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Abstract. We calculate the uniaxial stress dependence of the acoustic properties of heavily
doped n-type Ge at low temperatures using Green function techniques. It is shown that the
results are consistent with experiments of Sb-doped Ge made previously provided that Fermi
levels lie in the impurity band. A brief discussion of the magnetic field dependence is also
given.

1. Introduction

A series of experimental studies has been done on the acoustic properties of Sb-doped
Ge (Sakurai and Suzuki 1983a, b, Sakurai er af 1984, Asano ez al 1988, Kohno et al 1988).
The experimental data have been analysed in a phenomenological way, namely using
the change in the elastic constant by the electron-phonon interaction (see, e.g., Keyes
1968) for N = N where Nis the donor concentration and N is the critical concentration
for a metal-to-non-metal transition. However, we cannot always analyse the stress
and the magnetic field dependence of the ultrasonic attenuation coefficient « using a
phenomenological expression in many-valley semiconductors such as Ge and Si.

In this paper we derive expressions for o and the change Av in the velocity of sound
of heavily doped n-type Ge under the uniaxial stress using Green function techniques.
Numerical calculations are carried out for Sb-doped Ge and compared with experiment.
Our theory can explain the experiment provided that the Fermi levels lie in the impurity
band.

2. Formulation

2.1. Preliminary remarks

The conduction band of Ge has four equivalent valleys along the [111], {1117, [111]
and [111] directions in the first Brillouin zone, which are denoted by valley indices 1,
2, 3 and 4, respectively. The eiectron—phonon interaction is due to the deformation
potential coupling. For high carrier concentrations, acoustic waves accompanied by
strains destroying the equivalence of valleys give rise to the redistribution of elecirons
among valleys and are strongly attenuated. In this case, phenomenological expressions
for the attenuation coefficient & and the change Ao in the velocity of sound for wr, <1

0953-8984/91/254547 + 07 $03.50 © 1991 IOP Publishing Ltd 4547



4548 H Watanabe et al

are proportional to AC 1, and AC, respectively, where w is the angular frequency of
acoustic waves, 7, the intervalley scattering time and AC the change in the elastic
constant caused by the valley redistribution effect.

Previously we have derived formal expressions for & and Av based on a microscopic
theory in heavily doped many-valley semiconductors with # equivalent valleys (Sota and
Suzuki 1986, hereafter referred to as I). The procedure for calculations given in this
paper is parallel to that given in I except for taking account of the effects of uniaxial
stress X and the magnetic field B. In the calculations given below we assume that

(i) only the intravalley processes of the deformation potential coupling are considered
because the distance in k-space between different valleys is much larger than the phonon
wavevector g of interest to us,

(i1) the electron—phonon coupling in the impurity band is identical with that in the
conduction band;

(iii) the effect of the electron correlation on the electron distribution function is
neglected and;

(iv) the long-wavelength and the low-frequency region are considered.

Expressions for « and Ap for acoustic waves in the mode (g, A) are obtained,
respectively, from the imaginary and the real parts of the phonon self-energy, which is
calculated from the electronic polarization diagram with the electron-phonon inter-
actton vertices, and are as follows:

w
o= — 3 Im(z C;":q).Ru'(‘Jv CU)Cj‘qA) 1)
Pmb} if
and
Apv = TN Re(zﬁ: Cz"quRu(fIa w)cr'.qk) )

where py, is the crystal density, v, is the velocity of sound with the polarization direction
A, C, aisthe deformation potential constant in the ith valley and R, (g, w) are the density
response functions of the electron subsystem.

Within the random-phase approximation, R,(g, w) are determined by

R,(g,2) = 2;(q. @) + V(g) ; %@, ©)R (g, w). 3)

Here v(q) = 4me*/eyg” and y,(q, w) are the irreducible density response functions
defined by

2,0, ) =222 (G (k + q, £, + )Gk, £,)) (4)

£y Kk

where g is the static dielectronic constant, { ) stands for the average over the random
configuration of impurities and Gk, &,) are the single-particle Green function in valley
i. Equation (4) is calculated from a series of diagrams shown in figure 1 where the full
lines represent the single-particle Green function, the open circle and cross denote the
intravalley and intervailey scattering, respectively, and the indices , j,  and m are valley
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Figure 1. Diagrammatic representation of the irreducible density response functions
¥Ag, w):——, electron Green functions: ——O——, intravalley scattering; —— X —-, intervalley
scattering,

indices. For details of the calculation of equation (4) with figure 1, refer to 1. Once we
obtain y,(g, @), we can calculate o and Av using equations (1)—(3).

xi{g, w) consist of complex combinations of 7, (the total scattering time}, 75, @ and
the density-of-states functions @'). Here ¢ are given by

W = —fNU)(E) af(E HO) (5)

where NO(E) = ~(1/m) £, Im[G i(k, E)] are the density of states in valley j and fis the
Fermi-Dirac distribution function with the chemical potential ft,. When a uniaxial stress
X or a magnetic field B is applied. NV(E) are modified. This leads to the X- or B-
dependence of (¢, @) and, consequently, the X- or the B-dependence of a and Av.

2.2. Expressions for & and Av under the uniaxial stress X

We shall give expressions for & and Av under the uniaxial compressional stress for the
following two configurations, where all phonons are longitudinal: case A, X//{110] and
g//[111]; case B, X//[111] and ¢//{110].

2.2.1. Case A: X//[110] and q//[111]. The uniaxial compressional stress along the [110]
axis lowers valleys 1 and 4 by Z X/6C, and lifts valleys 2 and 3 by E,X/6C,, in energy
(Fritzsche 1960) where X = |X|, C,, is the elastic stiffness constant and Z, is the shear
component of the deformation potential constant. In this case the irreducible density
response function matrix has five independent elements as follows: x 1 = %44, ¥22 = X33,
Xias X232 X12 = X13 = X24 = X34 and y; = x,;. Hereafter we abbreviate (g, @) to x,. The
fina] expressions for & and Ap are given by

a = —(0/pnvi)(8/81)E] Im R, (6)
and
A0x = (11290 )(8/8)F% Re R @
with
Ra=pxu—4xn+Xut+5n 3
= Ot + 2 — Xz = XY G + 4 + o+ Xa). (8)
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Figure 2. The stress X-dependence of {a) the change A5(X) = Av(X} — Av(0)in the velocity
of sound and (b) the change Aa{X) = (X) — (0} in the attenuation constant for X//[110]
and ¢//[111]at T = 2 and 4 K calculated assuming a rigid conduction band.

In equations (5) and (6) the subscript A stands for case A. Explicit expressions for y, in
this case are given in the appendix.

Here we should mention the following. In equations (6) and (7) we neglect terms
with the dilational component Z, of the deformation potential constants, Thisis because
these terms are much smaller than terms in equations (6) and (7) due to the screening
effect. This also holds for case B.

2.2.2. Case B: X//{111] and ¢//{IT0]. In this case the uniaxial compressional stress
lowers valley 1 by E,X/3C,, and lifts the other three valleys by Z,X/9C,, in energy
(Fritzsche 1962). x, have four independent elements: Xy, ¥22 = X33 = Xat» X12 = X3 =
Xiar X23 = X24 = X3sand x, = ¥,. @ and Av are obtained as follows:

ap = —(0/pmv3) § E{ Im Ry ®)
and

Avg = (1/20,v5) 3 B Re Ry (10)
with
R =xu — 2% —2%n + 3xn

= (Xm + 2t — 202 — %1%/ Gt + 33z + 612 + 6x). (11)

The subscript B indicates case B. Explicit expressions for x; are also given in the
appendix.

3. Results

Numerical calculations were carried out for Sb-doped Ge (N > 2 x 107 ¢cm™) using
expressions obtained in section 2 where we used p,, =5.35gem™, Z,=16eV and
w/2x = 60 MHz for Av and 300 MHz for «. Note that N, = 1.5 x 107 ¢cm™? for Sb-
doped Ge.

Figure 2 shows AD(X) = Av(X) — Av{0) and Aa(X) = a(X) — «(0) for case A,
N=4.6x10"em™ and the rigid, conduction band model. Here N{(E)=
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(1/27)(2m* (A1) EV2, m* =0.2mg, (X =0)=1x10"%s, 1,(X=0)=
4x107"s (Mason and Bateman 1964, Sakurai and Suzuki 1983a) and v, =
5.57 x 10°cm 57! are used. The X-dependence of 7, is taken into account via that of
N(E) as 1, is proportional to N(Eg) for T < Eg/kg where N(Eg) is the density of states
at the Fermi energy Er. The full curve in figure 3 shows the ratio T,(X)/7,(0) where
7,(X) is an average value defined by T,(X) = [7(1— 2, X) + 12— 1, X)]/2and 1 — 2
and 2 — 1 mean values due to scattering processes from valley 1 to valley 2 and from
valley 2 to valley 1, respectively. As N increases, both the X- and the T-dependence of
AB(X) and Aa(X) become weaker. When we neglect the X-dependence of 7,, the X-
dependence of | Aw(X)| becomes stronger.

The T-dependence of Ag(X) shown in figure 2(a) is opposite to experiment where
AG(X, T=2K) > Ai(X, T =4K) is obtained (Umebayashi and Suzuki 1990). The
situation is improved provided that we consider the impurity band instead of the rigid
conduction band. A similar phenomenon has been found in a previous paper (Khono ez
al 1988). In fact the T-dependence of Av(0) could not be explained by assuming a rigid
conduction band.

Figure 4 shows the results of Ao(X) and Aa(X) calculated for the impurity band
whose density of states associated with valley j is given by

NE) = AEV2O(E) + By 2 exp| —v(E ~ E,)?] (12)

with 8(x) = 1 for x > 0 and 8(x) = 0 for x < 0. The adjustable parameters A, Band y
are determined so as to reproduce the T-dependence of Av(0) obtained expenmentally
over the temperature range 2K = T<40K: A4 =19 x 10! em” imeV2, B=
2.2 X 10'S cm~* and y = 2.0 me V-2, For simplicity, the shape of N’ (E) is assumed not
to vary with X. The T-dependence of AJ(X) is consistent with experiment. The X- and
the T-dependences of Aa(X) are aimost unchanged, while the X-dependence of T.(X)/
7,(0) becomes stronger in comparison with the case of the rigid conduction band (see
figure 3).

The behaviours of AD(X) and Aw(X) in case B are similar to those in case A, but the
magnitudes are smaller.

4. Discuossion

Phenomenologically « is proportional to AC T, and Av to AC where T, is an average
intervalley scattering time. As the stress increases, | AC| decreases, while T, increases.
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Figure4, The stress X-dependence of (2) the change AS{X) = Av{X) — Av(0)in the velocity
of sound and (b) the change Aa{X) = o{X) ~ &(0) in the attenuation constant for X//[110]
and ¢//[111] at T = 2 and 4 K calculated assuming an impurity band. The inset in (a) shows
a schematic illustration of the density of states for the impurity band used in caleulations. In
(a) the experimental dataat T = 2.3 K (@) and 4.2 K (A ) are also shown.

Thus the X-dependences of AC and T, are partially cancelled in Aa{X). The X-depen-
dence is stronger in the impurity band than in the rigid conduction band, which arises
from the difference between the energy dependences of NUXE) and NO(E). It was
argued in a previous paper (Sakurai and Suzuki 1983b) that Aa(X) for N=
4.6 % 10'7 erm~? could be quantitatively explained by assuming a rigid conduction band
and constant T,. However, we find, for this concentration, that Aa(X) calculated under
this assumption is almost the same as that calculated with 7,(X) for the impurity band.

We assumed that the shape or the energy dependence of N)(E) did not vary with
the stress. It is known from experiments on the piezoresistance (Fritzsche 1962) that the
impurity band is modified by the stress for N = 2 X 10'7 cm™ where stresses up to about
10°dyncm™ were used. However, we expect that the shape of NVYE) for
N>2 x 10" cm™3 is not varied so much by the stresses up to 3 X 10% dyn ecm™2 which
were used in the acoustic measurements (Sakurai and Suzuki 1983b, Kohno et af 1988,
Umebayashi and Suzuki 1990) and consequently our calculated results are, at least
qualitatively, correct,

Finally we briefly mention the magnetic field dependence of Av and &. AJ(B) and
Aa(B) for B upto 5 T were calculated assuming a rigid conduction band and taking into
account collision broadening of Landau levels. As regards Apo(B) for N=
4.6 % 107 cm™?, our theory can explain the experiment of Asano et a (1988), while the
calculated Aa( B) are an order of magnitude smaller than experimental values. However,
as mentioned above, the impurity band, instead of the conduction band, must be
considered for this concentration. We do not know how the wavefunctions and the
density of states for the impurity band are modified by the magnetic field.

Appendix

Here we give explicit expressions for y; in both case A and case B.
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For case A,
xu = 2oV - wZ\[2Y,Y; - (X, — I}{X, + V2 - 1)])/Dy} (A1)
Xz = =20Z, Y /[Y2(X, — 1) + Y(X, - 1) + (X, — 1)(X; — 1) - 3Y,¥,] (A2)
X1 = —20Z,Y,(¥Y, — X, - 1)/D, (A3)
D, =(Y, - X, + )[Y:(X, - 1) + Y, (X, — ) + (X, - )(X, —1) - 3Y,Y;] (Ad)
X; = —i2ENu’!NU(ER)Q {AS5)
Y, = —12RNvNO(EQ (A6)
Z;=gWQ. (A7)

Here the expressions for x,; and y;; are given by interchanging subscripts 1 and 2 in
those for ¥, and x4, & and v are the strengths of the intravalley and intervalley scattering
potentials, respectively, the subscript j equals 1 or 2, and an explicit expression for ¢/
is given by equation (5} in the text.

For case B,
xu = 2" - wZ,2Y; + X, - 1}/E|] (A8)
¥z = —2Ap® — wZ[-2Y,Y, + (X, + Yo, - DX, - D)/(X, - Y, - DE,}  (A9)
X = —20Z,Y /E, (A10)
A = —20Z,Y, (Y, — X + DIX; - Y, - 1DE, (Al1)
E;=(X, - 1)}{X, +2Y, = 1) - 3Y, Y, (AlL2)

Here the expressionsfor X, ¥, and Z, (j = 1,2) are the same as those in equations (AS)-
(A7). The function Q appearing in equations (AS5)-(A7) is defined by

0O =1iry(l +iwty). (A13)
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