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Phonon scattering by an isolated donor electron in Ge under uniaxial stresses is calculated. It is
shown that if the effective-mass approximation and Price’s description of the valley-orbit splitting are
adequate for a Sb donor, nonuniformity of strain plays an important role in explaining recent
experiments on the stress dependence of the propagation of high-frequency monochromatic phonons and

heat pulses in Sb-doped Ge.

I. INTRODUCTION

The thermal -phonon scattering and the ultrasonic
attenuation in lightly doped »-Ge have been fairly
well explained as regards their temperature and
impurity-species dependence by theories!™ based
on Hasegawa’s theory on the donor-lattice interac-
tion, Hasegawa’s theory® is based on the effective-
mass approximation for a donor state’ and the Her-
ring-Vogt theory® for the electron-lattice interac-
tion in many-valley semiconductors, and it takes
account of only the intravalley process.

Recently Dynes and Narayanamurti (hereafter
DN) have investigated the effect of uniaxial stresses
on the propagation of high-frequency monochromat-
ic phonons and heat pulses in Sb-doped Ge. ® Huet
et al. have also measured the stress dependence of
the propagation of heat pulses in Sb-doped Ge. *°
Their experimental data appear to have been quali-
tatively or quantitatively explained. However, the
expressions of the phonon relaxation rate used by
them are not adequate. (They used the donor wave
functions at zero stress, which are not the eigen-
functions of the strained system. )

The purpose of this paper is to calculate the pho-
non scattering by the donor-phonon interaction in
n-Ge under uniaxial stresses on the basis of
Hasegawa’s theory. It is shown that if the correct-
ness of the effective-mass approximation and
Price’s description of the valley-orbit splitting!! is
assumed, nonuniformity of strain plays an impor-
tant role in explaining experimental data.

II. THEORY

The donor ground state in Ge consists of a sin-
glet (4,) and triplet (Ty). The singlet is the lower,
and the energy difference 4A between the A4, and
T, levels is called the valley-orbit splitting. The
energies E, and the corresponding wave functions
¥, of the donor ground state under [111] and [110]
uniaxial stresses X are given in Refs. 2, 12, and
13. The matrix elements of the donor-phonon in-
teraction between x and n’ are given by
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where the symbols have the same meaning as they
have in Ref. 14, The energies E, and the tensors
D™ for [111] and [110] uniaxial stresses are as
follows:
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where
1 00 0 0 1
Dy={0 1 0}, D=0 0 1],
0 01 1 10
9)
0.0 -1 010

, Dy=l1 0 0
-1 1 0 0 00

Here Cy is the elastic stiffness constant and x>0
and x <0 for compression and tension, respectively.

DN have observed the resonance absorption of
high-frequency monochromatic phonons and the at-
tenuation of heat pulses propagating along the [110]
direction in Sbh-doped Ge under compressive [111]
stress, The phonon relaxation rate by the reso-
nance absorption and elastic scattering for this case
can be obtained in the same way as in Refs. 3 and
15 and by using Table IV of Ref. 6.

A. Resonance absorption

(i) qi[110], &,l[001]:
7123 a2 A(w)Ty/[(Byg ~Tiw)? + T3] . (10)
(ii) q 1[110], e,N[110]:
T
(Agg — Bw)*+ T35
=402 A(w)X AT ) (11)

+
(ASO - hw) + 1"30
where in both cases
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B. Elastic scattering
For case (i) above,
A%,
ﬁz 2)2+4r2 7’[2 2 .

7= 0! B(w) F(w) @z (13)

For case (ii) above,
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where in both cases
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and
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where T'; is the level width of the ith level, N, is the
number of electrons per unit volume in the lowest
level 0, and v, is the appropriate velocity of sound.
Inelastic scattering and the scattering by the elec-
trons in upper levels 1, 2, and 3 are weak in the
present case, and the expressions of the relaxation
rates for them are not given here.

The important factors o? are shown as a function
of X (parallel to [111]) in Fig. 1, where we used
4A =032 meV, E,=16 eV, and C,=0.684x 10"
dyncm™, The uniaxial stress changes the coeffi-
cients which represent the contribution of each val-
ley to the donor wave function. The contributions
of some valleys increase and those of the others
decrease with stress. For compressive stress,
a. (a,) denotes the decreasing (increasing) com-
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FIG. 1. Stress dependence of o2, XI[111].
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FIG. 2., Stress dependence of I'; at T=1.3 K.

ponent of the coefficients. It can be seen from
Egs. (4) and (5) and Fig. 1 that the electron-phonon
interaction between the lowest and upper levels is
strongly reduced and becomes zero in the large-
stress limit under compressive [111] stress as
long as we consider the intravalley process. (The
intervalley process is not important in the present
case. )

III. RESULTS AND DISCUSSION

The following are obtained from Eqgs. (10)—(17),
Fig. 1, and numerical calculations:

(a) The fast transverse (FT) mode induces the
transition 0- 1, as has been pointed out by DN, but
the longitudinal (L) mode does the transition 0~ 2
as well as 0~ 3. It should be remarked that the
levels 1 and 2 (E state in DN’s notation) are degen-

erate, but they are specified by different wave func-

tions. The selection rule for L mode allows the
transition 0~ 2 as well as 0- 3, and then the reso-
nance absorption is expected to be observed at two
different values of X. (The ratio of the scattering
strength by 0-~ 3 to 0~ 2 is about 4: 1 and the ener-
gy difference Ay = 2,8 K.) However, the experi-
ment has shown only one resonance.

(b) Figure 2 shows the stress dependence of T
(¢=1, 2, 3)at T=1.3 K. In this calculation a* =40
A has been used. T'; are determined by the elec-
tron-phonon interaction between upper levels for
large stresses, and I'j becomes very small.

(c) High-frequency monochromatic phonons with
given frequencies (~ 1.2 meV and ~ 1.7 meV for Sn
and Pb, ;Tl, 5 phonon generators, respectively) are
strongly scattered only in the very narrow stress
region near resonance. «. may give rise to the

shift in the baseline on either side of resonance ob-

served by DN.
(d) The stress dependence of the heat-pulse prop-
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agation for the FT and L. modes, which have been
calculated by using Eqs. (13) and (14), taking ac-
count of the other scattering processes mentioned
below Eq. (17) and isotopic scattering, and follow-
ing Fjeldly et al. and are shown by the broken and
dotted lines, respectively, in Fig, 3, are in dis-
agreement with the experiments. The experimental
curve for the L mode is similar to that for the FT
mode and is not shown. In these calculations we
used Ny=6x10" cm™, 7,=3.7K, and T,=1.3 K,
where T, and T, are the heat~pulse temperature and
the ambient temperature of the sample, respective-
ly.

It is found that theory cannot well explain the ex-
perimental data, The calculations mentioned above
have been carried out under two assumptions, that
is, the correctness of the effective mass approxi-
mation with Price’s description of the valley-orbit
splitting and the uniformity of strain. Next we
shall consider the effect of inhomogeneous strain
and limit ourselves to the case of heat pulses of the
FT mode. For a homogenious strain the contribu-
tion of the resonance absorption to the attenuation
of heat pulses is not important because of the broad
frequency distribution of phonons, while for an in-
homogenious one it may become important owing to
a distribution of Ay, over a certain energy range.
Since, however, we do not have any accurate infor-
mation about the actual strain distribution, discus-
sions given below should be considered as qualita-
tive ones.

For simplicity, the following assumption and ap-
proximation are made:

() The distribution of A,y P(A,,), is a Gaussian
form given by

o [=4 (=4 =
~ » [ o

Relative Intensity

o
~N

X (108dyn c m_z )

FIG, 3. Relative intensity of heat pulse as a function
of X, Broken and dot-dashed lines denote the calculated
curves for the FT mode for homogeneous and inhomogen-
eous strains, and the dotted line denotes the calculated
curve for the L mode.
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1 ° —
Plow)= 755 [ expl- (i ~B)Y/26% do
(18)
A=0(X), 6=084(C,X)-04(C-X) .
where C, are numerical factors denoting the degree
of nonuniformity. _
(ii) Off-resonance terms are evaluated at A to

avoid to perform a double integral.
The resonance absorption is given by

° 1 T
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for zw=4a, (19)

The same calculations as in item (d) except for
inclusion of Eq. (19) have been performed. The

resultfor C,=1+0,1 is shownby the dot-dashed line in:

Fig. 3. Theshape of the calculated curve and the po-
sition of minimum, if any, of intensity for a given
T, depends on C, and, of course, also on the form
of P(Ap).

So far we have neglected the stress dependence
of the effective Bohr radius a* which may be taken
to be a* (X)=(1 - 0.032X) a*(0) A (X in units of 10°
dyncm?) for the FT mode from Fig. 2 in Ref, 12,
Inclusion of this gives rise to a slight increase of
scattering for X 21.5x10% dyncm™,

It has been noted that the expressions used by
DN and Huet ef al. could not explain their data.
Since in the experiments of Huet ef al. and DN,
respectively,'® T, is 6.5 and 3. 7K, their expres-
sions predict that the minimum of intensity occurs
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at a higher stress in the former than in the latter.
(See also Ref. 15.) However, the experiments
show the opposite. The present theory also can-
not explain this, provided that the degree of non-
uniformity of strain in two experiments is same.
These then seem to show importance of inhomo-
geneous strain., This has also been pointed out in
DN’s paper. (However, the possibility that the
donor system plays a role should not be ruled out,
as the donor concentrations in their samples are
different.) As for item (a), the discrepancy might
be explained by inhomogeneous strain, the line-
width of the generated phonons, and the difference
in intensity (4 :1) of the two transitions.

So far we have performed calculations within a
framework of the effective-mass approximation,
The central-cell corrections will have more pro-
nounced effects on the wave function of the donor
ground state than on its energy. However, when
we go beyond the effective-mass approximation,
the situation becomes very complicated. We do
not discuss this because of the lack of detailed in-
formation on the modifications of the wave function
by these corrections.

The nearly degenerate ground state of the Sb
donor is easily modified by internal strain or unin-
tentional external stress, the donor-donor inter-
action, and so on even at zero external stress.
This has some effect on the phonon scattering in
a small-stress region. In any case, at present,
nonuniform stress seems to be a powerful candi-
date for the primary cause of the discrepancy be-
tween theory and experiment. In order to settle
this problem it is necessary to carry out further
experiments on this system and also other donors
P and As in Ge.
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