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Superlattice modification of the valence-band spin splitting
in In,Ga;_,As/GaAs superlattices up to 45 T
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We report interband magneto-optics on a series of In.Gai_.As/GaAs superlattices in pulsed
magnetic fields up to 45 T. The experiments demonstrate that the heavy-hole spin splitting is
strongly dependent on the degree of interwell coupling in the valence band. Calculations of the
Landau levels in these structures give very good agreement with the experimental data and show
that the heavy-hole spin splitting passes through zero at low fields for a weakly coupled superlattice,
but that this moves up to ~ 40 T when strong interwell coupling occurs.

The band structures induced in semiconductor super-
lattices are relatively straightforward for the conduction
bands, due to their almost isotropic nature. This is
not true of the valence band, where the strong mix-
ture of the p-like wave functions leads to anisotropy
and a consequent mixing of the motion both within and
along the direction of the layers forming the superlat-
tice potential. We report an example of this behavior
in a study of In,Ga;_,As/GaAs superlattices using in-
terband magneto-optics up to magnetic fields of 45 T.
A range of samples was available, with heavy-hole su-
perlattice miniband widths from 5 meV to < 0.2 meV.
Unusual features in the spectra can be related directly
to the valence band because the conduction band has
straightforward Landau levels, with a near-zero g factor.
We find that the heavy-hole spin splittings show a sur-
prisingly strong dependence on the degree of interwell
coupling, even when the magnetic field is applied along
the growth axis.

The samples were a series of four In,Ga;_,As/GaAs
superlattices grown by molecular-beam epitaxy at the
Philips Research Laboratories, Redhill, with a constant
well thickness of nominally 50 A, indium concentration
z ~ 5%, and barrier thicknesses nominally 50, 100, 150,
and 200 A. Moore et al.! have presented an optical study
of these samples, which demonstrates the formation of su-
perlattice minibands. The exact sample parameters, as
determined by x-ray diffraction, are listed in Table I of
Ref. 1 and differ by < 10% from the nominal growth pa-
rameters. Each sample consists of a 20-period superlat-
tice and a 1-um buffer layer grown onto a GaAs substrate.
The x-ray measurements show that there is almost no
lattice relaxation within the strained layer superlattice.
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The experiments consisted of a series of transmission
measurements taken with a long (10-mS) pulse magnet.
The coil was cooled to liquid-nitrogen temperatures and
the field was applied parallel to the sample growth direc-
tion. The sample, immersed in liquid helium, was illu-
minated with light in the 1.5-eV region of the spectrum
and the transmitted light was collected with an optical
fiber bundle and ultimately detected using an intensified
optical multichannel analyzer detector, gated on for 500
¢S at maximum field during each pulse.

A typical series of absorption traces is shown in Fig. 1
for the 50/150-A sample. There is a strong E1-HH1
1s (where HH denotes heavy hole) excitonic absorption
which starts at 1.49 eV at zero field and moves up rapidly
as the field increases. Above this is a series of further
transitions, as discussed by Moore et al.,! the strongest
of which comes from the 1s E1-LH1 exciton. At inter-
mediate fields, a number of level crossings and mixings
occur, which are associated with crossings both in the
valence band and in the conduction band. This has been
discussed recently by Lawless et al.,? and will not be pur-
sued further here; instead, we concentrate on the high-
field behavior. Figure 2 shows spectra for three of the
samples at intermediate field, 11 T, and at high field,
41 T, and reveals a strong sample dependence of the op-
tical absorption. There is the immediate and obvious
difference between the strongly coupled 50/ 50-A sample,
for which the resonance is relatively broad at low fields
but sharp and strong at high field, and the weakly cou-
pled 50/100- and 50/150-A samples, where the low-field
traces are sharp and the high-field traces are broad. The
high-field trace for the 50/150-A sample can be seen to
develop a clear spin splitting at high field. The light-hole
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exciton has a more complicated response, but does not
show such a pronounced sample dependence.

In order to understand these results, we have per-
formed eight band k- p calculations of the Landau levels,
based on the Hamiltonian as given in Weiler or Trebin,
Réssler, and Ranvaud,®* within the axial approxima-
tion. The results for the conduction band are completely
straightforward, with a conventional series of Landau lev-
els with dispersions which are not influenced by any mo-
tion along the superlattice direction. The conduction-
band spin splittings are very small for this material sys-
tem, < 0.1 meV for B < 40 T, because the conduction-
band g factor is very small. By contrast, the valence-band
levels, particularly those originating from the heavy hole,
are very strongly influenced by the superlattice structure,
as shown in Fig. 3, a comparison of the first Landau levels
(nu = 0) at the I point for the 50/50 and 50/150 samples.
The levels are labeled with their spin, |[M;| = 2 for the
heavy holes and [M;| = 1 for the light holes.5 In the case
of the 50/50 sample, there is a significant HH miniband
width (5 meV at zero field) and so the n; = 0 levels are
shown also at the II point. The difference between the
50/50 I" and II points shows particularly the strong influ-
ence of the superlattice coupling: the M; = —l—% state has
an inverted superlattice dispersion above 10 T and above
15 T the highest valence-band state occurs at the II point,
so that the system becomes indirect at high field, as first
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FIG. 1. Typical experimental traces of the absorption co-
efficient for the 50/150-A sample taken at a series of magnetic
fields. The traces are offset for clarity.
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FIG. 2. Experimental traces of the absorption coefficient
for three of the samples at 11 T and 41 T, showing, at high
fields, a sharpening for the strongly coupled structure and a
splitting for the weakly coupled 50/150 case.

pointed out by Warburton, Lawless, and Nicholas.® The
HH spin splitting at I is also seen to reverse at 37 T for
the 50/50 sample, but this occurs at much lower field,
close to 10 T, for 50/150. In fact, the calculations show
that the field at which the HH spin splitting is zero moves
up continuously in field as the barrier width decreases.
The consequence is that, at 40 T, the spin splitting of the
50/150 sample is much higher than that of the 50/50.
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FIG. 3. The first Landau levels for the heavy hole

(M; = +3) and light hole (M; = =+1), calculated for the
50/50- and 50/150-A samples. The solid lines are at the T
point; the dashed lines for the 50/50 sample are at the II
point. The energy zero is at the top of the In,Ga;_,As well.
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The light-hole (LH) Landau levels are very similar for
all the samples, as illustrated for the 50/50 and 50/150
structures in Fig. 3, so that the spin splitting at high
field is largely insensitive to barrier width. The light-
hole levels are somewhat complicated at low field by an
anticrossing. Figure 3 shows two levels, one originating
from the HH with M; = —3, n; = 2 and the other
originating from the LH with M; = +31, ny = 0, which
anticross” between 5 and 10 T, so that at high field the
characters of the levels are reversed. This interaction
gives the LH exciton an unsual behavior, and we have
identified this experimentally in both In,Ga;_,As/GaAs
and In,Ga;_,Sb/GaSb superlattices.

In order to make a direct comparison with the experi-
mental data, we have calculated the total interband ener-
gies. The conduction-band Landau levels were calculated
within the same k - p approach, and the usual selection
rules were adopted. An estimate of the magnetoexciton
binding energy was made by scaling the results of Makado
and McGill®® on a three-dimensional hydrogen atom in
intense magnetic field. We took zero-field exciton bind-
ing energies of 4.5 (2.5) and 6.5 (2.5) meV for the 50/50
and 50/150 HH (LH) excitons, respectively. Figure 4
is a plot of the measured and calculated energies versus
magnetic field for the 50/50 and 50/150 samples. It can
be seen that the agreement of the calculations with the
I" point HH exciton is excellent. In particular, the the-
ory demonstrates that the sharpening of the resonances
around 10 T for the wider barrier structures is due to
the collapse of the spin splitting, which then clearly be-
comes resolved by 40 T. By contrast, the spin splitting
of the 50/50—A sample is close to its peak at 10 T, lead-
ing to the broad resonance seen experimentally, while the
sharpening of the peak at high field is again caused by
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FIG. 4. Fan diagrams for the 50/50- and the 50/150-A sam-
ples. The symbols mark the experimental points and the solid
lines show the calculated energies.

the collapse of the spin splitting. The agreement with the
LH levels is also good, although the theory does seem to
underestimate the magnitude of the splitting slightly.

In conclusion, we may state that we have clear evidence
for the influence of superlattice valence-band coupling on
the heavy-hole spin splitting in semiconductor superlat-
tices, as predicted recently by Warburton, Lawless, and
Nicholas.® This is caused by mixing of the heavy-hole and
light-hole bands. In particular, we have found that the
spin splitting of the uppermost valence-band level goes
through zero at a magnetic field determined by the su-
perlattice parameters, leading to a distinct sharpening of
the excitonic absorption.
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