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Magnetic oscillations of the half-width of the radiative recombination (the LA 709-meV) line of electronhole drops in germanium were observed. It is shown that the observed oscillations can be attributed to
oscillations of the carrier density PH in the drops. A relation is derived between dEFI EF and dpH/PH and is
used to calcuhite. with allowance for the oscillations of PH' the dependence of the line half-width A E on
the magnetic field. The calculated curve is in good agreement with the experimental data.
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As was observed experimentally [1J, the total intensity
of recombination radiation from electron -hole drops
(EHD) in germaniwn oscillates in a magnetic field.
Keldysh and Siij.n [2J have shown that application of a
magnetic field produces oscillating increments to the
free ene~y and to the equilibrium carrier density in the
EHD. In[3, 4 J, pulsed excitation and pulsed registration
of the Signal of the integrated (over the spectrwn) radiative recombination (lRC) in germanium was used and
made it possible to investigate the kinetics of the mc
oscillations, to determine the oscillations of the equilibrium carrier density PH in EHD in a magnetic field, and
to estimate the quantum yield.
It is known that in the absence of a magnetic field the
shape of the EHD radiative-recombination spectral line
is connected with the Fermi energy, EF ex: p213, from
which it follows that it is possible to estimate the carrier density from the line shape. [5J When a magnetic
field is applied, the connection between EF and PH becomes more complicated, and it was therefore of interest to investigate the EHD line shape as a function of the
magnetic field.

We have investigated experimentally the radiativerecombination line shape of EHD with emission of an LA
phonon (709 meV) in magnetic fields up to 32 kOe. The
experiments were performed on samples of pure n-type
germaniwn (ND ~ 1012 cm-3 ) measuring 5 x 5 x 0.3 mm,
placed in a superconducting solenoid at a liquid-helium
temperature T = 1.5°K. The magnetic field was parallel
to the [100] crystallographic axis of the samples. The
nonequilibriwn carriers were generated with a pulsed
GaAs laser of ~ 10 W power in pulse of 2 J.l.sec duration
and a repetition frequency 1 kHz. To avoid overheating,
the laser power was distributed over the entire sample
surface (~0.2 cm 2 ). The radiation from the samples
was analyzed, with an MDR-2 monochromator and registered with a Pulsed germanium photodiode with operating
time ~ 1 J.l.sec. To increase the signal/noise ratio,
.strobing integration with strobe-pulse duration 2 J.l.sec
was used.
The figure sh~WS the experimental half-width of the
709 meV LA line, i.e., the spectral line width measured
at the 0.5 level, as a function of the maximum intenSity
Imax. An oscillatory effect was observed: the half-width
of the EHD radiated-recombination line (the 709-meV
LA line) oscillates in a magnetic field. The measurements were performed with a delay time t = 10 J.l.sec
between the excitation pulse and the instant of registration. As shown in [4 J , at this delay time the radiatedrecombination line intensity is maximal and oscillates
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little in a magnetic field.
At zero temperature and in the absence of a magnetic
field the spectral width of the EHD radiative-recombination line is equal to the sum of the Fermi energies for
the electrons and holes (E~ + E~). When a magnetic
field is applied, the total line width is determined by the
sum of the energy gaps between the Fermi level and the
corresponding lowest Landau level for the electrons and
holes. Since kT « EF under experimental conditions,
we can neglect the temperature spread of the Fermi
level.
Let us analyze the dependence of the Fermi energy in
a magnetic field on the carrier density. According to
Keldysh and SHin, [2J the main contribution to the oscillations in the magnetic-field region considered in this
paper should be due to electrons, and the contribution of
the holes can be neglected; this follOWS also from the
anisotropic dependence of the oscillations [lJ on the
direction of the magnetic field H relative to the crystallographic axes. The dominant contribution of the electrons to the oscillations is connected with the fact that
for the same field, up to 30 kOe, the holes have a larger
number of Landau levels than the electrons, and therefore they make a smaller contribution to the EHD oscillations. [6J It can be assumed that the follOWing ex,pression holds for holes in this range of fields:
dE p ' jdPH "'~
Ei
PH
3'

(1 )

We consider the system of electrons in EHD. The
density of states vH(E, s) for the electrons in a magnetic
field, in the case of anisotropiC valleys [7J, can be written
in the form [8J
1.1 Af,!'H; rei. un.
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Half-width of the EHD radiative-recombination line (709 Me V LA
line) and eqUilibrium carrier density in EHD vs. the magnetic field;
circles-experimental, solid curve-calculated half-width, dashedcarrier density in EHD. [4]
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where J.l.B = ell/moc is the Bohr magneton; mo is the
mass of the free electron, m is the mass of the density
of states; wi =eH/mic, mi and gi are the cyclotron frequency, the cyclotron mass, and the g-factor of the electrons in the i -th valley for a given magnetic -field direction; s is the spin number, n is the number of the Landau
level, and E is the energy.
For a magnetic field directed alon, the [100] axis,
all four valleys are equivalent. Since 2J gi :::e 1.7, we
neglect the spin splitting for the case n ~ 1. Introducing
new symbols
(3)

we obtain an expression for the carrier density PH in
EHD in a magnetic field:

that mi was replaced by the spin mass ms = 2m o/gi'
The figure showed a plot of PH against the magnetic
field [4J and the plot, calculated on its basis, of the line
half-width ~E on H for mimi = 0.22/0.13. [2J The circles
denote the experimental values dependence of the halfwidth of the 709-meY LA line as a function of the magnetic field. It is seen from the comparison that the
character of the oscillations of ~E is well described by
the calculated curve.
The authors are grateful to L. Y. Keldysh and R. P.
Silin for useful discussions.
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(4)
We obtain next an expression for the ratio of the logarithmic derivatives of 6'~ and PH:
(5)

As follows from (5), when the n-th Landau level
crosses the Fermi level (nx = 1) the position of the
Fermi level does not depend on the density, and is determined by the position of this Landau level. The halfwidth of the EHD radiative-recombination line in the
magnetic field ~E, is proportional t0 2 ) ..g'~ + ..g'~. USing
relations (1) and (5), we can obtain an expresslOn for the
logarithmic derivative of the line half-width of the function of the density PH in a magnetic field
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From (6) and from the experimental data for the oscillations of the carrier density in EHD in a magnetic
field [4J. we calculated by an iteration method, the oscillations of the half-width of the EHD radiative-recombination line. For fields in which n = 0 we took into account the spin splitting of the last electronic Landau
level. The calculation was based on formula (6), except
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