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RESONANCE AND RELAXATION ATTENUATION BY NEUTRAL
ACCEPTORS IN A MAGNETIC FIELD
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Abstract Fine structure, level splitting, and relaxation times of the ac-
ceptor ground state in cubic semiconductors can be deduced from ultrasonic
attenuation. By the application of a magnetic field it is possible to vary
the coupling strength and the number of acceptors on speaking terms with the
ultrasonic wave. Making use of this possibility, we have determined directly
effective coupling constants for relaxation attenuation and the temperature
dependence of the critical intensity for saturation of the resonant interac-
tion. Results obtained for p-type GaAs and Si are discussed in comparison
with analogous results for glasses.

Introduction

The ground state of a hole bound to an acceptor in a cubic semiconductor
is a fourfold degenerate r'a state, This degeneracy is partly lifted into two
twofold degenerate Kramers levels by the random internal elastic and electric
fields due to strains and ions in the crystal. Thus, a p-type semiconductor
(moderately doped) at low temperatures may be considered as a two level system
with a distribution of splittings quite analogous to that of the presumed tun-
neling states in glasses, and the same problems arise as to the form and the
width of this distribution, the average phonon couplings to the defects, as
well as the possibility of an interaction between them (1,2). However, with
the acceptor system one has more experimental parameters at hand to investi-
gate these problems, We would like to give here some results that have been
obtained taking advantage of the application of an external magnetic field:
It lifts the degeneracy of the f"s state totally, thus spreading the distri-
bution and changing the effective deformation potential constant.

Experimental

We shall discuss our results for the two types of interaction that are
effective for the ultrasonic attenuation at low temperatures separately.

1. The resonance attenuation is given by

‘ . : | ureng(é)'Dereé (v2/T) "/

vhere N(§) is the spectrﬁl density of those splittings of the distribution
that are in resonance (& = hv) with the ultrasonic wave of frequency v and

Dres is an effective deformation potential constant. We have shown for Ge(In),
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Ge(Ga) (1) and GaAs(Mn) (3) that N(§): D2e ~ const. up to &' ~ 8 ueV, since
at low temperatures, the attenuation rises as v 2/T up to V' ~ 2 GHz. If we
knew the nature and symmetry of the random internal fields we could determlne
Dpeg from the two well-known deformation potential constants Da and Dfr. At
least, a lower limit can be obtained from these experiments, since 2N?6) S'e N
(N is the known total acceptor concentration). We can confirm the interpreta-
tion that the measured 1/T rise in attenuation is due to the resonance inter-
action by measuring the reduction of the attenuation at high intensities I (2):

=Q(res/ m - 121
2
ch1/(nres-'(:'1-7:2) /3/

(I_ is the critical intensity, T, the longitudinal and 't‘ the transverse re-
laxation time in a Bloch-equation formalism. (2))

This could be verified for the case of Ge (1) and also for Si(In) (k). In
GaAs(Mn) (3) we could not see any saturation effects, because the attenuation,
due to the higher doping, was so high that even within the first echos the cri-
tical intensity could not be reached. This difficulty could be overcome by the
application of a magnetic field: It reduces the attenuation drastically, mainly
because the number of splittings 4 on speaking terms is reduced due to the
spreading of the levels in the magnetic field (Fig. 1). Disregarding the change
in the coupling, Fig. 1 gives an
indication of the form and the o
width of N(4). The value we ob-
tain is in accordance with our
analysis of o (v) (3). The in-
tensity dependence was obtained
in determining the change of o
within the echo train (Fig. 2).
It turns ouf that I, is propor-
tional to for the two tem-
peratures at 650 MHz. The same
is true at 1 GHz in a wider tem-~ ° —
perature range (Fig. 3). This Yo as v 1 2
latter curve was obtained by — Hlke)

a somewhat different procedure

and gives only the relative Fig. 1 Resonance attenuation in GaAs(Mn)
change of I.. From the absolute at 800 MHz, 1.3 K as a function
values of I (Fig. 2) the quan- of the magnetic field.
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tity €1° T can be estimated. (Eq. /3/) The value we obtain is smaller by two
orders of magnitude than would be expected if only direct relaxation processes
are effective. Analogous results have been found in the case of p-Ge (1) of
Si(In) (4) and for glasses (2). Since Ico% 1/(T 1T o) we have T1*To o&¢T2, If
T'1 is determined by direct relaxation processes then't}'1c~;T, that is

‘CQ'1 o<T, The same has also been found in the case of glasses. From measure-
ments in Si(B), where we could compare I, in zero field and at moderate field
under. similar conditions as above, we find that I, is not changed very much in
the magnetic field. By measuring the concentration dependence of I, we hope to
get information on the importance of a proposed (7) interaction mechanism for
the small value of T1-To.

2. The second type of ultrasonic interaction is relaxation attenuation.
in the case of GaAs(Mn) and Si(In) it can approximately be written as (3,4):

(2mrv)2T /y
1+(2mv)2z?

2
N-D rer
qrel(\’,T) = urel(s,v,T)dSM T

since T is independent of & and N(8) is negligibly small for & > kT at T~T K.
It follows from /i/ that the variation of dpe] in a magnetic field B is com-
pletely determined by the dependence of Dpej on B, if © is independent of B.
The latter is the case for GaAs(Mn) and S$i(In), since the relaxation peak is
not shifted by B. At high enough fieldsc:trel should be constant. Our results
for GaAs{Mn) sre shown in Figs. 4,5,6,7 (similar results have been obtained
for S8i{In) (5)). They are in excellent agreement with an approximate calcula-
tion by Yafet (6)}. We see that the attenuation for certain directions of B may
even be larger than the zero field attenuation, which is not the case for re-
sonance attenuation. From these measurements of the angular dependence of ®pe3
in moderately large magnetic fields the following information can be obtained:
(i) The absolute value of 0., in the pesk maximum (approximate condition
21tV = 1) determines N, the total number of acceptors interacting with the
ultrasonic wave, which may be compared to N, as derived from electrical con-
ductivity. (ii) From Figs. 6,7 the ratio D = D&/D¥+ of the two deformation
potential constants can be determined absolutely, and (iii) comparison with
the zero field attenuation gives the so-called reduction factors for the aver-
age deformation potential constant Drel (B = 0). We obtain: (i) For GaAs(Mn)
the ultrasonically determined N is by 14 % larger than the N from electrical
conductivity. (ii) The D values obtained ultrasonically are in excellent agree-

frn) Jroq) [#i)
GaAs(Mn)-1
o Halt W6
. HeQ5 kO

a ¥ GHz, 08K

) s

GaAs (Mn)-1
1 GHz ?
88 K

3

L
A\

a=aD%cos20-4)2.0,

o

— & {dBkm)
——» aldB/em)

»

——— H(KG)

Fig. 4 Relaxation attenuation in a Fig. 5 Angular variation of the relaxa-
magnetic field for longitu- tion attenuation with magnetic
dinal phonons in [111]. field for long. phonons in [111].



176

7 [oo1])
GaAs(Mn)-2 Vo, Lt
I - W)
¢ 400 MHz /é%%m ‘ «[(D3-D Jsin?3+3D81% bl
ES[ b bio]
S «da 0® olo _
- o £ GaAs(Mn)-2
.; . ‘ , : m L d L4 v . ; m MH: N
>3] <N it 4lx
% 2 ING -
2t < :
Ce . s & & & & a e @ o @
' L
s & 7 ' A R S —
0 3 [
HIKG) 0 30 60 90 ou 0 80

Fig. 6 Relaxation attenustion in & Fig. T Angular variation of the relaxa-

magnetic field for longitu- tion attenuation with magnetic
dinal phonons in [110]. field for longitudinal phonons
in [110]. :

s

ment with those determined from static pressure experiments for both 8i(In)
and GaAs(Mn), and (iii) the reduction factors 8, defined by (5)

Dgel = 8[1.“] (% D{‘;,)2 for a longitudinel wave in [111] direction

Df'el =8 [”OJ (% Di,)2 for a longitudinal wave in [110] direction

are BB“]

andB[no]‘

0.4 (GaAs(Mn)) and BE”] = 0.3 (8i(In))

0.7 (GaAs(Mn)) end s[”@ = 1.0 (si(In})

Tt is hoped that from the determination of B for various ultrasonic modes
some information on the symmetry of the random internal fields can be cobtained.
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