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Observation of magnetic-field-induced semimetal-semiconductor transitions
in crossed-gap superlattices by cyclotron resonance
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A transition from semimetallic to semiconducting behavior induced by a magnetic field has been ob-
served in type-II superlattices of InAs/Ga& In„Sb by the use of very high magnetic fields, in excess of
100 T. The carrier densities and effective masses were measured by the study of cyclotron resonance us-

ing wavelengths in the region 10.6—3.39 pm. This was used to demonstrate that the zero-point energy
associated with the lowest-electron and highest-hole Landau levels was sufhcient to uncross the energy
bands in long-period, semimetallic structures. For (100)-oriented structures this transition was found to
occur in the region of 50—60 T, while for (111)A-oriented samples the uncrossing field was found to
move up to the region of 100 T, due to an orientational dependence of the band offset. The effective
masses, studied as a function of both photon energy and superlattice period, were found to be in good
agreement with the predictions of k p theory.

I. INTRODUCTION

Heterostructures based on the materials system
InAs/GaSb are well known for the unusual property that
the conduction band of the InAs lies beneath the
valence-band energy of the GaSb. ' The "band overlap"
of the InAs conduction band and the GaSb valence band
results in charge transfer across the interface until the re-
sulting band bending equalizes the Fermi level within the
structure. As a result, a wholly intrinsic system of coex-
isting holes and electrons, spatially separated by the in-
terfaces, is created. The intrinsic origin of the carriers
makes the system extremely sensitive to mechanisms
which change the energy of the electron and hole levels
such as quantum confinement and Landau level disper-
sion in the presence of a magnetic field.

The effects of quantum confinement can be clearly seen
in superlattices of InAs/GaSb. In a superlattice struc-
ture, the electron and hole energies are raised above the
band edges by the "confinement energies" which increase
in value as the well width decreases. In InAs the mass of
the electron is light (m o =0.023m, ), so that the electron
confinement energy can become large in quite long-period
structures. This means that the first electron level can be
raised above the valence-band energy with easily achiev-
able periodicities, thus changing the band-structure
configuration from semimetallic to semiconducting. As
the carriers are primarily generated because of the band
overlap, a dramatic, and almost total, depopulation of the

structure accompanies this transition. The zero band-gap
condition has been calculated' to occur for a superlat-
tice periodicity of —170 A (85 A InAs), although it
should be remembered that since the dominant effect is
the electron confinement, it is the InAs thickness that is
most significant in determining this condition for super-
lattices with a variable InAs/GaSb thickness ratio.

The semimetal-to-semiconductor transition can also be
induced magnetically. The application of a magnetic
field perpendicular to the layers causes the formation of
Landau levels fanning upward in energy from the elec-
trons and downward in energy from the holes. If the su-
perlattice already has a positive band gap (semiconduct-
ing behavior due to a short periodicity) then the resulting
behavior is quite straightforward. If, however, the super-
lattice has a negative band gap (semimetallic) then the
Landau levels overlap and strong mixing and anticrossing
between the conduction and valence bands occurs. Nev-
ertheless, at sufficiently high magnetic fields the lowest-
electron and highest-hole levels uncross, and the energy
spectrum becomes similar to that of a semiconductor.
Detailed calculations demonstrate that for a superlattice
with a negative band gap of order E =0.08 eV the
semimetal-to-semiconductor transition occurs at roughly
36 T. In this paper we demonstrate the observation of
this magnetic-field-induced semimetal-to-semiconductor
transition through the observation of a rapid and dramat-
ic fall in the carrier densities at high fields, and use this to
show that in some structures over 95%%uo of the electrons
present at low field result from intrinsic charge transfer.
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There have been many transport and far-infrared stud-
ies performed on both semimetallic and semiconducting
InAs/GaSb superlattices. Simple Hall measurements
and later two-carrier fits to Hall measurements ' have
demonstrated the semimetal-to-semiconductor transition
due to subband confinement, while cyclotron resonance
(CR) data have exploited the strong nonparabolicity of
InAs to confirm the presence of well developed superlat-
tice subbands which raise the electron mass well above
the band-edge value. Moreover, low magnetic-field CR
studies have observed complex data in multiply popu-
lated subbands, which have been interpreted as due to
both interband (i.e., electron to hole} resonances as well

as the expected intralevel electron cyclotron reso-
nance. ' ' Both interband' and magnetotransport ex-
periments' ' have also been used to demonstrate a hy-
drostatic pressure-induced semimetal-to-semiconductor
transition.

Here we report cyclotron resonance measurements at
magnetic fields of up to 150 T, generated using a destruc-
tive single-turn coil technique. Cyclotron resonance is
the ideal probe for this study, as it provides a contactless
method of simultaneously measuring the effective mass
and carrier concentration through the resonance position
and absorption strengths, respectively. Due to the large
difference between the effective masses of the electron
and the holes (m '=0. 1,0.2m, ), and the cyclotron ener-
gies used, only the electron cyclotron resonance has been
observed within the magnetic field accessible with this
system.

We have studied a series of multiple quantum well
structures based on both InAs/GaSb, and
InAs/Ga& „In„Sb, including structures grown in both
[100] and [111]A substrate directions, and with a range
of periods covering both semimetallic and semiconduct-
ing behavior at zero field. The magnetically induced
transition to semiconducting behavior has been measured
in a series of such structures, and is related to the band
offsets and quantization energies in these structures.

II. SAMPLE DETAILS

Two series of InAs/GaSb and InAs/Ga& „In„Sb su-
perlattices have been grown by atmospheric pressure
MOVPE at Oxford University. The samples consisted of
20—100 periods of the superlattice, grown on semi-
insulating GaAs substrates with a 2-pm-thick buffer layer
of GaSb, which was found to be sufficient to accommo-
date the majority of the misfit dislocations arising from
the strain at the substrate-GaSb interface. The gas
switching at the interface between the InAs and GaSb
layers was instantaneous which is thought to favor the
formation of an InSb monolayer interface, ' whose pres-
ence has been detected by Raman scattering. ' Early
structures of this system grown by molecular beam epi-
taxy " (MBE) did not possess very large intrinsically
generated electron and hole densities (only about 25% of
the total), due to the presence of interfacial defects and
the type of structures grown. Recent advances through
the use of MOVPE have demonstrated much greater in-
trinsic contributions to the carrier densities.

A variety of different InAs/GaSb superlattices was
grown with periodicities covering the range between 60
and 600 A. As short-period superlattices are known to
have low carrier concentrations a larger number of layers
was grown for these superlattices to enhance the total
absorption —which would otherwise have been prob-
lematically small. The superlattices were grown simul-
taneously onto two substrate orientations (001} and
(111)A. The (111)A superlattices are of great interest be-
cause they are piezoelectrically active, and so the small
strain (0.6%%uo) which occurs in InAs/GaSb structures in-
duces a strong electric field which acts to increase the
band overlap. Moreover, it has also recently been shown
by Symons et al. ' from fits of Hall data which give the
electron and hole densities, that the band overlap is
larger for (111)A. For both of these reasons the (111)A
superlattices show higher carrier concentrations than the
equivalent (100) samples.

TABLE I. Sample characteristics. Thickness measured by TEM except values indicated by an aster-
isk are estimated from total thickness measurements and growth rates.

Sample Number of periods
Thicknesses (InAs/GaSb, Ga& „In„Sb) (A)

[100] [111]A

1131
1134
1207
1208
1209
1249
1252
1253

20
20

100
100
100
20

100
100

InAs/GaSb superlattices
300/300
85/190*
45/45*
45/35*
30/30*
216/119
103/58
64/32

250/400*
85/190*
50/50*
50/35*
33/33*
178/124
110/120
66/33

1263
1265
1266

20
20
20

InAs/GaQ 9Ino &Sb superlattices
450/100*
446/107

450/100

340/160
337/164

340/160*



10 476 D. J. BARNES et al. 49

The sample details and electrical characteristics are
shown in Table I. The superlattice periods were mea-
sured by both interference fringes observed in infrared
refiectivity and transmission electron microscopy (TEN),
and the individual layer thicknesses were estimated from
the bulk growth rates and TEM characterization. In
some cases it was found that (001) and (111)A substrates
led to substantially different growth rates for the two
different layers. The majority of the structures were
grown with a ratio of InAs to GaSb layer thicknesses of
order 3:2, in an attempt to enhance the relative propor-
tion of holes present. For structures which show large
semimetallic carrier concentrations the total electron and
hole concentrations were measured using a two-carrier fit
to the magnetoresistance and Hall voltage. Measure-
ments of Shubnikov-de Haas oscillations and quantum
Hall effect show that usually all layers in the superlattice
are electrically active. '

Three superlattices of InAs/(Ga, „In„)Sb (x =10%)
were also grown and studied, but using a considerably
larger thickness ratio of 5:1 for the InAs:(Ga& „In„)Sb.
The addition of 10% In into the GaSb has the
effect of decreasing its band gap, and studies of
GaSb/(Ga, „In„)Sb quantum wells' ' suggest a band
offset ratio for this system of Q, =b,E, /hE =0.5. For
x =0. 1 the band gap of the (Ga, „In„)Sb alloy has de-
creased by approximately 60 meV, and thus the band
overlap of a type-II superlattice with this alloy composi-
tion can be expected to increase by of order 30 rneV. The
increased lattice mismatch also causes the strain to in-
crease to of order 1%, which is expected to be particular-
ly significant for the Il 1 1]3 samples.

III. EXPERIMENTAL TECHNIQUES

data reported in this paper, a CO2 laser capable of gen-
erating a range of wavelengths around 9—10 pm, and a
CO laser operating around 5 pm. Some trial experiments
were also performed using a 3.39 pm He-Ne laser. In all
cases the lasers were used in continuous mode, with a
100:1mark space ratio chopper to reduce the sample heat
load. Typical laser intensities at the sample were of order
5 %/cm and are not thought to cause significant sample
or electron heating. A more thorough description of the
single-turn coil magnet and its adaptation for optical
measurements can be found in Nakao et al. '

IV. EXPERIMENTAL RESULTS

A. Superlattice period effects

200— InAs/GaSb (100)
9.26 pm; 30K

1253 100 x 96 A period

150—

Cyclotron resonance was performed for the full range
of structures as shown in Table I for both substrate orien-
tations, at wavelengths of 10.61 and 9.26 pm (116 and
133 meV). The results follow a general trend typified by
the series of recordings in Fig. 1, which shows the reso-
nances for three samples of progressively decreasing
period, grown on (100) GaAs, taken using 9.26 pm.

Probably the most striking aspect of the data is their

The ultrahigh magnetic fields used for the experiments
reported in this paper were generated using a destructive
single-turn coil technique at the MegaGauss Laboratory,
University of Tokyo. A 5-@sec single pulse was generated
by the fast discharge of a 100 kJ, 40 kV capacitor bank
across a copper single-turn coil. The peak value of the
field could be increased by decreasing the diameter of the
coil, 12 mm producing a peak field of 130 T, 10 mm pro-
ducing 150 T, etc. As the field-time profile is roughly
sinusoidal, the resolution across the resonance was max-
imized by choosing a coil size so that the peak magnetic
field was fairly close to the resonance. It should be em-
phasized that despite the destruction of the coil during
the pulse, all explosive forces are contained, and the sam-
ple remains unharmed, thus allowing the same piece of
material to be used for repeated measurements.

The sample was held in place and cooled to 30 K by a
phenol continuous flow cryostat carrying liquid helium.
The transmitted radiation was detected by a fast response
HgCdTe detector cooled to liquid-nitrogen temperatures.
Embedded in the cryostat is a pickup coil capable of
measuring the magnetic field to better than 2%. The sig-
nals from both the pickup coil and the detector were
transmitted via optical fiber to a fast-acting transient
recorder.

Two lasers were used for taking the majority of the
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FIG. 1. Experimental traces of the transmission of 9.26-pm
radiation through several of the samples grown on (100)-
oriented substrates, with details given in Table I. The traces
show two lines, measured on the up and down sweep of the

pulsed magnetic field, and demonstrate the good reproducibility
of the data. The sample temperature is 30 K. The curves are
offset for clarity.
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InAs/GaSb (111)A
9.26 p.m; 30K
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1253 100 x 99 A period
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simplicity —each measurement resulted in a single strong
resonance, corresponding to the electrons, which are lo-
cated primarily in the InAs layers. This is in obvious
contrast with previous studies at lower fields, in which
complex multiresonance features were observed (Guldner
et al. ,

' Maan and co-workers, "' and Claessen and co-
workers' ' ). At the high laser energies used here the
frequencies are we11 above both the optical phonons and
the equivalent three-dimensional plasma frequency,
which makes the interpretation considerably simpler.
The relatively heavy mass of the holes [-0.1 and 0.2m,
(Refs. 23 and 24)] puts their resonances at substantially
higher fields which are above the semimetal-to-
semiconductor transition and beyond the maximum mag-
netic field.

The long-period superlattices exhibit narrow and
strong electron resonances which become weaker and
broader and move up in magnetic field as the periodicity
decreases, until at very short periods ( (85 A) the reso-
nances disappear entirely. (When comparing the reso-
nant absorptions, it should be noted that the shorter
period superlattices have more layers to increase the total
absorption. ) In some of the longer period structures the

contribution to the dielectric function is so strong and
rapidly varying that very pronounced interference effects
are observed, leading to distorted resonances, as seen for
the 336-A period structure. This could not be avoided by
the normal process of substrate wedging, since the in-
terference mainly takes place within the superlattice and
buffer layers due to the rather short wavelengths used in
this study.

As the integrated absorption area of a resonance is re-
lated to the total carrier concentration present, the col-
lapse of the cyclotron resonance with decreasing period
can be directly ascribed to the semimetal-to-
semiconductor transition. In long-period superlattices,
the charge transfer across the interfaces leads to a series
of high-density electron gases which, because of the resul-
tant strong band bending are almost isolated and essen-
tially two dimensional. Such structures possess high
mobilities, and thus narrow cyclotron resonances due to
weak interface scattering and strong screening. As the
period decreases, however, the cyclotron resonance
broadens and the absorption decreases. Here, the in-
creasing confinement energies are acting to decrease the
band overlap, resulting in a reduced carrier concentra-
tion. The smaller well width increases the importance of
scattering from the interfaces, which are thought to be
significant sources of charged defect states, and also the
effect of layer width fluctuations which are seen to be
proportionately larger in TEM images of the shorter
period structures. For the shortest periods the carrier
densities are found to be small, corresponding to the dop-
ing levels found in the equivalent bulk materials, of order
3X10' cm

A similar series of resonances is shown in Fig. 2, for
the equivalent superlattices grown on (111)A substrates.
These structures show a similar general behavior to the
(100) case, however, the carrier densities are substantially
larger and shorter periodicities are required to cause the
crossover to semiconducting behavior. Both changes are
due to an increased band overlap, the origin of which can
be attributed to the effects of the piezoelectric field and
the larger band overlap occurring for (111)-oriented inter-
faces, as reported recently by Symons et al. ' These au-
thors deduced the band overlap by calculating the
confinement energies self-consistently, fitting the carrier
densities deduced to the electron and hole densities mea-
sured from Hall effect and Shubnikov —de Haas oscilla-
tions. The band overlap for (111)A was found to be
enhanced to -200 meV, in contrast to the value of —140
meV found for (100). This was attributed to the presence
of an interface dipole layer.

20
I I t I I

40 60 80 100 120
Magnetic Field (Tesla) B. Magnetic-field dependence

FICx. 2. Experimental traces of the transmission of 9.26-pm
radiation through several of the samples grown on (111)A-
oriented substrates, with details given in Table I. Substantially
larger absorptions are observed than for the (100) case, shown in
Fig. 1. The traces show two lines, measured on the up and
down sweep of the pulsed magnetic field, and demonstrate the
good reproducibility of the data. The sample temperature is 30
K. The curves are offset for clarity.

After the general trends had been identified for the full
range of possible periodicities, two samples were chosen
for a closer study at fields up to 150 T. The first, 1249, is
a relatively long-period semimetal, and the second, 1252
is a smaller band-gap semimetal, which is closer to the
transition to semiconductor behavior. The samples
selected are also notable for their high mobilities and the
quality of their interfaces, as seen in TEM pictures. Cy-
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clotron resonance was performed on the these superlat-
tices at wavelengths of 10.61, 9.26, 5.7, and 5.3 pm (116,
133, 216, and 233 meV, respectively).

The series for 1249 and 1252, both of which possess
large semimetallic carrier densities at low fields, are
shown in Fig. 3. The longer period superlattice exhibits
strong cyclotron resonance indicative of a high carrier
concentration sample. The resonances at 40 and 50 T are
heavily distorted due to interference, making an accurate
measurement of the exact carrier density difficult, howev-
er, the absorption intensity is estimated by using the total
swing of the transmission on passing through the reso-
nance. This is found to give reasonable agreement with
the densities measured from low-field Hall measurements,
but can only be regarded as an estimate rather than a pre-
cise measurement. However, even with this complica-
tion, it can be clearly seen that the resonance intensity
has fallen dramatically when the resonance field has
moved up to 100 T, leaving only a weak absorption
feature due to extrinsic carriers. This dramatic decrease
in the carrier density is the result of the rising zero-point
energy of the lowest electron and hole Landau levels,
which uncrosses the band overlap. At this point, the
band alignment changes from being semimetallic to semi-
conducting and the superlattice depopulates. The same
effect is seen in 1252, however, the increased quantum
confinement energies in this structure, due to the lower
period, results in both a lower density and a more rapid
depopulation at lower fields, as seen by the weaker reso-
nances and large decrease in strength between the traces
taken using 10.61 and 9.26 pm at 40 and 50 T.

The fall in carrier density is shown quantitatively as a
function of field in Fig. 4, with the carrier densities per
layer estimated from the classical absorption intensity as
described above, and the low-field data taken from the
Hall-effect measurements. The systematic Geld depen-
dence is not very precise due to the limited number of
field values used, however, we can estimate the field when
the carrier densities are halved to be in the region of 60

and 45 T for 1249 and 1252, respectively. The very low
densities deduced for the high fields ( —100 T) demon-
strate the intrinsic origin of the overwhelming majority of
the carriers in these structures, with around 90% of the
carriers present at low Geld due to intrinsic charge
transfer. This is in strong contrast to the values found in
the structures grown earlier by MBE, ' in which only
-25% of the carriers were of intrinsic origin.

A quantitative calculation of the magnetic-field depen-
dence of the lower Landau levels is shown in Fig. 5, cal-
culated using an eight-band k.p perturbation theory,
for the zone-center (I point) rniniband edge. The model
includes coupling between the conduction, valence, and
spin-orbit splitoff bands, and is performed using the axial
approximation using a numerical procedure to implement
the boundary conditions at the superlattice interfaces, but
ignoring any Bloch function mixing. The model is only
qualitative, as it does not include the full self-consistent
superlattice potential resulting from the charge transfer
and the resultant band bending. Instead the relative
thicknesses of the InAs and GaSb are adjusted to match
the valence subband —conduction subband overlap cal-
culated from the low-field electron and hole densities.
The calculation shown is for a band gap of —77 meV and
predicts that the uncrossing should occur at magnetic
fields in the region of 36 T, as indicated by the vertical
dashed line. This is consistent with the experimental
data. The depopulation of the superlattice which marks
the band uncrossing can be seen very clearly in the data
for 1252 (001), when the resonance field increases from 40
to 50 T. Sample 1249, which has the longest periods and
thus has the most negative band gap, requires the highest
magnetic field to cause the band uncrossing.

An interesting feature of the calculations is the forma-
tion of an energy gap, at low magnetic fields, due to the
interaction of the Landau levels of the electrons and
holes, as noted for this system by Fasolino and Altarelli.
By contrast the lowest-electron and highest-hole levels do
not mix and there is no anticrossing behavior, due to

150

InAs/GaSb 1249 (100) InAs/GaSb 1252 (100j

1000

E
C
Cg

cD 50

C.)

FIG. 3. Experimental absorp-
tion traces at 10.61, 9.26, and 5.3
pm for two (100)-oriented sam-

ples at 30 K. The traces are
o6'set for clarity.
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have been repeated, using the appropriate changes to the
Hamiltonian. The Landau levels for the (111)case calcu-
lated in this way are also shown in Fig. 5. The level dia-
gram is considerably more complex, due to the larger

InAs/GaSb (001)
200

0
0 20 40 60 80

Magnetic Field (Tesla)
100 120

E2

HH1

100

FIG. 4. A plot of the carrier density as a function of magnet-
ic field for five of the (100) samples studied in detail, as deduced
from the absorption strengths and the low-field Hall effect. The
lines shown are a guide to the eye, but all have the same func-
tional form and are scaled in magnetic field by factors of 1, 0.9,
and 0.75.

El

8

200

HH1

E2
HH2

InAs/GaSb (111)

their different axial quantum numbers. Some mixing may
be expected in reality, due to both the nonaxial nature of
the full anisotropic Luttinger Hamiltonian, and possible
Bloch function mixing effects.

It is also clear from the fits that it is likely that we
should expect to see interband transitions above the
semimetal-to-semiconductor transition, particularly that
from the uppermost hole level to the lowest-electron level
at high fields, in the region of 60-100 T. There is some
evidence for a weak transition, in the very small absorp-
tion visible in the region of 100 T for sample 1252, in Fig.
3, but only a relatively weak absorption is to be expected
due to the type-II band alignment and the relatively long
superlattice period, which leads to only small wave-
function penetration from one layer to the next. A candi-
date for this type of transition, however, is the very small
absorption visible in the region of 100 T for sample 1252,
seen in Fig. 3.

Similar measurements were made for the (111)A-
oriented structures, shown in Fig. 6, which exhibit
several important differences from the (100} structures:
The carrier densities are substantially higher than for
(100}as described above, and significant depopulation is
still occurring in the region above 100 T. A plot of car-
rier density as a function of magnetic field in Fig. 7 shows
these effects qualitatively. Again the identification of a
precise field position associated with the uncrossing of
the lowest Landau levels is difFicult, however, it is clear
that the field required to halve the carrier density has
now moved up to the region of 100 T. This is consistent
with the suggestion of an additional band overlap of
-60—70 meV for (ill) made by Symons et al. ,

' and
discussed above.

The inhuence of this additional band overlap has been
included in the eight-band k p calculations by the addi-
tion of 70 meV for the band offsets, and the calculations

100

HH3

E1

20 40 60 80 100

Magnetic field (T)
FIG. 5. The theoretically calculated Landau levels of a 200 A

InAs/50 A GaSb superlattice, as a function of magnetic field, ig-
noring all Coulomb contributions to the potential. The calcula-
tion uses a full solution of the eight-band k p Hamiltonian, and
demonstrates the importance of strong mixing between the
conduction- and valence-band energy levels. The results shown
in the upper section are based on the assumption of a band-edge
overlap of 140 meV, appropriate to the (100) case. The strong
dashed line shows the magnetic field at which the lowest-
electron level and the highest-hole level cross, corresponding to
the semimetal-to-semiconductor transition. The results for the
lower curves are calculated with the Luttinger Hamiltonian ap-
propriate for the (111) orientation, and use a band overlap of
200 meV, which is thought to have been increased over the
value for (100) due to the presence of an interface dipole. The
calculations use the axial approximation, in which a good quan-
tum number n can be defined which, in the standard nomencla-
ture runs from n = —2, —1,0, 1, . . . (Ref. 26). When the
valence-conduction band coupling is weak, for instance well
above the semimetal-semiconductor transition, there is an n =1
hole level with mj=+ ~, n«=0 character, an n =0 electron
level with m, =+ 2, n« =0, and an n = —1 electron level with
mJ= —2, nLL=O, where nLL is the conventional Landau level

index. The n = —2 state gives a pure hole mJ= —2, n&I =0
level for all fields. These are the four levels which can be seen
to cross near the strong dashed lines in the figures. In each
figure, quantum numbers n = —2 to 2 are plotted, and the ener-
gy scale is measured from the InAs conduction-band edge.
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FIG. 6. Experimental absorp-
tion traces at 10.61, 9.26, 5.7,
5.3, and 3.39 pm for two
(111)A-oriented superlattices.
The data are taken at 30 K and
the traces are offset for clarity.
It is obvious that a number of
additional resonances occur for
1252 (111)A.
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FIG. 7. A plot of the carrier density as a function of magnet-
ic field for five of the (111)A samples studied in detail, as de-
duced from the absorption strengths and the low-field Hall
effect. The lines shown are a guide to the eye, but all have the
same functional form and are scaled in magnetic field by factors
of 1, 0.95, and 0.75.

number of confined subbands which are overlapping, a
factor which is increased due to the heavier hole mass for
the (111) orientation. The calculation predicts that the
band uncrossing increases from the (100) value of -40 to
-75 T, which is in agreement with the experimental con-
clusions from comparing the data of Figs. 4 and 7.

In addition, an unexpected feature of the data for 1252
(111) is the appearance of a series of new resonances at
low fields. These occur at fields approximately —,

' and —,
' of

the fundamental cyclotron resonance, and increase in
strength as the wavelength decreases and the resonances
move to higher fields. This corresponds to the excitation
of cyclotron resonance harmonics. A detailed discussion
of these transitions will be given in Sec. V, describing the
resonance positions and effective masses, where it will be

seen that they correspond in practice to spin-Sip reso-
nances given, to a first approximation, by the energy
2%co, —g„~B, which are allowed by mixing with the
valence band. These resonances are particularly strong in
the region where the Landau states of the lowest-electron
Landau level are crossing the valence band. For the one
case of the sample 1252 (111)A, the studies were extended
to still higher energies using the 3.39-pm radiation from a
HeNe laser. This trace is also shown in Fig. 6. The
strong nonparabolicity of the electron levels puts the fun-
damental resonance for an energy of 345 meV at around
190 T, well above the maximum magnetic field available,
however, weak low-field structure can be seen. Two reso-
nances were observed at relatively low fields close to the
N =4 and 6 harmonics, with a weaker feature around
X =3. The strength of the N =3 harmonic in compar-
ison to the results for longer wavelengths is not yet un-
derstood.

C. InAs/Ga& „In„Sb superlattices

Cyclotron resonance was also performed on three
InAs/Gai „In„Sb superlattices of roughly the same di-

mensions at 10.61, 9.26, and 5.5 pm. In this series of
structures the Gal „In„Sb layer thicknesses were —100
A, with x values of 0.1, leading to a substantial additional
strain of order 1% and with much thicker InAs layers of
500 A. For the case of InAs/Gai „In„Sb superlattices
there will be an additional band overlap of order 30 meV,
as estimated from GaSb/Ga, „In„Sb quantum well

structures, ' ' due to the additional shift upwards of the
Ga, „In Sb valence-band edge, with reference to the
GaSb valence-band edge. Also noteworthy is that the
low-field Hall traces for these structures indicated that
the ratio of electrons to holes in these structures was
close to 1:1.

The cyclotron resonance traces are shown in Fig. 8, for
both (100) and (111)A orientations. The behavior seen is

very similar to that for 1249 InAs/GaSb, but the reso-
nances show substantially less distortion. At low magnet-
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ic fields around 40 T there is a strong symmetric absorp-
tion, with a higher intensity for (111)A than (100). There
are also weak indications of two additional resonances
just above and below the main absorption for the data at
9.2 and 10.6 pm for (111)A. At high fields, around 100
T, the behavior of the two orientations is very
different —the (100) superlattices are totally depopulated
while the (111)A structures are only -50% reduced-
refiecting a significantly larger band overlap for the (111)
orientation as expected. In agreement with the low-field
Hall data these results show that the (100) superlattices
are of order 95% intrinsic.

The magnetic-field dependence of the carrier densities
for these superlattices are also included in Figs. 4 and 7
for the (100) and (111) orientations, respectively, which
show that the qualitative dependences are very similar to
those seen for the InAs/GaSb structures. The larger
band overlap and the wider InAs layer thicknesses for the
InAs/Ga& „In„Sb superlattices result in higher carrier
concentrations and transition fields than for the
accompanying InAs/GaSb data. For the (100)

InAs/Ga& „In„Sb superlattices the transition field is in-
creased to about 60 T, as is predicted by the same eight-
band k-p calculation as described above. In this case the
zero-field band overlap is found to be 96 meV, taking into
account the additional overlap of the InAs/Ga, In Sb
superlattices which results from the shift of the band
edges and the presence of a larger strain component,
and the somewhat different confinement energies for the
electrons and holes. For the (111)InAs/Ga& „In„Sb su-

perlattices the semiconductor-to-semimetal transition is
shifted up in field to the region of 100 T, consistent with a
larger band overlap for this orientation.

V. EFFECTIVE MASSES

The cyclotron resonance positions have been used to
examine the dependence of the effective mass on both en-

ergy and superlattice period. Figure 9 shows a plot of the
effective masses as a function of energy for both an
InAs/GaSb and an InAs/Ga, „In„Sb superlattice for
both (100) and (111) orientations. The effective mass is
found to be given to a good approximation by the linear
dependence:
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which is the functional form expected for a simple two-
band nonparabolic approximation for the effective mass,
where Ace, is the cyclotron energy and Eg is the bulk
InAs band gap, but with an increased value to the energy
prefactor as has been found previously from results in a
number of different III-V materials. ' ' E„„f is the
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FIG. 8. Experimental traces for both (100)- and (111)-
oriented samples of the InAs/Ga& „In„Sb sample 1265 taken at
10.61, 9.26, and 5.5 pm at 30 K. The traces are offset for clarity,
and demonstrate the almost total disappearance of the reso-
nance at 100 T for the (100) sample.

FIG. 9. Plots of the energy dependence of the effective mass
measured for two of the superlattices for (100) and (111)A orien-
tations. The solid line shows a St to the linear approximation
given in Eq. (1), with msL=0. 024 and E „f=30 meV. The
short and long and dashed lines show the results of the effective
mass as deduced from the calculations described in the text, us-
ing superlattice layer thicknesses of 85 A/50 A (short dashed
lines) and 200 A/50 A (long dashed lines). The sharp anomalies
at low energies are the result of level crossing effects.
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confinement energy due to the superlattice potential. The
value of the band-edge mass m sL was sample dependent,
and will be discussed below. The agreement between this
linear dependence and the experiment suggests that the
electron behavior is dominated by the InAs in which the
electron wave function is primarily located. For a better
fit, the effects from higher bands must be included in the
calculation. This is shown using the results of the de-
tailed eight-band k-p theory, calculated for two different
structures with InAs/GaSb thicknesses of 200 A/50 A
and 85 A/50 A, which correspond to zero-field band gaps
of —0.077 and 0 eV. These provide a good description of
the observed behavior, and at high fields give very similar
results to the linear form.

The effective mass values for the InAs/Ga, „In„Sb su-

perlattices are slightly lower than those of the
InAs/GaSb structures due to the larger InAs thicknesses,
which lead to lower confinement energies. The (111)A
structures have a slightly higher mass, due to the larger
confinement energies which result from the stronger self-
consistent confinement potential caused by the higher
carrier densities for this orientation. A similar linear in-
crease in effective mass with energy has been observed in
single quantum wells of InAs in A1Sb, by Yang et al. ,
who found that there was also a significant decrease in
the band-edge effective-mass value due to the tensile
strain present in InAs wells grown at the lattice constant
of GaSb. This factor will be less significant for the struc-
tures studied here, since the large total superlattice thick-
ness leads to the formation of essentially free standing
"strain braced" structures.

A further conclusion from the detailed k p calculations
is that the field positions of the harmonic resonances can
be accurately predicted by the assignment of the transi-
tions to a change in axial quantum number of three units.
In the description of the Landau levels as unperturbed
states, these correspond to spin-flip resonances in which
the spin is flipped simultaneously with excitation between
two Landau levels, giving a transition at an energy of
2%co, —g„~8. This process is allowed due to the interac-
tion between the conduction band levels, originating pri-
marily in the InAs, and the valence bands in the GaSb. It
is not at present clear why this behavior should be so
much more pronounced in one particular (111) sample;
however, there are weak indications of further resonances
for other samples, such as 1249 (100) at 5 p,m, and 1265
(111)A at 9.2 pm and 10.6 pm. This suggests that the
harmonic transitions may be enhanced by particular level
degeneracies or crossings which occur for specific struc-
tures at particular fields. In addition the full Luttinger
Hamiltonian for (111) contains several additional off-
diagonal terms which will mix states of different axial
quantum number and thus enhance the probability of
higher angular momentum transfer transitions.

The only previous reports of the observation of cyclo-
tron resonance harmonics were those observed in silicon
metal-oxide-semiconductor structures which were attri-
buted to the presence of strong electron-electron interac-
tions. In contrast with the present measurements, these
authors observed the complete set of harmonics, which
leads us to believe that the present observations have a
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FIG. 10. Plots of the effective mass measured at 115 meV
(10.61 pm) as a function InAs thickness in the series of
InAs/GaSb samples. The dashed line shows the results of the
simple two-band k.p formula [Eq. (2)j, in which the
confinement energy has been calculated by the accurate eight-
band k p theory in zero field.

different origin, as described above.
The effective mass has also been studied as a function

of InAs layer thickness for a fixed laser wavelength of
10.61 pm, as shown in Fig. 10. The dependence on InAs
thickness is used to plot the results in order to allow a
comparison of data taken on samples with varying ratios
of InAs:GaSb. The InAs thickness is more significant
than the superlattice period in such structures, since the
electron mass is dominated by the InAs conduction band.
The systematic increase in mass as the superlattice period
is decreased is due to the increasing importance of the su-
perlattice confinement energy and nonparabolicity. The
dependence of the effective mass on period was modeled
using

m *=ms [1+(2.6tiiro, +E„„&)/Egj, (2)

which is equivalent to Eq. (1), but with the superlattice
mass generated from the band-edge mass mo =0.021,
which is rather lower than the accepted bulk InAs value
of 0.023, and values for E„„f,which were calculated at
zero field as a function of the superlattice parameters us-

ing the eight-band k.p theory. The agreement between
experiment and theory can be seen from Fig. 10 to be ex-
cellent. The difference in the influence of the confinement
energy E„„&and the in-plane kinetic energy (Piro, ) is a
consequence of the decoupling of the motion in the two
directions, as has been shown theoretically by Eken-
berg, and experimentally by Warburton et al. , for the
case of GaAs/Ga, Al As quantum wells.

In conclusion we can state that we have provided clear
evidence for the observation of the magnetically induced
semimetal-to-semiconductor transition in a range of
InAs/Ga, In Sb superlattices. This has been achieved
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by the use of cyclotron resonance to monitor the carrier
densities as a function of magnetic field. The field posi-
tion of the transition is a strong function of both the su-
perlattice periods, due to the confinement energies, and
the interface orientation. This provides strong support
for the recent suggestion that the band overlap in this
materials system is strongly orientation dependent.
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