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Effects of electron-hole hybridization on cyclotron resonance in InAs/GaSb heterostructures
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The effect of electron-hole hybridization on the cyclotron resonance of bipolar InAs/GaSb structures is
investigated for samples with varying electron-hole coupling. At low magnetic fields it is found that the
cyclotron resonance mass of the electrons is significantly enhanced when the electrons and holes are closer
together and strongly coupled. A two-band model including electron-hole mixing shows excellent agreement
with the experimental results. At higher magnetic fields it is observed that the electron cyclotron resonance line
is split into a series of resonances due to electron-hole Landau level hybridization. The magnetic-field positions
of these splittings are proportional to the energy separation between the electrons and holes, proving the
explanation that they are the result of single-particle coupling. In the quantum limit strong couplings and giant
spin splitting of the cyclotron resonance transitions are seen which depend strongly on the exact structure
studied.
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I. INTRODUCTION the carrier confinement energy. A three-band formula for the

The observation of oscillations of the cyclotron resonanC{gﬁéggy3t2§9ngegi(\:/znogg;])?oiif;f;:glls g; agsih @ nohpara-

mass, amplitude, and linewidth in the semimetallic

InNAs/GaSb system has provoked a great deal of mo K

controversy-~ Current interpretations divide essentially into s =1+ 2E_E' (1)

two possible explanations: electron-hole Bose-Einstein Me ¢

condensatio>® and varying degrees of electron-hole with the nonparabolicity parametar=-0.86 for AnAs20:21
hybridization®>-%° To date, experimental evidence has beenmy is the band-edge mas&g is the energy gap of the bulk
inconclusive in resolving this debate, though the weight ofinAs which has a value of 418 meV, ane=E,-E,+(N
evidence favors the second explanatid®!' This paper pre-  +1)%w, is the confinement energy of tiéth Landau level,
sents not only further strong evidence supporting electronyith E, and E, being the ground-state subband energy and
hole hybridization as the cause of these oscillations, it alsghe band-edge energy, respectively.

gives a systematic study of the effects of such hybridization

on electron effective-mass enhancement and splitting of cy- B. Type-Il nonparabolicity

clotron resonance transitions. The strength of the hybridiza-
tion is experimentally controlled both by varying the InAs
well width and by inserting a barrier between the electrons’
and holes. The experimental results are compared to a simp.

two-band coupling model including the effect of the minigap ) . ; .
that appears where the conduction band and valence baﬁldnnelmg of the electron wave functions into the barrier lay-

cross. When the barrier is introduced between the electrorfgS ¢an (Ijea;]d th addl_t|ona]! eleqtrpn eﬁsctlve-mass enhanﬁe-
and holes all evidence of the electron-hole coupling is reMment and the formation o a minigap.. ec.ent reports on the
moved. cyclotron resonance effective mass in bipolar InAs/GaSb

systems have included studies of the dependence on layer
thickness in InAs/GaSh bilayef8?425 in InAs/GaSh
Il. THEORETICAL BACKGROUND superlatticeg®?%2”  and  in  InAs/AISb/AlGa_Sb
structures;”?8 although none of the previous work has
sought to establish clear relationships that might exist be-
It is well known that the cyclotron resonance mass can béween the effective mass and the strength of the electron-hole
enhanced relative to the band-edge free carrier mass ashgbridization. Oscillations of the mass with magnetic field
result of conduction band nonparabolicity, with higher en-are found to occur which are opposite in phase to those ob-
ergy electrons having a greater effective mass due to inteserved due to type-l nonparabolicity and are thus sometimes
actions with other band€1°This type of nonparabolicity is referred to as antinonparabolicityThis is also referred to
identified as type-l nonparabolicityand its effect on the elsewhere as type-ll nonparabolicity.
electron cyclotron mass has been shown both The simplest model used to describe the conduction-
theoretically*18 and experimentall/-1°to be dependent on valence band hybridization and the emergence of minigaps in

In narrow band-gap heterostructures made with materials
uch as AnAs, it has been reported that type-1 nonparabolic-

alone is not sufficient to explain the mass enhancement.

eoreticad?? and experiment&t investigations show that

A. Type-I nonparabolicity
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OE =0,AM=0 (@)E =80,AM=0 (i) E_=80,AM =10 andNj, can be determined experimentally via transport mea-

300 surements, and for a given value §/N,, we can therefore
250 deduce the value d&g.
200
~ C. Cyclotron resonance mass
Q
E 150 In the low magnetic field semiclassical limit, the cyclo-
" 100 tron resonance mass.p can be expressed in terms of a
s closed cyclotron orbit irk space with an areA which de-
pends on the cyclotron orbit eneryand the in-plane wave

vector magnitude. The low-field cyclotron mass is givéh
003 0 003 -003 0 003 -003 0 003

ka2 ka/2xw ka/2n by
. o . h2 9A
FIG. 1. Calculated electron and hole band dispersions(ifior Meg= ———— . (5)
E,=0, AM=0, (i) E;=80, AM=0, (iii) E;=80, AM=10 with the 2mIE | e=g,

atomic spacingi=6 A. In the case of a parabolic dispersion, assuming coaxial

and isotropic conduction and valence bands, the cross sec-
the InAs/GaSb structure considers two bafitithe ground tional areaA of an orbit is given bymk? Using the chain

electron subbané, in the InAs layer, and the ground hole rule, the mass is
subbandH, in the GaSb layer. The in-plane dispersion rela-
tion is initially assumed to be parabolic and the two states = 3%

S . ) : m, . 6
hybridize according to the matrix equation: cR dE keke ©)
E AM\/ ¢ P We can thus calculate the cyclotron resonance mass of the
( 0 )( EO) = ( E°> , 2) conduction(electron and valencéhole) bands from Eqs.3)
AM Ho /\ ey, @H, and(4), respectively.
whereEqy(k) =722/ (2me), Ho(k)=E4—72k?/(2my), andEg is lll. EXPERIMENTAL DETAILS

the band gap. The parameteM is related to the size of the ) )
minigap, with the minimum energy separation of the bands. Cyclotron resonance was measurgd in a farinfrared Fou-
given by 2AM. The solutions to this equation are mixed € transform spectrometer at 2.2 K in the Faraday configu-

conductionlike and valencelike bangs and E,, with ener- ration using unpolarized light with magnetic field up to 14 T.
gies given by The sample substrates were wedged by 2° to prevent inter-

ference distorting the resonance line shape. The resulting
1 1 transmission spectra were normalized to thNe spectrum at zero
Ec= §(H°+ Eo) + 5\"/(Ho_ Eo)? + 4AM?2, (3  magnetic field, giving a relative spectrui=T(B)/T(0).
Line shapes were fitted to the spectra using the transmission
relation given in Refs. 35 and 36, and the effective mass
1 1, m =eB/ w, was deduced from the cyclotron energy.
Ev= 5(H0+ Eo) - EV(HO— Eo)* + 4AM?. (4) The measurements were performed on two sets of
samples, labeled the well width series, and spacer series. All
Figure 1 shows the calculated dispersion relation for thesamples were grown by metal organic vapor phase epitaxy
cases(i) E;=0 meV, AM=0 meV, (ii)) E;=80 meV, AM on GaAs substrates and consist of a well layer of InAs sand-
=0 meV, and(iii) E;=80 meV,AM=10 meV. The electron wiched between a 1200 A GaSb capping layer and a thick
mass and the hole mass valueg=0.023m, (Ref. 30 and (2 um) GaSb strain-accommodating buffer layer. The struc-
m,=0.10m,,%! are the values estimated at the band edges. Itures in the well width series were grown with InAs growth
an ideal parabolic system the electron and hole densities ateane varying in the range 30—80 s. The growth of the layers
in equilibrium and therefore the Fermi energy will lie at the was monitored via anin situ surface photoabsorption
crossing point of the two bands. However, the samples studechnique?”-28 The growth rate was estimated from the ob-
ied here are slightiy type although the individual layers are servation of interference oscillations in the signal as a func-
not doped. This is due to pinning of the Fermi level by sur-tion of growth time. Assuming a constant growth rate
face states and acceptors in the GaSb la3ftéThe Fermi (=4 A/s), we estimate that the nominal InAs widthcovers
energy will therefore lie slightly above the crossing point of the range from 120 A to 320 A. Table | lists the samples
the two bands. Assuming isotropy, the magnitude of the twotabeled asVT whereT is the growth time in seconds.
dimensional electron and hole densiti@é,,N,) are given In the spacer series, the coupling between the electrons
through the standard equationkg.= \m and kg, and holes is controlled by the introduction of short-period
=vy27N,, wherekg, and kg, are the values ok where the superlattices at the interfaces to form a spacer or barrier layer
Fermi energyEg crosses the electronlike and holelike seg-between the InAs well and GaSb. The InAs width was fixed
ments of the conduction-band dispersion, respectividly. at 240 A and the number of superlattice periods at the first
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TABLE I. The well widthsw, carrier densities, and mobilitidg.e, 1) of the samples studied. Densities
deduced by cyclotron resonance and givenBer3 T for comparison to transport measurements. T denotes
N estimate based on results at 20 K. ¥ Magnetotransport results for SO—10 indicate the presence of a
significant number of holes but simple modelling could not fit the data.

At interfaces Ne Ny, e Mh
Samplew (A) 1st 2nd N, by CR (10m™?) (10**m=2?) (m2/Vs)
Well width series
W30 120 - - 0.63f 0.29 - 1.9 0.68
W35 140 - - 3.68 1.8 0.84 4.2 1.28
W40 160 - - 4.27 5.6 4.1 4.4 1.1
W50 200 - - 7.56 7.6 6.1 7.9 1.0
W60 240 - - 7.69 7.3 6.2 18.7 0.7
W70 280 - - 8.47 6.8 6.2 17.5 0.4
W80 320 - - 7.42 6.0 6.0 26.1 5.9
Spacer series
S1-1 240 1SL 1SL 7.06 6.4 34 21.0 1.2
S5-5 240 5SL 5SL 6.29 4.7 3.7 9.6 0.5
S10-0 240 10 SL 0 SL 6.68 5.0 4.3 9.1 0.6
S0-10 240 0SL 10 SL 6.35 6.5 ¥ 16.5 ¥
S10-10 240 10 SL 10 SL 4.94 4.0 0.5 14.0 0.33

and second interfaces was varied between 0 and 10 periods. It is seen in all samples that at low magnetic field, typi-
Each period of the superlattice consists of 20 A of InAs andcally B<3 T, the cyclotron resonance is dominated by a
20 A of GaSb(5 s growth time eaoh The narrow layer single transition peak which is due to the cyclotron motion of
widths of the superlattices mean that the confinement enethe two-dimensional electrons in the InAs well. However, at
gies of the electrons and holes are pushed sufficiently fahnigher fields the four samples show very different transition
apart in their respective layers that there is a positive energfeatures. Sample W40, which has the narrowest well width
gap between them. The structure then acts as a bairrier, ref the four samples, displays a series of clear transitions with
ducing tunneling and mixing effects between the electrorsimilar slopes, but which are shifted from each other by dif-
and hole wave functions, and their mean spatial separation ferent offsets. In addition there are a series of weaker transi-
increased by the superlattice thickness. The carrier densitigibns with steeper slopes, such as that at 4 T, which breaks
and mobilities for the samples in both series have been deff from the electron cyclotron resonance line and increases
termined by transport measurements at 4Refs. 39-41  rapidly in energy as the field increases. This transition is then
and are also included in Table | for comparison. The electromeplaced by another transition which emerges from the low-
and hole densities fall off sharply as the well width decreasegnergy side. A general feature of all of the spectra is that new
towards the limiting well width at which the band overlap features appear from the low-energy side replacing those that
disappears and the structure becomes semiconducting. Thkedl off to the high-energy region. These phenomena re-

eight-bandk -p model predicts this limit to be at90 A. semble observations reported in the literatdr& and attrib-
uted to coupling of the electron and hole bands, but are much
IV. RESULTS AND DISCUSSION more pronounced due to the narrower well widths studied. In
A General observations the wider well width structures of samples W60 and W80,

the spectra have stronger resonance amplitudes due to the

Contour plots of the cyclotron resonance spectra for gyreater carrier densities, smaller splittings, and narrower
narrow well sample(W40), an intermediate well sample |inewidths. The transitions in these samples have similar
(W60), a wide well samplgW80), and a sample with ten overall features to those of W40 but the couplings are seen to
periods of superlattices at both interfac€S10-10 are occur at higher magnetic field and the resonances occur
shown in Figs. @), 2(ii), 2(ii), 2(iv), respectively. Darker within a smaller envelope around a constant mass value. For
regions indicate greater absorption within each plot, thougltomparison, selected transition couplings are indicated in
shading levels vary between plots: maximum absorption inFig. 2 by (@), (8), and (8). It is clear that these coupling
creases fronti) to (iv). Resonances could be observed fromfeatures have the same pattern and that they shift to higher
both electrons and holes using different spectrometer condmagnetic field as the well width increases. However, in
tions, however the hole resonances were much more poorlyample S10-10, with the large spacer layers at both interfaces
resolved due to both larger linewidths and lower hole densithese coupling features are absent. We note that similar split-
ties, and so the study has focussed on the properties of thimg features to those observed in sample W60 are observed
electrons. in other samples in the spacer seri@st shown herg but
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with smaller magnitude. In particular, the features in S10-Oappear to be of approximately Lorentzian line shape, but
and S0O-10occur at the same fields to within 0.1 T indicating there are clear differences in linewidth and amplitude be-
the symmetrical nature of the coupling. tween them. As the electron-hole separation decreases, the
spectrum linewidth generally becomes wider and the transi-
tion amplitude reduces. Table Il summarizes the values of the
B. Mass enhancement at low field cyclotron resonance frequenay, full-width-half-maximum
We now examine the effective mass in the low magneticVe: and intensityl estimated from fitting transmission line

field region. The electron cyclotron resonance appears as a TABLE Il. The cyclotron resonance fitting parameters: cyclo-
single peak with an effective mass =eB/w.. Figure 3  tron frequency(w), full linewidth (w,), intensity (1), carrier den-
shows the transmission spectra at 3 T of all the well widthsity, and effective mass for the single resonance observed at 3 T for
and spacer series samples. We observe that the cyclotraife different samples.

resonance position increases with increasing separation be
tween electron and hole gases. The spectra for all samples

N, at
w W, W 3T m’
Sample (R) (cm™) (cmY I (10%m™2)  (my)

Well width series
W30 120 56.1 18.4 0.0354 0.63 0.0499
W35 140 60.5 27.2  0.0885 3.68 0.0463
W40 160 65.5 24.7 0.0914 4.27 0.0428
W50 200 68.2 24.4 0.174 7.56 0.0411
W60 240 74.2 16.8 0.260 7.69 0.0378
W70 280 80.5 17.8 0.291 8.47 0.0348
W80 320 87.2 11.6 0.381 7.42 0.0321
Spacer series
S1-1 240 82.9 14.1 0.303 7.06 0.0338
S5-5 240  99.0 14.5 0.321 6.29 0.0283

0.6 T T T T
pA & & " . 40 S10-0 240 864 147 0279 668  0.0323

Frequency (cm™) S0-10 240 87.2 15.9 0.268 6.55 0.0321
S10-10 240 100.0 13.8 0.268 4.94 0.0280

FIG. 3. Cyclotron resonance spectra at 3 T.
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shapes at 3 T. The carrier densities and effective masses 150
shown are deduced from the fitted parameters. We see that in E
the well width series the electron density decreases as the 145 F
well width decreases due to the increase of the confinement
energy in the InAs well, in broad agreement with the values
deduced from transpofiTable |). By contrast, the spectral

linewidth, corresponding to the electron scattering rate, is

140

E (ineV)
s
wn

generally higher for narrower wells. 130

For narrowing well width(decreasing electron-hole sepa- AM =4 meV
ration), the spectra show a consistent marked increase of the 125 N/N, = 3/2
effective mass. The smallest separation, corresponding to a
narrow wi:AII width of 12Q A(d=90 A) shows an effecnve 1200 001 o2 o o0 400
mass ofm =0.050m,, while the addition of ten period su- ka2 W (Angstrom)

perlattices at the interfacgsl=550 A) sees this fall tom"

=0.028my,, which is only slightly higher than the bulk InAs FIG. 4. Calculated values of the Fermi energy for different well
band-edge mass. widths. An electron/hole density ratid,/N,=3/2 isassumed.

1. Well width series the electron level approaches the top of the hole band in the
GaSb batrrier.

Type-I nonparabolicity predicts increasing cyclotron reso-  |n Fig. 5 the effective mass is shown calculated using the
nance mass with decreasing well widAn approximation  coupled two-band model using both type-Il nonparabolicity
using the analysis of Warburtat al® is given in terms of  alone and including both the type-I and type-II contributions
electron confinement energy by E@l). The confinement together. This shows that the data can be well fitted using a
energy of the lowest electron leve}, is estimated from the value of AM=4 meV. This value is consistent with the the-
self-consistent eight-bankl-p model™ The lowest electron  oretical prediction of minigap valuéd,our own eight-band
and highest hole leveE; , andH; ;at 3 T are estimated by k.p calculation on bilayer structures and the experimental
inclusion of the Zeeman spin splitting term and using theyalues measured for superlattiéés.
band-edge masses for the spin (#) and spin down(-) .
electron and hole, respectively. Using these approximations, 2. Spacer series
the effect of type-I nonparabolicity on electron effective  As samples in the spacer series have constant well width,
mass is plotted against the well widttiin Fig. 5 as a dashed the confinement energies are almost constant, with a slight
line. For comparison we plot the experimental data from théncrease expected due to the increased confinement of the
well width series as solid circles in the same graph. The masspacer layers. Effective mass variation in this series is there-
enhancement observed in the well width series is substariore almost entirely due to the type-Il nonparabolicity. Figure
tially larger than predicted by type-I nonparabolicity. This 6 shows the measured effective masses plotted against the
suggests that as expected additional type-Il nonparabolicittumber of superlattice periods at both interfaces. The effec-
IS very important. tive electron mass of sample W60 is included as a compari-

The type-Il nonparabolic mass is strongly dependent oson sample without any spacers. We observe that the addition
the relative positions of the minigap and the Fermi energyf superlattice layers between electrons and holes at both
Er, whose value is affected by the additional hole charges imnterfaces reduces the cyclotron resonance mass sharply from

the system. In order to model a systematic behavior withp.0378n, (no superlatticeto 0.028n, (ten superlattice peri-
well width we made the assumption tHgt/N,=3/2 which

allows us to calculate the Fermi energy uskfg/kZ,=3/2 0.06
and Ec(kge) =Ec(ken) =Eg in the conduction-band dispersion ! - Well width series
relation. This approximation assumes that the system is al- ! %YPZ ilnl?;‘npa;:;’;’éllfé‘f
ways semimetalic and type. Although there is some change 0051 ¢ - ngel &Tyge el
in No/Np, in the well width series, particularly for very nar- ~ '
row wells, a constant valud./N,=3/2 isbroadly consistent E 004
with the transport measurements of carrier densities in most g AM =
samples(i.e., W=240 A). Figure 4 shows the estimated dmev
variation of E for different cases of well width using this 0.03
assumption. The asterisks marked on the dispersion relations B
in the left-hand panel show the poitkz., Er) for each well 0.02
100 200 300 400 500

width. In order to maintain the density ratio constaBt,
must increase with increasing electron confinement energy.
The electron effective mass is dependent on the gradient of £, 5. Comparison of different nonparabolicity models to data
Ec at the point(kge, Er). The closeke is to the minimum of  from the well width series of sampledots. Calculated masses,

Ec the larger the effective mass becomes. As the well narebtained from the hybridization model uA& =4 meV. The band-
rows, its electron confinement energy increases rapidly anedge massn, (dotted ling is included for comparison.

W (Angstrom)
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FIG. 6. Cyclotron resonance effective masses measured ir? (ii)
spacer series samples are plotted against the number of superlatti¢§
periods at each side of the well. The mass of sample Vigtaken 304
to represent a sample with no superlattice.
ods at each interfagewhich corresponds closely to the ex- -

pected type-l nonparabolicity mass for this well width
(dashed ling 1t is likely that the tunneling is much more
strongly suppressed by the superlattice layers at the inter
faces than possible electron-hole Coulomb interactions, anc 10 -
therefore the effect of type-Il nonparabolicity at these inter-
faces is strongly reduced. It is evident that ten superlattice
periods at both interfaces are enough to remove the type-I 0
nonparabolicity effect completely, eliminating the minigap 0
so thatAM=0. This conclusion is similar to the qualitative Magnetic field (T)
studies by®728who demonstrated that the inclusion of an
AISb barrier with a thickness of order 2—4 nm was also FIG. 7. Self consistent eight-baridp modeling of the 160 A
enough to remove all evidence of electron-hole hybridizainAs well (W40) for (i) electron and hole Landau levels afid)
tion. allowed electron-electron and electron-hole transitions. Some of the
Samples S10-0 ar8i0-10 areshown indicatively in Fig. 6 additional oscillations in the Landau levels are caused by the self-
as open circles. Although ten periods of superlattice at oneonsistency and the consequent variations in carrier density with
interface would remove hybridization completely from thatfield. These oscillations do not affect the CR transitions signifi-
interface, hybridization at the other interface should be unafcantly. Experimental datdsolid circleg are shown taken from
fected. This is consistent with the measured effective massé&gmple W40.
of S10-0 and SO-1®eing approximately halfway between
W60 and S10-10. The fact that the results from these tweillations are associated with the anticrossing of the Landau
samples are so similar suggests that the structures are syfavels, and it is in the vicinity of these anticrossing points
metric with both interfaces being very similar. Comparisonthat interband transitions become allowed. The interband
with the other samples in the series then suggests that theansitions have much greater slope than the main cyclotron
addition of one to two periods of the superlattice is sufficientresonance line due to their smaller reduced effective masses.
to halve the coupling strength. Strong coupling and multiple splittings from the main cyclo-
tron resonance are clearly visible in the contour plot in Fig.
2(i) for the narrow well sample W40. It is seen that these
transitions disappear to the high-energy side and are replaced
At higher magnetic fieldB> 3T) oscillations observed in by further transition lines entering from the low-energy side.
the resonance position, intensity, and linewidth are related t@his behavior is characteristic of initial state couplingand
electron-hole Landau level hybridization. The magnetic fieldthe three main coupling points are labeled(a$, (3), and
dependence of the resonance splits up into a series of ling®) for illustrative purposes.
which have a greater slope than the low-field behavior, but Self-consistent eight-bard p calculations are performed
with intensities which gradually change within an overall on structures with varying InAs well width. An example of
envelope which follows the slope of the low-field mass. Wethis is shown for the 160 A wellW40) in Fig. 7. Resultant
also observe several weaker transition lines breaking awagyclotron resonance transitions of mixed Landau st&tes
from the main electron cyclotron resonance line to the high<3 are calculated close to the anticrossing and are given the
energy region, characteristic of interband transitions. The odabels 1-8 as shown in Fig(i). The results of this calcu-

C. Electron-hole hybridization at high field
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FIG. 8. Comparison between the theoretical value of the band FIG. 9. Experimental high-field cyclotron resonance absorption
gap (meV) and the magnetic field valugd) of the electron-hole in the quantum limit for sample W40. The relative transmission
hybridisation pointss, 8, a. spectra are taken with a 0.5 T interval and offset in botéindy

directions for clarity.
lation are in broad agreement with those reported previously
by Tsayet al!® who suggest that there should be two mainthat there is no evidence of any additional asymmetry in the
series of peaks with an energy splitting which is approxi-structures.
mately constant with field. The strongest resonances from the
data taken from sample W40 are also shown in Fig. 7 which S o
shows that although there are well resolved split levels, with D Electron-hole hybridization in the quantum limit

a splitting comparable to that predicted, the dominant transi- In order to be more quantitative in the assignment of the
tions are centered around the lower branch formed from theyclotron resonance transitions observed, a separate study
transitions labeled 2, 6, and 7. The theory does predict tranyas made of the cyclotron resonance in the quantum limit
sition features which are seen to split from the electron cyabove the Reststrahlen band of the GaAs substrate, using
clotron resonance to the high energy with different slopessteady magnetic fields from 11 to 27 T. Figures 9 and 10
similar to that observed in the experiments. It is evident thakhow sets of spectra for samples W40 @@t 10taken by
these transitions are due to the interband coupling betweeratioing the transmission with the transmission of an equiva-
the electron and hole Landau levels. Both theoretical angent substrate measured at the same magnetic field. These
experimental results show a continuous transformation of cytwo samples are typical of the results observed for the
clotron resonance transitions into interband transitions constrongly coupled sample$W35—-W6Q and the weakly
sistent with their common selection rulasi=+15%% coupled structure$W70-S10-0. By contrast to the above
Figure 8 shows a simple comparison between the zergegylts, the decoupled sample S10-10 shows a single reso-

field band overlap gaf, (defined as the difference in energy nance over almost the entire field range with only one small
between the lowest electron level and the highest hole level

as deduced fronk -p calculation$ and experimental values

of the fields corresponding to the electron-hole hybridization \ M"T

points (@), (B), and (), as a function of InAs well width. /"

These points shift to higher magnetic field with increasing o5, J J

well width and follow quite well the value oE, deduced Transmission J ‘(g}/

from the k-p model, confirming the electron-hole Landau @1 —— )W)

level hybridization as the source of the coupling. We note wuﬁw
that the small discrepancy between theoretical and experi®] ———— W\‘w
mental results may be a result of errors arising from the va ‘&‘“

estimation of the sample well widths from the growth rates. 081 \W\V ‘ \M‘Ww
X

By contrast to the other samples, in sample S10-10 the
. s 0.9 WN \'_

couplings and splittings are completely removed and the e (gl
transmission spectra are dominated by a single electron cy, | (R N N
clotron resonance at all fields. As concluded from the low- & 50 20 seo 580 eo0 680
field mass values the additional ten-period superlattice al
each interface removes all observable effects of hybridiza-
tion. For the single side decoupled samples S10- FIG. 10. Experimental high-field cyclotron resonance absorption
0 and S0-1Qnot shown herpweaker coupling features are in the quantum limit for sample S0-10. The relative transmission
observed at similar magnetic field values suggesting that thepectra are taken with a 0.5 T interval and offset in botindy
coupling is occurring in a similar way at both interfaces anddirections for clarity.

Frequency (cm™)

155306-7



PETCHSINGHet al. PHYSICAL REVIEW B 70, 155306(2004)

200

80 A FIG. 11. Calculated Landau
1804 > o 0° -
[ 0038E 005" levels (lefty and cyclotron reso-
o P o e .
< 1601 700807 50%6%° nance transitions(right) for a
3 S 604 - o~ 080°° §° E
c 140+ 2 e 8°o°8°05"° symmetric InAs/GaSb superlat-
& 3 00° 0888 0#%° tice. The CR tranistions originat-
& 120- 8 404 000°70" 2 _ : . _ |
& S . ing at spin-up and spin-down lev-
100+ 57 els are shown as solid and dashed
20+ M : lines, respectively. The data points
% // show the resonance positions de-
60 - . : . : 01—+ : : ; duced from the spectra shown in
0 5 10 5 20 25 30 10 15 20 25 30 Fig. 9 for sample W40
Magnetic Field (T) Magnetic Field (T) ' '

(final statg anticrossing in the region of 18 T which may be can be seen that the theoretical results for the two cases are
associated with some coupling to a higher confined electromery different. For the asymmetric case the anticrossing of
state. the lowest electron Landau level with the hole states is clear,
The spectra, which are taken in the quantum limit wherewith an anticrossing gap of order 10 meV for both spin
the Landau level occupanay< 2, should result from carriers states. In the symmetric structure the anticrossing gap is
only in the two spin states of the lowest electron Landauarger (of order 10—-30 meYand is also very different for
level. They nevertheless show a number of features whickthe two different spin states. This is due to two effects, first,
depend strongly on both the magnetic field and the welthe obviously smaller coupling between the electrons and
width. In particular the narrower well structures often showholes caused by the presence of only one interface and sec-
two dominant transitions split by over 100 ¢h(12 me\) in ond, the additional confinement caused by the presence of
the field range 12—-20 Te.g., Fig. 9, whereas by 27 T all the electric field which has the effect of moving the light
samples show a pair of resonances which are split byole levels away from the energy range where coupling oc-
32—-40 cm? (4—5 meV. In the quantum limit we would ex- curs. When the light hole states take part in the coupling the
pect to only see two resonances from the lowest two electroapin-down electron states show significantly larger anticross-
levels and so we can interpret these as spin split cyclotroing effects, whereas the physically antisymmetric quantum
resonance which has been enhanced due to the coupling well has very similar anticrossing behavior for spin-up and
the electron and hole Landau levels. The splitting of the linespin-down electrons. As a result the cyclotron resonance
into multiple transitions is however surprising and in order totransition energiesFig. 12 show much smaller spin split-
interpret the spectra we have again performed simple eightings.
band k-p calculations. In this case no self-consistency is It can be seen that in practice the symmetric picture pro-
used, in order to simplify the field dependence of the levelsvides a reasonable description of the data for W40 in the
The results of the calculations are shown in Figs. 11 and 1jeld range 15-20 T, with several transitions being plotted
where a few of the lowest Landau levels and cyclotron resoall of which originate from the mixed electron and hole lev-
nance transitions are shown compared to the data frorals associated with the lowest electron Landau level. The
samples W40 and S0-10. The calculations show at least fowgtrong spin dependence of the mixing leads to the appearance
possible transitions originating from the coupled electron an®f giant spin splitting effects in this region, with the pre-
hole levels of the lowest electron Landau level, but the caldicted splitting between the two transitions originating on the
culations are strongly dependent on the structure which i§igh field branches of the lowest Landau level being of order
modeled. Two calculations were made using two differen20 meV. By contrast above 22 T and for the whole field
assumptions. In the first the sample was assumed to consigtnge in the deliberately asymmetric sample S0-10 the spin
of a symmetric superlattice structure with coupling occurringsplittings are much smalléd—-5 me\j and are very similar
at both InAs/Gasb interfaces. In the second an electric fieltb those predicted~meV) for the asymmetric structure as
was applied across the two layers in order to simulate ashown in Fig. 12. This difference in behavior is a strong
asymmetric bilayer with coupling only at one interface. It evidence that even relatively simple single-particle mixing

200
FIG. 12. Calculated Landau

levels (left) and cyclotron reso-
nance transitions(right) for an
asymmetric InAs/GaSb superlat-
tice. The CR transitions originat-
ing at spin-up and spin-down lev-
els are shown as solid and dashed

80
180+

N

@

o
L

60 -

1404

Energy (meV)
Energy (meV)

40-
120

ey 2 a 1 lines, respectively. The data points
80 ’ show the resonance positions de-
= T T T : 0 . ¢ ; ; .
0 5 10 15 2 2% A B e e % % dgced from the spectra shown in
Magnetic Field (T) Magnetic Field (T) Fig. 10 for sample SO-10.
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can have a dramatic effect on the cyclotron resonance behav- V. CONCLUSION

ior. One further factor that may influence the behavior is that

some mixing is thought to occur with the lowest spin-down In conclusion, we have demonstrated that the effects of

hole level which is thought not to mix in the simple axap  electron-hole hybridization on InAs—GaSb structures are

approach. The valence band anisotropy is likely to introducgery significant, and that they can be controled in a consis-

a coupling to this state which is thought to be responsible fotent way by varying the structures studied. In the low-field

the sharp series of anticrossings occurring at around 20 T ifimjt the effective mass is additionally enhanced as a result

both samples. o of the type-ll band nonparabolicity caused by the electron-
One surprising feature of the high-field resU>24T) 1516 coupling. The experimental findings can be fitted suc-

is that the dominant transitions at high fields for the Symmet'cessfully by a simple two-band model with a minigap size of

ric sample remain the lower energy resonances. These Sh.o%dmev. The use of superlattice spacer layers between the

by these fields as all of the structures studied are approachir?sIeCtrons and holes shows that the coupling can be rapidly

the absolute quantum limi<<1) at this point. This suggests r%dpced thu.s.redgcmg the mass. At intermediate f|¢|ds, a
. ) . : ; eries of splittings is observed which depart from the simple-
that the simple single-particle picture presented here is not

complete, and further account should be taken of possibl lectron cyclotron resonance Iln'e at the point where t.he elec-
electron-electron plasma interactions which can modify th ron and hole Landau levels anticross. These are attributed to

resonance behaviét-*°This interaction is known in particu- the appearance of interband transitions_ which becom_e more
lar to alter the relative intensities of spin split cyclotron Stongly allowed where the states mix. The insertion of
resonance® Although the systematics of the electron-hole SPacer layers between the electrons and holes removes all
hybridization described earlier show that there is no need t§1ese effects. The field positions of the couplings are strongly
introduce any electron-hole interaction to explain the behavinfluenced by the electron confinement energies in a way
ior at intermediate fields a study of the temperature depenhich is broadly consistent with calculations based on a the-
dence of the cyclotron resonance in this system suggests thateticalk-p model. In the high-field limit the electron-hole
electron-electron interactions can play an important role agoupling can lead to the appearance of multiple cyclotron
much higher temperaturés. resonances and giant spin splittings.
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