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ACOUSTIC ABSORPTION BY THE 

ELECTRON-HOLE LIQUID IN GERMANIUM 

Anthony D. A. Hansen 

Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 94720 

ABSTRACT 

We have studied the absorption of ultrasonic acoustic waves by 

the electron-hole liquid that may be created in germanium at liquid 

helium temperatures by intense optical excitation. This is a degener

ate compensated Fermi liquid that exhibits the behaviour of both clas

sical dynamics in a force field, and quantum phenomena in a magnetic 

field. This dissertation presents the results of theoretical and ex

perimental studies of the interaction of the mobile liquid with a 

travelling acoustic wave force field, the attenuation of the wave due 

to energy-dissipative processes coupling the liquid to the crystal lat

tice, and the effect of a moderately strong magnetic field on the dynam

ic behaviour of the system. In unstrained germanium the electron-hole 

liquid (EHL) Is known to be condensed into small droplets of radius ~5 

urn; the creation of an EHL energy well by the application of an inhomo-

geneous stress causes the liquid to be aggregated into a macroscopic-

ally large volume. 
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A theory for the response of mobile particles to a travelling-
wave force field is developed for the case of strong momentum damping. 
Treating the damping rate as a parameter, this is then applied to find 
Che acoustic attenuation coefficient due to a cloud of small EHL drop
lets, and a large strain-confined volume of EHL. In the latter case, 
fluid-dynamical effects have to be considered. It is shown that the 
above mechanism dominates other possible contributions to the attenu
ation. The dissipation rate is then calculated in zero magnetic field, 
and seen to agree with experimental results. For EHL in unstrained 
germanium, attenuation measurements yield a temperature-dependent momen-
tun dissipation rate of T - 7 x 10 T sec" °K~ over the range T«1.8 
°K to 3.6 °K. From experimental results, we obtain an estimate of 
_1 9 1 

T = 3 x 1 0 sec at 1.85 °K for strain-confined EHL. 
The application of a moderately strong magnetic field causes 

pronounced Landau quantization of the electron energy levels, due to the 
low carrier density (i.e. hw ~ E„). The field dependence of the density 
of states is calculated, and hence the effect of a magnetic field on the 
attenuation coefficient is predicted. TCiea the field is parallel to the 
ultrasonic wave propagation (H II <£), oscillatory structure periodic in 
reciprocal field strength is observed for strain-confined EHL. At 1.9 
°K we measure an electron fermi energy of E » 2 . 6 5 (± 0.1) maV, corre-

16 _3 

spomding to a carrier density of n-6.5 (± 0.4) x 10 cm , assuming only 
one conduction band valley is occupied. This assumption is verified by 
measurements of the oscillations1 dependence on magnetic field angle. 
The broadening of electron energy levels is measured to be r-0.45 meV, 



-ix-

and the temperature-dependent carrier-carrier collision rate may be 

deduced from measurements of the suppression of acoustic attenuation by 
- 1 2 9 -1 

a transverse magnetic field (Rig) as1 being T - (12 + 1.3 T ) x 10 sec . 

These measurements are in good accord with theory. 

Details of the experimental apparatus are also given, with empha

sis on the solution of problems encountered in obtaining good ultrasonic 

pulse echoes from which reliable attenuation measurements could be made. 

This is followed by a discussion of systematic errors and measurement 

optimization. 

Finally, a discussion of the experimental results is presented, 

together with suggestions for further experiments using ultrasonic waves 

as a convenient probe of the microscopic dynamics of EHL motion. 
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1. INTRODUCTION 

The electron-hole liquid In semiconducting crystals Is a system 
of considerable Interest both theoretically and experimentally, as its 
properties simultaneously display both classical and quantum phenomena. 
This thesis is concerned with an investigation of the interaction uf the 
electron-hole liquid in pure germanium at low temperatures with travel
ling ultrasonic acoustic waves. A theory for the response of mobile 
particles in a resistive medium to a travelling, oscillating force field 
is developed classically, whereat1 the momentum dissipation mechanism it
self may be expected to exhibit quantum phenomena in an externally-
applied magnetic field if the electrons in the liquid phase constitute 
a feral system. 

We may arrive at two major conclusions from the experimental 
results. The first of these is that the magnitude and frequency-
dependence of the ultrasonic attenuation coefficient confirm the pre
dictions of the quasi-classical dynamical theory. This theory is based 
on the concept that the mechanical force acting on the particles is due 
to the strain gradient of the acoustic wave in the crystal lattice 
coupled to the electrons and holes by the deformation potential, and 
that momentum is dissipated non-coherently by the same carrier-lattice 
phonon Interaction that is responsible for electrical resistivity. 

The second result is that the observation of oscillations in 
the attenuation coefficient with increasing magnetic field strength 
parallel to the direction of ultrasonic propagation conclusively 

1.1 
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confiras that the electrons In the liquid phase constitute a feral sys-
tea, and enables us to measure the feral energy accurately, and hence 

..-.-.- to calculate the pair density. This magneto-oscillatory behaviour ex
clude* the possibilities that the liquid phase is a molecular liquid of 
distinct, associated excitonB coalesced like liquid hydrogen by van-der-
Kaals forces, or a Bose condensate of pairs. Only a dissociated com
pensated plasma of freely-intermixing electrons and holes will exhibit 
this characteristic fermi system behaviour, due to Landau quantization 
of energy levels in a magnetic field. Other results obtained include 
the temperature dependence of the disaipative relaxation rate and the 
carrier-carrier collision rate, an angular dependence of the magneto-
oscillatory behaviour, etc. 

Chapters 2 and 3 of thin thesis present the relevant physical 
properties of germanium and the electron-hole liquid that may be repro
ducing created in it by intense optical excitation at low temperatures. 
The formation of static inhomogeneous strain wells interior to the crys
tal surface is also discussed, ao this is of central 'mportance to our 

—ability to generate macroacopically large volumes of the liquid. The 
references given in these two chapters should be consulted for greater 
detail and proof of the various properties quoted. 

The fourth chapter develops the quasi-classical theory for the 
dynamical response of the EH liquid to an oscillating force field wave. 
Assuming the momentum relaxation process to be the carrier-phonon inter
action responsible for electrical resistivity, the acoustic attenuation 
cuefficient'can be calculated. Various other' mechanisms for acoustic 

1.2- ' .;,. ,; 1-2 
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attenuation are considered, and shorn to he negligibly small. 

The fifth chapter concludes the theoretical work with a discus

sion of the effect of a magnetic field on the system. 

Chapter 6 presents details of the experimental apparatus, sample 

head, etc. The extraction of the actual attenuation coefficient from 

the raw data is discussed, together with consideration of some system

atic errors and necessary corrections. 

Chapters 7 and 8 present the experimental results and their 

subsequent analysis and discussion for the ultrasonic attenuation in un

stressed and inhomogeneously-straiaed samples respectively. In both of 

these chapters the raw data is all presented first with no analysis other 

than the fitting of data to theoretical curves, etc. The discussion and 

conclusions then follow in the second part of the chapter. This was 

done in order to avoid confusion about which figures represent actual 

data, and which come from subsequent analysis. 

The final ninth chapter contains a summary and conclusions, to

gether with speculation about the form of some results and suggestions 

for further work. 

1.3 1.3 
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Numeration 

Each chapter consists of an introduction and outline followed 

by a number of sections. Thus section 46 is the sixth part of chapter 

4, and all of its equation and reference numbers will be preceded by 

46. The numbers in the lower corners of the page (e.g. 46.8) are the 

consecutive page numbers within that section, while the numbers in the 

upper corner are the consecutive page numbers within the entire text 

as indexed in the table of contents. Equation numbers are shown in 

parentheses as (46.8), figure numbers in brackets as [46.8] and refer

ences superscript underlined as — ' —. Usually these will be preceded 

by the words "Eqn.", "Fig." or "Ref." when referred to _n the text. 

1.4 1.4 



5 5 

2. GERMANIUM 

In this chapter the relevant physical and electronic properties 

of germanium are presented. Section 21 gives the elastic properties, 

the Brillouin zone and carrier effective masses. In section 22 we 

consider the coupling of lattice strains to the carriers via the defor

mation potential, and the possible screening of this effect by the 

mobile carriers within a large volume of the electron-hole liquid. 

This latter part considers the effect of a density fluctuation on 

changes in the fermi level, thermally activated diffusion and also es

timates a rate for inter-valley transfer of electrons. 

Section 23 describes the effect of static stress on the equi

librium band occupancy, showing how preferential population of parts 

of the Brillouin zone can occur under large stresses. 

Section 24 shows how a non-uniform externally-applied stress 

can give rise to 3train minima interior to the surface of the crystal, 

an effect which is of central importance in our ability to produce 

large localized volumes of the electron-hole liquid. 

2.1 2.1 
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21. General properties of Germanium 

Germanium crystallizes in the cubic diamond structure with a 

density of 5.32 gm/cm3 and elastic stiffness constants of 

C 1 : L - 1.285 x 1 0 1 2 dyne/cm2 

C 1 2 - 0.483 x io 1 2 dyne/cm2 

C w = 0.660 x io 1 2 dyne/cm2. 

21 1 all measured at room temperature. The velocities of longitudinal 

waves propagated along principal crystalline axes will then be: 

l 
qll <100>: c = (C 1 1 / P ) T - 4.91x 10 s cm/sec 

l 
qll <110>: c g = ((C,,+C 1, + 3C..)/2p)'r = 5.42 xio5cm/sec (21.1) 

I 
qll <111>: c s - ((C 1 1 + C 1 2+4C 4 4)/3pY 2"=5.58 xio 5 cm/sec. 

At low temperatures the stiffness constants and the density both in-
21 2 crease, by approximately 1.5% and 0.5% respectively : the velocity of 

sound will therefore increase by approximately 0.5%. The above-

cnlculated velocities suffice in the present work. 

The Brillouin zone of germanium is cubic, with conduction band 

energy minima lying at zone boundaries along <1*11> directions. The 

band structure at zero temperature and under zero external mechanical 

stress is shown in figure [21.1], from which it is seen that the in

direct energy gap at low temperatures is 0.744 eV. Figure [21.2] shows 

21.1 21.1 
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Ge band structure 

1st. zone 
boundary 

Indirect gap 744 —r-
Exciton E x = 4 

Condensation tf> « 2_ ' 
Fermi EF~j>_ T 

F.E. luminescence 714 

E.H.L. luminescence 709 

L.A. phonon 07 

r (000) L(111) 

Figure 21.1 X B L 7 7 6 - I 4 6 2 
Band diagram for Ge at low temperatures and zero stress. Energies (all expressed 
in meV) versus wavevector along a <111> direction, V to- L. Exciton and EHL 
energies are shown as the sura of electron and hole contributions together. 
Not drawn to scale. 

21.2 21.2 
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Figure 21.2 X B L 7 7 6 - I 4 6 8 
Location of electron constant-energy surfaces in unstressed germanium. 
Conduction band valleys are located along <111> directions and cut off by the 
boundary of the 1st Brillouin zone (not shown). 

21.3 21.3 
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the eight electron constant-energy contours, cut off at the surface of 

the first Brillouin zone (not shown for clarity). Inversion equivalence 

reduces the number of distinct conduction band minima from 8 to 4: ex

cited electrons populating these valleys are characterized by transverse 

and longitudinal effective masses of m - 0.0814 m and m, = 1.5B m . The 
t o 1 o 

two hole bands are degenerate at k « 0 and warp away from the zone centre. 

The hole energy may be expressed as 

E ± - (Ak2 ± ( B V + C 2 I k ^ ) h (21.2) 

21 3 with measured values—— of the parameters of A"13.35, B- 8.63, C = 12.4 

in units of f.2/2m . From this equation, effective hole masses may be 

calculated: it is often convenient to use the averaged density-of-states 
21 4 masses for the light and heavy holes of m,*0.042 m , DL -0.347 m . 

These above values of the carrier effective masses will be used 
21.5 throughout. Theoretical calculations Suggest that due to many-body 

effects the masses are slightly changed within the electron-hol- liquid 

by a few percent. Experimental confirmation of this is not yet com

pletely conclusive — — , and so in view of that and larger approximations 

necessary elsewhere in this work, the possible small mass change will not 

be used here. 

21.4 21.4 
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22. Deformation potential 

(i) Single-particle (unscreened) case 

The application of mechanical stress induces a strain which 

causes the electron and hole energies to change: the interaction ir 

described by means of deformation potential constants. 

The energy shift of electrons in the i. th conduction band' valley 

AE ' = < 5

d i + E u a A > ^ ( 2 2 - 1 ) 

where &• is a unit vector parallel to the k-vector of the electron in 

the A. th valley, e. is the strain tensor, and 2,,H are the conduction 

band deformation potential constants. Clearly the contribution 

S a.a• • £ distinguishes the different valleys: in germanium the mea

sured sign of S is positive, so that a compressional strain will lower 

the electron's energy. If the strain has a large component along a cer

tain <111> direction, the corresponding valley may he sufficiently 

lowered in energy relative to the other three valleys as to be completely 
22 2 preferentially populated. It is found that the energy lowering of 

a given valley i. from the mean shift is directly proportional to the 

octahedral shear strain, defined as 

E *• - a. • £ • a. - 4 Ir e. (22.2) 
oct "t ""t J 

22.1 22.1 
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The ability to produce inhoaogeneous distributions o£ e within a 

crystal is central to the problem of strain confinement of the electron-

hole liquid in germanium, as discussed later. 
22 3 The energy shifts for holes under strain are given as 

AV - • ! • £ * <*& *& E ! e ^ * Hk ( 2 2 ' 3 ) 

where E ^ - B2k" + C 2 I k ^ k / 

4 " B b a l * i * u - * i - £ > + A N d J V/%/ ( 2 2- 4 ) 

with a, 1?, d, B and C as constants, and £ representing summation over 

cyclically-permuted indices i , j . We shall be considering only very 

small strains, with |E| < 1 0 - s . We may therefore delete the term E* , 

quadratic in e, and linearize the remainder of (22.3) to yield 

i V - i - f i t c ^ r : ) * ^ 

•«'*£ 
(22.5) 

Now assume that we are considering compresslonal waves only, propagated 

along (say) a <111> axis. The magnitude of the strain tensor will then 

only contain £ , and from (22.A) the term E? reduces to 

•* = B b <K - **>«« < 2 2 -« 
averaged over x, y and z directions. 

22.2 22.2 
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If we assume Isotropy, averaging the tern Bbe (3k2 ~k 2)/2K. will yield 

zero. To first order, the energy shift of the holes (both heavy and 

light) will be 

In much of what follows it will be convenient to consider the 

interaction of electrons and holes with a plane compressional strain 

wave e_ = e e .We therefore introduce the coupling constants 

D = 3. + | = = -5.9 + 0.6 eV e d 3 u 

B. = a = -3.9 ± 1.1 eV n 

where the numerical values are deduced from references 22.1, 22.A. 

22.3 22.3 
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(ii) Screening of deformation potential in electron-hole 
liquid 

The electron-hole liquid constitutes a degenerate Fermi system 

with a pair density of order 10 1 7/cm 3. We must therefore reasonably 

consider collective effects on the interaction of a volume of the ERL 

with an acoustic wave strain field. In this section these effects will 

be considered in a quasi-static manner: section 44 explicitly considers 

dynamical effects. The problem is categorized according to whether we 

are considering thermal phonons or a low-frequency externally-generated 

acoustic wave; stressed or unstressed EHL (from the point of view of 

conduction band valley occupancy); and the relative si*;e of the strain 

field wavelength and the volume of EHL concerned. 

There are primarily three effects that can lead to screening of, 

say, a standing strain wave. These are due to (a) local increase of 

Fermi energy with increasing particle density, (b) thermally-activated 

diffusion, (c) inter-valley transfer of electrons to one valley if pre

ferentially lowered in energy (see also section 46 and reference 46.1). 

(a) In the electron-hole liquid, the electron and hole densities 

are very strongly electrostatically correlated due to the requirement of 

local charge neutrality. At the equilibrium density, the total EEL 

energy is a minimum with reaper- to pair density and so the per-pair 

energy shows zero first-order dependence on small density fluctuations. 

The second-order energy correction may be written as 

22.4 
22.4 
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fiE(2) - B " ' ^ < 2 2 ' 7 ) 

where (An/n) is the fractional density change, E"»0.6 meV for EHL in 

strained germanium with the configuration Ge (1,2) (see following section), 
22 5 and E""1.0 meV for EHL in unstrained germanium.— '— The force due to 

this energy change will be the spatial gradient, i.e. 

F b = 2 E " " C n ) 'n 3 x ' (22.8) 

For small values of (An/n) this non-linear force may be ignored, being 

of second order in the density variation. 

(b) Thermally-activated diffusion will also give rise to a tendency 

to oppose carrier bunching. The requirement of equal electron and hole 

densities again applies. From the simplest models, the diffusive force 

per pair in a density gradient 3n/Sx is then 

Unlike the drop binding force F, , this force has a nonzero fir.̂ t order 

effect. It is, however, fairly small and thereby unable to relax a non-. 

equilibrium density distribution very rapidly. Consider a density 

bunching wave 

22.5 

A n = A n ei(qx-ttt) (22.10) 

- 2i kT q — . (22.11) 

22.5 
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In a quasi-static situation, this force >rould In time t move a carrier 

of mass m* through a distance 

s 

which will be set equal to jA in order to estimate the relaxation time. 

The factor m*c 2 = 0.03 meVfor electrons in Ge moving along <111> axes, s 

The relaxation time at T ~ 2 °K is then 

„ m*c 2 

i"f*Tr-(E> (22"13) 

T , 1 . JL (22.14) 
d ~ fi> An 

For the screening to be effective we would require ti)T, «1» which can 

evidently never occur. The effect will, however, play a role in the 

dynamical absorption process, but it is important to note that it cannot 

effectively screen the damping interaction of acoustic phonons with in

dividual carriers within the EH liquid. This is in any case intuitively 

reasonable, since a phonon of quantum energy equal to 4 °K has s fre

quency of (o^ 5.2 x 10 1 * rad/sec and a wavelength of X ~ 600 A, which is 

quite comparable with the equilibrium-density carrier separation. 

(c) Inter-valley transfer 

If a dynamical strain field were to interact with the electrons 

by selectively raising and lowering the energy of one conduction band 

valley (e.g. for the situation of an externally-generated acoustic wave 

22.6 



propagated along a particular <111> direction), then it is conceivable 
that inter-valley transfer of electrons would lead to some screening of 
the effect. The acoustic attenuation introduced by this mechanism will 
be discussed in section 46. At present, the inter-valley scattering 
time will be estimated. -= i— 

Assume that one valley i. is reduced in energy by A relatira to 
the other three valleys, where A is small (typically 0.02 meV for a 
strain of ~ 1 0 - 5 ) . This energy is small compared to that of a zone-
boundary phonon, and so the transfer cannot proceed by the emission of 
such a phonon, nor by their absorption at low temperatures (since for 
q • 10" cm - 1, he q = 30 fneV 5 350 °K). However, it is possible for an 
electron in valley / to scatter with one in /' (the equivalent half-
valley on the other side of the Brillouin zone) and for them to transfer 
to i. and V. At moderate temperatures, kT > A and so, there will be trans
fer in both directions: however, there will be a net rate j -*i. activated 
by the energy difference A. 

With n the equilibrium density and E- the fermi energy, the ex
cess number of electrons in the / th valley is 

3ri-
6 ni = 2E~ " A (22.15) 

for 6nJ « n . One of these electrons must scatter with one in p 

in order for the pair of them to have enough-energy to occupy vacant 
states in i. and V . The energy range of such states in /' is approx
imately (2A+ kT) and so the number of partner electrons in j ' I F 

22.7 22.7 
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3n 3n 
•zJ*- • (2A + kT). The density of final states In I is •==£, and so the 
2 E F 2 E F 
rate of transfer Is 

- & • (fa,)- £ • Sa. • ̂  (2A + kT) • ̂  • M* (22.16) 

22 7 from the Golden Rule , where the matrix element M has been estimated—— 

to have the value M *10~ 2 3 eV • cm3. Now there are three pairs of valleys 
(/f/ 1), (fe, fe1). (££') that can transfer electrons to (<£.<£'), and so 
the intervalley transfer rate (22.16) may be written as 

g^-(«n>-£2 (22.17) 
iv 

where 1/T ± V = ̂  • [^j^] • (2A + kT). (22.18) •m 
Using typical numerical values of n =2.5 x 10 1 7/cm 3 and EL - 2.5 meV, 
and ignoring A in comparison with kT, the intervalley scattering rate is 
approximately 

1/T = 10 7 T sec"1 (22.19) 

for T expressed in degrees Kelvin. 
This rate is too slow to affect the dissipative electron-phonon 

scattering interaction that is primarily responsible for single-particle 
acoustic absorption. It may well, however, affect the bunching distri
bution of electrons in a large volume of KHL under the influence of an 
ultrasonic wave field propagated along a <111> direction, since at 
T - 2 "K, equation (22.19) would yield a product tor, = 1 at an 
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ultrasonic frequency of approximately 3 MHz, within one order of fre

quencies actually used (30-300 HHz). For this and other reasons, the 

experiments were performed with ultrasonic waves propagated along a 

<100> axis, in which case the various electron valleys are not distin

guished and so no transfer will occur. 

22.9 22.9 
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23. Band occupancy under stress 

When an external mechanical stress is applied to germanium, the 

energy of a volume of electron-hole liquid in that strain is found to 
23 1 vary with both the magnitude and the direction of the strain. For 

moderate stresses (< 10 kg/mm 2) it is found that the energy shift is 

dominated by that of the electrons, particularly in terms of the differ

entiation of direction. The energy is maximally lowered by the compo

nent of octahedral shear stress along <111> directions, for the corre

sponding electron valley. For <111> stresses greater than approximately 

3.5 kg/mm 2, it is found that the electron-hole liquid occupies states 

with only one electron valley exclusively occupied: the energy lowering 

relative to the other three valleys is greater than the Fermi energy. 

A uniform stress along <100> will have equal components in all 

<111> directions, and will therefore leave the valleys degenerate. 

Uniform stress along <110> will distinguish the valleys in pairs, whilst 

a <111> stress will separate one valley from the other three. The 

valence band requires a much larger force to split the light and heavy 

hole bands sufficiently to completely preferentially populate the heavy / 
hole band. To describe the occupancy/configuration the notation Ge(n ,n ) 

23.2 
has been suggested where n is the number of conduction bands oc
cupied, and n the number of valence bands. Unstressed germanium is 
therefore designated as Ge(4,2): for <lll> stresses in the range 
~3.5 +12 kg/mm2 the configuration is Ge(l,2). 

23.1 23.1 
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In an inhomogeneous strain field, energy ainima for the EHL ulll 
be found at points where the octahedral shear strain along <111> direc-

2 tions maximizes, if this value is >3.5 kg/am . 
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24. Inhomogeneous strain wells 

When two deformable elastic bodies are brought into contact over 

a finite smooth contact surface, the point of maximum shear strain is 

located interior to the surface rather than at the point of contact. 

This is the Hertz contact problem of classical mechanics, and may be 

evaluated numerically by computer using a finite number of volume 

elements of the solid and matching their boundary conditions of force 
24.1 and displacement. For this effect to occur usefullv, it is necessary 

that the contact area be fairly large ("" 1 mm 2) and have no sharp points 

which would otherwise result in large local strain maxima at the surface. 

In the present experiments this was achieved by pressing on the polished 

flat surface of the germanium sample with a rounded nylon rod at room 

temperature. The nylon is then relatively soft, and will deform to con

form to microscopic local surface irregularities. With forces of the 

order 10 kg applied to this nylon tip of area approximately 1 mm 2 we 

may generate stresses in the interior of the crystal greater than the 

~ 3.5 kg/mm critical stress* in a region whose dimension and depth in 

from the surface are measured in fractions of a millimeter. 

If the force is applied to a <100> face along a <100> direction, 

there will be four <111> directions radiating from the centre of contact, 

at a certain distance along each of which the octahedral shear stress 

will maximize, i.e. the EHL energy will minimize. Although the <100> 

strain maximizes directly beneath the contact centre, it is the <111> 

24.1 
24.1 
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strain that is most effective in minimizing the EHL energy. If the 

force is applied to a <100> face along a <110> direction, there will 

be two <111> directions coplanar with the applied force along which the 

energy will minimize* Stress along a <111> direction will produce only 

one region of energy minimization. Experiments with various stress con

figurations have been performed:—— in which preferential accumulation 

of EHL in one, two or four distinct physical regions has indeed been 

observed. Figure [24.1] shows a typical numerical solution for the dis

tribution of strain-induced EHL energy lowering for the case of one well. 

The experimental arrangement used in this work was such that two energy 

minima were produced, i.e. the EH liquid was found in two 'drops'. 

24.2 24.2 
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Formation of inhomogeneous 
sub-surface strain well in Ge 

XBL776-I473 
Figure 24.1 
Typical computed solution for EHL energy lowering due to shear strain distribu
tion in inhomogeneously stressed germanium. Energy lowering (in meV) shown fox 
a force of 10 kg/mm unit thickness with a stress plunger diameter of 1.4 mm. 
Stress applied to a <110> face along a <111> direction (from Ref. 24.1). 
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3. THE ELECTRON-HOLE LIQUID IN GERMANIUM 

In this chapter we review the properties of the electron-hole 
liquid created in germanium at low temperatures by intense optical ex
citation. 

Section 31 outlines EHL properties in unstressed germanium. 
Here, the gas ot excitons formed by optical pumping condenses into a 
number of small droplets of fairly uniform size, much as water vapour 
condenses into a fog. With slight modifications, quasi-classical thermo
dynamics can be applied to this system to describe the condensation pro
cesses. 

In section 32 we describe EHL properties in germanium in which 
one or more static strain-induced energy minima have been created. Due 
to ?he change of band occupancy configuration the decay lifetime is much 
increased, thus Increasing the number of carriers maintained in equilib
rium by a constant optical pumping power. Confinement of these pairs to 
a unique spatial region by a fairly steepsided potential well results 
in the generation of distinctly localized macroscopically large volumes 
of the EH liquid. 

Section 33 considers various effects that may lead to non-
uniformity of the pair density within a large strain-confined liquid 
volume. The foremost effect is due to the curvat'ire of the strain poten
tial energy well which results in a tendency for the central regions of 
a large liquid volume to be compressed. Non-uniformity due to equili
brium dynamic effects is also considered. 

3.1 3.1 
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31.1 

31. The electron-hole liquid in unstressed germanium 

Optical excitation at quantum energies greater than the direct 

band gap (0.898 eV at low temperatures) causes electrons to be excited 

to states at T, the centre of the Brillouin zone. These relax very 

rapidly by the emission of phonons to states in the conduction band 

minima at L, the <111> edges of the zone. Electrostatic attraction be

tween this electron and the hole left behind at T in the valence band 

bind the two into a Mott-Wannler exciton with a characteristic binding 

energy of "~ 4meV. The lifetime against radiative recombination is about 

1 msec, for the emission of a characteristic photon of 714 meV energy 

and a 27 meV zone-edge LA phonon necessary for momentum conservation. 

The observed lifetime of ~5psec is largely due to non-radiative pro

cesses . 

At increasingly lower temperatures and higher optical excitation 

levels a new and additional recombination radiation centered at 709 MeV 
31.1 

was found to occur. This is interpreted as being due to the con

densation of the gas of excitons into a liquid phase, the energy lower

ing being the condensation energy. This liquid phase exists in the form 

of small droplet3, believed to nucleate on Impurities or dislocations, 

that have a definite surface tension (a - 3 * 10 ** erg/cm2) and are sub-
31 2 31 3 ject to thermionic-like evaporation from the s u r f a c e . — — ' — — They 

have a critical temperature T = 6.5 °K and a zero-temperature pair 

density of n - 2.4 * 10 1 7/cm 3, and in these former respects do somewhat 

31.1 
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resemble a fog formed from the vapor of a classical liquid. However, 

there are significant differences, one of which is that the electrons 

and holes are continuously recombining such that the drop's volume de

cay lifetime is about 40 usee ae 1.8 °R. Thus a continuous influx of 

optically-generated excitons to the surface of the drop is necessary 

to maintain a stable drop size. This places a strong constraint on the 

maximum drop size, since surface accretion will vary as the square of 

the radius, whereas volume recombination will vary as the cube. At 

1.8 °K typical drop radii are 2-6 pm, decreasing at higher temperatures 

as the thermionic evaporation term increases. It is not a molecular 

liquid of tightly-bound excitons interacting relatively weakly with each 

other through van der Waals forces, like a rare-gas liquid; nor is a Bose 

condensate of pairs: instead, it is a disassociated compensated plasma 

in which, although the electron and hole densities are strongly corre

lated, individual electrons and holes are no longer tightly bound 

to each other. The electrons and holes can therefore form Fermi sys

tems with definite state-occupancy statistics and Fermi energies. 

Under usual experimental conditions, the absorption of ~ A JO mW 

of optical excitation would generate approximately 5 * 1 0 1 7 electron-hole 

pairs per second, assuming that each incident photon is absorbed to 

generate one pair. This rate can establish ~ 2 x 1 0 1 3 pairs against a 

decay rate of 40 llsec, forming a cloud of small droplets, of dimension 

~ l n m 3 and filling factor — XZ (i.e. the fractional volume of the cloud 

region actually occupied by the liquid). At low temperatures ( < 2 °K) 

the equilibrium density of free excitons in the intervening space is 

31.2 31.2 
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very small ( ** 10 1 2/cm 3)» as predicted from nucleation theory and ob

served experimentally as a great reduction of the 714 meV free-exciton 

recombination luminescence from its value at higher temperatures. 

Due to differences in the Auger rate for nontadiative recombina

tion with the ejection of electrons vs.holes, a slight net charge may 

develop on the drop although this tendency is rapidjy opposed by the 

development of electrostatic energy. Theoretical — — and experimental—— 

works estimate the net charge as that of the order of 100 electron 

charges. Since a drop contains typically 10 a EH pairs the effects of 

small electric fields may be neglected, although a sufficiently strong 

electric field (e.g. at a biased p-n junction on the sample) may disso

ciate the drop into its constituent electrons and holes. From the size 

of the charge pulse collected — — one can determine that the drops in

deed contain ~ 1 0 e EH pairs, although this method of size determination 

is crude. • 

Under mechanical forces (e.g. strain gradients coupled via the 

deformation potential) the drop mobility will be very large. Provided 

that (1) the strain gradient spatial variation is much greater than the 

drop dimension, (11) screening (see section 22) is ignored, and (iii) 
31 7 the drop velocity is much less than the velocity of sound , theft since 

the same force acts on all the carriers of one type together, the mobil

ity of the drop as a whole will be the average mobility of the individual 

electrons and holes under the same conditions. The requirement of elec

trostatic neutrality prevents charge separation and thereiore forces this 

31.3 31.3 
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average on the drop, but In fact the strain mobility, expressed as the 
produce of deformation potential constant and electrical mobility, dif
fers by less than a factor of 2 for electrons and (dominant) heavy holes. 
Thus the tendency for charge separation Is small, and In consideration of 
the damping of this motion that is responsible for the acoustic attenu
ation by small drops, a simple averaging will be employed. 

31.4 31.4 
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32 1 32. The electron-hole liquid in stressed germaniun—— 

In section 24 the formation of Inhomogeneous strain wells was 

described, and sections 22 and 23 showed how regions of maximal <111> 

component shear strain could act as energy wells for EH pairs. The two 

main phenomena that affect the physical properties of the electron-hole 

liquid under such circumstances are (i) the lifting of conduction band 

valley degneracy, and (ii) the confinement of the plasma by the fairly 

steep-sided potential well. 

The electron-hole pairs produced by optical excitation at the 

surface are believed to form small droplets from tlie over dense hot EH 

plasma at i.*.a surface region (for the case of optical pumping by high-

energy visible photons whose absorption length is < 1 um), which are then 

accelerated by the strain gradient towards the energy well. The velocity 

of these drops is limited to ~ 0.3 c by "Cerenkov-like" emission of 
32 2 

phonons , leading to a time delay of ~ 1 usee between an optical ex
citation pulse and the appearance of a sizeable volume of EHL in the 

32 3 well. Free carriers and free excltons will also be attracted 

towards the energy well. The attractive force is sufficiently strong 

that essentially all carriers will be swept into the well, even if the 

point of optical excitation is several millimeters away from the well. 

This attracr.•f',", " Tee greatly reduces the loss of carriers from the sur

face of the confined liquid, either from thermionic emission ("boil-off") 

or for the ejected carriers of Auger recombination: anything leaving the 

liquid's surface will very quickly be returned to it. 

32.1 
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.This effect alone, however, would be insufficient to explain the 

observation of large volumes of HHL of dimensions ~ 0.3 mm, if the volume 

decay rate were still the 40 usee characteristic of small droplets in 

unstrained germanium. The volume decay lifetime for the stress-confined 
32 4 liquid has in fact been measured — — to be as long as 600 usee. Simply, 

the reduction of conduction-band valley occupancy to one results in a 

reduction by a factor of ~* 3 of the equilibrium density of the electron-
32.5 

hole liquid ——; the radiative recombination rate may therefore be ex

pected to decrease by the same factor. The lowest-order Auger rate 

should decrease as the square, and higher-order processes will be re

duced even more. Including also the surface-loss inhibition, the in

crease in drop lifetime by a factor ""IS is quite reasonable. Balancing 

volume decay against an input optical generation rate, we find that drop 

volumes of ~ 0.1 mm 3 are possible at maximal optical .excitation levels. 

32.2 
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33.1 

33, Uniformity of large volumes of EH liquid 

There are several different effects that can affecr. the uni

formity of density (and hence of Fermi energy) of a large volume of 

EH liquid confined in a stress well. It should be noted that the EH 

liquid is very compressible because the graph of particle energy versus 

density has a very shallow curvature near the equilibrium density. 

The first and largest source of non-uniformity is due to the 

energy curvature of the strain well that is indeed responsible for the 

confinement. The energy lowering of a particle in the well, at a radius 
33 1 r from the centre, may be written to a simplest approximation as — — 

AE = -AE + ar 2 (33.1) 

where, for a strain of approx. 10 kg/mm 2, the parameter a has the 

value a "" 8 meV/ram2, to be compared with AE ~ 4 meV und*2r the same 

conditions. In order to maintain a constant chemical potential over the 

volume of the liquid, there will be a tendency for the centre to be com

pressed to an extent such that the increase in per-particle energy due 

to the compression equals the increase in energy of a particle at the 

edge of the drop due to the strain well gradient. The equilibrium den-
33 2 sity is determined by a minimization of energy t e r m s — — from kinetic 

energy, exchange energy, correlation energy and strain-well lowering 

energy: the first three of these being density-dependent, and the last 

being just equation (33.1). Using the parabolic model for the strain 

well it is then possible to calculate the equilibrium density as a func

tion of radius, with the strain well parameter a explicitly retained 

33.1 
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as a parameter. For one electron valley and both hole bands occupied, 

and at a temperature of 1.8 K, the expression is given by Kelso 
33.3 et. a l ^ ^ as 

n(r) - n Q + 2 3 A £ a £ ( R * - r 2 ) * (33.2) 
4=1 

where r is the radius variable in mm, R is the total drop radius in mm> 

n is the limiting density, and the parameters A. have the values 

Aj = 0.92 

t^ =-0.34 
Aj = 0.23 

in units of 1 0 1 7 particles/cm3. 

The electrons' Fermi energy is proportional to the 2/3 power of 

the density n, and so a variation of n will lead to a distributioa of 

Ep with some characteristic width T . Define an arithmetically-

averaged mean Fermi energy as 

Ep - t EyCr) • 4trr2n(r) dr/N (33.3) 

where N is the total number of particles, given by 

N - J 4TC 2 n(r ) dr (33.4) 

33.2 33.2 
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The width of the distribution of Fermi energies may be defined (again 

with an arithmetic averaging process, since it will transpire that these 

experiments measure the Fermi energy of the particles non-coherently) 

as 
R 

2 F s = ¥ / ( EF ( r ) " V 2 ' 4 l r r 2 n ( r ) d r • ( 3 3- 5 ) 

Evidently from equation (33.2) we find that r ->• 0 as a •+ 0, i.e. as the 
s 

energy profile of the strain well becomes flat. The width V may be 

numerically computed, and figure [33.1] shows the amount of spread T 

of the Fermi energy that we may expect as a function of increasing drop 

size for various values of the parameter a. For typical values of 

a-8 meV/mm2 and R - 0.2 mm we find V = 0.13 meV. 
s 

Another possible source of non-uniformity might be due to the 

fact that the recombination o* EH pairs occurs throughout the liquid 

volume, whereas the replenishment influx is fed to the surface. This 

leads to a net particle current directed radially inward. There is a 

resistance to motion due to carrier-phonon collisions that at first 

sight might be thought to inhibit this inward drift sufficiently to 

produce a noticeable depletion at the centre. Consider a liquid volume 

of radius 0.1 mm and volume decay lifetime 500 usee. The maximum drift 

velocity required to maintain population at the centre will be 

v, ~ r/T«20 cm/sec. Against a momentum relaxation rate of Y = 10 9 a e c 1 

this would require a force of 
F - m*v.Y = 3 x 1 0 " " erg/cm = 0.02 meV/mm. (33.6) 

33.3 33.3 
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Compressional broadening 
of EHL fermi energy 
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Figure 33.1 XBL776-I504 
Broadening of Feral energy distribution of strainconfined EHL due to compression 
In the energy gradient of the stress well. Broadening parameter Ts (see 
equation (33.5)) plotted (in meV) versus EHL drop radius (in urn) for values of 
the stress well energy gradient parameter a = 4, 3, 12 meV/mm2. 
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This is a very small force• and will be immediately provided by very 

small density variations: but under any circumstances, we can see from 

(33.6) that an energy change of more than 0.002 meV for an 0.1 mm liquid 

volume dimension will not be seen due to this effect alone. 

The above-mentioned radial recombination currents, although 

small, are believed to play a key role in the explanation of the change 
33 4 of shape of a large liquid volume in a strong magnetic field. 

This occurs as a foreshortening of the liquid drop's dimension along 

the field direction, and Is basically due to the fact that the electrons 

and holes of the radial recombination current tend to spiral in opposite 

senses about the magnetic field direction, giving rise to a net positive 

dfamagnetic moment for the liquid. Minimizing the magnetic, surface 

tension and stress well energies results in the observed non-sphericity 

of the liquid volume. For the present studies it is sufficient to note 

that (i) the measured shape change effect saturates above fields of 

H - 8 fcgauss, and (ii) the net integrated recombination luminescence, 

proportional to the total volume of EH liquid, remains essentially con

stant. Then in the range of magnetic fields H — 10 •*• 25 kgauss we may 

consider ourselves to be working with an essentially constant volume of 

EH liquid whose shape, although non-spherical, is also constant. 
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4. THE DYNAMICAL RESPONSE OF EHL TO AN ACOUSTIC WAVE: THE MECHANISMS 
FOR ATTENUATION IN ZERO MAGNETIC FIELD 

This chapter develops the theory of the motion of EHL in a re

sistive medium due to a travelling.force wave, and calculates the acous

tic attenuation coefficient. 

Section 41 gives a general expression for the attenuation due 

to a single electron-hole pair moving with an arbitrary velocity re

sponse to a sinusoidal strain wave, coupled to the particles by the de

formation potential. The dissipative momentum relaxation rate is intro

duced just as a constant parameter, and the treatment is classical. 

Section 42 develops a series solution for the velocity response 

of a mobile particle to a travelling force wave, in the limit of large 

damping of the motion. This limit is shown to be appropriate to the 

case in hand. The conclusion of the section is that response of the 

particle is dominantly at the fundamental frequency of the force wave, 

and that higher and anharmonic terms will contribute at most a few per

cent to the overall acoustic attenuation coefficient. This section in

volves tiome fairly tedious mathematics, made tractable only by the as

sumption of large damping and our subsequent ability to assign a hier

archy of magnitude significance to various quantities. I do not know 

whether a completely general analytic solution exists for this problem 

(I.e. a general solution of equation (42.2)). 

In section 43 the results of the single-particle solution are 

applied to the case of ultrasonic attenuation by small EH droplets in 

4.1 4.1 
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unstrained germanium. 

In section 43 the results of the single-particle solution are 

applied ro the case of ultrasonic attenuation by small EH droplets due 

to the finite size of the droplet, the static strain field that accoiu 

panies a droplet, and the motion of the lattice. It is further shown 

that despite the fact that the carriers constitute a quantum-mechanical 

Fermi system, the results derived from the classical dynamical theory 

are still valid. 

Section 44 considers the response of a large volume o* EHL, 

where the acoustic force wavelength is small compared to the volume di

mensions. An extra response contribution due to density fluctuations 

is introduced, and it Is shown that both the size of this fluctuation 

and its effect on the attenuation coefficient are small. 

Section 45 presents an estimate for the carrier drift momentum 

relaxation rate that is responsible for the acoustic attenuation. The 

result is given of the standard electron-phonon rate calculation as 

derived for the problem of electrical resistivity, and modified appro

priately for EHL. We also estimate effects due to impurities and 

velocity limiting. 

Section 46 considers a wide range of other mechanisms that may 

result in acoustic attenuation, either actual or apparent. In all cases 

it is shown that the contribution of these mechanisms is negligibly 

small for the present particular case. 

4.2 4.2 
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The overall result of the work presented in this chapter -*.s that 

the acoustic attenuation coefficient for an ultrasonic wave of frequency 

id due tc N particles per unit volume of mass m, in a nedium of density P, 

sound velocity c and coupled by a deformation potential D is given by 

equation (42.33) as 

ND a M ( M T ) 

mpc 5 1+(UJT) 2 

where the dissipative relaxation time T increases approximately linearly 

with temperature above about 2 °K. 

4.3 
4.3 
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41. The interaction of electron-hole pairs with a travelling 
acoustic wave field. 

We firstly consider the power absorbed by a single electron-hole 

pair in a travelling acoustic strain wave field, given the relaxation 

rate as an established parameter, and in zero magnetic field. Under . 

all circumstances we shall invoke the requirement of charge neu

trality, as a consequence of the fact that the charge separation neces

sary to produce a force equal to acoustic-wave forces is very small on 

a scale of the Induced motion, small to the extent that the electrons 

and holes experience the same acoustic-wave force. This constraint re

quires that the electrons and holes move with the same velocity against 

an averaged momentum relaxation rate. In unit longitudinal compressive 

strain gradient the electron and hole in one pair experience a net force 

coupled through the deformation potentials D , D, of 

F - D + D. . (41.1) 
e n 

If their dissipative momentum relaxation rates are y , y , then the 

force required to maintain a pair velocity of v is 

F * (m* v + m* Y.)«v. (41.2) 
e e n n 

Write this velocity as 

D (41.3) ra* Y + m* v ym e'e h ' to ' 

41.1 41.1 
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41.2 

Hhere D = D + D. - 9.8 ± 1.4 eV 
e h 

and m = m* t m* ; (41.4) 
e n 

then y - (m* Y + ••>*, y.)/(ni* + m* ) 
e e ii tv e n 

is defined as the averaged relaxation rate to use in (41.3) as a single 

equation for the motion of the pair of mass m. 

The force exerted on a pair at position x by a plane compres-

sional wave of strain 

e = E sinij/ 

with i|; = kx - wt (41.5) 
3 c is F * D^— » D k e costj;. 3 x o 

The acoustic power density in the sample is 

I = ! p E o V (41.6) 

where p=5.32 gm/cm3 is the volume density of germanium, c =4.91* 10 5 

cm/sec is the longitudinal velocity of sound in a <100> direction. 

Experimentally, the cross-sectional area of the acoustically active part 

of the sample was never smaller than 1 mm 2 and the acoustic power cou

pled into the sample is estimated to have been of order 1 mW. The max

imum acoustic power density in the sample is then I < 0.1 W/cm 2, which 

corresponds to a strain amplitude of e - 1.8 x 10 6 from (41.6). 

There are two possible physical situations resulting from the 

application of a travelling-wave force field to a mobils particle with 

41.2 
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frictional dampirs. If the damping is snail, the particle will get 

trapped in a trough of the wave and will get transported in the forward 

direction at the wave propagation velocity. If the damping is large, 

the particle will remain virtually at rest with a small periodic oscil

lation of position superimposed. To determine which is more appropriate, 

we make an estimate hy equating the maximum driving force Dke to the 

force mvy necessary to maintain a velocity v against a relaxation rate 

of y (sec - 1 ). This gives 

v - Dke /my ~ 3x 10* cm/sec (41.7) 

for a typical value of y ~ 2 x 10 9 sec" for the damping constant. Al

though this velocity estimate is indeed of order 10% of the sound veloc

ity c , it is sufficiently small to prompt us to approach the solution 

from the large-damping limit. The validity of this approach is proved 

by detailed mathematical treatment in the following section. 

Assume that the velocity of the particle can be written as the 

sum of a steady drift plus a harmonic expansion of oscillatory terms of 

frequency close fo chat of the driving force: I.e. that the velocity 

is 

x = u Q + y ^ u p sin(nS2t + $ ) (41.8) 
n 

where fi = u) and the cji are phase factors. The rate of energy dissi

pation is then 

41.3 41.3 
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W - m y J u 2 + i > n 2 u 2 S (41.9) V + I?»V} 
and section 42 is concerned with finding the velocity terms u . 

For the present, we consider a unit volume of the sample mate

rial uniformly filled with S such particles, which here are electron-

hole pairs. The total energy loss rate is then 

NW = Nmy x 2 (41.10 

and th= acoustic energy in the unit volume is 

W = | p e o
2 c s

2 . (41.11) 

If the acoustic attenuation coefficient a is defined as an inverse 

length by writing the decay of a propagating acoustic wave's energy as 

W(x) = W e - 0 t X (41.12) 
o 

then the time decay rate of the energy is 

1 3W 
W ^ - ^ s 

From (41.10) and (41.11) we obtain a as 

- ^ B L - ' j u 2 + i V A 2 J. (41.13) 
, c 3 J o 2 / j , n j 
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Note that this result only holds for situations where the pairs move 

essentially independently and coherently-i.e. for the cas? of small EH 

droplets in unstrained germanium under the influence of long-wavelength 

acoustic waves. 

41.5 41.5 
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42. Limiting solution of the single-particle dynaaical equation 
for large_ damping 

Consider the force acting on an EH pair (henceforth interchange

ably- referred to as a single particle unit of the motion) due to travel

ling acoustic strain wave field of strain e = e sln(kx-ut). If the 

particle1s position is x at instant t then the force acting (see eqn. 

(41.5))is 

F = D k e cosT (42.1) 

where ¥ = kx - (tit. The equation of motion for the particle's veloc

ity v »3x/3t is then 

" v + yv = A cosip (42.2) 

where A = D k £./m is the acceleration term coefficient and y is the 

damping factor. 

The aim of this section is to develop a solution for the par

ticle's response velocity v as a series 

v = u + Y ^ u sin(nflt+4 ) (42.3) 
o f j n n 

n 

for the case of large damping. It will be seen that all the velocity 

coefficients u are small (compared to the velocity of sound) and that 

the response oscillation frequency Q is close to the acoustic wave fre

quency (i). The solution will be approached by the method of successive 

approximations. Postulated trial solutions for the velocity will be 

defined and tested in equation (42.2). These trial definitions will 

42.1 42.1 
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gradually approach (42.3) In complexity, but each will build on Che 
previous solution. In this vay a hierarchy of importance becomes appar
ent, which allows us to determine the relative importance of various 
corrections. 

For the lowest order solution we define a quantity 

v(l) = u sin(u>t+ <(>.,). 

This is simply an oscillation at the same frequency as the driving force, 
but differing In phase. All other terms of (42.3) are neglected. The 
position x that explicitly enters the argument of the RHS force term of 
(42.2) is the integral of this velocity, i.e. 

x(l) - - (UJ^/IO) cosdut+if^). 

The acceleration of the particle therefore depends on its instantaneous 
position relative to the travelling wave of the force field. Because of 
this, the acceleration cannot be written as a closed explicit expression, 
and this is why there is no general noalytic solution of (42.2). 

Substituting for v(l) we obtain from (42.2) 

(flu, cos (at + <)>,)+ yu, sin(u)t + <t>,) 
(42.4) 

« A cos(k (u.Au) cos(a)t + <|>,) + ait). 

The lowest order approximation for (42.4) is to ignore the term ku./ui in 

comparison with tot, which amounts to the statement that v(l) « c . 

Expanding the sinis and cosines and collecting coefficients of the os

cillating terms gives 

42.2 42,2 
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oiu_ cosiju + yu_ sin^ 1 » A 

<i)u, sinifj - YU, cos<J>. - 0 
(42.5) 

from which tancj), - u) /f 
(42.6) 

and u x
2 = A 2/(w 2+y 2). 

For w ~ Y the peak velocity u. is somewhat smaller than the estimate in 

(41.7) of v ~ A / Y . 

The next order of solution is to include a constant foward drift 

velocity u , and to allow the frequency of oscillation of the particle 

to differ slightly from w, the frequency of the driving wave. Define 

v(2) = u + u, sin(uit+ $.) . (42.7) 

Note that u.. and $.. are not necessarily the same as in the lowest order 

solution (42.6). By integrating this velocity, the position of the 

particle may be written as 

x(2) = u Qt - (uj/fi) cosffit + i)̂ ) (42.8) 

whereupon the RHS of (42.2) i s 

A cos(kx(2) -ait) = A cosI(-ku /fi) cos(fit+ <JO - (cu - ku ) t ] . (42.9) 

Now ft is of order w, and so ku,/ft = u,/c , i.e. is small, of first order 
l i s 

in A/y. He expand (42.9) to give 
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A cosifi = A cos(lo-kv )t 

- A 8 in(0) -ku o ) t • (ku1/SJ) cos(fit + if) (42.10) 

- Qa1 cosCat + O-t- y u o + yu^intflt + *.) (42.11) 

where line (42.11) Is the M S of (42.2). 

By postulating arbitrarily low levels of acoustic power, we 

make e and hence A and u, arbitrarily small. We can then discard 

the second-order terms yu and the second term of (42.10). This 

leaves 

A cos(i»-kuo)t =S!u1cos(nt+<t>1)+ -yu slnCnt-t-^) (42.12) 

from which we identify 

!2 - 0)-ku o- (i)(l-uo/cs) (42.13) 

as the low-level response osc i l l a t ion frequency. Since u i s a second-

order term, there i s l i t t l e difference between fi and to. Substituting 

this into the equation of motion (42.10), (42.11) we obtain 

Yu + Y", s in Git+$,) + fiu, cos(ilt + $ , ) 

- A cosfit - A sinfit • (kiij/Sl) cos-(fit +$j ) 

- Acosftt - ^(AkUj/Jl- [ s i n M t + i ^ ) - s i n ^ ] ) . (42.14) 

From the terms osc i l la t ing at frequency il , we obtain 

t a n ^ - fi/Y and u | = A 2 / « l 2 + Y 2) (42.15) 

42.4 42.4 
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(42.16) 

42.5 

jus t as for (42.6) . The steady-velocity term gives 

YUQ « - | (Akiij/ft) sincf^ 

- | A 2 k / ( f t 2 + Y 2 ) . 

From (42.15) th is can be written as 

% - ! • < • £ •<?>•«• « 2 - i 7 > 

to illustrate that t.ie drift velocity is small, since (u./c ) <1 and 

(u/f)~l under present conditions. 

Now in (42.14), the second approximation, a second harmonic term 

was ignored. The appearance of this term lends credibility to the 

solution expansion (42.3) for the velocity. The third (and final) ap

proximation will be to include the response velocity component at the 

second harmonic frequency, and to define 

v(3)5ii0 4 u 1sin(nt + <)>1)+ u 2 8in(2fit + ()>2) . (42.18) 

From the previous solutions a certain hierarchy of significance can be 

attached to the magnitudes of u , u 7, and u-, and from (42.14) we can 

presume that u« wij.1 be at least of second order in (A/y), i.e. of sim

ilar magnitude to u . The RHS of the dynamical equation is obtained by 

using 

x(3) « u Qt - (u,/fl) cos(£2t + ij)1) - (u2/2S2) cos(2fic + <Ji2) 

as A cos(kx(3)-lut) 

= Acos[(-ku1/S2)cos(nt*ji1) +(-ku2/2fl)cos(2nt+<(>2)- (oi-ku )t]. 

(42.19) 

42.5 
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The LHS of the dynamical equation is 

v(3)+Yv(3) - Yuo + S l u 1 c o 8 ( ! 2 t + 4 , ) + Y u , s i n ( n t + 4 ^ 

(42.20) 

+ 2&1, cos(2fit + cj>2)+ Y u 2 s i n ( 2 n t + * 2 ) . 

By considering the terms of (42.19), (42.20) of lowest order in A.yu^, 

we identify 

R - <i) - ku • u ( l - u /c) o o 

as before. In the expansion of (42.19) we shal l now keep a l l terms to 

third order in A as 

A cos(kx(3) - a t ) => Acosflt • [ 1 - j(ki^/fl)2cos2(fit + 4 ^ 

- A sinfit • (kUj/fi) cos(SJt+ij) - A sinflt • (ku,/2£2) cos (2S2t + 4,,) 

1 2 

- A cosSfc • [1 - j-Qm^ft) • (1 + cos (2J2t + 2 4 ^ )] 

- | (A ku x / 3) • I s in (2Jlt + 4 X ) - s i n * ^ 

-• | (Aku 2 /2f l) ' [ s in(3f i t+4 2 ) - s i n ^ (42.21) 

- | ( A ^ / n ) s i n 4 1 + | (A ku 2/2fl) s i n * 2 

+ Acosfit (1 -±(kuj /n) ) -^(kiij/Q) Acos(S2t+ 2<f1) 

- | ( A k u x / f i ) «n (2nt + 4 ) 

- | ( A k u 2 / 2 n ) s i n ( 3 n t + 4 2 ) - i (ku 1 / £J ) A cos(30t + 24 ) (42.22) 

which i s to be equated to (42.20). 

42.6 « - 6 
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Now the acoustic attenuation is derived from the power dissipa

tion relation (41.9) in which all the velocities u . u,» u„ enter as 
o 1 2 

the square. This means that we can ignore the higher-order coeffi

cients In (42.22) of the fundamental frequency term which essentially 

ations in u1 (i.e. 6th order in the power dissipation) which are smaller 
than the second-order terms u , u„. Then comparison (42.20) = (42.22) 
of the fundamental frequency term yields 

A cosSJt = flu^ cos(flt + 0 +YUj sin (fit <!>-) 

leading to tan$. = fl/y 

and V =A 2/(n 2 + Y 2>. 

Comparison of Che second harmonic gives 

(42.23) 

2flu2 cos ( 2fit + (f2) + yu 2 s in 02S2t + <J>2 ) 

- j ( - A ku,/n ) • sin(2SJt + cf> ) . 

Substituting for $ „ th i s leads to 

u 2

2 - ( A ^ A O / 4 ( Y 2 + 4S! 2) = i (|> (r~i' A 2 / ( 4 n 2 + y 2 ) (42.24) 
s 

written in a way to show that u„ is smaller than u_ by approximately 
(û /c )• Evaluating <(u in. the form in which it will be needed in 
(42.22), we find 

2 
(Aku,/2n> sin*, = |(-i) • —— • i • A. (42.25) 

L * cs (4fi2+Y2) " 
42.7 «.7 
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Then comparing the non-osci l lat ing terms of (42.20) and (42.22) we 

obtain 

Yu o - | (Ata^/n) s l n ^ + ~ (Aku2/2iJ) sinif^ 

1 u l 1 u l 2 u z v 
- f ( - i ) - <ou + | ( - i ) 2 - — • A • A (42.26) 

i.e. the forward drift velocity u is 

° 2 X C S Y | 4 C s U y 2 + m t fl/fS^ ) 

where this has been written in such a way that the terras in square 
brackets are of order unity. The steady drift velocity u is itself 
already reduced from the (small) fundamental oscillation velocity u. 
by a factor (u./c ) , and so when putting the square of this quantity 
into the power dissipation equation (41.9) we can neglect the correction 
to u that is due to the second harmonic terra, written in curly brackets 
of (42.27). We therefore write 

"o-i^-^-'s ( 4 2 - 2 8 ) 

just as in the second approximation solution (42.17). Now third-harmonic 

terms appeared in (42.22), which should be matched by a third harmonic 

term in the series for the velocity (42.3). However, the coefficients 

are another order of (u./c ) smaller than u~, and so we terminate con

sideration of the series at u_, the second harmonic. From (41.9), the 

power absorbed per particle is 

42.8 42.8 
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W-KY ( u o

2 + i U l

2 + 2 u 2

2 ; (42.29) 

- i ^ > 4 -T^ f - v - i 

•4-**>'-l'<£# 
2 * ( A cs Y 2 n 2 (Y 2+4n 2)) (42.30) 

The effects of the drift and second-harmonic terms appear in the curly 

bracket, as a correction to second order in (u^/c ). Again, terms in 

square brackets are of order unity. 

From the estimates presented leading to (41.7), we see that a 

correction of order (u,/cJ 2 will amount at most to a couple of percent, x » 
and that the response notion is predominantly at the fundamental fre

quency. The frequency shift is expressed by S2 in the solution (42.23) 

for uj 2 as 

»2 2o)2 u /c 
u 2 - A 2 / ( Y 2 + n 2 ) = — = ( 1 + ^ a - i ) (42.31) 

u 2 + Y 2 Y 2 + u)2 

from (42.13). Now from (42.28), we see that (u0/c ) is of order 

(u./c ) 2 , i.e. the correction in (42.31) amounts to a few percent at 

most. 

The purpose of this section was to examine a full' solution of 

the dynamical equation in the large-damping limit, and to show that 

anharmonic corrections exist but are small. This is the proof alluded 

to following equation (41.7). It must be emphasized that if the 

42.9 
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damping rate Y were smaller, or the acoustic intensity greater (i.e. 

if the force term A were greater), then the solution must gradually 

change to approach the low-damping limit in which the particle is car

ried along by the wave at velocity c . A general solution for inter

mediate damping may not exist. For the case in hand, the large-damping 

limit, the central result of this section is chat the expression for 

the power dissipation may be written as 

W = ^myuj 2 = |mYA a/(di 2+Y z) 
(42.32) 

1 D 2 e „ - -r-my ' 
u 2 c s

2 (a. 2+ Y
2) 

Putting this into (41.13), the expression for the acoustic attentuation 

coefficient, we obtain 

H - -SB! &. "2L . JjfiEL (tt.33, 
m p c 5 (u 2 +Y 2 ) mp c 5 1+((I)T) 

where T - 1/y is the damping time. 

42.10 42.10 
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43.: Response of small EH droplets in unstrained germanium to an 
acoustic wave field. 

In the previous section a solution was developed for the notion 
of single EH pairs under a travelling oscillatory force field. Here 
we examine the consequence and modification of these results for the 
motion of snail EH droplets. 

(1) Classical-mechanical effects 

To make the problem tractable, it is firstly necessary to as
sume that essentially the same rorce acts on all the particles In the 
droplet. This will be justified on the basis that the droplet is bound 
together by energies much greater than the typical acoustic wave energy 
coupled to the carriers by the deformation potential. Thus if the 
acoustic wave force on the carriers differs across the dimension of the 
droplet, a very small density gradient will be set up to compensate this 
such that the droplet moves essentially as a rigid sphere of constant 
pair density. 

The energy coupling a pair to a strain wave of amplitude 
e • 10~ s is of order 0.01 meV (see (41.1)), whilst the pair energy in
crease due to unit density fluctuation is of order 1 meV (see(22.7)). 
Unless the acoustic wavelength is much smaller than the droplet dimen
sion (see following section) we are justified in assuming that the av
erage force per particle will be the average of a plane force wave 
integrated over the volume of a sphere. 

43.1 
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The effective reduction of average force due to the finite ex

tent of the droplet depends on the product kr, where k is the force 

field wavevector and r the droplet radius. As kr becomes large, the 

average force is reduced. For an acoustic frequency of 70 MHz 

(k - 10 3 cm* 1) and a droplet radius of r * 3um, this product is kr-0.3. 

We define the average force acting on the sphere due to the 

plane force wave F cos(kx-oit) as F cos tot. These are related by the 

expression 

r 

/ •J irr 3 F c o s u t = / F cos(kx - cot)- Tr(r 2 -x z )dx 

43.2 

which gives the reduction factor as 

F /F - 3(sinkr - kr coskr)/(kr)3 (43.1) 
av 

which equals unity for kr « 0; equals 0.903 for kr =1, and equals 0.65 

for kr "2 . Since the averaged response velocity will be proportional 

to F , but the acoustic intensity still remains proportional to F, the 

attenuation coefficient x should be reduced by the square of this fac

tor. From the fit of the data shown in figure [71.3], we find that in

clusion of such a frequency-dependent reduction term into the analysis 

only serves to worsen the agreement with the form of equation (42.33) 

unless we assume that r < 3 pm, a not unreasonable requirement. 

Another possible correction effect that arises when the carriers 

are aggregated into a drop is due to a polaron-coupling-like increase 

43.2 
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in effective mass due to an equilibrium static strain field surrounding 

the drop. If the drop contains N pairs in volume V, then an induced 

static strain field of magnitude A will lower the pairs' energy via the 

deformation potential D, at the cost of an increase in the bulk elastic 

energy of the germanium. Assuming the germanium to be isotropic with 

bulk modulus B = 0.77 x 1 0 1 2 dyne/cm2, the bulk elastic energy due to 

the establishment of a spherical volume V of strain A is 

W B = 4 - j B V A 2 . (43.2) 

The factor 4 is due to. the sum of the strain energy in the drop volume 

itself, plus a contribution 3 times larger due to the extent of the 

strain field in the medium outside. This latter term arises because 

outside the drop the strain energy distribution obeys Laplace's equation 

for a scalar field. The energy change of the pairs is 

W p = ND A 

and so equilibrium will be reached at a minimum (w.r.t. A) of the total 

energy, which is 

" A - ND A + 2 BVA2 (43.3) 

i.e. when 0 = ND + 4BV A 
eq 

or A - -ND/4BV = -4- n(D/B). (43.4) 

43.3 43.3 
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The equilibrium droplet pair density is n~ 2.4 x 10 ! 7/cm 3; the 
pair deformation potential is D ^ 10 eV. The equilibrium static 
strain is then A - -1.2 x 10 6, corresponding to an energy contri
bution per pair of D ^ 0.01 mev, acceptably small compared to pair 
bindlrt* and Fermi energies. Now the optical phonou energy in Ge 
is of order ^ 30 meV, and so the per-pair polaron coupling constant 
will be of order l/2a * (0.01/30) ̂  3 x lo"1*, leading to a corres
pondingly small increase in effective mass. 

It is instructive to calculate from the results of section 42 
typical magnitudes of the velocity and displacement of a pair in a 
typical acoustic wave field, to see how much a small droplet may be 
expected to move. The primary response is an oscillation at the funda
mental frequency, with a velocity amplitude of u. ~ A/y, where A is 
the acceleration coefficient and y the dissipative relaxation rate. 
For very low temperatures the effective value of y does not approach 
zero: .he response is limited (see section 45, part (ii)). In the usual 
experimental range, y ~ 2 *10 9 sec l and A " 6 x 10 1 3 cm sec - 2, giving a 
typical response velocity of u. ~ 3 xlO^cra sec *, i.e. a few percent 
of the velocity of sound. The displacement amplitude is then 

x. = u./w - 0.3 pm (43.5) 

for a frequency cu ~ 1 0 9 sec J. This is seen to be small Compared to the 
droplet size Itself of several microns. From equation (42.17) the 
steady forward drift velocity is 

43.4 43.4 
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. . * . • • . 

u ~ (u , . c ) c ~ 2 x i o 3 cm/sec (43.6) 
O X S « " . ' • 

and so if an acoustic pulse of duration 0.1 psec is propagated past the 

droplet, it will drift forward by an amount 

u t ~ 2 urn. (43.7) 

On both counts we may conclude that the propagation of a sequence of 

acoustic pulseB through the sample will have very little effect on the 

spatial distribution of the droplets. 

Parenthetically, it is interesting to speculate on the effect 

of a standing acoustic wave on a freely-mobile distrlbutio of small EH 

droplets. We might expect that the droplets would be scattered from the 

ontinodes and would tend to collect in parallel sheets at the nodes. 

However, the strain energy coupling is very small and under normal cir

cumstances-, thermally-activated, diffusion would eliminate the possibil

ity of seeing any structure. In order to observe droplet localization, 

we would require the strain wave energy DE (per pair) to exceed the 

pair thermal energy 2kT. 

The acoustic power density (see eqn. (41.6)) is 

I = ipe 2 c '. 2 * o s 

Setting De « 2kT results in an acoustic power density of 

h " 1 P C B - ( 2 k T ' D ) 2 -

43.5 
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With p - 5 gro/cra3. D - 10 eV and c * 5X10 5 cm/sec th i s gives 

1± > 10 W/cm2 

as the estimated minimum acoustic power density in the sample necessary 

to observe droplet localization at temperature T ~ 2 ° K . This is 100 

times greater power than used in these experiments. 

An assumption implicit in obtaining the acoustic power dissipa

tion from (41.2) or the dynamical equation (42.2) Is that the pair 

velocity relaxes back to a lattice at rest. In the limit of strong pair-

lattice coupling* I.e. very large dissipation rates y, the visualization 

of an exciton tightly bound to and moving exactly with the local lattice 

shows us that it may be necessary to consider the local lattice movement. 

An estimation of magnitudes will show that this correction may be safely 

ignored here. Consider a long-wavelength compressional strain wave 

e * e sin(kx-ajt). As we have seen, typically e ~10~* 6. If the dis

placement of the atoms from their equilibrium "as j is e , then the 

strain is e » (e. - e, + 1)/a where a is th Lee constant. As 

ka •> 0, e -*• 3e/3x. The velocity of each ai site (in coherence with 

the wave) is v = 3e.$t. In the long-wavelength limit we treat the 

lattice as a continuum, but its local velocity is 

v = e c . (43.8) 
o s 

This Is extremely small, and it is immaterial to the present work to 

consider a correction to the dynamical theory due to the fact that the 

pairs relax to a locally-moving lattice, in view of other necessary 
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assumptions. If in fact either the local velocity were much larger, or 

the damping were large such that induced particle velocities were much 

smaller, then the dynamical equation (42.2) would have to he modified 

to 

? + Y(t-v l o c a l(K,t))= Force (x,t). (43.9) 

It Is noteworthy that the problem of local atomic velocities may be 

safely ignored here only because we are dealing with an intrinsic mate

rial- i.e. the core atoms are neutral. In a metal the core sites are 

occupied by charged ions and any motion strongly influences the elec

trons by electromagnetic coupling, resulting in a completely different 
43.1 treatment of acoustic attenuation. 

43.7 43.7 



61 61 

til) Quantum-mechanical effects 

The previous considerations still regard the small EH droplet 

as an aggregation of identical classical particles acted on by a class

ical oscillatory force field. In reality, the electrons and holes con

stitute degenerate Fermi systems and it might at first be thought that 

a quantum-mechanical treatment would yield very different results for 

the interaction of this system with a wave field that could be charac

terized as a beam of monochromatic phonons of energy hft and momentum 

hQ. It is certainly true that selection rules apply to the case of a 
43 2 single carrier in z. Fermi-degenerate system absorbing a phonon. 

It is necessary for the initial state to be close (i.e. within ~kT) to 

the Fermi level, to provide the necessary availability of vacant final 

states, and from the equations of conservation of energy and momentum 

we obtain a condition on the electron's initial state momentum vector. 

These two constraints taken together would seem to define a very small 

fraction of the total ntitiber of occupied states, having energies around 

Ep and with group velocities directed almost perpendicular to the ultra

sonic phonon propagation direction. 

However, in the situation studied the ultrasonic wavelengths 

were always considerably larger than the droplet dimension. Thus all 

the carriers in the drop experienced essentially the same force co

herently. Under these circumstances the entire electron distribution 

accelerates in k-space, being limited only by the rate at which 

43.8 
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dissipatlve scattering processes relax the acquired forward momentum. 
This situation is similar to that involved with electrical conductivity 
in which the energy gradient established by the applied electric field 
uniformly accelerates the carriers without it being necessary to con
sider them as making discrete transitions. 

The microscopic relaxation processes involve the interaction of 
individual carriers near the Fermi surface with thermal acoustic phonons, 
impurities etc. and certainly do involve conservation requirements and 
the availability of vacant final states. So far, the relaxation rate 
y has been a phenomenologically-introduced parameter. Its microscopic 
calculation for the cases of zero and non-zero magnetic field is given 
in sections 45 and 52 respectively. 

43.9 43.9 



63 
63 

44. Dynamical response of a large volume of EHL 

In this section we consider the response of a large volume of 

EH liquid of dimension greater than the wave-length of the applied 

travelling force wave. From the point of view of the dynamics of a 

single particle, the only difference between this situation and that 

considered previously is the inclusion of an additional force term 

arising from dynamical compressional effects. We assume that the liq

uid is in static equilibrium with any static compressional effects as 

discussed in section 33, and we further assume that such effects (or at 

least their gradients) are small. 

For the case of a small droplet it was assumed that the entire 

droplet reacted coherently to a long-wavelength force wave, with all its 

constituent particles moving at the same velocity and Bubject only to 

the applied force and a frictional drag. For the case of a large vol

ume of liquid we assume that due to confinement mechanisms such as 

inertia, confinement by the strain well, etc., a periodic oscillation 

in the local particle density is set up by the oscillating acoustic 

wave force field. 

At the equilibrium particle density n there is no first-order 

dependence on density of the per-particle energy. However, there is 

a second-order effect such that if the density changes by a small amount 

p to n» n
e _ + P» then the increase of energy per pair is 

AE n - P 2 B" (44.1) 

44.1 
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where the coefficient E" has the v a l u e ^ ^ of 1.3 X 10" 3 1 f meV cm 6. 

This is such that assuming a value of ri - 6.4 X 10 1 6 c m ~ 3 for EBL in 
eq 

strained germanium of configuration Ge(l,2) we obtain n 2 E" -0.53 meV. 

Consider the flux of particles through a small unit volume 

element when the velocity v and density n are spatially varying (refer 

to figure [44.1]). The input flux is nv, and the output flux Is nv + v 

(3n/3x)+n(3v/3x) to first order in derivatives. 

The rate of change of density within the volume is therefore 

( W t ) = u (3n/3x) +n (3u/3x). (44.2) 

Assume that the density fluctuation is small. We then replace n by n . 

The derivatives of course are the derivatives of the fluctuating part p 

only, and so (44.2) becomes 

3p/3t= u (3p/3x) + n (3u/3x). (44.3) 

Further assume that both the density fluctuation p and the velocity u 

have the form of travelling waves of phase velocity c (i.e. are wave

like responses to the travelling acoustic force wave). Then 

(3p/3t) --c s(3p/3x) 

and (3u/3t)«-c (3u-/3x), and so (44.3) becomes 

(3p/3x)» (u+c ) - - n ( 3u/3x) - (n /c )• ( 3u/3t). (44.4) s eo <l 

Now we are concerned here with motion in the limit of large 

damping, in which case the response velocity u is small compared to the 

speed of sound c . Then (44.4) is approximated to 

44.2 
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Dynamical fluid compression geometry 

Input Output 
Density: n Density: n + (3n/ax) dx 
Velocity: v Velocity: v + (dv/dx) dx 

Output flux: 
Input flux: nv n v 

+ n(9v/3x) dx + v(an/3x) dx 
+ (av/ax) (an/ax) dx2 

Figure 44.1 X B L 7 7 6 - I 4 7 0 
Geometry for discussion of fluid compresslonal effects. The small volume element 
Is taken to be of unit dimension In the text. 

44.4 44.4 
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(3p/3x) - (.n {c*)iaftt. (44.5) 

Integrating this vith specific interest in the oscillating part of the 
velocity (i.e., ignoring any steady drift velocity u that will not 
contribute to dynamic compression) we obtain 

P - (u Ic )• n . (44.6) 
osc a eq 

The force due to a density gradient is (from (44.1)) 

F * -3E /3x»-2E'- p 3p/3x. (44.7) 

From (44.5) and (44.6) this Is 

F - 2E" • (-a „Vc ')u „„ 3u/3t. (44.8) 
p eq s osc 

Write this as an acceleration term 

A„ - F /• - (-2n z E"/mc 2 )• (u /c *) 8u/3t p p eq 8 osc s 
- - &(u /c ) -3u/3t. (44.9) 

OSC 8 

For m « a* + m*. » 0.57 m and c * 4.9X 10 cm sec" for propagation e n o s 
along a <100> ax i s , the factor B Ju (44.9) i s 

f - 2 n ! E"/mc 2 - 13.5. (44.10) 

eq s 

This can now be used to represent the compressional effects by an addi
tional force term in the single-particle dynamical equation (42.2) which 
becomes 

w + V - « cosy+ A (44.11) 

44.4 
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i.e., 

( 1 - B v / c ) v + yv = A cosl1 (44.12) 
osc s 

to be compared with (42.2), where v is the velocity v excluding 

steady drift. He immediately see that the expected correction will be 

small, since it enters to the order of (u/c ) , a small quantity in the 

large-damping limit. See section 45, part (ii), for a discussion of 

velocity limiting when the damping rate is small. 

The solution of (44.12) with 

v • u + "N u sin(nftt +<P ) o ^^ n n 

w i l l exactly paral le l section 42, since much of the algebra i s common. 

He start immediately at the third-level approximation of (42.18) , taking 

terms u , u., and u , in v . The righthand side of (44.12) then i s ex

panded exactly as for (42.22) , giving 

A c o s W ) » (Aku i/2n)sinifi1+ (Aku2/4fi)sin<|>2 

+ c o s S M l - (k U l /2£2) 2 ) - | (ku 1 /2!2) 2 A 008(^+2(1^) 
(44.13) 

- (Aku1/2S!)sin(2nt + it>1)- (Aku2/4n)sin(3!2t + * 2 ) 

- | ( k u 1 / 2 J ! ) 2 A 0 0 8 ( 3 ^ + 21)^) 

to third harmonic terms. The lefthand side of (44.12) with a three-

term approximation gives 

44.5 44.5 
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(1 -Bv / c ) v + yv - yu + fiu..cosat+<!L) + Yu, sintflt+ij)..) osc s o x x x j. 

+ Su^ { | B u 2 / c a } s l n ( £ 2 t + (p 2-i^) 

+ 2f!u2 cos(2S2t + $2 ) + Yu2sin(2!Jt + >j>2) (44.14) 

- !2u2- { i B C u ^ ) - ( U l / u 2 ) } sin(2S2t+ 2 $j) 

- 3 a i 2 - { | B u 1 / c a } 8 i n ( 3 n t + i(i1 + i(i2) 

where the compressibility correction terms are shown in groups in curly 

brackets in such a way that the quantity enclosed in curly brackets i s 

the order of magnitude of the compression correction to each respective 

harmonic term, for comparison with (42.20). 

We see that the steady dri f t ve loc i ty u i s unchanged, and that 

the major f i r s t harmonic term has a second-order correction to i t , i . e . 

in (u , / c ) ~ (u . /c ) 2 . Even though 8 > 1, (u , / c ) i s small and so this 

correction w i l l have a negl ig ible e f f ec t . The correction to the second 

harmonic term i s of order unity, since 

(UJ/UJ) ~ (Uj/C s) 

and so 

^ ( U j A ^ ) ( U I / U 2 ) ~ | B . (44.15) 

However, the magnitude of power loss through the second harmonic velocity 
u, is so small (see equation (42.30)) that even a large correction to it 
results in a negligible actual effect. 

44.6 44.6 
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The resulting conclusion is that although compressibility ef

fects modify the velocity response of particles to the travelling wave 

force field, these corrections are small when incorporated into the 

acoustic attenuation coefficient. We conclude that the attenuation co

efficient will be essentially identical for the same number of particles 

N per unit volume, whether they are present in a number of small EH 

droplets or a large volume of EHL: i.e., that in both cases we expect 

the attenuation coefficient to be 

mpc l+(d!T)' 

as In equation (42.33). 

The magnitude of the density fluctuation may also be estimated, 

using the relation (44.6) between p and u , and the lowest-order solu-

P " -u (u /c ) ' eq osc s' 

(p/neq) - A/ca(u2 + Y 2 F 
Ds 

(44.17) VV +Y' 
Taking e - 10 (see equation (41.6) and text following) we find 

DC /mc 2 ~ 0.12. Then with y > (a, as seems to be indicated by experimen

tal results, the maximum fractional density change (p/n ) is at most a 

44.7 44.7 
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few percent. This results in an average Increase in particle energy 

of 

AE = | (p/n f • ( n * E " ) (44.18) 
p I eq eq 

I.e., at moat, AE ~ 10~9meV, the smallness of which justifies our p 
neglect of compressional effects. 
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45, Disslpative relaxation rate In zero magnetic field 

(i) Phonon scattering 

The forward drift motion of an electron-hole pair may be 

damped due to a number of mechanisms. We first consider the interaction 

with acoustic lattice phonons, the mechanism that is responsible for 

the Drude resistivity of pure metals. The process of this forward 

drift momentum relaxation is independent of whether the drift was 

required by the action of a mechanical (strain-wave) force or an 
45 1 external electric field, and so we use the standard derivation—— 

of the relaxation rate, giving 
2 < M T 

G.m* D, /k,T\ / s <*A -l i i i f D I / z e da 
T l 12n*hpc8n \ficj J J^Z^z • (45.1) 

o 

Here the subscript i refers to the carrier type: G is the number of 

bands occupied, D, the deformation potential, m* the effective mass 

and n the density. The upper limit of the integral is 

$ t/T = 2c s /2m*E p i/k T (45.2) 

and p is the mass density of the germanium lattice. For the two 

cases of EHL in unstrained germanium (Ge(4,2)) and in strained 

germanium in the configuration Ge(l,2), the important parameters that 

vary are as follows: 

45.1 45.1 
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Electrons In Ge(4,2> :&. " 4 

Holes In Ge(4,2) 1 
Elect: onE In Ge(l,2) tH

 

Holes In Ge(l,2) • • r 
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^ - 9.2 °K 

14.4 °K 

9.7 °K 

9.7 °K . 

Theoretical values of E . for the calculation of <f> were obtained from 

reference 45.2. The contribution of the light holes is ignored, due 

to their small number and the reduction of their contribution by the 

m* term in (45.1). 

Now the small Fermi energies that enter (45.2) are responsible 

for the low values of <(> that enter the integral limit. At very low 

temperatures the Integral has the standard value of 124.4 and so the 
5 

relaxation rate is proportional to T . At high temperatures, the 
—u integral Is proportional to T and so the rate has an overall linear 

temperature dependence. 

As per equation (41.4) we combine the electron and hole rates 

to obtain the average forward momentum relaxation rate as 

Yj - U ? " 

where 

I., " > ' / 
• 4 1/T 

lj 1 ̂  (<>--_!) 2 (45.4) 

with subscript i referring to carrier type, »••> subscript ] referring 

to the distinction between strained and unstrained germanium. 

45.2 



Numerical computations for the net rate y . as a function of 
temperature for strained and unstrained germanium are shown in figure 
[45.1]. We see that in both cases the regime of linear temperature 
dependence is reached above about 2 °K—i.e., in the experimental range. 
A purely empirical linear parametrization of the calculated rates for. 
temperatures T i 2 "K may be expressed as 

1/Ta - 1.33 x 10 9 (T - 1.8) sec - 1 (45.5) 

for EHL in unstrained germanium, and 

1/T = 0.61 x 10 s (T - 1.45) sec - 1 (45.6) 

for EHL in strained germanium (configuration Ge(l,2)). 

3 45.3 
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Temperature dependence of momentum relaxation rate 

•2 

c o 

n 
•5 
E 
c 
(1) 
E o 
5 

3-

Lim. unstr. 

• Lim. str. 

Temperature (°K) 

Figure 45.1 XBL776-1510 
Temperature dependence of dissipative momentum relaxation rate due to carrier-
phonon Interactions, calculated from equation (45.3) . The dissipation rate 
(x 1(>9 sec"-*-) is plotted versus temperature (°K) for unstressed germanium 
and for stressed germanium of configuration Ge(l,2). Also shown are the linear 
fit to the data displayed in Figure (71.4), and the effective minimum dissipation 
levels for small EHD in unstressed germanium (line "LIM. UNSTR.", see equation 
(45.8)) and for large EHL volumes in stressed germanium (line "LIM. STR.", see 
equation (45.9)). 

45.4 
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(11) Impurity scattering 

The samples used had an acceptor impurity concentration of 

approximately 10 /cm , corresponding to an average impurity separation 

of some 2pm, which is smaller than the radius of an EH droplet in 
45.3 unstrained germanium. It is believed-; that these small droplets 

nucleate on impurities and are bound to them with an energy of about 

5 meV. This binding arises by partial ionization of the shallow 

impurity state (E R - 10 meV) by the EH plasma. The screening length 

in the plasma is small {of order 100 A) and so only a negligibly small 

fraction of the number of carriers in the drop will be directly affec

ted by the presence of the impurity. 

The application of a travelling acoustic force field wave 

causes an oscillatory motion of the EH pairs, as discussed in the 

previous sections. The solutions developed there assumed that the 

damping of the motion was large, so that the response velocity was 

always much less than c , the velocity of sound. If the damping were 

to become very small so that the response velocity approached c , we 

might expect that energy would start to be lost by the spontaneous 
45 4 emission of phonons, , a process analogous to Cerenkov radiation. 

Thus phenomenologically we limit the response velocity to, say, 0,5 c 

by introducing an extra rate as necessary. Note that this is an 

arbitrary limit on the present system, and not a real additive con

tribution to the momentum relaxation rate. The minimum value of the 

45.5 45-5 
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8 -1 

overall damping coefficient Is thus y . ~ 2 * 10 sec , corresponding 

to a response velocity of v - 0.5 c with the typical force wave 
13 —2 

acceleration term A "" 6 * 10 cm sec appropriate to these experiments. 
Another indirect contribution to the damping rate is due to 

the binding of small drops on the impurities. To brpik this binding 
would require a stronger force than is available from the acoustic wave, 
and so if the droplet attempted to oscillate with an amplitude greater 
than its radius (see equation (43.5)), an extra mechanism of dissipation 
would be introduced. The response amplitude is approximately 

x ~ A/YO> (45.7) 

for a driving force frequency of ui. If we require that the maximum 
amplitude be limited to the drop radius r, then the minimum overall 
damping coefficient will be 

Ymin ~ A ' n a " 6 X 10* s e c " ! (45.8) 

13 —2 

calculated for typical experimental values of A — 6 x 10 cm sec , 
r ~ 2 pm and a> ~ 5 * 10 sec™ . 

It is important, to make the distinction between a real 
dissipative momentum relaxation mechanism, and these last two 
mechanisms which act a.? limitations on the response of the par
ticular experimental system being studied here. As T + 0, the 
electron-phonon relaxatioa rate becomes very small, but the above 

45.6 
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considerations show that the response of the EHD in unstrained germanium 

must saturate at a level that would be equivalent to a relaxation rate 

of Y . = 6 x 10 sec . This minimum level fur unstrained Ge is shown 'min 
on figure [45.1]. Also shown on figure i- experimental data, shown as 

a straight line fit to the data of figure [71.4] for the range of 

temperatures covered. A discussion of this data is given at the end 

of section 72. 

For the case of large volumes of EHL in strained germanium, we 

note that the limiting factor on the response velocity is due to 

compresslonal effects, as discussed in section 44. Equation (44.14) 

shows that compresslonal effects will start to make a major contribution 
2 2 

when (Bu2/c ) = 1. Approximating (u2/c ) » (u /c s) = (A/v) , wita the 

compressibility parameter B * ± .5, this condition "ields 

r.,_ - & " A/c = 4 x 10* sec"' . (45.9) 
m m s 

Thip level is shown in figure [45.1], applicable to the curve for 

strained germanium. 
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46. Other Mechanisms for acoustic attenuation 

There are several other mechanisms that can give rise to an 

actual or apparent attenuation of an Injected ultrasonic pulse. This 

section shows that the magnitudes of these effects are too small to 

make a significant contribution. Mechanisms of actual attenuation 

include dissipation due to Inter-valley electron transfer, plasma 

viscosity and magnetohydrodynamic damping. Effects like acoustic 

scattering and wave dephasing do not involve any dissipation per se, 

but may result In a reduction of the measured acoustic transmission 

signal and are therefore considered as sources of apparent attenuation. 

46.1 46.1 
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46.1 (i) Inter-valley electron transfer 

As noted in section 22, preferential energy lowering of one 

electron valley will result in a transfer of electrons from other 

valleys at a rate estimated to be (see equation (22.19)) 

1/T = 10 7 T sec"' (46.1) 

where T is the temperature in degrees Kelvin. Ue may reasonably expect 

this to lead to a frequency-dependent acoustic absorption peaked at a 

frequency such that t»rr. • 1. 

Redistribution of the electrons gives rise to a net erargy 

change of second order in the Induced valley splitting—i.e., propor

tional to the square of the applied strain e. The elastic energy 
1 2 density I S T C G where C is the appropriate elastic constant, and 

so we Incorporate the change in electron energy as an effective change 
46 2 in the elastic constant. This change can be shown to be 

A C44 = - l ( 3 i ^ 3 " i D e V h 2 <46-2> 
where n is the electron density, D the electron deformation potential 

for <111> strain, and m, the density-of-states mass. In a dynamical 

situation where the strain field oscillates at frequency u, the finite 

inter-valley transfer time gives rise to a phase lag which we incorporate 

by writing 

C(u>) - C 0 + AC/(1 + iarrlv) . ' (46.3) 

46.2 46.2 
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Now the acoustic wave velocity Is 

c s
2 - u 2/k 2 - C/p 

where p Is the mass density of germanium. A loss mechanism will appear 

k, and so we write 

C + AC/U + HOT. ) - pw2/(k + la) 2 (46.4) o lv 

which, on comparison of Imaginary parts, redoes to 

lv 2pcs» 2pcg3 1 + < U T 1 V ) 
I .e . , 

"lv 3 \gn*j 
v f nTD 2 » . <at. 
\» e d lv 

') 2pc s

3hz" ' l + ( ( t f r l v ) 2 

(46.6) 

Now use the representative numerical values of n - 2.4 * 10 , 
a. - 0.22 m , c - 5.6 x 10 cm/sec, and D - 7 eV for the <111> d o s e 
direction. We obtain the coefficient 

2 
aiv. = , 6 . 6 x l O - 1 ° . 1 ^ 5 T . (46.7) 

This coefficient Is approximately four orders of magntldue smaller than 
that of the attenuation due to dlsslpative phonon collisions, (42.33). 
Under typical experimental conditions <"TJ ~ 50-500 while tux . ~ 1, 
which further reduces the Importance of this disslpative mechanism. 
However, as stated at the end of section 22, the experiments were 

46.3 46.3 
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performed with the acoustic waves propagated along a <100> direction, 

In which case this effect is absent. 

46.4 46.4 
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(11) Plasma viscosity 

Because of the orders of magnitude to be demonstrated, a simple 

transference of classical gas transport theory will suffice here. We 

consider the electron-hole plasma as a gas of density p * mn, mean 
g 1 

velocity v » (•=-E-/m)"2" and mean free path X • v T where T IS the ' p 5 r p p c c 
carrier-carrier collision time. The viscosity will then be 

where the temperature factor reflects the fact that only a small 

thermally-activated fraction of the carriers can take part in this 

sort of disslpative process. At high frequencies we expect the 

effective viscosity presented to an acoustic wave of frequency w to 

decrease when <DT > 1, which is intuitively included by rewriting 

(46.8) as 

H - kTnx /(l + (ovr ) 2) . (46.9) 
p c c 

46 1 Now the attenuation coefficient introduced by this viscosity i s — — 

"vis " 4 V / 3 P C S 

- pc7 ' 1-hixr.2 ' 

Numerical values give for the coefficient 
(i) T\ 

avis " 1 0 ~ ' 6 • TFR1T C«.u> 

46.5 46.5 
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and so the effect Is negligible In the present circuitstances. Note 

that in any case we would expect this effect only in systems of 

dimension greater than the wavelength of the ultrasonic wave, i.e., 

for a large volume of strain-confined EH liquid. 

46.6 46.6 
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46 3 (ill) Magnetohydrodynamic damping 

This Is an effect that should Increase the damping rate of a 

small drop moving perpendicular to an external magnetic field, if it 

is moving through a partially conducting gas of free carriers. The 

motion of the drop, considered here as a spherical good conductor, 

will induce an electric field of E = v * jl/c and hence a dipole moment 
3 3 

in the sphere of £ » a E » a v x .B/c. Radial and tangential electric 

fields are then established in the medium around the sphere, with 

magnitudes at distance (r,6) of E = 2p cos 9/er , Eg = p sin 8/er 

where c is the bulk dielectric constant of the germanium lattice 

(equal to 16). There will always be a certain density of free carriers 

outside the drop due to processes like Auger decay, etc., giving rise 

to a conductivity o . Currents flowing in this medium will dissipate 

energy at a rate 

/ J«E d 3 r = o / E V ext/ 

' °eKt hf d r • (4 cos 9 + sin G)/r (46.12) 

2 3 2 3 2 2 2 2 

= 87ta p /3a e » 8mj a v B /3c e . 

Now the total kinetic energy of the moving droplet is 
W - inm v 2 • 4ta 3 (46.13) 

2 o J 

where n is the particle density Inside the drop. The conductivity 

46.7 
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outside may be written as the Drude expression 

2 
Q fc - n e T /m (46.14) 
ext ext ext 

where the approximation is due to an averaging of electrons and holes: 
substituting (46.13) and (46.14) into (46.12) we obtain 

fv)- •* f - ^ T • i~l- B'W (46.15) 

i.e., 
^"T^psf)^""' <46-16) 

Now the scattering time for carriers moving in the external 

surroundings should be that as derived in section 45: i.e., 

ext 
the density of free carriers (not excitons) in the surrounding medium 

is somewhat more arbitrary. It is known from measurements and nulcea-
46.4 tion theory"^"^ that the equilibrium density of free excitons around 

small droplets in -.nstrained germanium at temperatures of T — 2 °K is 
12 3. 

n t(FE) ~ 10 /cm '. A certain number of electrons, holes and exciton 
pairs are ejected from the drop due to Auger processes and thermionic 
evaporation, and a certain fraction of the optically-generated carriers 
may exist in the surrounding bulk germanium not bound into excitons. 
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It is possible that the'drop is surrounded by a "halo" of free carriers 

due to Auger ejection or similar processes, whose density may be 

considerable. However, it must be borne in mind that these carriers 

are themselves acted on by forces due to the acoustic wave very 

similar to those acting on the drop itself. There will b£ a difference 

in their response, due to effects pertinent to carrier pairs and small 

EHL droplets described in sections 41 and 43: however, the overall 

effect will be to greatly reduce the effective free carrier density 

participating in dissipatory conduction around the drop. At any rate, 

we may estimate an upper bound on the density of free carriers not 

effectively moving with the drop as n < 10 /cm . The MHD damping 

rate is then of order 

1 / T M H D ~ 1 0 " 2 B 2 s e c " ! (46.18) 

for the magnetic field B expressed in gauss. In high magnetic fields 

this damping may become a significant contributor, If there is indeed 

a sufficient "external" density of effective free carriers. Present 

experiments employed fields of up to B ~ 3 * 10 gauss, corresponding 

to a maximum estimated MHD damping contribution of 1/T,„_ ~- 10 sec ', 
HHU 

i.e., of order a few percent of the phonon damping rate. 

46.9 
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Non-absorptive mechanisms 
(iv) Acoustic scattering 

A volume of electron-hole liquid in germanium constitutes an in
clusion of material differing in bulk modulus by £B and density by Ap 
from the surroundings. If the radius of the Inclusion is r and the wave-
vector of the ultrasonic wave field is k, then the acoustic scattering 
cross-section can be written a s — — 

ascat/0geon. = f S^)* 
w h e r e (46.19) 

a , 2 

s M f ] + % (¥•) (*6.20> /MY +i (m V) 3V) 
for a fluid inclusion. 

For an electron density of n - 2.4 x 10 /cm , the term 
2 -22 

(Ap/p) - 10 . The change in bulk modulus can arise from the Fermi 
degeneracy of the electrons, the inter-valley transfer mechanism, and 
the deformation potential coupling. This last mechanism is by far 
the strongest, giving a contribution to the energy associated with 
a strain field that may be identified with a change in bulk modulus 
of AB~ n D. With D ~ 10 cV, n = 2.4 x 10 1 7 and B = 0,77 x 10*2 cgs o o ° 

2 —11 

for bulk germanium, we obtain (AB/B) — 10 . The acoustic scattering 
cross section is thus seen to be negligibly small for this work. 

46.10 
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(v) Dephasing 

An absorption mechanism for acoustic waves in a region occupied 

by EH liquid can be incorporated into the propagation constant as an 

imaginary component. This causes a change in the real part also which, 

by reducing the wave velocity, can dephase the wave passing through 

the liquid relative to the wave outside to such an extent that cancella

tion may occur when both waves ate incident on the receiving transducer. 

The attenuation coefficient has been seen to have the form 

a " ". ' I& (46'21) 

which is consistent via the Kramers-Kronig relations with a lossy 

wavevector 

k - k o +ja /(l - iarr) . (46.22) 

The real part of this is proportional to the wave velocity c . 

With c » k /a) being the velocity in the absence of loss, then when so o 
absorption is present 

l/c 8 - Re(k/w) - l/c s o + j0.o/(l + (ore)2 ) (46.23) 

from which the reduction 'In velocity is 

fie /c = -ye a / ( l + {mf ) . (46.24) 
s so 2 so o 
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Typically, (OST) i. 1, a ~ 10 em sec and so Ac /c £ 10 is 

the maximum fractional velocity change in the lossy region occupied 

by the EH liquid. This Hill cause significant dephasing only if 

(Ac a/c s Q) • U/X) > 1 (46.25) 

where A is the ultrasonic wavel^npth and A is the dimension of the 

liquid-occupied region. In the most extreme experimental case used 

of \ = 2 x 10~ 3 cm (V = 300 MHz) and i. = 0.1 mm (strain-confined 

liquid), condition (46.25) is still two orders of magnitude short of 

being satisfied. 
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(vi) Diffraction 

Connected with the previous effect, reduction of acoustic 

wave velocity in the absorptive medium, will be the problem of 

diffraction of the acoustic wave. If the effective receiving dimension 

of the transducer is a, and if we assume the worst-case condition that 

the transducer responds linearly, uniformly and additively to the 

coherent sum of all the strain amplitude incident on its surface, then 

we may expect a partial cancellation of reception of waves incident 

on the face of the crystal with angles greater than 6 ~ A/a from 

the normal. The diffraction angle due to the change in wave velocity 

Ac will be 8. ~ (Ac /c ) and so the condition that this contribute s a s so 
a serious cancellation having the appearance of attenuation is 

(Ac /c ) • (a/A) £ 1 (46.26) 
s so 

to be compared with (46.25). This condition is more stringent than 

(46.25) by the ratio (a/d), a factor of -10, but is still far from 

being s.^nifleant. 
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5. MAGNETIC FIELD EFFECTS 

In this chapter we discuss the influence of a moderately 

strong magnetic field on the static and dynamic properties of EHL 

in germanium. 

Section 51 shows how the application of a magnetic field to 

a degenerate fernd system of nearly-free electrons subject to carrier-

carrier collisions will result in Landau quantization of the density 

of states. 

Section 52 presents a calculation of the dissipative forward 

momentum relaxation rate for the motion of such a system parallel 

to a magnetic field. Because of the field-dependent magneto-

oscillatory structure of the density of states, we find that the 

longitudinal relaxation rate should also vary periodically with 

magnetic field. From the results of the previous chapter (see, for 

example, conclusions leading to equation (44.16)) we see that due 

to the functional dependence of the ultrasonic attenuation coefficient 

on the dissipative relaxation time, then we expect to observe 

magneto-oscillatory structure of this coefficient for the case of 

ultrasonic waves propagating parallel to the magnetic field. The 

fairly lengthy quantum-mechanical derivation in this section is 

summarized in equations (52.22), (52.23) and (52.24). 

In section 53 we consider the effect of a magnetic field 

applied transversely to the ultrasonic wave force field direction. 

5.1 5.1 
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The phenomenon of carrier epiralling is shown Co reduce drastically 

the acoustic attenuation by a large strain-confined volume of EHL, 

but not for small droplets in unstrained germanium that respond cohe

rently to the acoustic wave. From measurements of the former effect 

we may deduce a value for the carrier-carrier collision rate. A simple 

estimate for this rate is presented at the end of the section. 

Section 54 considers the effects of a magnetic field on the 

holes in the EHL, and also size effects due to spatial cyclotron 

orbiting of the electrons. We see that Landau quantization of the 

electron system is the dominant effect in the current magnetic field 

regime, as far as the acoustic attenuation is concerned. 

5.2 
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51. Quantum phenomena in a magnetic field:—— 

The application of a magnetic field H to a gas of nearly-free 

electrons results in a tendency towards quantization of the electron 

motion into cyclotron orbits around the z-axis defined by the field. 

The effects of quantization are obscured by collisions and will no 

longer be evident when the net energy broadening T of the electron 

states greatly exceeds the cyclotron energy hw - ehH/m*c. In this 

section we consider the density of states and fermi energy of a 

system of quasi-free electrons subject to collisions. 

(Then a magnetic field II (defining the z-axis) is applied to 

a collisionless system, choosing the vector potential as A « (0,Hx,0) 

leads to the form for the hamiltonian as 

X = (p_ + eA/c) /2m* 

= (p x
2 + (P y + m*w cx) 2 + p z

a)/2m* (51.1) 

where to i s the cyclotron frequency. The energy eigenvalues of (51.1) 

E(n,k ) = (n+£)ha> + h 2 k 2/2m* (51.2) 
Z £. C Z 

where n i s an in teger , and the eigenfuctions a re 

ik y ik z 
iKn.k , k z ) - e y e z * n ( x + ftk/m*o)c) . (51.3) 

51.1 51.1 
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Here <J> (x + hk /n*w )' is the nth harmonic oscillator function, with 
centre of oscillation x * hk /m*u . The energy sub-bands, i.e., 
all those states with the same index n, are termed Landau levels. 
We assume a unit cube volume of the system, and so the requirement 
that x lie within this volume restricts the range of k to (m*oi /ft), o ° y c 
With unit extent in the x-directlon the density of states per k 

2 
interval (exlcuding spin) is then (1/2TT) • (m*w /ft). Dropping the 
labels on E(n,k ) for convenience, (51.2) may be rewritten as 

•*• \ * 
k z = (2m*/h 2) 2 • f E - (n + j)to*S (51.4) 

or 

dk z = -|(2m*/h2)2 • fE - (n + |)no»cJ 2dE . (51.5) 

Including a factor of 2 to account for the two orientations of 

electron spin, the density of states w.r.t. energy is then 
N(E) dE - 2*(m*U) /h ) -(1/2TT)2. c 

n 
|<2m*/ftV • (E - (n + | ) h u j 2 dE (51.6) 

The summation extends to the largest integer n such that the 
° max 

radicand is positive, i.e., 

< w * < E ' h w c - 1 > • < 5 1 - 7 > 

51.2 51.2 
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Equation (51.6) can be condensed to 

n 

( h N \ ' max i 

£) • (W • E (E - < n + W j T dE • ( 5 i - e > 
This function diverges unphysically whenever E = (n + 7r)n<« • Under 

£. C 

real conditions the electron energies are not sharply defined as in 

(51.2) but are broadened by an amount T due to collisions with other 
51 2 51 3 carriers, impurities, phonons, etc. This is incorporated——*—~ by 

replacing E in (51.2) with E + if, and then taking the real part of 

the entire expression. This gives 

(51.9) 

where £ - E - (n + -r)nw a»d the summation extends to infinity, n Z c 
This expression may be numerically calculated, and is shown in figure 

[51.1] for various values of T. As the damping increases the magneto-

oscillatory structure becomes indistinct. Under conditions of moderate 

damping and moderate magnetic field, i.e., V - hw « E, mathematical 

manipulation of (51.9) by the Foisson su*nmation formula—— results 

in the expression 

N(E)dE = J L M* 

51.3 51.3 
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r=l c / \ c/ 
(51.10) 

This expression more clearly shows the magneto-oscillatory behavior 

with basic periodicity in (E/fiw ) and exponential damping by the 

broadening term V of the higher harmonics responsible for the 

sharpening of the field-dependent oscillations. However, the 

conditions uf validity of the Foisson tranformatioti must be borne 

in mind, and since both (51.9) and (51.10) require numerical computa

tion it is more reliable to use the exact expression (51.9). 

The Fermi energy of a system of density N electrons per unit 

volume is found by integrating N(E) from the zero-point energy •=&(*) 

until at the found energy E„ the required density has been obtained: 

• • / 
N(E,H) dE (51.11) 

2 c 

51.4 

whe::e Che magnetic field dependences have been explicitly shown. 

Under conditions of moderate damping and moderate magnetic field 

the field dependence of E p(H) shows very little oscillatory structure 

(see figure [51.2]). 

The density of states w.r.t. E and k may be visualized as 

shown in figure [51.3]. As the magnetic field increases the ladder 

51.4 
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Density of stales in a magnetic field 

= 2.7 meV 
= 0.135 m. 

1.0 • 

I 0.1 AAA-/ 
•o 

m 0.01 J U' 

10 15 
Magnetic field (Kilogauss) 

25 

X B L 7 7 6 - I497 Figure 51.1 
Calculation of density of states in a magnetic field, from equation (51.9), for 
various values of the level broadening parameter T. The density of states 
at E = 2.7 meV is plotted (linear scale, arbitrary units, curves displaced for 
clarity) versus magnetic field (in kilogauss). Curves calculated for m* = 
0.135 m„. 
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of Landau levels expands. The total number of states within a 

certain energy range, i.e., a range of width kT centred at L , will 

be given by the integration of (51.9) over this interval. It will 

show pronounced magneto-oscillatory behavior if the broadening of 

the levels T is not too large, and if kT is fairly small (kT « hoi ) 

such that the range of integration does not encompass several Landau 

levels. Since the dissipative absorption process involves the 

relaxation of electrons in states close to E„ having an excess forward 

momentum, it is clear that we may expect this magneto-oscillatory 

behavior to be manifest in the relaxation rate and hence the acoustic 

absorption, as shown in the following section. 

51.6 51.6 
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Fermi energy dependence on 
magnetic field strength 

2.7. 

2.6' 
m* = 0.135 m 0 

T =0.1 meV | 

10 15 20 
Magnetic field (kilogauss) 

25 

Figure 51.2 XBL7 76-I4S6 
Variation of electron Fermi energy with increasing magnetic field, as calculated 
from equation (51.11). Fermi energy (in meV) is plotted versus magnetic 
field strength (in kilogauss). This curve calculated for Ep(H = 0) « 2.7 meV, 
m* = 0.135 and a level broadening parameter of r = 0.1 meV. Larger values of 
T will tend to further suppress the structure and the monotonic decrease. 
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Visualization of density of states 

Figure 51.3 X B L 7 7 6 - I 4 8 9 
Visualisation of density of states (Indicated by density of shading) as a 
function of energy and wavevector, In a moderate magnetic field with moderate 
broadening. 
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52. Dlsslpative relaxation rate in a longitudinal magnetic field. 

We first obtain an expression for the relaxation rate of a 

quasi-free electron in a magnetic field by interactions with acoustic 

phonons. This rate is then incorporated into a derivation of the net 

relaxation rate of a quantized Fermi-degenerate electron system. 

The effects of carrier-carrier collisions are non-dissipative and will 

not be explicitly considered other than as a phenomenologically-

introduced broadening of the energy levels, as discussed to equation 

(51.9). 

From the "Golden Rule" we might expect the transition rate 

for an electron In a state of energy E to be 

1/T(E) - (2TT/h) • N p h • H • N F(E) (52.1) 

where N . is the density of phonons, M is the interaction matrix 

that if the acoustic phonon energy is small then we may use the 

evaluation of the density of states at the initial energy. Now N 

will be proportional to (kT/pc 2),(where p is the lattice mass 

density), M may be the deformation potential D , and N„(E) the 

magneto-oscillatory density of states given by (51.9). The estimation 

of the rate as 

1/T(E) - (2ir/h) • (kT/pc 2 ) • D 2 N(E) (52.2) 

52.1 52.1 
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will be shown to be correct (see result (52.11)). 

Consider the perturbation introduced by an acoustic phonon 
i 

of frequency u, wavevector £ and displacement amplitude a - (h/2pw) 2. 

A phonon of energy equivalent to 2 °K has a wavevector of q "* 5 * 10 s 

cm which is comparable with the Fermi wavevector kp of the electron 

distributions we shall be considering. We therefore assume full 

occ-jpancy of the spectrum of phonons of low energy that are .* 

responsible for the relaxation of excess electron forward momentum 

by small amounts round the periphery of the Fermi sphere. The 

occupation number per state is taken to be N , (q) * kT/hc q, with 

N h(q) large so that N h(q) and (N .(q) + 1) may be set equal. 

The perturbation in the hamiltonian is written as 

^ « aq^e 1**- (52.3) 

and the initial and final states are characterised from (51.3) as 

|a) s |k k > and |3> = |k'k'> . We are here assuming that the 

electron does not change its Landau level, because the phonon energy 

is small compared to the cyclotron energy, and we are usi^g the y and 

z momenta as independent variables. Assuming again that the phonon 

energy is small, the transition rate between states |a> and [$> is 

"ag " TT • X ) l < a | a q D e e l a " r l B > | 2 - N p h ( q ) * S < E« " V 
q 

kTD 2 < 5 2-4> 

q 

52.2 52.2 
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Write the matrix element as 

<a|e i-a" r |B> « <k k l e ^ l k ' k ' ) = 6(k' - k - q ) 
I I " y z ' ' y Z x y y ^y' 

X 6(k' - k - q ) • J (q ,k' ,k ) z z ^z n x 1 x y' y ' 

(52.5) 

where 

/
lq x 

* (x + X V ) • e x • * (x + X k )dx (52.6) 
T n y T n y' v ' 

with <J> the harmonic osc i l la tor functions and X = h/m*w . The 
n c 

52 1 only property of th is integral needed here i s that — — 

CO 

Now replace the summations over x and y components of £ In (52.4) 
z by respective integrations, multiplying by (1/27T) to account for 

the density of states. The delta-function of (k* - k - q ) in (52.5) 

will ensure that only terms with k* = k + q survive the y integra

tion. Performing this integration and the x Integration we use 

(52.7) to write the matrix element part of (52.4) as 

52.3 52.3 
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2J< a | .ia-r, B >,» 0 ( E a . v . gjJ^WS + W 

* « * ; - k z + «z> • 6 < E a " V * d q x d q y 

-2iX 2£ S< k;- kz-V - « E a - V 
q z 

(52.8) 

From (52.4) the transition rate Is then 

27TkTD m*(j) 
waB " Tpq 8 " * 1ST •£«<*; " kz + V fi<Ea ' V ' 

q z 
(52.9) 

Replace the z-sunnatlon with an Integration and a multiplicative 
factor 1/2JT: then from (51.5) and (51.6) identify the Integral of 
(m*ui MTT^dk' with that of N(E')dE* to write the transition rate 
from state |a> to all allowed final states |8) as 

• / • 
2nkTD 

W - t 8
e • I N(E')dE" • S(E - E") (52.10) 

1/T (E) - <27T/h) • (kT/pc 2) • D 2N(E) (52.11) 

Note that the factor of 2 for spin multiplicity is omitted here, 
as we assume that the electron-phonon interaction does not flip 
the spin. 

52.4 52.4 
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written as the relaxation rate of z-momentum of an electron of energy 

F, in accord with the estimate (52.2). 

We now incorporate this rate, derived for a single particle, 

into an expression for the relaxation of an electron distribution 

accelerated due to the passage of lattice strain wave. 

Consider an electron system of density N described by a 

distribution function i' and acted on by a uniform force F defining 

the z-axis. The Boltzmann equation for the distribution function 

is then 

(f(E) - f0(E>). /Tz(E) - -3f(E)/3t - -Fz3f(E)/3p (52.12) 

where the equilibrium distribution function f (E) here is the fermi-

dirac function. If we assume that there is insufficient energy in 

the perturbing force to promote transitions between different Landau 

levels, then only k is a smoothly varying quantity, We therefore 

replace 3f(E)/3p by (ftk /m*) • 3f(E)/3E and write (52.12) as 

f(E) - f (E) - T (E) • F (hk /m*) • 3f(E)/3E o z z z 

= f (E) - T (E) • F (ftk /m*) • 3f (E)/3E o z z z o 

if the change is small. 

The net average z-momentum drift is 

(52.13) 

Y,pz -f<n'VE> m*v - (1/N) • \ l*k • f(n,k ,E) • N(k )dk (52.14) 

52.5 52.5 
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summed over Landau levels n 9 the density of states v.r.t. k of each 

of which is N(k ) - (m*U) /2tr2h)dk . Define the relaxation time for z c z 
the whole distribution as 

T. - m*v /F . (52.15) 
a z 

Then since the equilibrium distribution f (E) results in no net drift, 

we obtain from (52.14) 

-E/ 
fib) 

T (E)h2k 2 3f <E) m*w 
Ro* 3E 27T2ft dk 

C/V T z< E > 
3f o (E) 

dk 
z C/V T z< E > 3E dk 
z 

(52.16) 

n » 

where the integration is taken to infinity (though of course is cut 

off by the distribution function) and the summation extends over 

occupied Landau levels. Paralleling the development of equations 

(51.4) to (51.9) we replace k 2dk by 

JL J-
k dk - Real Part i (2m*/h 2 ) 2 . (E + i r - (n + i)na> ) 2 dE 
Z Z £. 2 C 

(52.17) 

and, substituting for N(E) in (52.11), use the same broadening In 

the density of states in 1/T (E) to write 

52.6 52.6 
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hoc 2 

27rkTD_ t ^ / ^ A f 
8it* \ h 2 / 

"(E + I f - (n ' + i>tioJc>_ * . (52.18) 

Put t ing (52.17) and (52.18) in to (52.16) y ie lds 

2 h p c s

2 / "ReE(E+ir - (n+ | - )hu) c ) 2 ^ ( E ) 

^ ^ 7 J toiowMn'-O^Vi ^ ~ 
dE 

When the real parts of the summations are taken they have a form 
similar to that In (51.9), but omitted here for clarity. Under the 
same requirements for validity as discu~!ied there, use of the Poisson 
transformation reduces the summations to 

¥ 

y^<expr.)V^ (expr.)" 2 

n n* . 

Making the assumption that the fermi energy does not change much with 
magnetic field (see arguments following equation (51.11)), we write 
the derivative of the equilibrium distribution function as 

\2kl/ (52.21) 

52.7 52.7 
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Multiplying this by the expression in (52.20) and integrating as 

required in (52.19) we nay arrive at an expression for the relaxation 

time 

apc^E 
Ta - a a § - ^ • « - *<">c» ( 5 2 - 2 2 ) 

e 

wjiere the magneto-oscillatory function i s 

*<uc> - Y0~ COS<lrrY " ^' ^ ^ O ' **P<-W%-> 
CO 

with X = 2ir2kT/h(u 
c (52.23) 

and Y = 2E /hu> . 

An exact numerical computation of (52.19) has been made. Comparison 

with the transform (52.20), (52.23) shows good agreement in the 

expected range of validity of that transform, taking the first six 

terms of the summation in (52.23). This is then the form of the 

magneto-oscillatory function that will be used in future calculations. 

Notice the similarity of result (52.22) with the estimate 

(52.2) and result (52.11). He shall evaluate (52.11) at the fermi 

energy E - E„, where electrons are in states available for scattering, 

taking the density of states there to be 

N(E p) - iON^E,,) • (1 - (Km.)/ (52.24) 

52.8 52.8 
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where the factor 1/2 accounts for the assumption that the electron's 

spin is not flipped in a phonon scattering event, and the factor 

(1 - <Hco )) increases the density of states as the Landau levels 

cross the fermi energy. We shall further introduce a factor of 1/3 

to account for the fact that (52.11) calculates the dissipation 

rate only for the component of the carriers* momentum parallel to 

the field, and we need an average rate for the entire distribution, 

assumed isotropic in k-space. Inserting this factor and (52.24) 

into (52.11), we obtain 

- i(2ir/h) • (kT/pc s
2) - D e

2 . |(3N/2E p) • (l-#(6)c))"' 

7MkTD 
" 27TPC 4., * C 1 " •<"«»" 

8 * (52.25) 

which is identical to the result (52.22). 

With representative values of the parameters appropriate for 

the strain-confined EH liquid, equation (52.22) can be written as 

d 

which becomes 

1/T = 2.12 x 10 8T • (1 - *(&) ))"' sec"1 (52.26) 

l/Td(H - 0) = 2.12 > 10 T sec (52.27) 

52.9 
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in zero magnetic field. Note the similarity with the temperature 

dependence of the relaxation rate derived from the theory of electrical 

resistivity in equations (45.3) and (45.6). Note also that although 

the effect of the holes' relaxation has not been considered, we should 

expect that their rate would he similar in zero magnetic field, and 

would be combined as per equation (41.4). 

If the product of this damping time T , and the frequency 0) 

of the ultrasonic wave field is small, then from (42.33) we see that 

the acoustic attenuation shou] t have the same magneto-oscillatory 

behavior as T. (see discussion following equation (61.24)). This is 

the principal result of this section, and will be used to analyze the 

observed magnetic field dependence of the measured attenuation in 

order to yield a value of the electron Fermi energy. 

52.10 52.10 
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53. EHL motion in a transverse magnetic field 

We consider here two systems of electrons interacting with an 

elastic force field (I.e., an acoustic wave), in a perpendicular magnetic 

field: (1) that of small EH droplets in which the acoustic wavelength 

of the force field is large compared to the droplet dimension, and 

the droplets are mobile, and (ii) that of a large volume of EH liquid 

spatially constrained by a static potential well. 

Apart from quantization effects as discussed in section 51, 

a general effect of a magnetic field is to cause a rotation about its 

axis of the transverse wavevector component of an electron state or 

overall drift of a distribution. This rotation occurs at the cyclotron 

frequency to * eH/m*c. Carrier-carrier collisions will redistribute 

net drift momentum amongst the members of the system, but whether 

or not this affects the absorption of energy from the force field 

depends on the freedom of mobility of the system. 

53.1 
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(1) Small, mobile-droplets r 

As was disussed in section 43, the application of a long-

wavelength force field to a small drop causes a coherent acceleration 

of all of *-he carriers against a dissipative relaxation rate. An 

overall drift velocity in response to the force results, oscillating 

at nearly the same frequency but with a very;small amplitude (see 

results (41.7), (42,6)). The application of a transverse magnetic 

field will cause the wavevector of this drift to rotate at frequency 

u , but its magnitude will not be changed by carrier-carrier collisions 

within the droplet. This is an important point: although in real 

space the carriers do acquire a transverse velocity and do indeed 

collide with each other,at some carrier-carrier collision rate 1/T , 
c 

the droplet as a whole acts coherently and internal motion is non-

dissipative. Because the magnitude of the response velocity u does 

not change, the acoustic attenuation coefficient (proportional to 

u2» see equation (41.13)) is also unchanged by transverse magnetic 

fields. 

53.2 53.2 
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(ii) Large volumes of confined EH liquid 

The situation here is radically different because of the 

confinement of the EH liquid by the strain well, and the fact that the 

acoustic force field wavelength is smaller than the dimensions of the 

occupied volume. The result of these facts is that the liquid cannot' 

respond uniformly and coherently. In particular, the transverse 

motion, set up by a transverse magnetic field will be suppressed and 

dissipated by carrier-carrier collisions both to prevent net movement 

against the sides of the confining strain well, and to prevent different 

parts of the volume of liquid from moving in opposite directions. We 

therefore assume that the transverse component of momentum is lost 

after a carrier-carrier collision. Part of the forward component of 

momentum is lost due to the rotation of its wavevector by the magnetic 

field, resulting in a net effective reduction of drift velocity. 

Write the forward velocity of a single carrier in a transverse 

magnetic field as 

iw t 
u(H. ,t)*= u • Real Part e C (53.1) 

i. O 

with the probability that this state has survived until the time t 
-t/T 

. . c. Integrating this over time and normalizing the probal-

ity we simply obtain for the average forward drift 

u(H. ) - u • (1/T ) • Real Part (iu - 1/T ) _ 1 

X o C c C 
i.e.. 
1 , e " (53.2) 

u(H )/uo = (1 + (a) cT c) 2)" 1 

53.3 53.3 
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the familiar result for transverse Drude magnetoconductivity. To 

obtain the power absorption we multiply u(H,} by the force rather 

than using (41.13), since it is now a non-coherent averaged velocity 

and not simply proportional to the force. From this we see that in 

a transverse magnetic field the acoustic attenuation of a large volume 

of strain-confined EH liquid can be axpected to differ from its zero-

field value by the factor (53.2), i.e., 

«(H, ) - a • (1 + (w T ) 2 ) - 1 (53.3) 
± o C C 

where a contains all other constants and variables. Note that under o 
typical experimental conditions the value of T is such that this 

factor reduces the measured attenuation essentially to zero at values 

of the magnetic field much lower than those necessary for the appearance 

of quantum magneto-oscillatory structure in the attenuation, as 

discussed in the preceding section. 

As estimate of the carrier-carrier collision rate may be 

obtained by the following simple arguments:-

Assume that electrons and holes in states suitably close to 

the fermi energy may scatter mutually in non-dissipative processes 

that merely exchange energy. These processes will still be effective 

in dephcsing transverse motion. The separation of carriers of density 
JL _, 

n per cm 3 is of order (n 3) , and so the collision rate will be of 
l 

the order of v^n"3" for eligible carriers near the fermi level, where 

v„ is the appropriate fermi velocity. The fraction of exigible carriers 

53.4 53.4 
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is of order (kT/E_), and so we estimate the following scattering rates: 

- 1 3 2 
Electron-electron T = v_ n (kT/E_ ) 

i. 
Electron-hole x ^ - T ^ W / H ^ ^ ^ 

Hole-hole T-; - v^n'CM/E^) 2 . 

Using fermi energies of E = 2.7 meV and E . -1.7 meV for 

EHL In strained germanium, the velocities used are 

v„ » 6.6 x 10 cm/sec 

v ^ = 4.1 x 106 cm/sec (53.5) 

We then postulate the average carrier-carrier collision rate to be 

All the contributions to this from (53.4) have a T temperature 
1 G -3 

dependence* Evaluating (53.6) numerically, using n * 6.4 x 10 cm , 

(53.7) 

A discussion of experimental results is given in section 82: see 
figure [82.2] for a comparison of these results with the above estimate. 

53.5 53.5 
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54. Other magnetic field effects 

So far, only effects due to the quantization of electron energy 

levels have been considered. We should also consider the effect of 

the magnetic field on the holes, and effects due to spatial cyclotron 

orbiting of the electrons. 

(i) Holes 

The hole band edge at the centre of the brillouin zone is a 
3 

fourfold degenerate J • -j system. Both in the presence and absence 
54 1 of strain, cyclotron resonance shows a large number of overlapping 

energy levels. In the moderate fields used (H ̂  25 kGauss) and at 

moderate temperatures (T ~ 2 °K) the net magneto-oscillatory behavior 

of the total density of states for the holes will be completely 

indistinct, and so we assume that the dissipative relaxation rate 

for holes has no distinct magneto-oscillatory structure. Essentially, 

the holes function merely as a reservoir for electrostatic neutralisa

tion. The magneto-oscillatory behavior of the net dissipative 

relaxation time will then be that of the electrons—i.e., from 

equation (52.22), although the holes have to be dynamically included 

as discussed to equation (41.4). 
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(ii) Electron spatial orbiting 

The cyclotron orbit radius of an electron moving at the fenni 

velocity of v„ » 6.6 x 10 6 cm sec (corresponding to a fermi energy of 

2.7 raeV) is about 0.52 um in a magnetic field of 1 kGauss applied along 

a <100> axis: the cyclotron frequency is then v • 20 GHz/kGauss. Under 

typical experimental conditions the acoustic frequency was always small 

(v ^ 300 MHz) and the smallest characteristic size in any circumstance 
ac J 

would be the 2 - vim radius of the small EH droplet in unstressed germa

nium. The magnetic fields required to cause the cyclotron frequency 

to equal the ultrasonic wave frequency, or the cyclotron orbit radius 

to equal the ultrasonic wavelength or the droplet radius, are all 

very small: of the order of 15 Gauss, 25 Gauss and 250 Gauss respec

tively. In all cases the associated cyclotron energy is small 

compared to the thermal energy (n<ii = 1 °K/kGauss for m* * 0.135), 

even if the carrier-carrier collision time T was long enough to 

allow orbits to be completed. Thus under no current circumstances 

did ve expect to observe any effects due to orbit size or frequency 

matching of the electron cyclotron motion either to the droplef si2e 

or to parameters of the applied ultrasonic wave. 
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6. EXPERIMENTAL DETAILS 

This chapter describes various aspects of the experimental 

equipment and the samples used, and concludes with a discussion of 

the theory by means of which an attenuation coefficient is extracted 

from the actual experimental measurements. I have attempted to 

indicate the various areas where problems occurred whose solution, 

In many cases, was purely intuitive or empirical. 

Section 61 describes the method of preparation and mounting 

of the germanium samples, and the various problems involved with 

obtaining good acoustic coupling between the sample and the ultrasonic 

transducers. These and similar problems associated with the sample 

and sample head assembly were the source of the majority of work 

necessary to get the experiment operational. 

Section 62 outlines details of the standard low-temperature 

dewar system used. This contained no unusual features peculiar to 

these experiments. 

Section 63 describes the various optical arrangements neces

sary to excite the sample for the generation of EH pairs, and 

subsequently to monitor thn characteristic recombination luminescence. 

Again, the equipment was largely comprised of standard units used for 

various other studies of the electron-hole liquid. 

In section 64, details are given of the electronic equipment 

used. Host of the units used were commercially made, but in a few 

6.1 
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instances it was necessary for me to design and construct certain 

specialized units, in which cases outline circuitry is shown. This 

was done as a matter of convenience (the units concerned are fairly 

simple); equivalent commerically-made units are surely available. 

The method and reasoning of operation of the electronics Is also 

given. 

Section 65 presents a fairly lengthy discussion of the 

theory of measurement and various systematic problems associated with 

extraction of a numerical value of the ultrasonic attenuation coeffi

cient from the actual experimental measurement. Difficulties due to 

obscuration and sample inhomogenelty are discussed, as is the problem 

of suppression of the observation of magneto-oscillatory structure 

due to changes of temperature and acoustic frequency. 

6.2 6.2 
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61. Sample and sample head 

The samples used were rectangular prisms of germanium 

measuring approximately 3 x 3 x A ms. They were cut from part of 

Boule No. 371-49, kindly supplied by E. Haller and H. Hansen of the 

Lawrence Berkeley Laboratory, which was estimated;—'— to have a p-type 
11 3 

Impurity density of approximately 10 /cm , and to be essentially 

dislocation free. The standard samples were cut by a low-speed 

diamond blade wafering saw such that the long axis was a <110> plane. 

These orientations were determined by marks on the edge of tiiS boule 

as supplied. Samples cut from other boules were occasionally used 

as *a control check on the sample-independence of the results. 

Different samples showed different characteristic recombination 

lifetimes for the EBL, but showed identical results for acoustic and 

magneto-acoustic properties. 

The samples were mechanically polished using medium (lOum) 

and then fine dim) alumina abrasive powder. It was necessary to 

make the end faces (the faces to which the ultrasonic transducers 

were attached) as flat and parallel as possible (see equation (65.8)). 

This was achieved sufficiently for present purposes by using a disc-

and-plunger polisher on a flat glass plate (see fig. [61.1]) . 

After polishing, the samples were chemically etched in "white" 

etch (3 parts nitric acid, 1 part hydrofluoric acid), then washed 

with methanol. A good surface lustre was obtained aftev about 30 
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seconds of etching, continuously agitating the crystal in the liquid. 

Unetched samples showed poor efficiency for the production of EHL 

from optical pumping, probably due to surface recombination of 

electron-hole pairs at surface roughness traps. Samples that were 

deliberately etched too long showed visible surface removal by Lhe . 

acid, in the form of pits and rounded corners,and would not sustain 

a long train of ultrasonic echoes. This latter effect was probably 

due to non-specular ultrasonic wave reflection from the undulating 

surfaces, and also poor input acoustic coupling. 

Samples of smaller cross-section (e.g., 1 x 1 x 4 mm, 2 x 2 x 

4 mm) were also tried, in an attempt to improve the filling factor 

o£ the EHL in the acoustic path. This was unsuccessful for several 

reasons. Firstly, it was found that the volume of EHL produced by 

a constant optical pumping power was reduced in these smaller samples. 

This is probably due to the closer proximity of the surfaces, with 

their attendant recombination traps. Even in the smallest sample it 

was possible to create a sub-surface strain well which trapped a 

volume of the EH liquid, but this volume was small such that its 

filling factor in the smaple cross-section was no better than for the 

case of the larger samples regularly used. The second, more serious, 

disadvantage was that we round it impossible to obtain a long sequence 

of ultrasonic pulse echoes in small samples. Even at frequencies of 

optimal transducer response, at best only one distorted echo would be 

seen. This is probably partially due to interference and cancellation 
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Sample polisher 

* 

1\\\\S. 

-Plunger 
-Die 

^Sample 
Abrasive powder 

SSSVsl/ 

Glass plate ^ 

<:, , XBL7 76-I472 
Figure 61.1 
Plate-and-plunger type polisher for grinding and polishing sample crystals. The 
sample is attached to the plunger by thermo-softening wax. 
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effects from acoustic waves reflected from the side faces. In the 

larger samples regularly used the length-to-width ratio was smaller, 

resulting in ultrasonic wave propagation that was more like plane wave 

propagation than wave channeling. Another reason is probably that it 

was much more difficult with the small samples to get the transducers 

faced to the crystal endface accurately parallel (see later in this 

section for a diocussion of this problem). 

The transducers were X-cut quartz plates, gold plated on each 

side for electrical contacts. When excited with an RF voltage at an 

odd harmonic of the fundamental frequency, this particular quartz 

cut will electroconstrict to generate a longitudinal compressional wave. 

The transducers were supplied by the Valpey-Fisher corporation as a 

matched pair of fundamental frequency 10 MHz. They showed good 

response at odd harmonics such that echo trains could be obtained to 

frequencies of 250 MHz. Usually the best echo sequences were observed 

at 70 MHz and 110 MHz. This is possibly due to physical effects 

within the transducers, and possibly due also to unintentional response 

peaks of the electronics (e.g., fortuitous cable length matching, etc.). 

The transducers were supplied a discs of 5 mm diameter. 

Because of space restriction in the sample holder (see figure [61.2]) 

they were cut to squares of approximately 3 mm side, using a low-speed 

diamond wafering saw. Electrical connection was made by soldering 

very fine wires to each side of one corner, using as little solder as 

possible. The transducers were acoustically bonded to the sample 

by a very small amount of silicone grease. This was done by 
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wiping a thin film of grease onto $he lower part of the transducer, 

and. then pressing it fairly firmly against the sample face to squeeze 

out any excess, which was carefully removed. This grease becomes hard 

at low temperatures, and excess deposits of it caused undue acoustic 

loading. The transducers were held in place by light pressure from 

phosphor-bronze springs, electrically insulated by mylar foil. 

The most troublesome part of the whole experimental procedure 

was always in obtaining a good train of echoes. The procedure used 

was as follows: 

The transducers were attached with a small amount of silicone 

grease, and the amplified RF voltage from the receiving transducer 

was directly displayed on a fast oscilloscope. With a continuous 

wave applied to the transmitting transducer, the frequency was tuned 

for maximum response, i.e., to match the frequency of the signal source 

to the natural transducer response. This was usually done at 70 MHz. 

The input was then changed to pulses, and one or two echoes could 

usually be seen. Using a sharpened wooden stick we could then move 

the transducers slightly on the crystal endfaces. This procedure 

was all done on the laboratory bench at room temperature, and so the 

silicone grease was still soft. The transducers could be slid from 

side to side and also slightly tilted by pressing hard against one 

edge to expel excess grease. Doing this while watching the effect on 

the echo pulse train displayed on the oscilloscope usually enabled us 

to get up to four or five echoes discernible above the noise level. 
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The sample head dewar insert assembly was then slowly lowered into 

liquid nitrogen to check, that nothing adverse would happen when the 

grease liardened: it occasionally happened that the trans "jeers would 

be slightly shifted by the grease freezing, and the echoes would be 

lost. Normally, the number of echoes visible would increase to six 

or seven, due to reduction of the background acoustic attenuation 

coefficient of bulk germanium and (primarily) better acoustic coupling 

through hard grease than soft. The assembly was then removed and 

allowed to warm up and dry off naturally, before we put it into the 

low-temperature dewar. No effects due to temperature cycling were 

ever observed. At liquid-helium temperatures we sometimes detected 

up to 20 echoes ' -*e figure [61.3] for a typical low-temperature echo 

train). 

The sample holder (see figure [61.2]) was machined front a 

brass block measuring 0.75 x 2.3 * 5 cm, the first two dimensions 

(thickness and width) determined by the size of the access slot in 

the superconducting magnet, 'i.ie sample itself was mounted on a 

small brass block with an intervening thin mylar sheet to avoid local 

strain maxima due to surface irregularities. A stainless steel rod 

with a nylon tip could press on the sample to create a strain well 

(see section 24) when prshed down by an external spring stressing 

arrangement (see figure [62-2]). This was also used to create a light 

holding pressure to ... t. _i«s bu^le located, in the experiments on 

unstrained germanium. 
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Sample Holder 

126 

Figure 61 XBL776-I464 
Diagram of sample holder (not exactly to scale). The germanium sample (1) rested 
oi. a brass block (2) with a thin mylar sheet in between. It was pressed on by a 
stainless steel rod (3) with ~. rounded nylon tip. The ultrasonic transducers 
(4) were attached with silicone grease (and sometimes also finger springs, not 
shown), and connected by fine wires to input and output coaxial cables (5). The 
magnetic field H was parallel to the holder thickness as shown. The configuration 
shown results in HI Q, with laser pumping input from the rear through window (6). 
For 11 It <£ the sample and transducers were rotated 90°, with laser pumping and 
luminescence .monitoring via window (7) and 45° mirrors (8). 
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For experiments In zero magnetic field or with the field 

transverse to the ultrasonic propagation, the sample long axis was 

parallel to the sample holder width with the transducers at left and 

right. The laser pumping beam was then input through a hole in the 

rear of the holder, and the recombination luminescence was directly 

viewed from the front. For experiments with magnetic field and ultra

sonic propagation parallel, the sample was mounted with its long axis 

parallel to the sample holder thickness and the transducers were at 

front and back. The laser input and luminescence monitoring output 

were then reflected from 45* front-surface mirror blocks. The relative 

orientation of the crystalline axes, the stress, the ultrasonic 

wavevector and the magnetic field are shown in figure [61.4]. 

Double-shielded coaxial cables were used to connect the 

transducers to sockets on the top flange of the dewar, in order to 

minimize cross-coupling between the input and output circuitry. 
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Typical pulse echo train 

ECHO NUMBER 10 15 

10 15 
TIME DELAYS sec) 

20 25 

X S L 7 7 6 - I 4 6 3 
Figure 61.3 

Typical pulse echo train as observed at 1.8 °K. This is a chart recorder 
tracing obtained from the output of the boxcar integrator. The signal, pro
portional to the receiving transducer RF voltage, is plotted (arbitrary units) 
versus the time delay (in usee) between the trigger pulse and the boxcar 
acceptance window period. Anti-saturation signal blanking (see text) was 
applied for ~5 Usee. Data taken at 110 MHz acoustic frequency, no laser pumping. 
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Relative orientations 

Stress 

<110>face 

<111>Directions: 
Location of EHL wells 

' UltrasonicQll <100>axis. 

HJ_Q 

* H II Q 
Magnetic Field Orientation 

X B L 7 7 6 - I 4 6 I 
Figure 61.4 
Relative orientation of crystalline axes, stress, magnetic field and ultrasonic 
wavevector. The geometry was such that two identical EHL energy wells were formed 
along the two <111> axes just below the crystal surface. EHL was observed 
accumulated in two regions as indicated by the dotted spheres. In all experi
ments the ultrasonic wavevector was directed along a <100> axis. 
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62, External mechanical and thermal arrangements 

The sample head was supported in a double-jacket liquid helium 
dewar by a hollow stainless steel rod from a topmounting flange. 
Inside this rod was a thinner stainless steel rod used for stressing 
the samples, acted on by the spring assembly shown in figure [62.2]. 
A diagrammatic sketch of the entire dewar and Insert assembly is shoc-m 
in figure [62.1]. The sample itself was immersed in liquid helium, 
in a slot in the split-coil superconducting magnet. A vacuum pump 
acting on the helium vapour enabled us to attain stable temperatures 
down to 1.8 °K. On one occasion a carbon resistance thermometer was 
attached to the sample by General Electric Co. varnish, type 7031. 
The maximum difference in temperature recorded was 0.15 °K between 
when the laser excitation was either off or on at maximum continuous 
power of 200 mW (Incident). Since in most experiments the laser 
beam was mechanically chopped with a 50% duty cycle and set to deliver 
40 mW incident power, we may safely estimate the maximum operational 
temperature rise aa 0.1 °K. 
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Dewar 
Stressing spring 

Input coax. 

Liquid N„ 

Liquid He 

Sample holder support 
rod, stress rod and 
coaxial cables 

Cold shield 
Sample holder 
Quartz windows 

Laser pumping input 

Figure 62.1 

Output coax. 

» To vacuum pump 

Split-coil 
superconducting magnet 

c.-----"-:J> 
Recombination luminescence 
output 

XBL776-I474 
Diagrammatic sectional view of liquid-helium dewar flask and sample insertion 
assembly. The unshaded spaces are the insulating vacuum jacket. 
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Thumbscrew 
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Concentric 
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Stresser 
Mnnnnnm 

Support rod 

Stress rod rounded 
nylon tip 

Sample 

Sample Holder 

Figure 62.2 X B L 7 7 6 - I 4 7 5 
Diagrammatic sketch of spring assembly used to apply s tress to the crystal . 
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63. Optical systems 

The sample was optically excited by an argon-ion laser, 

Coherent Radiation model 52, capable of producing a maximum power 

incident on the sample of about 200 mW. The beam was passed through 

a 2-cm water bath to remove infrared radiation, and an 86-Hz mechanical 

chopping wheel before falling on an x-y tracking mirror. This, in 

conjuction with a lens, allowed the excitation beam to be focussed 

on the sample surface and moved to a position giving optimum signal. 

This was necessary to avoid directing the beam at small surface 

Irregularities that were less efficient at producing sizeable quantities 

of the EH liquid, due (for example) to local surface traps. This 

optimization was done by maximizing the detected intensity of EH 

recombination radiation while moving the input beam over the surface. 

The full surface of the front and back of the sample holder 

was visible in the dewar through two sets of quartz windows——. 

Through the front window we observed the characteristic LA-phonon 

assisted electron-hole recombination radiation at a quantum energy 

of 709 meV for EH pairs bound into liquid-phase drops. This was 

detected by two systems, the first being a. Jarrell-Ash spectrometer 

set to 709 meV followed by a fairly fast cooled germanium photodetectcr. 

This was used to confirm that the recombination radiation was indeed 

of the quantum energy characteristic of the liquid phase, rather than 

';hat of iree excicons at 714 meV (also LA-phonon assisted), and also 

was used to measure the time decay of the recombination radiation 
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following cut-off of the laser excitation bean by the chopper. The 
magnitude of the spectrometer luminescence signal was proportional 
to the total amount of EH liquid and its decay rate, and could therefore 
be used to monitor the total quantity of EH liquid present (In conjunc
tion with acoustic attenuation measurements) as a function of incident 
laser pumping power. 

A second monitoring of the self-luminous EHL phase was provided 
by an infrared vidlcon viewing system——. This presented an Image of 
the region occupied by the liquid phase, together with an outline of 
the edges of the sample crystal given by diffuse surface scattering 
after internal reflection of the infrared recombination radiation. 
In the experiments on stressed germanium, this image confirmed the 
aggregation of the vast majority of the optically excited carriers 
into one or more stress wells beneath the crystal surface. Unstressed 
samples showed the luminescence of a cloud of small droplets fairly 
close to the surface point of optical excitation. 

An overall schematic diagram of the optical path is shown in 
figure [63.1], 
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Optical path 
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Figure 63.1 
Block schematic diagram of optical path. 
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64. Electronic equipment 

An overall block diagram of the electronic equipment used la 

shown In figure [64.1]. Its purpose was to excite t,*e transmitting 

transducer with short pulses of RF energy at odd harmonics of the 

transducer's 1C MHz fundamental frequency, and then to detect the Hth 

echo from the receiving transducer. 

The RF source was a Marconi model TF 1066 B generator, fed to 

a 1-watt broadband amplifier (ENI model 500L) via a fast diode switch. 

This switch was a Watkins-Johnson switch model SI, with a specified 

on-off ratio of 75dB and a rlsetime of 2 nsee. The switch control box 

was locally constructed (see fig. [64.2a])and usually set to give •. 

clean-edged RF pulses of approximately 0.2 usee duration and 100 Msec 

separation (I.e., 10 kHz repetition rate). Synchronizing pulses from 

this unit aloo triggered the boxcar detector, a Princeton Applied 

Research model 160. 

The signal from the receiving transducer was fed to a chain 

of broadband (30-500 MHz) RF low-level amplifiers (Radiation Devices 

model BBA-1) having a total gain uf about 60dB and a front-end noise 

figure estimated at better than 3dB, whose output was fed via a diode 

blanking gate (locally constructed, see fig. [64.2b]) to the input of 

the boxcar detector. This gate was switched off during the input pulse 

from the transmitter and during the following microsecond or so to 
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Transducers 

Sample I' 

Fast 
switch 

86 Hz chopper 

Trigger/switch 
pulse gen. 

R.F. signal 
generator 

30-300 MHz 

Trig 
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integrator 
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ex: Magnetic X 
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•' -Y plotter 
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Electronics 
J V A ^ A A M . 

Fast scope 
Dulse monitor 

Figure 64.1 
XBL776-I499 

Overall block diagram of electronics as set up for "a.c." detection of EHL-
induced ultrasonic attenuation versus magnetic field strength. For "d.c." 
detection, i.e., quantitative determination of the attenuation coefficient 
under steady optical pumping, the laser chopper was stopped and the echo 
signal taken directly from the boxcar integrator output to a strip-chart 
recorder. 
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to boxcar, etc. 
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\ Outputtoswitcrt 

Adjust'off'current 

Figure 64.2a 
Circuit diagram of pulse generator. Ql is connected as an astable, with period 
set by Rl.Cl = 100usec. This triggers Q2 to give a pulse of length R2.C2 - 0.2ysec. 
R3.R3 set the comparator level of Q3 to drive Q4 or QS to saturation. The fast 
r.f. switch required +20mA to drive it "on", -20mA to hold it "off". 

£ ) Input 

'On" D.c. level compensate 
£i Output 

Figure 64.2b 
6 XBL776 I502A 

Circuit diagram of series r.f. blanker. Note that the diodes are normally 
biassed "on", except when the circuit is triggered and output $ goes to zero. 
Output Q then goes +ve, and the "off" level compensation both reverse-biasses 
diode D2 and restores the same d.c. level at the output as was present due to 
the "on" bias current. This prevents d.c. level jumping at the boxcar input. 
Blanking period set by R.C. =5|Jsec. 
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protect the detector pre-amplifier from being swamped by the input 

pulse stray pick-up amplified by the receiver amplifier chain. When 

the gate was switched on during the detection part of the cycle, the 

diodes were biassed rather low in a non-li-near part of their conduction 

characteristic, so that the output from the receiver amplifier chain . 

was partially rectified. This was then fed to a fast dual-channel 

oscilloscope and the boxcar detector input. The detector time window 

could be scanned, following the trigger pulse from the transmitter 

switch control box» to sweep out the time sequence of echoes. The 

detector window gate pulse was displayed on the second oscilloscope 

channel and thereby set to cover the desired echo. 

The output from the boxcar detector is a dc signal proportional 

to the averaged integral of the signal at its input during the period 

of its time window: i.e., a signal proportional to the size of the 

echo pulse voltage. In the absence of the EH liquid, i.e., no laser 

excitation, the pulse echo train decayed due to certain internal intrin

sic loss mechanisms. When the laser excitation was on, the EH liquid 

was present to additionally absorb the acoustic waves, and so the 

height of the Nth echo decreased (see following section for a mathemat

ical treatment of the absorption measurement). To numerically determine 

the additional absorption coefficient due to the EHL the boxcar 

detector time constant was set to many seconds and its acceptance time 

window slowly scanned through the Nth echo with first the laser on, 

then off. The si^e of the signals and their difference then enabled 
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Laser stabiliser 
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Figure 64.3 
Circuit diagram of laser stabiliser. The voltage from a silicon photocell 
beam monitor is amplified and compared with a preset level. The error signal 
is applied to the laser power supply unit's control circuitry via an opto
electronic isolator. This Isolation is necessary since the laser circuitry 
is at a potential of approx. lOOv above ground. 
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the EHL attenuation coefficient to be determined. 

For measurements of the magnetic field dependence of this 

attenuation it was found more convenient to use an "a-c" detection 

method. Here the boxcar time constant was set to 3 msec, a time long 

enough compared to the echo pulse repetition rate period of VLOO usee 

such that many echo pulse samplings were averaged. However, this time 

constant was sufficiently short compared with the 12 msec period of 

the mechanical laser chopping wheel that the boxcar output could 

fluctuate at the 86-Hz rate as the light was chopped on and off. The 

magnitude of this fluctuation was therefore proportional to the 

difference in attenuation caused by the presence of the EHL, and 

could be fed to an 86-Hz phase sensitive detector for synchronous 

detection. With a psd time constant of 10 or 30 seconds an excellent 

signal-to-noise ratio was obtained for the EHL attenuation signal, 

enabling small changes with increasing magnetic field to be detected. 

For these experiments the psd output was fed to the y-axis input of 

an x-y recorder, whilst the x-axis input was driven by a voltage 

obtained from the power supply for the superconducting magnet that 

was proportional to the current flowing in the magnet windings and 

hence proportional to the magnetic field. A previous calibration 

enabled a measurement of this volcage to be converted to a measurement 

of the magnetic field strength. Within each series of experimental 

measurements it was important that the laser optical pumping power 

should remain constant. To this end, an electronic feedback 
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stabilizer was constructed (see figure [64.3]) and connected to the 
regulatory circuitry in the laser power supply. This device compared 
a preset voltage level with the voltage from a silicon photocell 
monitoring a fraction of the laser beam Intensity, and applied a 
correction signal to the laser power supply. 

64.7 64.7 



143 1 " 

65. Measurement theory and systematic corrections 

The detected signal from the receiving transducer is a 

damped train of echoes of the short input pulse. When the optical 

excitation is on, i.e., the electron-hole liquid is present, the 

damping is observed to increase due to the extra absorption as 

discussed In chapter 4. This section discusses the method of deducing 

the attenuation coefficient of the liquid from this observation and 

the various corrections that have to be considered. 

(i) Measurement theory 

Two fundamental assumptions have to be made: firstly, that 

the response, i.e., the output voltage, of the receiving transducer 

linearly reproduces the total integrated acoustic power incident on 

the crystal surface; and secondly, that a redistribution of the acoustic 

energy occurs at each reflection so that the pulse setting out from 

the surface has a spatially-uniform intensity. The first of these 

assumptions is impossible to quantitatively test, even if we could 

assume that the transducers are perfectly and uniformly bonded to the 

sample surface. Experimentally, no deviations of the sort associated 

with a square-law transducer response were detected in the observation 

of exponentially diminishing pulse trains. The second assumption is 

necesssary to avoid the phenomenon in which strong attentuatlon by a 

region occupied by EH liquid of a part of the cross-section of the 

acoustic beam would rapidly result in complete absorption of the energy 
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in that part of the beam, whilst in the rest of the beam a relatively 

large amount of acoustic energy continued to echo back and forth. 

After a few echoes the received signal would no longer depend on the 

attenuation coefficient of the EH liquid, since no acoustic energy 

would be incident on it—i.e.,, it would have "burned a hole" in the 

echo pulse wave front. However, such a redistribution of energy would 

require a rather diffuse reflection at the surface and we would no 

longer expect to see a large number of echoes. Comparison of the 

observed attenuation with the results of obscuration theory (sie later 

in this section) suggests that in fact the amount of acoustic energy 

extracted by the EHL per echo pass from its intersected beam area is 

fairly small, and sn the amount of non-specular redistribution required 

(or the effects due to lack thereof) will be relatively small. 

If the length of the crystal is d, then the transit time for 

an acoustic pulse is t - d/c • The nth echo will be detected at the 

receiving transducer at a time t " (2n-l)(d/c ) after the input pulse, 

having traversed a length (2n-l)d in the crystal. Due to various loss 

mechanisms there will be a background attenuation coefficient a for 

the propagation of these pulses in the germanium in the absence of 

the electron-hole liquid—i.e., the "dark" attenuation when the 

optical excitation is off. The power P detected in the nth echo, 

proportional to the square of the voltage signal V , will be 

P - P exp-(2n-l)a d . (65.1) 
u O O 
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In the presence of EHL we characterize the attenuation as having a 

net increase of a averaged over the whole sample. The "light" 

attenuation will give a power in the nth pulse of 

P^ - P exp-(2n-l)(ao+0L>d . (65.2) 

In the subsequent discussion, we shall distinguish between, quantities 

measured in the presence or absence of EHL (i.e., under "light" or 

"dark" conditions) by primes superscript denoting "light" conditions. 

"he signal that is measured is the difference In voltage of 

the nth pulse between these two conditions—I.e., the difference in 

the square roots of (65.1) and (65.2) which is 

AV = v - V ' n n n 

= V0 exp-^i - | ) a 0 d W l - exp-(n - | )adj . (65.3) 

An illustration of this measurement is shown in figure [65.1]. For 

a given value of n and aQ this will be proportioanl to the extra 

attenuation a. Noting that 

V n « V 0 exp-(n - -^a-d (65.4) 

we have 

AV n/V *» 1 - exp-(n - |)ad . (65.5) 

If a is small, we have an approximately linear relation 

AV Vn S I ̂ 2 n _ 1 J a d <65.G) 
from which we can determine a. Note that 

65.3 65.3 



146 146 

EHL-induced attenuation 

5 t A 
4 V 5 / 1 ^ Laser pumping "off": EHL absent 

v ; H /r ^ Laser pumping "on": EHL present 

Anti-saturation ° 
blanking 

Echo number 
10 

Figure 65.1 XBL776-I469 
Illustration of increased ultrasonic attenuation due to presence of optically-
generate.d EHL. The EHL attenuation coefficient is deduced from the fractional 
reduction of echo pulse voltage due to optical pumping, see equation (65.6). 
This figure is diagrammatic only. 
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AV /(2n-l) = 4 «d V n z n 

and so AV /(2n-l) should show the exponential decrease of V with n n 
increasing n. This quantity is shown in figure [65.2]. The straight 

line drawn is for an exponential decay of V - as given by (65.4), 

and corresponds to a background attenuation coefficient of 

a. * 1.12 cm" 1, o 
If the endfaces of the sample crystal have an angle of 

non-parallelism of 9 radians* then the additional apparent background 

attenuation coefficient may be estimated—— as 
1 2 2 2 2 _ i 

Ojjp = I 0) R 9 N/dc s cm (65,8) 

where w 1B the acoustic frequency, R the effective radius of the 

ultrasonically-active area, N the echo number near which the 

measurement Is made, d the sample length and c the appropriate 

velocity of sound. Inserting numerical values into (65*6) for 

typical experimental situations yields 

Ojjp * 1 0 V cm" 1 . (65.9) 

Thus in order that this contribution to the constant background 

attenuation coefficient should not exceed, say, OL— ~ 0.1 cm , we 

require a surface parallelism of better than 9 - 10 radians which 

in practice is easily attainable. 
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Figure 65.2 
Experimental results illustrating the change in pulse echo height due to the 
presence of EHL. The quantity plotted is AV n/(2n-l), where n is the pulse echo 
number and AV n the change In voltage of the nth echo due to the presence 
of EHL. This quantity should show an exponential decrease with n, see 
equation (65.7), as drawn with the straight line. 
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(ii) Obscuration 

Consider the situation in which the volume occupied by Che 

elecCron-hole liquid, either as a large strain-confined single volume 

or as a cloud of small droplets in unstrained germanium, is extremely 

absorptive of Chat fraction of Che incident acoustic wavefront ChaC ' 

ic intercepcs. Refer to figure [65.3] in which the acoustically-

active part of Che sample is of length d and cross-sectional area S, 

whilsC Che region occupied by EHL is a cube of side £. An acoustic 

pulse of energy u seCs out uniformly distributed across Che surface 

S, and under "dark" condicions will be received after a single pass as 

u * u exp(-a d) , (65.10) 

The energy halfway through Che crystal at che EHL Bite is 

u = u exp(-a d/2) and so Che amount of energy Incrementally absorbed 

by Che EHL under "light" conditions is 

u - u' = u exp<-ad/2) • (& 2/S) • (l - exp(-a *)) . (65.11) 

where (% /S) is Che geometric fraction of energy inCercepted and a is 

the actual attenuation coefficient In the EHL region. If instead we 

characCerized the extra attenuation as being due to an increase ot in 

the overall attenuation coefficient, as in equation (65.2), Chen 

u - u* * u exp(-a d) • f1 - exp(-ad)} . (65.12) 

65.7 

tEquating (65.11) and (65.12) we find Chat the relation between "actual" 

attenuation coefficient a and che net measured coefficienC a is a 
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Obscuration geometry 

Uo 

-H 
Figure 65.3 X B L 7 7 6 - 1 5 0 5 
Idealised geometry for discussion of obscuration. The acoustically-active 
part of the sample has face area S. An acoustic pulse of Intensity U, sets 
out and travels distance d across the crystal with a background attenuation 
coefficient of a.. Part of the ultrasonic beam is intercepted by the 
EHL-occupied region, which is a cube of side % having an attenuation 
coefficient of a . 
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(a2/S)fl - exp(-aaJi)J - exp(-aod/2)*fl - exp(-ctd)) (65.13) 

Now use the fact that the net measured attenuations are usually fairly 

small, i.e., ad « l p and that the constant factor exp(-ce d/2) is 

close enough to unity (it equals ~ 0.8 for a = 1 cm and £ • 4 mm) 
2 

to be absorbed into the uncertainty in the geometrical factors (£ /S). 

Equation (65.13) may be approximated as 
ad - (£Z/S)(l - expC-oMl)) (65.LA) 

When a is small, this reduces to a 

ad = (£2/S)-a I 

a = Fa (65.15) 

a 

where F =» I /Sd is the volume filling factor of the EHL-occupied 

region in the acoustically active sample volume. This model therefore 

predicts that when the attenuation is small, the observed coefficient 

a is just linearly proportional to the actual attenuation coefficient 

a of the EHL. 
a 

However, if a becomes large, the maximum observed attenuation 

saturates at the value 
a ( a «>) " * 2 / S d = F / S L (65.16) 

The behaviour of equation (65-14) is shown in figure [65.4]. It 1.? 

seen that significant departures (a factor of 1/e - 37%) from the 

linearized relation (65.15) occur by the time a £ = 1, corresponding 
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Obscuration limiting of attenuation detection 
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Figure 65.4 XBL776-1490 
Limiting of detected attenuation coefficient due to geometrical obscuration. 
The observed attenuation coefficient a (cra~l) is plotted versus the actual 
attenuation coefficient a a (cm-^-) in the EHL-occupied volume. This curve 
is calculated from equation (65.14) using 1 « J ram for the EHL region 
length, and F » 0.02 for its volume filling fraction in the active part of 
the sample. The maximum meaningful vali/e of the observed coefficient a as 
limited by noise is indicated for values of the signal/noise ratio of 
R = 100, 50, and 20: see equation (65.19). 
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to a net observed attenuation coefficient a "** 0.1 cm for a volume 

filling fraction of F = 1/50. 

We now examine the effect of noise on our ability to extract 

a value of a from data when a is large, a a 
In the total obscuration limit (ex -*») the received signal is . 

u*(l - Z /s)'(l - exp(-ot £)) . In order to distinguish this value of 

a from an infinite value of a , the difference between these two 
a a 

signals must exceed the noise level of u* (1 - £ /s)« (1/R) where R is 

the signal-to-noise ratio: i.e., for a meaningful measurement, 
(1 - Jt2/s)/R ^ a 2/s)« exp(-a £) . (65.17) 

Thus the largest value of ot that can be meaningfully detected when 

the s/n ratio is R is 

aWisft2 - 1>\ a a(max) = (l/Jt)lnfR,'(s/fc - 1)1 (65.18) 

or, from (65.14), the largest value of the net observed EHL attenuation 
coefficient a fro* which a meaningful value of the actual EHL attenua
tion coefficient a can be extracted is 

a 

a(max)d = 0&2/s)(l + 1/R) - 1/R (65.19) 

Figure [65.4] indicates these levels for (I /s) = 0.1 and various 

values of R. 

The worst-case experimental conditions yielded signal-to-noise 

ratios of R = 20, and had maximum measured values of a - 0.1 cm . 

From figure [65.4] we see that this represents the observation limit. 
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Under normal experimental conditions the acoustic frequency was 

moderately low (e.g., 70 MHz) so that the measured attenuation 

coefficient was less than this (see figure [71.3]), and a longer 

time constant was uaed to improve R. Under these circumstances we 

were confident that the measurement was meaningful and virtually 

unaffected by obscuration. 
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(ill) Inhomogeneity broadening 

In the discussion leading to equation (51.9) for the electrons1 

density of states, an arbitrary energy level broadening parameter T 

vas introduced to remove unphysical infinite singularities. When 

transformed by the Polsson summation formula the resulting harmonic 

series (51.10) has a damping term exp(-2irrf/nw ) on the rth harmonic. 

Consider the leading magneto-oscil latory term of (51.10) for energy 

E = E_, and a broadening factor y, . due to some " i n t r i n s i c " broadening r ln t 

mechanism—e.g., c a r r i e r - c a r r i e r c o l l i s i o n s . This terra i s then 

cos(2TTEp/hw^ - IT/4)* exp(-2TrY- /fcw ) 

* c o s O y t ) exp ( -Y i n t X) (65.20) 

where X • 2ir/no) . The RHS of this is recognized as the fourier 
transform of a Lorentzian function of energy of width y. . Now 

int 
suppose that due to some "external" mechanism, the fermiT nT>ergy of 

different parts of the system is distributed about E Lorentzian 

manner with width y . The net observed attenuation ^ then be ext 
the integral of the various contributions—i.e., 

a t =/a 
net J 

(E)-L(E)dE (65.21) 

U E ) = Y e x t / ( ( E - E F ) 2
+ 4 t ) . (65.22) 

Using equation (65.20) for the magneto-oscillatory component, we find 
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net J cos(EX) exp(-Y. X)L(E)dE 

e x p (- Yint X > / * * * \ d E 

( ^ V ^ e x t ) 

Y_„ cos (EX) 
- dE 

(65.23) 

- e x P ( _ r i n t X ) * ^ V V e x p < " Y e x t X ) 

In other words, the effect of such a Lorentzlan distribution of fermi 
energies will appear as an addition to the phenomenological broadening 
parameter. This is intuitively reasonable, as we would expect any 
distributed deviation from uniformity in the system to be reflected 
as a suppression of the sharpness of the magneto-oscillatory structure. 
For the case of a large volume of liquid confined by an inhomogeneous 
strain well, there may be variations in the attenuation coefficient 
between the centre of the volume and the edges. This may be caused 
by variations of the fermi energy and variations in the dlssipatlve 
electron-phonon relaxation rate: the magnitude of this rate depends 
on the density of states which in turn is .strain-dependent through 
the change of electron valley occupancy configuration. The various 
sources of non-uniformity have been discussed in section 33 and 
elsewhere—— and their net effect is considered here as a major 
constituent of the damping parameter T. 
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(iv) Suppression of magneto-oscillatory structure 

As discussed to equations (44.16) and (52.22), the expected 

magneto-oscillatory acoustic attenuation coefficient of a large 

strain-confined volume of EH liquid is 

a = c y A / U + (wx)2) (65.24) 

where w is the acoustic frequency, a is a constant given in equation 

(44.16) and X is the averaged dissipative relaxation time. This can 

be written from equations (52.22) and (41.4) as having the magneto-

oscillatory form (using the cyclotron frequency w as a parameter) of 

x = T (A + & K w )) (65.25) 
o c 

where 1 is magnetic-field-independent, and the function <J>(tD ) (see o c 
equation (52.23)) has a damped magneto-oscillatory structure. From 

(65.24) we see that if (ox) is very small, then the field dependence 

of the attenuation is proportional to that of T: however, when 

(wx) » 1, the field dependence is inverted so that ct(H) « (x(H))" 1. 

In the region of (wx) ~- 1 the magnetic field dependence is passing 

through this inversion and so the oscillatory structure tends to be 

suppressed. This behaviour is shown in figure [65.5] with represent

ative parameters. 

Note that at constant magnetic field, the dependence of the 

acoustic attenuation coefficient on the acoustic frequency indicates 
2 

the regime of (o>x): when (tux) « 1, then a(ui) « to , whereas when 

(uix) » 1, then a(w) is frequency-independent. In the former case no 
65-15 65.15 
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Inversion of magneto-osc. structure with increasing <or 

10 75 20 25 
Magnetic field (kilogauss) X B L 7 7 6 . I 5 0 7 

Figure 65.5 
Inversion of magneto-oscillatory structure of attenuation coefficient with 
increasing values of the product (J)T: see equation (65.24). The attenuation 
coefficient (arbitrary units, linear scale) is plotted versus magnetic field 
strength (in kilogauss) for various values of HIT in zero field. The curves 
are calculated using Ep - 2.7 meV, V - 0.45 meV, m* = 0.135 m„, T - 1.9 °K. 
Experimental results on the stress-confined EHL (result (82.6)) indicate an 
observed value of OJT - 0.15 - 0.3 in the frequency range most used. 
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exact numerical value for X can be obtained from the data due to 

the uncertainty in the value of ct0 which involves knowing the total 

number of absorbing particles, because when (tor) « 1 then 

a = a (U2T (65.26) 

o 

and neither a frequency dependence, magnetic field dependence nor 

laser excitation intensity dependence can yield separate values for 

a and T . The experimental results show both of these cases. The 

ultrasonic attenuation by EHL in unstrained germanium shows a frequency 

dependence (see figure [71.3]) from which we deduce that <DT ~ 1, and 

we are therefore able to extract a value of T. In strained germanium 

the frequency dependence is strictly quadratic (see figure [81.4]) and 

other than concluding that this implies that CUT « 1, we can deduce 

no exact value for T in this case. 

Note also that the magneto-oscillatory function (52.23) 

explicitly contains a temperature dependence. As the temperature 

Increases an increasingly broad range of electron states near the 

fermi energy will become suitably close to vacant states. As this 

energy range (of order kT) becomes comparable to the cyclotron energy, 

i.e., the spacing of the Landau levels, we can expect that the oscil

latory nature of the structure will disappear. At high temperatures 

the number of Landau levels within kT of E will be almost independent 

of magnetic field. With reference to the present situation, it should 

be noted that the cyclotron energy of an electron of effective mass 
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m* » 0.135m In a magnetic field of 10 kgauss Is equivalent to a 

temperature of only 10 °K , and so we expect to see a reduction of 

the oscillation amplitude within the accessible temperature range of 

1.75 °K to 4.2 °K. This is shown in figure [65.6]. It is seen that 

the relative amplitude of the oscillations is reduced by a factor of 

5 as the temperature is increased from 2 °K to 4.2 °K. 
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Reduction of magneio-osc. structure 
with increasing temperature 

XBL776-I47P 

Reduction of magneto-oscillator-' structure of acoustic attenuation coefficient 
with increasing temperature. The attenuation coefficient (arbitrary units, 
linear scale) is plotted versus magnetic field strength (in kilogauss) for 
various temperatures. The curves are calculated from equation (52.23) using 
E F - 2.7 meV, T - 0.45 meV, m* - 9.135 m 0 > and (i)T - 0.1 at h = 0. 
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7. UNSTRESSED GERMANIUM -
EXPERIMENTAL RESULTS AND ANALYSIS 

This chapter presents the results of ultrasonic attenuation 
experiments performed on small EHL droplets in unstressed germanium, 
and then discusses these results in the light of the theory previously 

developed. 
The first experiment necessary was to confirm that the extra 

ultrasonic attenuation induced by optical pumping was indeed due to 
the presence of EHL droplets. This was done by correlating the 
extra attenuation coefficient with the characteristic EHL recombination 
luminescence Intensity (figures [71.1], [71.2]) and by quantitatively 
analyzing the magnitude of the extra attenuation (compare results 
(72.3), (72.4)). 

The frequency dependence of the attenuation yields a value 
for the dissipative relaxation time (see figure [71.3], result (72.1)), 
and this value together with the temperature dependence (figure [71.4]) 
is in reasonable agreement with the theory presented in section 45. 

No effect due to magnetic field in any configuration was 
observed, which is at present a puzzling result. A summary is 
presented in chapter 9. 
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163 
163 

71. Experimental results on unstressed germanium 

Equation (42.33) predicts that the actual acoustic attenuation 

coefficient due to N EH pairs per unit volume is 

m _jrof . <o(m). a . 
a rapes l+(wr)2 u ± # ± ; 

m = m * + m * the sum of effective masses, p the mass density of 

germanium, c the velocity of sound in the direction of propagation 

and T, the averaged dissipative forward momentum relaxation time, is 

given by t - (m * + m*)/(m */T + » n
h*/ Tt)- Below the obscuration 

limit (see section 65) the observed attenuation coefficient is 

a » Fct where F is the volume filling fraction of the EH occupied 

region of the crystal. N • NFV is then the total number of pairs 

in the sample of V , and may be conveniently varied experimentally 

along with U) and x. 

Variation of the total number of pairs may be achieved by 

varying the input optical excitation power, at constant temperature. 

A fairly accurate measure of this number is obtained from the intensity 

of the characteristic recombination luminescence at 709 raeV. Figure 

[71.1] shows the measured attenuation coefficient a and the lumines

cence Intensity versus incident optical pump power, while figure 

[71.2] displays the EHL-induced attenuation coefficient 

versus the luminescence intensity. Direct linear proportionality 
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EHL luminescence and ultrasonic 
attenuation vs. optical pump power 
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Figure 71.1 X B L 7 7 6 - 1 4 9 3 
Experimental results on unstressed germanium for the correlation of the 
observed EHL-induced ultrasonic attenuation coefficient with the EHL 709 
meV recombination luminescence intensity. The luminescence intensity and the 
attenuation coefficient are both plotted (in arbitrary units, log scale) 
versus the incident laser optical pumping power (In milliwatts.) Approximately 
75X of the incident power is absorbed. Data taken at 1.9 °K in zero magnetic 
field on an unstressed sample. The ultrasonic waves had a frequency of 
70 MHz and propagated along a <100> axis. 
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Correlation of ultrasonic attenuation 
and EHL luminescence 
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Figure 71.2 XBL776-I465 
Experimental resulcs on unstressed germanium displaying the linear correlation 
of the observed EHL-induced ultrasonic attenuation coefficient with the 
EHL 709 meV recombination luminescence intensity. The attenuation coefficient 
is plotted versus the luminescence intensity (both in arbitrary units, log 
scales). The straight line drawn is for a linear dependence. Data taken 
from Figure (71.1), q.v., for experimental details. 
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Is seen over almost two orders of magnitude, confirming the expected 

linear dependence of a on N , the total number of pairs. 

The frequency of the acoustic waves could be varied as odd 

multiples of the 10 MHz transducer frequency from 30 MHz to 2S0 MHz. 

Figure [71.3] shows the frequency dependence of the EHL attenuation 

coefficient at a temperature of 1.8 °K, with the line drawn being the 

best fit of the data to equation (71.1) by a least-squares computer 

routine. From this we obtain the result for the dissipativt relaxation 

time of T = 7.9 x 10~ sec. at 1.8 °K, for small EH droplets in n 

unstrained germanium in zero magnetic field. Note that the frequency 

range used puts the experimental results in the regime of uT i 1, 

This means that a meaningful value of T may be extracted. Bear in 

mind, however, thai- rfhen OJT = 1 the attenuation of the form of 

equation (71.1) has zero functional dependence on UJT: i.e., that 

3(U)T) 
/_»L_\ - 0 (71.2) 

0)T=1 

(see figure [65.5]) which will require that care be taken when looking 

f;r any change in attenuation coefficient with temperature due to the 

temperature dependence of T. 

We expect that changing the temperature will change T, 

predicted by equations (45.5) and (52.5) to be approximately linear 

in 1/T. Figure [71.4] shows the temperature dependence of the 

Inverse of the droplet attenuation coefficient, with the experiment 

71.4 71.4 
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Frequency dependence of ultrasonic attenuation 
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50 100 150 200 250 
Ultrasonic frequency (MHz) 

XBL776-I508 
Experimental results on unstressed germanium for the frequency dependence 
of the EHL-induced ultrasonic attenuation coefficient. The attenuation 
coefficient is plotted (in cm - 1) versus ultrasonic frequency (in MHz). The 
measurements were taken at 1.8 °K in zero magnetic field on an unstressed 
sample. The optical pumping power vas 40 mWatt incident on the sample, 
and the ultrasonic waves were propagated along a <100>axis. The line drawn 
is the best fit to equation (71.1), yielding a value for the dissipatlve 
momentum relaxation time of T - 7.9 x 1 0 ~ 1 0 sec. at 1.8 "K. 
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Temperature dependence of relaxation rate 

+ Unstressed Ge 
Pop = 40 mW incident 
v = 70 MHz, Q|| <100> 
H = 0 

1 2 3 
Temperature (°K) 

XBL776-I486 
Experimental resu! 3 on unstressed germanium for the temperature dependence 
of the momentum relaxation rate. The reciprocal of the " .-asonic attenuation 
coefficient (in cm) is plotted versus temperature (in °K). This is directly 
proportional to the momentum relaxation rate, see equation (71.3). Data 
taken on an unstressed sample with 40 mlJ incident laser optical excitation 
power, in zero magnetic field. The ultrasonic waves had a frequency of 70 MHz, 
and propagated along a <100> axis. The straight line drawn is the best fit 
for a linear dependence. See Figure (45.1) for a comparison with theory. 
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performed at a fairly low frequency (70 MHz) so that at all times 

(orr) £ 1/3. This ensured that the effect described before equation 
2 

(71.2) did not occur: assuming (orr) « 1 we may write 

1/ct - (l/aoa)) • (1/T) . (71.3) 

The line drawn in figure [71.4] is the least-squares best fit of a 

linear temperature dependence of (1/x) to the data. Note that the 

large error limits at higher temperatures occurred because the attenua

tion then became small. In this experiment the laser pumping power 

was adjusted to maintain constant observed recombination luminescence, 

in an attempt to ensure a constant quantity of EH liquid. This was 

in case the recombination rate should change considerably with tem

perature, or, more importantly, because above 2.17 °K the bubbling 

of the liquid helium may partially deflect and defocus the sharply-

focussed laser pumping beam, resulting in n reduced effectiveness of 

optical excitation. With this last point in mind, a further empirical 

overall correction was applied to the attenuation values measured 

above 2.17 °K such that the two portions of the temperature dependence 

curve were continuous at T = 2.17 °K. The apparent lgreement of 

experiment and theory is fair, as seen In figure [45.1]. Numerical 

analysis and discussion Is presented in the next section, see equation 

(72.5). 

The application of a magnetic field parallel or perpendicular 

to the direction of propagation of the acoustic waves was found to 
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have no measurable effect. A representative trace of the attenuation 

signal Is shown In figure [71.5]. That particular measurement la seen 

to have a slgnal-to-nolse ratio of R = 20, and a aeasured attenuation 

coefficient of oc - 0.03 cm . The measurement is therefore unaffected 

by obscuration or signal-to-noise limiting (see discussion following 

(65.19)). At the frequency used (110 MHz), the product arc has the 

value ur - 0.5, if we use the fit value of T. From the discussion 

of equation (71.2) and the results presented in figure [65.5] we see 

that a magnetic field dependence of T should still be reflected In 

a field dependence of the ultrasonic attenuation coefficient. Repeated 

runs with longer time constants (to Improve the value of R) failed 

to show any magnetic field dependence to a limit of Aa(H)/a £ 2%. 

71.8 71.8 
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Null magnetic field dependence of EHL ultrasonic 
attenuation In unstressed germanium 

Unstressed Ge 
Pop = 40 mW incident 
I M . ! ' K > 70 Ml .7 
H II Oil <I00> 

10 15 
Magnetic field (kG) 

20 25 

X B L 7 7 6 - I 4 9 6 Figure 71.5 
Direct experimental trace for behavior of EHL-induced ultrasonic attenuation 
coefficient in unstressed germanium in a magnetic field. The attenuation 
coefficient is plotted (in arbitrary units, linear scale) versus magnetic 
field strength (in kllogauss). The experiment was performed at 1.9 °K on 
an unstressed sample with an incident optical pumping power of 40 mW. The 
ultrasonic frequency was 70 MHz, thu ultrasonic wavevector and the 
magnetic field were both directed along a 100 axis. Identical traces were 
obtained for £ || <1 or I) 1 (J. No magneto-oscillatory effect was seen to within 
the signal/noise ratio of 30. This result is not yet understood. 
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72. Analysis of results on unstrained germanium and comparison 
with theory 

A numerical fit of the data shown In figure [71.3] to the 
form 

a - a a T / ( 1 + (CUT) ) 

yields values 

72.1 

(72.1) 

at a temperature of 1.6 °K, with an estimated optical excitation 
power of 40 mW incident on the germanium. Since the measured 
attenuation coefficient Is small compared to those values at which 
obscuration and slgnal-to-noise limiting become important considera
tions, we use equations (65.15) and (44.16) to account for the volume 
filling fraction F of the EH liquid occupied volume in the crystal of 
dimensions 3 ^ 3 x 4 mm, and write 

°O- F5|T • (72.2) 

The quantity N - NFV 0 is the total number of EH pairs in the sample 
of volume V . Using D - 9.8 eV, m - 0.57 m 0, p - 5.32 gm/cm , 
c - 4.91 x 10 cm sec" and V • 0.036 cm we obtain from the s o 
experimental result of (72.1) the value 

Nt(measured) - 1.35 x 10 1 Z pairs. (72.3) 

72.1 
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Now the estimated incident optical power of 40 mW represents an 
17 

input flux of approximately 1.2 x 10 photons per second. 
72 i 

Approximately two-thirds—— of these are absorbed, each genei-atlng 

f EH pairs where f is a conversion efficiency numerical factor 

somewhat smaller than unity. This generation rate of 8 * 10 x f 
h —I 

pairs per second is sinfced by the recombination rate of 3 * 10 sec 

(corresponding to a lifetime against recombination of 35 usee.) to 

result in a steady population of 
N (generated) - 6 x 10 f/3 * 10* 

(72.4) 
=» 2.8 x io x f pairs . 

Comparing this with the measured result (72.3) we see that the 

conversion efficiency factor f takes a vt ' a off- 0.5. That this 

number is reasonable leads us to conclude that the dynamical model 

leading to the expression (42.33) for the attenuation is correct 

in essence, as the other models discussed in section 46 yield numerical 

coefficients ct of considerably different magnitude. 

The results shown in figure 1.71.4] for the temperature 

dependence of 1/ct are fit empirically to a linear temperature 

dependence. If we assume this to be due solely tc a temperature 

variation of the relaxation time T of the form 

1/T - Y 0T (72.5) 
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— 10 

then the result from (72.1) of T • 7.9 » 10 sec at a temperature 

of T - 1.8 *K leads to the value for Y. of 
V. - 7 x 10* 8ec" l oK" 1 . (72.6) 

This is compatible with the estimates of sectloi. 45, and is shown 

for comparison on figure [45.1]. 
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8. STRESSED GERMANIUM - EXPERIMENTAL RESULTS AND ANALYSIS 

This chapter presents the results of ultrasonic attenuation 

experiments performed on large volumes of EHL confined by inhomogeneous 

stress wells in germaniums and then analyses these results using the 

theories already developed. 

As with the experiments on unstressed germanium, it was first 

necessary to confirm the correlation of the extra ultrasonic attenua

tion coefficient introduced by optical pumping with the actual 

existence of EHL in the sample. This was done by comparing tine 

attenuation Increase with the EHL recombination luminescence, both 

under static conditions with variable optical pump power (see 

figures [81.1], [81.2]), and also in time decay following laser 

cut-off (figure [81.3]). 

The strictly quadratic frequency dependence (figure [81.4]) 

does not permit a direct measurement of the dissipative relaxation 

time: however, it sets a limit which may be combined with quantitative 

analysis (see equation (32.5)) to make an estimate of this relaxation 

time (result (82.6)). 

A magnetic field has marked effects on the ultrasonic attenua

tion by a large strain-confined volume of EHL. When the field Is 

transverse to the ultrasonic propagation direction, suppression of 

the attenuation occurs at fairly low field strengths (see figures 

8.1 B.l 
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[81.5], [81.6]) from which the carrier-carrier collision time and its 
temperature dependence can be deduced (see figure [82.2] and result 
(82.8)). 

A longitudinal magnetic field results in the quantization of 
electron energy levels giving rise to magneto-oscillatory structure 
in the attenuation coefficient (figure [81.7]). From the periodicity 
in reciprocal field strength, a value of the electron ferml energy Is 
obtained (result (82.10)) which yields a value for the carrier density 
(result (82.15)) if the conduction band degeneracy is known. The 
dependence of the magneto-oscillatory structure on the .̂ngle between 
the magnetic field direction and a <100> crystal axis (see figure 
[81.8]) confirms that only one conduction band valley is occupied 
in strain-confined EHL. 

The results obtained are all in good agreement with theory, 
and are summarized in chapter 9. 
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81. Experimental results on strained germanium 

As discussed to equation (44.16), we expect the acoustic 

attenuation coefficient due to N EH pairs per unit volume, aggregated 

into a large volume ' : liquid by the action of a strain well, to be 

identical (in lowest approximation) to that of the same density of 

pairs in unstrained germanium—i.e., that at frequency u, with T the 

averaged dissipative forward momentum relaxation rate and _ln zero 

magnetic field, that the attenuation coefficient should be 

a - Jffil . "<<"*) (81 n 

a mp Cs 1+(OJT)2 ' U " — U 

The observed attenuation coefficient, if small compared to 

the obscuration limit (see section 65), is given by Fa where F is 

the liquid volume filling factor in the crystal. This is then 

proportional to N , the total number of pairs in the crystal, which 

may be varied experimentally either by varying the incident laser 

excitation energy, or by making the attenuation measurement at some 

time following extinction of the laser excitation when the volume 

of liquid is shrinking. This last experiment is feasible in strained 

samples where the recombination lifetime is of order 400 Msec, but 

did not prove possible in unstrained samples where the EHL recombina

tion lifetime is some ten times shorter. 

Figure [81.1] shows the dependence of the measured attenuation 

coefficient and the recombination luminescence intensity at 709 meV 
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(a monitor of the total number of pairs) on the input laser power. 

In figure [81.2] these two dependent quantities are plotted against 

each other to show their linear relationship. In figure [81.3] the 

decay of luminescence and acoustic attenuation with time delay 

following extinction of the optical excitation are shown. It Is seen 

that their decays are parallel. 

These figures show that the extra attenuation when the laser 

excitation is on is indeed due to a large volume of EH liquid. Any 

contribution from surface excitation effects or the effect of light 

on the ultrasonic transducers would not necessarily be proportional 

to the recombination luminescence intensity, nor have the characteristic 

EKL decay rate following laser excitation. 

The dependence of the attenuation coefficient on acoustic 

frequency is shown in figure [81.4]. Within error limits it Is 

purely quadratic, implying that (urr) « 1 in this case. A meaningful 

value of T cannot be extracted from the shape of this curve (see 

discussion following equation (65.26)). 

As discussed in section 53, the application of a transverse 

magnetic field can be expected to reduce the attenuation from its 

zero-field value by the factor (1 + (OJ x ) ), see equation (53.3). 

Figure {81.5] shows the relative reduction of attenuation by magnetic 

fieldt for four different acoustic frequencies at the same teaDerature 

of 1.85 °R. The temperature dependence of this effect is shown in 
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EHL luminescence and ultrasonic attenuation 
vs. optical pumping power 
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Figure 81.1 X B L 7 7 6 - I 4 8 8 
Experimental results on stressed germanium for the correlation of EHL 
recombination luminescence with ultrasonic attenuation. The luminescence 
intensity (+, arb. units) and observed attenuation coeftlcient (•, cm'l) 
are plotted versus incident laser pumping power (mWatt) of which approx. 
75% Is absorbed. Data taken at 1.8 °K in zero magnetic field; acoustic 
frequency 70 MHz, propagation Q ||<100>. Also shown (x) is the attenuation 
coefficient for unstressed germanium obtained under identical conditions 
by removing the externally-applied stress at the end of the experiment. 
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Correlation of ultrasonic attenuation 
and EHL luminescence 

3 10 30 
EHL recombination luminescence intensity (arb. units) 

Figure 81.2 XBL176-I4 77 
Experimental results on stressed germanium displaying the linear correlation 
of the observed EHL-induced ultrasonic attenuation coefficient with the 
EHL 709 meV recombination luminescence intensity. The attenuation co
efficient is plotted versus the luminescence intensity (both in arb. units, 
log scales). The straight line drawn is for a linear dependence. Data 
taken from Figure (81.1), q.v. for experimental details. 
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Time decay of ultrasonic attenuation 
and EHL luminescence 
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Experimental results on stressed germanium fcr the parallel time decay of 
EHL recombination luminescence and ultrasonic attenuation, following 
cut-off of the laser pump beam. The attenuation coefficient (o, arb. units) 
and luminescence intensity (+, arb. units) are plotted versus time following 
beam cut-off (in millisec). Data taken on stressed germanium at 1.85 
°K in zero magnetic field; acoustic frequency 70 MHz, propagation Q || <100>. 
The parallel straight lines drawn are for a 200 usee decay constant. 
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Frequency dependence of ultrasonic attenuation 
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Figure 81.4 XBL776-I437 
Experimental results on stressed germanium for frequency dependence of 
EHL ultrasonic attenuation coefficient. The attenuation coefficient 
(In cm - 1) is plotted versus ultrasonic frequency (in MHz). Data taken 
at 1.85 "K in zero magnetic field on a stressed sample, with 40 mW optical 
pumping power incident. The straight line drawn is for a quadratic 
frequency dependence. 
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Attenuation suppression by 
transverse magnetic field 
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Figure 81.5 X B L 7 7 6 - I 4 7 6 
Experimental results on stressed germanium for the suppression of 
EHL ultrasonic attenuation by a transverse magnetic field (see Section 
53). The attenuation coefficient (arb. units, normalised to unity at 
H-0) is plotted versus transverse magnetic field strength (in kilo-
gauss), at various ultrasonic frequencies as shown. The lines drawn 
are best fits from equation (53.3) to large numbers of data points, 
omitted here for clarity. Data taken at 1.85 °K on a stressed sample 
with 40 mW incident optical pumping power. 
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Attenuation suppression by 
transverse magnetic field 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
Magnetic field (kilogauss) 

Figure 81.6 X B L 7 7 6 - I 5 0 I 
Experimental results on stressed germanium for the suppression of 
EHL ultrasonic attenuation by a transverse magnetic field (see 
Section 53). The attenuation coefficient (arb. units, normalised 
to unity at H • 0) is plotted versus transverse magnetic field strength 
(in kilogauss), at various temperatures as shown* The lines drawn 
are best fits from equation (53.3) to large numbers of data points, 
omitted here for clarity. Data taken with an acoustic frequency 
of 70 MHz on a stressed sample with 40 mW incident optical pumping 
power. 
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figure [81.6j in which the relative reduction of attenuation at the 

same acoustic frequency of 70 MHz is shown for four different 

temperatures. 

As discussed in section 52, the application of a fairly strong 

magnetic field results in Landau quantization of a fenai system and 

hence magneto-oscillatory behaviour of the dissipative relaxation 

time for motion parallel to the field (see equation (52.22)). 

Provided that the product of this time and the acoustic frequency 

is small, equation (44.16) shows that the acoustic attenuation 

coefficient should also mirror the behavior of T. Figure [81.7] 

shows the acoustic attenuation for the geometry Hjl (£ as a function 

of magnetic field. The minimum labelled "n = 1" corresponds to the 

crossing of the fermi level by the first Landau level above the 

ground state. The appearance of magneto-oscillatory structure with 

its characteristic periodicity in reciprocal field strength is 

conclusive evidence that the carriers responsible do indeed constitute 

a degenerate fermi system. By measuring the field strengths at which 

successive maxima and minima occur, or, more accurately, by performing 

a least-squares parameter optimization of equation (52.23) to the 

data, we deduce that the fermi energy of the system was 2.65(±0.1) meV 

at a temperature of 1.9 °K (result (82.10)). This may be converted 

to a carrier density if we know the appropriate band occupancy 

configuration. 
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By rotating the sample assembly relative to the magnetic field, 

it was possible to observe a scaling of the field strengths of the 

magneto-oscillatory structure points as the angle between H ana £ 

increased. We expect that for intermediate angles between H II £ and 

H i ^, there will be contributions from both the magneto-oscillatory 

dissipation mechanism and the spiralling reduction mechanism, which 

will be proportional to the appropriate direction cosines. This was 

indeed observed: for 6 £ 50° the transverse-field spiralling mechanism 

dominated such that it was no longer practically possible to observe 

structure at high fields. However, for smaller angles periodicity 

was observed, but at higher fields than for 6 = 0 . Figure [81.8] 

shows the relative increase of the field strength scaling factor 

versus angle. The errors are large due to severe suppression of the 

structure at high fields, and due to mechanical uncertainty of the 

exact angle. 

Also shown on the figure is the relative increase of effective 

mass of the electrons in the particular conduction-band valley whose 

sole occupancy would be predicted by the theory outlined in section 24. 

The geometry of the situation was known, i.e., that the stress was 

applied along a <110> axis to a <110> crystal face, with the acoustic 

waves propagating along a <100> axis and the magnetic field in a <110> 

plane—see figure [61.4]. This enables us to uniquely identify the 

conduction band minima we expect to be associated with the two regions 

of maximal <111> shear strain, and hence to identify their branch of 
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Ultrasonic attenuation In longitudinal magnetic field 
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Figure 81.7 

Experimental results on stressed germanium for EHL ultrasonic attenuation 
with a longitudinal magnetic field. The attenuation coefficient 
Carb. units) is plotted versus magnetic field strength (in kilogauss). 
Data taken on a stressed sample at 1.9 "K with 40 mW incident optical 
pumping power. The ultrasonic frequency was 110 MHz, with the propagation/ 
field configuration H II ̂  |J <100> axis. 
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Angular dependence of 
magneto-osc. attenuation 
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Figure 81.8 XBL776-I506 
experimental results on stressed germanium for the angular 
dependence of the magneto-oscillatory structure of EHL acoustic 
attenuation. The relative increase of the "n»l" extremum field 
is plotted versus the angle rotated by the magnetic field in a 
<100> axis along which H || £ . The curve drawn is the relative 
Increase of electron cyclotron mass of the appropriate band 
minimum. Data taken at 1.9 *K on a stressed sample with 40 mW 
incident optical pumping power, at 110 MHz acoustic frequency. 
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Che effective mass angular variation. 

Even in the absence of certain identification of the particular 

electron valley, the fact that the magneto-structure persists and 

shifts in field is sufficient indication that only one electron 

valley is populated. The effective masses of the other valleys vary 

with angle in an opposite sense, and so if all valleys were populated 

the magneto-oscillatory structure would become obliterated due to the 

superposition of several curves of a widely differing period. 

The conclusion is that even though the data are fairly 

inaccurate numerically, the result is sufficient to prove that indeed 

only one conduction band minimum is populated by electrons in germanium 

stressed to this extent, and that it is indeed the minimum associated 

with a spatial region of maximal <111> component of shear strain in 

the crystal. 
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82.1 

82. Analysis of results on strained germanium and comparison 
with theory 

We expect the measured attenuation coefficient of the EH 

liquid confined in a strain well to have the form 

ot; -= N,(D 2/V mpcf) • <e\ /(l + (WT ) 2) (82.1) I CT O S f T 
where the symbols have the same meaning as in section 72, and are 

subscripted y to denote their application to the strain-confined 

liquid. The frequency dependence shown in figure [81*4] is strictly 

quadratic within error limits, and so it is not possible to straight

forwardly deduce values of T , the dissipative forward momentum 

relaxation time, and N . the total number of pairs in the liquid. 

However, figure [81.1] also shows the attenuation coefficient measured 

in the same experiment after removal of the externally-applied stress: 

i.e., the only change of experimental circumstances being that the 

carriers will now aggregate into small droplets instead of one large 

volume. It is seen that the attenuation coefficient is then reduced 

by a factor of 6.4. Subscripting variables for this case by a to 

denote small droplets, we express the ratio of these two quantities 

from (82.1) as 

Now the frequency dependence of figure [81.4] implies that (urr ) « 1. 

From the fit fit (72.1) we have (arc ) = 0.35 and so equation (82.2) may 

82.1 
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be written as 

VA'«" 5 - 7 1 • ( 8 2- 3 ) 

At constant laser excitation power the total number of pairs N is 

proportional to the efficiency factor f (see equation (72,4)) mul

tiplied by the recombination lifetime t. Equation (82.3) then becomes 

S S V W a " 5-7 • (82-4) 

The measured recombination lifetimes (see figure [81.3]) were t » 

200 psec, t « 35 Msec. Thus 

f
Y W o = °-98 • < 8 2- 5> 

Now f - 0.5 and we expect that because of the attraction of Che 

strain well, tending to sweep all the optically-generated carriers 

to the vegion occupied by the liquid, consequently the collection 

efficiency factor f for strained germanium will be considerably 

greater. A collection efficiency factor of unity would result in 

T ~ 3.1 x 10 sec. (82.6) 

which would give a deviation from quadratic frequency dependence of 

15% in the attenuation coefficient at an acoustic frequency of 200 MHz. 

The data shown in figure [81.4] could sustain this without a significant 
-10 

worsening of the fit: i.e., T ~ 3 x 10 sec is consistent with all 

other data. We may therefore conclude that the averaged dissipative 
82.2 
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relaxation rate for carriers in strained germanium is larger than 

that in unstrained germanium by at least a factor of two. 

The data shown in figure [61.2] also represent the results 

of probing an EHL volume of varying size by ultrasonic waves of wave

length comparable to the drop size. The maxiumum laser power used 
j 3 

would result in an EHL volume containing some 3 x 10 pairs (from 

(82.3)), which corresponds to a spherical radius of r - 400 yra at 
16 —3 

a density of n = 6 * 10 cm . The acoustic frequency used was 70 

MHz, corresponding to an ultrasonic wavelength of A - 70 ym. Thus 

from maximum to minimum laser power used in that experiment the drop 

size changed such that its diameter accomodated from 12 to 4 ultrasonic 

wavelengths. However, the measured attenuation coefficient showed 

only a strict linear proportionality to the EHL volume (as measured 

by its recombination luminescence intensity). No superimposed 

structure due to size resonance effects was seen. This is not 

surprising, though, since the EHL is strongly dissipati/e in this 

frequency region (estimated product GJT "* 0.15) and so any shape 

oscillations would be very heavily damped. 
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Magnetic field-dependent effects 

(i) Transverse magneto-acoustic effect 

The results for the reduction of attenuation by transverse 

magnetic field (see section 52) are shown in figure [81.5]. With 

to the cyclotron frequency and T the carrier-carrier collision time 

the attenuation should be reduced by a factor of two when (to "i ) = 1. 
c c 

Note that these experiments were performed for H II <110> axis, for 

which the electron and hole cyclotron masses are almost equal at 

0.35 m. As is seen, the curves become broader at higher acoustic 

frequencies. This effect is summarized in figure [82.1] which plots 

the strength of the magnetic field at which the attenuation is halved 

versus acoustic frequency. The line drawn is purely indicative, since 

no reasonable theory has yet been derived that manages to account for 

this effect without other unrealistic consequences. The indicative 

extrapolation to zero acoustic frequency suggests that in the absence 

of the periodic acoustic driving force, then (oi T ) = 1 in a field 

of 0.28 kilogauss at 1.85 °K temperature. This yields a value for 

the carrier-carrier collision i:ime of 

T = 7.1 x 1 0 ~ u sec (82.7) 

c 

ai. 1.85 °K. 

Data for the transverse magneto-acoustic effect at different 
temperatures are shown in figure [81.6]. We may convert the value of 
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Acoustic frequency dependence of attenuation 
suppression by transverse magnetic field 
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Fig-ire 82.1 
Experimental results on stressed germanium for the ultrasonic 
frequency dependence of the suppression of EHL acoustic attenuation 
by a transverse magnetic field. The magnetic field strength at which 
the attenuation is halved (i.e.,when o>c T c- 1) is plotted (in gauss) 
versus the ultrasonic frequency (in MHz). Data taken under identical 
circumstances as for Figure (81.5). The straight line drawn is 
indicative' only—see text previous to result (82.7). 
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magnetic field at which the attenuation is halved into a carrier-

carrier collision time, and then extrapolate to zero acoustic 

frequency by using the results displayed in figure [82.1], assuming 

these to be temperature-independent. We then arrive at a temperature 

dependence of the corrected carrier-carrier collision time, which is 

shown in figure [82.2] . The line drawn is the best fit to the form 

T - 1 = T (0)" 1 + AT 2 (82.8) 
c c 

yielding the values 

T ((J)"1 - 12.4 x 10 9 sec" 1 

c 

and (82.9) 

A * 1.3 x 10 9 see - 1 °K - 2 . 

We see that although the fit is not conclusive in establishing 

the form of (82.8), the agreement is adequate. The rough prediction 

(53.7) is in fact an over-estimate, due maybe to the fact that it 

took no account of screening, which would reduce the carrier-carrier 

collision rate. It is shown on figure [82.2] for comparison. 
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Temperature dependence of 
carrier-carrier collision time 
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Figure 82.2 
Experimental results on stressed germanium for the temperature dependence 
of the carrier-carrier collision time in EHL as deduced from measurements 
of the suppression of ultrasonic attenuation by a transverse magnetic 
field. The carrier-carrier collision time is plotted (in pico-Beconds) 
versus temperature (in °K). Data taken from results shown in Figure (81.6), 
empirically extrapolated to zero acoustic frequency from Figure (82.1). 
Also shown is the best fit of the data to equation (82.8), and the simple 
theoretical estimate of result (53.7). 
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(11) Longitudinal magneto-acoustic effect 

Magneto-oscillatory behaviour of the attenuation coefficient 

is shown in figure [81.7] for typical experimental conditions. A 

least-squares fit of this data to equation (52.2) via equation (44.16) 

yields the optimized parameters as 

E p = 2.65(±0.1) meV 

(82.10) 
T = 0.45(i0.02) meV 

for the data taken at 1.9 °K, with the indicated error arising both 

from the calibration uncertainty of the magnetic field and a slight 

spread of results taken on different days. A typical set of data 

and fit is shown in figure [82.3]. 

Another visualization of the fit of figure [-81.7] to equation 

(52.22) is achieved by plotting the inverse values of magnetic field 

at subsequent maxima and minima of the attenuation versus integers. 

The lowest-order harmonic term of (52.22) varies with magnetic field 

as cos (2irE_/hu - 7T/4) and will thus be a maximum when 

2irE_/ho) (max) - ir/4 - 2mr r c 

and a minimum when .„ . . 

2TrE /̂tiio (min) - ir/4 - (2n+l)n 

where n i s an Integer. 
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82.9 

Write 

_htu • eHh/m*c * Ep/A 

where m* Is the electron cyclotron mass and A is a constant to be 

determined. From (82.11) we generate the series of maxima by setting 

A = n + -jr, and the minima from A - n + -g-. Figure [82.4] shows the 

measured values of inverse fields at successive maxima and minima 

versus n. The straight lines are drawn with intercepts of - -g and 

- -Q and have gradients of 

A(l/H) « e n / E ^ c - 0.033 kgauss"1 (82.12) 

For H ll<100> axis, m£ - 0.135 m and hence the value of e O 

E p = 2.6 meV 

is obtained from the gradient of graph. However, because the curvature 

of the magneto-oscillatory function Is small at extrema it is dif

ficult to accurately measure the appropriate extremal values of (1/H), 

and a parameter-optimized data fit to equation (52.22) as shown in 

figure [82.3] is far superior. 

This fit yields a broadening parameter T that additively 

contains contributions from different sources. From the deduced 

carrier-carrier collision time (result (82.7)) of T ""70 psec at 
c r 

1.85 °K we find an equivalent broadening contribution of T * 0.01 meV. 
c 

The distribution of fermi energies induced by compressions! effects 

in large drop (see section 33 to equation (33.5)) can result in a 
82.9 
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Figure 82.3 

Longitudinal magneto-oscillatory ultrasonic attenuation is stressed 
germanium: similar data to figure (81.7), with a parameter-optimized 
fit to equation (52.22). 
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strain-well broadening of V ~ 0.02 raeV for a large drop (R "•* 0.3 mm). 

The thermal broadening contribution at a temperature of 1.83 °K is 

T - 0.16 raeV, and so the sum of these three contributions accounts 

for about three-quarters of the measured broadening. We assume that 

the remaining contribution is due to inhomogeneities in the sample 

or other mechanisms giving rise to a spread in the distrib' .ion of 

fermi energies. 

Increasing the laser excitation power input is expected to 

increase the compressional broadening and also to slightly increase 

the average fermi energy measured by this experiment. Most experiments 

were performed at as low an excitation level as possible consistent 

with a good signal-to-noise ratio in order to avoid this. This was 

usually an incident optical power of 40 mW. At maximal laser pumping 

(about 200 mW incident) the position of the "n = 1" attenuation 

minimum was seen to increase in field by about 10%, and the broadening 

almost doubled. 

Varying the temperature is expected—— (see equation (82.13)) 
2 

to cause the fermi energy and the pair density to change with a T 

correction. The effect of this correction is estimated to result 

in a 2% change of fermi energy between 1.75 °K (the lowest 

experimentally-attainable temperature) and the lambda point of 

liquid helium. A further 15% change is expected between this 

temperature and 4.2 °K; however, it was experimentally Impossible 

to obtain good data in this temperature range whose error and 
82.11 8 2 # 1 1 
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Reciprocal field periodicity of 
longitudinal magneto-attenuation 
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Figurs ~*2.<i 

Experimental results on stressed germanium showing the periodicity of 
EHL acoustic attenuation extrema in reciprocal strength of a longitudinal 
magnetic field. Reciprocal field strengths at successive maxima and 
minima are plotted (in kilogauss"1) versus integers. The straight lines 
are drawn parallel with intercepts of -\ and -f (see text following 
equation (82.11)). Data taken at 1.9 °K on a stressed 3ample with 
40 TOW incident optical pumping power, and an ultrasonic frequency of 
110 MHz. 
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reproducibility would allow such a measurement to be made. This is 

because bubbling of the liquid helium resulted in a fluctuation of 

the laser excitation intensity and spot position. The resulting 

fluctuation in the size of the liquid volume caused a fluctuation 

in compressional effects (both broadening and overall increase of 

average fermi -energy) that is believed to have been the reason for 

the observed loss of prominent magneto-oscillatory structure at 

temperatures above 2.17 °K. The theoretical magneto-oscillatory 

function (52.23) is itself temperature-dependent, with a reduction 

in the prominence of the structure by a factor of 5 from 2 °K to 

a 4.2 °K, see figure [65.6]. This serves further to obscure accurate 

measurements at higher temperatures. Different experiments at 

various temperatures in the range 1.75 °K - 2.1 °K yielded different 

fermi energies from one run to another within the 5% error quoted, 

due probably to compressional effects for differing drop sizes, and 

thereby obscured the small per-se temperature dependence in this 

range. 

The temperature dependence referred to predicts 

E p(T) « E F(T«0) • (1 - S ET 2) (82.13) 

with 6 « 0.0139 °K~2 for strained germanium—— with one electron 

ellipsoid and both hole bands occupied. Applying this to the 

experimental result (82.10) gives a zero-temperature fermi energy of 
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EpCT-O) - 2.78(10.1) m e V (82.14) 

to be compared to the theoretical prediction—— of 

E F ( T = 0 W o = 2-80 m e V • 
The pair density in the liquid is found from this fermi 

energy by calculating the electron density in one valley corresponding 

to this fermi energy: we find 

n = (2m*E FAi 2) /3TT* = 6.5(±0.4) * i o 1 6 cm - 3 (82.15) 

using m* = 0,22 m Q for the density-of-states effective mass, and the 

experimental measurement of E„ at 1.85 °K. Using (82.13) to apply 

the temperature correction factor, we obtain a value for the >.cro-

temperature experimental density of 

n(T=0) = 6.9(±0.4) x 10* 6 cm - 3 (82.16) 
exp 

which agrees with the theoretical prediction, as expected from the 

agreement of result (82.14) with theory. 
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9. CONCLUSIONS 

In chapter 4 I presented a serai-classical dynamical theory 

to account for the magnitude, frequency- and temperature-dependence 

of the ultrasonic attenuation coefficient due to the electron-hole 

liquid in both strained and unstrained germanium. The experimental 

results confirm the predictions of this theory quite well, thereby 

confirming the correctness o£ the model, since the other mechanisms 

for attenuation discussed in section 46 yield much smaller numerical 

coefficients. Note also that the results exclude the possibility of 

strong screening of the deformation potential, as discussed in section 

22. 

In chapter 5 I disaussed the effects of a magnetic field on 

ultrasonic attenuation in various cases. These theories are borne 

out by experimental results with the one important exception that 

no longitudinal magnetic field phenomena were observed for ultrasonic 

attenuation by small EH droplets in unstrained germanium. This result 

was established to a resolution of some 2%. The corresponding varia

tion of attenuation coefficient by a large volume of EHL, confined 

by a static strain potential well, is an effect of some 30%. The 

negative result on unstrained germanium is therefore fairly conclusive 

in its denial of the theory, and needs further investigation. I 

have not yet been able to construct a theory to account for this 
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effect that neither required unreasonable initial assumptions, nor 

resulted in unrealistic predictions for other properties of the system. 

I hope that the discussion of experimental details and problems 

presented in chapter 6 may be of use to othars. Although it is impos

sible to communicate effectively the expertise that can only be learned 

by experience, I felt that a discussion of these techniques might 

yield some insights to those similarly starting an experiment in an 

unfamiliar field. Obviously, any future experiments would have their 

own objectives and constraints as determined by the specific laboratory 

environment, but the fundamental apparatus requirements and problems 

will doubtless still be present. In particular, I r«fer to the diffi

culty of obtaining good acoustic coupling, and the need to suppress 

pulse ringing by adequate damping of the RF circuitry. 

The experimental results presented in chapter's 7 and 8, and 

their subsequent analysis, constitute the main contribution of this 

work. They are summarized as follows, separated into two categories 

as applicable to small EHL droplets in unstrained germanium versus 

a large volume of EHL pinned by a static strain potential well in 

inhomogeneously strained germanium:-

\ 

9.2 9.2 



Germanium: p-type 10 impurities/cm , dislocation free 

Unstrained Ge: 

Momentum relaxation tine (1.8 °K) T - 8 x 1Q~ sec 
— 1 6 - 1 -1 

Temperature dependence of T T • 7 « 10 1 sec °K 

Correct magnitude of ultrasonic attenuation coefficient and linear 

correlation with quantity of EHL present. 

Ho effect of magnetic field on attenuation. 

Strained Ge; 

Momentum relaxation time (estimate (1.8 °K)) T = 3 x 10~ ° sec 

Correct magnitude of ultrasonic attenuation coefficient and linear 

correlation with quantity of EHL present. 

Carrier-carrier collision time (1.85 °K) x - 7 x lo" sec 
c 

-1 2 9 -t 

Temperature dependence of T T c • (12.3 + 1.3T ) x 10 sec 

Electrr Furmi energy (1.9 °K) Ej, • 2.6S(±0.1)meV 

Electron energy broadening (1.9 °K) T " 0.45 meV 
1 6 -3 Electron density (1.9 'K) n - 6.5(±0.4) x 10 cm 

Ep(extrapolate to T - 0) E (0) * 2.78(±0.1) meV 
n(extrapolate to T = 0) n(0) = 6.75(±0.4) x 10 cnf ' • 

9.3 
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The longitudinal magneto-oscillatory results clearly confirm 

the Fermi nature of the electron system in EHL in strained germanium, 

and give the most accurate measure of its density to date. The angular 

dependence of the oscillatory structure establishes that only one 

electron valley is occupied under these strains. These results compare 

well with theoretical predictions. The transverse magnetic field 

dependence enables us to extract a very reasonable value of the inter-

carrier collision rate. In short, ultrasonic wav-2s are a useful probe 

of the dynamic properties of the electron-hole liquid without electro

magnetic complications. 

9.4 9.4 
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Suggestions for further work , . 

One of the most serious problems is the null magnetic field 

result for unstrained germanium.' This needs a more sensitive experi

mental study (not possible in the present experiments due to problems 

of long-term stability) and an explanation of the failure of the 

existing theory. 

Another area in question is the low-temperature behavior of 

the dlssipative relaxation rate. Although theory and e->; eriment agree 

fairly well in form and magnitude, the discrepancy at lower temperatures 

suggests that other mechanisms may be becoming dominant. Experiments 

would be very useful on samples of varying impurity and dislocation 

content, and at temperatures down to about 1 °K. 

Experiments at higher acoustic frequencies would enable a 

relaxation time to be measured for strain-confined EHL. According 

to present estimates, this would need acoustic frequencies up to 

about 600 MHz in order to attain the condition (OT = 1 at 1.9 °K. 

If the problems of helium bubbling and worsening signal-to-

noise ratio could be overcome, measurements of the longitudinal 

magneto-oscillatory effect at higher temperatures would give valuable 

data on the variation of EHL density with temperature. It would also 

be useful to obtain more data on the transverse-field effect in order 

to better determine the temperature dependence of the carrier-carrier 

collision rate. 

9.5 
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Finally, investigation of various mechanical effects would 

be most interesting. These include phenomena such as the bunching 

of small droplets by standing acoustic waves, their propulsion by 

high-intensity travelling waves, and mechanical resonances due to 

matching of the acoustic wavelength to the droplet dimension. 

9.6 9.6 
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