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The present analysis of the resonance scattering of phonons by bound donors in As- and Sb-doped Ge in
magnetic fields up to 78 kG applied along the [100] direction indicates that the "chemical shift" 4d increases
with the magnetic field increase in the temperature range 1.3-4.4'K. At a field of 78 kG, the change is
about 10%. The effective donor-electron radius also decreases by a factor of 15% for the same magnetic
field. The above variations are in reasonable agreement with the calculations of Halbo for plots of 4h/460
and u/a() vs fields applied along the [100] direction, although in general the experimental shifts are lower
than Halbo's 'theoretical values. The opposite effect of the increased magnetic field on the phonon
conductivity is explained by the dominating role of 4h over ao causing an increase in the phonon conductivity
of Ge(As) and a decrease in that of Ge(Sb). Universal curves for 4h/46, 0 and a/ao vs H applied along the
[100] direction have been obtained for the first time for Sb-, As-, and P-doped Ge.

I. INTRODUCTION.

Recently we have investigated the role of com-
pensating acceptor impurities' on the "chemical
shift" 4~ and the donor electron radius q, in z-type
Ge. In this paper we propose to investigate the
magnetic field dependence of the above two quanti-
ties. The basis of the present investigations are
the expressions obtained by Suzuki and Mikoshiba'
for the resonance scattering of phonons by bound
donor electrons. The first successful theory for
such a scattering was given by Griffin and Car-
ruthers' and later on extended by Kwok, 4 who not
only considered the elastic and inelastic scatter-
ings but also phonon-assisted absorption proces-
ses. The donors-electron ground state is a singlet
state and the next-higher-energy state is a triplet
state, which is separated from the former by 4L,
usually known as the chemical shift. The elastic
and inelastic scatterings of phonons are considered
both from the singlet as well as the triplet state.

For the present paper we have considered the
magnetic field data of Sb- and As-doped Ge in the
range 0-80 kG, ' applied along a [100] direction.
The temperature range in which the magnetic mea-
surements have been carried out is from 1.3 to
4.4'R. The donor-electron concentration is 4.5
&10"cm ' for As-doped Ge and 2.2&10" cm ' for
Sb-doped Ge. However, the magnetic field causes
opposite changes in the thermal conductivity of
Sb- and As-doped Ge. In the former the conductiv-
ity decreases with the increase in the magnetic
field whereas in the latter the conductivity increas-

es with the increase in magnetic field. So far no
quantitative explanation has been given for this
effect.

An attempt has been made to explain the above-
mentioned anomalous results in the framework of
Kwok's theory as extended by Suzuki and
Mikoshiba. The calculations are based on the as-
sumption that the magnetic field affects the donor-
electron radius go and the chemical shift 4A. The
magnetic field shrinks the donor-electron wave
function and hence the donor-electron radius,
which represents the extent of the wave function,
decreases. Since Pcc a, '/', the value of 4s in-
creases with the decrease in the value of g . The
present study of the resonant scattering of phonons
in Sb- and As-doped Ge on the basis of the Suzuki
and Mikoshiba (SM) expressions reveals that the
effects of the magnetic field on a, and 4A are sim-
ilar and approximately the same in both materials.
The opposite effects of the magnetic field on the
phonon conductivity are due to the dominating role
of 4~ causing an increase in the phonon conductiv-
ity of Ge(As) and a decrease in that of Ge(Sb) with
the increase in magnetic field.

II. THEORY

The phonon conductivity K of the materials under
consideration has been evaluated with the help of
the following expression:

ksaTs 1 " x'e*(e"-1) 'd~
6)r'S', v, e ~ '(q, j)

where

~ '(q j)= —' +A(+' )x'T'+(B+)(&' )x)')T,'+v"(q j)+v, '(q j)+v, '(q ji,

&„'(q,j)=B& (4a)'g(4d)'-@'t(i']'+4r'(4a)'] ' Ii(oi)(N, (T)+N (T)[2+(4a/hoi)')),
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Here ka is the Boltzmann constant, j is a polariza-
tion index, vj is the phonon velocity, x=5~/ksT,
v is the phonon frequency, q is the phonon wave
vector, and & (q, j) is the effective relaxation time,
which is givenby v' '(q, j)=Zp, '(q, j). Further, e&/I
( =.rs') is the relaxation rate due to boundary scatter-
ing of phonons, A(ks/ g)'x'T+ (= r,,') is the relaxation
rate due to point-defect scattering of phonons, (B,
+ &,)(ks/k)'x'T' (= r,„',„)is the relaxation rate due to
phonon-phonon scattering, v,,'(q, j) is the relaxation
rate due to elastic scattering of phonons both from the
triplet as well as the singlet states, v, '(q, j) is the
relaxation rate due to inelastic scattering of phonons

f rom the triplet state, ands', '(q, j) is the relaxation
rate due to thermally assisted phonon absorption
processes for &u „(4&/I and inelastic scattering
by electrons in the singlet state for ur, &)4&/R.
Again p ls the density of the crystal and „ ls
the shear deformation potential. The cutoff factor

f'(ro/v&) is given by

where g, is the donor-electron radius. The level-
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FIG. 3. Variations of phonon conductivity with temper-
ature at different values of effective Bohr. radius ao fol
the sample Ge(As) (doped with arsenic, n,~=4.5 ~10
cm"3). Experimental points are shown by filled circl.es.
Theoretical curves are shown by solid lines.
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Experimental points are shown by the filled circles.
Theoretical curves are shown by solid Lines.
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where I'~ and I ~ are the level widths of the singlet
and triplet states .The quantity F(v) is given by
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FIG. 5. Plot of ~/Kp with magnetic field at different
temperatures for the sample Ge(Sb), n« —-2.2 ~10 cm
with 9 ff [100]. Experimental results are shown by points
and theoretical results by solid lines.

III. RESULTS AND DISCUSSION

First, we show how the theoretical values of the
phonon conductivity are changed in the absence of
a magnetic field for the two samples when a, and
4A are varied around the optimum values which
give the best fit between theory and experiment.
The results of the calculation are shown in Figs.
1-4.

The magnetic field data are shown in Figs. 5 and
6 as ~/K, vs B (kG) at three different tempera-
tures in the range 1.3 to 4.4'k. Here ~=K-K„
where K is the phonon conductivity in the presence
of magnetic field and K, is the same in the absence
of magnetic field. The adjusted values of g and

4~ for different values of the magnetic field, which

give the best agreement between theory and experi-
ment, are shown as dashed lines in Fig. V. For
magnetic fields greater than 80 kG the curve show-
ing the adjusted values is extrapolated for the sake
of comparison with theory. Our adj.usted values of
g and 4~ correspond to the experimental values
for fields B along the L100] direction. These val-
ues are compared with Halbo's calculated values
of 4g/4go and a/ao for fields along the [100t direc-
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lines.
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FIG. 7. Plotof 4b/4bp ands/apvs magnetic fieldparal-
lel to the $00) direction. Solid lines represent the re-
sults of Halbo calculated on the basis of the variational
technique. Broken lines are the values adjusted by us
for best fit between theory and experiment.

tion. His results are given as solid lines in Fig.
7. The values of the various parameters used for
our calculations are given in Table I.

It may be observed from Fig. 7 that in both cases
the applied magnetic field causes a shrinkage in
the donor-electron radius go and an increase in the
value of 4~. According to the present calculations,
the conductivity always decreases when a is de-
creased. However, for the variations in 4~, the
effects on the phonon conductivity of Sb-doped and
As-doped Ge are opposite to each other. In Sb-
doped Ge, the increase in 4~ causes a decrease in

K, whereas in As-doped Ge the opposite effect is
observed. Thus in Sb-doped Ge, the effects of an
increase in 4~ and a decrease in g are in the same
direction and the combined effect is to decrease
the phonon conductivity with the increase in mag-
netic field. In As-doped Ge, the effect on K due to
the increase in 4~ dominates over that due to the
decrease in a,. The net effect is that the phonon
conductivity increases when the magnetic field is
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FIG. 8. Plot of bK/Kp vs B for Ge(As). The dashed
line shows the effects on ~/Kp when only 44 is varied.
The dash-dot line shows the variations of ~/Kp when
only ap is varied. The solid line shows the resultant ef-
fect on ddt/Kp when both 44 and ap al e varied (the mag-
netic field affects 'both ap and 44).

TABLE I. Values of the various parameters used in
the evaluation of the phonon conductivity.

V~= 5.37 x 105 cm/sec
V2 -—3.28 x 10~ cm/sec
A= 2.4 x 10~ sec3

Bg + B2=2.80 x 10 3 sec K-3

-0.11

—0.15

-0.15

1.10(4~0)

Ge{Sb) Ge(As) -0, 17

4ho)
0.984 ao

N,x= 2.2 x 10 cm+
E„=19eV
ao = 40 A {H= 0)

4m=0.32 meV (H=o)
L=0.489 cm

&,„=4.5 x 3.0~~ cm+
E„=16eV
ao = 36 A (H = 0)

44=4.23 meV (H=0)
L=0.373 cm

I'IG. 9. Plot of bK/Kp vs B for, Ge(Sb). The dashed
line shows the effect on LAC/Kp when only 46 is varied.
The dash-dot line shows the variations of MC/Kp when
only ap is varied. The solid line indicates the resultant
effect on MC/Kp when both 46 and ap are varied (the mag-
netic field affects both ap and 44).
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increased.
The above discussion can be appreciated better

with the help of Figs. 8 and 9, where dashed lines
show the variation in phonon conductivity due to in-
crease in the values of 4A and dot-dashed lines in-
dicate the corresponding variation with the de-
crease in the value of ao. The resultant variations
in the values of the phonon conductivity K are
shown by the solid lines which indicate opposite ef-

fects for Sb- and As-doped Ge.
'The magnetic field dependence of P-doped Ge

samples oriented in [100]directions is similar to
that of As-doped Ge and the present variations of
4& and a, can also explain the magnetic field re-
sults of P-doped Ge. Thus the present curves of
4&/4d, and a/a, vs H appiied '~along [100]direction
are the universal curves for lightly doped n-type
Ge such as Sb-, As-, and P-doped Ge.
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