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Application of uniaxial stress along a part icular crystallographic axis of a 
many-valley semiconductor causes up- and down-valleys in the momentum­
energy space for electrons. The cyclotron resonance linewidth of the 
down-valley signals are broadened as a function of stress for certain doped 
germanium and silicon crysta lS. The electron transferred from up- to dowo­
valley has an extra kinetic energy at the down-valley, corresponding to the 
valley energy difference, and. the observed broadening is ascribed to the 
raised electron temperature there. From the broadening of the down-\,alley 
signal and observed down-to-up electron population ratio, the impurity­
assisted intervalley scattering frequency is estimated for Ge/Ga, Ge, In and 
SiIP at 4.2°K. The magnitude is 1 /20~ 1/30 of the overall impurity scatter­
ing. There is an indication that it is strongly dependent of tempera ture. 

§ 1. Introduction 

Effects of uniaxial stress on the cyclotron reso­
nance in silicon and germanium have been widely 
investigated both for electrons and holes. The 
oldest work goes back to the days of Rose-Innes, 1) 

who demonstrated the electron repopulation be­
tween differen t valleys of germanium owing to 
the applied stress. Hensel et af.2) used an elabo­
rate uniaxial compression technique for the study 
of stress-induced variations of the band structures. 
Such a teChnique has turned out particularly 
useful in dealing with the valence band prob­
lems.3-~) More recently, the present authors' 
group dealt with the stress effect on the carrier 
lifetime in silicon and germanium. 6- 8) In this 
paper, a new effect of the uniaxial stress on the 
electron resonance linewidth is described. It is 
no carrier lifetime effect such as reported previ­
ously, but an entirely different phenomenon 
which is related to the carrier heating owing to 
the intervalley electron transfer. The applica­
bility of the analysis presented here is strongly 
limited, yet the intervalley scattering relaxation 
times due to neutral group III acceptors in ger­
manium as well as that due to phosphor in silicon 
are estimated . Dur ; the last decade, we have 
seen a number of methods to obtain the inter­
valley scattering rate, as such lltilizing elastogal­
vanomagnetic effect,9) acousto-elcctric efTectI O•lI ) 

or ultrasonic attenuation. I!) These are indeed 
llseful for the study of the intervalley scatterings 

* Formal affiliation: Department of Physics, 
College of General Education, Osaka University. 

in which phonons or donor impurities are respon­
sible, but evidently useless when dealing with 
acceptor-associated scatterings. In this respect, 
the experimental method introduced here fur­
nishes a kind of new-type breakthrough. At first­
sight, one might fee l the present authors to be 
standing on a far-fetched supposition in their 
interpretation of the experimental results. Related 
observations strongly indicate, however, that the 
phenomenon is due actually to the intervalley 
scattering. Since a little complication is involved 
in the way to go, we shall wander on some 
preparatory foregrounds before entering in proper 
deSCription of our work. 

§ 2. Theoretical Preliminaries 

2a) Carrier repoplllations IInder uniaxial stress 
If one applies a uniform stress upon a many­

valley semiconductor like silicon or germanium, 
the valley energy is shifted by the amount 

LlE(i) =B(i) :e; (1) 

where B (i ) is a symmetric second rank tensor 
called the deformation potential constant and e 
the strain caused by stress . IS ) The superfix (i) 
stands for the i-th energy valley. Writing a li) to 
denote the unit vector along the valley axis, we 
have 

(2 ) 

where the suffices d and /I signify dilatation and 
shear, respectively.B' Combining the relations 
(1) and (2), one finds the relative energy shift of 
the valleys as he applies a uniaxial stress of 
magnitude X along the vector e to yield 
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Here 

1 
3*=-Su 

2 
for Ge , 

and 

=311-S12 for Si , 

in which s;/s are the elastic compliance constants. 
For a uniaxial stress along the longest principal 

axis of one of the electron valleys, the valley 
parallel to the stress energetically goes down, 
while the remaining ones move up . We shall 
henceforth call the former" {he down-valley" and 
the latters "lip-valleys" . Under the illumination 
of the intrinsic light, the ratio of electron popu­
lations between the down- and one of the up­
valleys is given by 

(1 + g) +'~1(1 + p)-1/2/' .r 
. fll /nZ 

(1 + g) exp (-P) + ,gl(1 + p)-l/Z/,r 
(4) 

where g is the multiplicity ratio of up- to down­
valleys; i .e., 2 for silicon and 3 for germanium, 
p=L1E/kB T, 'T the recombination time for elec­
trons which we shall assume equal for up- and 
down-valleys, and ,gl the intervalley scattering 
time constant at zero stress. The down-valley is 
here designated by the suffix 1 and the up-valley 
by 2. The factor (1 + p)-1/2 comes in on account 
of the change of the final state density in the 
intervalley transition. One can determine the 
ratio ,gd~r from (4), if he knows the variation of 
nl /nZ as a function of fl. If either 'T or -gl is 
known, the other can readily be determined. 

2b) Carrier hearing due (0 intervalley electron 
transfer 

It has been shown by Weinreich et al. IO I that at 
liquid helium temperatures contribution of 
phonons to intervalley scattering is negligible 
compared with that of impurities. In cyclotron 
resonance experiments, impurities are neutralized 
because of the intrinsic illumination. Accord­
ingly, the main contribution to intervalley scatter­
ing comes from the neutral impurities either 
donors or acceptors . In Fig. 1, we show the 
energy dissipation proC'!"<ses for optically excited 
electrons under the ap -lication of a uniaxial stress 
which gives rise to the up- and down-valleys. 
An electron scattered elastically from up- to 
down-valley gains an extra kinetic energy corre­
sponding to tlE, the up-and-down energy differ­
ence caused by the stress. Thus the electron 
system in the down-valley, on the average, is 
warmed up if more and more electrons are 

\ 
valley I 

Va~leY2 

.\-> / ______ 1/TZI 

'7 ;)honon emission ~E recombination . ·1 / 
I ~ .:..---------------------- i 

" recombination 

Fig. 1. Diagram showing the energy dissipat ion 
processes for the conduction electrons under the 
application of a uniaxial stress, which gives rise 
to up- and down-valleys. 

poured in through this process. The elevated 
electron temperature would reflect itself on the 
resonance linewidth , provided the appropriate 
conditions for the carrier recombination time as 
well as for the intervalley transfer rate are satis­
fied. Assuming that the distribution function 
form of electrons at the down-valley does not 
change appreciably under stress and that the 
energies of the transferred electrons are not lost 
through electron captures by impurities, we have 
the relation 

gn2!lE/-r~1 (1 + p)-1/2 

<L1e> ( 1 1 2N + 1 ) ( 5 ) 
= n1

2N+ 1 -r- 'L 2NL+l ' 

from the energy balance requirement within the 
down-valley. The left-hand side gives the energy 
increase caused by the electron transfer from the 
up-valley, while the right-hand side the energy 
dissipa tion within the down-valley through 
electron-phonon interaction. The quantity <L1,) 
is the mean energy lost by electron through a 
single collision with phonon and is given by 151 

<L1e>", (3m*s%kB1 )1/2 ; (6) 

where s is the sound velocity , T EJ the electron 
temperature . N is thenumberofphononseffec.:tive 
for scattering electrons at temperature TE , NL the 
number of phonons at lattice temperature TL. 
In the high temperature approximation, we may 
put 

(7 ) 

The quan tity, is the scattering relaxation time 
for electrons at TE due to acoustical phonons , 
which reduces to 'L for Ts= TL . 

That the eq. (5) may be valid, one has to assume 
the following conditions: 
1) Electrons elastically scattered fro m up-valleys 
promptly transfer their energies to phonons or 
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other electrons; or 

(1 + p)1/Z/.g1 < 1/. + l /ro_o . (8) 

Here 1/" ._. is the electron-electron collision 
freq uency, 
2) Energy dissipation of electrons within the 
down-valley is dominated by electron-phonon 
collisions and not by captures ; or 

l~r<l~. (9) 
3) The back-flow of energy from down- to up­
valley can be neglected; or 

exp(-p)<rgl(l +p)-l/!/rr. (10) 

This condition is satisfied only if nl /nz deviates 
appreciably from the exponential form. 
4) That the hot electrons may be supplied into 
the down-valley, we must have 

rgl(l + p)-l/! <rr. (11) 

Combining the above condition, we find that 
the minimum requirement for the experimental 
observation of the resonance line broadening due 
to intervalley carrier transfer is 

1/t'r«I + p)I/2/rgl<1 /r. (12) 

One has further to keep it in mind that if rr is too 
long compared with t', the relative heating-up of 
the down-valley electron system will not be so 
appreciable that an experimental observation of 
the line-broadening becomes difficult. There 
must accordingly be a point of compromise which 
is optimum for the experimental determination of 
the intervalley scattering relaxation time through 
the teChnique presented here . 

2c) Carrier heating by optical excitation 
In cyclotron resonance experiments, we shed 

the sample with the intrinsic light in order to 
produce the free. carriers. The excess energy of 
an intrinsic photon over the band-gap, !zlJ-Eg , 

should then convert itself into the kinetic energy 
of free carriers and hence one might expect a 
line-broadening due to the hot electron effect. 
In ordinary cyclotron resonance of pure materials, 
however, one can scarcely observe a line-broaden­
ing of this cause. It is believed that this is 
because of the carrier recombination time which 
is quite long comp:: .!d with the thermalization 
time. Uuder such a condition nearly the whole 
carrier population must be in thermal equilibrium 
and any heating due to photo-excited carriers is 
practically unobservable. If the carrier recombi­
nation time becomes sufficiently short, one might 
expect a possibility of observing optical hot 
electrons. However, our cyclotron resonance 
studies of doped silicon and germanium with short 

-= 

carrier lifetimes so far have never detected the 
presence of optical hot electrons. 7 .8 .161 In a later 
section, we shall see a further evidence that 
carrier heating of this cause is not playing any 
role in the present experiment. 

§ 3. Experimental Procedures 

Various samples have been taken for measure­
ment; germanium: pure, doped with indium, 
gallium, antimony or tin; silicon: doped with 
phosphor, lithium or boron. Samples employed 
in the experiment are listed up in Table 1. The 

Table I. List of the samples taken for measure­
ment. 

Sample Impurity concentration 
(em-a) 

Pure Gc 
Ge/In-3 1.4xlOls 

Ge/In-4 6.8xl01S 

Ge/Ga-1 3.5s x10u 
GC/Ga-2 1.15 x 1015 
GelSn -1017 

SilP 8.8x 1013 

SilLi 5.9x 1013 

Si /B 4.3x10!4 

analysis described in 2b) has not always been 
successful because of the failure of the conditions 
(12) or too long a recombination time. All of 
the doped samples have been cut out of the same 
blocks used previously for the study of intra valley 
electron scattering due to neutralized impuri­
ties.8.Ul The common sample shape is jl rectangu­
lar parallelepiped having the dimensIon of 1 X 
1 X 3 mm3

, with its long axis along <Ill) for 
germanium and <100> for silicon. The uniaxial 
stress is applied along the long axis of each sample 
through the teChnique described elsewhere. 17l 

The magnetic field is rotated in the (111) plane 
fo r germanium and (100) for silicon; i.e . , in the 
planes perpendicular to the stress direction. The 
linewidth measurement has been carried out at 
the geometry, where the resolution of resonance 
lines is good enough. In all cases, the major axis 
of the down-valley ellipSOid is perpendicular to 
the magnetiC field and the corresponding line­
width is given in terms of the relaxation time as 
1/2(1 /' 1/+ 1h') in the Herring-Yogt notationsYl 
All of the remaining valleys are "lIp·valleys. " 
T he microwaye system employed is a 35.3 GHz 
nonresonant superheterOdyne spectrometer with 
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a horizontal E-bent mitred corner close to the 
sample position. The microwave electric field is 
parallel to the stress direction and always perpen­
dicular to the magnetic fieldY) Since thc cyclo­
tron resonance absorption intensity is inversely 
proportional to the effective mass along the micro­
wave elcctric field, one has to be careful when he 
measures the population ratio nd n2 through the 
peak heights. For germanium, the relevant effec­
tive mass mEJ* for the down-valley is nearly 
fifteen times as large as those for the up-valleys, 
which are all the same for the present geometry. 
For silicon, the corresponding mass ratio is close 
to five. These factors ought to be multiplied to 
the apparent intensity of the down-valley signal 
in order to get the relative electron population. 
. Be-cause of the reasons stated in 2c) , it is helpful 
to see some spectral photoresponse of the samples 
for the excitation light. Use is made of the white 
light, lights after water filtcrs having various 
thickness for germanium and similar filters with 
aqueous solution of CuCl: for silicon. Properties 
of those liquid filters are given in the articles by 
Collinsl8) and Haynes.19 ) They are effective for 
cutting the extrinsic light off, while passing almost 
the whole intrinsic part above the band-gap 
threshold. 

§4. Results 

Before describing the experimental results, we 
shall mention, for some length, the cyclotron 
resonance signal responce through optical filters. 
In the case of pure materials, use of any filter 
merely reduced the signal intensity by the degree 
which depends on the thickness or bandwidth of 
the filter. The linewidth of the resonance signal, 
on the other hand, always remained the same. 
The irrelevance of the linewidth to the effective 
photon energies is not surprising, since the electron 
thermalization occurs much faster than recombi­
nation. In that case, the high energy photons 
are contributing to the cyclotron resonance signal 
without raising the electron temperature. One 
might then expect the optical hot eJectron effect, 
when he deals witlt_vped materials whose carrier 
lifetime is sufficiently short. The main materials 
in the present work are Gc/In and Ge/Ga. To 
the authors' surprise, it is found that contribution 
of high energy photons to the cyclotron resonance 
signals are complctely absent for these materials. 
Namely, inscrtion of a water mter, the thickncss 
of which is less than 1 mm, reduced· the signal 
intensity to null. This poses a striking contrast 

to the case of pure germanium, in which thi! 
signal intensity through a 10 mm thick water filte r 
remained not less than a tenth of that under the 

white light illumination. Quite a similar situation 
prevails in the case of doped silicon, the corres­
ponding filter being an aqueous solution of CuCI~ . 

We shall not be engaged here in the actual 
elementary process itself, but suffice it to say that 
a series of filter experiment has added a further 
evidence that high cnergy photons are not contri­
buting to the cyclotron resonance signal in doped 
materials. In fact, this has been an implicit basis 
for the successful analyses of our previous 
works. 7 •8 • I S) Hence we shall forget all about the 
optical hot electrons. If we obsen'e any hot 
electron effect, thererore, that is considered due 
solely to intervalley transfer. 

Figure 2.a) shows the variation of linc\\'idth of 

L 
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Fig. 2. a) Variations of cyclotron resonance line­
widths against stress for two typical p-type 
germanium crystals at 4.2°K. Only the down­
valley signals are broadened. Contribution from 
the lattice scattering at TEJ=TL is sho\\'n by a 
broken line. 

n, 
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Fig. 2. b) Down-to-up valley population rat ios for 
the same crystals as shown in a) against stress at 
4.2°K. 
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the down-valley electron signals against up·and­
down energy difference, which is :expressed in 
terms of temperature,* for two samples measured 
at 4.2°K. One may note that the relative line­
width ilH/H increases on application of stress. 
In the same figure is also shown the linewidth 
variation of one of the up·valley signals. Because 
of the rapid sinking-down of the up-valley signals 
with increasing stress, one is unable to trace the 
linewidth beyond a certain stage of stress, but it 
appears to have a slight decreasing tendency at 
the beginning. The microwave power is so tuned 
at zero stress as to give a sufficiently good 
unheated electron signal for the down-valley. 
The down-valley system, accordingly, is initially 
unheated, while the up-vaHey system is likely 
heated at zero stress because of the smaller mi:. 
The subsequent changes of line widths on applica­
tion of stress are connected with the intervalley 
electron transfer. The broadening of the down­
valley signal is considered due to the hot electrons 
which came from the up-valleys, while the 
narrowing of the up-valley signal would be due 
to the cooling of the valley owing to the escape 
of high energy electrons to the down-valley. 

Figure2.b) shows the variation of the population 
ratio l1d112 against flE/kB • From this combined 
with the observed down-valley broadening as 
shown in Fig. 2 and the energy balance equation 
(5), one is able to calculate 1 /!'~L' or the intervalley 
scattering frequency. Values successfully obtained 
at 4.2°K are listed in Table II for typical speci-

Table II. Impurity·assisted inten'alley scattering 
frequency at 4.2°K for typical doped samples. 
The overall impurity scattering frequencies 
(1 /~l'S) are also shown for comparison.8 . LS) 

Sample 1/:-g L (sec- L) 1/'1:/ (sec-L) 

Ge/Ga-l (6 ± I)x 107 1.2 x 109 

Ge/Ga-2 (1.5± 0.3) xl03 4.1 x 101 

Ge/ln-3 (1.1 ± 0.3) x 108 2.9 x 10~ 

Si/P (1.4 ± 0.2)x 103 2. 7x 109 

mens. The c1,\,ulations have been carried out at 
a stress corresponding to i1E/kB = 40oK, where the 
conditions (12) are satisfied. The table includes 
the results for Ge/Ga-l and Si/ P, which are not 
shown in Fig. 2. For comparison, the overall 
(both intra- and intervalley) impurity scattering 

* The value of Eu used here is 19.3eV, which is 
determined from the initial slope of the In (lI t1n2) vs. 
stress curve for various samples.~l 

frequency 1/-'1 is listed for each sample. 8 • LS) One 
can see that 1ML is nearly proportional to im­
purity concentration for Ge/Ga. 

From the value of t'gL thus derived and the 
relation (4) for 111/ 112 combined with the obser­
vation shown in Fig. 5, one can also obtain in­
formation about the recombination time, say 
1/t'r=4.4 X 10'scc- L for Ge/In-3 and 1.2 X 101 sec-L 

for Ge/Ga-2 at I1E/kB =40 oK. That is to say, 
the conditions (12) are satisfied for these materials 
at 4.2°K. 

Attempts were made to extend the measure­
ment below 4.2°K. The I.ow temperature stress 
measurement has been difficult on account of the 
shorter carrier lifetime and, in some cases, the 
appearance of a large background photoconduc­
tive signal. 16 ) The requirements (12) also tend 
to break down, since t'r is found strongly temper­
ature dependent. Relatively satisfactory results 
for Ge/fn-3 at 3.2°K are given in Fig. 3.a) and b). 
The rise of the linewidth for the down-valley 
signal on application of stress is steeper than that 

5 

T=3.2°K 
Ge/!n -3 

l 
Impurity 0- up-valley 1 

I + .. ... cown - va 'ley j 
F---------·~~a~~c-; .!, 

0- I I I • , , I I , , , , . 
o 50 100 150 

LIE I kg (OK) 

Fig. 3. a) Variation of line\\,idths for Ge/In-3 at 
3.2°K. Broadening of the down-valley signal is 
enhanced compared with that at 4.2°K. while the 
width of the up-valley signal practically remains 
constant. 

Ge 110· 3 

10' 

,0°0=-'--'-'--'--::'50::-'--'-"""""',"::00 

.6E/k. (OKI 

Fig. 3. b) The corresponding variation of the 
population ratio. 
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at 4.2°K. The linewidth of the up-valley signal, 
on the other hand, remains unchanged. That is, 
possibly because of the shorter carrier lifetime at 
3.2°K, than at 4.2°K, rise of the up-valley elec­
tron temperature is negligible even for zero stress. 
The intervalley transfer frequency IMJ derived 
at 11E/kB=40oK is 6 X 108 sec-I, or more than five 
times as large as that at 4.2°K. 

Finally, we shall briefly mention the results for 
Ge/ln-4 and Ge/Sn. Figure 4.a) gi ves the observed 

:-::.nll , o - cOwn-lioUey 
... .•.. - u~-vcj' ey 

.6 -- uo .. ol!ey ur.der 
hl9~e:, pONer 

Fig. 4. a) Variation of Iinewidths for Ge/In-4 at 
4.2~K. Initial narrowing of the up-valley signal 
is more pronounced for an increased microwave 
power. 

102L~-r-r-r-r-r-.-r-.-.-..-.-.-.-. 
'-

~ nynz ! 

[ 
I 

10'::-

T=4.2 OK 
Gel In -4 

AE ike (OK) 

150 

Fig. 4. b) The population ratio is fitted by a theo­
retical curve with the adjustable parameter 
rg J /rr=2. 

broadening of Ge/In-4 at 4.2°K and Fig. 4.b) the 
corresponding population ratio. Though the 
broadening is observed, IMl calculated at 11E/kB 
=40oK is only 01 . ·third of that expected from 
the result for Oe/ln-3. Probably one may account 
for this by too short a relaxation time; if we 
assume IM( to be proportional to impurity 
concentration, we have l/r1' = 1.1 X 10~ sec- l for 
Oe/ln-4 at J E/ks=40oK. Since l/rrooJ 1/<£ = 4.2 
x lO~sec-l,JG) the conditions (12) would not be 
satisfied too well. Here one may note that com­
parison with the result for Oe/ln-3 stated above 

indicates a relation of the type l /Troc Nrn, where 
N 1n is the concentration of indium. Of COurse it 
is still too premature to draw any definite Con­
clusion about the concentration dependence of 
1/,1" but one finds that at least rgJ and 71' are in 
no way proportional to each other; otherwise we 
should always have the same nl/n2 vs. JElkB 
curve for any material and at any temperature. 
For Ge/Sn, no down-valley broadening is observed 
at 4.2°K; but at 1.5°K, a very slight broadening 
is visible. The dopant tin, being an isoelectronic 
with germanium, does not make the carrier life­
time so short that behaviors at 4.2°K are rather 
like those of pure germanium. Nevertheless, the 
carrier lifetime seems to decrease as one goes to 
lower temperatures and the condition for observa­
bility of the broadening is more favored 2.t 1.5°K. 
It is not certain, however the broadening at 1.5°K 
is caused by tin or by other residual impurities . 
Hence no quantitative analysis has been carried 
out. 

§ 5. Discussions 

The analysis presented here is based on the 
assumption that optical hot electrons are com­
pletely out of stage. This is not a ne\\' assump­
tion, but has always been taken for granted in 
dealing with the cyclotron resonance of doped 
materials with short carrier lifetime. 7 . B.llI In fact, 
the nice proportionality of the scattering re.lax­
ation time as well as carrier lifetime, which are 
derived from the extra linewidth of the resonance 
signal, to the dopant concentration cannot be 
explained without the above assumption. The 
completely different behaviors of up- and down­
valleys also strongly refute the possible existence 
of optical hot electrons. Moreover, the filter 
experience furnishes another new experimental 
evidence of the ineffectiveness of the high energy 
photons. The perfect disappearance of the cyclO­
tron resonance signal on insertion of a very thin 
water filter is even dramatic and one is naturally 
inclined to ask the reason. Perhaps this phe­
nomenon is connected with an impurity-sensitive 
surface recombination of the optically produced 
free carries. The elementary process of the 
surface recombination at a doped germanium (or 
silicon) itself would certainly make an interesting 
physics, but the present experimental data do not 
offer enough materials for further discussions.* 

'" The ineffectiveness of high energy photons in 
the white light illumination for producing photo­
carriers is also observed by A. Honig's group for 
doped silicon (private communication). 
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Whereas the optical hot carriers are killed at the 
surface, the hot electrons due to intervalley 
transfer remain alive all over the bulk part of the 
sample, and hence contribute to the cyclotron 
resonance signal. 

One might argue that the observed broadening 
of the down-valley signal is not necessarily 
associated with the intervalley electron transfer, 
but possibly with the change of the acceptor wave 
function. This idea faces a difficulty, however, 
when one recalls that only the down-valley signal 
is broadened. The up-valley signal should 
certainly be affected similarly, if the broadening 
is due to the change of the acceptor wave func­
tion. What we have observed, however, is that 
the up-valley signal remains of the same linewidth 
if it is not initially heated and is even narrowed 
if it is slightly heated at zero stress. If our inter­
pretation of the stress-broadening of the down­
valley signal is correct, the la tter effect , or 
narrowing of the up-valley signal, no doubt is 
" cooling" due to the escape of high-energy elec­
trons. This is analogous to the evaporation 

cooling of a liquid. 
The value of "gl derived here is for JElkB 

=40 oK, in other words , under a finite stress 
application . There is no guarantee that "gl is 
stress-independent. The stress-dependence men­
tioned here is not due to the factor (1 + p)- I/Z 
which enters because of the state density consider­
ation, but due possibly to the change of the 
acceptor state. A close intercomparison of Fig . 
3 and Fig. 4 leads to an indication that "gl has a 
slight decreasing tendency as one reduces the 
stress. Though the accurate determination of :-gl 
at low stress becomes difficult, one might have 
to expect a variation by a factor of not more than 
three. 

A fundamental difference of the present work 
from those reported previously9-1Z) is that here 
we can deal with electron intervalley scattering 
even in p-type mate rials. But the condition for 
observability is rather critical and the method 
cannot always b~ successful. For example, one 
cannot extenr .he measurement at will for a wide 
range of impurity concentration or temperature. 
Even for a similarly doped p-type material, the 
method completely fails to apply if it is silicon. 
The difference is that in germanium electron is 
first captured by ncutral acceptor very softly and 
then reemitted into a diffcrent valley, while in 
silicon the electron capture by neutral acceptor 
leads to on-the-spot electron-hole recombinationS) 

because of the stronger binding energy of the 
"positronillm' " In the latter case we have seen 
that l /,r is quite proportional to the acceptor 
concentration. The electron capture probability 
by a neutral group ]]I acceptor in silicon is also 
much larger than that in germanium and the 
electron resonance line is already broadened by 
the lifeti.me effect. ]n such a case, however, one 
may seek an alternative way of finding the inter­
valley scattering frequency; namely, one can 
determine the carrier recombination time through 
the procedure described in ref. 8) and then in 
turn obtain the desired intervalley scattering 
time from eq. (5) . In fact, this type of analysiS 
has been carried out for Si/B, and an intervalley 
scattering rate smallei' by an order of magnitude 
than the recombination rate is obtained at 2.2 °K*. 

In conclusion, we may say that the present 
method can provide complementary data to those 
by Weinreich et 0[.10 .11 ) as 'well as to those by 
other methods.9 . U ) It has a merit of being able 
to deal with p-type materials and this largely 
compensates the limited applicability of the 
method. In the case of extremely short carrier 
recombination time, an alternative method be­
comes available. Thus the stress-associated 
cyclotron resonance technique as a whole finds 
ways of use in getting informations of impurity­
assisted intervalley scattering for silicon and 
germanium at liquid helium temperatures . 
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Tne sound attenuation ((k and the thermal conductivity J. in the KH2PO.­
type ferroelectric crystals near the critical point are studied, employing the 
soft-mode model proposed by Kobayashi and then introducing an interaction 
between the acoustical phonons and the ferroelectric optical phonons. It is 
thus shown that J. has a dip, as observed, and ak has a peak at the Curie 
point, resulting from the critical decrease in the frequency of ferroelectric 
mode. Thus it turns out that the acoustical phonon couples strongly wiih 
the ferroelectric mode of the [K-PO.j lattice vibration through the 
third-order anharmonic interaction . 

§ 1. Int roduction 

The dynamical aspects of the second-order phase 
transitions have been recently studied both 
experimentally and theoretically. Relaxation and 
transport phenomena show anomalies when the 
temperatme approaches the critical pOint. For 
instance, anomalies in the thermal conductivityll 
a nd the sound atlf' :1 uationZI have been obsen'ed 
in certain magn.j tic crystals . Experiments on 
ferroelectric crystals3 ,41 reveal t hat the thermal 
conductivity has an anomalous dip near the Curie 
temperature which has been treated theoretically 
by the present author in the case of BaTi03 •51 

U ltrasonic attenuation mc.asurements also show 

* A Preliminary report of this paper ' has been 
published in Physics Letters 27A (1968) 242. 

that the attenuation constants of fen'oelectric 
crystals have peaks in the neighbourhood of their 
transition pOints. SI Since Landau-Khalatnikov's11 
phenomenological theory, these anomalous be­
haviours have been much im'estigated, especially 
in the case of displaciye-type ferroclectrics such 
as BaTi0 3 . Recently Tani and Tsuda81 also have 
calculated the attenuation constant with the usc 
of Silverman's modePI 

In the present paper, we shall study the critical 
anomaly in the sound attenuation and thermal 
conductivity in the KH2 POr type ferroelectrics, 
introducing the interaction between the acoustic 
phonons and the ferroelectric optical phonons and 
taking into account the damping effect of the 
random force. 

Our preliminary report, where the damping 


