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The theory for interband optical absorption in semiconductors in crossed electric and magnetic fields is
developed for the case of low electric field strengths by considering the electric potential as a perturbation
on the magnetic level structure. For simple parabolic valence and conduction bands the results agree with
those of Aronov, obtained from an exact solution of the effective-mass Schrodinger equation in crossed fields,
but the present method has the advantage that it can be applied to complicated bands, such as the de-
generate valence bands in germanium, whenever the energy levels and eigenfunctions in the absence of an
electric field are known. Actual calculations are presented for the case of germanium. Experimentally, the
optical absorption in crossed fields was studied using a modulation technique in which both the transmission
in the absence of an electric field and the modulation of this transmission by an ac electric field are measured
to obtain the electric-field-induced change in absorption coefficient Aa. Strain-free as well as strained thin
germanium samples were used in magnetic fields up to 96 kOe and electric fields up to 1000 V/cm. Both
allowed transitions (Az=0, —2 for germanium) and electric-field-induced forbidden transitions (An=—3,
—1, 41) can be observed in these differential spectra. A good agreement between theory and experiment is
obtained. It is shown that under favorable conditions the electron and hole masses can be determined
separately from the differential spectra. It is also found that the electric-field-modulation technique can
sometimes be used to study the allowed transitions with greater sensitivity than in the normal magneto-
absorption experiments.

In zero magnetic field the Stark broadening of the low-energy direct exciton line in a strained germanium
sample was studied upto 1000 V/cm. The linewidth was found to vary linearly with electric field, increasing
at a rate of about 160 X10~8 eV/V cm™L. This phenomenon is tentatively explained in terms of an elec-
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tric dipole moment of the short-lived exciton state.

I. INTRODUCTION

HE theory of optical absorption in semiconductors

in crossed electric and magnetic fields for direct
interband transitions between simple parabolic bands
was first formulated by Aronov.! The main implications
of his results are discussed in the next section. We
decided to investigate cross-field magnetoabsorption
experimentally and chose germanium as the material
to be studied since the structure of its valence and con-
duction bands seems to be known with more accuracy
than that of any other semiconductor. However, the
valence band in germanium is degenerate and therefore
Aronov’s theory cannot be applied. For that reason we
developed a perturbation threatment, valid for rela-
tively small electric fields, that can be applied to simple
bands as well as to complicated bands. This treatment
is similar to the one given by Hensel and Peter? when
dealing with the problem of the Stark effect for cyclo-
tron resonance in degenerate bands. These authors,
however, limited their calculation to the Stark shifts of
the Landau levels, whereas we study both these shifts
and the effects of the electric field on the transition
probabilities for interband optical transitions. This
theory is presented in two subsequent sections, the first
devoted to the case of simple bands and the second to
that of germanium. A section on experimental tech-
niques is mainly concerned with the preparation of
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samples. In order to observe the small changes in optical
absorption introduced by the application of a small
electric field we used a differential method, in which an
ac field is applied and the resulting modulation in trans-
mission measured. A modulation in transmission of 19,
can be very easily studied in this way. The character-
istics of the differential spectra for cross-field magneto-
absorption are discussed in a separate section, assuming
Landau line shapes, i.e., neglecting exciton effects. Since
exciton effects actually are known to be important in
germanium, we did experiments on the effect of an
electric field on the exciton absorption lines in ger-
manium (for zero magnetic field). Stark broadening was
observed and the influence of this effect on the differ-
ential spectra is discussed briefly. In a final section we
present the experimental results both for strained and
strain-free germanium samples. A good agreement with
theory is obtained.

II. EXACT THEORY FOR SIMPLE
PARABOLIC BANDS

The optical absorption in semiconductors due to
direct transitions between simple parabolic valence and
conduction bands having their extrema at 2=0 in
crossed electric and magnetic fields was first studied
theoretically by Aronov.! The Schridinger equation for
electrons and holes in crossed fields can be solved exactly
for nondegenerate parabolic bands, and from the eigen-
functions so obtained the optical absorption can be
derived in the same way as it was done for the case of a
magnetic field alone by Roth e al.® and Burstein and

(1;?)M Roth, B. Lax, and S. Zwerdling, Phys. Rev. 114, 90
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co-workers.# The main results of Aronov’s theory are
as follows: First, the selection rule Az=0, valid for
E=0, breaks down in an electric field and transitions
corresponding to Az=o=1, &2, - - - have a finite transi-
tion probability. Secondly, all transitions are shifted to
lower photon energies by an amount

<m1+m2) 2
c2—,
2 H?

where m; and mg are the electron and hole effective
masses, and ¢ is the velocity of light. Aronov proposed
the measurement of this shift, which should yield a value
for the sum of the masses of hole and electron. Combined
with the value of the reduced mass myms/ (m;+ms) that
can be found from the period of the oscillations in the
normal magnetoabsorption spectrum the values of m;
and m, can then be determined separately. Indeed, it
has been shown experimentally by the present author?
that in germanium the optical transition between the
zeroth Landau levels in valence and conduction bands
can be shifted to a photon energy below the gap by a
sufficiently strong electric field. From the magnitude of
the shift as a function of electric and magnetic field it
was concluded that a light-hole-to—electron transition
was involved in that particular case. Fairly high elec-
tric fields (~3X10* V/cm) were needed to obtain
measurable shifts.

We would like to point out that the same information
can, in principle at least, be obtained from a study of the
optical absorption above the gap in relatively low elec-
tric fields. It follows from Aronov’s work that for small
E, forbidden® transitions Az=4-k have a strength pro-
portional to E%*:, so that only An=-1 need be con-
sidered. With the differential technique described by
Vrehen'and Lax” and more fully discussed in the present
paper such, forbidden transitions can be readily ob-
served. Since, for these low electric fields, the electric-
field-induced shifts can be neglected, the values of m;
and m. can then be obtained from the positions of the
allowed transitions Az=0 and the forbidden transitions
An==1. Besides the fact that low electric fields can be
more easily applied to semiconductors than high fields,
there is a more fundamental reason to work with low
electric fields. In high electric fields many more transi-
tions become possible. Since the absorption lines are
usually broad, even in zero electric field only part of
the structure is resolved. With many more lines present

4 E. Burstein, G. S. Picus, R. F. Wallis, and F. Blatt, Phys.
Rev. 113, 15 (1959).

5 Q. H. F. Vrehen, Phys. Rev. Letters 14, 558 (1965).

6 Throughout this paper the term ‘“‘allowed transitions” will be
used for transitions that are allowed in the absence of an electric
field, whereas we shall call “forbidden transitions” those transi-
tions that are forbidden for E=0, but obtain a finite probability
for E#0.

7Q. H. F. Vrehen and B. Lax, Phys. Rev. Letters 12, 471

(196%).
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in an electric field, it becomes more difficult to resolve
the lines, and the net effect of the electric field is then
to smooth out the magnetic structure completely. This
is evident from previous work,’ where the main absorp-
tion peak becomes less pronounced as E increases.
Experimental data presented in a later section of this
paper also prove this point. Aronov has given the follow-
ing expression for the absorption coefficients:
KH a’
a=—- exp(-—?) > (@rtrply/ 1)1

w n,n’

X[ > bm(”;”/)a"-’—n,-zml2g(w_wnn’), 1)
m=0

where K is a constant:

2e3 / 2myma \ 112
= )2
h5’2nc2m2\m1+m2> (e’

H is the magnetic field, & the photon frequency.
g(w—w,nr) is the line shape for a transition between
individual Landau sub-bands, centered at w,,, % and #’
being the quantum numbers for the particular valence
and conduction band Landau levels, respectively. For
infinite relaxation time g(w—wnn')= (0 —wnw)~Y/2. The
summation over m extends to # or #/, whichever is

smaller,
(= 1)—mp Ly 12m

Om(nm')=
ml(n—m)\(n'—m)!
and
a= eELM/hwc )

e is the proton charge, E the electric field strength and
Ly the radius of the Landau orbit: Ly = (fic/eH)'/2 We
define m; and m; as the masses of electron and hole,
respectively, we and w,, are the corresponding cyclo-
tron resonance frequencies. w,=wewes/(Wotwe) and
Qc=0"cl‘l_0~’c2'

Want = 8g+ ("l—*'%)hwcl'l_ (n_l_%)hwﬂ
—3(mit+m2)c(EY/H?), (2)

8g is the gap energy. Limiting ourselves to small E
values, i.e., <1, we may expand Aronov’s results in
powers of ¢%, and retain only terms of order ¢® and
lower, which gives

KH
=— HZ"I P wg(w—wnn).

[0

(1a)
Py is, in the present approximation, different from

. It should be pointed out that in Aronov’s paper (Ref. 1) the
right-hand side of Eq. (6) should be multiplied by a factor
2+ ln'1)71, In the same equation the summation over 7 should
extend to the smallest of # and #’, not to #’+1. These mistakes
have erroneously been taken over in Ref. 7. We have also divided
Aronov’s result by 2z
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zero only for An=#'—#=0, 1 and we have
Pn,n,_—1=Pn—l,n= (n/2)02,
Pan=1—-[(2n+1)/2]a%. 3)

It may be noted that P, ,1+Pn st Panp=1, inde-
pendent of electric field. Obviously, as long as the elec-
tric field is low enough, so as not to mix the two bands,
the total transition probability from one band to the
other should be independent of electric field.

III. PERTURBATION THEORY FOR
SIMPLE BANDS

In the preceding section we obtained expressions for
the optical absorption in crossed fields in the limit of low
electric fields by expanding the exact expressions derived
by Aronov. One can also arrive at these expressions by
considering the electric potential as a perturbation on
the level structure in a magnetic field and applying
standard second-order perturbation theory. The cri-
terion for the perturbation theory to be valid is ¢<1.
Such a treatment has the advantage that it can be ex-
tended to more complicated bands, such as the de-
generate valence bands in germanium, or to non-
parabolic bands, as long as the eigenfunctions and
energy levels for the zero-electric-field case are known. In
this section we shall discuss this theory for simple bands.
In the effective-mass approximation the wave function
of an electron in a magnetic field can be written as

Win(t,kzssky) = [1/ (Lo L) M%] exp(ikzx+ik.2)
®a[(y/Lar)— Latka; Juio(r) , (4)

where ¢ refers to the particular band and # to the Landau
level in question, L, and L, are the dimensions of the
crystal along x and z, &, is the normalized harmonic-
oscillator wave function and #; the Bloch function at
k=0. The magnetic field is parallel to the z direction.
With the electric field along y the potential energy for
an electron is V=¢Ey (e is the proton charge) and we
have to calculate matrix elements like

1
L.L,

/ €xp (_ ik:v;,x'i_ ik z,'lzi) q>n’ *uiﬁ*eEy
X exp(ik,‘.x;—{— ik,izi)<1>nu¢0 dr. (5)

The u; have the periodicity of the lattice. Since all
other functions involved vary only slightly within one
unit cell we may approximate this integral by [a more
careful evaluation of the integral (5) is given in Ap-
pendix B7:

1
/ Uio*uio dY
VOL:cLz unit cell

X / exp(—iks;%;— 1k, 2;)®p*eEy
crystal
- X exp(ikzgxitiks2:)®a dr, (6)
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where V, the volume of the unit cell. In order for this
matrix element to be different from zero we must have
ks;=ks and k.;=k.;’ and we obtain finally

/‘I’inl * (l',k z,-,kzg) eEy\I’in (l’,k x;,kzi)dr

y y
= / <I>,.r*(——k,,-LM)eEy@n(—-—kt,.LM)dy
LM LM

=(n'leEy|n). (7)

We did not consider matrix elements between Landau
levels in different bands. In the present case these matrix
elements would correspond to the mixing of two non-
degenerate bands, i.e., the Zener effect, but this effect
can be neglected for low electric fields. Computation of
the integrals gives

(n|eEy|n—1)=(n—1|eEy|n)=eELy(n/2)!/?,
(n|eEy|n)=eEL %, (8)
(n|eEy|n')=0 for |n—n'|>1.
From these matrix elements we readily obtain first-order
perturbed wave functions and second-order energy

perturbations.
For the conduction band we have

| () ) =Nu{ | 16)+Van?| (1—1).)
+Vn,n+l°| (n+1)0>} ’ (9)
where a prime over a group of quantum numbers indi-

cates a perturbed wave function, ¢ stands for the con-
duction band, and N,°is a normalization factor:

Nn'-‘::: 1_‘%{(Vn,n~lc)2+(Vn,n+lc)z} ) (10)

eELy(n/2)1? eELy[ (n+1)/2]12

n,n—10=—_', n,ndl — .
hwcl - hwcl

Similar expressions hold for the valence band. The
energy perturbation of the levels in the conduction band
to second order is

A8no=eELu*kz;— (m1/2)c*(E*/ H?), (11)
and for the valence band,
A8, =eELyk s+ (mo/2)c?(E2/H?) . (12)

Energy shifts as predicted by this perturbation theory
are therefore the same as those from the exact theory.
It follows from the theory for magnetoabsorption that
for direct transitions between simple bands the relative
strengths of the various transitions are proportional to
the square of the product of the envelope functions of
the initial and final states. For E=0 this leads to the
selection rules: Ak,=Ak,=0 and An=0. Evaluating
these products for the first-order perturbed envelope
functions we find the selection rules Ak,=Ak,=0 and
An=0, ==1. The relative strengths of these transitions
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are
Pn,n—1=Pn—l,n= !<(nv),| {(n_l)c}/) IZ___ (%/2)(12,
P n=[{(:)'| (ne)") |*=1—[(2n+1)/2]a*

and this is again the same result as from the exact
theory.

(13)

IV. PERTURBATION THEORY FOR
GERMANIUM

In germanium the valence band is degenerate at £=0.
Aronov’s theory cannot be applied to this case. On the
other hand, the perturbation treatment discussed in the
previous section can be extended for this more complex
problem, provided the wave functions and energy levels
for E=0 are known. The problem of energy levels and
wave functions of a degenerate band in a magnetic field
was studied by Luttinger and Kohn.? Their results were
extended by various authors, including Roth,® Good-
man,!® and Evtuhov.!! We shall closely follow Roth’s
work. Wave functions and energies at 2,=0 are of most
interest to us, since they determine the strength and
positions of peaks in the magnetoabsorption spectrum.!?
At k,=0 the valence-band wave functions can be written
in Roth’s notation as

| naz)= a1 1t @n2(0)th10F 02, nE 0n(X)t020,

14
| #b=E )= b1, 0t @n2(t) %30+ b2,nE @u (1) %40 (14

(naileEy|n'aj)=An n*eELy,

An,n—lij= al,nial,n——lj[(”—2)/2:]1/2+a2,ni02,n—-1j(n/2)112 P
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and the conduction-band functions
[ nB)= @n(1)Ss.

The coefficients a;,,* and b, ,%, where 4+ and — stand
for light and heavy holes, respectively, can be obtained
from the secular equations for the energy. The u;, are
Bloch functions for the valence band, .S for the conduc-
tion band, « and B indicate spin up and down,

|nay= ¢n(r)S. and (15)

1 ) y
<p,,(r)—(zx—[;—)—”—2exp(zkzx)®,,(LM LMk;;). (16)

Let us now consider the matrix elements of the electric
potential between the valence band states. Since these
matrix elements contain the products of the Bloch func-
tions, as argued before, we see immediately that those
between a and b series states vanish. In other words, the
electric field does not mix the ¢ and b series.'*'5 Further-
more, it follows from the orthonormality of the various
states

an
(18)

{na=t|eEy|naF )= (nbx|eEy|nb+)=0,
(na=|eEy|naz)= (nb=|eEy|nbt)=eELy’k,.

The last line shows that in first order all the levels
undergo the same shift, and this shift is equal to that
for simple bands:

(19)

A 1= a1,n%01 n1’ (n— 1)/2]1/2+02.nia2‘n+1"[(”+ 1)/2]42;

iand jrun both over +and —. 4, . ¥=0for |n—n’| > 1.
For the b series we replace the @’s by &’s and 4’s by B’s.
The unperturbed energies of the various levels we in-
indicate by 8,°* and ,%* and we define

€n 9= (heH /mc){ §i— 8,097} .

With this definition the second-order shift for the #th
light-hole level in the a series is given by

MPE? (A it Ay uyrt
A28na+= +
H? en,n-—l‘H—_’- en,n+l"'++
A’/ln,n~1+_2 AAn,rH—l_'__2
+ - . (o)
en,n—1a+_ en,nqt-la_{—_

9 J. M. Luttinger and W. Kohn, Phys. Rev. 97, 869 (1955); J.
M. Luttinger ibsd. 102, 1030 (1956).

10 R. R. Goodman, Phys. Rev. 122, 397 (1961).

1y, Evtuhov, Phys. Rev. 125, 1869 (1962).

2 Evtuhov (Ref. 11) has shown that crossing can take place at
k,70. Near the crossover points the present perturbation theory
is not valid. However, crossing takes place at relatively large
values of k., which are of little concern to us. We neglect these
difficulties.

We furthermore define

A n.n,ij Lyme
-, and C= ’
€n,n %% nH

Vn,n’ ol =

where m is the free-electron mass.
The first-order perturbed wave function for the nth
light-hole level can now be written as

[(na+)")=Nu*{[na+)4(Z Vawtiln'af))CE}, (21)

n’ takes on the values z—1 and #+1; j runs over +
and —. N, is again a normalization factor, which, in

13 When the warping of the energy surfaces is taken into account
fully, the eigenfunctions are linear combinations containing all
four band edge Bloch functions #o- « <#40. The electric field then
does mix the ¢ and b series. This effect, however, is small for ger-
manium. Recently, Shindo (Refs. 14 and 15) has calculated the
Stark shifts of the valence-band Landau levels in germanium,
taking into account the warping of the energy surfaces correctly.
The author is grateful to Dr. Shindo for sending him a preprint
of his work.

14T, Shinde, in Proceedings of the 7th International Conference on
the Physics of Semiconductors, Paris 1964 (Dunod Cie., Paris, 1964).

15 T, Shindo, J. Phys. Chem. Solids 26, 1431 (1965).
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the present approximation has the value
N,ot=1—3CE? 3 (V,,wt9)2=1—-3K, ¢t C2E2. (22)
n’,j

Similar expressions hold for the heavy-hole states of the
a series and for light and heavy holes in the & series.
For the conduction band we write the perturbed wave
functions as

| (ne)"y=No{ | na)+ Va1 n—1,a)
Vs n+-1,0))CE}  (23)

and similarly for 8. In the conduction band, of course,
the electric field does not couple « states with 3 states.
The coefficients N,%, Va,n-1% and V, ,+1* can be ob-
tained from the theory for simple bands.

The matrix elements for optical transitions between
the perturbed states in valence and conduction band
can now be expressed in terms of those for the unper-
turbed states. The latter are known from Roth’s work.
We define the following operators, corresponding to
polarized radiation in the oy, o_, and 7 configuration!é

Pz if’y
o=,
(X|pal SV2
patipy
o=
(X|ps| SIV2
—_— PZ
rT=—
(X1 pe|S)

Then the matrix elements governing the direct inter-
band transitions are given by

(nax|o_|n—2,0)=+a1.*,
(na=k | oy | na)=—(1/V3)az  *,
(nb=| oy |nB)=+b2 %,
(nb=|o_|n—2,8)=—(1/V3)b1 %,
(na|w|nB)=—(2/A/6)as %,
(nb=t || n—2,a)=4(2/4/6)b1,n*.

Generally speaking, for E=0, two types of transitions
are allowed, namely Az=0 and Az=—2. In an electric
field the intensity of these transitions is decreased
whereas formerly forbidden transitions An=—3, —1,
+1 now obtain a finite transition probability. For
E=0, for a given series (¢ or 4) and for a given polariza-
tion (04,0 or ) only one type of transition occurs:
either Aw=—2 or A»=0. In an electric field this transi-
tion is decreased in intensity and forbidden transi-
tions An=—3, —1, or Az=—1, 41 are introduced,
respectively.

Experimentally, we applied a differential technique.
For the allowed transitions we are interested in the

(24)

16 We use the conventional notation: oy corresponds to left-
handed circular polarization, absorption of a ¢, photon to a transi-
tion Am=-1. Roth apparently adopted the opposite notation.
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change in the square of the matrix element due to the
electric field, whereas for the forbidden ones we are
interested in the electric-field-induced intensity itself,
all to second power in E. Formulas were derived by the
present author for transitions from both the a and &
series and for the three polarizations oy, o, and 7. The
results for o_ and light holes in the ¢ series are

[{(na+)'|o_| (n—2=1, a)l>[2=E2q2{al,n;}:1+Vn,nila++

+a1,n11 Vi, ng1®T 0127 Vacog1,n—2%)?, (25a)
—A((na+) |o-| (n—2,0)")|?
=|((na+)"|o—| (n—3,2)") |2
+[{(na+)"[o—| (n—1,0)")[2, (25b)

where
Al{(na+)'|o-| (n—2,2)") |2
= [((rat o] (n—2,0)) > [ (at | o_|n—2,0) .

These expressions are correct to second power in E.
On the right-hand side of Eq. (25b) we have omitted a
number of terms which can all be proved to be small.
These terms are fully discussed in Appendix A. The
expressions for heavy holes are obtained by replacing
everywhere 4 by — and vice versa; those for the &
series by replacing e by b, ¢ by 8 and multiplying the
result by a factor 4. For oy radiation and transitions
from light hole ¢ series levels:

[{(na+)|os| (n£1,0)") |2=32E2C%{ a2, ns1™V  ng1o+

+aZ,nil—Vn,nﬂ;la+«+a2.n+ynd;1.na} 2 ) (263')
—A[((rat) |o | (n,0)")]?
= |[((na+)"|oy| (n—1,0)") |2
+[((na+)'| o | (n+1,0)) 2. (26b)

The expressions for the b series follow from these by
replacing @ by &, « by 8 and multiplying the result by a
factor of 3. Finally, for = transitions, we obtain
[{(na+) | 7| (n=£1,8)")|2=2E2C*{as,nsx*Vr,np1®t+
+az,n:j:1_Vn,ni1'H_+a2,n+Vn;]:1,nﬂ}2 ) (278,)
—A[{(na+) | 7] (18)) 2= [{(na+)'| x| (n—1,8)") |2
+[{(na+)"| x| (n+1,8)) |2, (27b)
whereas now the transitions from the & series are given
by
[{(nb+) | 7| (n—2+1,2)") |2=2F2C%{(b1,n41 Vi, nga®

01,011 Va,ng1 - Vaag1,0-2%01,,7}2, (28a)
—A[{(md+) | 7| (n—2,0)")|?
= |[{((nb+)'| 7| (n—3,2)")|?
+I<(nb+)'l7r|(n—1,a)’>|2. (28b)

For simple bands we found that the electric-field-
induced decrease in intensity of the allowed transitions
n— n just equals the sum of the intensities for the
forbidden transitions »— #—1 and #— n+1. From
Egs. (25) through (28) we see that this is approximately
true for germanium. A complete discussion of the trans-
fer of transition probability is given in Appendix A.
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The coefficients expressing the coupling between light
and heavy holes, such as V,, 1% = nat/
€n,n1°T") are generally small for two reasons. First,
since  @y,n—1t@1,n—1"F2,n—1702,»1~=0 and since the
a’s vary smoothly with %, the numerators 4, 1t
=a1,n 01,01 [(8—2]/224 ag ntas,na— (n/2)'/2 turn
out to be relatively small. Secondly, the energy de-
nominators e,,,—1t— are rather large (as compared to
€n,n—1"TT O €,,,—1%7), especially for higher quantum
numbers 7. The coupling between light and heavy holes
is thus seen to be rather weak. We have already
established the fact that there is no coupling at all be-
tween the @ and b series. This then means, that to a
good approximation the electric field affects each of the
four valence-band ladders separately and each ladder
behaves under the influence of the electric field almost
as a simple band, apart from quantum effects for small
numbers #. Since now for simple bands the electric-field-
induced transition probabilities are proportional to
(m1+m2)? and since (mi~+ms) is about 4 times larger
for electron and heavy hole than for electron and light
hole, one might expect the heavy-hole transitions to
show up much more strongly in our differential spectra
than the light-hole ones. We have indeed observed that
the lines due to heavy-hole transitions are stronger in
the differential spectra than in the magnetoabsorption
spectra when compared with light-hole transitions. This
predominance of the heavy-hole transitions, however, is
not as pronounced as one would predict from the transi-
tion probabilities alone, a phenomenon that finds its
explanation in the fact that for heavy holes the energies
of forbidden transitions An=-1 are very close to the
energy for the allowed transition Az=0. This point is
discussed further in the section on the characteristics of
differential spectra.

V. EXPERIMENTAL TECHNIQUES

Most of the experiments were made on a sample of
intrinsic germanium, mechanically polished to a thick-
ness of 7 u, and freely mounted, i.e., not glued to a glass
substrate. This was essential in order to prevent strains
in the sample at low temperature!” which would in-
validate the comparison of theory with experiment. To
avoid heating of the sample on the application of an
electric field, it was brought into direct contact with the
liquid-nitrogen bath and only samples which showed a
high resistivity at 77°K were used. The sample had a
width of 2 mm, and 2 length of 2 mm between electrodes.
Electrodes were attached to both ends of the sample.
These electrodes must fulfill the following requirements:

(a) They must provide good electrical contacts,
even at 77°K.

(b) They must allow the sample to contract freely
when cooled down to 77°K.

7 G. G. Macfarlane, T. P. McLean, J. E. Quarrington, and V.
Roberts, Phys. Rev. Letters 2, 252 (1959).
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(c) Both the electrode and the conducting glue used
to attach the electrode to the sample must be ex-
tremely thin, because otherwise the strains in the
sample, set up in the contact region at cooling, will cause
the sample to break.

The following solution proved to be very useful. The
electrodes were applied to the sample before it was re-
moved from the optical flat on which it had been
mounted during the polishing process. First, a drop of
Viking LS 232 liquid-metal alloy'® was put on both
ends of the sample and left there for about 24 h. This
material wets almost any surface and it alloys with the
germanium so as to give a good metal to semiconductor
contact. After 24 h most of the Viking LS 232 was re-
moved and only a thin layer left. This was necessary
both to obtain a thin structure (requirement ¢) and to
prevent the ends of the germanjum sample from even-
tually dissolving completely in the alloy. Next, strips of
2-p-thick gold foil were glued to the contact areas with
the conductive cement Eccobond 57C.1 This material
sets at room termperature in about 8 h, and, when
properly diluted, can be used in layers as thin as 1 .
The sample was then removed with acetone from the

WINDOW 7 A

GOLD FOIL (24)

WINDOW

GERMANIUM SAMPLE (7p)

PHENOLIC

Fic. 1. Sketch of sample holder. The 7-u-thick germanium sam-
ple is placed between two fused-silica windows. Thin gold foils
(2 u) connect the ends of the sample to brass screws from which
copper wires run out of the Dewar for application of electric fields.
The gold foils allow the sample to contract freely when cooled
down. Small holes A and B let the cooling liquid enter the sample
holder, but the sample is protected against violent bubbling of the
cooling liquid.

18 A ternary eutectic of the mercury-indium-thallium system,
marketed by Elmat Corporation, Mountain View, California.
1 Emerson and Cuming Inc., Canton, Massachusetts.
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substrate and could be handled easily with tweezers at
one of the gold foils attached to it. The sample was then
put in a holder, with the gold foils glued to brass screws,
to which copper wires were soldered for applying the
electric fields. A diagram of the sample holder with
sample mounted in it is given in Fig. 1. The sample is
between two glass plates. Small holes allow liquid
nitrogen to enter between these glass plates, but the
sample is protected against damage from the violently
boiling liquid present around the sample holder when the
Dewar is being filled. A second sample backed onto a
substrate and therefore strained at 77°K was used in
some experiments, because it showed somewhat nar-
rower absorption lines. This sample had a length of
15 mm (between electrodes), a width of 2 mm and a
thickness of 7 u. For this sample we measured current
versus voltage characteristics at 77°K (see Fig. 2). The
current is a superlinear function of V. The resistance
over the whole range was greater than 100 MQ. It
should be mentioned that we have little information
about the uniformity of the electric field over the
samples. Our main interest was in the spectral depend-
ence of the differential absorption for a given voltage.
In the low electric-field region the spectral variation
of the differential absorption does not depend on elec-
tric field strength, although its magnitude varies as E2
Therefore, when the electric field is not completely uni-
form, various parts of the sample will still contribute
the same differential spectrum but with possibly differ-
ent magnitudes.

A Bitter-type magnet with a 2}-in. bore and a 1}-in.
radial access hole was used, giving magnetic fields up to
96 kG at 5 MW. The sample was in the Faraday con-
figuration, i.e., infrared radiation passed through the
sample parallel to the magnetic field. A standard optical
apparatus was employed, having a tungsten lamp as a
source, a Perking-Elmer double pass grating mono-
chromator (equipped with a 1.6-4 Bausch and Lomb
grating) in the fore-optics and a lead sulfide detector.
Signals were amplified with a Tektronix 122 pre-
amplifier, rectified with the Princeton JB4 phase-
sensitive amplifier and fed into a recorder.

Electric fields up to about 1000 V/cm could be
applied. The differential spectra were obtained by first
measuring the transmitted intensity I with no electric
field present (this was done with the light beam inter-
rupted periodically by a chopper) and next measuring
the modulation in the transmitted intensity AI due to
an oscillating electric field (the light beam not being
chopped now). The differential absorption coefficient
Aa is then given by Aa=—(1/d)(AI/I), where d is the
thickness of the sample (see next section).

VI. CHARACTERISTICS OF DIFFERENTIAL
SPECTRA

Neglecting interference effects, which are small in-
deed if ad>1 (o the absorption coefficient, d sample
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F16. 2. Current-voltage characteristics for germanium sample IT
at 77°K. This sample has a thickness of 7 u, width of 2 mm and
length of 15 mm between electrodes. The sample is backed to a
glass substrate.

thickness), the transmitted intensity 7 is related to the
incident intensity I, by

I=(1—R)*I, exp(—ad), (29)

where R is the reflection coefficient at the surface. If a
small change Ae is introduced in the absorption co-
efficient, e.g., by an electric field, and if we neglect
changes in R we find

Aa=—(1/d)(AI/I). (30)

A plot of (—AI/I) as a function of photon frequency we
shall call a differential spectrum. Expanding « as a func-
tion of E about £=0 one has

2

da 1 9%
o(E)=a(0)+—E+——F>+---. (31)
0E 20E?

In the case of cross-field magnetoabsorption the linear
term vanishes and we obtain
62

1
Aa=a(E)—a(0)=- —F2t - - (32)
2 0FE2

Suppose we apply a dc electric field Eq superimposed on
which is an ac field E; coswet. Then the differential
absorption coefficient is

1 9% Ey?
Aq=— —— { (E02+——~)+2E1E0 COSwol
2 0E? 2
Ey?

+—2'— COSZwot} + . (33)

which contains components both at the fundamental
frequency and the second harmonic frequency. For the
first of these, we find the amplitude

Aawy=E1E((0%/dE%)+ -« -. (34)
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From Eq. (1) we see that the absorption spectrum con-
sists of a superposition of individual absorption lines
whose intensity Q.. (E) and position w,.(E) (as a
function of photon frequency) are dependent on E, but
whose line shapes are constant and equal for all of the
lines.

a(w,B)= 2 Quw(E)glo—wum(E)), (35)

where Quu (E)=(KH/w)Pyy and w...(E) is given by
Eq. (2). Using the fact that 9Qun/dE= 0wnn/dE=0 at
E=0, we find

(j_f;g),g:o: E(ﬁ%ﬂgh:og(w—wm(o»

Og(w—wnnf)/azwm:
\ 9E?

0 (0) ) . (36)

Transitions for which Q,.(0)20 are allowed in the
absence of an electric field. For these transitions there
are two contributions to the differential spectrum, one
having the normal line shape g(w—waa-) and the other
the derivative line shape dg(w—wnas)/dwnns. Transi-
tions for which Q,.+(0)=0 are forbidden in the absence
of an electric field. These contribute lines of standard
shape g(w—wan) to the differential spectrum. In order
to construct specific models for the differential spectra
we now assume a line shape, following Roth3:

(0—nn)F[(0—wnn )24 (1/72) J1/2) 12
g(w"‘wnn’): ,

2[(w0—wa)*+(1/7%) ]

awnn’

dg(w—wanr) 3

awnn’
_ Ao em)—[@—wm )+ 1/ ] o)
2L (@—wun)+(1/72)] SE

The height of g(w—wan) is proportional to 7'/2, that
of 9g(w—wnnr)/dwnn is proportional to 732, In Fig. 3

0.9
0.81—
0.61—
0.4—

0.21—

wT

F16. 3. Landau line shape g(w) and its derivative, both normalized
with respect to the relaxation time 7, as a function of wr.
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we have plotted (1/7/%)g(w—wnnr) and (1/7%/2)
X[0g(w—wnnr)/dw] as functions of (w—wpn)7. It is
interesting to compare the relative magnitudes of the
contributions to the differential spectrum proportional
t0 g(w—wnar) and dg(w—wan)/dwnns for a given allowed
transition. Since glw—wann) and (1/7)[dg(w—wnnr)/
dwnns | have relative heights independent of 7, we have
to compare (8%Qnn/0E?) goo With 70,,(0)(8%wnr/E2) p—o.
For simple bands, one finds

0%Wnn °Qun 1
Tan(0)< ) /( ) = WeT .
0E2 E=0 6E2 E=0 2n-|-1

The contribution of the derivative line shape is, there-
fore, important only for w,7>>1 and small values of #.

For simple bands we find from Egs. (1a) and (3) the
following expression:

(38)

R K (mi+m2)%c?
< ) =— X 7!2G(w)
=0

9E2 w heH*

G(w)=—1/— > [~(2n+1)g(w—wm)
7% =0 (39)
Fnglo—wpn1)+m+1)g(0—wnni1)
1 9g(w—wnn)
v

To study the influence of the parameters m1, m., and
w.7 on the differential spectrum we calculated G(w) for
various values of these parameters.?? We first took
me=2m;, which is the optimum situation for resolving
both allowed and forbidden transitions, and Q,7=27, 9,
3, 1. The results are presented in Fig. 4. Three features
are of importance. First, the contribution of the deriva-
tive line shape, resulting from the electric-field-induced
shift of transition energy for allowed transitions, is
appreciable for Q,7=27 but can be neglected for the
lower values of Q.7. Secondly, the forbidden transitions
are only well resolved for Q,7>9. For smaller values of
7 the differential spectrum shows broad oscillations
with the same period as the normal magnetoabsorption
spectrum, i.e., the period is determined by the reduced
effective mass for electrons and holes. This indicates
that the differential spectrum can be used to measure
electron and hole mass separately only under rather
favorable conditions, namely with a large value of Q.7
and the ratio of the two masses close to 1:2. Thirdly,
it is seen that the amplitude of the oscillations in G(w)
drops off sharply for Q.7 near 1. This is even more pro-
nounced for the differential spectrum itself, which is

20 For the calculation of G(w) a finite number of terms in the
series was taken. Even though we were only interested in G(w)
in the neighborhood of the first few transitions, many more terms
in the series had to be taken into account, especially for small Q,r,
in order to include properly the effect of tails of the higher
transitions.
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proportional to 71/2G(w). The physical reason for this is
the following. The decrease in intensity for allowed
transitions Az=0 resulting from the application of an
electric field just equals the increase in intensity of the
forbidden transitions Az=41, as we have seen before.
If these transitions are broadened sufficiently to overlap,
they will cancel out to a certain degree. In germanium
this effect will be more pronounced for heavy-hole
transitions than for light-hole transitions. In Sec. IV
we found that heavy- and light-hole transitions can al-
most be treated separately. We therefore calculated the
differential spectrum for simple bands, with the follow-

= WON VS
-

/
a Q¢rv=27

o —

-'/ b n,r:/ \/ \
E 0.5}— /\
o \
NI VAR
> A~/ \

oo —~—" \\/ \
MR [ [

Fi16. 4. The quantity G(v) defined in Eq. (39) for ms=2m, and
for (a) Qer=27, (b) Qer=9, (c) Qr=3, (d) Qer=1. The position
and relative intensity of the lines in the differential spectrum as
calculated from perturbation theory is given in (e). Positive lines
correspond to An=z1 forbidden transitions, negative ones to
An=0 allowed transitions. For Q.7=9 and Q.7 =27 the forbidden
transitions are resolved. The positive peaks just below the allowed
transitions for Q.7 =27 are due to the presence of the derivative of
the Landau line shape, which stems from the electric-field-induced
shift in transition energy. Note the decrease in amplitude of the
oscillations with decreasing Q,r.

ing sets of parameters:

me=mi, we,T=4,

mo= 101%1 s wclf=4 .

The first set of parameters gives a model for light-hole
transitions, the second for heavy-hole transitions.
was taken the same in both cases and corresponded
roughly to the value we found for our measurements at
96 kOe. The results are given in Fig. 5. The oscillations
in G(w) have approximately 14X larger amplitudes for
light holes than for heavy holes. Since on the other
hand the factor (m;+ms)? in Eq. (39) is about 16 times
larger for heavy holes than for light holes, we expect the
differential spectra to have comparable magnitudes for
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F16. 5. The quantity G(w) as defined in Eq. (39) for (a) mi=m:
wer=4 and (c) ma=10m1, wer=4. (b) and (d) show the calculated
strengths and photon energies of individual lines in G(w). The
spectrum (a) is a model for light-hole—electron transitions and (c)
for heavy-hole-electron transitions.

the two series of transitions. As already mentioned at the
end of Sec. IV we have found the heavy-hole transitions
to be somewhat stronger in the differential spectra than
in the normal magnetoabsorption spectra when com-
pared with the light-hole transitions. This probably indi-
cates that the w,,7 is actually somewhat larger than 4,
the value used in these calculations.

VII. EXCITON STARK BROADENING

Up to this point we have discussed magnetoabsorp-
tion and cross-field magnetoabsorption neglecting exci-
ton effects, i.e., neglecting the Coulomb interaction be-
tween electron and hole. However, excitons are known
to affect the optical band edge strongly in the absence
of a magnetic field,?':?2 as well as the absorption lines in
a magnetic field.?s:2¢ The question thus arises how exci-
ton effects might influence the differential magneto-
absorption spectra. In order to gain some insight into
this problem we studied experimentally the effect of an
electric field on the exciton absorption in zero magnetic
field. We used a germanium sample backed to a glass
substrate and therefore strained at 77°K, so that two
exciton peaks were observed at this temperature.!” Two
types of measurements were made. One consisted of
measuring the absorption coefficient with an electric
field applied to the sample. In the other we applied a
dc electric field to the sample superimposed on which
was a small ac field, so that differential spectra could
be measured as a function of applied dc field. The re-

2 G. G. Macfarlane, T. P. McLean, J. E. Quarrington, and V.
Roberts, Proc. Phys. Soc. (London) 71, 863 (1958).

2 R. J. Elliott, Phys. Rev. 108, 1384 (1957).

(12936%5 J. Elliott and R. Loudon, J. Phys. Chem. Solids 15, 196

% D. F. Edwards and V. J. Lazazzera, Phys. Rev. 120, 420
(1960).
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F16. 6. Absorption and differential absorption in the direct
exciton region in germanium at 77°K and for various values of
applied dc electric field. Strain is present in the sample and con-
sequently two exciton peaks are observed. The modulating voltage
used for obtaining the differential spectra had a peak amplitude
of 75 V/cm.

sults are shown in Fig. 6. The absorption data show that
the exciton lines broaden in an electric field. At 933
V/cm the exciton absorption peaks have almost dis-
appeared and merged into the continuum absorption.
Stark broadening of exciton lines and their merging into
the continuum was first observed by Gross?® and others
for higher members in the series in Cu.0O. The effect
has been interpreted?® as being due to field ionization of
the exciton state. The theory of field ionization of
excited states of the hydrogen atom has been treated by
Lanczos.? His theory predicts the linewidth to be an
exponential function of the applied electric field. The
differential spectra are consistent with the picture of
line broadening. We focus our attention on the domi-
nant, i.e., lower energy exciton. The negative peak in
the differential spectra coincides in energy with the
exciton absorption peak at £=0, its position being very
nearly independent of field up to 933 V/cm. If the effect
of the electric field is to broaden the absorption line,
without changing either its position or its line shape,
then the difference in photon energy between the points
4 and B (see Fig. 6) of zero differential absorption at a
given electric field E is proportional to the width of the
absorption curve a(E). Actually, for a Gaussian line
shape the difference in photon energy between 4 and B
would be equal to the width of the absorption line be-
tween inflection points. We therefore define the width
of the exciton line as the width of the differential curve
between the points 4 and B. The width of the exciton

% E. F. Gross, Progr. Phys. Sci. 63, 575 (1957).

L. V. Keldysh Zh. Eksperim. i Teor. Fiz. 34, 1138 (1958);
[English transl.: Soviet Phys.—JETP 7, 788 (1958 ) ]
( “97C) Lanczos, Z. Physik 62, 518 (1930), 65, 431 (1930); 68, 204
1931
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line defined in this way as a function of electric field is
plotted in Fig. 7. It is seen that the width varies linearly
with applied field. The slope of the straight line, which
has the dimension of anelectric dipole moment, is about
160(eV)cm/V, which is of the order of magnitude of the
electron charge times the exciton radius. From the re-
duced effective mass for electron and heavy hole and
the dielectric constant for germanium one calculates the
Bohr radius of the exciton as ~210 A. Lanczos’s theory
is valid only if eER/8;K1, where E the electric field
strength, R the radius, and &, the binding energy of the
state from which field ionization takes place. [Note
added in proof. Recently C. B. Duke and M. E. Alferieff
have calculated the broadening of exciton lines by field
ionization up to higher values of the electric field. {C. B.
Duke, Phys. Rev. Letters 15, 625 (1965); C. B. Duke
and M. E. Alferieffi (to be published)}. The electric
field strengths considered, however, are still mostly
smaller than those in our experiment. The agreement

)
T

Fic. 7. The width of
the lowest energy ex-
citon line as a function
of electric field. The
slope of the straight
line corresponds to an
electric dipole moment
of 1 electron charge at
a distance of 160 A.
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between their theory and our experimental result is
only qualitative, at best. The author is grateful to Dr.
Duke for a stimulating discussion.] This requirement
is not fulfilled in our measurements. We propose the
following qualitative explanation of our results. Con-
sidering the exciton states as hydrogen atom like
states Elliott’® has shown that optical excitation takes
place only into S states. However, the width of the
experimentally observed line, probably due to lifetime
broadening, is about as large as the binding energy of
the fundamental state, i.e., the lifetime 7 is such that
/7= &so, Eno being the binding energy of the 1S state.
In such a case the exciton states cannot properly be
considered to be stationary hydrogen-likestates. Rather,
one would expect the states to be superpositions of
stationary states for various quantum numbers #, I, m,
the optical excitation still being to the .S part of such a
mixture. Insofar as mixtures of states of opposite parity
are involved, these mixed states will have a finite elec-



145

tric dipole moment. The dipole moments will have a
random orientation in space and their magnitudes will
have a statistical distribution around some average,
which we would expect to be of the order of electron
charge times the Bohr radius for the exciton. An elec-
tric field will then broaden the line through a first-order
effect of the electric field on the dipole moments. Thus, a
broadening linear in E would result. Furthermore, one
would expect the increase in linewidth to be of the
order of 2pE where  is the average magnitude of the
dipole moments.

As to the influence of exciton binding on the differen-
tial spectra we draw the following conclusions:

(1) If, as is most probably the case, absorption
peaks in general correspond to exciton states con-
nected with the Landau subbands, then the energies
of the experimentally observed peaks, both for al-
lowed and forbidden transitions, should be lower
than those calculated for Landau transitions by the
exciton binding energy, just as in the case of the normal
magnetoabsorption.

(2) For forbidden transitions we had only one con-
tribution to the differential spectrum, that due to the
electric field induced transition probability. In the
presence of exciton effects this will still be so, the
Landau transition line shape now being replaced by an
exciton line shape.

(3) For allowed transitions we had two contributions
to the differential spectra, one resulting from a decrease
in transition probability, the other from the electric
field induced shift in transition energy. Both contribu-
tions are affected by exciton effects only in that the
Landau line shape and its derivative should be replaced
by the exciton line shape and its derivative. In addition,
there may now be an effect due to line broadening, which
will further change the line shape. However, the main
feature of the differential spectrum for an allowed
transition without exciton Stark broadening is a nega-
tive peak at the energy of the transition. The main
feature of the differential spectrum for Stark broadening
again is a negative peak at the energy of the exciton.
The combined effect will thus again be mostly a nega-
tive peak at the energy of the transition (which, as
mentioned under (1) is now modified by the exciton
binding energy).

Thus we see that, even in the presence of exciton
effects, the major features of a differential spectrum are
positive peaks at the energies of forbidden transitions
and negative peaks at the energies of allowed transitions.
The conclusions we arrived at in the preceding section
on the basis of Landau line shapes remain valid in the
presence of exciton effects.

Finally, we mention that, for H=0, exciton struc-
ture can be observed more easily in a differential spec-
trum than in a normal absorption spectrum. In GaAs
structure similar to that of Fig. 6 was found at room
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temperature,? although no exciton lines could be ob-
served in the normal absorption spectrum.

VIII. EXPERIMENTAL RESULTS FOR CROSS-
FIELD MAGNETOABSORPTION

The bulk of the experimental results to be presented
in this section are for a “strain-free” sample, for which
we can readily compare theory with experiment. How-
ever, some data were taken on the strained sample that
was also used for the exciton broadening experiments,
Since the absorption lines were narrower in this sample,
the differential spectra show more detail. On the other
hand, we cannot very well compare these spectra with
theory, the magnetic level structure in a strained sample
not being known. Figure 8(a) shows the normalized
transmission for ¢, radiation, H||[110], H=44 kOe
both without an electric field and with a field of 900
V/cm applied to the sample. In the electric field a new
dip in the transmission curve becomes apparent at
about 908 meV; a direct observation of an electric field
induced transition. Forbidden transitions are more
clearly observed in the differential spectrum, as pre-
sented in Fig. 8(b). Here the allowed transitions show
up as negative peaks, and a number of positive peaks
indicate the presence of forbidden transitions. Unfor-
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Fic. 8. Normalized transmission and differential absorption in
a strained germanium sample at 77°K and H =44 000 QOe. In the
transmission curve B an extra, electric field induced absorption
line is observed (see arrow). Forbidden transitions are more easily
seen in the differential spectrum. The transitions (1) and (2) are
allowed transitions, (3) and (4) are electric-field-induced forbidden
transitions. Tentatively, the following assignment has been made:
(1) 1504+)— |08), (2) |614+)— |18), (3) [b1+)— |08), and
4) [50+) — [18).

28 Q. H. F. Vrehen, Bull. Am. Phys. Soc. 10, 534 (1965).
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tunately, no complete theory is available for the mag-
netic level structure in a strained sample. Hasegawa?®
and co-workers have calculated the energies of the low-
est transitions in germanium, with strain parallel to
magnetic field and both parallel to [110], including
Coulomb binding effects. From their work it is apparent
that the allowed transition, indicated as 1 in Fig. 8(b)
is the transition 04— 08, i.e., from the zeroth light-
hole level in the b series to the zeroth spin-down level in
the conduction band. Comparison with the spectrum
calculated for strain-free samples then suggests that 2
corresponds to b1+— 18, and the forbidden transitions
3 and 4 to 814+— 08(An=—1) and b0+— 18(An=+1),
respectively. In fact from the difference in energy for
line 3 and 2 one calculates the electron mass in the con-
duction band as m;=0.037m, in good agreement with
the results of Roth et al.? One also finds that the separa-
tion of the levels =0 and #»=1 in the light-hole &
series equals 19.8X ieH /mc, in good agreement with
the theoretical predictions for an unstrained sample.
This experiment thus shows the possibility of deter-
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Fi6. 9. Magnetoabsorption and cross-field differential absorp-
tion in “strain-free” germanium at 77°K and 96 kOe. HJ|[110].
Polarization o. (a) magnetoabsorption spectrum, (b) calculated
absorption spectrum, (c) cross-field differential spectrum measured
with £4.=1000 V/cm and E.,=250 V/cm (rms), and (d) calcu-
lated differential spectrum, the positive lines corresponding to
forbidden transitions, the negative lines to allowed transitions.
For clarity of presentation, the strengths of heavy-hole transitions
are shown on a 10X smaller scale than those of light-hole transi-
tions in the calculated spectrum (d). Note that heavy-hole transi-
tions are relatively stronger in the differential spectrum than in
the magnetoabsorption spectrum.

% H. Hasegawa (private communication).
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mining electron and hole masses separately from differ-
ential spectra.

In Figs. 9(a) and 10(a) we present normalized trans-
mission curves for germanium in a magnetic field of 96
kOe for o and o_ radiation for a strain-free sample and
H||[110] at 77°K. Energies and strengths of the transi-
tions were calculated with Roth’s theory,® including
effects of higher than second order in % for the energies.
The energy gap was treated as a parameter and de-
termined by establishing the best fit for a number of
the higher transitions, which are supposedly less in-
fluenced by exciton effects. Thus we found §,=883.3
meV, which may be compared with 883.2 meV as de-
termined by Macfarlane et al. This indicates the very
good fit obtained. Also presented are the differential
spectra, measured with Eg.=1000 V/cm and E,.=250
V/cm (rms). Intensities of both allowed and forbidden
transitions were calculated from the perturbation
theory described in this paper. Allowed transitions are
shown as negative, forbidden transitions as positive
contributions to Aa. These calculated spectra again do
not include the effects due to electric-field-induced shifts
in line position, i.e., the derivative contribution to Aa
for allowed transitions has been neglected. In order to
obtain a clear picture the calculated transition probabili-
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F1c. 10. Magnetoabsorption and cross-field differential absorp-
tion in “strain-free’” germanium at 77°K and 96 kOe. HH[IIO%
Polarization o_. (a) magnetoabsorption spectrum, (b) calculated
relative absorption intensities, (c) cross-field differential spectrum
with E4,=1000 V/cm and FE,,=250 V/cm (rms), and (d) calcu-
lated differential spectrum, positive lines corresponding to for-
bidden transitions, negative ones to allowed transitions. For clarity
of presentation the strengths of heavy-hole transitions are shown
on a 10X smaller scale than those of light-hole transitions in the
calculated spectrum (d). Note that the differential spectrum is
mainly due to the heavy-hole transitions and that this spectrum
indeed resembles the calculated one of Fig. 5(c).
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ties in the differential spectrum have been drawn on a
ten times larger scale for light-hole transitions than for
heavy-hole transitions. The following features can be
seen from these figures:

(1) To each minimum in the transmission curve cor-
responds a negative peak in the differential spectrum.
This shows that one can investigate the allowed transi-
tions in a magnetoabsorption spectrum by studying
the negative peaks in a differential spectrum. This is a
very useful feature, since it has been found by the pres-
ent author?® that in GaAs magneto-optical oscillations
could be detected with at least one order of magnitude
better sensitivity by the differential method than by
the normal magnetoabsorption method. As many as
eight allowed transitions were observed at room tem-
perature and 93 kOe.

(2) Both for ¢, and o_ radiation, it can be seen that
allowed heavy-hole transitions are relatively stronger in
the differential spectrum than in the normal absorption
spectrum when compared with the allowed light-hole
transitions. In the o, spectrum one may compare the
heavy-hole transitions at 983 and 1010 meV with the
light-hole transition at 997 meV, in the o_ spectra the
heavy-hole transition at 963 meV with the light-hole one
at 973meV. Thepredominance of heavy-hole transitions,
however, is not as large as predicted from the transition
probabilities alone. These effects are in good agreement
with the considerations put forward at the end of
Sec. VI.

(3) The differential spectrum for o_ radiation is
dominated by heavy-hole transitions. This spectrum
shows indeed a certain resemblance to the calculated
one in Fig. 5.

(4) Although none of the forbidden transitions is re-
solved in the o spectrum, as they were in the case of the
strained sample, the positive portions of the differential
spectrum show a fairly good agreement with the cal-
culated strengths of the forbidden transitions.

IX. CONCLUSIONS

Interband magnetoabsorption and magnetoreflection
measurements have yielded much information about the
band structure of semiconductors and semimetals in
recent years. From the theoretical and experimental re-
sults presented in this paper we may conclude that
additional information can be derived from absorption

—Al{(na+)"|o_| (n—2,)")|?

INTERBAND OPTICAL ABSORPTION
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measurements in crossed electric and magnetic fields.
First, from the photon energies of allowed (Az=0) and
forbidden (An= 1) transitions, one can determine the
effective mass of electron and hole separately. Secondly,
the electric field affects heavy-hole—electron transitions
more strongly than light-hole-electron transitions,
which gives a means of distinguishing between these
two types of transitions. This information was obtained
with relatively low electric fields (<1000 V/cm). Not
only is the use of low electric-field strengths experi-
mentally convenient, it also allows the absorption co-
efficient to be calculated on the basis of a perturbation
theory which can be applied equally well to a compli-
cated band structure as to the case of simple parabolic
bands. The results of this perturbation theory for ger-
manium are in good agreement with the experimental
differential spectra. Generally, differential spectra show
more detail than the normal magnetoabsorption spectra.
In GaAs it was found by the present author that mag-
neto-oscillations in the interband optical absorption
could be observed better in the cross-field differential
spectra than in the magnetoabsorption spectra. This is
probably true as well for other large energy-gap ma-
terials, that can be obtained in high-resistivity form.
The results of the investigations reported in this paper
then tell us how to interpret these differential spectra.
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APPENDIX A: TRANSFER OF TRANSITION
PROBABILITY BY AN ELECTRIC FIELD

The decrease in transition probability for allowed
transitions in an electric field to second power in £ is
approximately given by Eq. (25b) through Eq. (28b).
We now present the full expressions: For o_, light holes
in the a series,

= [{(na+)|o_| (n—3, )} |*+ [{(na+)"|o—| (n—1, &)") |2+ E2CH{[ (a1,n)*— (@1,0-17)](V 5, n1%++)?
+L(@1,77) = (a1,0417) (Vi n42 1) 2+ [(a1,0F) 2~ (@1,017) ] (V' 017 7) 2+ [(@1,27) *— (@1,0417) 2] (V 2, 04277 7) 2

—2a1 0170101 V0 a1 V1ot — 201 nprt a1 it Vo n 1TV o n1® )

(A1)

For ¢, radiation and transitions from light-hole levels in the a series,

—A[{(na+)' oy | (ne)')|?

= [{(na+)'|o4| (n—1, )"} |2+ [{(na+) | oy | (n+1, @)’} [P+ FE2CH [ (@2,n1)?— (@2,0-17) ] (V5 n1tH)?
+[(a2,27)2— (@2,n41) 21V 01t H) 24 [(@2,07) 2= (@2,0-17) > T(V 014t 7) 24 [ (@2,07) 2— (@2,0417) 2T (V i n1®7 )2

- 20'2,71—-1+02,n—1_Vn,n—-la++Vn,‘n—1a+—— 2a2,n+1+a2,n+1_Vn,n+1a++Vn,n+1a+_} .

(A2)
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For 7 transitions from a-series light-hole levels,

—A{(na+) x| (nB)")|*
= [{(na+)|7| (n—1, B)") |*+ [{(na+)'| 7| (n+1, B)} *+3E2C*{[ (a2,n")*— (@2,n—1")*](V'n,n-1%+)?
+L(a2,0%) 2= (a2,0417)* (V2,427 1) >+ [(02,67)*— (@2,n—17) 2] (V012 7) 24+ [(02,01) 2= (@2,0417) 2] (V' 0427 7) 2
- 202,n—1+‘12,n—1~Vn,n—1a++Vn,n—1a+~_ 2(12,n+1+dz ,n+1_.Vn,'n+1a++Vn,n+1a+_.} . (AS)

And finally, for = transitions from b-series light-hole levels,

—A[((nb+)' |7 | (n—2,0)")|?
= [{(nd+)' || (n—=3,)") >+ [{(nb+)"|7| (n—1, &)") |P+3E2CH{[ (b1,5)*— (b1,n-11)*](V i, naP+)?
+[(bl,n+)2_ (bl,n+1+)2](Vn,n+1b++)2+ [(bl,n+)2— (bl,n—l_)z:l(Vn,n—lb-’-—) 2+ I:(bl,n+ 2— (bl,n+1_) 2:](Vn.n+1b+_)2
_2b1.n—l+b1,n—l_Vn,n—1H+Vn,n—1b+__Zbl,n+1+bl,n+1.—Vn,n+1b++Vn,n+1b+_} . (A4)

The various terms in the right-hand side of these equations all represent transfer of transition probability from
the particular allowed transition to other transitions. We consider this in detail for —A[{(ra+)"|o—| (n—2, @)")|?
from Eq. (A1). The first two terms, which are the dominant ones, represent transfer of intensity to the forbidden
transitions # — #—3 and # — n—1. The third and fourth terms are opposite to certain terms in

—Al{(n—1, a+) |o-| (r—3,a))|? and —A[{(n+1, a+)|o-| (n—1,a)’}|2.

They therefore represent transfer of transition probability to other allowed o_ transitions from light-hole levels
in the o series. Similarly, the fifth and sixth terms represent transfer of intensity to allowed o_ transitions
from heavy-hole levels in the a series. To prove these statements one uses the fact that (Vi n41%%)2= (Vay1,297)2.
Finally, the seventh and eighth terms in —A|{(ma+) |o—|(n—2,a))|?, —A|{(na+)|oy|(n,a)’}|?, and
—A|{(na+)"|7| (n,8)")|? add up to zero since a1,»1@1,n"+a2,nta2,.~=0 because of the orthonormality of light-
and heavy-hole states. These terms therefore represent transfer of intensity from the o_ spectrum to the ¢, and
T spectra.

The third through eighth terms in Eqs. (A1)—(A4) are generally small. This is so because, on the one hand, factors
like (a@1,,1)%— (@1,,—11)? are small since the @,,,* vary only gradually with # (and tend to a constant value for
larger #), while, on the other hand, coefficients like V', ,—1%t~ that express the coupling between light- and heavy-
holes are also usually small, as was argued in Sec. IV.

Thus the right-hand side of Egs. (A1)-(A4) can be approximated by the first two terms in these expressions,
yielding Egs. (25b) through (28b).

APPENDIX B

In evaluating an integral like (5) it is usually assumed?? that the envelope functions are varying slowly, so that
the integral can be approximated by the product of an integral of the Bloch functions over the unit cell, and one
of the envelope functions over the whole crystal, leading to (6). In the case of a magnetic field, however, %, deter-
mines the center of the orbit yo by the relation yo=£%.L 2 Thus %, is not necessarily small, and is not even confined
to the first Brillouin zone. On the other hand, expik.z and &, have to be slowly varying functions for the effective
mass approximation to be valid. For (5) to be different from zero one then obtains the requirement k,,'=k,, and
ko =ks+ K., where K; is a vector of the reciprocal lattice from which it follows:

/‘I’in'*(r: kot K o;, ko) eEy W in(tykag,ks,)dr

1
=— io*tz0 exp(— 1K z;x;)dr /

VO unit cell crystal

%*(Zy—— (k,,.+K,,.)LM)eEy<I>,,(Zy——k,,.LM>dr . (B1)

M M

For K ;=0 this is equivalent to (7). For K50, ®,- and &, have the centers of their orbits at different values of y.
The distance between the centers is yo’— yo= K .L?, whereas the size of the orbit for &, is of the order Lz (2n-+1)1/2,
Therefore, when K,L>(2n+1)1/2 the overlap between the two functions will be very small and we may neglect
matrix elements off-diagonal in k.. The requirement K.L>>(2n+1)V2 for all K,#0 however, is implied in the
assumption that the effective-mass approximation can be used.



