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formation potential constants. The effective mass 
Hamiltonian Hk for k· p perturbation is') 

Hk = A(k z2 + k,l + k ,2) - B [ k ,,2( J ,,2 _ +J2 ) 

+ kl ( J1l -+J2) + k,2( J,L+J2)] 

2 (3 .2) - 3" N [ {k"kll}{JzJ II} + {k",k. }{J ",J. } 

+{kvk. }{JIIJ. }] ; 

Under high stress, one is able to treat Hk in the 
Hamiltonian H= H. + Hk as the perturbation to 
H.. It has been calculated to second order by 
Hasegawa. 11) The values of A, B, N, D,. and Du! 
can be so determined as the experimental and 
theoretical effective masses agree most nicely with 
each other over the angle 8 between the stress 
and magnetic field directions for the transition 

m* 

mo 

(n= O----t I) and over the stress for those (n= O----tl 
and n= I----t2). Use is made of the relation 

(_1_)2 = cos28 + sin28 ; (3.3) 
m* mJ.2 mJ.m" 

whence we treat two cases of stress direction. 

Case I X//<l1l> 
In eq. (3.3) we put 

mJ. 
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for the transition (n= O----t 1 , Mj=-~) ; 
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coupling constant. For a particular orientation 
H//<I11>, we find the expression of effective mass 
for the transition n----tn+ 1: 

( 2N2 ) , B 2+ _- n 
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and 

Case II X//<100> 
We put 

in eq. (3.3); 
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1 
for Mj = - Z ' 

A+ B(1-4x) 

where x= -.:.... and e= 2D,.X 
,( 3(C11-C12) 

For H//< 100>, we have 
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according as M j = ± -+ . 

(3.4) 

(3 .5) 
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Both in Figs. 4 and 5, the theoretical variations 
Qf the effective masses are given by the solid lines. 
We may note the peak (n=2~3, M;=-~) coin­
<:ides with that of (n=O~l, M;= +~) in the case 
X, H//<l11> in eq. (3.4) . Agreement between 
theory and experiment is not so good for large 
quantum numbers and in the low stress region, 
for the second order perturbation becomes ques­
tionable on one hand while the resolution of the 
lines becomes worse. With a moderate stress and 
at temperature below 4.2°K, population of car­
riers on the levels M;=±! is small and can be 
safely neglected in the present analysis. 

In the treatment given so far, the Zeeman shift 
Qf the energy has been neglected, because it is 
smaller than the strain shift by an order of mag­
nitude for the strain of l.O x 10-8• An ex~ra term 
associated with this Zeeman shift, nowever, 
should be taken into account in the low strain re­
gion as well as for large quantum numbers . We 
may calculate the energy levels by a different ap­
proach; i.e., diagonalization of the total Hamilto­
nian H=H.+Hk+Hzeemu, under the assumption 
B=N/3. 19) The value for g-factor (2.c:) can be ob­
tained from Figs. 5(a) and 5(b) through fitting the 
diagonalization curves (dashed) with the experi­
mental data. In the diagonalization approach, 
the M; classification employed so far is replaced 
by the notations a:l: and !J:I: in accordance with 
Gurgenishi viii. U ) 

§ 4. Linewidth of the Quantum Line 

In the case that carriers are scattered by the 
thermal lattice vibrations, Bardeen and Shock­
leylS) made a theoretical calculation for mobilities 
of electrons and holes in nonpolar crystals. The 
scattering probability was calculated for isotropic 
phonons (C44=Hcu- CIZ» by the deformation po­
tential method, in which the carriers in a strained 
lattice feel a local energy disturbance oE propor­
tional to the strain components eij; i.e., 

oE= 'Z 8 .;eij . 
';' j 

(4.1) 

Here 8ij is the deformation potential constant for 
electron. Herring and Vogt extended the above 
method to the case of many valley semiconduc­
tors with an approximate anisotropic dispersion 
relation for phonons. 16) The relaxation time can 
be simplified in the ellipsoidal constant energy 
surface. In order to calculate the relaxation time 
Qf holes in germanium under uniaxial compres­
sion, it is necessary to construct an interaction 
term analogous to eq. (4.1). When the uniaxial 

stress is applied along the <111> direction, the 
corresponding interaction Hamiltonian is given 
byeq. (3.1). It is a good apprOXimation to solve 
eq. (3.1) through the second order perturbation in 
the high stress limit. The reason why we can use 
the Herring-Vogt method is that the originally 
warped energy surfaces for holes, under the ap­
plication of uniaxial stress, become nearly ellip­
soidal around the axis of stress, thus simulating 
themselves to those for electrons. The final result 
is given in terms of the usual second rank tensor: 

D)f _J...D", _J...D", 
3 3 

D= 1 
D)f 

1 
(4.2) --D .. , --Du ' 

3 3 

1 1 
D)f --D, --D .. , 3 .. 3 

It is worth noting that eq. (4.2) does not contain 
the parameter D", that is, it is described only by 
two parameters D)f and D .. ,. The corresponding 
expression for the relaxation time of hole becomes 

1 2 
-= (3rrCkB Telj2/Vcl)(~.1.D)f + TJ.1.D)fD,. , + C.1.D;,); 
1'.1. 

where 

XIO' 

2 

C=(mJ.2m,,)lj2 V/28j2rr2A' , 
3 

CI=C12+ 2c44+S C* 

(4.3) 

I : THEORETICAL 
AMBIGUITY 
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Fig. 6. Temperature dependence of linewidth of 
the hole cyclotron transition (n=O-+l, M;= -~) 
under the conditions shown. The theoretical 
curves are fitted to the experimental values at 
1.5°K. Theoretical ambiguity arises from the dif­
ficulty of determining the positions to measure 
the half-width; namely, the resonance lines may 
oscillate in the high magnetic field region, owing 
to the terms L:.(E-1IYJ)-1/2 in eq. (4.4). .. 


