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Direct interband magneto-optical transitions have been observed at k=0 in InSb using the reflection
technique at 1.5°K. In addition to the normal spectral structure associated with allowed transitions, some
strong features have been observed associated with “extra’ transitions produced both by the warping and
the linear-in-k splitting of the valence band of InSb. An unambiguous assignment of the origin of these
transitions has been made by a study of the anisotropy of the spectra [with the magnetic field H in the
(110) crystal plane] using left and right circularly polarized light. With the allowed and extra transitions,
we can determine the relative energies of the first five valence-band magnetic energy levels. By fitting these,
and the strengths of the extra transitions, we determine Luttinger’s warping parameter (ys—y2) and the
Dresselhaus inversion-asymmetry parameter C. In addition, it is necessary to retain Luttinger’s parameter g,
which normally has been assumed to be zero. This quantity is present in the effective-mass Hamiltonian when
there is a magnetic field and spin-orbit interaction. We find: (ys—v:)=1.2415%, ¢=0.4250%, and
C=6.6X10"* a.u. +309,. This value of C is about 4.5 times smaller than an erroneous value published

previously.

I. INTRODUCTION

N a previous treatment of interband magneto-

absorption in InSb by Pidgeon and Brown! (re-
ferred to hereafter as I), the high-field measurements
were interpreted in terms of a ‘“quasi-Ge” model which
included the nonparabolic and “quantum” effects in
the conduction and valence bands, and most of the
warping of the bands, but neglected the inversion
asymmetry terms present in zinc-blende crystals
(Dresselhaus,? Parmenter®). Weak fine structure ob-
served in the spectra for the two directions of magnetic
field under which the experiment was performed
(H||(100) and (110)) was accounted for by those
warping terms which were initially omitted. These were
included by perturbation theory following the approach
of Luttinger* and Goodman.®

More recently, in a calculation of Landau levels in
InSb, Bell and Rodgers® kept the full magnetic Hamil-
tonian for HJ|{100), including both second-order
warping and inversion-asymmetry terms. The resulting
infinite-order secular determinant was truncated to
order 240X 240 and then, with an assumed set of band
parameters, solved with the aid of a computer for
magnetic fields of 1 and 20 kOe. The results of this
computation indicated that inversion-asymmetry—
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induced transitions should be observable in interband
magneto-optical experiments in InSh.

The theory of the inversion-asymmetry terms—those
of lowest order are the k and %? terms—has been known
for some time.2:*7 They result from the antisymmetric
potential of the zinc-blende lattice and split the two-
fold energy degeneracy at a given k value when there
is a spin-orbit interaction. The splittings are small,
and they have been difficult to observe experimentally.
Recently it has been suggested that a beat frequency
in the Shubnikov-de Haas effect in heavily doped
n-type HgSe® gives the conduction-band inversion-
asymmetry splitting ? and the same effect is apparently
seen in n-type GaSb.® This has not been useful for
determining the size of the term linear in k, since at
large k values both % and k3 terms contribute to the
splitting of the p-like conduction band of HgSe, and
k% terms to the splitting of the s-like conduction band
of GaSh. Evidence of the linear-in-k splitting has been
given by Robinson from microwave cyclotron-reso-
nance experiments in p-type InSb. However, difficulties
in the interpretation of this type of experiment,
resulting from poor resolution of the lines (w.7~0.9)
and the sensitivity to strain effects, make it desirable
to have independent determinations. In addition, recent
measurements of submillimeter cyclotron resonance by
Button et al.,® in which seven lines were resolved,
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demonstrated that the experiments of Ref. 11 and the
earlier work of Bagguley et al.® measured only the
envelope of the spectrum associated with the light and
heavy hole. This is of relevance not only to the deter-
mination of the splitting linear in k, but also to the
measurement of valence-band anisotropy. Thus, an
independent measurement of both these parameters
is of interest.

In the present work we have used the interband
magneto-optical method to investigate the interactions
caused by the warping term and by the term linear in k
of the k-p Hamiltonian for the valence band of InSb.1
Direct valence to conduction-band magneto-optical
transitions are studied in reflection at 1.5°K. Similar
results using the electroreflectance technique will be
reported elsewhere.’® In addition to the normal
structure associated with allowed transitions, some
strong features are observed associated with warping-
induced and inversion-asymmetry—induced transitions.
As we show below, when the quantity ¢ (introduced by
Luttinger) is nonzero, it also makes a contribution to
the transitions which we call the warping-induced tran-
sitions. An unambiguous assignment of the origin of
the extra transitions is made by a study of the anisot-
ropy of the spectra, with H in the (110) crystal plane,
using left and right circularly polarized light.

A matrix Hamiltonian linear in k has been given by
Dresselhaus? in terms of k components along the
crystallographic directions. We have extended this to
the case of an external magnetic field in the (110)
crystal plane showing that, as observed experimentally,
the inversion-asymmetry—induced transition of interest
is present for HJ(111) and (211), but absent for
H|[{100) and (110). Weaker transitions by a factor of
~5 are also expected in the latter two directions, but
these have not been observed experimentally. The same
directional dependence is predicted and observed for
the strong warping-induced transitions.

For our comparison of the observed transition
energies with the theoretical Landau level energies it
is necessary to consider the role of excitons. In the
absence of a detailed quantitative theory for excitons
associated with complex bands, we have had to make
some reasonable assumptions about the energies. We
discuss this problem briefly and make it clear what is
being assumed.

To fit the relative energies of the first five valence-
band magnetic energy levels we have to make small
changes in the previously reported values of the higher-
band interaction parameters i, 7vs, vs, &, and ¢g. Of
special interest, the quantity ¢, which has been put
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equal to zero in previous treatments, is needed for the
fit of these first valence-band levels.

II. THEORY

In I the magnetic energy levels for InSb were ob-
tained by the method of Luttinger and Kohn'® and
Luttinger,* but with the modification that the con-
duction band was included with the valence bands in
the coupled effective-mass equations. Here we are
concerned with energy differences between transitions
from levels at the top of the valence band to the same
level in the conduction band (to the #=0 spin-up or
spin-down conduction-band level). Since the valence-
band levels of interest have very little conduction-band
admixture, we work in the scheme of Ref. 4, which
treats the valence band alone. Because of the large
spin-orbit splitting, the split-off valence band is neg-
lected as well. For the absolute energies of the tran-
sitions, we take the computed conduction-band levels
from the coupled scheme of I, since the nonparabolic
effect of the conduction band is then important.

The general form of the effective-mass Hamiltonian
to order & for the light- and heavy-hole valence bands
in zinc-blende semiconductors is a 4X4 matrix!’

D=D+4D~, 1)
where D* is the even part given by Luttinger,*

Dt=(#/m)[(vi+3v2) 5k
— 72 (k2T 2+ k2T 2+ k2T ) — 2v3({kasky} { o0y}
+ {ky)kZ} {]U7J3}+ {kzykz} {]z:Jz})+ (e/hc)xJ ‘H
+(e/he)q(U2H AT H T PH) ], (2)

and D~ is the odd part (zero for materials with in-
version symmetry),

D= —=QC/N3)kalJo,V e}l sV o}
+E AT, V] ()

The notation is defined in Refs. 4 and 17. v1, v3, 7vs, &,
and ¢ are the effective-mass parameters for a Ge-type
semiconductor; C is the additional constant describing
the interaction linear in k; and J., J,, and J, are 4X4
angular momentum matrices for a state of spin 3.
When it is necessary to specify a representation for the
J’s we use that of Ref. 4, Eq. (57). k is the kinetic
momentum operator [ p+ (e/c)A], where A is the vector
potential of the external magnetic field. The symbol
{a,b} means the symmetrized product %(ab4-ba), and
the quantities V,, V,, and V, are given by: V,=J?
—J2 V,=J2—J2, and V,=J,—J 2 Some k® terms
are also present in the valence band, but depend upon
the presence of the admixed s-like conduction band.
This admixing is not present for the levels involved in

16 J, M. Luttinger and W. Kohn, Phys. Rev. 97, 869 (1955).

17 G. Dresselhaus and M. S. Dresselhaus, in The Optical Properties
of Solids, edited by J. Tauc (Academic Press Inc., New York,
1966), p. 198.
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the transitions considered here, so we have not included
these terms in D~.

In general, the total wave function associated with
Eq. (1) for the nth magnetic sub-band of a valence
band 7 is

4 0
U= 20 Uyro 2. Qurad By, )

=1 n'=0

where #;0 is the band-edge cell-periodic part of the
Bloch function for valence band j. &, is proportional
to the one-dimensional harmonic-oscillator function of
order #’. Because an infinite sum of harmonic-oscillator
functions is needed to comprise the slowly varying
envelope function which multiplies each #%;, the di-
mension of the magnetic matrix Hamiltonian is infinite.
To avoid this, one looks for cases in which Eq. (4)
reduces to a single summation:

¥ =2 an? ity o (5)

J

in which the #’ associated with ;j/ has a fixed relation
to » (e.g., #’=n+1). When Eq. (5) can be used the
magnetic energy levels can be computed by diago-
nalizing a 4X4 matrix. A necessary condition for Eq.
(5) is that the constant energy contours perpendicular
to the direction of the magnetic field be circular. In
general, this means that the anisotropic warping and
inversion-asymmetry terms must be dropped from the
magnetic Hamiltonian. However, Luttinger* has found
ways of including the valence-band warping terms of
order k% First, for the magnetic field along (111)
directions the energy contours are circular in the kiks
plane at k3=0 (where k; is aligned along the magnetic
field direction), and solutions in the form of Eq. (5)
can be found. Second, Luttinger has found that most,
but not all, the warping can be retained if the magnetic
field is restricted to any direction of the (110) plane,
which includes the high symmetry directions (100),
{110), (111), and (211). Luttinger’s approximate solu-
tion in this case is equivalent to having an isotropic
mass in the k1. plane which is dependent upon the
orientation of ks with respect to the crystallographic
axes. Again the solutions are in the form of Eq. (5) but
for every direction there is a perturbation Hamiltonian
which contains the remaining anisotropy. Although
this is usually small there are cases when the per-
turbation connects nearly degenerate Landau levels
and a large amount of admixing of wave functions
occurs.

In this paper it is convenient to use both the (110)
plane solution and the (111) direction solution for D+.
The first shows the directional dependence of the extra
warping transitions, but the second is more useful for
estimating the strength of the warping, and the quan-
tity g, from these transitions. The linear-in-k splitting,
or D, is treated as a perturbation upon the eigenvalues
of D+((111)). This treatment is justified in the high
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magnetic field region (H>20 kOe), where these tran-
sitions are observed, since their strength is found
experimentally to be at most one-tenth of that of the
associated allowed transitions. One advantage of this
is that it is possible to determine directly from experi-
ment the size of the band parameter C. )
We consider first the solution for D+ for the (110)
plane. For optical transitions we are interested in the
energy at the top of each valence sub-band where there
is a singularity in the joint density of states, so we set
the component of momentum along the direction of the
applied magnetic field, ks, equal to zero. Following
Ref. 4, D* is split into two parts for H in the (110)
crystal plane,
Dt=Dy+ (D1+D>). (6)

The principal anisotropy is included in Dy which
has a solution in the form of Eq. (5). D;, which con-
tains the remaining warping, and D,, which contains
g, are treated as perturbations. Dy decouples into two
2X 2 blocks with envelope function solution:

fa,ni=<“3'"i q)"“z>, fb,ni=(“5'"i q’“). @

aﬁ,ni q)n aui,ni @n

The notation of 7 is used, where band-edge functions 1
and 2 are from the conduction band and do not appear
here. These give rise to a light- and a heavy-hole ladder
in the @ set and in the & set. Here 4+ and — refer to
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F16. 1. Lowest magnetic energy levels for the valence and
conduction bands of InSb. The numbers by the levels in the (a)
and (b) valence ladders are the harmonic-oscillator numbers %
for the two-component wave functions (by convention, the largest
number # is used to label the level). The corresponding total
angular momentum quantum numbers M; are given below.
Allowed and extra transitions for the o¢z(AMy=-1) and
or(AM ;= —1) spectra are shown: —— allowed, — — — warping
induced, — - — inversion-asymmetry induced.
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light- and heavy-hole solutions. The subscripts on the
eigenvectors, a, refer to the associated band-edge cell-
periodic functions, in a (J,M ) representationl®:

(33), us0(®)=](1/NV2)(X+iV)T),

(¢ —2), uso(®=|—(1/VOLX—i¥V)1+2Z|]), ®)
(G2, ueo(®=|1/vVOLX+iV)|-221]),

5 —8), uao(n)=]—(1N2)(X—iY)]).

a3,»* and ag,»* equal zero for n=0 and 1. For higher »
values, each level is described by a two-component
wave function, from Eq. (7), with associated quantum
numbers 7z and (#—2). By convention we take the
highest of these (i.e., #) as the quantum number label
of the level. Allowed transitions, resulting from the
diagonalization of Do, then obey the selection rules
An=0, —2. We define as extra transitions, those
additional transitions which result from the inclusion
of Dy, Dy, and D~ in the Hamiltonian.

Energy levels calculated by the method of I, for
the top of the valence band and bottom of the con-
duction band, are shown in Fig. 1. The solid lines show
the allowed optical transitions that can take place for

0
D —4 7ehH 0
i >)—:/_6<mc >M —a?
0
and
23/8
ehH 0
Dttt =(=—s
me 0
—1/V2

with respect to the basis functions of Eq. (8). Here af
and « are the harmonic-oscillator creation and de-
struction operators, and u=3% (y3—ve). If for simplicity
we first take ¢=0; we see that D: produces an inter-
action between two nearly degenerate levels in Fig. 1
giving rise to strong extra transitions to the n=0
conduction-band levels (shown by the dashed lines).
The interacting levels are the lowest light-hole level
in the b-set,

1ﬁ0=a4.0+<130%4, (11)
and the lowest heavy-hole level in the a set,
t//z = 03,2—@0143-1—05'2—@2%5 (12)

(where the 0’s on the #’s, indicating band-edge values,
have been suppressed). With ¢=0, no other interactions
with these levels are present (apart from the weak
linear-in-k interaction considered in the next section)
and we may treat this 2)X2 problem exactly. The
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left and right circularly polarized light (¢z and oz) in
the Faraday configuration (E1 H): Electrons can be
excited from the two a-set valence-band ladders into
the ms=% conduction sub band, or from the two b-set

ladders into the my=—% conductlon sub-band.

A. Warping-Induced Transitions

The explicit forms of D; and D, are given in Ref. 4,
Egs. (87) and (88). For HJ|{100) and (110), D; and
Ds decouple into two 2X2 equations in the same way
as Dy, thus mixing levels within either the @ or b sets,
but not befween the two sets. It was shown in I that
interband transitions produced by this mixing are in
no case stronger than about one-tenth of the associated
allowed transitions. However, for H||(111) and (211),
D1 and D, couple the @ and b sets and can cause’a large
amount of admixing when the coupled a and b levels
are close in energy. In this case, we must either include
D; and D, with D, and diagonalize the Hamiltonian
exactly, which can be done for H|[(111) [c.f. Eq. (62)
of Ref. 4] or, alternatively, diagonalize the interaction
between particular pairs of strongly interacting levels
separately. For HJ|[(111) we have!

0 —(XTZ 0 7
0 0 o"—3
, )
0 0 0l %
2 0 0)—32
0 0 —1/V2| 2
—13/8 0 0 ||—3%
, (10)
0 13/8 0 %
0 0 —23/8||—%
interaction Hamiltonian is then
€ Q02
3c=< ’ ) , (13)
on — €
where, from Eq. (9),
Q02= - (4/\/3)ua4,0+a5,2“(ehH/mc) y (14)

and 2e is the energy separation between the unper-
turbed levels, with the zero of energy taken midway
between them. The perturbed wave functions and
energies are

et =& (e?4-Q0?) =45 (15)
and
Yot=eotYotertys, (16)
where eo* and e,* are given by
et = (e"4-¢0)/[Qod’+ (= 4-€0)* ]2,
=Q2o/[Q202+ (€i+éo)2]1/2- (17)
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Then the strength of the allowed transition (cf. Ref. I)
is proportional to

LW |p -8l P=[e WD &|¥)F, (18)
and that of the extra transition to
[(‘/’ﬂ p-& I Vo) P=[est(W2|p- & l Yo) I, (19)

where & is a unit vector in the direction of the electric
field of the incident radiation. We see that these both
occur in the spectrum corresponding to oz polarization
of the incident radiation. ¢, is the wave function of the
spin-up conduction-band level ®,ST (where S is a
function that transforms like an atomic s function).
The ratio of the strengths of extra to allowed transitions
x is

x=(est/es7)?, (20)
hence from Egs. (16) and (17) we obtain
1—x\2
o —
142

Thus, by determining experimentally the separation
between, and ratio of the strengths of, extra and
allowed transitions (i.e., 2§ and x) we may obtain
directly the warping parameter u from Eq. (14).

It turns out, as will be shown in a later section, that
¢ 1s, in fact, nonzero. In this case, we have

eh N\ —4 1
Qoz=(%‘)[*\/3?#@,#%,2’—\—0904,0+d3,2_:|' (22}

Thus, some of the simplicity is lost. The approach which
will be taken below is to use all the available energy-
level and transition-strength information to determine
u, ¢ and the other parameters from a best-fit procedure.
However, this simple two-level treatment shows the
origin of the warping-induced transitions, and, further,
is suitable for treating the interaction linear in k (Sec.
11 B).
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By the argument used above we expect to see an
extra warping-induced transition in the oz spectrum
from level (2) to the spin-down conduction-band level
@S|, shown by a second dashed arrow in Fig. 1.

The analysis given for HJ|[(111) also applies to
H]|(211), since the form of Dy is the same as that
for Dy, with the addition of other coupling terms
which can give rise to much weaker transitions.

With the source of these transitions recognized it is
desirable to go to the eigenvalue problem for HJ[{111),
where the warping and ¢ terms can be treated exactly.
The solution to the effective-mass equation, D (a1 f
=ef, is

AB,nSq)n
As,nsq)n+2
A 6,n8¢n—2

A4.nsq)n

fat= forn>2,3, ..., (23)

where s runs over the four ladders and the subscripts
on the new eigenvectors, 4, refer to the cell-periodic
functions of Eq. (8).

B. Inversion-Asymmetry-Induced Transitions

The explicit form of D~ from Eq. (3) has been given
by several authors for the case of HJ||{001) [i.e., the
coordinate axes (1,2,3) aligned with the crystal axes].
For the case of H in any direction in the (110) crystal
plane it is necessary to make the coordinate trans-
formations given by Luttinger,*

ko= (1/V2)(ck1—k2),
ky=(1/V2)(cki+ks),

k.= —ski+cks;,

To= (VD) (cJ1—TatsTs),
Jy=Q1/N2)(cJ1+sT3),
J,=—sJ1+cJ3,

(24)

where ¢=cosf, s=sinf, and 0 is the angle between H
and the z axis. The explicit forms of D~ for the principal
crystal directions with 2;=0 become

0 0 3ot 3 | %
2eH\'? 0 0 20 PV3f||—%
D—((IOO))=i<—> c , (25)
3ch —3V3a  —32af 0 0 3
—3af —3V3a O 0 ||—3
—3(af—a) —V3(@af+5a) 0 0 2
i/eH \"? |V3(3a+5al) —9(at—a) 0 0 -3
n((110>)=—(-—> C 5 (26)
4\6¢ch i 0 0 9(a'—a) V3(3a'+5a)|| %
0 0 —V3(Ba+5a")  3(af—a) ||—3
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and
0 —(1/V2)at
2eH\? ||(1/V2)a 0
D*((lll})zi(w) C
3ch —af —V3a
0 —af

D—({211)) has the same form as D—({111)), but with
some additional terms giving rise to additional weaker
interactions between levels. These matrices agree with
those of Ohmura.!® In our original treatment we made
an error in matrix representation with the result that
Eq. (31) here differs from that in Ref. 14, and the size
of the parameter C previously reported is a factor of
4.5 too large.

We see by inspection that a strong interaction is
possible for H||{111) between nearly degenerate levels
from the ¢ and b sets [i.e., the lowest heavy-hole level
(2) in the a set and the second heavy-hole level (3) in
the b set]. This gives rise to the extra transition to the
spin-up conduction-band level shown in Fig. 1 by the
dot-dashed line, in the o spectrum. This interaction
is also present for HJ||(211), but is absent for the other
two directions. Weaker interactions are also possible
in the latter case, but these have not been observed
experimentally. We use the same method as in the
previous section to evaluate the interaction between
the levels. As a result of the warping and ¢ interactions,
level (2) has a three-component wave function, in
terms of the eigenvectors of Eq. (23):

Yo=Az 0 Pous+As,0c Potts+A 4,6 Posts.

(28)

Level (3) is unaffected by the warping interaction and
has the two-component wave function

Ys=Ae,5 PrttstA4,5Pstta. (29)
The interaction Hamiltonian is then
€ Q 3 |
se=|| I, (30)
Q23* — €2
where
Qas=1(2eH /3ch)?C[A 3,6 Aes +/ (6)A5,65Ass™
V3450445 — (V3 At 4es], (31)

and 2e; is the energy separation between the unper-
turbed levels, with the zero of energy again taken
midway between them. The appropriate form of Eq.

(21) is then .
— 7\ 2
()]
14z

where 25§ is the experimentally measured separation
between extra and allowed transitions, and £ is the
ratio of their strengths.

32)

18y, Ohmura, J. Phys. Soc. Japan 25, 740 (1968).
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a 0 2
V3af a -1
@7
0 (1/¥V2)al|| %
—(1/V2)a 0 —3

III. EXPERIMENTAL METHOD AND RESULTS

Conventional techniques were used for measuring
magnetoreflection spectra of pure #-InSb (N~10%
cm~®), etched with a 5 to 109, by volume, solution of
bromine in methyl alcohol. The required spectral
resolution was obtained with an InSb photovoltaic
detector cooled to 77°K. In all cases the sample was
submerged in superfluid helium at about 1.5°K. The
experiments were carried out in the Faraday con-
figuration (E_LH) using a CsI Fresnel rhomb in con-
junction with a AgCl pile of plates polarizer to achieve
circular polarization. The window containing the super-
fluid helium was a sapphire disk oriented with the ¢
axis normal to its surface.

Reproducible results were obtained from a large
number of samples of four different orientations:
HJ|(100), (110), (111), and {(211). Magnetoreflection
spectra are shown in Fig. 2 for two directions of mag-
netic field. Because of the large conduction-band spin
splitting, the transitions to the spin-up conduction
sub-band (in the photon energy range 255-259 meV),
and those to the spin-down sub-band (in the range
273-276 meV), are widely separated and permit
unambiguous assignment. For H|[{100) and {110) only
the structure associated with the allowed transitions
of Fig. 1 is observed, whereas in the other cases strong

n =
H N <l00>

Y —

1
1
1

L ! | |
250 255 260 270 275 280
PHOTON ENERGY (meV)

F16. 2. Magnetoreflection spectra for H|(111) and H(IOO) in
the Faraday configuration, with H=84 kOe and T'=1.5°K.
Transitions to the ms=%, n=0 conduction-band level occur to
the left of the break in the energy scale and those to the my= —%,
n=0, conduction-band level occur to the right. w labels warpmg-
induced transitions and % labels the inversion- symmetry-induced
transition.




830 C. R.

additional structure associated with extra transitions
appears. As predicted theoretically, the lowest allowed
or transition separates into three components for
H|[{111): warping-induced transition (w), 'allowed
transition, and linear k-induced transition (k). The
second allowed o7, transition, near 275 meV, separates
into an allowed and warping-induced (w) transition
for HJ||(111). Similar results are obtained for H|[(211).
On some of the experimental traces (not that shown in
Fig. 2) there is a very weak structure at about 277
meV, where it is expected that the mixing induced by
the term linear in k should produce a transition, at
reduced strength, to the spin-down conduction level.

A recorder trace, obtained by sweeping H at a fixed
photon energy, is shown in Fig. 3 for H||(111) and o&
polarization. Again the three component structure
associated with warping-induced, allowed, and linear k
transitions is clearly seen.

IV. NUMERICAL RESULTS AND {DISCUSSION
A. Excitons

It is known on theoretical grounds (see Elliott and
Loudon®) that the strong lines observed in interband
magnetoabsorption experiments should be identified
with transitions to exciton states associated with
Landau levels. Experimental evidence for this has been
given by Zwerdling et al.,”® from magnetoabsorption
measurements. The sharp dispersion-shaped reflectivity
structure, shown in Figs. 2 and 3 (data of this type
were first reported by Wright and Lax?), is seen for
the lowest transitions in high-quality material. This
line shape is suggestive of transitions to discrete levels
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Fi1c. 3. Recorder trace for up- and down-field sweeps for the
or transitions to the ms=%, =0 conduction-band level, at fixed
photon energy. w labels warping induced transitions and % labels
the inversion-asymmetry-induced transition.

¥ R. J. Elliott and R. Loudon, J. Phys. Chem. Solids 15, 196
(1960).

2 S, Zwerdling, W. H. Kleiner, and W. P. Theriault, J. Appl.
Phys. Suppl. 32, 2118 (1961).

2 G. B. Wright and B. Lax, J. Appl. Phys. Suppl. 32, 2113
(1961).
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(exciton) rather than of transitions between Landau
sub-bands.

Recently Johnson? has identified the strong sym-
metric peak observed in magnetoabsorption with the
creation of the exciton ground state, and a shoulder
observed at slightly higher photon energy with the
creation of the first excited state of the exciton. An
estimate of the exciton binding energy can be made
for a given value of H from the measured excited state
energy, using a theory which is strictly applicable only
to the case of simple energy bands. For the few tran-
sitions in which the excited state of the exciton is
observable, this gives a means of comparing the exciton
transition (the measured energy) with the Landau-
level transition (the energy which can be theoretically
computed from band parameters). Johnson studied the
first two transitions in the Voigt configuration (i.e.,
to the »=0 spin-up and spin-down conduction band)
for InSb. It was found that the separation between
main peak and shoulder, ¢, for these transitions in-
creased smoothly with magnetic field in approximate
agreement with the theoretical prediction of Ref. 19.
An extrapolation of these results to the magnetic field
used in the present work (84 kOe) yields the value for
the transition to the spin-up level of 8¢l~4.5 meV,
and for the transition to the spin-down level of e|~~5.0
meV.

In order to compare our measured and computed
transition energies it is necessary to assume that the
exciton binding energy for the transitions considered
here, to the same conduction-band level, is the same
(i.e., approximately equal to 8¢l or de]). This is rea-
sonable since the effective masses (as determined both
by the energy dependence on H and on ;) of the levels
in the valence band involved are about the same and
about 20 times greater than the conduction-level mass.
In addition, they all lie within an energy range of
about 3 meV, whereas the conduction levels are sepa-
rated by about 18 meV, owing to the large conduction-
band g factor.

Since we are concerned only with the differences in
energy between transitions to the saeme conduction-
band level—-both for identifying the transitions, and
for evaluating the interaction parameters of the previous
sections—the over-all shift produced by the exciton
binding energies should not then affect the interpre-
tation in terms of Landau-level theory.

One possible source of difficulty with this arises if
the exciton states interact. Consider the transitions,
T: and T, from the two valence-band levels, &+(0)
and @~ (2)—coupled through v;—v, and ¢—to one of
the #=0 conduction-band levels. With increasing
energy we have two exciton ground states about 1.75
meV apart at 84 kOe, with their associated first
excited states about 5 meV above the ground states.
If T is the lower energy transition, it is possible that

2 E. J. Johnson, Phys. Rev. Letters 19, 352 (1967).
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an excited state of T’y may interact with the ground
state of T, making the separation between exciton
states less than the corresponding separation between
valence-band Landau levels:

The following features of the spectra provide re-
assurance, but not proof, that this effect is not large.
First, the measured energy separation between the
ground states of transitions 7'y and T is less than 2
meV at 84 kOe, while the energy of the T first excited
state is about 3 meV above the T, ground state.
Second, we have found the relative strengths of the
transitions to be independent of H, and the relative
energies to vary linearly with H in the range 30 to 100
kOe. Thirdly, because d¢] and de| are not equal, a strong
exciton interaction might be expected to give different
values for the difference of the transition energies
T1—T, to the spin-up and spin-down #=0 conduction
levels. A more sensitive indicator is the ratio of warping-
induced to allowed transition strengths x, which we
see from Fig. 2 is about 0.5 for the spin-up conduction
band and 1.0 for the spin-down band. Equation (21)
shows that these should be the same for a simple two-
level interaction; but also, that in this range of x, a
small change in é makes a very large change in « for a
fixed interaction strength (i.e., a 69, change in
would account for the different experimental values of
). Thus, the difference in the very sensitive indicator,
x, may be due to the exciton interaction which we have
assumed to be nonexistant. By the same argument,
however, the determination of Qp>—and hence the band
parameters—is insensitive to the difference in x found
here. This, again, is reassuring, but is not proof that
the total effect is negligible.

B. Band Parameters

In Fig. 2 we find the linear k and warping-induced
transitions for H|[(111), predicted from Fig. 1. It is
worth summarizing the steps leading to the assignment :

(1) The basic energy band level scheme, and identi-
fication of the allowed transitions, is known from I.

(2) From the relative energies of the allowed and
extra transitions in the (111) case, we identify the
valence-band levels of origin.

(3) Equation (1) shows that the only interactions
present between the pairs of levels involved (Fig. 1),
which will also give rise to transitions to the #=0
conduction-band levels in the polarizations found
experimentally, are the inversion-asymmetry and
warping interactions.

We use a slightly different procedure from that used
in Ref. 14 to make a quantitative fit of the spectra.
There we essentially used Eq. (21) to get the observed
separation between interacting states and intensity
ratio of extra and allowed transitions. Actually, the
strength of the warping was determined using the
exact solution of D+(111), but the requirement for the
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fit was in terms of the separation of just the two inter-
acting levels. More recently we have been concerned
with fitting the relative energies of all the first five
valence levels in Fig. 1 from which transitions can be
made to the #=0 conduction levels. We find that,
when the parameter ¢ in Eq. (22) is taken to be zero,
it is possible to bring only four of these valence levels
into a reasonable fit with experiment; a significant
discrepancy remains for the first heavy-hole level in the
b set. From experiment we expect this to be about 0.5
meV above the first light-hole level in the b set, whereas
the theory predicts about 1.5 meV. When ¢ is allowed
to vary, all of the five levels can be brought into agree-
ment with experiment with a best-fit procedure.

The higher-band parameters reduce to individual
higher-band interactions as follows2:

vi=—3}(F'+2G+2H,+2H,)—1,

ye=—}(F'+2G—H,—Hy),

V3= —%(Fl—G‘FHl—Hz) ,
k=—%(F' —~G—H\+Hy)—},

where, in the representations of the diamond lattice,

(33)

F'=<2/m>§f' X pel25.0) [/ (o —5)

G=(W/m) % X pal ) [/ (c—e),

Ti5 (34)
Hy=(2/m) Z (X pylts0) P/ (=€),

Ha=/m) % [(X]plw:0) [ (6,

and €, is the valence-band-edge energy. A discussion
of the k-p makeup of g is given in the Appendix. The
prime on F indicates that the conduction band is to be
excluded from the sum, since it is not a higher band in
our treatment. Thus, F is a large quantity and F’ very
much smaller.

The heavy-mass band has no interaction with bands
of symmetry T's, so that we expect the heavy-hole
levels in Fig. 1 to be insensitive to F. As has been
mentioned previously, the first light-hole levels have
heavy-hole character, meaning that these also are
insensitive to F. Thus, the best-fit procedure to the
relative spacing of the first five valence levels deter-
mines the band parameters of Eq. (33) only to within
some constant which adds to them as F’. For example,
if a constant X is added to i, then X must be added
to 72, vs, and k. We note that the warping parameter
v3—7e is independent of this. ¢ also is independent of
such a shift.

# L. M. Roth, B. Lax, and S. Zwerdling, Phys. Rev. 114, 90
(1959).
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To fix the absolute values of the higher-band param-
eters, i.e., to determine the quantity X, we go to the
earlier magnetoabsorption data of I and adjust X for
a best fit, using the coupled 8 X8 Hamiltonian matrix.
We obtain the following results:

v1=3.60, v:=-—047, v3=0.70,
k=—148, ¢=0.39.

This leads from Eq. (33) to the values: F'=0,
G=—1.31, H,;=-5.59, and Hy;=0. The best-fit pro-
cedure gives values of the v’s, k, and ¢ directly, which,
from Eq. (33), lead to a small positive value of Ho.
Since the I's5 levels derive from f-like atomic orbitals
and the lowest f-like orbitals (4f) are thought to lie
at much higher energies than the 5p valence orbitals,
H, should be small and negative. The values above
are from a best fit with the restraint H,<0. This causes
some deterioration in the fit, giving at worst a differ-
ence of 0.15 meV between observed and predicted
energies at 84 kOe. When the H,<O0 restraint is re-
moved we find: v;1=3.83, v.=-—045 ~;=0.87,

=—1.7, and ¢=0.57, giving some idea of the change
which noticeably worsens the fit. The lower limit of
the error on the quantity X was obtained from the
theoretical requirement F'<0; we estimate the upper
error limit to be about 69,. We have used the value
€¢=0.2366 eV given by Johnson,? and determined the
value P2=0.390 a.u. from the over-all best fit of the
magnetoabsorption data. The resulting Luttinger band
parameters®! are: y1#=33.51, v,"=14.48, v;L=15.65,
k=13.47, and ¢¥=¢=0.39. The first four of these are
slightly different from those given in I, where it was
necessary to assume a value for the heavy mass from
cyclotron-resonance measurements!®; the ffth param-
eter ¢ is determined here for the first time. The classical
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Fi16. 4. Valence-band dispersion relations for k along (100) and
(111) directions using the value of the parameter C determined
here. The numbers indicate the degeneracy of the band. In all
other directions both light- and heavy-mass bands are split. The
maximum splitting occurs for the (111) heavy-mass band.
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(large Landau-level number) cyclotron masses for the
heavy-hole band which come from using the best-fit
parameters above and the theoretical expressions from
Dy, [Eq. (6)] are: m({100))=0.273m, m({110))
=0.332m, and m((111))=0.358» with an error of
~=40.005.

Finally, from the relative strength and energy sepa-
ration of the allowed and inversion-asymmetry—induced
transitions, C may be determined directly from Egs.
(22), (31), and (32), using the exact solution to
D*({111)) obtained above. The uncertainty in the size
of C comes from the uncertainty in x, the strength
ratio. With £=0.05 we find C=6.6X10"* a.u. or
9.3X10™ eV cm. An error of 4309, includes the
range x=0.1-0.025. As mentioned earlier this is
about 4.5 times smaller than an erroneous value
published previously. Our result for C is about an
order of magnitude smaller than that given in Refs.
6 and 11, and a factor of 5 smaller than the theoretical
estimate of Kane.”

The revised valence-band e(k) dispersion relations
for k along (100) and (111) directions are shown in
Fig. 4. The maximum upbending of the heavy-hole
band is about 5X107¢ eV. For the warping parameter
we find (ys—v2)=1.2415%,. Owing to the inclusion
of ¢ in the fitting procedure, the result for (y;—~va) is
slightly different from that given in Ref. 14. It remains
in good agreement with the cyclotron-resonance work
of Bagguley et al.,” and not with the more recent work
of Tohver and Ascarelli?*; although, as pointed out by
Button et al.,”2 the heavy-hole transition observed by
these workers represents only the envelope of several
different lines, so the comparison with our results is
probably not meaningful.

At low magnetic fields the terms linear in k will have
a large perturbing effect on the magnetic energy levels,
and the perturbation approach discussed here will
break down. In this case an energy-level calculation
such as that described in Ref. 6 becomes necessary,
and it may even be necessary to use the off-(k=0)
approach of Ohmura.’® However, the small size of the
inversion-asymmetry transition observed experimen-
tally justifies our approach. We have seen this tran-
sition in the region from 30 to 100 kOe, where the small
perturbation method is found to be valid.

In conclusion, we have found experimentally that
the inversion-asymmetry terms in the valence band
do not represent a large perturbation on the quasi-Ge
scheme of I in the high-field limit (i.e., for fields
greater than about 20 kOe), so that the latter approach
is a valid method for calculating the Landau levels in
InSb. However, the second-order warping interaction
may become extremely strong for directions of mag-
netic field other than HJ|[{100) and (110), and must be
treated explicitly, as discussed in this paper.

#H. T. Tohver and G. Ascarelli, in Proceedings of the Ninth

International Conference on Physics of Semiconductors, edited by
S. M. Ryvkin (Nauka Publishing House, Leningrad, 1968), p. 326.
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APPENDIX A: ESTIMATE OF ¢ FOR InSb

As shown by Hensel and Suzuki,* ¢ arises from the
spin-orbit splitting of the I'is conduction band A,
and will be comparable to the other higher-band param-
eters when this splitting is a non-negligible fraction of
the I';;—T'st energy separation, e;;—e¢,. Their expression
for ¢ is the following:

g=(4/9m)[{X | py|u15,0)|*A1s/ (15— €)".
Then, from Eq. (34),
qﬁ— (2/9)H1A15/(615—E,,) ,

where we have made the approximation that only the
lowest T'1s band contributes to H;. If we assume that
Az;~A=0.8, and take the estimate of Herman ef al.26
for e;s—e,~3.8 €V, this leads to ¢=~0.3. Considering
the uncertainties in these quantities this is adequate
agreement with the value we find experimentally.

25 J. C. Hensel and K. Suzuki, Phys. Rev. Letters 22, 838 (1969).

26 F, Herman, R. L. Kortum, C. D. Kuglin, J. P. Van Dyke,
and S. Skillman, in Methods of Computational Physics, edited by
B. Alder, S. Fernback, and M. Rotenberg (Academic Press Inc.,
New York, 1968).
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APPENDIX B: INTERBAND AND INTRABAND
DETERMINATION OF MASS PARAMETERS

The heavy-hole effective mass determined here is
about 109, lighter than the corresponding cyclotron-
resonance determinations.’>3:#.27 Fuyrther, the con-
duction-band mass is about 59, heavier than that
determined in cyclotron resonance (c.f. Dickie ef al.28
and Summers ef al.?). These discrepancies between
masses determined from interband and intraband
experiments may be characteristic of a more general
situation. For example, recent interband measurements
on grey tin® show similar discrepancies with earlier
intraband measurements® for the conduction- and
valence-band masses. In addition the conduction-band
g value of InSb as determined by electron spin reso-
nance (Bemski,® Isaacson®) does not agree with that
determined by interband magnetoabsorption (Pidgeon
et al.3*); further, both determinations are inconsistent
with the cyclotron-resonance effective mass?$? if one
uses the simple formula given by Roth et al.2 for the
band-edge g value.

These problems have not yet been explained and
deserve to receive additional experimental and theo-
retical study.
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