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The cross-field interband magnetoabsorption
of the interband transition in germanium has been
observed at room temperature and at 77'K in
magnetic fields as low as 15 kilo-oersteds. The
most significant result of these experiments is
that we can now also study the normally forbidden
transitions M =+1 which permit the measurement
of the effective masses of holes and electrons
separately rather than the reduced or combined
mass.

It was originally shown theoretically by Aronov'
that the properties of interband transitions be-
tween Landau states are altered by the presence
of a dc electric field transverse to the magnetic
field. He predicted an oscillatory behavior of the
absorption as a function of the electric field. For
the usual semiconductor, in order to observe
this effect it would require electric fields -10~
V/cm for a field of 10' oersteds. Such values
of a steady electric field are too large, particu-
larly at low temperatures, to permit reliable ob-
servation of the effect because of heating and
possibly impurity or interband ionization at 4'K.
Therefore, in order to observe some of the pre-
dicted properties of the cross-field magnetoab-
sorption we have used a modulation technique in
which the signals are detected at twice the funda-
mental frequency of the modulation.

The experiments were carried out on germani-
um samples 7 microns thick with 8 perpendicular
to (110) plane and the infrared radiation propagat-
ing parallel to H. Periodic electric fields of
200 V/cm to 500 V/cm at 700 cps were applied
perpendicular to the magnetic field. Variations
in the intensity of the transmitted radiation were
detected with a phase-sensitive detector at 1400
cps. The contribution to the second harmonic
signal has several physical origins, i.e. , periodic
variations in the band gap due to heating, varia-
tions in the band gap due to the electric field
alone, ' and the cross-field effect considered here.
The latter consists of two parts, namely a cross-
field shift of the Landau levels and a variation of
the matrix elements with electric field. The
temperature fluctuations due to heating gave large
contributions at room temperature. Since these
variations were out of phase with the electric
field, the temperature effect could be made to
disappear by proper setting of the phase-sensi-
tive detector.

In the cross fields a number of lines were found
that were absent in the normal magnetoabsorption
observations. ' Most of the lines were "positive"
(increased absorption); some lines were "nega-
tive" (decreased absorption). The "negative"
lines coincided with normally allowed transitions.
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FIG. 1. (a) Magnetoabsorption in germanium at H
=41.8 kilo-oersteds and zero electric field. (b) Differ-
ential cross-field magnetoabsorption at second harmon-
ic (i.e. , 1400 cps) at same value of H and E =500 V/cm.
Note the existence of "positive" and "negative" lines;
T =77'K.
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FIG. 2. The variation of the amplitude of the cross-
field magnetoabsorption for the forbidden transitions
4n = +1 as a function of magnetic field at room temper-
ture. E ~ 200 V/cm.

Curve (a) of Fig. 1 shows the normal magnetoab-
sorption at zero electric field. Curve (b) of
Fig. 1 shows the cross-field differential spectrum
at the second harmonic. New additional lines ap-
pear in the latter spectrum. The amplitude vari-
ation of the cross-field lines as a function of mag-
netic field showed the behavior indicated in Fig. 2;
at the higher fields the intensity decreased with
H'in agreement with theory. Finally, Fig. 3
shows the plot of the transitions with and without
electric field. The unequal spacings are con-
sistent with the quantum effects predicted by
Luttinger and Kohnl for the valence band.

The existence of variations in the absorption
coefficient at even harmonics can be derived by
extending the theory of Aronov. He has shown
that the absorption coefficient for cross fields
takes the form

n, the index of refraction, and bm(s', n) =(-1)s m

xs in'l2 /m l(s'-m) i(n-m) i. The significance
of Eq. (1) is that the magnetoabsorption for in-
terband transitions is modified in that in addi-
tion to the allowed transitions hw = 0, the for-
bidden transitions hn =+1, +2, ~ ~ ~ can now also
occur. For an electric field E=Eo cosset the
absorption coefficient becomes e = 0.,+ h, o.
x(1+cos2&ut)+ ~ ~ ~ . Expanding Eq. (1) in powers
of a' and retaining only terms in a' (the condi-
tion a &1 is well satisfied in our experiments)
we find that for the allowed transitions hn takes
the form
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where A = 4~'e'8(2/g)"'P'/tf'n, c'm, *&a, I' is the
momentum matrix element, p. the reduced effec-
tive mass of holes and electrons p, '=m, * '
+m, " '; a =eELM/hu)c; (uc =ee/c(m, ~+m, '); I.M

-(ml*+m2+)c'E'/2H*, Sg is the energy gap,
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Similarly we can show that for the transitions
hn =~1 the differential absorption at the second
harmonic of the modulation frequency becomes

s.n =A+ 2 (m+1) i(m+1) i
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where m =n for An=+1 and m =e -1 for An=-1.
Higher order transitions can also be detected but
they will be weaker when a &1 since they will ap-
pear as second and higher even harmonics for
an =+2, +3, ~ ~ ~ with a higher order power in a.
From Kramers-Kronig relations it is also pos-
sible to obtain expressions for the differential
dispersion for modulation harmonics associated
with the forbidden transitions. These can be
detected by studying the Faraday and Voigt ef-
fects. s The results of Eq. (2) and Eq. (3) show
that the differential cross-field magnetoabsorp-
tion is proportional to the square of the amplitude
of the electric fieM and inversely to the square
of the magnetic field for terms containing (8&v

-8„„)'" and inversely to 8 for the term in
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FIG. 3, The energy of transitions for cross-field
magnetoabsorption vs magnetic field. The dotted lines
are the normally allowed transitions 4n = 0, the solid
lines are the forbidden transitions gn = +1.

(K~ -8„) '". The latter singularity predicts an
increase of the amplitude of the oscillatory effect
of the allowed transitions with a ratio of u~T,
where T is the scattering time.

The significance of the above experiment is
that we can observe the interband transitions
even at room temperature quite easily with the
cross-field modulation technique. The modula-
tion method which permits the detection of the
"forbidden" transitions represents an increased
resolving capability over the previous method.
Furthermore, these new transitions now permit
the determination of the individual spacings of
the Landau levels in the conduction or valence
band or the measurement of the effective masses
of holes and electrons separately rather than the
reduced or combined mass. Another interesting
result of these experiments is that we have found
a new method of modulating light even in modest
fields, or the order of 104 oersteds. It should
be relatively easy to extend the frequency to the
microwave region by placing the sample in a
resonant cavity in the region of maximum elec-
tric field.
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