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The photothermal spectra of the shallow acceptor boron in high purity p-Ge has
been investigated for various magnetic field strengths at low temperatures. A
large number of lines observed at frequencies above the binding energy of boron
are attributed to optical excitation of quasi-bound Coulomb states, which arise in a
magnetic field below each Landau level. By comparison with calculated Landau level
energies the final states of the observed transitions can be unambigously identified.

Shallow impurities in semiconductors represent hydro-
gen-like systems for which the high magnetic field case
can be exprimentally realized by standard laboratory
magnets due to the large effective Bohr radius. There-
fore the optical excitation spectra of shallow impurities
in a uniform magnetic field have been extensively stud-
ied by far-infrared (FIR) photothermal ionization and
photoionization spectroscopy [1]. The hydrogen atom in
a magnetic field is a fundamental problem of quantum
theory, which cannot be solved in closed form because
of different symmetries of the Coulomb potential and
the uniform magnetic field. The energy spectrum of this
system consists besides of continuum states, correspond-
ing to Landau levels with quantum number n, of bound
(stable) or quasi-bound (metastable) Coulomb states de-
pending on their angular momentum quantum number
m {2,3]. Due to the relation m < n, the Coulomb
states connected with the higher Landau levels n > 1
and mm < n — 1 are degenerate with the continuum of
lower Landau levels with the same m quantum number,
to which they are coupled by the Coulomb potential.
Thus autoionization transitions may occur and, there-
fore, these states are called quasi-bound or metastable.
In contrast, the Coulomb states connected with the low-
est Landau level n = 0 and m < 0 and those with n = m,
which are not degenerate with a continuum, are bound
or stable.

In a previous investigation of shallow domors in n-
GaAs several structures in FIR photoconductivity spec-
tra could be attributed to optical transitions from the
donor ground state to those metastable states [4]. The
identification of the final states was based on the fact
that pairs of states with m = &1 separated by the cy-
clotron resonance energy hw, are optically accessible in
Faraday configuration from the donor ground state us-
ing unpolarized light. In the fourfold degenerate valence
band of tetrahedrally coordinated semiconductors the
situation is more complex because the Landau levels are
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irregularly spaced [5]. Zverev et al. analyzed p-Ge in de-
tail by investigating magneto- photoconductivity upon
monochromatic irradiation [6) and optical phonon emis-
sion induced resonant recombination of holes excited by
broad band infrared illumination [7]. For each degen-
erate Landau level they observed a single resonance at-
tributed to quasi-bound acceptor states.

In the present paper we report on FIR photoconduc-
tivity measurements on boron doped p-Ge carried out
by Fourier-spectroscopy. In high purity samples a whole
series of spectral lines has been observed and identified

from their magnetic field dependence as being attached

to the light hole Landau levels. Each line itself exhibits
fine structure which may be resolved by high resolution
laser magneto-spectroscopy.

Measurements were performed on a p-Ge sample con-
taining the shallow acceptors boron and aluminium with
a density ratio ng/nq = 10 and an effective acceptor
concentration of 2.5 x 1012 ¢m™3, The compensation
ratio was 1%. Ohmic contacts were made on the sam-
ple by alloying Al on opposite edges. The sample was
mounted at the end of a metallic light pipe fitted in
a variable temperature cryostat in the center of a su-
perconducting magnet. The photoconductivity spectra
were measured in Faraday configuration with the mag-
netic field normal to the [111] faces of the crystal, using
a commercial far-infrared Fourier- spectrometer in the
frequency range between 45 and 200 cm~!. A standard
load resistor circuit was used and the bias voltage was
kept well below the impact ionization threshold of shal-
low acceptors to avoid impact ionization nonlinearities
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The photoconductivity spectrum at zero magnetic
field obtained at a temperature of 7.5 K is shown in
Fig. 1 (a) in a frequency range between 45 and 200 cm ™.
The observed lines are due to photothermal ionization
caused by transitions from the 15372 (I'¥) acceptor
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18 LIGHT HOLES IN GERMANIUM

ground state to excited states below the valence band
edge [9]. The labelling of the lines in Fig. 1 is according
to Jones et al. [10]. From the well known spectral pat-
tern of the zero magnetic field lines the involved accep-
tors can be identified [11]. The present sample contains
predominantly the shallow acceptor boron. Above the
binding energy of boron of about 87 cm~! a continuous
photospectrum is observed caused by direct photoioniza-
tion of impurities without involving a thermal phonen.
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Figure 1: Photoconductivity spectra of p-Ge for various
magnetic field strengths. (a) B =0 : labelling after [9].
The lines are due to boron and aluminium (primed).
(b)-(d) B > 0: Faraday configuration with the incident
beamn parallel to [111] direction : the spectra show the
emergence of sharp structures in the continuum with
increasing B.
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At B = 0 T the photoionization continuum is a smooth
curve without any pronounced spectral structure.

In Fig. 1 (b) - (d) photoconductivity spectra are
shown for three different magnetic field strength up to
3.5 T in a frequency range above the threshold of di-
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Figure 2: A detail of the spectrum at B = 0.76 T. The
three strongest lines belonging to one series are indicated
by bars on a common base line and labelled by quantum
numbers (N, &).
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Figure 3: Magnetic field dependence of all lines observed
in the present study. Broken lines show Landau levels
with respect to the B = 0 ionization energy of boron
acceptor.
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rect photoionization. With increasing magnetic field
strength sharp spectral structures emerge out of the con-
tinuum. Even at a field strength as small as 0.2 T a
modulation of the continuum can clearly be observed.
At larger magnetic fields pairs of strong lines dominate
the spectra. They shift with increasing magnetic field
to higher energies similar to the light hole Landau lev-
els [12]. A careful analysis of the spectra shows that
each strong line is connected with a series of weaker
lines at higher energies (Fig. 2). In the limit of ac-
curacy of the present measurements up to three lines
of each series could uniquely be identified, which in
Fig. 2 are connected by bars and labelled by (Ny,, k).
N = n,+M;+3/2 is the usual notation of Landau levels
in spherical approximation which combines the oscilla-
tor quantum number n, with the Bloch state angular
momentum M; [5,12]. « numbers the Coulomb states
by counting the nodes of the envelope wave function on
an axis parallel to the magnetic field [2].

In Fig. 3 the peak positions of all observed line series
for magnetic field strengths up to 5.6 T are plotted as
a function of the magnetic field strength. For the sake
of clearness resonances belonging to the M; = +3/2
and M; = —3/2 Landau level ladders are presented sep-
arately. M, is the angular spin momentum quantum
number of holes. The broken lines represent the en-
ergy of calculated Landau levels [12] relative to the zero
magnetic field ground state binding energy of 87 cm™?.
These curves serve as guide lines for identification of the
observed resonances. As the magnetic field dependence
of the acceptor ground state is not known, the correct
energy separation between Landau levels and the 153/,
(T§) state cannot be plotted. Generally the ground
state, mainly constituted by heavy hole contributions,
is expected to shift slightly to lower erergies with in-
creasing magnetic field. Thus the continuum threshold
of each Coulomb resonance series must be somewhat
above the broken lines in Fig. 3.

Each line itself shows fine structure which is not well
resolved in the Fourier transform spectra. Some in-
dication of line splitting is seen for the line (11,0) in
Fig. 1 (d) at B = 3.5 T. This result is supported by
laser magneto-spectroscopy measurements, which will
be published elsewhere.

For a more detailed understanding of the observed
spectra we look at the energy level diagram of the Lan-
dau levels together with the Coulomb states. In Fig. 4
we plot the acceptor ground state and excited states
connected with each one Landau level with M; = +3/2
(30) and M; = —3/2 (1) and different m. The Coulomb
states bear the additional quantum number x. The to-
tal angular momentumn parallel to the magnetic field
m = M; + my is composed of the Bloch state angu-
lar momentum M; and the orbital angular momentum
my = ng — np [13]. Metastable states are those with
m + 3/2 < N. The second oscillator quantum num-
ber ny [5] counts the degeneracy of the Landau levels
due to the translational invariance perpendicular to the
magnetic field. This degeneracy is lifted in the presence
of impurities, which break the translational symmetry.

LIGHT HOLES IN GERMANIUM

_3
T —2 —— 2 2 -2 —23°'MJ_2
—1 —1 - — -
—0 —0 —0 -0 —0
K n n " b
=3
—_— —— 1M, =-3
—1 —— —_—1
—+ 0 —0 0
\'H. " A
\ / N\
\ / \
N/ \\
N/ 1S5
-] =_3 -1 =1 -3
m=-3  m=-5 m=-3 m=3 m= 3

Figure 4: Schematic energy level diagram including the
acceptor ground states, the 1; and 3y Landau levels and
quasi-bound states. Final states accessible by electric
dipole transitions from the ground state are indicated by
dots and for the lowest levels, by arrows demonstrating
the general structure of the spectra.

Therefore, the metastable states are expected to depend
on n; and thus on m; with decreasing binding energies
for increasing ny [2]. The acceptor ground state 1S3/,
(TF) is split into four levels with Mj = —3/2...+3/2ina
magnetic field. Actually the energy separation of these
levels is vanishingly small [14,15], definitely smaller than
the observed line splittings. Thus the fine structure of
the resonances must be due to different final state energy
levels.

The electric dipole selection rules for Faraday config-
uration and spherical approximation are Am = £1 and
mixy = —1 where m; 7 are the parity of the acceptor
ground state, m; = +1, and the excited state, respec-
tively. The parity is given by 7 = (—1)("“+""+"). These
selection rules yield allowed optical transitions to final
states marked in Fig. 4 by dots and indicated by ar-
rows for the lowest excited states. Thus, as observed,
we expect a series of lines with increasing frequency be-
low each degenerate Landau level instead of one sharp
transition as found previously. The fine structure of
the lines is attributed to energetically close lying final
states of different m but having the same . Two transi-
tions are degenerate yielding one line. Thus we expect a
fine structure of two lines. The spherical approximation,
which has been used to simplify the qualitative discus-
sion, is of limited accuracy. Indeed the cubic contribu-
tions to the potential cannot be neglected as is obvious
from the zero field structure of the spectrum. This re-
duction of symmetry mainly breaks the Am selection
rule allowing more transitions. Thus the fine structure
may have even more then two components.

In summary, optical excitations of holes from the
1832 (T'¥) ground state of the boron acceptor to meta-
stable or quasi-bound Coulomb states have been de-
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tected by photoconductivity measurements of p-Ge in
-a magnetic field. Series of up to three lines connected
with each light hole Landau level are identified belonging
to states with different «. Each line has a fine structure,
which is due to relaxation of the translational symmetry
of the cyclotron orbit due to the magnetic field.
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