., . T h i s i s cons i s t en t w i t h 
44 11 12 

the s i n g l e , almost s p h e r i c a l , e l e c t r o n Fermi su r face cent red on k = 0: 

i n t h e de fo rma t ion p o t e n t i a l approximat ion t h e e l a s t i c constants are 

independent o f c a r r i e r d e n s i t y , when the c a r r i e r s a re con ta ined w i t h i n 

o n l y one Fermi sur face extremum. The s l i g h t e f f e c t s o f annea l ing must 

f i n d t h e i r source elsewhere, p l a u s i b l y i n l e s sen ing o f t h e c r y s t a l 

i n t e r n a l s t r a i n . S i m i l a r v e l o c i t y s t r a i n behaviour i s consonant w i t h 

d i s l o c a t i o n damping t h e o r y . Annea l ing mercury t e l l u r i d e removes 

microheterogeneous r eg ions c o n t a i n i n g excess t e l l u r i u m (see Sec t ion 2.6) 

and f u r t h e r m o r e , t h e d i s l o c a t i o n d e n s i t y i s reduced. The e f f e c t s o f t h e 

d i s l o c a t i o n s on the e l a s t i c constants a re s m a l l . T h i s w i l l be discussed 
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l a t e r , i n Chapter 8. The measured values are p robab ly v e r y c lose t o 

those i n the p e r f e c t c r y s t a l * We t u r n now t o discuss t h e i r p h y s i c a l 

meaning. 

4.4.1• The f o r c e constants i n mercury t e l l u r i d e 

B o m ' s t w o - f o r c e constant model has been a p p l i e d t o 

mercury t e l l u r i d e . I n t h i s model Born assumes t h a t atoms i n c r y s t a l l i n e 

s o l i d s a re r i g i d and are connected toge the r by Hookian sp r ings . The two 

Hooke* s r a d i a l ( a ) and angular ((3) f o r c e s a re ob t a inab l e f r o m 

C , = a /2r 11 o 

C 1 2 = a / 2 r Q (2P/a - 1) (4.20) 

C 44 = a / 2 r o ( 1 " 
Here r i s t h e nearest neighbour d i s t a n c e . For mercury t e l l u r i d e t h e 

o 
4' 4 f o r c e constants o and P a re c a l c u l a t e d as 3*8 x 10 dyn/cm and 3*2 x 10 

dyn/cm r e s p e c t i v e l y . I n these equations t h r e e e l a s t i c constants are 

r e l a t e d by two f o r c e constants and by e l i m i n a t i n g a and (3, B o m ' s r e l a t i o n 

between t h e e l a s t i c constants may be o b t a i n e d . 

[ W 1 1 ( C 1 1 - C 4 4 ) V ( C 1 1 + C 1 2 ) 2 = 1 C 2 " - 2 1 ) 

The l e f t hand s ide o f t h i s equat ion i s 0*86 f o r mercury t e l l u r i d e . T h i s 

r e s u l t i s compared i n Table (4*3) w i t h o t h e r ne ighbour ing group substances. 

From t h i s t a b l e i t may be seen t h a t , a l though d e v i a t i o n f r o m u n i t y f o r 

p u r e l y covalent m a t e r i a l s i s s m a l l (1J% f o r germanium and f/o f o r s i l i c o n ) , 

t h e d e v i a t i o n f o r mercury t e l l u r i d e i s r a t h e r h i g h (14%). Never the less , 



TABLE (4*3) Comparison between the two f o r c e constant model o f Born 

and i o n i c i t y . R e s u l t s , o ther than those f o r mercury t e l l u r i d e , a re 

f r o m P o t t e r (1957) 

S i &e InSb ZnS HgTe 

w n < c n -<w 1*07 1*01 0«90 0*89 0-86 

E f f e c t i v e charge 
X 

e 

0 0 0*2 0-65 0*66 

B o m ' s t w o - f o r c e constant model appears t o be reasonably a p p l i c a b l e 

t o mercury t e l l u r i d e . The t h r e e f o r c e constant model which b r i n g s 

i n t o c o n s i d e r a t i o n a c e n t r a l f o r c e between next nearest neighbours 

i s a l so t e s t e d f o r mercury t e l l u r i d e . Th i s model was o r i g i n a l l y 

developed by Nagendra Kath (1934) and l a t e r by Smith (1948) and g ives 

8A(A + 30^ - l 6 C 2 t 4 ) / ( 3 A - 8 0 ^ + 16C 1 2 ) = 1 (4.22) 

Here A = W Vf/a.Q> M i s t h e average atomic mass and <*! i s the angula r 

f requency o f t h e p r i n c i p l e o p t i c a l a b s o r p t i o n . A l though t h i s equat ion 

ho lds f o r germanium t o 6% and f o r s i l i c o n t o 12^ but f o r mercury 

t e l l u r i d e i t g ives an imaginary answer. Herman (1959) has extended t h e 

argument, t o f i t t h e r e s u l t s , ou t t o f i f t e e n independent f o r c e cons tan t s . 

Even f o r t h e s imple covalent semiconductors, t h e above procedures do not 
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load to s a t i s f a c t o r y agreement between theory and experiment. I n a l l 

the theories, the atomic polarisation i s neglected and, therefore r e s u l t s 

hold better for covalent materials than for the mixed, covalent-ionic 

compounds. For the two-force constant model, deviation from unity may 

be used to indicate the extent of the covalent character of a compound. 

However, t h i s i s better considered from the viewpoint of i o n i c i t y , to 

which we now turn. 

4.4.2. I o n i c i t y of mercury t e l l u r i d e 

The fundamental l a t t i c e absorption (restrahlen) frequency 

represents the frequency at which the r i g i d Bravais l a t t i c e s vibrate 

r e l a t i v e l y each other. For zinc-blende l a t t i c e s the two Bravais l a t t i c e s 

are face-centred cubic. Interatomic repulsive forces largely determine 

the o p t i c a l absorption frequency and the compressibility, which are then 

rel a t e d by the S z i g e t i (1950) r e l a t i o n , based on a dipolar term i n the 

Lorentz force approximation. This equation forms a useful l i n k between 

e l a s t i c and o p t i c a l properties and i s 

2 
B = -2— m a 2 (4.23) 3U 2 + 2 r 

•TOO 

Here U i s the volume occupied by an ion pair. For zinc-blende l a t t i c e s 

U i s a^/4> r i s the nearest neighbour distance, p and p are the s t a t i c 
Or o 0 0 

and high frequency ( o p t i c a l ) d i e l e c t r i c constants respectively, m i s the 

reduced mass which for compounds i s 
1 = ... (4.24) 
m *1 *2 "3 



For mercury t e l l u r i d e m̂  and m^ are the masses o f t h e mercury and 

t e l l u r i u m atoms r e s p e c t i v e l y . I n terms o f a tomic we igh t s , m can be 

expressed i n t h e f o l l o w i n g f o r m 

" = "V V [ ( m *e + V N ] ( 4 ' 2 5 ) 

Here N i s t h e Avogadro 's number. The reduced mass o f mercury t e l l u r i d e 

-22 
t u r n s out to be 1*2945 x 10 gm. From t h e measurements o f t h e 

r e s t r a h l e n r e f l e c t i o n o f mercury t e l l u r i d e by Dickey and Mavroides (1964) 

(see Appendix A ) , the s t a t i c ( p ) and o p t i c a l (p^,) d i e l e c t r i c cons tan t s 

11 2 
are 20 and 14 r e s p e c t i v e l y . Talcing t h e b u l k modulus as 4*67 x 10 dyn/cm 

™ 2 4 
(see Table 4 .1 ) , mw^ t u r n s out t o be 8*8 x 10 cgs u n i t s and v^=a^2ir) 

12 
i s (4'1 - 0*1) x 10 Hz. Th i s i s i n reasonable agreement w i t h the r e s u l t 

12 
ob ta ined f r o m o p t i c a l r e f l e c t i v i t y by Dickey and Mavroides (3*45 x 10 Hz ) . 

The e f f e c t i v e charge e i s r e l a t e d t o t h e change o f d i e l e c t r i c 

constants on pass ing through t h e r e s t r a h l e n band by the S z i g e t i (1949) 

r e l a t i o n 

1&r( P o o + 2 ) 2

 2 „ 
p-poo = p % ( s e ) (4.26) 

9m w a D 

r 0 

I n t r o d u c i n g t h e necessary d a t a , t h e i o n i c i t y o f mercury t e l l u r i d e i s 

ob t a ined as (se*) = 0*65e. s i s a shor t - range f a c t o r and i n t h e Lorentz 

approximat ion i s equal t o u n i t y . Should t h e charge d i s t r i b u t i o n around 

the ions not be s p h e r i c a l , or n o n - e l e c t r o s t a t i c , shor t r ange - fo rces 

d i s t o r t t h e i o n s , or t h e r e be d isplacement , then s i s not u n i t y . 

However, f o r a v a r i e t y o f cubic m a t e r i a l s s seems t o be 0*9 - 0*2 
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[Szigeti, Table 1, p.163, 1949J- Thus, recognizing both these effects 

of distortion and experimental error, e i s assessed as (0*65 ± 0*05)e. 

In heteropolar, tetrahedrally-bonded compounds the molecular wave-

functions * are formed by overlap of sp^ tetrahedral, hybrid orbitals 4> 

on nearest neighbour atoms (Coulson et a l . 1962 )-

* = <f> + \<t> (Bonding orbital) (4.27) 

=A0 - (Antibonding orbital) (4#28) 
£1 u 

where A i s a parameter, describing the polarity of the bond. The bonding 

orbital * corresponds to fractions of electrons 1/(1 +A ) on the hexavalent 
2 2 

atom (A) and A /(1 + A ) on the bivalent atom (B). The net charge, measured 
N 8-N 

in electrons, associated with the atom A is for a compound A B 

or (6A - 2)/(1 +A ) for a I I - V I compound where N i s 6. When e = 0*65e, 

A becomes 0*7: any valence electron remains on a mercury atom about 

30 per cent of the time. This result compares with those of other 

zinc-blende structure materials* Other direct comparison between the 

elastic constants of these materials with mercury telluride wi l l now be 

discussed. 

e NA . (8-N) 
1 + A 

(4.29) 

2 2 

4.4.3. Comparison of the elastic constants of compounds. 

Keyes (1962) showed that the reduced elastic constants 

C i J • ° i / C o <*•*» 
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of the 4"3m compounds and diamond structure elements f a l l within a few 
percent of the same value for each group of materials. To reduce the 
elastic constants, he defined a oonstant 

CQ = e 2 / r Q

4 (4.31) 

r 12 ' 2 

which i s 0*376 x iO dyn/cm for mercury telluride. The reduced adiabatic 

elastic constants and the bulk and shear moduli of mercury telluride are: 

• c 1 / ° . = 1-43 

• C 1 A = 0-9S3 

= 0-555 

-«:„ • 
and 

C s = ( C 11^12^ 2 C

0 = 0 , 2 1 9 

Keyes' method has been extended over a whole range of IV group elements, 

HI-V, I I - V I and I - V I I compounds* Results are shown in Table (4*4). a

Q / 2 

has been used as the nearest neighbour distance (r ) for I - V I I compounds 

(sodium chloride crystal structure). I t may be concluded that the reduced 

parameters of I -VII compounds as well as the £3m compounds and the diamond 

structure elements f a l l within a few percent of the same value for each 

material group. Mercury telluride shows no anomalous elastic behaviour. 

Thus this table may be used to provide an approximate estimate of the 

elastic constants for unmeasured substances i f their lattice spacing i s 

known. Averaged values of the reduced quantities was also tabulated in 
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TABLE (4.4) Reduced elastic constants and the 
sheer and bulk moduli of 17 group elements, 

I I I - V , I I - Y I and I -VII compounds 

Material Ref. 
1* 

a 
o 

i 

C 
0 
11 

X10 2 

dyn/cm 

c* 11 
C* 12 C* 

s 
B* 

Diamond a 3-57 40*52 2*65 0*308 1*42 1*17 1*09 
Ge b 5-66 6*39 2*02 0-756 1*05 0*63 1*18 
Si b 5-43 7*55 2*19 0*877 1*05 0*67 1*30 

GaAs c 5*65 6*41 1-85 0*840 0*925 0*503 1-17 
InAs c 6*06 4*86 1*71 0-930 0*814 0*391 1*19 
GaSb c 6*09 4*74 1-87 0*853 0*910 0*506 1*19 
AlSb c 6*14 4*63 1*93 0*952 0*895 0*488 1*28 
lnSb c 6-48 3*72 1*79 0*981 0*812 0*376 1*27 

ZnS d 5*41 7*64 1*41 0*945 0*539 0*234 1*10 
ZnSe e 5*67 6-35 1*27 0*768 0*694 0*253 0*937 
ZnTe e 6*10 4*74 1*50 0*858 0*658 0*323 1*074 
CdTe f 6-48 3*73 1*43 0*987 0*535 0*224 1*137 
HgTe S 6*46 3*76 1*43 0*993 0*555 0*219 1*139 

LiP 1 4*03 14*00 0*80 0*34 0*45 0*23 0*47 
LiCl 1 5*14 5*27 0*93 0*42 0-47 0*25 0*56 
LiBr 1 5.50 4*02 0*98 0*46 0*47 0*25 0*59 
LiJ 1 6*00 2-84 1*00 0*49 0*47 0*25 0*60 
KaF 1 4-63 7*99 1-21 0*30 0*35 0*45 0*58 
KaCl 1 5*64 3*64 1*34 0*33 0*35 0*50 0*66 
NaBr 1 5-98 2*84 1-41 0*40 0*34 0*50 0*70 
NaJ 1 6-47 2*95 1*03 0*30 0*24 0*36 0*51 
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Table (4.5) which indicates that averaged values of the reduced quantities 

decrease in the sequence 

IV > I I I - V —> I I - VI —> I - VII 

This gradual decrease of the reduced quantities suggests that the amount 

of ionic bond i s responsible for this behaviour. 

1* References for elastic constants in Table (4.4) 

a. McSkimin and Bond (1957) 
b. McSkimin (1953) 
c. Drabble (1966, p.112) 
d. Zarembovitch (1963) 
e. Berlincourt, Jaffe and Shiozawa (1963) 
f. McSkimin and Thomas (1962) 
g. Present work 
1. Anderson (1965» Appendix 1) 

TABLE (4.5) Averaged values of reduced parameters of 
IV group elements and I I I - V , I I I - V I and I-VTI compounds 

Reduced parameters IV ^ I I I - V I I -VI I - V I I 

°11 2*10 1*83 1-40 0-92 

C?2 0*80 0*91 091 0*38 

C44 1 «05 0«87 0*60 0*30 

[ ( C l 1 - S 2 ) / 2 ] * 0*65 0.45 0«25 0-34 

[ ( C 1 1 + 2 C 1 2 ) / 3 J * 1*24 1.22 1*08 0«58 

1 in average diamond is omitted. 
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4.4.4. Polycrystalline elastic modulus and anisotropy of 

mercury telluride. 

The averaged polycrystalline "bulk and sheer modulus are 

useful parameters to describe solids. In terms of single crystalline 

elastic modulus, in Voigt's and Reuss* approximation, for cubic material, 

they are given by 
C11 + 2 C12 

*R 

and (4.32) 

V 5 5 

ft

 5 ( C 11 - C 12 ) C 44 
H " 3 ( C l 1 - c 1 2 M c ^ 

By comparing these relations with experimentally measured polycrystalline 

bulk and sheer moduli, i t appears that the true values of K and G- l i e 

between two theoretical extremes 

(4-33) 

Hence H i l l (1952) suggests using the following values 

*H = i ( K R + V 
1, , (4-34) 

&H = 2<&R + V 
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In this type of approximation the accuracy very much depends upon 

the degree of anisotropy. Following Hi l l the degree of anisotropy 

5 i s (Anderson 1963) 

. G - a & - & 

2 &H S + & E 

or in terms of elastic constants for cubic materials 

3t2C -(C -C ) f 
6 (per cent) = 100 5 U-ll (4.36) 

'^44 ^ o C 4 4 v ° i r C l 2 ^ ^ 1 1 + C 1 2 ; 

The usual anisotropy factor A defined by the ratio of two shear constants 

A = 2 C V / ( C 1 1 " C 1 2 ) ( 4 ° 7 ) 

i s s t i l l a useful parameter. However, i t is ambiguous in that any 

departure from unity is said to correspond to the degree of elastic 

anisotropy* 6" is more convenient and practical than A. Chung and 

Buessem (1967) obtained the following relation between S and A 

S (per cent) = 100 3 ( f f i ^ 2 5 A ^ 8 ) 

6 i s zero for isotropic crystals; for an anisotropic material c? i s a 

single-valued measure of the elastic anisotropy regardless of whether 

A < 1 or A >1. 6" allows comparison of materials* 

The averaged polycrystalline elastic parameters and anisotropy 
0 

factor of annealed mercury telluride at 4>2 K are: 



-64-

= 4-67 X 10 dyn/ cm2 

&v = 1-67 X 10 dyn/cm2 

&R = 1-38 X 11 
10 dyn/cm2 

*H = 4*67 X 11 10 ' 2 
dyn/cm 

&H = 1-53 X 11 
10 

2 
dyn/ cm 

A = = 2«51 

and 

S = 9»8fo 

In Figure (4*5) the degree of anisotropy of some of the diamond and zinc 

blende materials are shown. The anisotropy factor (6') increases through 

the sequence of group IV elements, I I I - V and II-VT compounds. In the 

I I - V I compounds zinc selenide and telluride show slightly anomalous 

behaviour. But the anisotropy of mercury telluride resembles that of 

other I I - V I compounds. 

4«4.5« The Debye temperature of mercury telluride 

The Debye theory of specific heat has proved very useful 

because i t i s a single-parameter theory which describes the experimental 

observations remarkably well. The Debye temperature 6 can be calculated 

from the sound velocities as well as from the specific heat. However, the 

theoretical model of Debye assumes the solid to be an elastic continuum 

in which a l l the sound waves travel at the same velocity independent of 

their wavelength; there i s no dispersion. Such a model i s satisfactory 



FIGURE (4.5). Graphical representation of the elastic 
anisotropy in cubic crystals. 
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only in the limit of long wavelength or low temperatures. 

In the Debye model the number of identical frequencies does not 

exceed the 3N degrees of freedom available to N discrete mass points. 

Thus, 
v 

f V)*- - *'-3*'- 3 / (73*7y + 75)4r ( 4 ' 3 9 ) 

o 1 2 3 
Here dfl is the element of solid angle, v i s a parameter specifying the 

m 
highest frequency possible in a system with a finite number of particles 

(the cut off frequency). The Debye temperature 0 in terms of frequency is 

defined as —v , inserting v from Equation (4.39) k m m 

1 2 3 
N 

here h and k are the Planck's and Baltzmann's constants respectively, — i s 
the volume occupied per atom, which i s 8/a ^ for zincblende and diamond 

0 

lattices. The calculation of 6 from sound velocities or elastic constants 

involves the solution of the last term on the right hand side which leads to 

a single velocity called the average velocity of solid (v ): 
-1/3 

V1 v 2 v 3 J J 

For diamond and zincblende lattices the average Debye velocity may be 

obtained from Equations (4.40) and (4*41) as 

v = 1*6795 x 101 0* 6 • a (4.42) m o 
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The evaluation of the surface integral of Equation (4*40) involves 

solution of the secular equation (Equation 4*10) 

2 C. . . . n, n. - p v i j k l k j = 0 (4.43) 

by subdividing the surface into triangles defined by direction cosines. 

In cubic materials, because of the high symmetry, i t is sufficient to 

consider only direction cosines confined: to 1/48 of the sphere, i . e . , 

those directions bounded by the triangle formed by the L100], [110J, and 

[ m ] crystallographic directions. Subdividing this sphere into equal 

areas and from the determined direction cosines for this subdivision, 

secular equations can be solved for these points. After each integrand 

has been multiplied by i t s associated area element dQ and summed, the 

integration i s complete and the value of 6 determined. The accuracy of 

this method can be made as high as required by subdividing the areas more 

finely. Even for very highly anisotropic cubic materials 0 can be obtained 

to better that 0*1^ by subdividing Just 1/16 of the sphere into only 

twenty areas. 

Other than numerical integration, there are indirect methods in which, 

tables or graphs of the value of the integral as a function of certain ratios 

of the elastic moduli have been prepared using computers. Also, several 

series of expansions of the integral have been worked out; these methods 

are detailed in a review by Alers (1965)» 

In the present work the Debye temperature of mercury telluride has been 

calculated by several methods from the low temperature elastic constants 
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extrapolated to 0°K. The values for different methods are listed below. 

1. de Launay's method 141*07°K 

2. Marcuss' and Kennedy's method 141*20°K 

3. Leibfried's method 141*48°K 

4. Anderson's method 142*40°K 

Now we can compare this Debye temperature for mercury telluride with 

that of related materials. Steigmeier (1963), using Keyes1 observations, 

found a method to estimate the unknown Debye temperature 6 of IH-V compounds 

from just the parameters mass and lattice spacing. To establish this method, 

he rewrote a relationship derived by Marcuss and Kennedy (1959) in the 

following form 

Here M is the moan atomic weight and the quantity Y is defined by the 

relation 
± 

C 2 

Y = f ( r i , r 2 ) (4.45) 

We now extend this procedure to other II-VT and I - V I I compounds and the 

IV group elements. In Table (4«6) the calculated Y values from Equation 

(4.44) are tabulated. For this calculation the quantities of t(r^fr^) 

have been deduced from Marcuss' graphs. Figure (4*6) gives a plot of Y 

against the lattice spacing. The variation of Y i s very small within a 

given group. The solid lines in this figure can be used to estimate the 

Debye temperatures through Equation (4*44)* 

Mercury telluride f i t s well into the scheme. 
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TABLE (4.6) Mean atomic weight (M), Y values for Steigmeier's method 

and Debye temperatures of IV group elements and I I I - V . I I - V I and I -VII 

compounds. 

Materials M G- e ( ° K ) 

G-e 72*6o 1*01 370 

Si 28*09 1*03 648 

GaAs 72-31 0*94 344 

InAs 94,« 91 0*87 250 

GaSb 95*75 9*93 266 

AlSb 74* 45 0*92 295 

InSb 118*40 0*87 206 

ZnS 48_»72 0*73 346 

ZnSe 72*17 0*75 273 

ZnTe 96*49 0*77 220 

CdTe 120*00 0*69 158 

HgTe 164*10 0*71 141 

LiF 12*97 0*51 735 

Nal 74*94 0*56 165 

LiCl 21*19 0*50 390 

LiBr 43*42 0*50 247 
L i l 66*92 0*50 175 

NaCl 29.22 0*52 303 
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The elastic constants agree with result found from theories of the 

crystalline interatomic forces. "When compared with those of other I I - V I } 

IIT.-V and I-VTI compounds and IV group elements* the elastic properties 

of mercury telluride correspond closely to those of cubic zinc sulphide 

and exhibit no anomalous behaviour. I t has been shown that, mercury 

telluride like other of those I I - V I compounds form a link between the 

semiconducting elements of fourth column of the periodic table and the 

I-VTI compounds. From the Sz-igeti relationship, the ionicity e i s 

estimated as 0»65e ± O05e and the restrahlen frequency as (4*1 - 0*1) x 
12 

10 Hz. The Debye temperature, calculated from the elastic constant data, 
o o 

i s 141 K ± 4 K, which i s the lowest among the related materials, thus 

mercury telluride might be expected to show some interesting ultrasonic 

properties. 

NOT; the anelastic properties of mercury telluride wil l be investigated 

through the sound attenuation measurements. 
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C H A P T E R 5 

ULTRASOUND ATTENUATION IN MERCURY TELLURIDE: RESULTS. 

5.1. INTRODUCTION TO THE RESULTS 

Different ultrasonic energy dissipation mechanisms in solids can 

contribute, simultaneously to the measured attenuation. In general, 

each energy loss mechanism i s due to a relaxation phenomenon, which has 

a characteristic relaxation time (see Section 1.1). Relaxation times 

encountered in solids are mainly temperature dependent. Thus, the 

ultrasonic wave attenuation measurements as a function of temperature 

can facilitate separation of the different contributions. In addition 

to temperature dependence of attenuation measurements, frequency and 

stress dependent measurements help to complete the knowledge of energy 

loss mechanisms. During the present work, the attenuation of longitudinal 

and shear ultrasonic waves has been measured in the wide temperature 
o o 

range 1-4 K to 400 K and in the frequency range between 10 MHz to 300 MHz 

along the three major crystallographic directions, namely [100], [111] 
and [ l i o j . Now examples of the temperature, frequency and applied stress 

dependent ultrasonic wave attenuation in meroury telluride wil l be given, 

f i rs t ly the general features of the temperature dependence. 

The temperature dependence of ultrasonic wave attenuation in single 

crystals of mercury telluride exhibits some characteristic features in 

certain temperature regions and may best be considered in three ranges: 

the low temperature region (1*4°K to about 70°K), an intermediate 
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temperature region (about 70 K to 180 K) and the high temperature region 

(above 180°K). NOV to give some examples of these characteristic features. 

5.2 THE TEMPERATURE DEPENDENCE OF ATTENUATION 

Firstly the general temperature spectrum of ultrasonic wave attenuation 

i s illustrated in Figure (5»1) the general features of longitudinal wave 

attenuation along the [100] crystallographic direction over the whole 

temperature region (4*2°K to 388°K) are shown. The specimen used in 

these measurements i s not annealed and i s grown from stoichiometric melts 

in a smaller bore crucible (see p. 12). The measurements have been made 

with a 10 mm diameter, X-cut quartz transducer whose fundamental frequency 

is 10 MHz. Starting from the low temperature side, the features of the 

attenuation are as follows: the measurements at 10 MHz and 50 MHz have 
o o been made down to 4*2 K and the 70 MHz measurements to 22 K. The behaviour 

of the attenuation in low temperature region can be seen on the 50 MHz and 

partially on the 70 MHz measurements; i t decreases sharply below about 

40°K. As seen on the 50 MHz. measurements this sharp decrease ends at about 
o 

20 K and below this the attenuation is almost temperature independent. 
These features are barely discernible in the 10 MHz measurements. The 

o 

ultrasound attenuation for temperatures higher than 50 K decreases slightly 

with increasing temperature until about 80°K. 

As seen from these four sets of measurements in this figure, in the 

intermediate temperature region (80°K to about 170°K) the attenuation of 

ultrasonic waves is almost temperature independent. 
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I n t h e h i g h temperature r e g i o n (above 180 K ) t he temperature 

dependence o f a t t e n u a t i o n e x h i b i t s peaks superimposed on t h e background 

a t t e n u a t i o n which increases w i t h i n c r e a s i n g temperature . I n the 30 MHz 

and 10 MHz measurements) two peaks are observed. These two peaks a re 

v e r y d i s t i n c t a t 30 MHz y /h i l e a t 10 MHz they are c lose t o each o the r . 

The background a t t e n u a t i o n reaches 4 dJVVsec a t about 250°K a t 50 MHz 

and 70 MHz. This i s t h e maximum a t t e n u a t i o n measurable i n the equipment 

used. Thus a t 50 MHz and 70 MHz peaks cannot be looked f o r - To check 

whether the background a t t e n u a t i o n increases mono ton i ca l l y w i t h temperature 

o r i s t he low temperature s ide o f a v e r y broad peak, a t t e n u a t i o n 

measurements a t 10 MHz i n t h i s specimen have been extended above room 

temperatures . For these measurements an o i l ba th w i t h t h e r m o s t a t i c a l l y 

c o n t r o l l e d temperature ( ± 0»5°C) has been used. The a t t e n u a t i o n does 

increase mono ton i ca l l y w i t h temperature up t o 388°K, the l i m i t o f t h e 

o i l b a t h . The temperature dependence o f t h e background a t t e n u a t i o n can 

be f o r m u l a t e d as 

a = 16-7 exp (0«063 /kT) 

where kT i s t h e the rma l energy. 

Another example o f the temperature dependence o f u l t r a s o n i c wave 

a t t e n u a t i o n f r o m 1*8°K to about 250°K i s i l l u s t r a t e d i n F igu re (5*2). 

Two sets o f measurements a r e shown f o r l o n g i t u d i n a l waves a long t h e [110] 

d i r e c t i o n and shear waves a long the [111] d i r e c t i o n . The l o n g i t u d i n a l 

wave f requency i s 70 MHz. T h i s measurement has been made on t h e annealed 

specimen w i t h a 6 mm diameter , fundamental f requency 10 MHz, X - c u t quartz 
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t ransducer . The genera l f e a t u r e s o f the temperature dependence o f 

u l t r a s o n i c wave a t t e n u a t i o n are as f o l l o w . A t t e n u a t i o n i s temperature 

o o 
independent t i l l about 20 K ; then i t increases sha rp ly between 20 K and 

o 
about 50 K. A decrease i n v e r s e l y p r o p o r t i o n a l t o temperature i s t h e n 

observed u n t i l t h e a t t e n u a t i o n becomes almost tempera ture independent a t 

o o 
about 90 K. For temperatures h igher than 200 K t h e a t t e n u a t i o n reaches 

t h e r e g i o n o f t h e peaks. Thus the general low and i n t e rmed ia t e temperature 

c h a r a c t e r i s t i c s o f temperature dependent u l t r a s o u n d a t t e n u a t i o n i n t h i s 

specimen are v e r y s i m i l a r t o those i l l u s t r a t e d i n F i g u r e (5»1)» 

The f e a t u r e s o f shear wave a t t e n u a t i o n a long t h e [111 ] d i r e c t i o n i n 

the low and t h e i n t e r m e d i a t e temperature r e g i o n (1*8°K t o 200°K) are a l so 

i l l u s t r a t e d i n F igu re (5*2). T h i s specimen i s unannealed. The experiment 

has been performed w i t h a 10 mm diameter , 15 MHz fundamental frequency* 

Y-cu t quartz t r ansducer . The low temperature c h a r a c t e r i s t i c s o f shear 

u l t r a s o n i c wave a t t e n u a t i o n i n t h i s specimen are a l so g i v e n , lateaj i n 

F igure (5*5)• The low temperature c h a r a c t e r i s t i c s a re v e r y s i m i l a r t o 

those i l l u s t r a t e d i n p rev ious f i g u r e s . The behaviour o f shear wave 

a t t e n u a t i o n i n the i n t e r m e d i a t e temperature r e g i o n i n t h i s specimen and 

propagat ion d i r e c t i o n i s no t q u i t e s i m i l a r t o those o f l o n g i t u d i n a l 

u l t r a s o n i c wave a t t e n u a t i o n along [l10j and [100] d i r e c t i o n s g iven i n t h i s 

and t h e p rev ious f i g u r e (F igures 5*1 and 5*2). The c h a r a c t e r i s t i c 

f e a t u r e o f shear wave a t t e n u a t i o n i n the i n t e r m e d i a t e temperature r e g i o n 

i s t h a t i t decreases smoothly w i t h i n c r e a s i n g tempera ture . 

The observa t ions g iven i n these two f i g u r e s can be summarised as 
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f o l l o w s . The temperature dependence o f u l t r a s ) u n d a t t e n u a t i o n i n s i n g l e 

c r y s t a l mercury t e l l u r i d e e x h i b i t s t h r e e c h a r a c t e r i s t i c f e a t u r e s i n d i f f e r e n t 

temperature r e g i o n s : a sharp r i s e between about 20°K and 40°K f o l l o w e d 

by a decrease c o n t i n u i n g u n t i l about 80°K, then a temperature independent 

r e g i o n (except f o r shear waves a long the [ H i ] d i r e c t i o n ) f o l l o w e d by 

peaks a t temperatures h igher than 200°K. These f e a t u r e s have been 

observed i n a l l t h e samples s t u d i e d . Nov? o t h e r s p e c i f i c examples w i l l be 

given* F i r s t t h e low temperature r e g i o n w i l l be discussed. 

The temperature dependence o f l o n g i t u d i n a l wave a t t e n u a t i o n a long the 

[100] and [ i l l ] c r y s t a l l o g r a p h i c a x i s below 77°K on unannealed specimens 

i s shown i n F igu re (5*3)• I n a l l these measurements) 10 mm diameter* 

fundamental f r equency 10 MHz, X-cu t quar tz t ransducers have been employed. 

The measurements be long ing t o the [100] d i r e c t i o n have been t r a n s f e r r e d 

f r o m F igu re (5»1)» A l l o f these measurements have the same c h a r a c t e r i s t i c 

f e a t u r e s . The a t t e n u a t i o n below about 20°K i s almost temperature independent 

and i s assumed t o be not i n t r i n s i c and i s c a l l e d the r e s i d u a l a t t e n u a t i o n . 

I n many cases a smal l* b a r e l y measurable r i s e has been observed below about 

10°K. T h i s could be due t o an e l e c t r o n i c i n t e r a c t i o n as found i n Meta ls 

(Morse 1959)• But t h i s effect.dsso sma l l t h a t i t has not ye t been f o l l o w e d up . 

The a t t e n u a t i o n increases sha rp ly above 20°K as about t h e t h i r d or f o u r t h 

power o f t empera ture . Th i s sharp r i s e ends a t about 35°K and i s f o l l o w e d 

by a smooth decrease. The e f f e c t o f f requency on t h i s e f f e c t can a lso be 

seen f r o m t h e measurements made a l o n g t h e [111J d i r e c t i o n a t 30 MHz and 

50 MHz. The e f f e c t i s enhanced a t h ighe r f r e q u e n c i e s . 



FIGURE (5*3)• The temperature dependence o f u l t r a s o n i c a t t e n u a t i o n 
i n as-grown HgTe a t low temperatures . 
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The temperature dependence o f l o n g i t u d i n a l wave a t t e n u a t i o n a long the 

[110] d i r e c t i o n on an annealed specimen i s shown i n F igu re (5»4)» Here a 

6 mm diameter , 10 MHz fundamenta l frequency* X-cu t quar tz t ransducer 

has been used. The genera l f e a t u r e s a re c l o s e l y s i m i l a r t o those g i v e n I n 

the p rev ious f i g u r e s . Aga in a t t e n u a t i o n i s almost temperature independent 

below 20°K ( t he r e s i d u a l a t t e n u a t i o n ) and then increases ve ry sha rp ly up 

O ""1" 

t o about 45 K f o l l o w e d by a smooth decrease w i t h a s lope o f almost T . 

Here aga in the enhanced e f f e c t a t h igher f r equenc ie s i s shown. 

Shear wave a t t e n u a t i o n shows t h e same e f f e c t . F i g u r e (5*5) g ives t h e 

temperature dependence o f shear wave a t t e n u a t i o n a long the [111 ] 

c r y s t a l l o g r a p h i c d i r e c t i o n on an unannealed specimen. Here a 10 mm diameter , 

15 KHz fundamental f r e q u e n c y , Y-cu t quar tz t ransducer has been used. Aga in 

t h r e e d i s t i n c t a t t e n u a t i o n c h a r a c t e r i s t i c s i n t h e low temperature r e g i o n 

are observed: the almost temperature independent a t t e n u a t i o n below 25°K 

and then a sharp increase t o a "peak type" maximum i n t h i s case a t about 

. o 

60 K , f o l l o w e d by a smooth decrease. The ex tens ion t o t h e i n t e r m e d i a t e 

temperature r e g i o n has been presented a l r eady i n F i g u r e ( 5 » 2 ) . Except 

f o r t h e peak- type maximum, t h e genera l f e a t u r e s f o r shear wave a t t e n u a t i o n 

a long the [ i l l ] d i r e c t i o n i n t h e low temperature r e g i o n are v e r y s i m i l a r 

t o those f o r the l o n g i t u d i n a l waves g iven i n p r e v i o u s f i g u r e s . Now we 

t u r n t o d e t a i l t h e temperature dependence o f a t t e n u a t i o n i n t h e h i g h 

temperature r e g i o n . 

The temperature dependence o f l o n g i t u d i n a l u l t r a s o n i c wave a t t e n u a t i o n 

a long the [111] d i r e c t i o n i n t h e temperature range 180 K t o 300 K i s shown 
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FIGURE (5«5)« The temperature dependence o f shear wave a t t e n u a t i o n 
i n as-grown HgTe a t low temperatures . 
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i n F i g u r e (5«6) . I n these measurements 10 mm. diameter X-cut quar tz 
t ransducers have been used. The fundamenta l f r equenc ie s o f t h e 
t ransducers f o r the 12 MHz and 36 MHz measurements i s 12 MHz and f o r t h e 
kO MHz and 56 MHz measurements i s 8 MHz. Here each measurement e x h i b i t s 
peaks, whose magnitude increases w i t h i n c r e a s i n g f requency . Another 
i n t e r e s t i n g f e a t u r e i s t h a t t h e temperature a t which the maximum takes 
p lace increases w i t h i n c r e a s i n g f r equency . These peaks are q u i t e s i m i l a r 
t o those ob ta ined a long the [100] d i r e c t i o n ( F i g u r e 5»1) except t h a t they 
are no t s p l i t and a re not superimposed on an exponen t i a l background 
a t t e n u a t i o n . 

I n F igu re (5«7) the temperature dependent a t t e n u a t i o n o f shear waves 

a long the [110] d i r e c t i o n between 150°K t o 240°K i s shown. The p o l a r i s a t i o n 

o f t h e shear waves i s a long t h e [110] d i r e c t i o n . The u l t r a s o n i c wave 

f requency used i n both measurements i s 10 MHz. The genera l behaviour o f 

the two sets o f measurements ' A ' and ' B ' i s q u i t e s i m i l a r , except t h a t 

the measurements marked *B' have a much h ighe r a t t e n u a t i o n . The amount 

o f s h i f t i s about 150^. Both sets e x h i b i t a peak a t 200°K. The 

measurements marked 'A* were t aken w i t h a 10 mm diameter Y-cu t quar tz 

t ransducer on a f r e s h l y prepared} as grown mercury t e l l u r i d e c r y s t a l . 

The measurements marked f B ' are t h e r e p e t i t i o n o f t h e f i r s t a f t e r annea l ing 

the specimen and s u b j e c t i n g i t t o repea ted c o o l i n g down t o 4 , 2 ° K . For 

these measurements a 6 mm. d iameter , Y - c u t t ransducer has been used. 

Two years passed between the two sets o f measurements. Thus s eve ra l 

sources might c o n t r i b u t e t h i s change i n a t t e n u a t i o n : namely, t h e e f f e c t 

o f a n n e a l i n g , the s ize o f t h e t ransducer and t h e h a n d l i n g o f t h e specimen. 
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FIGURE (5«7)» The temperature dependence o f shear wave a t t e n u a t i o n 
showing a peak a t about 200°K and t h e e f f e c t s o f 
hand l ing and t ransducer s i ze . 
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Th e s ize o f t h e t ransducer i s i m p o r t a n t : i t e f f e c t s the d i f f r a c t i o n 

2 

losses (see p . 32) g iven approximate ly by one d e c i b e l per a / \ . Here 

a i s the t ransducer r a d i u s and \ i s the wavelength o f t h e sound wave 

( = V / f where V i s t h e v e l o c i t y and f i s t h e f r e q u e n c y ) . D i f f r a c t i o n 

losses can also be expressed as 
a V 

meas. /c * \ 
a d i f f . i o a s . - <5 . i ; 

i . a 

Since here t h e same f requency i s used i n bo th measurements, d i f f r a c t i o n 

losses due t o t h e d i f f e r e n t s ize o f t ransducer a r e : 

„, 2 2 N 2 (a 1 -a ) 
100. 2 2 % (5-2) 

a1 + a 2 

I n s e r t i n g t h e values o f a^(l0 mm) and a^(6 mm), d i f f e r e n c e i n a t t e n u a t i o n 

due t o d i f f r a c t i o n losses t u r n out t o be 95^ which does no t account f o r 

a l l the a t t e n u a t i o n d i f f e r e n c e (I2»j0?fc) between the two se ts . Handl ing and 

annea l ing the specimen are p robably r e spons ib l e f o r the remainder o f t h e 

d i f f e r e n c e . Now, a f u r t h e r example o f t h e e f f e c t o f annea l ing on the 

temperature dependence o f u l t r a s o n i c a t t e n u a t i o n w i l l be g iven . 

The e f f e c t o f annea l ing on the temperature dependence o f u l t r a s o n i c 

a t t e n u a t i o n i s shown i n F i g u r e ( 5 .8 ) . The b o l d l i n e s i n t h i s f i g u r e have 

been t r a n s f e r r e d f r o m F igu re (5*1) and belong t o t h e unannealed specimen. 

The measurements repeated a f t e r anneal ing under t h e same exper imenta l 

c o n d i t i o n s w i t h t h e same t ransducer show about 50/fc increase i n a t t e n u a t i o n . 

The peak he igh t s change on annea l ing but t h e i r p o s i t i o n does n o t . 
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5-3 THE FREQUENCY DEPENDENCE OF ATTENUATION 

The f requency dependence o f u l t r a s o u n d a t t e n u a t i o n p rov ides a great 

dea l o f i n f o r m a t i o n about t h e energy l o s s mechanism i n s o l i d s . Th i s has 

been s t u d i e d e x t e n s i v e l y i n mercury t e l l u r i d e . Here examples o f the 

f requency dependence o f a t t e n u a t i o n i n mercury t e l l u r i d e a re g i v e n . 

F i g u r e (5*9) shows the f requency dependence o f l o n g i t u d i n a l u l t r a s o n i c 

wave a t t e n u a t i o n a long the [110] c r y s t a l l o g r a p h i c d i r e c t i o n . I n these 

measurements 6 mm diameter , 10 MHz fundamenta l f r equency . X - c u t quartz 

t ransducers have been employed. I n a l l sets o f measurements t h e f requency 

dependence e x h i b i t s t h e same c h a r a c t e r i s t i c f e a t u r e s . S t a r t i n g f r o m t h e 

low f requency s i d e , t h e a t t e n u a t i o n versus f requency curve f o r low 

f r equenc ie s i s i n v e r s e l y p r o p o r t i o n a l t o f r equency) then i t passes th rough 

a minimum a t about 25 MHz. Beyond t h e minimum the slope f o r t h e 4*2°K 

measurements approaches a f requency squared r e g i o n h igher t han about 100 

MHz* The a t t e n u a t i o n above 200 MHz i s cons tan t . The measurements a t 

4*2°K have been repeated under t h e same exper imenta l c o n d i t i o n s a f t e r 

annea l ing t h e specimen. Once again annea l ing produces an increase o f 

about 50fe i n u l t r a s o u n d a t t e n u a t i o n . 

The exponent o f t h e f requency o f dependence can be es t imated f r o m 

the genera l r e l a x a t i o n equat ion (Equa t ion 1.8, p .3)* For w r « 1, t he 

exponent i s t w o , w h i l e i n t h e r e g i o n where IDT i s c lose t o u n i t y , t h e 

exponent i s l e s s than two ; but i t can never take t h e nega t ive va lues 

shown i n t h e low f requency r e g i o n i n present case. Thus f r o m t h i s 

c o n s i d e r a t i o n i t might be conoluded t h a t t h e behaviour o f t h e i nve r se 



FIGURE (5»9)» The f requency dependence o f a t t e n u a t i o n i n HgTe. 
The d o t t e d l i n e s a re f o r r e s u l t s taken i n t h e 
r e g i o n o f h i g h d i f f r a c t i o n losses . 
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frequency dependence i s not i n t r i n s i c . I t i s due to d i f f r a c t i o n losses* 
Although the r e l a t i o n f o r d i f f r a o t i o n losses given i n Equation (5*1) i s 
not s t r i c t l y quanti tat ive* i t does predic t the inverse frequency dependence 
found* Thus i n mercury t e l l u r i d e when smaller diameter transducers are used 
f o r the lower, frequencies, the d i f f r a c t i o n losses are mainly responsible f o r 
the apparent ultrasound attenuation* D i f f r a c t i o n losses decrease w i t h 
increasing frequency. The e f f e c t has been shown to be neg l ig ib l e f o r the 
frequencies higher than 30 MHz. 

The frequency dependence of shear wave attenuation along the [110] 

d i r ec t i on w i l l be i l l u s t r a t e d i n Figures (8 .6 ) and (8 .7 ) i n Chapter 8. 

These exhibi t s imi lar fea tures . 

The frequency dependence o f shear wave attenuation along the [ i l l ] 

crystal lographic d i rec t ion i s i l l u s t r a t e d i n Figure (5*10). I n these 

measurements 10 mm diameter, Y-cut quartz: transducers have been used* The 
o 

exponent o f frequency i s about u n i t y i n the 77 K measurements whi le at 

4_,2°K i t decreases w i t h increasing frequency. Here the d i f f r a c t i o n losses 

are neg l ig ib le due to the bigger diameter o f transducer. 

I n Figure (5*11) the frequency dependence o f l ong i tud ina l ul t rasonic 

wave attenuation along the [100] crystal lographic d i rec t ion before and a f t e r 

annealing i s i l l u s t r a t e d . Again i t can be seen that annealing produces an 

increase of about 50/o i n the a t tenuat ion. Due to the large sound attenuation 

(2*5 dE/nsec &t 70 MHz) i n t h i s propagation d i r e c t i o n , the frequency 

dependence o f at tenuation f o r higher frequencies could not be fol lowed 

f u r t h e r . The general fea ture of the frequency dependence o f at tenuat ion 

i n t h i s d i r ec t i on i s an increase w i t h increasing frequency i n the slope o f 
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the attenuation versus frequency curve. Although i n these measurements a 

larger diameter transducer i s used, the e f f e c t of d i f f r a c t i o n losses s t i l l 

exist a t lower frequencies. 

The frequency dependence of shear wave at tenuation along the [100J 

d i r ec t i on o f the same c r y s t a l used i n the measurements discussed i n the 

l a s t paragraph i s presented i n Figure (5.12). The po la r i sa t ion o f the 

shear waves i s i n the [010] d i r ec t ion . I n these measurements an unarmealed 

specimen i s used. The frequency dependence of shear wave attenuation i s 

quite d i f f e r e n t from that of l ong i tud ina l waves. The slope of the a t t en

uat ion versus frequency curve decreases w i t h increasing frequency. There 

i s no ind ica t ion of d i f f r a c t i o n losses even at lower frequencies. I n these 

measurements the same size transducer (10 mm diameter) i s used; the 

absence of d i f f r a c t i o n losses can be explained by making use of Equation 

(5*1) from which d i f f r a c t i o n losses can be expressed as 

a V 

d i f f . l o s s " T2-

The shear and l ong i t ud ina l u l t rasonic wave v e l o c i t y along [100] 
o 5 - 1 

orystal lographic d i r e c t i o n at 77 K are 1'654 x 10 cnuseo and 
5 -1 

2*679 x 10 cm.sec respect ively . Thus* f o r each f i x e d frequency* 

about 2ltfo more d i f f r a c t i o n losses could be expected f o r the long i tud ina l 

u l t rasonic waves. 

D i f f r a c t i o n losses contribute to the background attenuation measurements 

and they do not e f f e c t the general shape of any re laxa t ion losses. 

D i f f r a c t i o n losses only s h i f t the o v e r a l l features o f the character is t ic 

attenuation to higher a t tenuat ion. 
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5-4. THE STRESS-DEPENDENCE OP ATTENUATION 

The e f f e c t o f annealing and handling o f specimens on the measured 

attenuation implies that dislocations might play an important r o l e . 

Dislocations are very sensi t ive to applied stresses* Thus as part o f the 

work* the applied stress dependence of at tenuation has also been assessed. 

The character is t ics o f t h i s k ind of measurement w i l l now be given. 

I n f i g u r e (5*13) the e f f e c t o f applied stress on the measured 

attenuation i s i l l u s t r a t e d f o r l o n g i t u d i n a l , iOISHz. u l t rasonic waves 

propagated along the Li10 J crystal lographic d i r e c t i o n . The specimen i s 

squeezed along the [l103 d i r ec t i on w i t h a "Hounsfield 'W* type tensometer". 

For these measurements a rectangular para l le lopiped specimen w i t h surfaces 

normal to the [110] and [110] crystal lographic d i rec t ions has been 

prepared by spark erosion. Ultrasonic waves are generated and detected w i t h 

a 10 mm diameter, 10 MHz fundamental frequency X-cut quartz transducer. 

The sample holder f o r the stress dependence of at tenuation measurements and 

the experimental arrangement i s sketched i n Figure (5*14). The specimen 
8 2 

has been squeezed up to pressures of 2x10 dyn/cm . The s t r a i n on the 

specimen i s much smaller than the s t r a i n on the tensometer. Therefore, 

accurate s t r a in measurements could not be made. However the s t r a i n can 

be estimated from the s t ress-s t ra in r e l a t i o n given by Hooke's law. 

e = c /Cc^+C^+ZC^) (5.3) 

The stress dependence of l ong i tud ina l wave at tenuation i n single 

c rys ta l s of mercury t e l l u r i d e exhibi ts the f o l l o w i n g charac ter i s t ic 
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features. Attenuation i s almost stress independent f o r stresses below 
8 —2 

about 1'»5 x 10 dyn. cm , but a f t e r t h i s value at tenuation increases very 

sharply. On the way to releasing the applied stress the at tenuation i s stress 

independent f o r the short stress i n t e r v a l (10 dyn.cm" - 1>»4' x 10 dyn.cm~ ) , 

then i t sharply decreases wi th decreasing stress and i t reaches at about 

6*5 x 10 dyn.cm the i n i t i a l state and again i s stress independent. Thus* 

the stress dependence o f long i tud ina l wave attenuation exhibi ts hysteresis. 

The e f f e c t of the amplitude of the d r i v i n g sound waves on the mechanical 

loss at low frequencies (few Hz to low kHz regions) has been w e l l known f o r 

years. However, due to the experimental uncer ta int ies of determining the 

s t r a in or stress o f the d r i v i n g ul t rasonic waves, there have been only few 

studies of the e f f e c t o f the amplitude on the attenuation o f megahertz 

u l t rasonic waves. I n Figure (5*15) the amplitude dependence of the a t t en 

uat ion o f long i tud ina l u l t rasonic waves along [ n o ] d i r ec t ion i n mercury 

t e l l u r i d e i s i l l u s t r a t e d . No attempt has been made to estimate the magnitude 

of the stress or s t r a i n induced by the transducer. The r e l a t i v e heights o f 

the sound waves given along the abscissa are calculated from 

Amplitude (dB) = 20 log j - (5.4) 
o 

Here I i s the amplitude o f the f i r s t pulse f o r the lowest power. I and the o 0 

other I*o are measured by comparing the f i r s t pulse height on the oscil loscope. 

Both sets of measurements i n t h i s f i g u r e exhibi t s imi lar behaviour; the 

attenuation increases wi th decreasing ul t rasonic wave amplitude. The 

d i f ference i n the at tenuation f o r the lowest and highest amplitude of sound 
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waves are about 26/« f o r the measurements made w i t h 30 MHz at 77°K and 
about 30/- f o r those made w i t h 10 MHz. at room temperature. 

The u l t rasonic waves amplitude e f fec t s are very important. I n the 

measurements o f the temperature dependence of attenuation t h i s i s minimised 

by keeping the amplitude constant. On the other hand the bonding material 

between the transducer and the specimen changes i t s character somewhat* the 

transducer to specimen coupling a l t e r s and thus the amplitude o f sound waves 

i n the material w i l l change a l i t t l e over the temperature range. This 

e f f e c t i s unavoidable but i t should be very small and w e l l w i t h i n the 

experimental error of 10?t i n the r e l a t i v e at tenuation measurements. 

5.5. SUMMARY OF THE RESULTS 

The examples of temperature, frequency, stress and amplitude dependence 

of shear and long i tud ina l ul t rasonic wave at tenuation i n d i f f e r e n t 

propagation d i r ec t ion i n mercury t e l l u r i d e single c rys t a l have been 

i l l u s t r a t e d . The general features of attenuation exhib i t s s i m i l a r i t i e s 

throughout and give eas i ly recognisable set. These features w i l l now be 

summarized. 

( i ) Temperature dependence o f ultrasound attenuation i n mercury 

t e l l u r i d e : I n d i f f e r e n t temperature ranges some charac ter i s t ic features 

are exhibi ted. S ta r t ing from the low temperature s ide, the at tenuation 

o f both shear and long i tud ina l waves i s almost temperature independent f o r 

temperatures lower than 20°K. Then i t sharply increases as the t h i r d or 

f o u r t h power o f temperature u n t i l about 40°K, fol lowed by a smoothly decrease 



inversely propor t ional to temperature to about 70 or 80 K. Attenuation 
o o 

i n temperature range 80 K to 170 K i s almost temperature independent. 

I n the temperature range between 170°K to 300°K attenuation o f both 

shear and l ong i t ud i na l waves exhibi ts some peaks. I n some crystal lographic 

d i rec t ions the peaks are superimposed on background attenuation which 

increases exponentially w i t h increasing temperature. I n some direct ions 

the peaks are s p l i t . 

( i i ) Frequency dependence of ultrasound attenuation i n mercury 

t e l l u r i d e : The slope o f the attenuation versus frequency curve i s 

usual ly less than two but f o r the measurements o f 4*2°K along the [110J 

d i rec t ion the slope at higher frequencies roaches two and f o r frequencies 

higher than 170 MHz the attenuation reaches a maximum value. The 

d i f f r a c t i o n losses are appreciable at low frequencies* especially when 

smaller diameter transducers are used. 

( i i i ) Applied stress dependence of at tenuation i n mercury 

t e l l u r i d e ; The at tenuation o f ul t rasonic waves i n mercury t e l l u r i d e 

i s dependent upon both the applied stress and the wave amplitude. 

Annealing increases the at tenuation. E f f ec t s of handling the specimen 

are also observed. 

The general features o f temperature dependence of ul t rasonic 

wave attenuation i n the low temperature region below 80°K indicate a 
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re laxa t ion e f f e c t . This curve i s charac ter i s t ic o f a mechanism involving 
a temperature dependent re laxa t ion t ime. The features are those shown by-
d i rec t conversion o f acoustical waves in to heat energy; t h i s i s the 
u l t rasonic phonon-lattice phonon in te rac t ion or Akhieser e f f e c t . This 
po r t i on w i l l be discussed i n Chapter 7* 

The e f f e c t of annealing and the handling o f the specimens on the 

attenuation of the ul t rasonic waves indica te that dis locat ions contr ibute 

s t rongly to the sound energy loss mechanism i n mercury t e l l u r i d e . The 

applied stress and amplitude o f d r i v i n g sound wave dependence measurements 

also provide f u r t h e r confirmation and information o f the d i s loca t ion e f f e c t s . 

The attenuation of shear u l t rasonic waves along the [111 j crystal lographic 

d i r ec t ion always exhibi ts s l i gh t d i f ferences compared w i t h that i n the other 

d i rec t ions . This provides f u r t h e r indicat ions of d is loca t ion in te rac t ions : 

the (111) plane i s the most probable s l i p plane i n zincblende l a t t i c e s . 

The losses caused by dislocations w i l l be analysed i n Chapter 8. 

The peaks i n the temperature dependence of attenuation i n the high 

temperature region are considered to be Bordoni-type re laxa t ion peaks 

due to a d i f f e r e n t form of d i s loca t ion motion. The discussion o f the peaks 

w i l l take place i n Chapter 9* 

Some o f the re laxat ion-type losses have t h e i r own character is t ic 

features and they can be dist inguished. But t h i s becomes d i f f i c u l t i f 

W T « 1. I n the next chapter the e f f e c t of possible sound energy loss 

mechanism on the at tenuat ion o f u l t rasonic waves i n mercury t e l l u r i d e and 

t h e i r magnitude w i l l be analysed t o sor t out the important contr ibut ions . 

These major e f f ec t s w i l l be discussed i n subsequent chapters. 
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C H A P T E R 6 

MECHANISM CONTRIBUTING- TO ULTRASONIC ATTENUATION I N MERCURY TELLURITE 

Before discussion o f the ultrasound attenuation mechanism i n 

s ingle c rys t a l o f mercury t e l l u r i d e i t i s necessary t o estimate the 

magnitudes o f the possible contr ibut ions . I n d i f f e r e n t frequency and 

temperature regions the e f f e c t s on the measured attenuation would be 

d i f f e r e n t . Sue t o complex frequency dependence i t i s o f t en d i f f i c u l t 

to i d e n t i f y and separate experimentally the possible mechanism. 

Mercury t e l l u r i d e i s p iezoe lec t r ic and t h i s could be an important 

con t r ibu t ion . So too could the thermoelastic loss . Both these 

mechanism have been considered i n some de ta i l , to ascertain t h e i r 

magnitudes. I t turns out that neither i s o f importance. 

6 . 1 . PIEZOELECTRIC COUPLING 

I n p iezoelec t r ic sol ids stress waves accompany electromagnetic 

waves and vice versa. Depending on the p iezoelec t r ic tensor and the 

mode of propagation, each acoustic wave causes bunching o f the mobile 

ca r r i e r s . This creates an i n t e r n a l e l e c t r i c f i e l d whose re laxa t ion 

i s determined by the conduct ivi ty and the d i e l e c t r i c properties o f the 

medium i n which the sound waves are propagated. Like other re laxa t ion 

phenomena, the p iezoe lec t r ic e f f e c t also causes sound attenuation and a 

v e l o c i t y change. 
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The cont r ibu t ion o f the i n t e r n a l e l e c t r i c f i e l d to the sound 

ve loc i t i e s was o r i g i n a l l y pointed out by Voigt (1910). This e f f e c t 

has been analysed i n more d e t a i l by Eyame (1949) and (1934) and Hutson 

and White (1962) and the others* I n the f i r s t treatment Kyame showed 

that analysis of wave propagation i n p iezoelec t r ic materials involves 

the combined use of the mechanical-piezoelectric equations of state and 

Maxwell's equations. The s t ress-s t ra in r e l a t i o n contains an add i t iona l 

stress term caused by the i n t e r n a l e l e c t r i c f i e l d (E) a r i s i n g from the 

applied stress. Thus Equation (4.1, p.44) given f o r the e las t ic s o l i d 

takes the fo l lowing form: 

ir, = C { . - e. . E (6.1) l j i j k l k 1 l j r r v ' 

where e ^ ^ r i s the p iezoelec t r ic tensor and E^ i s the component of the 

e l e c t r i c f i e l d vector. The other parameters have already been defined i n 

Section (4.2, p.440 The expression f o r the e l ec t r i c displacement (D.) 

caused by the s t r a in and the e l ec t r i c f i e l d i s 

D. = e...e.. + p . E (6.2) j i k l k l j r r x ' 

Here p . i s the component o f the d i e l e c t r i c tensor. Following a s imi lar j r 

procedure to that i n Section (4*2) and making use o f Maxwell's equations 

f o r the plane wave propagating i n the X 1 d i r e c t i o n , the equation o f 

motion i n p iezoelec t r ic materials i s obtained: 

" 2 p S i B ^ C l i l k 8 l c " l k e i l 1 E 1 

i»k = 1,2,3 and 1 = 2,3 (6.3) 
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Kere S. and S, are the e las t ic plane wave (Equation 4 .6, p .46) , E i s 

the plane e l ec t r i c f i e l d equation [E^ = E ^ e ^ ( w * " ^ l ) ] a n ^ ^ i s the 

wave vector (k = ^n) Equation (6.3) specif ies the e las t ic behaviour o f 

p iezoelec t r ic materials and the modified e las t ic constants can be deduced 

from the secular determinant: 

C i 11 k ^ " 6 , 2 / 0 | = 0 ( $ * 4 ) 

i , k = 1,2,3 

where 

• C i 1 1 k = C i 1 1 k + T ^ T T ( 6 , 5 ) 

p11 + x ~ 

Here b i s the e l e c t r i c a l conduct iv i ty . Equation (6.4) has been w r i t t e n 

f o r the propagation o f plane waves i n d i r ec t ion o f an orthogonal 

coordinate system. For the case tha t wave propagation i s not along the 

crystal lographic X^ d i r e c t i o n , e las t i c arid p iezoelect r ic c o e f f i c i e n t s 

can be obtained from the usual ones by a coordinate r o t a t i o n . 

As shown from Equation (6.5) the e las t i c constants o f p iezoelec t r ic 

materials have r e a l and imaginary parts and are frequency dependent. 

I n the l i m i t where the p iezoelec t r ic coe f f i c i en t s vanish or the medium 

i s a nearly perfect conductor, the e f f e c t i v e e las t ic constants are equal 

to the conventional constants that i s 
i 

C i 11 k = ° i 11 k 

f o r e i ther e* s > 0 or b 1 s • > °° 
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I t i s i n t e r e s t i n g t h a t p i e z o e l e c t r i c c o u p l i n g does not e f f e c t a l l 

the sound v e l o c i t i e s measured i n d i f f e r e n t d i r e c t i o n s and p o l a r i s a t i o n s * 

The magnitude o f t h i s e f f e c t may be seen f r o m comparison o f the shear 

wave v e l o c i t i e s a long t h e [l003 d i r e c t i o n ( p o l a r i s e d i n e i t h e r t h e [010] 

o r t h e [001] d i r e c t i o n s ) w i t h t h a t a l o n g the [l103 d i r e c t i o n ( p o l a r i s e d 

[001 J d i r e c t i o n ) . For Hookeian s o l i d s bo th v e l o c i t i e s g ive t h e same 

e l a s t i c cons tan t . But i n p i e z o e l e c t r i c m a t e r i a l s t h e p i e z o e l e c t r i c 

tensor component i s absent i n t h e [100] d i r e c t i o n ; w h i l e the second 

v e l o c i t y i s e f f e c t e d by p i e z o e l e c t r i c c o u p l i n g : 

JL 
V [100] = ^ C y / p ^ P ° l a r i s e d a long e i t h e r (010] (6.6) 

or [001 ] d i r e c t i o n 

and 

V[110] = ^ y / f l ) p o l a r i s e d a long [001 ] d i r e c t i o n (6.7) 

Here 2 

C ^ = C 4 4 + — ^ ( 6 ' 8 ) 

and p i s t h e d i e l e c t r i c p e r m i t t i v i t y and b i s t h e c o n d u c t i v i t y . 

Thus* f o r z incblende s t r u c t u r e compounds» i t i s r e q u i r e d t o measure 

t h e sound v e l o c i t i e s i n a t l e a s t two d i r e c t i o n s . I n t h e present work t h e 

e f f e c t o f p i e z o e l e c t r i c c o u p l i n g on sound v e l o c i t i e s i n mercury t e l l u r i d e 

has been es t imated by comparing these two v e l o c i t i e s . 

I n Table (6.1) two p a r t i c u l a r v e l o c i t i e s a re t a b u l a t e d f o r se l ec ted 

temperatures . 
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TABLE (6.1) Comparison o f two sound v e l o c i t i e s f r o m 
which the same e l a s t i c constant i s d e r i v e d , thus showing 

p i e z o e l e c t r i c coup l i ng i s n e g l i g i b l e . 

Temperature 

°K 

v a long [110] d i r e c t 
i o n p o l a r i s e d a long 
t h e L001] d i r e c t i o n 

v a long [100] d i r e c t i o n 
p o l a r i s e d a long the [010] 
o r t h e [001 ] d i r e c t i o n 

1 • 66 x 10 cm/sec 
c 

1*66 x 10 cm/sec 

77 1/65 n 1* 65 " 

196 1*63 " 1 -63 " 

290 1 «61 n 1*62 n 

From t h i s t a b l e i t may be concluded t h a t the e f f e c t o f p i e z o e l e c t r i c 

c o u p l i n g on sound v e l o c i t i e s i s undetec tab le w i t h i n the l i m i t s o f t h e 

exper imenta l e r r o r . Due t o h i g h c o n d u c t i v i t y o f mercury t e l l u r i d e , the 

second t e r m i n Equa t ion (6.8) i s n e g l i g i b l e ; t he usua l sets o f 

equations can be used to compute t h e e l a s t i c constants f r o m v e l o c i t i e s . 

On t h e bas i s o f the preceding t r e a t m e n t , Hut son and V/hite (1962) 

d e r i v e d a t h e o r y o f u l t r a s o n i c a t t e n u a t i o n i n p i e z o e l e c t r i c semi

conductors . The i r r e s u l t f o r low megahertz f r equenc ie s takes t h e 

f o l l o w i n g f o r m ( L o r d and T r u e l l 1966). 

a = V 2 
1 + ( V - } 

where a i s i n Nepers/cm, v i s t h e v e l o c i t y o f sound, L = ^ - ^ J 

e lec t romechanica l c o u p l i n g c o e f f i c i e n t ) w i t h e, t he p i e z o e l e c t r i c 

(6.9) 

i s t h e 
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c o e f f i c i e n t , C» the p a r t i c u l a r e l a s t i c cons tan t , and p the d i e l e c t r i c 

p e r m i t t i v i t y , u = / i s the c o n d u c t i v i t y f requency , w i t h b , t h e 

c o n d u c t i v i t y . Th i s i s a r e l a x a t i o n - t y p e o f a t t e n u a t i o n and reaches i t s 

maximum va lue when b /p = w . I n the l i m i t where t h e p i e z o e l e c t r i c 

c o e f f i c i e n t vanishes (e = 0 .". L = 0) o r the medium i s a n e a r l y p e r f e c t 

conductor (b = 0 ) , Equat ion (6*9) shows t h a t t h e medium does not absorb 

sound energy. 

Equat ion (6.3) has been used t o es t imate t h e e f f e c t o f p i e z o e l e c t r i c 

coup l ing on u l t r a s o n i c a t t e n u a t i o n i n mercury t e l l u r i d e . A t 4.'2°K t h e 

lowest c o n d u c t i v i t y ( b ) i s 3000 ( f i . m ) (Dziuba et al .1964) and t h e 

—10 —1 
d i e l e c t r i c p e r m i t t i v i t y ( p ) i s 1*8 x 10 Farads.m (Dickey and 

Mavroides 1964); f o r t h i s case, t h e f r equency (w ( /2?r) f o r maximum 

12 

a t t e n u a t i o n i s es t imated t o be o f the o rde r o f 3 i 10 Hz, w e l l beyond t h a t 

o f t h e present experiment. The magnitude o f p i e z o e l e c t r i c c o u p l i n g 

e f f e c t i n t h e f requency range used can be es t imated . The e l e c t r o 

mechanical c o u p l i n g c o e f f i c i e n t ( L ) seems t o be o f t h e order o f 10~ 

f o r most o f t h e I I I - V and I I - V I compounds ( A r l t et = a l . 1968), t a k i n g 
_2 

5 x 10 f o r mercury t e l l u r i d e even u s ing t h e h ighes t f requency a v a i l a b l e 

and lowest c o n d u c t i v i t y known, the a t t e n u a t i o n due t o t h e p i e z o e l e c t r i c 

coup l ing e f f e c t i s o f the order o f 10"J|" t o 10~^ dlVVsec. 

I t may be concluded t h a t p i e z o e l e c t r i c na tu re o f mercury t e l l u r i d e , 

due t o h i g h c o n d u c t i v i t y , does no t c o n t r i b u t e t o any o f i t s a n e l a s t i c 

p r o p e r t i e s . 
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6.2. THE THERMOELASTIC LOSS. 

D i r e c t convers ion o f a cous t i c energy t o the rmal energy i s c a l l e d 

the t h e r m o e l a s t i c e f f e c t . When a s o l i d i s sub jec ted t o a s tress* t h e 

r e s u l t i n g s t r a i n i s i n genera l accompanied by a change i n temperature . 

I f t h e s t r a i n i s homogeneous* the temperature change w i l l be the same 

everywhere i n t h e specimen. I f t h e s t r a i n i s no t homogeneous, as , f o r 

example, when a l o n g i t u d i n a l u l t r a s o n i c wave i s propagated th rough a 

s o l i d , a temperature g rad ien t w i l l be set up between r e g i o n s o f expansion 

and o f compression. T h i s w i l l l e a d t o a f l o w o f heat f r o m the h o t t e r 

(compressed) p a r t t o t h e cooler .-(expanded) p a r t , accompanied by a 

p r o d u c t i o n o f ent ropy and a d i s s i p a t i o n o f energy, which w i l l r e s u l t i n 

an a t t e n u a t i o n . Lttcke (1956) has discussed t h i s e f f e c t i n a s tandard 

l i n e a r v i s c o e l a s t i c s o l i d , t a k i n g i n t o account t h e a n i s o t r o p y o f t h e 

e l a s t i c p r o p e r t i e s . A t h i g h f r equenc ie s the t ime per c y c l e i s i n s u f f i c i e n t 

f o r apprec iab le heat t o f l o w between the ad jacen t r eg ions and t h e 

t h e r m o e l a s t i c damping should be small* A t ve ry low f r e q u e n c i e s t he rma l 

e q u i l i b r i u m between r e g i o n s i s approached and aga in no a t t e n u a t i o n occurs . 

When t h e p e r i o d o f t h e a p p l i e d s t ress becomes comparable w i t h the 

r e l a x a t i o n t ime ( T ) o f the heat t r a n s f e r p rocess , a t t e n u a t i o n i s observed 

and reaches a maximum when W T = 1. 

As t h e t he rmoe la s t i c l o s s i s r e l a x a t i o n t y p e , the gene ra l f o r m o f 

t h e r e l a x a t i o n equat ion (Equa t ion 1*8, p .3) can be used. 

_1_ a 
2 T M 

2 2 MI w 
M 

O 1+W T 

(6.10) 
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An a d i a b a t i c e l a s t i c d e f o r m a t i o n , w i t h a l o n g i t u d i n a l component, 

leads t o a change i n temperature ( t h e r m o e l a s t i c e f f e c t ) . Because o f the 

the rmal expansion due t o t h i s temperature change, the a d i a b a t i c e l a s t i c 

modulus (M , )» appears t o be d i f f e r e n t f r o m t h a t f o r i s o t h e r m a l ad.. 

de fo rma t ion (M^)> Some t ime i s r e q u i r e d f o r a f l o w o f heat t o occur ; 

hence, when the de fo rmat ion i s s u f f i c i e n t l y f a s t , i t can be considered 

a d i a b a t i c , even when t h e s o l i d i s not i s o l a t e d f r o m i t s sur roundings . 

I n E m i a t i o n ( 6 . 1 0 ) AM/M i s the f r a c t i o n a l change o f t h e a d i a b a t i c 

° M ad" M T 

and i s o t h e r m a l e l a s t i c modulus (= ) and r i s t h e r e l a x a t i o n t i m e 

o f t h i s e f f e c t and i s g iven by 

K 
T = 2 

PC v 
p 

( 6 . 1 1 ) 

Here K i s t h e t h e r m a l c o n d u c t i v i t y , p i s the d e n s i t y c^ i s the s p e c i f i c 

heat a t constant pressure and v i s the v e l o c i t y o f sound i n t h i s p a r t i c u l a r 

d i r e c t i o n . 

I n cubic symmetry i t may be shown t h a t (Bha t i a 1967* P « 4 0 ) . 

For p ropaga t ion i n the [100] d i r e c t i o n 

v2 2„ 
AM ( C 1 1 + 2 C 1 2 > a 1 

M o ' C 1 1 > ° p 

For p ropaga t ion i n the [110] d i r e c t i o n 

AM 2 ( C l 1 + 2 C 1 2 ) 2 a 2 T 

For p ropaga t ion i n t h e [111J d i r e c t i o n 

AM 3 ( C 1 1 + 2 C 1 2 ) 2 a 2 T 

M o = W i i * z C i 2 ' * w 4 4 ; p o -P 
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Here a i s t h e t he rma l expansion c o e f f i c i e n t . 

-11 Even f o r t h e best conductors o f hea t , r i s :of the o rder o f 10 sec 
and . t h e r e f o r e , f o r the Megahertz f r equenc ie s W T ; « 3 . Equa t ion ( 6 . 1 0 ) 
thus can be s i m p l i f i e d t o ( w i t h t h e u n i t s o f dB/om): 

' 8*68 0 2 AM _ - 2 „ „ . a = — 2w* — T f ( 6 . 1 2 ) 
o 

T h e r e f o r e , t h e t h e r m o e l a s t i c l o s s f o r i s f r equency square 

dependent. The room temperature va lues o f e l a s t i c constants » 

and C, , o f mercury t e l l u r i d e are g iven i n Table ( 6 . 2 ) toge the r w i t h 
44 

o ther neoessary parameters . Ca l cu l a t ed values o f the r e l a x a t i o n t ime 

( r ) and M / V L Q are presented ; these r e s u l t s were used t o es t imate f r o m 

Equat ion (6*12) t h e t h e r m o e l a s t i c a t t e n u a t i o n i n s i n g l e c r y s t a l meroury 

t e l l u r i d e ; d e t a i l s a re shown i n Table ( 6 . 2 ) toge ther w i t h data ob ta ined 

by Lttcke (1956) f o r germanium and s i l v e r f o r comparison. The l a t t e r 
2 

r e s u l t s have been t rans formed to t h e f o r m ( a t t e n u a t i o n ) / ( f r e q u e n c y ) . 

The frequency ( f ) a t which the t h e r m o e l a s t i c l o s s has maximum 

(wr = 1) i s 

f = 1 / & T T ( 6 . 1 3 ) 

o r i n s e r t i n g t h e va lue o f r e l a x a t i o n t ime 
2 

f = p c v / 2 n K ( 6 . 1 4 ) 

For mercury t e l l u r i d e a t room temperature t h i s f requency i s o f t h e order 

11 

o f 10 H e r t z which i s f a r beyond t h e l i m i t o f present day u l t r a s o n i c 

equipment. However, i f we l o o k a t t h e terms i n Equation (6«14)> as t h e 

temperature decreases, c^ may decrease by a r a t i o o f 1000 t o 1 w h i l e 
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K may increase by a hundred t imes . Then t h i s f requency reduces t o a 

measureable v a l u e . Here an a t tempt has been made t o est imate t h e 

t h e r m o e l a s t i c lo s s i n low temperatures . I n Table (6.3) t h e temperature 

v a r i a t i o n o f AM/M > T » and a / f 2 f o r l o n g i t u d i n a l waves i n the [110] 
0 

d i r e c t i o n w i t h the necessary parameters used i n t h i s c a l c u l a t i o n are 

t a b u l a t e d and i n F i g u r e (6,1) temperature dependence o f AM/M » r and 

a / f are shown. Al though the r e l a x a t i o n t ime ( T ) o f t h i s e f f e c t r i s e s 

sha rp ly a t lev; temperatures , due t o a decrease o f t he rma l expansion f a s t e r 

than the s p e c i f i c hea t , bll/M^ decreases ve ry sha rp ly . Thus t h e p r o d u c t , 

which g ives t h e a t t e n u a t i o n (Equat ion 6.12), has the f e a t u r e s shown i n 

t h i s f i g u r e . Th i s argument c o u l d not be extended f o r lower temperatures 

( lower than 77°K) due t o l a c k o f experimental data on the rmal c o n d u c t i v i t y 

i n t h i s temperature r e g i o n . 

The the rmoe la s t i c l o s s i s l a r g e f o r metals because both the the rmal 

c o n d u c t i v i t y and t h e the rma l expansion a re l a r g e . For ins tance M c k e 

f i n d s t h a t the a t t e n u a t i o n o f l o n g i t u d i n a l sound waves i n zinc s i n g l e 

c r y s t a l s between 10 and 150 MHz l a r g e l y comes f r o m the rmoe las t i c losses . 

But i n mercury t e l l u r i d e over t h e f requency range 10 t o 300 MHz t h i s l o s s 

component i s n e g l i g i b l e . C a l c u l a t i o n o f t h e c o n t r i b u t i o n o f the thermo-
o o 

e l a s t i c l o s s over t h e temperature range 77 K t o 290 K conf i rms t h a t t h i s 

e f f e c t i s n e g l i g i b l e i n mercury t e l l u r i d e . 

These p r e l i m i n a r y arguments show t h a t i n mercury t e l l u r i d e t h e damping 

o f u l t r a s o n i c waves does not come f r o m e i t h e r p i e z o e l e c t r i c c o u p l i n g or f r o m 

the rmoe la s t i c losses . The experiments demonstrate t h a t t h e dominant 
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2 
TABLE (6.3)» The temperature v a r i a t i o n o f A M / M Q , T and a / f 

f o r mercury t e l l u r i d e 

. ' I 

T (°K.) 
0 

T ( sec) 
0 

a / f 1 -

(dB/cm H z 2 ) 

290 1*52 x 10"5 2*62 x 10" 1 3 1*2 x 10" 1 9 

196 -4 
8*60 x 10 

-13 
3'7 x 10 J 

-19 
1*9 x 10 7 

150 4*67 x 10"*4 5/2 x 10~ I J 1*4 x 10 y 

77 2 x 10~5 -12 
2*74 x 10 

-20 
3;2 x 10 

Temperature v a r i a t i o n o f e l a s t i c constants> the rmal expansion 
c o e f f i c i e n t and t he rma l c o n d u c t i v i t y data used i n t h i s 

c a l c u l a t i o n 

t 

T(°K) 

E l a s t i c constants S 
-2 11 ' 

(dyn cm x 10 
a 

ther .expans
i o n c o e f f . 

c^ 

erg/gm °K 

K 

erg/cm °K 

t 

T(°K) 
C11 C12 C13 

a 

ther .expans
i o n c o e f f . 

c^ 

erg/gm °K 

K 

erg/cm °K 

290 5*4 3-76 2-05 5 x 10"6 1*49 x 10 1*6 x 10 5 

196 5*6 3-90 2*15 f 5 x 10"6 1*48 x 10 6 3*7 x 10 5 

150 5*7 4*0 2-15 5/7 x 10"6 1*46 x 10 5*2 x 10 5 

77 5.85 4-04 2*20 1 x 10"6 1/28 x 10 6 
2*5 x 10 

present work (Table 
4*1, p.51 

Appendix A 



FIG-URE (6 .1) . Temperature dependence o f t he rmoe la s t i c 
a t t e n u a t i o n and r e l a t e d parameters. 
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i n t e r a c t i o n s g i v i n g r i s e t o u l t r a s o n i c a t t e n u a t i o n a re those w i t h l a t t i c e 
phonons and w i t h d i s l o c a t i o n s . These e f f e c t s w i l l now be d e t a i l e d i n t h e 
next three chapters . 
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C H A P T E R 7 

ULTRASONIC WAVE INTERACTION WITH THERMAL ELASTIC WAVES: THE ULTRASONIC 

PHONON-THERMAL PHONON INTERACTION 

7.1. INTRODUCTION 

U l t r a s o n i c waves i n s o l i d s have, i n p r i n c i p l e , t h e same na tu re as 

the l a t t i c e waves which descr ibe thermal v i b r a t i o n s * The former are 

a v a i l a b l e as coherent beams and a re induced a r t i f i c i a l l y ; t h e l a t t e r 

c o n s t i t u t e background n o i s e . Thus an i n t e r a c t i o n can be expected between 

the two k inds o f waves. The a t t e n u a t i o n o f t h e u l t r a s o n i c wayes can be 

s t u d i e d d i r e c t l y ; the a t t e n u a t i o n or s c a t t e r i n g o f the rmal waves must be 

induced f r o m conduct ion p r o p e r t i e s . I n f o r m a t i o n ob ta ined f r o m t h e 

i n t e r a c t i o n between the waves adds g r e a t l y t o knowledge, deduced f r o m 

conduct ion experiments , o f thermal waves. U n f o r t u n a t e l y i t has no t ye t 

been p o s s i b l e t o e s t a b l i s h good contac t between these two methods o f 

g e t t i n g i n f o r m a t i o n . Reasons f o r t h i s f a i l u r e I n c l u d e a two o rde r s 

o f magnitude d i f f e r e n c e between the h ighes t u l t r a s o n i c f requency and t h e 

thermal wave f requency a t l i q u i d he l ium temperature and t h e d i f f i c u l t y o f 

sepa ra t ion o f o ther c o n t r i b u t i o n s to u l t r a s o n i c wave a t t e n u a t i o n . 

A g iven u l t r a s o n i c wave i n t e r a c t s w i t h the rmal l a t t i c e waves by 

v i r t u e o f t h e anharmonic na tu re o f i n t e r a t o m i c f o r c e s i n a s o l i d . The 

b u l k o f t h i s i n t e r a c t i o n i s w i t h t he rma l waves o f approximate f requency 

k T / h . The l a t t i c e waves are a l s o sub jec t t o i n t e r a c t i o n processes and 
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have a mean f r e e pa th ( l ) . I f t h e wavelength (A) o f t h e d r i v i n g u l t r a 

sonic waves i s l e s s than t h a t mean f r e e pa th ( l ) o f the the rmal waves 

( A < < 1 ) , one can assume t h e wave t o i n t e r a c t w i t h i n d i v i d u a l l a t t i c e 

modes. Th i s c o n d i t i o n i s met when one i s c o n s i d e r i n g t h e a t t e n u a t i o n 

o f u l t r a s o n i c waves i n v e r y low temperatures* However* f o r u l t r a s o n i c 

waves* t h i s c o n d i t i o n i s no t f u l f i l l e d , except a t t h e lowest temperatures 

and a t t h e h ighes t f requencies* I n the o the r extreme* when the wavelength 

(A) o f t h e d r i v i n g u l t r a s o n i c wave i s g rea te r than the meai f r e e pa th 

( l ) o f the the rma l waves ( A » l ) , one can t r e a t t h e i n t e r a c t i o n as t a k i n g 

p lace not w i t h i n d i v i d u a l the rmal modes bu t w i t h t h e e n t i r e assembly 

o f l a t t i c e waves or t h e phonon gas* 

The e f f e c t s o f a b s o r p t i o n by the l a t t i c e i t s e l f w i l l always be presen t . 

I t oan be best s t u d i e d i n d i s l o c a t i o n - f r e e * i n s u l a t i n g c r y s t a l s * i n which 

the o t h e r c o n t r i b u t i o n s a re n e g l i g i b l e * and a t low temperatures where the 

mean f r e e pa th o f t h e l a t t i c e waves ( l ) i s comparable w i t h the wavelength 

o f u l t r a s o n i c waves ( A ) . I n o ther types o f m a t e r i a l , such as mercury 

t e l l u r i d e , t he d i f f i c u l t y i s to separate t h e c o n t r i b u t i n g e f f e c t s * 

The works o f Bttmmel and D r a n s f e l d (1960) on u l t r a s o n i c a t t e n u a t i o n 

i n quar tz opened t h e f i e l d o f sound a b s o r p t i o n i n i n s u l a t i n g c r y s t a l s . 

They measured the temperature dependence o f u l t r a s o n i c a t t e n u a t i o n a t t h e 

f requency o f 1000 MHz f o r temperatures below about 140°K. S i m i l a r 

measurements have f o l l o w e d i n quar tz and o the r i n s u l a t i n g c r y s t a l s , a l k a l i 

h a l i d e s , e lementa l semiconductors and some I I I - V compounds. Experiments 

i n quar t s i n c l u d e those o f Nava, A z r t , C i c c a r e l l o and D r a n s f e l d (1964) i n 
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the f requency range 300 MHz to 10,000 MHz a t temperatures below 40°K, 

and those o f Lewis and Pa t te r son (1967) a t 9*000 MHz and temperatures below 

about 30°K. Hanson (1967) looked a t l i t h i u m f l u o r i d e between 500 MHz and 

2,500 MHz a t temperatures below 50°K. Germanium has been s t ud i ed by Dobbs, 

Chick and T r u e l l (1959) i n the f requency range 333 MHz t o 508 MHz below 

room temperatures , s i l i c o n by Mason (1965» p«250) a t 495 MHz below room 

tempera ture , gal ium arsenide by Pomerantz (1965) a t 9000 MHz. A l l these 

measurements e x h i b i t s i m i l a r c h a r a c t e r i s t i c f e a t u r e s i n c r y s t a l s w i t h low 

d i s l o c a t i o n con ten t . Let us note some o f these f e a t u r e s o f the exper imenta l 

r e s u l t s on the temperature dependence o f u l t r a s o n i c a t t e n u a t i o n . I n t h e 
o 

range below about 30 K , the a t t e n u a t i o n i s low and almost temperature 

independent. A t some h igher temperature t h e a t t e n u a t i o n increases s t e e p l y 

w i t h temperature and t h e n , i n some o f t h e measurements, t h e a t t e n u a t i o n 

decreases s l i g h t l y w i t h i n c r e a s i n g temperature f o l l o w e d by a r e g i o n o f 

temperature independence. These f e a t u r e s a re q u i t e s i m i l a r t o those found 

f o r mercury t e l l u r i d e i n t h e present experiment .• Now the mechanism o f 

u l t r a s o n i c a t t e n u a t i o n due t o the acous t i c p h o n o n - l a t t i c e phonon i n t e r a c t i o n 

w i l l be summarised. 

7.2. THEORY OP THE PHONON VISCOUS DRAG. 

7.2.1. Anharmonic i ty and Phonon-phonon s c a t t e r i n g . 

For u l t r a s o n i c waves t o be a t t enua ted by the rma l phonons, t he re 

must be c o u p l i n g . The o r i g i n o f t h i s c o u p l i n g i s t h e change i n t h e e l a s t i c 

p r o p e r t i e s o f a medium by the s t r a i n imposed by the sound wave. This may be 
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seen e x p l i c i t l y by expanding the p o t e n t i a l energy (u) o f a s o l i d i n 
powers o f s t r a i n components 

6 6 

U = U + s > C. €.€. + - J \ C. . . « . e . e + . . . (7.1) 
0 2 ^ i j 1 j 6 ^ 1 0 k 1 0 k 

i»j=1 i , j , k = 1 

Here U i s t h e p o t e n t i a l energy o f t h e s o l i d , when a l l s t r a i n s a re zero , 
o 

I f t h e f i r s t two terms o n l y i n t h e expansion are r e t a i n e d , we have an 

approx imat ion corresponding t o t h e p e r f e c t l y e l a s t i c o r harmonic s s l i d , 

and the smal l ampl i tude sound waves propagate w i t h o u t i n t e r a c t i n g each 

o t h e r . I n Chapter k t h i s s i t u a t i o n has been discussed. The t h i r d and 

h igher order t e rms , known as t h e anharmonic t e rms , g i v e r i s e t o i n t e r a c t i o n s 

between these waves. 

I f t h e f i r s t anharmonic t e r m i s considered t o be much l a r g e r t han the 

o t h e r s , then the constants C. determine t h e s t r e n g t h o f t h e anharmonic 

i n t e r a c t i o n s . These C. ., a re known as t h e t h i r d - o r d e r e l a s t i c cons tan t s . 
i j k 

Because o f t h e anharmonic terms i n Equat ion (7 .1) , t he v e l o c i t y o f an 

e l a s t i c wave changes, i f t h e s o l i d i s s t r a i n e d . Hence by measuring t h e 

sound v e l o c i t y i n a s o l i d under d i f f e r e n t s t a t i c s t r e s ses , one can 

determine expe r imen ta l l y t h e t h i r d - o r d e r e l a s t i c constants (C. ) • 

The thermal phonon v e l o c i t y i s a l t e r e d by s c a t t e r i n g by amounts 

which d i f f e r f o r phonons o f d i f f e r e n t p o l a r i z a t i o n Q ) and d i f f e r e n t 

p ropaga t ion vec tor ( k ) . The r e l a t i o n between the f r a c t i o n a l v e l o c i t y 

change ( A v / v ) . f o r a branch ( j , k ) and t h e r e l a t i v e d e n s i t y change 

(Ap/p ) i s g iven by 
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= y . j » k ( 7 . 2 ) 

The constant y . i s a lso a measure o f t h e s t r e n g t h o f t h e anharmonic 

i n t e r a c t i o n and i s l i n e a r l y r e l a t e d t o t h i r d - o r d e r e l a s t i c cons tan t s . 

A u s e f u l assumption o f t e n made i n the t h e o r y o f s o l i d s , g ives a 

rough measure o f t h e s t r e n g t h o f t h e anharmonic i n t e r a c t i o n s . I f t h e 

y . . a re assumed t o be the same f o r a l l the branches and are set equal 

t o y ( t h e &runersen c o n s t a n t ) , then 

Here a i s t h e the rma l expansion c o e f f i c i e n t , p i s t h e b u l k modulus and c 

i s the s p e c i f i c heat pe r u n i t volume. 

I n the absence o f c o u p l i n g , the sound wave can be descr ibed by i t s 

angular f requency w and i t s wave v e c t o r k , which i s i n the d i r e c t i o n 

o f p ropaga t ion o f equal phases, and k = 2B /A . These are r e l a t e d by 

a = l j / v , where v i s t h e v e l o c i t y o f sound i n the d i r e c t i o n o f t h e wave 

v e c t o r . Thermal phonons are s i m i l a r l y desc r ibed , but t h e i r v e l o c i t y i s a 

f u n c t i o n o f k f o r t h e l a r g e values o f k j t h a t i s t h e l a t t i c e i s d i s p e r s i v e 

when the wavelength o f sound approaches i n t e r a t o m i c d i s t ances . A phonon 

has energy E(;=|V) and momentum. p ( = j ^ k ) . 

I n the t h e o r y o f u l t r a s o n i c a t t e n u a t i o n due to phonon-phonon 

i n t e r a c t i o n s , t h e s c a t t e r i n g o f a sound wave w i t h a s i n g l e phonon t o 

produce another phonon i s c a l c u l a t e d . Then a summation over a l l t h e phonon 

i s made. The energies and momenta o f t h e waves are w e l l d e f i n e d and t h e i r 

j » k 
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t o t a l s a r e c o n s e r v e d . I n a t y p i c a l event 

h h h 
2vr + 2-rr 1 2w 2 

( 7 A ) 
- k + - k - - k 
2»r + 2*r 1 " 2TT 2 

Here w , k d e s c r i b e the i m p r e s s e d u l t r a s o n i c phonon, , k^ andc^, k^ 

d e s c r i b e t h e i n i t i a l and the r e s u l t i n g t h e r m a l phonon. E q u a t i o n (7»4) 

d e s c r i b e s a three-phonon p r o c e s s . I n t e r a c t i o n s i n v o l v i n g f o u r or more 

phonons a r e a l s o p o s s i b l e i n h i g h e r o r d e r t h e o r y . 

7-2.2. A t t e n u a t i o n o f U l t r a s o n i c Waves. 

T h e r e a r e two t y p e s o f u l t r a s ) n i c p h o n o n - l a t t i c e phonon 

i n t e r a c t i o n s l e a d i n g t o a t t e n u a t i o n . One i s t h e t h e r m o e l a s t i c l o s s > w h i c h 

has been d i s c u s s e d i n S e c t i o n (6 .2 , p.92 )» n e g l i g i b l e i n i n s u l a t i n g and 

semiconduct ing c r y s t a l s . The o t h e r mechanism i s t h e l a t t i c e phonon 

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

a t t e n u a t i o n ; a number o f a t t empts have been made to c a l c u l a t e t h e a t t e n 

u a t i o n due t o t h i s e f f e c t . Two approaches a r e p a r t i c u l a r l y u s e f u l j one 

i s due to BBmmel and D r a n s f e l d (1960) and the o t h e r to Woodruff and 

E h r e n r e i c h (1961); both a r e b a s e d on t h e o r i g i n a l sugges t ions o f 

A k h i e s e r (1939)• The i n t e r p r e t a t i o n g i v e n i n t h e t h e o r i e s i s not e n t i r e l y 

q u a n t i t a t i v e because o n l y rough v a l u e s of some o f t h e parameters e n t e r i n g 

t h e t h e o r y a r e a v a i l a b l e a t p r e s e n t ; so t h e t h e o r i e s do not f u l l y account 

f o r t h e observed b e h a v i o u r . 

A k h i e s e r f i r s t i n t r o d u c e d t h e concept o f a new p r o c e s s d i f f e r e n t 

from t h e t h e r m o e l a s t i c l o s s . To e x p l a i n t h i s p r o c e s s he p o i n t e d out t h a t 
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a sound wave p a s s i n g through a c r y s t a l would cause a d i s t u r b a n c e o f t h e 

d i s t r i b u t i o n o f t h e r m a l phonons, so t h a t t h e phonons correspond ing t o t h e 

thermal l a t t i c e v i b r a t i o n s have no l onger a n e q u i l i b r i u m P l a n c k d i s t r i b 

u t i o n . The r e - e s t a b l i s h m e n t o f e q u i l i b r i u m i n t h e phonon gas r e q u i r e s an 

i n c r e a s e o f entropy a n d , t h e r e f o r e , l e a d s to t h e a b s o r p t i o n o f sound a t 

f i n i t e t emperatures* 

I n t h e r e g i o n o f p r e s e n t i n t e r e s t , t h e wave length o f a t h e r m a l phonon 

i s a l w a y s s h o r t e r than the u l t r a s o n i c v:avelength ) . . I n t h i s c a s e i t 

may be c o n s i d e r e d t h a t t h e t h e r m a l phonon t r a v e l s through a u n i f o r m medium 

which i s be ing s l o w l y modulated by t h e sound wave. 

Both B&mmel and D r a n s f i e l d and Woodruff and E h r e n r e i c h use s i m i l a r 

approx imat ions to a p p l y t h e i r t h e o r e t i c a l r e s u l t s to e x p e r i m e n t a l d a t a . 

Namely; ( i ) t h e y c o n s i d e r t h a t t h e medium i n w h i c h the sound waves a r e 

propagated i s a s imple i s o t r o p i c Debye s o l i d . A s a consequence o f t h i s , 

d i s p e r s i o n i s i g n o r e d and phonons o f a l l f r e q u e n c i e s i n a s i n g l e b r a n c h 

have t h e same v e l o c i t y change f o r a g i v e n s t r a i n , ( i i ) due to l a c k o f 

s u f f i c i e n t d a t a on t h e a n h a r m o n i c i t y parameter ( y . )» both t h e o r i e s 
J»k 

c o n s i d e r o n l y t h e g e n e r a l f e a t u r e s o f a b s o r p t i o n p r o c e s s e s , w h i l e t a k i n g 

s imply an a v e r a g e a n h a r m o n i c i t y parameter ( y ) . ( i i i ) Woodruff and 

E h r e n r e i c h c o n s i d e r e d t h e t o t a l or combined r e l a x a t i o n ( T ) d e f i n e d by 

* (7.5) 
U N 

f o r t h e i r t h e o r e t i c a l d e r i v a t i o n . Due to t h e d i f f i c u l t i e s i n s e p a r a t i n g 

out t h e r e l a x a t i o n t i m e s f o r normal phonon s c a t t e r i n g p r o c e s s e s ( r ) 
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and f o r umklapp p r o c e s s e s ( r j j ) » both t h e o r i e s c o n s i d e r o n l y phonon-phonon 

umklapp p r o c e s s e s . Then the r e l a x a t i o n t ime can be deduced from thermal 

c o n d u c t i v i t y d a t a . 

K = 1 c v l (7.6) 

Here v i s t h e average phonon v e l o c i t y a n d 1 i s t h e phonon mean f r e e 

p a t h between c o l l i s i o n s equa l to V T . 

To c a l c u l a t e the a t t e n u a t i o n c o e f f i c i e n t Bttmmel and D r a n s f e l d 

c o n s i d e r t h a t i f a l o n g i t u d i n a l sound wave propagates through t h e c r y s t a l , 

a p e r i o d i c temperature d i f f e r e n c e w i l l be s e t u p . A r e l a x a t i o n t ime ( T ) 

i s assumed f o r t h e heat exchange w h i c h t a k e s p l a c e ; t h i s exchange i n 

t ime l e a d s to an i n c r e a s e i n en tropy c o r r e s p o n d i n g to a b s o r p t i o n of t h e 

u l t r a s o n i c waves . S i n c e t h i s e f f e c t i s a r e l a x a t i o n p r o c e s s , t h e 

a b s o r p t i o n c o e f f i c i e n t can be c a l c u l a t e d a s 

. . < ^ J L _ v 2

A T ( ! . (7.7) 

At h i g h enough t e m p e r a t u r e s the r e l a x a t i o n t ime ( T ) i s much s h o r t e r 

than the sound p e r i o d , wr<<1, and t h e a b s o r p t i o n c o e f f i c i e n t g i v e n i n 

E q u a t i o n (7»7) r e d u c e s t o : 

a = o T y ^ g / V p v 3 (7-8) 

The e f f e c t o f t h e t emperature dependent f a c t o r s c a n c e l and i t t u r n s out 

t h a t u l t r a s o n i c a t t e n u a t i o n i s p r a c t i c a l l y t emperature independent a t 

t h e s e h i g h t e m p e r a t u r e s . I n t h i s r e g i o n t h e a t t e n u a t i o n i s f r e q u e n c y 
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square dependent. 

F o r w r » 1 , t h e Woodruff and E h r e n r e i c h r e s u l t , f o l l o w i n g t h e 

approx imat ions mentioned above r e d u c e s to 

8«68 Y2. wTK . -1 
a f=2=

 ta\J2 T)
 (7.9) 

P v 

T h e i r r e s u l t , f o r W T « 1 i s e x a c t l y t h e same a s t h a t g iven by BBmmel and 

D r a n s f e l d ( E q u a t i o n 7»8)» 

7.2.3» The a p p l i c a b i l i t y o f the t h e o r i e s to t h e measurements. 

Both t h e o r i e s f o r « T « 1 g i v e t h e same r e s u l t : t emperature 

independent a t t e n u a t i o n . T h i s b e h a v i o u r has been observed by many w o r k e r s 

( s e e Bommel a n d D r a n s f e l d measurements above 60°K, F i g u r e s k-» 5 and 6) . 

Verma and J o s h i (1961) u s e d E q u a t i o n (7*7) to c a l c u l a t e t h e u l t r a s o n i c 

a t t e n u a t i o n a s a f u n c t i o n o f t emperature f o r germanium and compared t h e 

r e s u l t w i t h measured v a l u e s (Dobbs , C h i c k and T r u e l l 1959)* F o r t h i s 

t h e o r e t i c a l a s s e s s m e n t , they deduced t h e r e l a x a t i o n t ime f o r phonon-phonon 

umklapp p r o c e s s e s from t h e r m a l c o n d u c t i v i t y . The a v e r a g e a n h a r m o n i c i t y 

cons tant was o b t a i n e d by choos ing i t such t h a t t h e t h e o r e t i c a l v a l u e o f 

u l t r a s o n i c a t t e n u a t i o n was equa l to t h e e x p e r i m e n t a l v a l u e a t a c e r t a i n 

t e m p e r a t u r e . The agreement between the e x p e r i m e n t a l v a l u e s and t h e 

t h e o r e t i c a l l y c a l c u l a t e d v a l u e s i s good* 

M i l l e r (19&3) has u s e d E q u a t i o n (7*9) g i v e n by Woodruff and E h r e n r e i c h 

f o r t h e c a s e where « r » 1 , to c a l c u l a t e t h e u l t r a s o n i c a t t e n u a t i o n a s a 

f u n c t i o n o f t emperature so a s to compare t h e t h e o r e t i c a l e s t i m a t i o n w i t h 

exper iments on germanium. F o r t h i s a n a l y s i s , he e s t i m a t e d t h e a n h a r m o n i c i t y 
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parameter i n s e v e r a l ways* F i r s t l y , he assumed t h a t Y i s t emperature 

independent . T h i s procedure was a l s o p r e v i o u s l y u s e d by Verma and J o s h i 

(1961) and e x p l a i n e d i n l a s t p a r a g r a p h . The t e m p e r a t u r e independent 

y y i e l d e d a s t r o n g peak , i n disagreement w i t h the e x p e r i m e n t a l r e m i l t s . 

Next by t a k i n g t h e t emperature dependence o f t h e t h e r m a l expans ion 

G r U n e r s e n c o n s t a n t ( E q u a t i o n 7»3)> he o b t a i n e d s l i g h t l y b e t t e r agreement 

( s e e F i g u r e 7 i n M i l l e r 1963). 

Although t h e Bommel and P r a n s f e l d approach i s b a s e d upon v e r y s imple 

arguments , i t seems to g i v e a b e t t e r f i t t o t h e t emperature dependence o f 

u l t r a s o u n d a t t e n u a t i o n due to phonon-phonon i n t e r a c t i o n f o r W T » 1 . B u t , 

a s i n d i c a t e d by Woodruff and E h r e n r e i c h , n e i t h e r t h e o r y i s r e a i i y v a l i d 

f o r &n-»1 . 

The main d i f f i c u l t y i n a p p l y i n g t h e s e t h e o r i e s to t h e e x p e r i m e n t a l 

measurements comes from the assessment o f t h e a n h a r m o n i c i t y parameter y . 

A s a c o u s t i c a l waves i n s o l i d s a r e i n v o l v e d w i t h p a r t i c u l a r phonon b r a n c h e s , 

the t h e r m a l expans ion G r u n e i s e n parameter cannot be a t r u e measure o f 

l a t t i c e a n h a r m o n i c i t y f o r t h e u l t r a s o n i c a t t e n u a t i o n . The t h e r m a l 

expans ion Grttneisen c o n s t a n t , g i v e n i n E q u a t i o n (7*3) i s 'the t o t a l measure 

o f h u l k a n h a r m o n i c i t y o f t h e l a t t i c e . F u r t h e r m o r e , i t does not g i v e any 

e x p l a n a t i o n o f shear wave l o s s e s . 

Mason and Bateman (196k) have been a b l e to a c c o u n t f o r t h e u l t r a s o n i c 

a t t e n u a t i o n f o r a l l v a l u e s o f t emperature u s i n g a r e l a x a t i o n model 

d e r i v e d from E q u a t i o n (7«7)« They a t tempted to deduce t h e a n h a r m o n i c i t y 

parameter ( y ) u s i n g t h i r d o r d e r e l a s t i c c o n s t a n t s . Mason and Bateman 

o b t a i n e d agreement w i t h i n about 3Q^ f o r l o n g i t u d i n a l wave a t t e n u a t i o n and 
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w i t h i n about 50/fc f o r shear waves i n both germanium and s i l i c o n * I t was 
n o t e d , however, t h a t t h e r e l a x a t i o n t i m e t h a t gave good agreement w i t h 
t h e experiments was t w i c e t h e t h e r m a l c o n d u c t i v i t y r e l a x a t i o n t ime T f o r 
l o n g i t u d i n a l wave a t t e n u a t i o n . Here t h e l i m i t a t i o n a t p r e s e n t i s t h a t t h e 
t h i r d o r d e r e l a s t i c c o n s t a n t s have been measured f o r o n l y a few m a t e r i a l s . 

The t h e o r y o f a b s o r p t i o n o f u l t r a s o n i c waves due to t h e i r i n t e r a c t i o n 

w i t h t h e t h e r m a l phonons i s ex treme ly complex and o n l y q u a l i t a t i v e a t p r e s e n t 

Now t h e u l t r a s o n i c wave a t t e n u a t i o n i n mercury t e l i u r i d e s i n g l e c r y s t a l s 

due to u l t r a s o n i c p h o n o n - l a t t i c e phonon i n t e r a c t i o n w i l l be d i s c u s s e d . 

7 . 3 RESULTS AND DISCUSSION 

The low t empera ture c h a r a c t e r i s t i c s o f u l t r a s o u n d a t t e n u a t i o n shown 

i n F i g u r e s ( 5 » 1 ) f ( 5 * 2 ) , ( 5 » 3 ) > ( 5 * 4 ) and ( 5 o 5 ) i n mercury t e l i u r i d e 

s i n g l e c r y s t a l s i m p l y t h a t one o f t h e dominat ing sound energy d i s s i p a t i o n 

mechanism i s t h e u l t r a s o n i c p h o n o n - l a t t i c e phonon i n t e r a c t i o n . T h i s e f f e c t , 

p r e v i o u s l y o b s e r v e d i n i n s u l a t o r s and semiconductors i n h i g h u l t r a s o n i c 

f r e q u e n c i e s (above 5 0 0 MHz) i s l a r g e i n t h e semimetal mercury t e l i u r i d e and 

i t i s o b s e r v a b l e a t r e l a t i v e l y low f r e q u e n c i e s ( 3 0 MHz). 

When t h e t h e r m a l phonon mean f r e e p a t h i s s m a l l compared w i t h t h e 

sound wave length ( 1 < < A or W T « 1 ) , b o t h t h e o r i e s g i v e t h e same r e s u l t 

( E q u a t i o n 7 » 8 ) . Deducing t h e r e l a x a t i o n t ime ( r ) from t h e r m a l c o n d u c t i v i t y 

da ta ( E q u a t i o n 7«6) an e x p r e s s i o n g i v i n g u l t r a s o n i c a t t e n u a t i o n due to t h i s 

e f f e c t t a k e s t h e f o l l o w i n g form 
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8*68 y ? w 2 ^ 
a = _ *S2i (SB/cm) (7.10) 

P T 
in 

Here v i s t h e averaged Debye v e l o c i t y w h i c h can be deduced from t h e 
m 

e l a s t i c c o n s t a n t s . I n terms o f Debye t emperature ( 6 ^ ) and l a t t i c e 

s p a c i n g ( a )» v has been g iven i n E q u a t i o n (4*42, p.65): 
o m 

v m = 1-6795 x 10 1 0 0 D a Q (7.11) 

I n s e r t i n g t h e v a l u e o f 141 ° K f o r Debye t e m p e r a t u r e (^JJ) ( s e e p.67) and 

6*462! f o r l a t t i c e s p a c i n g (a ) ( s e e p . 1 8 ) , average sound v e l o c i t y i n 
5 

t h e Debye s ense f o r mercury t e l l u r i d e t u r n s out to be 1*53 x 10 c m / s e c , 

c o n s i d e r a b l y l e s s t h a n t h a t o f germanium (3*55 x 10 c m / a e c ) , s i l i c o n 

(5*87 x 10 5 c n / s e c ) and q u a r t z (4*39 x 10 5 ) (Mason 1965> p . 269 and 272). 

S i n c e u l t r a s o n i c a t t e n u a t i o n due to phonon-phonon i n t e r a c t i o n i s 

p r o p o r t i o n a l t o the i n v e r s e f i f t h power o f t h e a v e r a g e sound v e l o c i t y , 

a s t r o n g e r u l t r a s o n i c a t t e n u a t i o n a t a g iven f r e q u e n c y would t h e r e f o r e be 

expected i n mercury t e l l u r i d e . The e f f e c t can be o b s e r v e d a t c o m p a r a t i v e l y 

low f r e q u e n c i e s . 

I n t h e v i c i n i t y o f t h e Debye t emperature t h e t emperature dependence 

o f t h e r m a l c o n d u c t i v i t y o f mercury t e l l u r i d e i s i n v e r s e l y p r o p o r t i o n a l to 

t emperature ( C a r l s o n 1958 and see Appendix A ) . Thus E q u a t i o n (7*12) g i v e s 

a t emperature independent a t t e n u a t i o n . T h i s b e h a v i o u r i s found i n most o f 

the measurements i n t h e temperature r e g i o n o f about 70°K to about 150°K 

( s e e F i g u r e s 5'-*"1 and 5 *2). A l though t h e r e i s no e x p e r i m e n t a l data on t h e 

t emperature dependence o f t h e r m a l c o n d u c t i v i t y o f mercury t e l l u r i d e below 
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o 

77 K» i t i s not d i f f i c u l t to deduce t h e low temperature "behaviour o f 

t h e r m a l c o n d u c t i v i t y by ana logy w i t h s i m i l a r m a t e r i a l s * I n g e n e r a l t h e 

s l o p e o f t h e r m a l c o n d u c t i v i t y v e r s u s t emperature c u r v e i s g r e a t e r t h a n 

(T ) t h u s , from E q u a t i o n (7»10) , a t t e n u a t i o n o f u l t r a s o n i c waves i s 

t emperature dependent and i t d e c r e a s e s w i t h i n c r e a s i n g t e m p e r a t u r e . T h i s 

b e h a v i o u r i s observed i n a l l t h e c a s e s and shown i n F i g u r e s (5*1)» (5*2), 

(5*3)> (5*4) and (5*5)» The t empera ture dependence o f t h e r m a l c o n d u c t i v i t y , 

i n g e n e r a l j i n c r e a s e s s h a r p l y w i t h d e c r e a s i n g t emperature u n t i l about 

0JJ/2O . So t h e mean f r e e p a t h o f t h e r m a l phonons b e g i n s t o be comparable 

w i t h t h e sound wave length . T h i s i s t h e r e g i o n where r e l a x a t i o n s t a r t s and 

E q u a t i o n (7*10) i s no l o n g e r a p p l i c a b l e . A t low t e m p e r a t u r e s where t h e 

mean f r e e p a t h o f t h e r m a l phonons b e g i n t o be comparable w i t h t h e sound 

wave l eng th ( l ~ A or C J T ~ 1 ) or even g r e a t e r ( l » A . or W T » 1) both t h e BOmrael 

and D r a n s f e l d ( E q u a t i o n 7»7) and Woodruff and E h r e n r e i c h ( E q u a t i o n 7*9) 

t h e o r i e s p r e d i c t a sharp d e c r e a s e i n a t t e n u a t i o n w i t h d e c r e a s i n g t e m p e r a t u r e . 

T h i s f e a t u r e i s a l s o observed and shown i n F i g u r e s (5»1)> (5»2) , (5»3)» 

(5*A-) and (5*5)* T h i s s h a r p d e c r e a s e ends a t low t e m p e r a t u r e s and t h e 

a t t e n u a t i o n i s t emperature independent . As t h i s b e h a v i o u r i s not i n t r i n s i c , 

none o f t h e t h e o r i e s c a n t a k e t h i s r a n g e i n t o a c c o u n t . T h u s , t h e g e n e r a l 

f e a t u r e s o f u l t r a s o n i c a t t e n u a t i o n a t low temperature i n s i n g l e c r y s t a l s 

o f mercury t e l l u r i d e a r e u n d e r s t a n d a b l e q u a l i t a t i v e l y . B u t , due to l a c k 

o f e x p e r i m e n t a l da ta on t h e r m a l c o n d u c t i v i t y a t low t e m p e r a t u r e s , no attempt 

can be made t o c a l c u l a t e t h e temperature dependence o f u l t r a s o n i c 

a t t e n u a t i o n due to t h e phonon-phonon p r o c e s s . 
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Th e G-runeisen parameter ( y ) w h i c h d e s c r i b e s the a n h a r m o n i c i t y o f 

t h e l a t t i c e , i s not a v a i l a b l e f rom t h i r d - o r d e r e l a s t i c c o n s t a n t s which 

a r e not known. However, h e r e Y i s t r e a t e d a s an a d j u s t a b l e parameter 

and assuming the t h e o r i e s a r e c o r r e c t f o r t h e t emperature r e g i o n where 

<ur« 1, a r e deduced from t h e e x p e r i m e n t a l measurements. F o r t h i s 

assessment Y ( t h e a c o u s t i c a l G-rtlneisen p a r a m e t e r ) i s e x p r e s s e d from 

E q u a t i o n (7*10) i n t h e f o l l o w i n g form. 

The v a l u e s o f t h e a c o u s t i c a l Grttneisen c o n s t a n t have been o b t a i n e d by 

choos ing i t s u c h t h a t the t h e o r e t i c a l v a l u e o f t h e u l t r a s o n i c a t t e n u a t i o n 

i s e q u a l to exper imenta l v a l u e a t 4 0 ° K . The t h e r m a l c o n d u c t i v i t y o f 

mercury t e l i u r i d e a t 40°K has been o b t a i n e d a s 3"4 x 10^ ( e r g s / s e c . c m ° K ) 

by e x t r a p o l a t i n g t h e C a r l s o n (1958) data u s i n g t h e r e l a t i o n (Rosenberg 

1963, p .58) : 

K = y ( 0 j / g T ) (7.13) 

Here y and g a r e c o n s t a n t s , w h i c h a r e deduced to be 1*176 x 10 and 

0*617 r e s p e c t i v e l y and 0^ i s t h e Debye t e m p e r a t u r e . I n s e r t i n g t h e v a l u e s 

o f t h e r e l a t e d parameters i n t o E q u a t i o n (7»12) , t h e a c o u s t i c a l G-runeisen 

parameter i n terms o f sound a t t e n u a t i o n and t h e f r e q u e n c y t u r n s out to be 

y = 3-8 x 10 7 j - (7.14) 
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Here a i s t h e i n t r i n s i c u l t r a s o n i c a t t e n u a t i o n w i t h u n i t s o f dB/cm 
which i s d e f i n e d a s t h e a t t e n u a t i o n a t 4 0 ° K minus t h e r e s i d u a l a t t e n u a t i o n 
( a Q ) . I n T a b l e ( 7 o 1 ) t h e i n t r i n s i c u l t r a s o n i c a t t e n u a t i o n a t W ° K and t h e 
a c o u s t i c a l G-rtineisen parameter a r e t a b u l a t e d . I n most o f s o l i d s Y 
c a l c u l a t e d i n a s i m i l a r manner f a l l s w i t h i n t h e l i m i t s f o r y = 0 * 6 and 
y = 1 * 2 ( O l i v e r and S l a c k 1 9 6 6 ) . Mercury t e l l u r i d e , except f o r t h e s h e a r 
wave p r o p a g a t i n g a l o n g [ i l l ] c r y s t a l i o g r a p h i c d i r e c t i o n , shows s i m i l a r 
b e h a v i o u r . F o r compar i son , t h e t h e r m a l expans ion G r u n e i s e n parameter i s 
e s t i m a t e d a s 0 * 6 5 £ 0 * 1 0 f rom t h e E q u a t i o n ( 7 « 3 ) ' 

Here f o r both shear and l o n g i t u d i n a l waves t h e same r e l a x a t i o n t ime 

i s u s e d . However, i n r e a l i t y , l o n g i t u d i n a l waves c a n i n t e r a c t w i t h both 

l o n g i t u d i n a l and s h e a r phonons o f t h e same f r e q u e n c y r a n g e . T h u s , they 

have longer r e l a x a t i o n t i m e s . E x p e r i m e n t s i n d i c a t e t h a t t h e r e l a x a t i o n 

t ime f o r l o n g i t u d i n a l waves i s about t w i c e t h a t f o r t h e t h e r m a l r e l a x a t i o n 

t ime (Mason 1 9 6 5 * p . 2 6 8 ) . Thus t h e a c o u s t i c a l G r u n e i s e n p a r a m e t e r s ( / ) f o r 

mercury t e l l u r i d e , p r e s e n t e d i n T a b l e ( 7 » 1 ) > even c o n s i d e r i n g t h e e r r o r s 

i n v o l v e d i n t h e e x t r a p o l a t i o n o f t h e t h e r m a l c o n d u c t i v i t y a r e p r o b a b l y h i g h . 

T h i s f a c t i s a l s o c l e a r l y shown i n t h e v a l u e o f t h e a c o u s t i c a l G r u n e i s e n 

parameter c a l c u l a t e d from shear wave a t t e n u a t i o n a l o n g [ 1 1 1 ] c r y s t a l l o g r a p h i c 

d i r e c t i o n ( F i g u r e 5 « 5 ) » T h e r e f o r e , i t i s c o n s i d e r e d t h a t another energy 

d i s s i p a t i o n mechanism, o t h e r t h a n o f due to u l t r a s o n i c p h o n o n - l a t t i c e 

phonon i n t e r a c t i o n , c o n t r i b u t e s to t h e sound a t t e n u a t i o n i n mercury t e l l u r i d e 

a t low t e m p e r a t u r e s . F u r t h e r , both t h e o r i e s p r e d i c t t h a t a f r e q u e n c y 

square dependence o f a t t e n u a t i o n f o r u r « 1 . T h i s i s not ( s e e F i g u r e s 
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8.5» 8.6 and 8.7 i n C h a p t e r 8) . The phonon-phonon mechanism 

sugges t s a t emperature independent a t t e n u a t i o n around t h e Debye t emperature 

where t h e r m a l c o n d u c t i v i t y i s i n v e r s e l y p r o p o r t i o n a l to t e m p e r a t u r e . 

F i g u r e s (5 .1) , (5 .2) , (5 .6) , (5.7) and (5.8) show t h a t t h i s i s not so . 

Thus not o n l y t h e phonon^phonon i n t e r a c t i o n i s r e s p o n s i b l e f o r t h e u l t r a 

s o n i c a t t e n u a t i o n i n mercury t e l l u r i d e a t low t e m p e r a t u r e s . T h i s f u r t h e r 

c o n t r i b u t i o n w i l l be d i s c u s s e d i n subsequent c h a p t e r s . 
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C H A P T E R 8 

DISLOCATION CONTRIBUTION TO THE MEASURED ATTENUATION I N MERCURY TELLURIDE 

8 . 1 . IFTRODUCTION 

The pronounced l a t t i c e p h o n o n - u l t r a s o n i c wave i n t e r a c t i o n ( A k h i e s e r 

e f f e c t ) o c c u r s i n t h e i n t e r m e d i a t e t emperature r a n g e 20°K to 40°K. F o r 

h i g h e r t emperatures ( u r « 1) t h i s e f f e c t shou ld r e s u l t i n a t emperature 

independent a t t e n u a t i o n . T h i s i s found o n l y over a l i m i t e d t e m p e r a t u r e 

range ( see F i g u r e s 5»"l» 5»6» 5*7 and 5»8) . Another energy d i s s i p a t i o n 

mechanism must be e x t a n t . E v i d e n c e t h a t t h i s i s d i s l o c a t i o n damping i s 

s t r o n g . I n the c r y s t a l s under study t h e d i s l o c a t i o n d e n s i t y o f 10^ p i t s 

per square c e n t i m e t r e i s a s h i g h t h a t i n c o l d worked m e t a l s ; d i s l o c a t i o n 

e f f e c t s c a n be expected . The f r e q u e n c y dependence o f the a t t e n u a t i o n 

e x h i b i t s t h e c h a r a c t e r i s t i c s expected o f d i s l o c a t i o n damping. F u r t h e r 

c o n f i r m a t i o n comes from measurements o f t h e s t r a i n dependence o f 

a t t e n u a t i o n . 

8.2. THE VIBRATING- STRING MODEL OF DISLOCATION DAMPING 

To e x p l a i n t h e p l a s t i c or a n e l a s t i c behav iour o f s o l i d s , l i n e 

l a t t i c e i m p e r f e c t i o n s known a s d i s l o c a t i o n s which ex tend over many 

thousands o f atoms, were i n t r o d u c e d i n t o t h e t h e o r y o f s o l i d s a s e a r l y 

a s f i f t y y e a r s ago . The i n t e r a c t i o n o f sound waves w i t h d i s l o c a t i o n s 

c a u s e s energy d i s s i p a t i o n (Read 1941). A l t h o u g h R e a d ' s work and s i m i l a r 
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i n v e s t i g a t i o n s had e a r l y e s t a b l i s h e d t h e importance o f d i s l o c a t i o n s i n 

m e c h a n i c a l damping, i t was not u n t i l r e c e n t l y t h a t a d e t a i l e d p i c t u r e o f 

a t l e a s t some a s p e c t s began to emerge. Two main r e a s o n s a r e r e s p o n s i b l e 

f o r t h e slow p r o g r e s s . F i r s t l y , m e c h a n i c a l damping i n s i n g l e c r y s t a l s 

i s most s e n s i t i v e to s t a t i c s t r e s s e s . T h e r e f o r e , as r e p o r t e d by Mason 

and Rosenberg (1967) and o t h e r i n v e s t i g a t o r s , i n t e r n a l f r i c t i o n 

measurements a r e extremely dependent on h a n d l i n g damage. I n t h e p r e s e n t 

work, i n c r e a s e s i n a t t e n u a t i o n due to h a n d l i n g have been observed . 

S e c o n d l y , m e c h a n i c a l damping depends on t h e ampl i tude o f t h e a l t e r n a t i n g 

s t r e s s employed i n the measurement. N e v e r t h e l e s s damping exper iments do 

p r o v i d e an e x c e l l e n t method o f s t u d y i n g d i s l o c a t i o n s . 

Sound a b s o r p t i o n due to d i s l o c a t i o n movement may be c l a s s i f i e d a s 

f o l l o w s : 

1• Resonance l o s s e s 

2. H y s t e r e s i s l o s s e s 

3« R e l a x a t i o n l o s s e s 

C o n s i d e r a b l e s u c c e s s h a s been a c h i e v e d i n e x p l a i n i n g d i s l o c a t i o n 

damping, r e s o n a n c e l o s s e s by a model , which c o n s i d e r s t h e d i s l o c a t i o n a s 

v i b r a t i n g s t r i n g s , proposed by K o e h l e r (1952) and extended by Granato and 

Ll icke (1956). A l though t h e q u a l i t a t i v e f e a t u r e s o f t h e i n t e r a c t i o n have 

been w e l l demonstrated i n many e x p e r i m e n t s , due both to e x p e r i m e n t a l 

d i f f i c u l t i e s and to t h e problems o f r e s o l v i n g and e s t i m a t i n g t h e o r e t i c a l 

p a r a m e t e r s , q u a n t i t a t i v e agreement w i t h experiment i s r a t h e r poor. 

T h i s model c o n s i d e r s t h e d i s l o c a t i o n l i n e s i n a c r y s t a l t o be p i n n e d 
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by i m p u r i t i e s o r v a c a n c i e s o r d i s l o c a t i o n nodes a t v a r i o u s p o i n t s a long 

t h e i r l e n g t h ( s e e F i g u r e 8 . 1 a ) . The d i s t a n c e between two p i n n i n g p o i n t s 

i s c a l l e d t h e loop l e n g t h L • I n a d d i t i o n i t i s assumed t h a t the 
c 

i n t e r a c t i o n o f t h e d i s l o c a t i o n w i t h t h e l a t t i c e and a l s o d i s l o c a t i o n 

i n t e r a c t i o n s can be n e g l e c t e d . 

I f an e x t e r n a l s t r e s s i s now a p p l i e d , t h e r e w i l l be , i n a d d i t i o n to 

the e l a s t i c s t r a i n , a n a d d i t i o n a l d i s l o c a t i o n s t r a i n * The s t r e s s -

d i s l o c a t i o n s t r a i n r e l a t i o n s h i p c o r r e s p o n d i n g to t h i s model i s shown i n 

F i g u r e ( 8 . 2 ) . F o r a v e r y s m a l l s t r e s s ( A - B ) , t h e loops ( L ) bow out and 
c 

cont inue to bow out u n t i l t h e breakaway s t r e s s i s r e a c h e d (c). Now, f o r 

f u r t h e r i n c r e a s e s i n t h e s t r e s s , the network l e n g t h bows out ( D - E ) . 

I t i s assumed t h a t t h e network p i n n i n g i s so s t r o n g t h a t no breakaway 

o f network l e n g t h o c c u r s . However, f u r t h e r i n c r e a s e s i n t h e a p p l i e d 

s t r e s s may l e a d to an a c t i v a t i o n o f F r a n k - R e a d s o u r c e s a n d , t h e r e f o r e , 

to i r r e v e r s i b l e d i s l o c a t i o n s t r a i n , w h i c h i s t h e p l a s t i c s t r a i n . T h i s 

s t r e s s r e g i o n w i l l not be c o n s i d e r e d . 

A h y s t e r e s i s a r i s e s because d u r in g t h e un load ing p a r t o f t h e s t r e s s 

c y c l e (D-A i n F i g u r e 8 . 2 ) , t h e l ong loops c o l l a p s e e l a s t i c a l l y . When 

the loops have comple te ly c o l l a p s e d , t h e y a g a i n become p i n n e d and t h e same 

t y p e o f path (A 3> B —> C > D) i s f o l l o w e d i n t h e o ther h a l f c y c l e . 

F o r s m a l l enough s t r e s s e s , h y s t e r e s i s does not occur because t h e 

breakaway from t h e p i n n i n g p o i n t s cannot t a k e p l a c e . 

I n t h i s model d i s l o c a t i o n l i n e s a r e t r e a t e d a s e x t e n s i b l e s t r i n g s 
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w i t h a l i n e t e n s i o n and a mass* They can undergo resonance, i f t h e 

f requency f o f an a p p l i e d a l t e r n a t i n g s t r e s s co inc ides w i t h t h e 

c h a r a c t e r i s t i c f requency f Q o f t h e d i s l o c a t i o n s t r i n g . As w i l l be 

f u l l y discussed l a t e r * suoh a resonance may or may not be observed, 

depending upon the damping f o r c e s o f d i s l o c a t i o n s * 

For s t resses below t h a t r e q u i r e d f o r breakaway, the equat ion o f 

mot ion f o r a loop o f l e n g t h 1 , pe rpend icu l a r t o t h e a p p l i e d s t r e s s , i s 

g iven by 

A * f § + B § - C ^ | = bo- (8.1) 

here S = S ( x , y , t ) i s t he displacement o f t h e d i s l o c a t i o n f r o m i t s 

e q u i l i b r i u m p o s i t i o n , which i s zero a t y=o and y = l (noda l p o i n t s ) , and 

the parameters i n t h e equat ion have t h e f o l l o w i n g meanings: 

A i s t h e e f f e c t i v e mass o f d i s l o c a t i o n per u n i t l e n g t h , which i s 

g iven approx ima te ly by 

A = p b 2 (8.2) 

Here P i s t he d e n s i t y o f t h e m a t e r i a l and b i s t h e Burge r ' s v e c t o r . 

B i s t h e damping or f r i c t i o n f o r c e c o e f f i c i e n t on u n i t l e n g t h o f 

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

C i s t h e f o r c e per u n i t l e n g t h due t o the e f f e c t i v e t e n s i o n i n a 

bowed-out d i s l o c a t i o n and i s g iven by 

« • T ? A <8-3> 
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Here G i s t h e shear modulus, and i> i s Poisson ' s r a t i o . 

bcr i s the d r i v i n g f o r c e per u n i t l e n g t h o f t h e d i s l o c a t i o n exer ted 

by the a p p l i e d s t r e s s . 

The mechanical damping caused by d i s l o c a t i o n s may be c a l c u l a t e d by 

s t a r t i n g f r o m Newton* s equat ion o f motion 

Here € i s t h e t o t a l s t r a i n and con ta ins t h e d i s l o c a t i o n p a r t , as w e l l 

as the e l a s t i c p a r t . 

/ . e = s

e l

+ s

d i s ( 8 . 5 ) 

The e l a s t i c s t r a i n ( e

e - ^ ) * s ° / ^ » w h i l e the d i s l o c a t i o n s t r a i n ( e ^ g ) 

produced by a loop o f l e n g t h 1 may be represen ted by 

* = S 1 b ( 8 . 6 ) d i s x ' 

where S i s the average displacement o f a d i s l o c a t i o n and i s g i v e n by 

S = { I S ( y ) dy ( 8 . 7 ) 

~ o 

I f A i s t h e t o t a l l e n g t h o f movable d i s l o c a t i o n l i n e i n t h e u n i t cube, 

the d i s l o c a t i o n s t r a i n can be ob ta ined u s i n g Equat ions ( 8 . 6 ) and (8*7) 

€ dia = ~3T" / l « W * < 8 ' 8 ) 
o 

Th i s equat ion toge the r w i t h the Equat ion ( 8 . 4 ) leads t o f o l l o w i n g 

equa t ion : 
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Sx2 & 8if 1 StZ £ 

As shown by Granato and Ll icke , Equat ion (8.9) and (8.1) f o rm a system 

o f two simultaneous p a r t i a l d i f f e r e n t i a l i n t e g r a l equat ions . A t r i a l 

s o l u t i o n o f t h e f o r m 

o" = o"o exp( -<Lx)e :Kp[ iw( t -x /v) ] (8.10) 

leads t o an equat ion f o r the v i b r a t i o n a l ampl i tude S and then u s i n g t h e 

express ion S and o~, t h e a t t e n u a t i o n and v e l o c i t y can be deduced. F o l l o w i n g 

G-ranato and Lucke, t h e mechanical damping and modulus change due t o t h e 

d i s l o c a t i o n mechanism a r e : 

A = O A A ] / 5-S (8.11) 
° [ 1 - ( W > o ) 2 ] 2

+ ( W / W o D ) 2 

A L 2 [1-(W/ W ) 2 ] 

f = — t — - T T r < 8 - 1 2 > 
w [ 1 - ( W / W

0 ) ] + ( W / W

0 D ) 

where the parameters i n these equations have t h e f o l l o w i n g meanings: 

fi i s an o r i e n t a t i o n f a c t o r , which takes i n t o account t h e f a c t t h a t 

t h e mechanical damping should be s e n s i t i v e t o t h e c r y s t a l o r i e n t a t i o n and 

the d i s t r i b u t i o n o f the d i s l o c a t i o n s over t h e v a r i o u s s l i p systems, 

i s a constant f o r a g iven m a t e r i a l and i s g iven by 

A Q = 8Gb2/n^C (8.13) 

Here the s i g n i f i c a n c e o f G-, b and C have a l r e a d y been i n d i c a t e d . 
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A has been d e f i n e d as t h e t o t a l l e n g t h o f d i s l o c a t i o n l i n e s pe r 

u n i t volume* The number o f d i s l o c a t i o n s i n a s o l i d i s s p e c i f i e d by t h e 

d e n s i t y K: the number o f d i s l o c a t i o n l i n e s t h a t cross a u n i t area 

pe rpend icu la r t o them. Thus N represen ts t h e t o t a l l e n g t h o f t h e 

d i s l o c a t i o n l i n e per u n i t volume o f t h e s o l i d . 

L i s the d i s l o c a t i o n loop l e n g t h . 

D i s the normal ized damping constant and i s given by 

D = W q A / B (8,14) 

w i s the angular f requency o f t h e d r i v i n g sound waves. 

The f requency dependence o f mechanical damping, ob ta ined i n t h i s 

way, has some i n t e r e s t i n g f e a t u r e s . I n F igu re (8.3) the normal ised 

decrement ( A / f t A Q A L ) i s p l o t t e d ( a f t e r Granato and Lttcke) as a f u n c t i o n 

o f normal i sed f requency Q ) » As shown f r o m t h i s f i g u r e , t h e decrement 

v e r y much depends on t h e constants D or B (D = « Q A / B ) , which determine 

whether a resonance o r a r e l a x a t i o n type l o s s shou ld occur . For v e r y 

sma l l damping ( B ) , t h e dependence i s l i n e a r n e a r l y up t o t h e resonant 

frequency* 1, next i t passes th rough a maximum a t w / w ^ = 1 and then s h a r p l y 

decreases. The resonant f requency o f d i s l o c a t i o n s i s g iven by 

U q

2 = vr 2 C/AL 2 (8.15) 

For l a r g e r damping, t h e i n i t i a l response i s l i n e a r up to a maximum va lue 

which occurs a t a lower f requency than w^. Beyond t h e maximum, the 

decrement decreases as the inve r se o f f r equency . A f t e r t h e t r u e resonant 

f r equency , i t decreases ve ry sha rp ly . 
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For s u f f i c i e n t l y low f requenc ies i . e . ( W / W Q ) <<1, Equa t ion (8 .11) 
may be w r i t t e n i n t h e fo rm 

? (OT 
A = 0 A A L r - r - (8 .16) 

0 1+<A2 

Here T , t h e r e l a x a t i o n t ime o f a v i b r a t i n g d i s l o c a t i o n i s 

T = B L 2 / V 2 C (8 .17) 

When wr = 1, Equa t ion (8 .16) has a maximum given by 

A = fi A A L 2 / 2 ( 8 . 1 8 ) m o N 

T h i s maximum occurs a t t h e f requency 

&> M = T ~ 1 = w 2 C / B L 2 = w 2 A / B (8 .19) 

For f requenc ies much g rea te r than (wr >>1), Equat ion (8 .16) may 

be w r i t t e n as 

A = fi A Q A L 2 / W T (8 .20) 

o r i n s e r t i n g t h e values o f A and T 
o 

A - 8 n & b 2 A 1 ra ?<n 

T h i s equat ion i m p l i e s t h a t , f o r s u f f i c i e n t l y h i g h f r equenc ies t h e 

decrement v a r i e s w i t h t h e i n v e r s e f i r s t power o f t h e f r equency , sc 

t h a t the a t t e n u a t i o n a (=wA /2w) approaches a l i m i t i n g va lue a , which 
ea 

i s 

a „ = 4 f i & b 2 A / , r 2 B (8 .22) 
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T h i s equat ion shows t h a t t h e l i m i t i n g value o f a t t e n u a t i o n i s f requency 

independent and s imply depends upon m a t e r i a l p r o p e r t i e s o n l y . 

I t must be expected t h a t loop l eng ths a re not equal i n any r e a l 

s o l i d , but r a t h e r are d i s t r i b u t e d a t random. The e f f e c t o f a random 

( e x p o n e n t i a l ) d i s t r i b u t i o n i s t o s h i f t t h e maximum t c lower f r equenc i e s 

and h ighe r va lues (Granato and Lttcke, 1966). 

A = 2»2 ft A A L 2 (8.23) 
m o v 1 

w m = 0-084 » r 2 c / L 2 B (8 .24) 

I n t h i s case, t h e h i g h f requency asymptotes o f t h e curves remain 

unchanged. 

Now t h i s model w i l l be a p p l i e d t o t h e r e s u l t s o f mercury t e l l u r i d e . 

8.3. APPLICATION OP THE VIBRATING STRING MODEL TO MERCDEY TELLURIDE 

The r e s u l t s f o r mercury t e l l u r i d e best considered f i r s t a re those 

t a k e n a t 4*2°K, where the Akhieser e f f e c t i s n e g l i g i b l e . The f r equency 

dependence o f l o n g i t u d i n a l waves propagated a long the [110] d i r e c t i o n i s 

shown i n F igu re (5«9.)« A t about 200 MHz t h e a t t e n u a t i o n reaches a 

maximum. Th i s i s shown more c l e a r l y w i t h expanded sca les i n F igu re ( 8 . 4 ) . 

The p o s i t i o n o f t h e maximum f requency i s sha rp ly d e f i n e d by t h e p l o t 

o f the decrement A ( = -73—) i n t h e same f i g u r e . T h i s d i r e c t obse rva t ion 

o f t h e resonance peak p rov ides s t rong evidence f o r Granato-Lucke 

d i s l o c a t i o n damping i n mercury t e l l u r i d e . P r e v i o u s l y such a maximum 

has been r e p o r t e d f o r copper ( A l e r s and Thomson 1961; S t e rn and Granato 
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1962) and for sodium chloride (Merkulov and Yakovlev 1960). 

Before the finding of a maximum in the attenuation can be used 

to assess dislocation parameters for mercury te l lur ide , the proximity 

of the maximum to the resonance frequency must be ascertained. I t can 

be seen from Figure (8.3) that as the normalized damping constant D 

decreases, so the maximum goes to lover frequencies below that of 

resonance (u ) . The effective mass A of a dislocation i s a constant 0 

and. therefore* D(=w A/B) becomes larger and resonance i s more closely 

approached as the drag coefficient B decreases. Leibfried (1950) has 

predicted that B should be very small at low temperatures. Experimental 

evidence for th i s has been provided for copper by Alers and Thomson (1961). 

This then i s assumed. The frequency of the measured maximum i n mercury 

tel luride at if*20K must be very close to w .̂ The parameters D and U q 

are then assessed by taking them as variable parameters in the G-ranato 

and Lucke theory (Equation 8.11) and finding the best f i t (see Figure 

8.4). The general shape of the curve i s not affected by the constant 

(OA A L ) . The frequency at which the maximum i s observed i s 2w. 190 MHz. 0 c 
I f this i s the resonance frequency 01 , then since w i s equal to w D, 

o m 0 . 

when the damping i s low, D must be unity. However the best match between 

the measured points and the theoretical curves from equation (8.11) i s 

obtained for D equal to unity and ^0^=u

0/2n^ ec^La^- *° 2 2 ^ MHz. This 

suggests that, even at 4*2°K, the frequency at which maximum attenuation 

i s found i s sl ightly lower than the true resonance frequency. 

Once a value for the resonance frequency has been obtained, the 
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temperature v a r i a t i o n o f t h e normal i sed damping constant D , and hence 

B , can be es t imated by us ing t h e same matching procedure a t o the r 

temperatures . I t i s not p o s s i b l e t o ca r ry t h i s out w i t h any accuracy 

over t h e whole temperature range because separa t ion o f t h e o the r 

c o n t r i b u t i n g mechanisms i s d i f f i c u l t . L i q u i d n i t r o g e n temperature i s 

the most convenient : t he most pronounced e f f e c t o f t h e phonon v iscous 

drag occurs below t h i s temperature ( U T = 1 around 40°K) and B o r d o n i -

o 

type peaks a re f o u n d aoove 200 K. The method o f separa t ion i s now 

descr ibed. 

The exponent o f the f requency dependence o f a t t e n u a t i o n i n mercury 

t e l l u r i d e i s much less than t w o : behaviour consonant w i t h damping due 

t o d i s l o c a t i o n mot ion . I n those temperature ranges where peaks a re 

absent , t h e measured a t t e n u a t i o n can be f o r m u l a t e d as 
_ / 2 . / n . 

measured ~ Akhieser ' + a d i s l o c a t i o n * ' 

The l o s s can be separated i n t o a f r equency square l o s s , a ssoc ia ted w i t h 

d i r e c t convers ion o f acous t i c energy i n t o hea t , and t h e d i s l o c a t i o n 

c o n t r i b u t i o n . T h i s procedure has been v e r i f i e d by Granato and T r u e l l 

(1956) and by Mason and Rosenberg (1966, 1967). D u r i n g t h e present 

work t h i s procedure has been adopted. T y p i c a l examples o f t h e separa t ion 

method are i l l u s t r a t e d i n F igures (8 .5) , (8.6) and (8 .7)« For t h e l a r g e 

damping case a t h igher f r equenc ie s t h e d i s l o c a t i o n c o n t r i b u t i o n t o the 

a t t e n u a t i o n approaches a f requency independent r e g i o n : the asymptote a t 

h igh f r equenc i e s t o t h e measured p o i n t s a t h i g h e r temperatures g ives a 
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f requency square law. As t h e d i s l o c a t i o n c o n t r i b u t i o n t o t h e a t t e n u a t i o n 

approaches t h e f requency independent r e g i o n , as p r e d i c t e d by the Granato 

and Ltlcke t h e o r y , so t h e l o g a r i t h m i c decrement &( =<u/2wa) begins to v a r y 

i n v e r s e l y w i t h f r equency , as shown. 

Once t h e d i s l o c a t i o n c o n t r i b u t i o n to t h e danping has been separated 

o f f , i t oan be compared w i t h the p r e d i c t i o n s o f t h e G-ranato and Llicke 

theory i n the c o n d i t i o n t h a t D i s s m a l l . I n F igu re (8.8) t h e p r e d i c t e d 
2 

normal i sed decrement &QAL ) i s p l o t t e d as a f u n c t i o n o f f r equency 

f o r a range o f va lues o f D. The resonance f requency f i s taken between 

200 MHz and 220 MHz, as found f r o m the r e s u l t s a t 4'2°K. The measured 

d i s l o c a t i o n c o n t r i b u t i o n s f o r t h e l o n g i t u d i n a l and t h e two t r ansverse 

u l t r a s o n i c waves propagated a long t h e [110] d i r e c t i o n are a l so presented. 

The best match occurs i n each case f o r D equal t o 0*11 and f equal to 

220 MHz. 

I n t e r a c t i o n s w i t h the rmal phonons damp the d i s l o c a t i o n mot ion i n a 

c r y s t a l . The drag c o e f f i c i e n t £ can be determined f r o m (Equat ion 8.14) 

B = u A/D o 

us ing t h e exper imenta l data f o r and D~at 4 , 2°K and 77°E and t a k i n g 

—19 — 

t he e f f e c t i v e mass A per u n i t l e n g t h o f d i s l o c a t i o n as 1•69 x 10 g.cm 

(see Appendix B ) . Resu l t s are shown i n Table (8 .1)« There i s an order 

o f magnitude discrepancy between t h e measured values o f B and those 

p r e d i c t e d by L e i b f r i e d by a c o n s i d e r a t i o n o f phonon s c a t t e r i n g o f t h e 

moving d i s l o c a t i o n s , assuming a l i n e a r dependence o f B on tempera ture . 
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TABLE (8 .1 ) D i s l o c a t i o n parameters f o r the mercury 

t e l l u r i d e s i n g l e c r y s t a l s . 

Temperature 

°K 

Resonance 
Frequency 
"f (MHz) 

o 

Normalised 
Damping 
Constant 

D 

Drag 

(dyn 

C o e f f i c i e n t B 

. s e c cm~^) 
Temperature 

°K 

Resonance 
Frequency 
"f (MHz) 

o 

Normalised 
Damping 
Constant 

D 
Measured T h e o r e t i c a l 

Temperature 

°K 

Resonance 
Frequency 
"f (MHz) 

o 

Normalised 
Damping 
Constant 

D 
Measured 

a b 

4-2 

77 

220 

220 

1*00 

0*11 

2 « 3 x 1 0 ~ 5 

2*1x10"^ 

0.'8x10" 6 

1r45x10~ 5 i^io"^ 

a. 

b . 

T h e o r e t i c a l p r e d i c t i o n o f L e i b f r i e d (1950) 

T h e o r e t i c a l p r e d i c t i o n o f Mason and Rosenberg (1967) 
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The values o f B determined f o r copper by A l e r s and Thomson (1961) a re 
also much h ighe r than t h e t h e o r e t i c a l c a l c u l a t i o n s * But the p r e d i c t e d 
l i n e a r dependence o f B comes f rom a h i g h temperature approximat ion no t 
a p p l i c a b l e below room tempera ture . Recen t ly Mason and Rosenberg (1967) 
have shown t h a t the exper imental va lues f o r l e a d support a combinat ion 
o f two e f f e c t s * namely phonon v i s c o s i t y as w e l l as phonon s c a t t e r i n g , as 
be ing the l i k e l y source o f the drag on d i s l o c a t i o n s . From the magnitude 
o f t he drag c o e f f i c i e n t E ob ta ined f o r mercury t e l l u r i d e , which i s the 
same as t h a t i n copper, i t seems l i k e l y t h a t t h i s s i t u a t i o n a p p l i e s here 
t o o . 

I n a r e a l s o l i d t h e loop leng ths are not a l l t h e same, but t h e use 

o f a s i n g l e e f f e c t i v e loop l e n g t h a f f o r d s a u s e f u l bas is f o r comparison. 

The r e l a t i o n s h i p between t h e loop l e n g t h L and the resonance f r equency 
c 

w i s g iven by Granato and Lucke as (Equat ion 8.19) 

T 2 2 o / 4 2 L = 7r C/Au c ' o 

•Jj 
Prom t h e f i n d i n g o f f as 220 MHz, L t u r n s out to be 2*8 x 10 r cm. f o r 

o c 

annealed mercury t e l l u r i d e . &ranato and Lucke (1966, p .263) es t imate 

values f o r copper o f 0*49 x 10*"^< L < 2*9 x 10~^ cm. f r o m t h e data o f 

Thompson and Holmes (1956). Other workers f i n d loop l eng ths o f t h i s 

magnitude i n copper. T r u e l l and Elbaum (1962, p . 194) g ive 1'3 x 1 o"̂ 4" cm. 

f o r a sodium c h l o r i d e c r y s t a l . The va lue ob ta ined f o r mercury t e l l u r i d e 

i s reasonable. 

The e f f e c t i v e d i s l o c a t i o n loop l e n g t h i s reduced by t h e a d d i t i o n o f 

i m p u r i t i e s and d e f e c t s ; s tud ies o f t h e e f f e c t s o f r a d i a t i o n - i n d u c e d d e f e c t s 
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on u l t r a s o n i c a t t e n u a t i o n have proved o f great va lue i n assessing t h e 

v a l i d i t y o f t h e Granato and Lftcke t h e o r y . Dur ing the present work , a 

cons iderable number o f experiments have been performed t o determine the 

e f f e c t o f annea l ing i n mercury vapour on the a t t e n u a t i o n o f bo th 

l o n g i t u d i n a l and shear waves propagated along the [100] , [110] and [111] 

d i r e c t i o n s . I n a l l cases t h e a t t e n u a t i o n increased markedly a f t e r 

annea l ing . T y p i c a l r e s u l t s can be seen i n F igures (5«7)» ( 5 » 8 ) , ( 5 « 9 ) 

and (5»11)» The e f f e c t o f annea l ing as-grown mercury t e l l u r i d e i s t o 

reduce excess t e l l u r i u m c o n t e n t . The u l t r a s o n i c experiments p o i n t t o an 

increase, i n the d i s l o c a t i o n loop l e n g t h due t o removal o f some p i n n i n g 

p o i n t s d u r i n g annea l ing . The r e s u l t s i n these f i g u r e s show about a 50/o 

increase i n a t t e n u a t i o n a f t e r annea l ing . A change i n loop l e n g t h f r o m 

2*3 x 10 t o 2*8 x 10 cm. i s r e q u i r e d t o produce t h i s inc rease . T h i s 

corresponds to a decrease i n t h e t o t a l number o f p i n n i n g p o i n t s 

( A / L = 1 0 7 / L ) f r o m V 3 x 1 0 1 0 cm" 5 by 8 x 10 9 cm" 3 t o 3*5 x 10™ c m " 3 . 

"17 -3 

The t o t a l number o f e l e c t r o n s ( ~ 1 0 cm ) i n t r o d u c e d d u r i n g annea l ing 

i s much g r e a t e r . C l e a r l y most o f t h e mercury atoms d i f f u s i n g i n do not 

go i n t o d i s l o c a t i o n p i n n i n g s i t e s and o n l y a few o f t h e d e f e c t s p resen t 

i n t e r a c t w i t h t h e d i s l o c a t i o n s . 

The s t ress - induced d i s l o c a t i o n motion a l s o leads t o a modulus change 

(AM): the e l a s t i c constants a re smal ler f o r a sample c o n t a i n i n g mobi le 

d i s l o c a t i o n segments than f o r a p e r f e c t c r y s t a l by an amount 

^ = ^ A L 2 (8 .25) 
ir 
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accord ing t o t h e Granato and Lucke t h e o r y . The e f f e c t o f t h e annea l ing 
process on t h e e l a s t i c constants o f mercury t e l l u r i d e has been g i v e n i n 
Chapter 4. The changes induced i n ( C ^ + C^g + 2Cj j ) and ( C ^ - C ^ ) 
are too smal l t o be d i s t i n g u i s h e d w i t h c e r t a i n t y f r o m the exper imenta l 
e r r o r . But ( C ^ ) decreases by 2*5% a f t e r annea l ing . I f t he e l a s t i c 
modul i be fo re and a f t e r annea l ing a re w r i t t e n as 11̂  and M & r e s p e c t i v e l y 

then 

(M-M )/M = ^ A L 2 (8 .26) * u 2 u vr 

( M - M j / M = A L a

2 (8 .27) 
IT 

and 

( M - M u ) / ( M - M a ) = L u

2 / L a

2 ( 8 . 28 ) 

-4 -4 
Using t h e va lues o f 2*3 x 10 cm. f o r L and 2 ' 8 i 10 cm. f o r L » 

then a t 4*2°K the e l a s t i c constant C. , o f d i s l o c a t i o n - f r e e mercury 
V f 

11 - 2 
t e l l u r i d e wou ld be 2*28 x 10 dyne cm i n con t r a s t t o t h a t o f 

11 - 2 11 - 2 
2*22 x 10 dyne cm and 2*19 x 10 dyne cm f o r as-grown and annealed 

c r y s t a l s r e s p e c t i v e l y . Problems connected w i t h the s tudy o f c r y s t a l 

i n t e r n a l f o r c e s r e q u i r e aocurate e l a s t i c constant d a t a . The d e v i a t i o n s 

due t o d i s l o c a t i o n s t r a i n may be r e spons ib l e f o r the d iscrepancies 

between quoted data f o r e l a s t i c constants o f c r y s t a l s . The o r i e n t a t i o n 

f a c t o r ft. f o r a t r ansve r se wave propagated a long the [110] w i t h t h e 

p a r t i c l e v e l o c i t y v e c t o r a long [001] i s es t imated f r o m the annea l ing 

experiment t o be 0*16. T h i s i s e x c e l l e n t agreement w i t h t h a t c a l c u l a t e d 

f r 0 m 3 Cv/^ C11"' C12 + (W ( A l e r s 8 1 1 4 T h o m s o n 1961) o f 0*18. The 



o r i e n t a t i o n f a c t o r ^ „ w f o r t h e o ther t r ansverse wave w i t h 

v e l o c i t y v e c t o r a long t h e [iTo] i s 2^ C 11" C 12^^ C 11" C 12 + C 44^ e 1 u a l t o 

0*22. But t h e va lue o f ( C ^ " 0 ^ ^ 2 o f > ° * 8 ^ ^ y 1 1 8 c m ~ i s n e a r l y an order 

o f magnitude smal le r than and t h e change on annea l ing cannot be 

observed. The o r i e n t a t i o n f a c t o r f o r t h e l o n g i t u d i n a l wave i s o n l y 

0*068. Thus t h e f i n d i n g o f t h a t o n l y i s a l t e r e d measurable on 

annea l ing i s cons i s t en t w i t h t h e p o s t u l a t e o f a s t rong d i s l o c a t i o n 

i n t e r a c t i o n o f u l t r a s o n i c waves i n mercury t e l l u r i d e . 

Fu r the r c o n f i r m a t i o n comes f r o m experiments which demonstrate 

breakaway o f the d i s l o c a t i o n s f r o m t h e weak p i n n i n g p o i n t s . When a 

s t ress l a r g e enough t o induce breakaway i s a p p l i e d , t h e a t t e n u a t i o n should 

increase markedly. Th i s i s shown i n F igu re (5*13) . 
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C H A P T E R 9 

BORDONI-TYFE RELAXATION PEAKS I N MERCURY TELLURIDE 

9.1. INTRODUCTION 

Peaks a re observed I n t h e temperature dependence o f u l t r a s o u n d 

a t t e n u a t i o n measurements i n s i n g l e c r y s t a l s o f mercury t e l l u r i d e * (see 

F igures 5«1 and 5 » 6 ) . These show c h a r a c t e r i s t i c s o f Bordoni peaks and 

the r e s u l t s w i l l be i n t e r p r e t e d i n terms o f t h e t h e o r i e s o f t h e Bordoni 

peak, p a r t i c u l a r l y t h a t due t o Seeger (1956). The grea t importance o f 

Bordoni peaks i s t h a t t h e y g ive d i r e c t i n f o r m a t i o n about t h e mot ion o f 

d i s l o c a t i o n s ; some parameters o f d i s l o c a t i o n movement, such as the 

P e i e r l s s t r e s s , can be deduced. Here f i r s t the q u a l i t a t i v e and 

q u a n t i t a t i v e f e a t u r e s o f t h e source o f Bordoni peaks w i l l be surveyed and 

then the t h e o r i e s t e s t e d by a p p l i c a t i o n t o t h e measurements i n mercury 

t e l l u r i d e . 

Bordoni (1949> 1954) f i r s t observed c h a r a c t e r i s t i c peaks i n t h e 

temperature dependence o f mechanical l o s s i n - c e r t a i n f a c e - c e n t r e d - c u b i c 

metals . Extens ive s tud ies o f these Bordoni peaks have subsequently been 

c a r r i e d out by numerous i n v e s t i g a t o r s ; s i m i l a r peaks have a lso been 

observed i n o ther types o f s o l i d s ; f o r example, i n body-cent red cubic 

meta l s , covalent semi-conductors and i n some a l k a l i h a l i d e s . The t o p i c 

has been reviewed by Bordoni (1960), T r u e l l and Elbaum (1962, p .203) and 

more r e c e n t l y by N i b l e t t (1966, p . 7 7 ) . 
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The main c h a r a c t e r i s t i c s shown by these peaks can be summarized as 

f o l l o w s : 

1 . The peak occurs i n bo th s i n g l e c r y s t a l s and p o l y c r y s t a l l i n e 

m a t e r i a l s . 

2. The peak he igh t increases w i t h i n c r e a s i n g p l a s t i c de fo rma t ion 

u n t i l s a t u r a t i o n a t about two t o t h r e e per cent p l a s t i c d e f o r m a t i o n . 

3* The he igh t o f t h e peak decreases on annea l ing . 

4* I m p u r i t i e s reduce t h e peak he igh t ~, s imilar- e f f e c t s r e s u l t f r o m 

neu t ron i r r a d i a t i o n . 

5* I n a d d i t i o n t o t h e main peak, a smal le r s u b s i d i a r y peak i s 

f r e q u e n t l y observed on the low temperature s i d e . 

6. The temperature a t which t h e maximum occurs increases as t h e 

f requency o f t h e d r i v i n g wave i s r a i s e d . 

7» The temperature a t which t h e peak occurs i s no t v e r y much 

dependent on p r e s t r a i n , annea l ing and i m p u r i t i e s . 

Before t u r n i n g t o t h e mathematical t h e o r i e s , l e t us discuss these 

q u a l i t a t i v e f e a t u r e s o f t h e Bordoni peaks. 

9 . 2 . THEORY OP BORDQKI PEAKS 

From the main f e a t u r e s o f t h e Bordoni peaks o u t l i n e d above i n ( 1 ) t o 

( 7 ) , t he f o l l o w i n g f a c t s have been concluded: 

a. The genera l behaviour o f the peaks suggests t h a t t hey a r i s e f r o m 

d i s l o c a t i o n mot ion . 

b . The changing peak temperature w i t h f requency suggests t h a t t h e 
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peak o r i g i n a t e s f r o m a t h e r m a l l y a c t i v a t e d , r e l a x a t i o n e f f e c t , a s soc ia ted 

w i t h a c h a r a c t e r i s t i c t ime T which depends on temperature accord ing t o 

an Ar rhen ius equat ion . 

T = t q exp (w/kT) (9 .1 ) 

Here W i s t h e a c t i v a t i o n energy o f t h e process , g ives the l i m i t i n g 

va lue o f t h e c h a r a c t e r i s t i c t ime f o r ve ry h i g h temperatures and kT i s t h e 

the rma l energy. 

c. Since the peak temperature does not depend g r e a t l y on p r e s t r a i n , 

anneal ing and i m p u r i t i e s , t h e a c t i v a t i o n energy i s not g e n e r a l l y r e l a t e d 

t o t h e p i n n i n g o f the d i s l o c a t i o n l i n e by i m p u r i t i e s and the d e n s i t y o f 

d i s l o c a t i o n s . From t h i s i t may a l so be concluded t h a t t h e mechanism o f 

the Bordoni peaks i s main ly r e l a t e d t o i n t r i n s i c p r o p e r t i e s o f d i s l o c a t i o n s . 

The general conclus ions made are t h a t Bordoni peaks are due t o 

r e l a x a t i o n processes i n v o l v i n g d i s l o c a t i o n s } which r u n p a r a l l e l t o one 

o f t he close-packed d i r e c t i o n s . We now t u r n t o discuss t h e d i s l o c a t i o n 

mot ion . 

Consider a d i s l o c a t i o n l i n e l y i n g i n the p o s i t i o n o f minimum energy 

a long a close-packed d i r e c t i o n denoted by x (see F i g u r e 9»1~)« I f t h e 

d i s l o c a t i o n l i n e behaves as a r i g i d r o d w i t h no k i n k s , as i s p o s s i b l e a t 

0°K, a s t ress equal t o t h e P e i e r l s s t r e s s (cr°) i s r e q u i r e d t o d i sp l ace i t 

by an atomic d i s t ance , p a r a l l e l t o a close-packed d i r e c t i o n . I f a smal l 

bulge i s fo rmed, as shown i n F igu re (9«1)» as a r e s u l t o f the rmal 

f l u c t u a t i o n , a q u i t e smal l s t r e s s w i l l cause i t t o spread out by sideways 



4 
•r a ofpotential 

maxima I minima\eneray E(y) 
to 

I, 

kink 

!l 

5 

A 
w A 

dislocation dislocation potential ensroy 

A 

_ l _J _ j -o 
2a 3a 2a a a 

FlG-lES (9«'i)» Potential energy of a dislocation line due 
to Peierls stress o° (After Seeger, Donth 
and Pfaff 1957). . 
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mot ion ; due t o t h e p e r i o d i c s t r u c t u r e o f c r y s t a l s , the p o t e n t i a l 

b a r r i e r s a long t h e close-packed d i r e c t i o n are ve ry much lower than those 

i n d i r e c t i o n s p a r a l l e l t o t h e close-packed d i r e c t i o n . The bulge can be 

considered as a p a i r o f k i n k s . I n the absence o f any s t r e s s , these two 

k i n k s w i l l a t t r a c t and a n n i h i l a t e each o t h e r , but an a p p l i e d s t ress w i l l 

t end t o move them apa r t and increase the s l i p p e d area. Under t h e a c t i o n 

o f s t r e s s , the re e x i s t s a c r i t i c a l separa t ion ( l ) between the p a i r s , 
c r 

which corresponds t o uns tab le e q u i l i b r i u m . I f 1<< 1 ^ , the k i n k s 

a n n i h i l a t e each o t h e r . But when 1 » 1 , t he p a i r s w i l l separate f u r t h e r 
c r 

and become n o n - i n t e r a c t i n g . An i n t e r n a l f r i c t i o n component a r i s e s because 

o f t h e f o r m a t i o n o f these bu lges . 

The f i r s t a t tempt t o g i v e a t h e o r e t i c a l model f o r t h i s type o f 

d i s l o c a t i o n motion was made by Mason (1955)» who assumed t h a t a bulged 

d i s l o c a t i o n l i n e i s p inned by i m p u r i t y atoms. I n order t o move t h e bulge 

to t he next e q u i l i b r i u m p o s i t i o n , a d i s l o c a t i o n must overcome a p o t e n t i a l 

b a r r i e r (H ) . To compute t h e he igh t o f t h i s b a r r i e r , Mason assumed t h a t 

the complete d i s l o c a t i o n segment between t h e p i n n i n g p o i n t s moves. 

The p o t e n t i a l energy per u n i t l e n g t h E ( y ) , which opposes the motion 

o f t he d i s l o c a t i o n l i n e , i s a p e r i o d i c f u n c t i o n o f i t s p o s i t i o n and i s 

g iven by (see F igu re 9*1 ) • 

E ( y ) = E o - - f ^ - cos (9 .2 ) 

here b i s t h e Burgers v e c t o r , a i s the l a t t i c e spacing i n the y d i r e c t i o n 

( ~ b ) and o~° i s t h e P e i e r l s s t r e s s . The d i s l o c a t i o n l i n e o f l e n g t h 1 has 
JT 
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t o overcome the energy ( H m ) 

l [ E ( y = § ) - E (y=o) ] 

r e q u i r e d f o r the jump to the next energy minimum p o s i t i o n . T h i s energy (H^) 

i s r e s p o n s i b l e f o r the a c t i v a t i o n energy (w) o f t h e r e l a x a t i o n p rocess , 

which i s 

«M = ° p * 2 V* ( 9 . 3 ) 

This would l e a d a s t rong dependence o f t h e peak temperature on t h e 

parameters which c o n t r o l t h e l e n g t h o f t h e d i s l o c a t i o n l i n e ( l ) , such as 

p r e s t r a i n , annea l ing and i m p u r i t y c o n t e n t . Th i s i s c o n t r a d i c t e d by the 

exper imenta l evidence because, accord ing t o t h i s model, t h e f o r m a t i o n o f a 

k i n k p a i r i s not an i n t r i n s i c p r o p e r t y . Thus, some m o d i f i c a t i o n t o Mason's 

model must be i n t r o d u c e d , by cons ide r ing types o f d i s l o c a t i o n mot ion no t 

c o n t r o l l e d by the d i s l o c a t i o n l e n g t h . 

Weertman (1956) considered t h a t , i t i s not necessary f o r t h e whole 

d i s l o c a t i o n bulge t o move a t once i n going f r o m one e q u i l i b r i u m p o s i t i o n 

t o another . A smal l bulge o f l e n g t h 1 may move over the p o t e n t i a l b a r r i e r 

and by sideways motion go i n t o t h e next e q u i l i b r i u m p o s i t i o n . A lower 

l i m i t t o 1 i s g iven by t h e l e n g t h o f a k i n k p a i r (2u) . Tak ing Mason's 

es t imate f o r j|J 

a. = b ( Q / o - ° ) l / 2 ( 9 . 4 ) 

where G- i s t h e shear modulus, and i n s e r t i n g w i n s t e a d o f 1 i n Equa t ion 

( 9 « 3 ) » one ob ta ins 
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. 2 » < # » > (9-5) 

Accord ing t o t h i s equations t h e f o r m a t i o n o f a k i n k p a i r has an i n t r i n s i c 

cha rac te r , i t s energy be ing independent o f the p a r t i c u l a r l e n g t h o f 

d i s l o c a t i o n l i n e s and o f t h e i r i n t e r a c t i o n w i t h i m p u r i t y atoms. However, 

as p o i n t e d out by Bordoni (1960), t h e d e r i v a t i o n o f Equat ion ( 9 « 5 ) l a cks 

somewhat i n mathematical r i g o u r ; so t h e maximum value o f p o t e n t i a l , used 

i n Equat ion ( 9 » 2 ) , i s a p p l i e d , i n t h i s case, to a k i n k e d l i n e t h a t i s no t 

p a r a l l e l t o t h e d i r e c t i o n o f maximum energy. Moreover, t h e approximate 

va lue i n Equa t ion (9*4) i s t aken as the l e n g t h o f a k i n k , and t h e changes 

i n d i s l o c a t i o n s l e n g t h are neg lec ted . 

A more s a t i s f a c t o r y computation o f t h e energy assoc ia ted w i t h the 

f o r m a t i o n o f k i n k s has been given by Seeger (1956). The s t a r t i n g p o i n t 

i s a d i f f e r e n t i a l equat ion f o r the shape o f an unpinned d i s l o c a t i o n l i n e , 

whose minimum energy p o s i t i o n i s p a r a l l e l t o the x - a x i s (see F i g u r e 9«1 ) 

Here cr i s t h e r e s o l v e d shear s t ress i n a g l i d e system and A i s t h e d e n s i t y 

per u n i t l e n g t h o f the d i s l o c a t i o n l i n e . The p e r i o d i c p o t e n t i a l E ( y ) may 

be represented by Equat ion ( 9 « 2 ) . F o l l o w i n g Seeger, the energy o f s i ng l e 

k i n k i s 

Here a i s t h e sepa ra t ion o f close-packed rows o f atoms. Using t h e va lue 

boy + A — £ 
St 

(9 .6 ) 

1/2 2a o % 0 (2 a b E 
IT 

(9 .7 ) 
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2 
o f Gb / 5 f o r E q (Seeger 1956 and Bordoni 1960) and assuming t h a t a i s 
very c lose t o b , the equa t ion can be formed as 

= I ( 2 / V ) l / 2 Gr b 5 ( O ^ / & ) 1 / 2 ( 9 .8 ) 

As p r e v i o u s l y e x p l a i n e d , the p o t e n t i a l b a r r i e r i n t h e x - d i r e c t i o n i s smal l 

compared t o t h a t i n t h e y - d i r e c t i o n . Once aga in below some c r i t i c a l 

d i s t a n c e , t h e p a i r o f k inks w i l l a t t r a c t and a n n i h i l a t e each o t h e r , bu t 

an a p p l i e d s t r e s s w i l l t end t o move them a p a r t . To o b t a i n the t o t a l 

energy b a r r i e r ( H 0 ) t h a t opposes the f o r m a t i o n o f a k i n k p a i r , t h e energy 
b 

assoc ia ted w i t h the a t t r a c t i o n must be added t o t h e energy o f a s i n g l e 

k i n k (lig)« An approximate computat ion o f 1 g ives f o r t h e t o t a l energy 

( H S ) . 

H G = H ^ l + £ I n (16 o £ / W ) ] (9 .9 ) 

As shown f r o m t h i s equat ion H tends to i n f i n i t y , when the a p p l i e d s t r e s s 
b 

tends t o zero . This does not mean t h a t k i n k p a i r s are no t formed when 

the re i s no a p p l i e d s t r e s s , but t h a t t hey a n n i h i l a t e ve ry soon a f t e r t h e i r 

f o r m a t i o n . I n t h e Seeger 1 s model t h e energy b a r r i e r H depends on a p p l i e d 
S 

s t r e s s . E s t i m a t i o n o f t h i s a p p l i e d s t r e s s f r o m u l t r a s o n i c measurements i s 

d i f f i c u l t and i n a c c u r a t e . HOT;ever, a reasonable approx imat ion can be made 

(Bordoni 1960). The va lue o f s t r a i n u s u a l l y encountered i n t h e u l t r a s o n i c 
—8 6" 

measurements l i e s between 10 o r 10" , w h i l e t h e r a t i o o f 0"^/& i s g e n e r a l l y 
—4 0 / found t o be 10 . There fo re t h e r a t i o c / o " i n the equat ion must l i e 

2 4 
between 10 and 10 . Thus, the value o f t h e l a s t t e r m i n the Equa t ion 
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(9*9) ranges f r o m 2*0 t o 3*0 and a va lue o f 2m5 may be taken as a 
s a t i s f a c t o r y average. Thus becomes 3*5 H^ o r i n s e r t i n g the approximate 
es t imate o f h^. (Equat ion ( 9 . 8 ) 

H s = 3*5 | ( 2 / 5 » r ) l / 2 Gr b 3 ( o £ / & ) 1 / 2 

o r 

H g = 1-25 | & b 3 ( o ^ & ) 1 / 2 (9 .10) 

Here i t i s i n t e r e s t i n g t o note t h a t t h e f i n a l fo rm o f t h e energy b a r r i e r 

e s t i m a t i o n o n l y d i f f e r s by a f a c t o r o f 1*25 f r o m the Weertman (1956) 

e s t i m a t i o n (Equat ion 9»5)» 

Seeger (1956), f o l l o w i n g many o ther w o r k e r s , i n h i s p r e l i m i n a r y 

s tudy assumed f o r s i m p l i c i t y t h a t t h e r a t e o f f o r m a t i o n o f a k i n k p a i r v 

might be represented by an Ar rhen ius equa t ion . He a lso assumed t h a t t h e 

t h e o r e t i c a l p r e d i c t i o n o f t h e energy o f t h e p o t e n t i a l b a r r i e r opposing 

the d i s l o c a t i o n mot ion ( H ) , can be used f o r a c t i v a t i o n energy o f the process. 

v = v q exp ( - H / k T ) (9 .11) 

Where v i s t h e v i b r a t i o n f requency of__a s t r a i g h t r i g i d d i s l o c a t i o n l i n e , 
o 

near i t s p o s i t i o n o f minimum energy. Seeger 's t heo ry a l so p r e d i c t s V

Q

 a s 

<%>B " T V S ( ° ^ > V 2 

here v . i s t h e v e l o c i t y o f shear waves. [ = ( & / p ) ^ 2 ] . 

Th i s t rea tment y i e l d e d t h e r i g h t order o f magnitudes, f o r f a c e - c e n t r e d 

cubic meta l s , but i t was subsequently r e a l i z e d t h a t t h e d e r i v a t i o n was no t 
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c o r r e c t , because t h e Ar rhen ius equat ion does not app ly t o f o r m a t i o n o f 
k i n k p a i r s . Th i s i s due t o the f a c t t h a t k i n k p a i r f o r m a t i o n i s a 
c o l l e c t i v e process i n v o l v i n g thousands o f atoms. A more complete t rea tment 
has subsequently been g iven by Seeger, Donth and P f a f f (1957). Accord ing 
t o t h i s t h e o r y , the peak f requency and temperature must s a t i s f y t h e 
f o l l o w i n g equat ion 

l n £ = ^ ( r . q ) (9.13) 

The f u n c t i o n F 1 i s g iven g r a p h i c a l l y , and t h e dimensionless v a r i a b l e s 

r and q are d e f i n e d by : 

r = ZHj /kT (9 .14) 

q = 1 - f ~ (9 .15) 
O" 
P 

Here H^. i s t he energy o f a d i s l o c a t i o n k i n k (Equat ion 9«7) and o" i s t h e 

shear ing s t r e s s a c t i n g upon t h e d i s l o c a t i o n . The parameter Z i n t h i s 

equat ion has t h e p h y s i c a l dimension o f f requency and a f t e r approximat ions 

( B o r d o n i , Nuovo and V e r d i n i 1959) 

Z = 2 - | . ( 1 / P & ) V 2 T ( 9 > 1 6 ) 

6l> 

I n t h i s t h e o r y , t h e he igh t o f t h e p o t e n t i a l b a r r i e r o r t h e a c t i v a t i o n 

energy (K) i s g iven by 
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Here t h e f u n c t i o n o f F g ( r , q ) i s presented g r a p h i c a l l y and t h e dimensionless 
parameters r and q are g iven as i n Equations ( 9»14) and ( 9 » 1 5 ) r e s p e c t i v e l y . 

Bordoni (1960) has demonstrated t h a t t h e more r i g i d development by 

Seeger, Donth and P f a f f (1957) p rov ide l i t t l e change t o t h e o r i g i n a l ideas 

o f Seeger (1956) and g i v e no f u r t h e r impor tan t improvement. On t h e o ther 

hand, t h i s t h e o r y can be used to deduce the t h e o r e t i c a l parameters f r o m 

exper imenta l data ob ta ined f r o m o n l y one peak a t one f r equency . Th i s i s 

v e r y u s e f u l , for- i n s t a n c e , f o r our measurements on a (100) sample f o r which 

data c o u l d o n l y be ob ta ined a c c u r a t e l y f r o m 30MHz measurements. 

I n t h e next s e c t i o n , u s i n g these t h e o r i e s , t h e t h e r m a l l y a c t i v a t e d 

d i s l o c a t i o n movement i n mercury t e l l u r i d e w i l l be discussed. The 

a p p l i c i b i l i t y o f the t h e o r i e s t o m a t e r i a l s w i t h d i f f e r e n t k i n d s o f bonding 

w i l l a l so be discussed. 

9.3 RESULTS AND DISCUSSION 

I n t h e present measurements, d i s t i n c t peaks have been observed i n 

t h e a t t e n u a t i o n i n c ry s t a l s - o f mercury t e l l u r i d e i n t h e temperature r e g i o n 

f r o m 170°K t o 260°K and a t f r equenc ie s between 10 MHz and 60 MHz. As shown 

i n F i g u r e (5»1)> t h e peaks a r e superimposed on a background a t t e n u a t i o n , 

which i n t h i s case increases e x p o n e n t i a l l y w i t h i n c r e a s i n g tempera ture . 

The peaks show c e r t a i n c h a r a c t e r i s t i c f e a t u r e s . The measurements made 

a long [111] d i r e c t i o n w i t h l o n g i t u d i n a l waves (see F i g u r e 5 « 6 ) c l e a r l y show 

t h a t t h e temperature a t which the a t t e n u a t i o n i s a maximum ( t h e peak 

tempera ture) decreases w i t h decreasing f requency . I n t h e measurements made 
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a t 30 MHz, a long [100] d i r e c t i o n (see F igu re 5*1)» i n a d d i t i o n t o 

the main peak another smal le r peak appears on t h e low temperature s ide . 

Th i s appearance o f a second peak i s common i n o ther m a t e r i a l s . These 

two peaks a re almost superimposed a t 10 MHz. Thus, i d e n t i f i c a t i o n o f 

t h e i r p o s i t i o n i s r a t h e r d i f f i c u l t and sub jec t t o e r r o r . For t h i s 

c r y s t a l a t f r equenc ie s above 30 MHz t h e background a t t e n u a t i o n has become 

0 

so h i g h by about 200 K t h a t t h e peaks can not be observed. 

The e f f e c t o f annea l ing on t h e peaks i s demonstrated i n F igu re ( 5 * 8 ) . 

I n t h i s f i g u r e t h e b o l d l i n e s have been taken f r o m the exper imenta l 

p o i n t s shown i n F igu re (5»1)» 

T h i s behaviour o f t h e peaks observed i n t h e a t t e n u a t i o n i n mercury 

t e l l u r i d e suggests t h a t they a re Bordon i - type peaks. For a simple 

r e l a x a t i o n process , the r e l a x a t i o n t ime ( r ) depends on t h e temperature 

(T) accord ing t o the A r r h e n i u s equa t ion . The r e l a t i o n was g iven i n 

Equat ion (9*1) as 
T — T exp(w/kT) 

0 

When measured a t a f r equency ( v ) the mechanical l o s s or u l t r a s o u n d 

a t t e n u a t i o n a r i s i n g f r o m t h i s process i s a f u n c t i o n o f t h e product o f 

OJT ( 2 n v r ) , and has a maximum v a l u e when UT i s u n i t y * Thus t h e 

temperature a t which t h e maximum a t t e n u a t i o n occurs can be r e l a t e d t o the 

f requency o f v i b r a t i o n by t h e equa t ion 

v = VQ exp ( -W/kT) (9-18) 

Here VQ = 1/2?TT o i s c a l l e d t h e a t tempt f r equency . 

The a c t i v a t i o n energy (w) and a t tempt f requency (v ) o f t h e process 



l e a d i n g t o Bor&oni peaks can be ob ta ined f r o m the exper imenta l data by 

making use o f Equat ion ( 9 » 1 8 ) . Th i s equat ion i m p l i e s t h a t the p l o t o f 

the l o g a r i t h m o f f requency a t which a maximum i n a t t e n u a t i o n takes p lace 

( r e l a x a t i o n f r e q u e n c y ) , aga ins t t h e inve r se o f t h e peak temperature should 

be l i n e a r . Thus the s lope and t h e i n t e r c e p t s o f t h i s s t r a i g h t l i n e g ive 

bo th the a c t i v a t i o n energy (-ff) and t h e at tempt f r equency . 

Peak temperatures and f r e q u e n c i e s , ob ta ined f r o m the exper imenta l 

data i n F igures ( 5 « i ) and ( 5 » 6 ) are t a b u l a t e d i n Table ( 9 » l ) » Using 

t h i s exper imenta l da t a , t h e p l o t o f t h e l o g a r i t h m o f the r e l a x a t i o n 

f requency aga ins t the i n v e r s e temperature i s shown i n F i g u r e ( 9 « 2 ) . From 

t h e slope and i n t e r c e p t s o f t h i s s t r a i g h t l i n e be long ing to t h i s (111) 

sample, t h e a c t i v a t i o n energy (w) and the a t tempt f r equency ( V q ) o f mercury 

t e l l u r i d e f o r t h e [ i l l ] c r y s t a l l o g r a p h i c d i r e c t i o n a re found t o be 

9 

(0*094 ± 0«004)eY, and ( 4 ± 1 ) x 10 Hz. r e s p e c t i v e l y . Due t o u n c e r t a i n t i e s 

o f e s t ima t ion o f t h e peak temperature and absence o f s u f f i c i e n t 

exper imenta l p o i n t s no at tempt has been made t o deduce these parameters 

f r o m the exper imenta l data ob ta ined f r o m (100) sample. The a c t i v a t i o n 

energy and the a t tempt f requency o f mercury t e l l u r i d e a re compared w i t h 

those o f o the r m a t e r i a l s i n Table ( 9 » 2 ) . The a c t i v a t i o n energy f o r 

mercury t e l l u r i d e f a l l s i n the same range as t h a t f o r o ther m a t e r i a l s . 

For a r e l a x a t i o n process i n v o l v i n g a s i n g l e r e l a x a t i o n t i m e , t h e 

a t t e n u a t i o n v a r i e s w i t h temperature i n the manner ( B h a t i a 1967, p . 3 6 8 ) : 
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TABLE ( 9 » 1 ) The data f o r peaks i n mercury t e l l u r i d e 

Peak 
Frequency 

(MHz) 

Peak Temperature 
(°K) 

D i r e c t i o n 
o f 

Propagat ion 

Data 
Source 

10 ~ 218 (1 s t peak) [100 L 
l o n g . 

F igu re ( 5 « 1 ) 

10 ~ 260 (2nd peak) •1 11 

30 230 (1 s t peak) 11 11 

30 270 (2nd peak) 11 11 

12 196 [ 1 1 1 ] , 
l o n g . 

F i g u r e ( 5 » 6 ) 

36 240 11 n 

40 253 11 t i 

56 270 n 11 

1st peak ( S u b s i d i a r y peak 

2nd peak (Main peak) 
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1000 /T ( l / ° K ) 
FIGURE ( 9 » 2 ) . Frequency dependence o f the temperature o f maximum 

a t t e n u a t i o n i n mercury t e l l u r i d e . 
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TABLE (9*2) D i s l o c a t i o n r e l a x a t i o n parameters f o r some cubic ma te r i a l s 

M a t e r i a l 
A c t i v a t i o n 

energy 
(eV) 

Attempt f requency 
v x 1 0 1 1 ( H e r z t ) Reference 

A c t i v a t i o n 
energy 

(eV) x 10 Measured Ca lcu la ted 

A l 0*107 3*1 0*13 0*45 Bha t ia (1967, 

Cu 0*122 2*6 3-8 0*33 Table 1 3 « 2 , 

Ag U - 1 £ i f •7 _ —1 

Jw f page 367) 

Au 0*158 5-2 0*7 0*21 11 

Pb 0*043 3 '3 0*008 0*08 n 

Pd 0*26 6*4 12*0 0*42 n 

Pt 0*192 1 *9 0*06 0*19 tt 

HgTe 0*094 2*32 

0*62 

0*032 0*09 

0*048 

Present work (a) 

" " (b ) 

S i 0*162 [ n - t y p e S i ( 1 0 0 ) ] Kromer and 

0*120 [ p - t y p e S i (111 ) ] Khiznichenko 

Ge 0*07 (1967) 

L i P 0*15 

0*09 

5*8 

2*1 

Tay lo r (1962.) 

Ikushima et a l . ( 1 9 6 l ) 

KC1 0*08 

0*05 

0*46 

0*14 

Ikushima and 

Zuzuki (1963) 

MgO 0*18 0*72 11 

PbS 0*43 2*2 11 

( a ) computed by the equations g iven i n the t e x t . 

( b ) computed by the equations g iven by Bha t i a (1967) 
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Here T i s the temperature a t which t h e peak occurs and a i s the v a l u e o f 
m m 

x 2x a t t e n u a t i o n a t T . F i g u r e ( 9 » 3 ) shows a p l o t o f 2e / ( 1 + e ) and a/a m ' * ' ' n 

as a f u n c t i o n o f w / k ( l / T - 1 / T ) us ing a/a va lues ob ta ined f r o m 36 MHz 
m m 

measurements g iven i n F i g u r e ( 5 * 6 ) . I t appears t o g ive a good f i t f o r 

t h e s i n g l e r e l a x a t i o n curve . Furthermore h a l f - w i d t h s o f t h e peaks obey, 

w i t h i n t h e exper imenta l e r r o r t h e expression 

2+V3 l o g 
2-V ^ 

( 9 . 2 0 ) 

expected f o r a s i n g l e r e l a x a t i o n process (see N i b l e t t 1966, p . 1 1 8 ) . 

However too much emphasis must no t be p laced on these procedures: the 

d i f f i c u l t y o f separa t ing t h e peak f r o m background makes f o r considerable 

e r r o r . 

9»3»1 A p p l i c a t i o n o f Seeger 's t h e o r y to t h e r e s u l t s . 

The measured a c t i v a t i o n energy (W) i s t h a t r e q u i r e d t o 

surmount the p o t e n t i a l b a r r i e r . The t o t a l energy b a r r i e r t h a t opposes t h e 

d i s l o c a t i o n mot ion has been es t imated by Mason (1955) and i s given i n 

Equat ion (9«3)» by Weertman (1956) (Equat ion 9 .5) and by Seeger (1956) 

(Equat ion 9*10) among o t h e r s . Seeger 1 s t heo ry seems to be t h e most 

reasonable exp lana t ion o f t h e mechanism r e s u l t i n g i n Bordoni peaks: i t 

exp la ined t h e peaks i n f a c e - c e n t r e d cubic meta ls s u c c e s s f u l l y . Thus, he re , 

t h i s t heo ry w i l l be t h e f i r s t t o be a p p l i e d t o t h e r e s u l t s . The p o t e n t i a l 

b a r r i e r (H ) i s assumed t o be t h a t ob ta ined as the a c t i v a t i o n energy W 

(equal t o 0*094 eV) . From t h e f o l l o w i n g equa t ion , which i s g iven as 

Equat ion (9 .10 p . 140) 



FIGURE ( 9 . 3 ) . Comparison o f t h e normal ized a t t e n u a t i o n f o r HgTe 
(B» F igure 5 « 6 , 36 MHz) w i t h t h e t h e o r e t i c a l 
a t t e n u a t i o n curve assuming a s i n g l e r e l a x a t i o n t ime ( A ) . 
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0.8 

A 
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i 
0.8 OA 0 0.8 

W/k (1 /T - 1 / T ) 
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t h e r a t i o (CTVG-) o f the P e i e r l s s t r e s s (o^ ) t o shear modulus (&) then 

tu rns out t o be 2 '3 x 10 . T h e r e f o r e , the P e i e r l s s t r e s s i s 3 x 10 
_2 

dyn.cm • The a t tempt f requency i v

Q ) has been es t imated f r o m the 

p r e d i c t i o n o f Seeger 's t h e o r y (Equat ion 9*12, p . 1 4 0 ) : 

as 9 x 10 Hz; t h i s i s o f t h e same order o f magnitude as t h e exper imenta l 
9 

va lue o f 3*2x10 Hz: e f f e c t s a re cons i s t en t w i t h t h e Seeger 's t h e o r y . 

A comparison between the t h e o r e t i c a l and exper imenta l va lues o f at tempt 

f requency ( V q ) f o r v a r i o u s m a t e r i a l s i s g iven i n Table ( 9 » 2 ) . The 

values f o r f a c e - c e n t r e d cubic metals a re taken f r o m B h a t i a (1967* 

Table 13*2, p « 3 6 7 ) . H i s approximat ions a re s l i g h t l y d i f f e r e n t f r o m 

those made here ( f o r example, he has t aken 3 as t h e average va lue o f 

the l a s t t e rm i n t h e Equat ion 9»9)» T h e r e f o r e , f o r eas ie r comparison, 

t h e parameters o f mercury t e l l u r i d e computed, u s ing t h e equations g iven 

by B h a t i a , are a l so g iven i n Table ( 9 * 2 ) . 

As shown here , t h e d i sc repanc ies between t h e measured and c a l c u l a t e d 

at tempt f r equenc ie s o f f a c e - c e n t r e d cubic m e t a l s , e s p e c i a l l y p l a t i n u m , 

p a l l a d i u m and s i l v e r can be almost two orders o f magnitude; the 

agreement f o r mercury t e l l u r i d e i s b e t t e r . There are b o t h exper imenta l 

and t h e o r e t i c a l d i f f i c u l t i e s . The f requency depends e x p o n e n t i a l l y on 

temperature and t h e temperature o f peak i s o f t e n not w e l l d e f i n e d 

P / r . \ 1 / 2 W W 
bV 2rr 

9 
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exper imenta l lyo A wide range o f exper imenta l va lues i s quoted i n 

l i t e r a t u r e f o r g iven metals and p l a u s i b l y comes f r o m t h e exper imenta l 

d i f f i c u l t i e s r a t h e r t han t h e use o f v a r i e d m a t e r i a l by d i f f e r e n t workers . 

Bordoni peaks a re e s s e n t i a l l y due t o i n t r i n s i c p r o p e r t i e s o f t h e 

d i s l o c a t i o n s . For example, the smal les t a c t i v a t i o n energy f o r copper 

has been r e p o r t e d by N i b l e t t and W i l k s (1956) as 0*05 eV, w h i l e t h e 

h ighes t value has been r e p o r t e d by N i b l e t t (1961) as 0*14 eV. The 

d i f f e r e n c e between quoted at tempt f r equenc i e s f o r t h e same m a t e r i a l s i s 

much worse because a few per cent change i n t h e a c t i v a t i o n energy can 

l ead an order o f magnitude change i n t h e a t tempt f r equency . The 

disagreement f o r some m a t e r i a l s reaches s i x orders o f magnitude. F u r t h e r , 

t he bas is o f the t h e o r y i s r a t h e r weak. The processes i n v o l v e d are 

c e r t a i n l y much more compl ica ted than t h e t heo ry suggests. The A r r h e n i u s 

equat ion i s no t s t r i c t l y a p p l i c a b l e t o t h e p r o d u c t i o n o f d i s l o c a t i o n k i n k 

p a i r s , which i s a c o l l e c t i v e process i n v o l v i n g a l a r g e number o f atoms. 

The d e r i v a t i o n o f Equat ions ( 9 » 1 0 ) and (9«12) i s not s t r i c t l y accu ra t e . 

9»3»2 A p p l i c a t i o n o f t h e t h e o r y o f Seeger, Donth and P f a f f t o 

t h e r e s u l t s : 

A m o d i f i e d f o r m o f Seeger 's t h e o r y aimed a t r e s o l v i n g some 

o f the d i f f i c u l t i e s i s t h a t o f Seeger, Donth and P f a f f (1956) ; t h i s w i l l 

now be a p p l i e d to the r e s u l t s f o r meroury t e l l u r i d e . Us ing t h i s t h e o r y 

t h e energy o f a s i n g l e k i n k (H. ) , t h e r a t i o (CTVGt) and t h e a c t i v a t i o n 

energy have been es t imated f o r mercury t e l l u r i d e i n t h e f o l l o w i n g manner. 

t h e energy o f a s i n g l e k i n k (H„) t h e and t h e a c t i v a t i o n 
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I n the t h e o r y , the r e l a t i o n o f t h e temperature dependence o f r e l a x a t i o n 

f requency i s 

I n O V z ) = ( r , q ) 

(Equat ion 9»13» p . 1 4 1 ) . T h i s can be r e w r i t t e n more e x p l i c i t l y as 

I n v = F 1 ( r , q ) + I n ( Z / l ) + InT ( 9 . 2 1 ) 

where the r a t i o o f Z/T f r o m Equat ion ( 9 . 1 6 , p .141) i s 

6b 

and o n l y depends t h e p h y s i c a l p r o p e r t i e s o f t h e m a t e r i a l . I t i s 

7 -1 - 1 

5 '1 x 10 sec deg f o r mercury t e l l u r i d e . Thus knowing o n l y the 

peak temperature ( T ) and f requency ( v ) t h e v a l u e o f t h e f u n c t i o n 

( r , q ) can be deduced. Hence, u s ing t h e graph the parameter r can be 

f o u n d f o r d i f f e r e n t q va lues . Once r i s known, t h e energy o f a s i n g l e 

kT 

k i n k ( = r-g- Equat ion 9 .14 , p .141) can be es t imated . Knowing H^., 

t h e r a t i o o f o"^/& can nex t be deduced f r o m (Equat ion 9 » 8 , p . 1 3 9 ) « 

I n t h i s procedure t h e o n l y unknown i s q. As a reasonable app rox ima t ion , 

s ince t h e a p p l i e d s t r e s s (o~) i n an u l t r a s o n i c experiment i s v e r y much 

smal le r t h a n the P e i e r l s ' s t ress (o^ )» t h e r a t i o o f o/o^ i n Equa t ion 

(9»15» p .141) ( q = 1 - ^ ^ ^ p ) c a n neg l ec t ed . Thus q i s u n i t y . The 

e f f e c t o f t h i s approx imat ion w i l l be examined l a t e r . 

I n t h i s t heo ry t h e a c t i v a t i o n energy i s g iven by (Equat ion 9*17, 

p . 141) . 
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which shows t h a t , H can be deduced no t o n l y f r o m the s lope o f t h e 

s t r a i g h t l i n e th rough the exper imenta l p o i n t s but a l so f rom t h e va lue 

o f f u n c t i o n 1^ ( r » q ) . Once t h e r va lue f o r each peak has been f o u n d , 

the f u n c t i o n (r»"0 i s known. The parameters ob ta ined a re shown i n 

Table ( 9 . 3 ) . 

The f o l l o w i n g remarks can now be made. 1 . The theo ry g ives a 

h igher a c t i v a t i o n energy than t h a t o f t h e s imple Ar rhen ius p l o t . 

2. The parameters es t imated by t h i s t h e o r y are f requency dependent. 

3 . The magnitude o f the P e i e r l s s t r ess f o r mercury t e l l u r i d e deduced 

f r o m t h i s t h e o r y are o f the same order as t h e va lue ob ta ined f r o m 

Seager 's t h e o r y . Now l e t us discuss these remarks i n more d e t a i l . 

1 . To l o o k more c l o s e l y a t t h e source o f h igher t h e o r e t i c a l 

a c t i v a t i o n energy, t h e r e l a t i o n (Equat ion 9 .13) 

I n \ = F 1 ( r , q ) 

has been r e p l o t t e d f r o m t h e exper imental p o i n t s . A t t h e same t ime 

u s ing two extremum values o f q i n t h i s p l o t , t h e o / c r ° ~ 0 approximat ion 

i s a l so t e s t e d . F i r s t an a r b i t r a r y p o i n t S has been chosen on the best 

f i t t o exper imenta l p o i n t s i n F igu re ( 9 * 4 ) . For t h i s p o i n t t h e energy 

o f a s i n g l e k i n k (IL.) i s deduced as b e f o r e , f o r two extremum values o f 
2 I L 

q (1 and 0 ' 9 ) » The temperature v a r i a t i o n o f r ( = Equation 9 .14) 

and the va lue o f t h e f u n c t i o n F 1 ( r , q ) a t d i f f e r e n t temperatures can be 

found . Now I n = F ( r , q ) can be p l o t t e d . Th i s i s a l s o shown i n t h e 
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FIG-URE ( 9 . 4 ) . The m o d i f i c a t i o n o f t h e s imple Ar rhen ius theo ry 
by the approach o f Seeger, Donth and P f a f f . 
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same f i g u r e ( F i g u r e 9*4) . The p l o t s o f t h i s f u n c t i o n f o r t h e two 

q va lues are almost i d e n t i c a l . T h e r e f o r e , t h e approximat ion made t h a t 

q i s u n i t y seems t o be reasonable . I n t h i s f i g u r e i t i s c l e a r l y shown 

t h a t t h i s t h e o r y gives a s l i g h t l y h ighe r a c t i v a t i o n energy: the 

slopes a re d i f f e r e n t . E i t h e r the s imple Ar rhen ius equat ion does no t 

h o l d over a wide f r equency range o r t h e t h e o r e t i c a l model i s not 

s t r i c t l y v a l i d . The present measurements have been performed a t r a t h e r 

h i g h f r e q u e n c i e s . I t i s a t h i g h f r equenc i e s t h a t such a d iscrepancy 

might be expected. B o r d o n i j Nuovo and V e r d i n i (1959) has measured t h e 

i n t e r n a l f r i c t i o n o f copper over a v e r y wide f requency range ( f r o m 

1 kHz t o 10 MHz) on t h e same specimen. H i s r e s u l t s a re reproduced 

here and shown i n F i g u r e ( 9 « 5 ) f r o m which a s l i g h t d e v i a t i o n f r o m 

l i n e a r i t y above 1 MHz may be seen. The reason f o r t h i s f requency 

dependence might be , as i m p l i e d by Seeger, Donth and P f a f f (1957)» an 

u n s a t i s f a c t o r y r e p r e s e n t a t i o n o f t h e energy b a r r i e r shape. 

2 . The f requency dependence o f parameters: t h e r e appears t o be 

a systematic d e v i a t i o n i n t h e sense t h a t t h e measurements a t h ighe r 

f r equenc ies g i v e l a r g e r parameters. S i m i l a r behaviour has a l s o been 

observed by Seeger, Donth and P f a f f on c o l l e c t e d exper imenta l data f o r 

some f a c e - c e n t r e d cubic me ta l s . Here, as an example, the peak 

o / 

f r equency , temperature and the va lue o f a / & f o r l e a d , ob ta ined f r o m 

Seeger, Donth and P f a f f i s presented i n Table ( 9 » 4 ) . Th i s i s a 

consequence o f t h e behaviour discussed above. 



FIG-URE (9*5)* Frequency dependence o f t h e peak temperature 
i n copper. A d e v i a t i o n f r o m l i n e a r i t y i s shown 
f o r t h e f r equenc i e s h igher than 1 MHz. ( A f t e r 
B o r d o n i , Nuovo and V e r d i n i 1959) . T h i s g ives r i s e 
t o h ighe r c a l c u l a t e d a c t i v a t i o n energies a t 
megahertz f r equenc ie s than wou ld be expected f r o m 
the s imple Ar rhen ius equat ion . 
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TABLE (9.4) E v a l u a t i o n o f exper imenta l data 

on the Bordoni peak i n l e a d 

V 
m 

T 
m 

\ — • x 10^ 

10334 36 3-5 

10163 36 3-5 

10348 36 3-5 

20500 43 4*6 

29500 47'5 5-4 

50000 50 5*6 

10*1 x 10 120 14*6 

26'5 x 10 6 140 16*5 

(Table 1 i n Seeger, Donth and P f a f f , 1957) 
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3 . Now we can t u r n t o d i s c u s s t h e m a g n i t u d e o f t h e P e i e r l s s t r e s s . 

N e g l e c t i n g t h e f r e q u e n c y dependence o f t h e p a r a m e t e r s i n T a b l e ( 9 . 3 ) 

a n d f r o m c o m p a r i s o n w i t h t h e p a r a m e t e r s deduced f r o m t h e Seeger ( 1 9 5 6 ) 

t h e o r y ( T a b l e 9 « 2 ) i t c a n be s a i d t h a t , w i t h i n t h e f r a m e w o r k o f t h e 

a p p r o x i m a t i o n s made, t h e s e two t h e o r i e s g i v e a l m o s t s i m i l a r r e s u l t s * 

Here i t i s i m p o r t a n t t o m e n t i o n t h a t f o r m e r c u r y t e l l u r i d e t h e r a t i o 

o^/G-j and t h e P e i e r l s s t r e s s (o~°) o b t a i n e d b y b o t h t h e Seeger ( 1 9 5 6 ) 

tu la une Q o e g e i j u uuou a i m i ' j .d.j .1 i>h eu . r j . es , i s a.ppi-uju.uici i ,ej.y 

- 5 7 - 2 

40 x 10 a n d 3 x 10 d y n . cm r e s p e c t i v e l y a n d i s a l m o s t t h e same a s 

t h a t f o r f a c e - c e n t r e d c u b i c m e t a l s * T h i s v a l u e appea r s t o be v e r y s m a l l 

f o r a compound w i t h t h e z i n c - b l e n d e s t r u c t u r e . No t h e o r e t i c a l e s t i m a t i o n 

o f t h e P e i e r l s s t r e s s c o u l d be t r a c e d f o r m e r c u r y - t e l l u r i d e o r s i m i l a r 

compounds. However , b y c o n s i d e r i n g r e l a t e d m a t e r i a l s t h e r e s u l t s o f t h e 

t h e o r i e s may be c r i t i c i s e d . F i r s t , t h e p u r e l y c o v a l e n t e l e m e n t s s i l i c o n 

and germanium may be l o o k e d a t as b e i n g r e l a t e d . The t h e o r e t i c a l v a l u e 

o f P e i e r l s s t r e s s f o r t h e s e e l e m e n t s i s a p p r o x i m a t e l y 50 x 10-^ dyne , cm 

( S u z u k i 1963)* -As d e m o n s t r a t e d b y S u z u k i , t h e germanium c r y s t a l s h o u l d 
0 

have an i n t e r n a l f r i c t i o n peak a t a r o u n d 1300 K f o r 40 kHz due t o Seeger 

mechanism. T h i s i s above t h e m e l t i n g p o i n t . (The m e l t i n g p o i n t o f 

o 
germanium i s 1231 K ) . S i l i c o n has a h i g h e r P e i e r l s s t r e s s and t h e 

i n t e r n a l f r i c t i o n peak c o u l d be e x p e c t e d a t t e m p e r a t u r e s h i g h e r t h a n 

o 

1300 K f o r 40 k H z . H o w e v e r , i n t e r n a l f r i c t i o n peaks have been o b s e r v e d 

i n b o t h germanium a n d s i l i c o n b y Kromer and K h i z n i c h e n k o ( 1 9 6 7 ) a t much 

l o w e r t e m p e r a t u r e s . The c o n c l u s i o n i s t h a t t h e Seeger model i s n o t 

http://eu.rj.es
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a p p l i c a b l e t o e l e m e n t a l s e m i c o n d u c t o r s . S e c o n d l y , t h e p u r e l y i o n i c , 
I - V I I g roup compounds can be c o n s i d e r e d as b e i n g r e l a t e d t o m e r c u r y 
t e l l u r i d e . I k u s h i m a a n d S u z u k i ( 1 9 6 3 ) nave d e m o n s t r a t e d f o r some 
a l k a l i h a l i d e s a two o r d e r o f m a g n i t u d e d i s c r e p a n c y i n t h e P e i e r l s 
s t r e s s o b t a i n e d f r o m t h e o r e t i c a l v a l u e s a n d t h o s e deduced b y S e e g e r ' s 
t h e o r y f r o m e x p e r i m e n t * From t h e c o m p a r i s o n a n d t a k i n g i n t o a c c o u n t 
t h e b o n d i n g p r o p e r t i e s o f m e r c u r y t e l l u r i d e , a p a r t i a l l y i o n i c a n d 
D a r t i a l l v c o v a l e n t comnound. i t mav be c o n c l u d e d t h a t S e e e e r ' a t h e o r v 
g i v e s a s m a l l v a l u e o f t h e P e i e r l s s t r e s s f o r m e r c u r y t e l l u r i d e . 
T h e r e f o r e , i t i s p o s s i b l e t h a t d i s l o c a t i o n s i n m e r c u r y t e l l u r i d e do n o t 
behave as c o n s i d e r e d i n S e e g e r ' s model* 

The o r i g i n o f t h e d o u b l e peaks o b s e r v e d o n t h e ( 1 0 0 ) sample c a n 

be i n t e r p r e t e d q u a l i t a t i v e l y i n t h e f o l l o w i n g manner . The most 

p r o b a b l e s l i p p l a n e s i n z i n c - b l e n d e l a t t i c e m a t r i c e s a r e t h e [ 1 1 i j 

and {110J f o r m s . The r e s o l v e d shear s t r e s s component o f t h e l o n g i t u d i n a l 

u l t r a s o u n d waves w i l l be d i f f e r e n t on d i f f e r e n t s l i p p l a n e s . The 

l o n g i t u d i n a l e l a s t i c waves p r o p a g a t i n g a l o n g t h e [ 1 0 0 ] d i r e c t i o n have 

a r e s o l v e d shear s t r e s s component on b o t h s l i p p l a n e s , w h i l e t h o s e 

p r o p a g a t i n g a l o n g t h e [ 1 1 1 j d i r e c t i o n have a shear s t r e s s component o n l y 

f o r t h e ( 1 1 0 ) p l a n e . As shown i n T a b l e ( 9 « 3 ) » t h e r a t i o o f t h e p e i e r l s 

s t r e s s t o shea r modulus o f t h e s u b s i d i a r y peak i s q u i t e s i m i l a r t o t h a t 

o b t a i n e d f r o m t h e ( 1 1 1 ) sample . The p a r a m e t e r s b e l o n g i n g t o t h e m a i n 

peak a r e r a t h e r h i g h e r t h a n t h o s e o f t h e s u b s i d i a r y p e a k . T h i s i s 

f u r t h e r c o n f i r m a t i o n o f t h i s a r g u m e n t . 
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The c o n c l u s i o n s may now be summar i zed . The peaks o b s e r v e d i n 

9 

m e r c u r y t e l l u r i d e w i t h a n a c t i v a t i o n e n e r g y 0*09 eV a n d 3*2 x 10 Hz 

a t t e m p t f r e q u e n c y a r e p r o b a b l y B o r d o n i - t y p e o f peaks i n v o l v e d w i t h t h e 

d i s l o c a t i o n m o t i o n . T h e o r i e s o f t h e phenomenon a r e a t p r e s e n t n o t 

q u a n t i t a t i v e * 
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C H A P T E R 10 

SUMMARY AND CONCLUSIONS 

E l a s t i c p r o p e r t i e s o f m e r c u r y t e l i x i r i d e have been s t u d i e d t h r o u g h 

sound v e l o c i t y measurements i n a w i d e t e m p e r a t u r e r a n g e . A t t e n t i o n has 

been p a i d t o p o s s i b l e e f f e c t s o f n o n - s t o i c h i o m e t r y i n t h e c r y s t a l s a n d t h e 

r e s u l t s c o r r e l a t e d w i t h u l t r a s o u n d a t t e n u a t i o n d a t a . M a t e r i a l s b e l o n g i n g 

t o t h e same c r y s t a l l o g r a p h i c c l a s s e s u s u a l l y e x h i b i t s i m i l a r i t i e s i n t h e i r 

l a t t i c e p r o p e r t i e s . T h e r e f o r e , t h e r e s u l t s have been compared w i t h t h o s e 

o f o t h e r I I - V T compounds and w i t h I I I - V compounds, g roup I V e l e m e n t a l 

s e m i c o n d u c t o r s and I - V I I compounds: t h e e l a s t i c p r o p e r t i e s o f m e r c u r y 

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

i n t o t h e g e n e r a l scheme. Prom t h e c o m p a r i s o n s , i t i s c o n c l u d e d t h a t t h e 

e l a s t i c p r o p e r t i e s f o l l o w t h e sequence 

E l a s t i c c o n s t a n t d a t a o f m e r c u r y t e l l u r i d e have been d i s c u s s e d i n t e r m s 

o f t h e c r y s t a l l i n e i n t e r a t o m i c f o r c e s , f o u n d e d b y B o r n a n d c o - w o r k e r s : 

as t h e p o l a r i s a t i o n o f a t o m s , w h i c h i s i m p o r t a n t i n p a r t i a l l y i o n i c and 

p a r t i a l l y c o v a l e n t compounds l i k e m e r c u r y t e l l u r i d e a r e n e g l e c t e d , i n 

t h e s e d e r i v a t i o n s , t h e agreement t h e l a t t i c e dynamic t h e o r y a n d e x p e r i m e n t 

i s n o t c o m p l e t e l y s a t i s f a c t o r y . From t h e S z i g e t i r e l a t i o n s h i p s , t h e 

i o n i c i t y e i s e s t i m a t e d as 0*65 ± 0*05 e a n d t h e r e s t r a h l e n f r e q u e n c y as 

12 
(4*1 ±. 0 * 1 ) x 10 H a . F rom t h e e l a s t i c c o n s t a n t d a t a , e x t r a p o l a t e d t o 

I V I I I - V I I - V I I - V I I 
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a b s o l u t e z e r o , t h e l i m i t i n g v a l u e o f t h e Debye t e m p e r a t u r e f o r m e r c u r y 

t e l l u r i d e has been c a l c u l a t e d as (140 - 4 ) ° K a n d t h e a v e r a g e d sound 

5 -1 

v e l o c i t y i n Debye sense i s 1*53 x 10 cm.sec ; t h e s e a r e t h e l o w e s t 

r e p o r t e d v a l u e s i n t h e w h o l e g roup o f r e l a t e d m a t e r i a l s . The e l a s t i c 

p r o p e r t i e s o f m e r c u r y t e l l u r i d e a r e f o u n d t o be q u i t e a n i s o t r o p i c 

( ~ 10%), l i k e o t h e r I I - V T compounds. 

A n e l a s t i c p r o p e r t i e s o f m e r c u r y t e l l u r i d e have been deduced f r o m 

t h e t e m p e r a t u r e , f r e q u e n c y and a p p l i e d s t r e s s dependence o f u l t r a s o u n d 

a t t e n u a t i o n measurements . The i m p o r t a n t u l t r a s o u n d d i s s i p a t i o n mechanisms 

i n c l u d e t h e v i s c o u s d r a g o f l a t t i c e phonons a n d f o r c e d d i s l o c a t i o n m o t i o n . 

The e f f e c t o f p i e z o e l e c t r i c i t y and t h e r m o e l a s t i c i t y on sound 

a b s o r p t i o n i s n e g l i g i b l e i n m e r c u r y t e l l u r i d e . The t h e r m o e l a s t i c l o s s 

i s l a r g e f o r m e t a l s because b o t h t h e t h e r m a l c o n d u c t i v i t y a n d t h e t h e r m a l 

e x p a n s i o n a r e l a r g e . B u t i n t h e s e m i m e t a l m e r c u r y t e l l u r i d e , o v e r t h e 

f r e q u e n c y r a n g e 10 t o 300 MHz, t h i s l o s s component i s n e g l i g i b l e . 
o o 

C a l c u l a t i o n s o f t h e c o n t r i b u t i o n o v e r t h e t e m p e r a t u r e r a n g e 77 K t o 300 K 

c o n f i r m t h a t t h i s i s so o v e r t h e t e m p e r a t u r e r a n g e . 

One o f t h e ma in e n e r g y d i s s i p a t i o n mechanisms i n s i n g l e c r y s t a l , 

m e r c u r y t e l l u r i d e i s t h e l a t t i c e p h o n o n - u l t r a s o n i c phonon i n t e r a c t i o n . 

A t t e n u a t i o n a t l o w t e m p e r a t u r e s where t h e o t h e r mechanisms a r e l e s s 

dominan t e x h i b i t s t h e c h a r a c t e r i s t i c f e a t u r e s o f t h i s e f f e c t . The e f f e c t 

i s s t r o n g e r i n m e r c u r y t e l l u r i d e due t o t h e l o w Debye t e m p e r a t u r e a n d has 

been o b s e r v e d a t r e l a t i v e l y l o w f r e q u e n c i e s . 

A n o t h e r l o s s mechanism i s f o u n d t o be due t o t h e f o r c e d v i b r a t i o n o f 
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o 
d i s l o c a t i o n segments* A t 4*2 K a maximum has been o b s e r v e d i n t h e 

f r e q u e n c y dependence o f a t t e n u a t i o n . The r e s o n a n c e f r e q u e n c y i s 

- 4 
220 MHz, t h e d i s l o c a t i o n l o o p l e n g t h i s a b o u t 3 x 10 cm a n d t h e 

- 5 - 2 o 
d i s l o c a t i o n d r a g c o e f f i c i e n t i s 2*3 x 10 d y n . s e c . cm a t 4*2 K , 

**2 o 

2*1 x 10 d y n . sec . cm a t 77 K . The e f f e c t o f a n n e a l i n g a s - g r o w n 

m e r c u r y t e l l u r i d e i s t o r e d u c e excess t e l l u r i u m c o n t e n t . 

The measurements p o i n t t o a n i n c r e a s e i n t h e d i s l o c a t i o n l o o p 

l e n g t h due t o r e m o v a l o f some p i n n i n g p o i n t s d u r i n g a n n e a l i n g . A change 
"4 —4 

i n l o o p l e n g t h f r o m 2*3 x 10 t o 2*8 x 10 cm. i s r e q u i r e d t o p r o d u c e 

a b o u t a 50% i n c r e a s e i n a t t e n u a t i o n a f t e r a n n e a l i n g . F rom t h i s i t i s 

a l s o p r e d i c t e d t h a t a t 4 ' 2 ° K t h e e l a s t i c c o n s t a n t o f d i s l o c a t i o n - f r e e 
11 _o 

m e r c u r y t e l l u r i d e w o u l d be 2*28 x 10 dyn . cm ~ i n c o n t r a s t t o t h a t o f 
11 - 2 11 - 2 

2*22 x 10 d y n . c m a n d 2*19 x 10 d y n . c m f o r a s - g r o w n a n d a n n e a l e d 

c r y s t a l s r e s p e c t i v e l y . P r o b l e m s c o n n e c t e d w i t h t h e s t u d y o f c r y s t a l 

i n t e r n a l f o r c e s r e q u i r e a c c u r a t e e l a s t i c c o n s t a n t d a t a . The d e r i v a t i o n s 

due t o d i s l o c a t i o n s t r a i n may be r e s p o n s i b l e f o r t h e d i s c r e p a n c i e s be tween 

q u o t e d d a t a f o r e l a s t i c c o n s t a n t o f c r y s t a l . Da t a f o r t h e u l t r a s o n i c 

wave v e l o c i t y a n d a t t e n u a t i o n b e f o r e a n d a f t e r a n n e a l i n g a n d u n d e r s t r e s s 

a r e i n agreement w i t h t h e d i s l o c a t i o n mechanism. 

The peaks o n t e m p e r a t u r e dependence o f u l t r a s o u n d a t t e n u a t i o n have 

been a c c o u n t e d f o r as B o r d o n i - t y p e o f r e l a x a t i o n p e a k s . The a c t i v a t i o n 
9 

e n e r g y i s a b o u t 0*15 eV a n d t h e a t t e m p t f r e q u e n c y i s a b o u t 4 x 10 H z . 

U l t r a s o u n d i s u s e f u l t o o l f o r s t u d y i n g t h e s o l i d s . Mos t o f t h e 

i n t r i n s i c a n d e x t r i n s i c p r o p e r t i e s can be s t u d i e d d i r e c t l y . E x p e r i m e n t a l 
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d i f f i c u l t i e s , o t h e r t h a n i n s t r u m e n t a t i o n , come f r o m t h e q u a l i t y o f 
spec imen ; t h e sound ene rgy l o s s mechanism e s p e c i a l l y i s v e r y s e n s i t i v e t o 
t h e d i s l o c a t i o n c o n t e n t . Even f o r s i l i c o n a n d germanium, w h i c h can he 
grown a l m o s t p e r f e c t l y due t o a d v a n c e d t e c h n o l o g y o f t h e s e m i - c o n d u c t o r 
i n d u s t r y , t h e d i f f e r e n c e s be tween q u o t e d a t t e n u a t i o n measurements i s 
a l m o s t 150-200/6. The s i t u a t i o n i s wor se i n compounds c o n t a i n i n g v o l a t i l e 
e l e m e n t s . However f o r m e r c u r y t e l l u r i d e , due t o l a c k o f a n y o t h e r 
measurements on sound p r o p a g a t i o n , no c o m p a r i s o n can be made. P r o g r e s s 
i n c r y s t a l g r o w i n g m e t h o d s , . e s p e c i a l l y t h a t o f p u l l i n g f r o m m e l t b y t h e 
l i q u i d e n c a p s u l a t i o n t e c h n i q u e ( H i s c o c k s a n d H u r l e 1 9 6 8 ) , s h o u l d p r o v i d e 
b e t t e r c r y s t a l s . Measurements made on c r y s t a l s w i t h l o w c r y s t a l 
i m p e r f e c t i o n s w i l l a l l o w t o s t u d y o t h e r i n t r i n s i c e f f e c t s more p r e c i s e l y ; 
i t s h o u l d t h e n be p o s s i b l e t o o b s e r v e t h e e f f e c t o f e l e c t r o n s on t h e sound 
a t t e n u a t i o n . 
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APPENDIX A 

THE THERMAL AND LATTICE PROPERTIES OF MERCURY TELLURIDE 

The t h e r m a l c o n d u c t i v i t y has been measured b e t w e e n 9 0 ° K and 

2 4 0 ° C b y s e v e r a l w o r k e r s . T h i s p r o p e r t y i s p a r t i c u l a r l y r e l e v a n t t o 

an u n d e r s t a n d i n g o f u l t r a s o n i c wave p r o p a g a t i o n . C a r l s o n ( 1 9 5 8 ) , 

K e l e m e n , Cruceanu a n d N i c u l e s c u ( 1 9 6 5 ) and W a g i n i and R e i s s ( 1966 ) 

have f o u n d t h a t t h e t h e r m a l c o n d u c t i v i t y f o l l o w s a p p r o x i m a t e l y t h e 

o o 

u s u a l i n v e r s e t e m p e r a t u r e dependence be tween 100 K t o 300 K . I n 

F i g u r e ( A . 1 ) a l l t h e a v a i l a b l e e x p e r i m e n t a l d a t a up t o 1966 o n t h e 

t h e r m a l c o n d u c t i v i t y i s p r e s e n t e d . 

The r o o m t e m p e r a t u r e t h e r m a l e x p a n s i o n c o e f f i c i e n t f o r m e r c u r y 

t e l l u r i d e has been r e p o r t e d b y B l a i r a n d Newnham (1961) as 4 x 1 0 = ^ 
0 "1 

( K ) . N o v i k o v a a n d A b r i k o s o u ( 1 9 6 5 ) have measured t e m p e r a t u r e 

dependence o f t h e c o e f f i c i e n t o f t h e r m a l e x p a n s i o n b e t w e e n 20°K and 
O / v 

320 K . T h i s i s shown i n F i g u r e ( A . 2 ) . 

D i c k e y and M a v r o i d e s ( 1 9 6 4 ) have, o b s e r v e d t h e r e s t r a h l e n r e f l e c t i o n 

a t 85 n« B y f i t t i n g t h e e x p e r i m e n t a l p o i n t s w i t h a c l a s s i c a l L o r e n t z 

o s c i l l a t o r , t h e y have f o u n d t h a t t h e f u n d a m e n t a l l a t t i c e a b s o r p t i o n 
12 

f r e q u e n c y i s 3*45 x 10 H z . , t h e h i g h f r e q u e n c y d i e l e c t r i c c o n s t a n t 
Pk, i s 14 a n d t h e s t a t i c d i e l e c t r i c c o n s t a n t p i s 20 . 

M a v r o i d e s a n d K o l e s a r ( 1 9 6 4 ) have r e p o r t e d t h e r o o m t e m p e r a t u r e 

11 . 2 
e l a s t i c c o n s t a n t s a s , i n u n i t s o f 10 d y n / c m , C 1 1 = 5*05 , 
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C 1 2 = 3*58 a n d = 2 - 0 5 -

Kelemen e t a l . ( 1 9 6 5 ) have measured t h e s p e c i f i c h e a t o f m e r c u r y 

o o 
t e l l u r i d e be tween 20 C t o 240 C. They r e p o r t e d t h e room t e m p e r a t u r e 

—1 o —1 

v a l u e as 0*039 ( c a l . g " K~ ) . However i n t h i s t h e s i s t h e t e m p e r a t u r e 

dependence o f s p e c i f i c h e a t o f m e r c u r y t e l l u r i d e has been deduced f r o m 

D e b y e ' s e x p r e s s i o n f o r v a r i o u s v a l u e s o f 9/T ( F i g u r e A . 3 ) . The t a b l e 

g i v i n g o^ as a f u n c t i o n o f d/T has been t a k e n f r o m W h i t e (1959> P*316, 

T a b l e Z X v T l ) . 

The s p e c i f i c h e a t a t c o n s t a n t vo lume c i s r e l a t e d t o t h e q u a n t i t y 
v 

w h i c h i s u s u a l l y measu red , namely t h e s p e c i f i c h e a t a t c o n s t a n t p r e s s u r e 

c i . b y t h e the rmodynamic e q u a t i o n 
c - c = 9 a 2 T B / p ( A . 1 ) 

p v N ' 

H e r e a i s t h e c o e f f i c i e n t o f l i n e a r t h e r m a l e x p a n s i o n , T i s t h e a b s o l u t e 

t e m p e r a t u r e , B i s t h e b u l k modulus and P i s t h e d e n s i t y o f m a t e r i a l . 

A t 290 °K, c y i s 15 x 1 0 5 e r g . g " 1 V " 1 and c p i s 14*97 x 1 0 5 e r g . g " 1 V 

f o r m e r c u r y t e l l u r i d e . T h e r e f o r e , c^ can be a c c e p t e d as b e i n g e q u a l t o 

c^ f o r t e m p e r a t u r e s l o w e r t h a n room t e m p e r a t u r e . A t h i g h e r t e m p e r a t u r e s 

t h e d i f f e r e n c e ( c - c ) i n c r e a s e s . 
v p v 
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APPENDIX B 

CONSTANTS I N MERCURY TELLURIDE RELATED TO DISLOCATION MOTION 

The B u r g e r s v e c t o r ( b ) 

I n z i n c - b l e n d e c r y s t a l s t h e s h o r t e s t l a t t i c e v e c t o r t h a t i s a l l o w e d 

as t h e B u r g e r s v e c t o r i s "2"< 110 > o r < Ho > i . e . h a l f t h e d i a g o n a l o f a 

cube f a c e ( H o l t 1 9 6 2 ) 

.*. b = 2 a 
o 

—8 
I n s e r t i n g t h e v a l u e o f a Q (6*462 x 10~ cm see page 1 2 ) B u r g e r s v e c t o r 

—8 

f o r m e r c u r y t e l l u r i d e i s f o u n d t o be 4*569 x 10 cm. 

The Shear modulus ( & ) 

S i n c e t h e m o t i o n o f t h e d i s l o c a t i o n l i n e s p r o d u c e s a s t r a i n i n 

a d d i t i o n t o e l a s t i c s t r a i n , t h e a p p a r e n t shear modu lus ( & ) i s l o w e r 

t h a n t h e t r u e modulus (G- Q )* The s h e a r i n g modulus i n t h e g l i d e p l a n e i s 

( A l e r s a n d Thompson 1961) 

" & = i ( c i 7 - c i 2 + V 

I n s e r t i n g t h e v a l u e s o f e l a s t i c c o n s t a n t s f r o m T a b l e ( 4 * 1 , p . 5 1 ) , t h e 

shear modu lus ( & ) f o r m e r c u r y t e l l u r i d e a t 290°K i s f o u n d t o be 

11 - 2 
1*25 x 10 d y n cm . 
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P o i s s o n ' s r a t i o ( v ) 

P o i s s o n ' s r a t i o (i>) i s d e f i n e d as 

= C 1 2 / [ 2 ( C 1 2 + & ) ] 

11 - 2 
( B h a t i a 1967 , p . 3 3 8 ) . I n s e r t i n g t h e v a l u e s o f C 1 2 (3*8 x 10 d y n . c m , 

11 —2 

T a b l e 4 . 1 ) » P « 5 1 ) a n d & ( 1 » 2 5 x 10 d y n . c m ) . P o i s s o n ' s r a t i o ( v ) f o r 

m e r c u r y t e l l u r i d e a t 290°K i s f o u n d t o be 0«375 ' 

The e f f e c t i v e t e n s i o n ( C ) 

The f o r c e p e r u n i t l e n g t h due t o t h e e f f e c t i v e t e n s i o n i n a bowed-ou t 

d i s l o c a t i o n (c) i s g i v e n b y 

C = 2 G b 2 / [ w ( 1 - i / ) j 

(G-ranato a n d Lt tcke 1966, p . 2 4 1 ) 

- 4 - 2 
C i s 2*66 x 10 gm.cm.sec f o r m e r c u r y t e l l u r i d e . 

The e f f e c t i v e mass o f d i s l o c a t i o n ( A ) 

The e f f e c t i v e mass p e r u n i t l e n g t h o f d i s l o c a t i o n l i n e i s g i v e n 

A = p b 2 

(G-ranato a n d Lt tcke 1966 , p . 1 4 1 ) - - -

H e r e P i s t h e d e n s i t y ( 8 » 0 8 gm.cm ) . T h e r e f o r e , A i s 1*69 x 10*" 

-1 
gm.cm f o r m e r c u r y t e l l u r i d e . 
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T H E E L A S T I C CONSTANTS OF MERCURY T E L L U R I D E 
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Abstract—The elastic constants C n , Cia and C 4 4 of mercury telluride have been measured by the 
pulse echo technique as a function of temperature between 1 -4°K and 300°K, attention being paid 
to possible effects of non-stoichiometry in the crystals. Results are_ discussed_ in .terms_of-the 
crystalline-interatomic forces and are compared' with-those of other I I - V I and 1II-V compounds 
with the zinc blende structure: the elastic properties of mercury telluride correspond closely to 
those of cubic zinc sulphide and exhibit no anomalous behaviour. From the Szigeti relationships, the 
ionicity e* is estimated as 0-65e±0-05e and the rcstrahlen frequency as (4 -l ±0-1) x 10 l a eycles/sec. 
The Debye temperature, calculated from the elastic constant data, is 141°K±4°K. 

INTRODUCTION 
T H E E L A S T I C constants of single crystals furn ish 
basic mechanical and thermodynamic information 
i n solids. D u r i n g a study of ultrasonic wave propa
gation and the electronic properties of semimetals, 
the adiabatic elastic constants C l l t C12 and C 4 4 

of mercury telluride H g T e have been obtained 
using the ultrasonic pulse echo technique. Prepara
t ion of stoichiometric H g T e presents a problem 
and serious discrepancies exist between published 
data, especially on electron transport properties: 
carrier densities and mobilities are particularly 
sensitive to excess of either component i n such a 
scmimetal w i t h a very small band overlap. Stoichio-
metry is also relevant to ultrasound wave propaga
t ion and crystals prepared i n different ways have 
been examined for any effects of non-stoichiometry 
and possible relationships to mechanical properties. 

I n I I - V I and 11I -V compounds the ionicity, the 
proportion of ionic component i n mixed covalent-
ionic bonds, plays an important role: i^materials 
w i t h mixed "bondsthe resonance energy influences 
both bond strengths and band structure. One aim 
of the present work was to estimate the ionicity 
i n H g T e through the elastic constants and to cor
relate the results w i th those for other binary com
pounds w i t h the zinc blende (43/») structure. T w o 
equal, interpenetrating, face-centred cubic lat
tices, each containing one atomic species only, and 
relatively displaced one quarter of the distance 
along a cube diagonal, compose this structure. The 

1 

unit cell contains two atoms, one on each lattice, 
spaced by aQ-\/(3)/4, a0 being the lattice constant. 
Tha t optical frequency associated w i t h k = 0 
represents the frequency at which the r igid 
Bravais lattices vibrate relatively to each other. 
Interatomic repulsive forces largely determine the 
optical absorption frequency and the compres
sibility, which are then related by the Szigeti 
re la t ion , ( 1 ) based on a dipolar term i n the Lorentz 
force approximation. Th i s equation forms a useful 
l ink between elastic and optical properties and is 
applied to the present results on HgTe , although 
its extension to the zinc blende lattice, i n which 
each atom is not a centre of symmetry, is not 
strictly justifiable. I f nearest-neighbour inter
actions are sufficient to represent the lattice 
dynamics, then the two force constant m o d c l ( 2 ) 

should be satisfied: thus the applicability of Bom's 
relation is tested in H g T e and found to be a 
reasonable approximation. Assuming that the 
behayiour_of_thermal vibrations-approaches that of 
acoustical waves w i th increasing wavelength, the 
Debye temperature has been calculated f r o m the 
clastic constant data presented i n the next section. 

2. E X P E R I M E N T A L D E T A I L S AND R E S U L T S 
Mercury telluride single crystals, as cylinders of 

diameter up to 2-5 cm and length about 2 cm, 
were grown f r o m 99-999 ,per,cent puri ty elements, 
by a technique, developed by D E L V E S ( 3 ) of direc
tional freezing of melts of composition Hg^oo 
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annealing are small ( ~ l - 5 per cent at 4-2°K and 
~2 0 per cent at 300°K) and of similar magnitude 
for each constant, although A C 4 4 is negative in 
contrast to A C 1 X and A C 1 2 . Crystal preparation 
and history modi fy the elastic constants of H g T e : 
this would explain the discrepancy between the 
present results and those of M A V R O I D E S and 
K O L E S A R < 8 ) at room temperature only; these 
workers give no details of crystal preparation so 
that fur ther comparisons cannot be made. T h e 

7 I 1 r 

ui 

i 3 
x u 

O < • " • 1 1 
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F I G . 1. The linear thermal expansion coefficient a of 
mercury telluride as a function of temperature. Errors 

are ± 1 0 per cent at 77°K and +4 per cent at 290°K. 

elastic constants show characteristic dependence 
on temperature, namely, an approach to 0 ° K w i t h 
zero -slope and' a" negative" almost linear, slope at 
higher temperatures: these features fol low f r o m 
the theory of the crystalline equation of state (see 
H U N T I N G T O N ' 9 ' for references and a review of this 
topic). Now to discuss the results i n more detail. 

DISCUSSION 
Single crystal elastic constants can be expressed 

as the second derivative of the binding energy w i t h 
respect to the appropriate strain. Contr ibut ing 
energy terms accrue f r o m long range electrostatic 
forces between the ion cores and the valence 

i 
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F I G . 2. The temperature dependence of the measured 
linear combinations of the elastic constants of a crystal 
oriented along the [110] direction both as grown and 
after annealing at 300° for 100 hr in mercury vapour. 

The units are 10 1 1 dyn/cm2. 

electrons, f r o m short range, ion core, repulsive 
interactions and f r o m electronic effects. Satis
factory comparison w i t h electron theories is not 
possible at present for H g T e because the pertinent 
band parameters and their strain dependences are 
unknown. T h e small changes i n the elastic con
stants, produced by annealing in mercury vapour, 
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5i iw r

2 turns out to be 8 - 8 x l 0 4 c g s units and 
vR is (4-1 + 0 - l ) x 1 0 1 2 c/s. As H g T e by no means 
obeys the Cauchy relation C 1 2 = C 4 4 and the 
central force model is invalid, disagreement be
tween this result and that measured f r o m optical 
r e f l ec t iv i ty ( 1 4 ) (3-45 x 1 0 1 2 c/s) is not surprising. 

Giv ing considerable insight into the properties 
of solids are such chemical concepts as ionicity, 
cognate w i t h the nature of the bonding. S Z I G E T J ( 1 5 ) 

has shown for a lattice of deformable ions that the 
effective charge e* is related to the change in 
dielectric constants Ae on passing right through 
the restrahlen band by 

1 6 « < « , + 2 ) V ) a 

9 / M £ D r

2 a 0

3 

Ae = (3) 

Int roduct ion of the elastic constant data into 
equations (2) and (3) gives the ionicity of H g T e as 
0 65 e. Th i s value must be treated cautiously: 
included i n Szigeti's work is a distortion parameter 
s (uni ty i n the Lorentz approximation). T h e 
method really gives se*. Should the charge dis
t r ibut ion around the ions not be spherical, or the 
ions overlap, or non-electrostatic short-range 
forces distort the ions on displacement, then s is 
not uni ty. However, for a variety of cubic materials 
j seems to be 0-9 + 0-2 . < 1 5 ) Thus, recognizing both 
these effects of distortion and experimental error, 
e* is(0-65 + 0 05)e. 

I n the heteropolar, tctrahedrally bonded com
pounds the molecular wave-functions ijj are formed 
by overlap of sp3 tetrahedral, hybrid orbitals $ on 
nearest neighbour a toms < 1 6 ) 

tfi = (j>a + \<f>b (Bonding orbital) 
X = A<£a —<£b (Ant ibonding orbital) (4) 

where A is a parameter, describing the polarity of 
the bond, obtainable by the variation method. 
The bonding orbital ifi corresponds to fractions o f 
electrons 1/(1 + A2)_ on- the hexavalent atom (A) 
and A 2 / ( l + A 2 ) on the bivalent atom (B). T h e net 
charge, measured in electrons, associated w i t h the 
atom A i s ( 1 6 ) for a compound ANBB~N 

e* = 
J V A 2 - ( 8 - i V ) 

1 + A 2 
(5) 

or ( 6 A 2 - 2 ) / ( l + A 2 ) for a I I - V I compound where 
N is 6. When e* = 0-65e, A becomes 0-7: any 

valence electron remains on a mercury atom about 
30 per cent of the t ime. 

Using Szigeti's \ v o r k < 1 , 1 5 ) as a foundation, 
P O T T E R ( 1 7 ) has demonstrated a close correspon
dence between the elastic constant ratio C 1 : 1 / C 1 2 

and the ionicity i n a number of compounds of the 
43?H structure. As the compounds become more 
ionic, the ratio C n / C 1 2 decreases f r o m 2 for the 
purely covalent Si and Ge towards the lower l imi t 
of uni ty set by the critical condi t ions ' 1 8 5 for lattice 
stability 

(6) 

stability 

C 1 1 - C 1 2 > 0 , C 4 4 > 0 , C 1 1 + 2 C 1 2 > 0 

T h e results ( C n / C 1 2 = 1 -41, e* = 0-65e) for HgTe , 
similar to those for cubic Z n S ( C ' 1 1 / C ] 2 = 1-49, 
e* = 0-65e), lie on Potter's theoretical curve 
(Fig . 1 in his paper): the general trends towards 
ionic character through the scries of I I I - V and 
I I - V I are followed by H g T e . 

By reducing the elastic constants to dimension-
less parameters / 1 9 5 comparison between the com
pounds can be extended; the normalizing elastic 
constant Cn 

e2 256 c 2 

C0 = — = 
0 rt4 9 aJ 

(7) 

is 0 - 3 7 6 x l 0 1 2 d y n / c m 2 for H g T e . T h e reduced 
bulk and shear modul i are 

B* = ( C 1 1 + 2 C 1 2 ) / 3 C 0 = 1-23 + 0-03 

C 4 4 * = C 4 4 / C 0 = 0-60 + 0-01 (8) 

C* = ( C n - C 1 2 ) I C 0 = 0-24 + 0-01 

and the reduced average shear modulus 

C C\ i Cio ~f" 3 C*44 
C* = — = — = 0-45 ± 0-02 

C 0 5 C 0 

These reduced modul i have a close affinity w i t h 
those for cubic ZnS(5* = 1-11, C 4 4 * = 0-56, 
C * = 0-24; C* =~0 743). Keyes generalizations, 
concerning the elastic modul i of the 42m com
pounds and diamond structure elements, namely 
that B* ~ 1-2 and that the shear modul i decrease 
through the sequence group I V elements, I I I - V 
compounds and I I - V I compounds, find fur ther 
confirmation in HgTe , which shows no anomalous 
elastic behaviour. 

B O R N , ( 2 ) considering nearest neighbour interac
tions only, has developed a two constant model for 
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The elastic constants of Hg5In2Te8 

T. A L P E R , N . G . P A C E and G . A . S A U N D E R S 

Department o f Applied Physics, University of Durham 

MS. received 6th February 1968, in revised form \9th March 1968 

Abstract. The elastic constants Cu, d a and C44 of the ternary compound j e m i -
conductor HgsIn2Tes-are-presentedr T-he-ionicityof this compblirTd' is e'stimated as 
0-47 ± 0 05. The Debye temperature is 1 4 2 ± 6 ° K . The elastic properties are found 
to bear a marked resemblance to those o f the related I T - V I compounds, in particular 
HgTe. 

1. Introduction 
Details o f the propagation o f ultrasonic waves i n ternary compound semiconductors are 

sparse. The phase diagram o f the pseudo-binary system comprising mercury telluride and 
ind ium telluride indicates that a compound is extant at the composi t ion 37-5 m o l . % ind ium 
telluride (Spencer 1964). Valency requirements suggest that the compound is Hgsln2 CfTes, 
where the symbol • designates a vacancy. The present concern is to complement recent 
studies o f the electrical properties (Spencer et al. 1962, Wr igh t 1965, W r i g h t and Dahake 
1968) w i t h knowledge o f the elastic constants and o f the nature o f the crystal binding in this 
compound. 

2. Experimental details and results 

Single crystals o f H g s I ^ T e s have been grown by the Br idgman technique f r o m elements 
o f 99-999% pur i ty . Back-reflection photographs show, w i t h i n an experimental error o f 
± 0 - 5 ° , that the compound is cubic w i t h a point group belonging to either 432, 33m or 

m3m. Debye-Scherrer powder photographs reveal the marked resemblance o f this ordered 
compound to mercury telluride. The measured lattice spacing o f 6-33 ± 0 - 0 1 A agrees w i t h 
that f o u n d by Spencer et al. (1962). Each te l lur ium atom may have as nearest neighbours 
either f o u r mercury atoms or two mercury atoms, an i n d i u m a tom and a vacancy. The 
zinc blende structure is of ten depicted as a cube containing eight j i toms . Eight such 
cubes . form. a large cube-with--2 3 -as many si tesraccommodating - HgloTns CkTesa, which 
exhibits the observed symmetries and gives a calculated x-ray density (7-30 + 0-01 g e m - 3 ) 
in reasonable agreement w i t h that measured by Archimedes' principle (7-23 ± 0-01 g c m - 3 ) . 

The elastic constants C\\, C\% and Cm were obtained f r o m the velocities o f longitudinal 
and transverse waves propagated along the [110] axis w i t h wave polarizat ion parallel to the 
[110], [001] and [1T0] directions respectively. Ultrasonic-wave transit times were measured 
w i t h an accuracy to better than 1 % by the single-ended pulse-echo technique at a carrier 
frequency o f 10 M H z . Fur ther experimental details are given by Alper and Saunders 
(1967). Using back-reflection Laue photographs the crystals were aligned to w i t h i n 1° 
o f the pre-requisite axis and cut on a diamond wheel. The faces were lapped f ia t and 
parallel t o w i th in 10~ 4 i n . The use o f I 0 6 cs silicone fluid as a transducer bonding material 
restricted the propagat ion and measurement o f transverse waves to temperatures below 
160°K. The elastic modu l i , uncorrected f o r thermal expansion, are presented in the figure. 
The elastic modu l i and compressibility data at selected temperatures are shown in table 1. 

1079 
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Direc t comparison o f the elastic m o d u l i is best achieved by reduction to the 
dimensionless parameters (Keyes 1962) shown in table 2. A close similar i ty 
between the elastic constants o f HgsIngTea and those o f the I I - V I compounds 
HgTe and ZnS is apparent. Kea t ing (1966) found that f o r covalent d iamond-
structure materials 2C44(Cn+Ci2)/(Cii-Ci2)](Cu+3Ci2) is uni ty . W i t h increasing 
ionic i ty this parameter deviates f r o m uni ty due to the increased importance o f long-range 
Cou lomb forces, being between 1-1 and 1-2 f o r I I I - V compounds, 1*38 f o r HgTe and 
1*37 f o r Hg5ln2Te8. The two Hooke's- law constants a and j3, resulting respectively f r o m 
radial and angular forces, have been estimated f r o m Keating's model , which predicts that 

Cu=(a+3j8) /4<7 , C i 2 = ( a - / 3 ) / 4 a , C M = « j B / < i ( a - j 8 ) . 

For the ternary compound, a and /} are 9 - 5 x l 0 4 a n d 1-1 x IO 4 dyn c m - 1 respectively, 
values close to those obtained fo r HgTe ( a = H x 10 5 dyn c m - 1 , ]8= 1-1 x 10 4 dyn c m - 1 ) . 

Table 2. Reduced adiabadc elastic moduli of zinc blende typecrystalst ~~ 

Hg5ln2Te8 HgTe ZnS (cubic) 

(Cii + 2Ci8)/3Co 0-95±0-06 I-23±0-03 111 
C M / C O 0-51 ± 0 02 0 -60±001 0-56 
(Cu-Cia)/2C 0 0-21 ± 0 02 0 -24±001 0-24 
( C U - C ] 2 + 3C,M)/5CO 0-68± 0 04 0-45±0-02 0-43 

t T h e normalizing constant Co (=256e 2 /9a 0

4 )=408 x I 0 1 1 dyn c m " 2 for HgsInaTes. Data 
taken at 77°K are used for computation. 

Final ly, the Debye temperature o f 1 4 2 ± 6 ° K , estimated by the methods outl ined by Alers 
(1965) f r o m the elastic constant data extrapolated to 0 ° K , is in accord wi th that fo r HgTe, 
namely 141 ± 4 ° K (Alper and Saunders 1967). 
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(Reprinted / r a m Nature, Vol. 218, No. 5136, p. 83 only, 
April 6, 1968) 

Phonon Viscosity Attenuation 
of Ultrasonic Waves in HgTe 
A T T E N U A T I O N of ultrasonic waves arising from lattice 
phonon viscous drag is known in insulators such as quartz1 

and in semiconductors, notably germanium3 and silicon3. 
Here we report that this damping effect is large in the 
semi-metal HgTe. When the thermal plionon mean free 
path is small compared with the sound wavelength 
( O J T H J ^ I ) . as in t.hn present. Rvpnriment, the lattice phonon 
damping for an isotropic solid is given by 4 

a L = 8-68Y2u2i<T/pv5 dB/cm (1) 
where y ' s an average Clruneisen parameter and K the 
lattice thermal conductivity. For HgTe ( 6 - 141° K ) 

SO M H i longitudinal waves along MOO] O K I 

50MH1 longitudinal wnwi alonn r 
30 MHz longitudinal wavag along 

Gil] Oxlft 

RESIDUAL ATTENUATION 

to 
1 I 

JO 20 •10 50 80 GO 70 
Temperature r l£ ) 

Fig . 1. The temperature dependence or ultrasonic nttenuntlon in Hg'IV. 
Tlie residual attenuation level is shown only for the lowest curve. 
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. 1-10 
1-28 

[100] 2-901 x 10' 50 2-04 107 
[110| 2-982 x 10' •70 . 

50 
2:48-
116 

0-86 
0-81 

frequency dependence of attenuation (Fig. 2) approaches 
<os above lOO MEtz but deviates at low frequencies, largely 
because of diffraction losses. The attenuation above 200 
MHz is constant;' a similar effect in germanium has been 
attributed to dislocation damping2. 

A complete quantitative assessment awaits measure
ments of the third order elastic constants and thermal 
conductivity. But it is of interest to estimate the acoustic 
Gruneisen parameters y (Table 1) using equation (1). 
For comparison, the thermal expansion Gruneisen 
parameter is estimated as 0-65 ±0-1.0. 
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