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We present results of a detailed far-infrared magneto-optical study on a series of high-mobility
InAs/Al,Ga _,Sb (x=1.0, 0.8, 0.5, 0.4, 0.2, and 0.type-II single quantum wells. A wide range of phenom-
ena arising from the unusual properties of two-dimensiq2dl) electrons and holes and their Coulomb
interaction in high magnetic fields has been revealed. Semiconducting safxpi@sl), in which only 2D
electrons exist in the InAs wells, exhibit cyclotron-resonafC®) splittings due to large conduction-band
nonparabolicity. Semimetallic sampleés=0.1 and 0.2, in which both 2D electronén InAs) and 2D holegin
Al,Ga _,Sb) are present, show two additional linésandh-X lines) as well as electron and hole CR. The
X-lines increase in intensity at the expense of CR with increasing electron-éig §air density, decreasing
temperature, or increasing magnetic fiéid low field), suggesting that they are associated veith binding
which is increased by the magnetic field. The electron CR shows strongly oscillatory linewidth, amplitude, and
mass, part of which are interpreted in the light of the unusual “antinonparabolic” band structure resulting from
band overlap and coupling between conduction-band states in InAs and valence-band stat€sjin,8b;
part of these results are qualitatively consistent with the predictions of Altarelli and co-workerX.lifles are
attributed to internal transitions of correlated electesh pairs(excitons in high magnetic fields mediated by
the excess electron densify50163-182607)04403-2

[. INTRODUCTION tions with no band bending are schematically depicted in
Fig. 1 for three different Al composition&=0, 0.3, and
Semiconductor heterostructures made from the combinat.0). The effective band gaRg, defined by the energy dif-
tion of InAs and AlGa, _,Sb have been of considerable in- ference between the lowest electron subband and the highest
terest for the past two decades because of their unusual baritble subband, can be varied over a wide rang®.(l5 eV
edge alignment, due to which electrons and holes are <EX<+0.3 eV) by varyingx and/or the well width. The
spatially separated and confined in different layers. Interesind member, GaSb/InAs/GaSk=0), is a misaligned(or

in this material system has also been stimulated by the largeroken-gap type-Il “semimetallic’ QW. When the well

nonparabolicity, small mass, and largdactor of the elec-

trons contained in the InAs layers, compared to commonly InAs-ALGa, , Sb

used GaAs/AlGa, _,As systems, as well as possible appli- X

cations as infrared detectors and sources. Until recently,

however, systematic experimental studies of intrinsic proper- x=0 x=0.3 x=1

ties of this system had been limited to the end member CcB

InAs/GaSh primarily due to the difficulty in growing high- cB_ cB

mobility, impurity-free samples. The past several years have i ]

seen remarkable progress in the growth of INAgBY, _,Sb~ ~ss-- -ede- 04,8V

quantum-well (QW) structures with high-mobility(>10> I ____ VB, e R Tt

cn?/V s) two-dimensional(2D) carriers®~ This has led to InAs InAs VB e

such experimental observations as zero-field spin splitting

due to asymmetric potential weflsmagnetic-field-induced

semimetal-semiconductor transitiohis,cyclotron-resonance

(CR) splitings due to nonparabolicity;** strong CR

oscillations;? far-infrared (FIR) transitions attributed to FIG. 1. Schematic conductioisolid lineg and valencddashed

intra-excitonic resonancé;'® and magnetic-field-induced |ines) band lineups for INAs-AIGa,_Sb(x=0, 0.3, and 1.psingle

spin-conserving and spin-flip intersubband transitiths. quantum wells under ideal conditiosharge transfer and band
The unusual band lineups of the ,&a ,Sb/  bending not included The ideal system is “semimetallic” when

InAs/AlLGa _,Sb type-Il single QW’s under ideal condi- x<0.3 (neglecting confinement

Eg=-0.15eV Eg=0eV Eg=+03eV

"Semimetallic” "Semiconducting”
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InAs-AlLGa_,Sb electron density in the well. The orige) of the excess elec-
X <03 trons in the wells and the NPP effect has been the subject of
controversy. Although they have been ascribed to a combi-
o8 (A9 ek nation of surface donors in the GaSb cap layéré Tamm-
O = like states at the heterointerfad@sand deep levelge.g.,
GaSb-like . .
\ / [ donors, acceptors, defects, or their compléxas the
. Coupling v/'\v o Al,Ga,_,Sb barriers;#2°?! the situation is still not com-
T M pletely resolved, and careful studies of controlled samples in
* which the excess electron density can be varied is necessary
‘ N InAs_"ke:: to unravel this complex S|Fuat|0n. _
v (Gast) ; _ HE € A large body of theoretical work has bee_n devoted in the
GaSb-like — last 30 years to electron-hole-h) systems in strong mag-
— > —_— netic fields, and a fascinating array of possible physical
k k phenomena/states has been predicted—the excitonic insula-
"Semimetallic* Intrinsic case - Semiconducting tor phas€? a gas-liquid-type phase transitiéhthe electron-
Extrinsic case - Semimetallic hole condensat®;”® Bose-Einstein condensation of

or magnetoexciton$ chaos?® etc. Although much experimen-
tal effort has been expended for many years, no direct evi-
senting the hybridization idea of Altarelli and co-workgRefs. dence of these states has been given to date. Attention has

15-17%. Because of the coupling, an energy gap opens up, makinFeen E)jald tcspatlally_ Sep?]rate_dZD el_ectronskar]:dL h0|e.skm d
nominally “semimetallic” systems semiconducting if the system is ayere Strslzjftures’ Smc_e the p'O”ee”f‘Q work of Lozovik an
intrinsic (). In real systems, because of the existence of defect§O-WOrkers,” who considered the pairing of electrons and

and/or surface traps that pin the position of the chemical potential0les across an interface of two-media, and the superfluidity
('), the system can still be semimetallic. of such pairs. A very interesting but complicated many-

particle situation arises, especially in the presence of strong
width is larger than-8 nm, there is megativeeffective band  perpendicular magnetic fields. In such a situation, spatially
gap, leading to a charge transfer between the layers, whickeparated 2D electrons and holes, both Landau quantized, are
results in the coexistence of spatially separatetlinsic  present, and there is a Coulomb attraction between them as
electrongiin InAs) and holegin GaSh. The overlap between well as electron-electrore¢e) and hole-hole i§-h) correla-
the InAs conduction band and the ,8a _,Sb valence tions. Several authors have investigated this situation
band decreases with increasing, vanishing near theoretically?®=3! suggesting a number of interesting possi-
x=0.3, which corresponds to a semimetal-semiconductobilities. Various types of semiconductor heterostructure sys-
transition. In the range 0x<1, Al,Ga _,Sb/InAs/ tems to realize this situation experimentally have been re-
Al,Ga,_,Sb is a staggered type-Il “semiconducting” QW, cently proposed and/or fabricaté>* Both optical

FIG. 2. Schematic in-plane dispersion relations fi
InAs-Al,Ga _,Sb in the “semimetallic” regime(x<0.3), repre-

in which, although the valence band of GSla,_,Sb is stil measurement3*® and transport measuremetitoon such
higher than that of InAs, there is a positive effective band-structures have exhibited interesting effects, rekindling inter-
gap; no intrinsic carriers exist dt=0. est in this fundamental problem.

Altarelli and co-workerS =" reported interesting results ~ Cyclotron resonance has been a powerful tool for study-
of a series of theoretical investigations on InAs/GaSb type-ling the basic properties of carriers in solids, and has been
broken-gap heterostructures, which are more complex thaapplied to many quasi-2D systems over the past two
the abovesimplepicture for the “broken-gap” situation. The decades® However, important aspects of 2D CR still remain
essential ide® on which their calculations are based is that,unresolved and controversial. Apparently contradictory re-
when x<0.3, the conduction-band states in InAs and thesults for the CR of electrons in narro¢w10-20 nm InAs
valence-band states in &g _,Sb are resonantly coupled QW’s have been reportéd!*® For an InAs/GaSb QW,
through boundary conditions on the envelope functions at théleitman, Ziesmann, and Chafigobserved pronounced os-
InAs-Al,Ga _,Sb interface, which hybridize the InAs- and cillations in CR amplitude and linewidttbut not maspwith
Al,Ga _,Sb-like in-plane dispersion relations. The coupledfilling factor v=ngh/eB, whereny is the 2D carrier density—
in-plane dispersion relations, computed in the framework oSimilar to, but much stronger than, those observed by Englert
the envelope-function approximation, were shown to obey @t al. in a GaAs/AlGa _,As heterostructur&’ Linewidth
no-crossing rule which opens up smé@l few me\j energy maxima were observed aveny's and minima at odd’'s.
gaps(see Fig. 2 Thus the ideal system is always semicon-While the authors attributed the oscillations stalependent
ducting with no mobile carriers &t=0, and “semimetallic”  screening of impurity scatterers by the 2D electron §as,
behavior observed in many samples witkt0.3 are due to remains an unsettled question as to why this particular 2D
extrinsic effects, which will be discussed in detail in a latersystem shows such pronounced oscillations. More recently,
section. two groups®!! observed spin-resolved CR imAs/AlSb

In all QW structures fabricated to date, there is always &QW'’s Their data clearly reveal linewidth maxintar larger
large density of electron&l0'-10" cm ?) with high mo-  splittings atodd v's, inconsistent with Ref. 39 but consistent
bilities (=10° cn?/V s) in the InAs wells with no intentional  with the ide&? that the onset of unresolved CR splittings due
doping. The structures also exhibit an interestimggative  to nonparabolicity is the cause of oscillations. The primary
persistent photoeffe¢NPP effect,*>2in which illumination  difference between the earfférand latet®! experiments is
at low temperature results in a persistelgcreasein the  the barrier material: GaSb or AlSb, respectively. Thus InAs
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QW'’s with Al,Ga, _,Sb barriers with variable composition TABLE I. The electron densities and mobilities of the samples
(x) comprise an ideal system to elucidate this point. studied. The numbers in parentheses are the values after LED illu-
In this paper we present results of detailed and Systematit@ination. Densities were obtained at 4.2 K and mobilities at 77 K.
FIR magneto-optical studies on a series of high-mobility : —
InAs/Al,Ga _,Sb single QW samples witk=1.0, 0.8, 0.5, Density Mobility

0.4, 0.2, and 0.1. This is an extension of our earlier work on  NO X (10" em™?) (10° en?/V s)
these samples, which has revealed several pheno’rﬁé_ﬁa. 1 10 9.5(6.0 03
For semiconducting samplex=0.4), we observed spin-

o 2 0.8 8.2(5.0 0.5
resolved CR, similar to the results of other gro’tﬁ’ﬁé on 3 05 8.5(6.1) 59
INAs/AISb QW'’s. For semimetallic sampl¢s=0.1 and 0.2, ' pe '

. . . . 4 0.4 6.4(5.4) 0.9

we observed additional FIR ling€X lines) only wherthere is 5 02 6.4(5.9 17
substantial band overlap between “barrier” and “well” ma- 6 0.1 6.2(5.5 11

terials and low enough chemical potential at low enough
temperatures and high enough magnetic fiéfdale ascribed

the X lines to e_xcitonic_resonanc¢9:5—>2pi_ in the ISW' large density of free electrons was found in the InAs wells;
f|e|_d hydrogenic notation, andN=0, M=0)—(N=1, 1o carrier densities and mobilities deduced from magne-
M=1) in the high-field notation, wherdl is the Landau yyansport measurements performed on the same set of

quantum number ani! is the quantum number for the 55168 are listed in Table I. The 2D hole densities at zero
component of the angular momentiithe excitons are com- a4 after illumination were estimated to bel—2x 10

posed of spatially separated electrons and holes. In additio, ;-2 ¢, sample 6 from high-temperature cyclotron-
we observed very strong oscillations in the CR ”neWidth'resonanceﬁCR) intensities, and-0.3x 10 cm™2 for sample
amplitude, and mass which correlate approximately with they ¢.on, magnetotransport measureméhts.

Landau-level filling factor in semimetallic samplEsMaxi- All the samples showed the NPP eff&€ which was
mum linewidths, minimum amplitudes, and mass jumps Wer,seq to reduce electron densities in the \afid to increase
observed aeveninteger filling factors, so that unresolved e densities in the barri@ for semimetallic sampldsto
nonparabolicity-induced CR splittifiis notthe cause of the iquce this effect a red light-emitting diodd ED) was
oscillations. The strength of the oscillations increased withy,quntedin situ. Fourier-transform spectrometers and an
e-h pair density; the oscillations wereot observed for any  gniically-pumped FIR molecular-gas laser were used in con-
of the semiconducting sampl¢s=0.4) in which only elec-  netion with 9- and 17-T superconducting magnets and a
trons exist. The strength also depended sensitively on tenyg + Bitter-type magnet to carry out the FIR magnetospec-
perature, decreasing with increasing temperature, and all Ofoscopy on these samples. A Si composite bolometer and
cillations disappeared at high enough temperatUres0 K),  photoconductive Ge:Ga and Si:B detectors were used to
wheree-h interaction becomes relatively unimportant. Re- . ar the whole spectral range of interest 10500 tm
sults thus strongly indicate that filling-factor-dependent Coulight pipes, a reflecting mirror, and condensing cones were
lomb interaction between electrons and holes plays a signifi;geq to guide FIR light from the spectrometer to the sample/
cant role in the origin of the strong oscillations. F“rthermore*detector. For circular polarization measurements with the
detailed studies on the semimetallic sample with an optically-|p laser, an/4 plate, made of-cut single-crystal quartz, in
pumped FIR laser have revealed several lines. Our studigg)niynction with a linear polarizer, is placed in front of the

showed that structures in laser spectroscopy and some agymple. Differenth/4 plates with different thicknesses were
pects of CR previously observed in Fourler-transformprepared for different FIR wavelengths.

spectroscopy?'° result at least in part, from band-structure
effects. That is, the hole states in thg 8%, _,Sb barriers are
coupled to the electron states in the InAs wells. This leads to
a unique band structure in a magnetic field, and FIR lines A. Semiconducting samplesx=1.0, 0.8, 0.5, and 0.4
whose transition energy goes to zero at finite magnetic field Samples 1-4x=1.0, 0.8, 0.5, and O)ave positive ef-

bUI. rapidly beco.me'CR-Iike trgnsition; with increasing MaYfective band gaps, and thus show semiconducting behavior
netic field, quallta_}lg/ely consistent with the theory of Fa- both in magnetotransp8rand magneto-optic®*3 proper-
solino and Altarellr. ties. No holes exist in these samples, excess 2D electrons in
the InAs being the only carriers. In Fig. 3 typical transmit-
tance spectrératioed to a zero-field spectryrfor sample 3
(x=0.5 at several magnetic fields are displayed in the en-
The six samples investigated in the present work werergy range 80—200 cit. A sharp absorption featurérans-
grown by molecular-beam epitaxy under the same growthmission minimum due to the CR of 2D electrons in the InAs
conditions. Only the Al composition of the ALGa _,Sb  well is the only spectroscopic feature in this energy range.
barrier layers was varieck=1.0, 0.8, 0.5, 0.4, 0.2, and 0.1. Because of the large nonparabolicity of the conduction band
The nominal sample structure consisted of a 15-nm InAsn InAs and the high mobility of the participating 2D elec-
QW sandwiched between two /g _,Sb barrier layers trons, CR splittings are clearly observed. These splittings
grown on a semi-insulating GaAs substrate, with thicknessesome from the energy dependence of the effective mass and
of the upper and lower barrier of 15 nm andufh, respec- the effectiveg factor of the electron&alternatively, from the
tively. A 10-nm GaSb cap layer was grown on top of thenonuniform spacing of the Landau and spin leyelEhe
entire structure. Samples were not intentionally doped, but dominant low-energyhigh-energy line of the resolved two

Ill. EXPERIMENTAL RESULTS

Il. SAMPLES AND EXPERIMENTAL METHODS
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FIG. 3. Transmittance spectfeatioed to a zero-field spectrym .
for sample 3(x=0.5; semiconductingat 4.2 K before LED illumi- FIG. 4. Transmittance spectra for sampléx_%O._Z) ata T be-_
nation at several magnetic fields. Splittings are due to the energ re an_d after exposure to a red LED. IIIumlnatl_on results in a
dependence of effective mass apdactor, as shown schematically ramatic change: CR frequency decreases, opposite to the expecta-

in the inset, arising from the large nonparabolicity of the InAs con-t'o_n from nonparabolicity, and a line, referred to as €h& line in
duction band. this paper, appears above CR.

occupation effecfS due to the large electron density in the
lines in Fig. 3 corresponds to the transiti¢®,1)—(3,1)  samples play a crucial role in reducing the coupling. An
[(1,1)—(2,])], where the numbers are Landau indices, &nd attempt to reduce the electron density without reducing the
and | denote the parallel and antiparallel spin projection, asnobility by gating the sample is in progress.
shown in the inset.
lllumination always reduced the CR integrated intensity B. Intermediate sample:x=0.2
and increased the transition ener@ye., the cyclotron en- In sample 5(x=0.2) there is small overlagg~50 me\}

ergy,fiw.=feB/m*). The CR integrated intensity, which is ,orveen the bulk conduction band of InAs and the bulk va-

proportional to the 2D electron density, was reduced byance hand of AJ,Ga,4Sb. In the simple picture described
about 28%, while the transition energy was shifted to higheggyjier(Fig. 1), the characteristic behavior of this sample can

energy(lighter effective massby about 4 cm* after illumi- e qgualitatively understood in terms of the position of the
nation. BOth the decrease in intensity and the pOSition Shifpermi energyEF . Before LED illumination at low tempera-
are consistent with the single-particle picture; the Fermi entyre, E- at zero field in this sample is such thag+E
ergy Er (or the electron densiyof the system is lowered by (measured from the bottom of the InAs conduction band
illumination as a result of the NPP effeétt? and the CR  whereE, is the confinement energy for the lowest electron
mass is reduced due to the nonparabolicity of the InAs consubband, is slightly lower than the highest hole subband-
duction bandthe lowerEg, the lighter the mass, or, alter- edge at the interfa¢e); hence a small density of 2D holes
natively, in the high-field regiofinset to Fig. 3 the transi- can exist on the Al,Ga, ¢Sb side of the interfacs), and so
tions have larger contributions from lowémore widely the system is slightly “semimetallic.” Applying a modest
separatedLandau levels When we tilted the magnetic field magnetic field(a few T) depopulates the holes and trans-
from the normal to the sample surface, the resonance posierms the system into a semiconductor in which only elec-
tion shifted down following the cosine rule, indicating the trons exist. LED illumination lower&g due to the NPP ef-
strongly 2D nature of the electrons participating in CR. fect, decreasing the electron density and increasing the hole
All the other semiconducting samplés=1.0, 0.8, and density, making the system more strongly “semimetallic;”
0.4) showed similar behavior to sample 3, which can be unhence the field at which holes vanish moves up to about 7-8
derstood predominantly in terms of single-particle band-T.2
structure effects. No evidence of electron—LO-phonon reso- The above picture is consistent with most aspects of FIR
nant coupling was found around the InAs reststrahlen bandspectra obtained, although a few details cannot be explained
219-243 cm?, although a dielectric effect at the TO-phonon without invoking the “antinonparabolicity” arising from the
energy, similar to the results reported for an InAs/GaSkhybridization of electron and hole Landau levels across the
QW,*was observed. We believe that screening efféetsd  interface(see Fig. 2 In Fig. 4 two transmittance traces are
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0 1 2 3 4 5 6 7 8 9 FIG. 6. High-field(11-15 T behavior of sample 5x=0.2): (a)
Magpnetic Field (T) before and(b) after LED illumination. The insets show typical

transmittance spectra at 4.2 K. Nonparabolicity-induced CR split-
tings can be seen, similar to the results for semiconducting samples

FIG. 5. (a) Transition energy vs field for CR and tleeX line ¢
(see Fig. 3.

observed for sample 5=0.2) at 4.2 K. (b) Peak absorption am-
plitude vs field. Dramatic reductiof30%) in intensity due to
magnetic-field-induced semimetal-semiconductor transition can be In Fig. 5 we also showa) transition energy vs field and
seen. Oscillatory behavior is seen for both lines at high fiete3  (b) peak absorption amplitude for both CR and & line
T) after LED illumination. after LED illumination. At low magnetic field§<4 T), we
observe a single sharp line dueg€eCR, similar to thee-CR

. . line observed before illumination but with smaller intensity
shown for sample 5ta4 T before and after LED illumina- and larger linewidth(see Fig. 4. In the field range 1-4 T,

tion, respectively. A single sharp CR line is observed before loses intensity rapidly with increasing field—

. - 7 . .~ e-CR
lllumination, similar to that observed for semlconductlng qualitatively the same behavior as before illumination. How-
Rver, at about 4 T, where there is still a large density of

samples, since before illumination the system at this field i
expected to be semiconducting from the above considerhdes, thee-X line begins to be observed about 30 ¢m
ations. After illumination CR shiftdown in energy and gpoyee-CR. The transition energy vs field for both lines
broadens substantially; in addition, an interesting feature, reshows slight deviation from straight lindsee Fig. %a)].
ferred to as thee-X line in this paper, appears 30 Cm  e-CR exhibits anaveragelinear dependence dB, extrapo-
above CR. The appearance of & line indicates that the |ating to zero at zero field, whereas teX line extrapolates
system is “semimetallic;” this line is absent in all the semi- to a finite energy(~25 cm' %) at zero field. We assign the
conducting samples, but is more clearly observed in sample-X line to an internal transitiofils— 2p, -like) of excitons
6, which is the most strongly “semimetallic.” The decrease composed of spatially separated electrons and holes. This
in energy for CR isnot expected from the usual band non- line is observable only at temperatured0 K and magnetic
parabolicity, for which CR should shiftp after LED illumi-  fields >4 T, consistent with the notion that applied perpen-
nation. dicular fields stabilize the quasi-2D excitonic state by shrink-
A plot of transition energy against field in Fig(éh for  ing thee-h wave function in the 2D plane. More details of
CR before LED illumination exhibits a nearly linear depen-the behavior of the=-X line and discussion of its origin in
dence, corresponding to a mass of 0103%t the Fermi en- terms of an excitonic ground state are given in Sec. IV.
ergy, much higher than the band-edge m@&s824m,) due to Figure 6 shows the high-magnetic-field behayigu to 15
nonparabolicity. As shown in Fig.(B), this linedecreasein  T) of sample 5. A Si:B photoconductive detector was used to
amplitude monotonically with increasing magnetic field in cover the energy range of interest, 300—500 triThere is a
the field range~1.5 to ~5 T, consistent with the above- gap region between 220 and 320 twhere transmission
mentioned field-induce@-h depopulation. Above 4 T, CR experiments were impossible because of the reststrahlen
intensity remains constant with field, since there are no holeband of the GaAs substrates. Before illuminatigh a sharp
and only excess electrons exist fBi>4 T. From the CR e-CR remains the only feature, but shows splittings due to
integrated intensity, we obtained for 2D electronsnonparabolicity. These splittings are of the same origin as
ne~7x10'" cm 2 for B<2T andny~4x10 cm ?for B>4  those observed for semiconducting samgke=e Sec. Il A,
T, deducing a zero-field hole density 88x10'*cm 2 This  consistent with the fact that sample 5 is completely semicon-
number is considerably larger than the value obtained fronducting(i.e., there are no holg# this high-field range. Af-
magnetotransport measuremehis;a later section we show ter illumination(b), we observe an asymmetric broad feature
that this is also due to the hybridizatigsee Fig. 2, which  consisting of two CR lines, for which peak positions were
modifies the simple relation between the CR integrated indeduced from line-shape analysis. We believe that these two
tensity and the electron density. lines arise from the nonparabolicity-induced splitting, as be-
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fore illumination, but they are not resolved because of line — B LEa s

broadening. The line-broadening due to illumination is con-

sistent with illumination-induced mobility reduction ob- = Y;"T\\/V

served in similar system&ee, e.g., Refs. 4 and,%ut its 2 e

microscopic origin is still elusive as is the origin of the elec- é '

tron accumulation and the NPP effect. The possibility that 5 _GOT R ¢X ]

the high-energy line in Fig.(6) is thee-X line can be ruled ;

out, since the transition energies of the two lines are nearly = 55T

identical to those of the two lines observed before illumina- s ' 1

tion in the same field ranggrig. 6(@)] and the separation = 501

between the two line$~15 cm ) is only half that of the @ ’

e-X—e-CR separation30 cmi}). Therefore, we conclude Y ~ CR X 45T

from Fig. 6b) that thee-X line is already gone aé8>12 T e

after illumination. This is also evidence that tlkeeX line ‘é 40T

arises frome-h interaction, since in this field range no holes @ L g

are availablé. g 357

C. A semimetallic sample:x=0.1 5% 100 150 100 150 200

1. lllumination and field dependence of e-CR and X% Energy (cm’)

. SlamplebG(xd=0.1) IIS mt(;]re strong:y sgnglrr:ettz;lllc,_ halv- FIG. 7. Transmittance spectra for sampléx6-0.1; semimetal-
In.g arg‘?r an. over a_p,. a.n samplé-0.2). In the simple ic) at 4.2 K after LED illumination in field range&) 1.0-3.0 T
picture in which hybridization between electron states an

. . X nd(b) 3.5-7.0 T. A single sharp CR is seen in low fields, but it
hole states is not considered, the 2D electrons are confined IBses strength rapidly with increasing field and a new p@ak

the 15-nm InAs well, and the 2D holes are confined at thgjne) appears at high fields, similar to sampléxs=0.2) after LED
heterointerface) by self-consistent band-bending resulting jjjumination.

from charge transfel The position ofEr is always between

the lowest electron subband edge and the highest hole sulec. |11 C 3. The straight line in Fig.(8 has an effective
band edge, so that both electrons and holes exist. llluminanass of m*=0.0352n,, which we call “the high-
tion lowers EF, increasing the hole density and decreasingemperature maSS,” as we discuss |a@ec 11 C 3 Open
the electron density. Therefore, theX line, observednly  diamonds are data obtained with a FIR laser, and will be

after illumination in a certain field range for sample 5, is giscussed in Sec. 1l C5. We observe an anomalous “anti-
observable for sample 6 at fields abovd T, both before

and after illumination, with increased intensity after illumi-

nation. When the illumination time reaches about 500 ms, 200 (g ]
the e-X line becomes comparable in intensity ¢eCR in W o ex(m }
intensity, finally becoming the dominant line at the highest _ 180 = eCR(FT) 8
photon dose. It should be noted that, compared topthe- g0t hX(FT) .
tive persistent photoeffect commonly observed in Z | R Laser .
GaAs-ALGa _,As QW structures, the time constant is ex- S0l - 0038zm, ]
tremely long, consistent with magnetotransport experi- S 100l ‘ ]
ments>® 5 &l & Fx = 1
The typical magnetic-field dependence of transmittance = o M ;
spectra at 4.2 K for sample 6 is shown in Fig. 7 for field S o oat ]
regimes 1.0-3.0in (a)] and 3.5-7.0 Tin (b)]. In the low- = @ DB i
field regime B<2.5T, e-CR is dominant and sharp. With 2r i
increasing field, however, the X line increases in intensity L é' ; "‘ '5'_) é 7
very rapidly at the expense efCR, suggesting that perpen- <k ] L
dicular magnetic fields stabilize the quasi-2D excitonic state. S5 \'\ v=8v=6  v=4 (b} T
In the field range 3—7 T, the intensities of both lines oscillate 3 fg 3 " _l L { ]
with field in such a way tha¢-CR maxima coincide approxi- 210 " \Soo\goo.(; & ogafo ]
mately with minima of thee-X line, and vice versa. Both the E g' 0000007 ® 1 g =T ]
linewidth and amplitude o#-CR also oscillate strongly, line- 0 1 2 3 4 5 6 T 8
width maxima and amplitude minima occurring simulta- Magnetic Field (T)
neously in the vicinity of even’'s (e.g., atB=5.5-6.0 T,
corresponding ta~4) [12]. FIG. 8. Sample 6x=0.1; semimetalli after exposure to a

In Fig. 8 we plot transition energin (a)] and percent | ED. (g Transition energy vs magnetic field ferCR, e-X line,
peak absorption amplitudén (b)] against magnetic field up andh-X line at 4.2 K, including both Fourier transforfT) and
to 7.5 T after illumination at 4.2 K for bote-CR ande-X, laser spectroscopy, along with a straight line that corresponds to a
along with another, low-frequency line, referred to as themass of 0.0352,. (b) Plot of percent change in transmittance at
h-X line in this paper. Details of thh-X line are given in  peak vs magnetic field foe-CR and thee-X line.
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nonparabolic” field dependence of the transition energies for

both e-CR ande-X in Fig. 8@a): (1) they show large slope 004801 )

discontinuities at fields near 3, 4, and 6(@orresponding g7 0.039 S "
approximately tov=8, 6, and 4, respectively(2) the cyclo- % 0.038 - " 1
tron mass gg=eBl/w,d is found to decreasemonotoni- n_ 0037} _/t / B ]
cally with increasing field between two adjacent discontinui- §° 00361 ." _/ \./_/ ]
ties; (3) the transition energy jumpdown with increasing = I J" / 1
field at each discontinuityi.e., the transition energy just be- 00351 " .

fore a discontinuity ishigher than the transition energy just 0.034 . i
after that discontinuity (4) there are at least three CR 20

branches whose transition energies extrapolate to zero at fi- {b)

nite magnetic field(see also Sec. Il C)5 None of these =

observations is expected from the usual band nonparabolic- % " /

ity, for which the mass shoulthcreasewith field and the Bl = ~ / |/ 1
transition energy should jumpp at integersy.X%'! Despite = " ] \_ o

these anomalies, both lines show awerall linear depen- 2 '|\' o J

dence on field withessentially the same average slope "

(~0.035n,). The equivalence of the slopes strongly suggests 0 T

that thee-X line is associated with 2D electrons in the InAs 60

well. The amplitude of thee-X line increases rapidly with {©)

magnetic field at the expense ®CR in the low-field region <

(B<3 T), as shown in Fig. &), qualitatively the same be- S_ 40 .
havior as sample 5 after illumination. However, at higher = }

fields it oscillates strongly, with maxima coincident with the E /

minima in thee-CR intensity near evew's. All the above 20f v " f/ '.\ f'\-\_/'\ ]
results suggest the importance of the filling factor in deter- . " "
mining intensity, position, and linewidth both ferCR and

thee-X line. 2 4 6 8 10 12

2. CR oscillations with filling factor Filling Factor v
In the magnetic-field dependence ®CR for samples 5 FIG. 9. Electron CR oscillations vs filling factor for sample 6

and 6, we have observed strong oscillations in mass, amplifter illumination at 4.2 K(a) percent absorption amplitude afig

tude, and linewidth. We found that these oscillations are obfull width at half maximum. Values were obtained from fits of

servable only in the “semimetallic” situation at low enough Lorentzians to the data.

temperatures and high enough magnetic fields, and that they

appear to be correlated with filling facter In Fig. 9 we plot  gjty than sample 5; after illumination it shows even stronger
e-CR mass, amplitude, and linewidth againsor sample 6 gcillations. The strength of the amplitude and linewidth os-

(x=0.1) at 4.2 K after LED illumination. It can be clearly jjations and the intensity of the-X line show qualitatively
seen in Fig. &) that the CR mass o’scnlates strongly, With the same behavior, i.e., they also increased with increasing
abrupt mass changes at even-integsr As noted before, oy pajr density(or decreasingy), indicating that the os-
between two adjacent even integes (€.9.,»=6 and 4, the  ¢jations and the emergence of theX line are correlated.

CR masgdecreasesvith decreasing (increasingB), oppo- Finally, as we describe in Sec. Il C 3, the strength of all
site to what would be expected from nonparabolicity. Theyne oscillations and the intensity of theX line become
v-dependent oscillations in amplitude and linewidffigs.  \yeaker with increasing temperature, and disappear at high
9(b) and 4c)] are similar to earlier results for InAs/GaSb enough temperature€T>50 K). In other words, all the
QW's.* Pronounced oscillations are seen, linewidth maximaynomalies observed for sample 6 are possible only at low

. .. . . , .9
and amplitude minima occurring @&veninteger v's;” dra-  anough temperature. This also strongly supports the idea that
matic line broadening with concomitant amplitude reductiong| the oscillations and the-X line are related t@-h Cou-

is observed atv=4. Thus the onset of nonparabolicity- |omp interaction(and the density of holeéswhich become
induced CR spllttlng”§ is not the cause of the oscillations, relatively unimportant at high temperatures.
since it predicts linewidth maxima add-integerv.

Another important experimental finding is that the
strength of the CR oscillations increases with increashiy
pair density(or decreasing Fermi energysee Ref. 12 for Temperature dependence was studied in detail in sample 6
detailg. As we described in Sec. Il B, before illumination at several magnetic fields. Figure(@0shows transmittance
for sample 5, onlye-CR, which doesiot exhibit oscillations,  spectra for this sample @&=5 T (v=4.6) and at several
is observed. After illumination for sample 5, ba#hCR and  different temperatures. AT=4.2 K, thee-X line at 160
the e-X-line are observedand CR mass, amplitude, and cm * dominates the spectrum. With increasing temperature,
linewidth oscillate. Sample 6 before illumination shows however,e-CR increases in intensity rapidly whike X de-
stronger oscillations than sample 5 after illumination, reflectcreases. Above 20 K-CR becomes dominant overX, and
ing the fact that sample 6 always has a highér pair den- above 50 Ke-X is a weak shoulder on the high-energy side

3. Temperature dependence
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FIG. 10. Temperature dependenceee€R and thee-X line for sample 6 after exposure to the LED. Ratios of transmitted intensity at
the indicated temperature to a background spectatrthe same temperature alBe-0) are shown by the solid circles. Individual Lorentzian
lines fitted to the data—dotted lines ferCR and dashed lines for tle X line; overall fit—solid lines(a) B=5 T, (b) B=5.75 T, and(c)
B=4T. In (¢) it is clearly seen that with increasing temperature the CR frequency shifts up, the CR strength increases, and the CR line
becomes narrower.

of e-CR. The spectra can be fitted very well by two Lorent-mass, as a function of temperaturebetween 4.2 and 70 K
zians, as indicated in the figure. The clear decrease in th®r several magnetic fielddilling factors) for sample 6. The
intensity of thee-X line at higher temperatures suggests thatdata point at 5.75 Tv=3.95 and 4.2 K is omitted because

it is associated with a bound state—an excitonic state in thisf the large uncertainty in the position of thery weak and
case. Note also that X is always broader thaeCR, indica-  broad peak. It is clearly seen in the figure that the energy
tive of a basically different origin. At other magnetic fields, shift always approaches zero at amyas temperature is
the general temperature dependence is the same, in the semaised; i.e., if the energy shift at low temperature is positive
thate-CR increases anet X decreases with temperature, but

details are sometimes very different, with the filling factor 6 ————— T
being an important quantity. Especially at fields close to s ]
even integersy, as shown in Fig. 1®) for the case of —’E‘ I \
B=5.75 T (v~4), higher temperatures were required for s ?r A_A\ ]
e-CR to become dominant. This behavior is consistent, with ) M g ]
the e-h interaction(and consequently the excitonic binding @ 2 [ om0 — ]
energy being larger at evem's than at oddv's. 2t :;::gg;

It was also found that the CR mass, amplitude, and line- S 4r —a—500T ]
width change considerably with temperature. FiguréclLlO 6l X881 i
shows two spectra for sample 6 at 41/=5.7) obtained at 40 ol L .

and 4.2 K, respectively. It can clearly be seen that at 40 K the o 10 20 30 % % e 70 80
CR frequency is higher, the CR amplitude is larger, and the Temperature (K)

CR linewidth isnarrower, than the corresponding quantities

at 4.2 K. In Fig. &) we indicated a straight line having an  F|G. 11. The temperature dependence of CR position at four
effective mass ofm=0.0352n,, which we call “the high- gifferent fields(filling factors. The abscissa measures the energy
temperature mass:” the CR mass always approaches thigift from the energy expected from the high-temperature mass
mass when temperature is raised at any magnetic field. Ifp.0352n,, see the straight line in Fig(&]. No data points at 5.75
Fig. 11 we plot the measured CR frequencies, in terms of th& and 4.2 K is included because of the very large uncertainty in
shift from the position expected for the high-temperatureresonance position.
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FIG. 12. Transmittance spectra for sample 6 under different 4. Tilted-field experiments

temperature and illumination conditions. Two electronlike lines and

two hole like lines are clearly observed. Interesting aspects of the X-line were found when we

tilted the magnetic field with respect to the growth axis. Both
e-CR ande-X shifted down in energy with a small tilt angle,
(negative, it decreasegincreasepwith increasing tempera- indicating that they are 2D in nature. HoweverX was
ture. In short, at high enough temperatures, the discontinufound to lose intensity rapidly with increasing tilt angle,
ties in transition energy vs field, seen in Figa) disappear, while the CR intensity was maintained and the CR position
and the transition energy shows the usual linear dependenéellowed the cosine dependence on angle typical of 2D con-
on B. Similar tendencies are seen for amplitude and linefinement.
width as well. Therefore, it can be concluded that all the Figure 13a) displays typical transmittance spectra at sev-
oscillations become less pronounced with increasing temeral magnetic fields, between 4 and 7 T, with the magnetic
perature, disappearing at high enough temperat(fes50  field normal to the sample surface for sampléx6-0.1). At
K), and the mass, amplitude, and linewidth ®CR ap- 4 T CR is dominant, but it rapidly loses intensity and broad-
proach their mean values between maxima and minima. Aéns with increasing field, and becomes a shoulder on the
high temperaturese-X also disappears—again consistente-X-line at 6 T. However, CR regains intensity with further
with the notion that the oscillations are intimately related toincreasing field, and quickly becomes dominant again at 7 T.
e-h correlations. This general behavior can be also seen at a 15° tilt angle
We have observed two other lingls;CR and theh-X  [Fig. 13b)], but with slightly different line shape and re-
line, that arise from holes in the ¢MGa, ;Sb barriers, in a duced frequencies both for CR aeeX, indicating the 2D
lower-frequency region, as shown in Fig. 12. Transition en-nature of both lines. If we take the normal componenBof
ergy vs field for theh-X line can be found in Fig. @). (B cos159 in Fig. 13b), and compare the spectra with those
Figure 12 displays FIR spectra in the energy range 30—20€aken withB at normal incidence in Fig. 18), we notice that
cm™ ! for sample 6 4 T for several temperatures and undernot only the frequencies but also the relative intensities of
different illumination conditions. There are four distinct fea- the two lines correspond almost exactly. However, at 45°, as
tures in this spectral range. The line at 125 ¢nis thee-X shown in Fig. 18c), e-X dramatically shifts down in energy
line, and the line at 105 cnt is e-CR, as before. The-X and loses intensity, while-CR shifts down in energy as the
line increases in intensity with decreasing temperature and/aosine of the angle between the field and surface normal, and
increasing holdor electron-hole pajrdensity at the expense increases in intensity. At 7 and 8 &;X is not detectable.
of e-CR intensity, consistent with the idea®fh binding. Its These results suggest that a large in-plane magnetic field
intensity is larger after LED illumination than before illumi- tends to destrog-X in favor of e-CR, in contrast to a large
nation since illumination increases electron-hole pair densityperpendicular magnetic field, which stabilizes it. We believe
Qualitatively the same behavior can be seen fotthé line  that this effect is consistent with other experimental observa-
(at 40 cmY) and h-CR: theh-X line increases in intensity tions, and can be explained as follows. As we have seen, all
with decreasing temperature and/or increasing electron-holhe observed anomalies, including the appearaneeXfare
density at the expense bfCR intensity. At the highest tem- correlated with thee-h pair density(or the overlap between
perature, onlye-CR and h-CR are observable, consistent the InAs conduction band and the ,&a _,Sb valence
with the notion that electrons and holes are thermally liberband—the e-X line increases in intensity with increasing
ated from bound states. The fact thaCR is not observed at e-h pair density at the cost @&-CR intensity. When a mag-
low temperatures leads us to conclude thidthe holes are netic field is applied parallel to the 2D plaf®lly, wherez is
bound at low temperatures in the form of excitons the growth axig electrons moving in the positive and nega-
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at 3.5—-4 T and another at 5.5—-6 Mave extremely large
| 61.61 m, Unpolarized slope vs field. Finally, circular polarization measurements
¢t were performed to distinguish between electronlike and hole-
\ t like transitions unambiguously. In Fig. 14 two transmittance
= W spectra at a wavelength of 250uin are displayed for elec-
2 ty tronlike and holelike circular polarizations, respectively. The
S [z | 4 data were obtained with a circular polarizer that was 65%
g Unpolarized "y } : efficient. It can be clearly seen that tkeX line ande-CR
o t substrate are electronlike and thie-X line is holelike.
& :,1 8'8|3 Ptm d f suzbstrate
npolarize
S ' IV. DISCUSSION
T 2500pm |
E, elike pol. A. Anomalies in cyclotron resonance
E i JX 2500pum 7] 1. “Antinonparabolic” behavior
h-like pol.
h?x In “semimetallic” samples, sample &=0.2) and sample
I 1 6 (x=0.1), in which the bottom of the InAs conduction band

P T P P is lower in energy than the top of the Mg _,Sb valence
0 1 2 3 4 5 6 7 8 9 band, we have observed several types of anomalous behavior
Magnetic Field (T) of e-CR. Some of these anomalies may be characterized by
the term “antinonparabolic effects” since they are in a cer-
FIG. 14. FIR laser transmission spectra for sampl&x60.1;  tain senseoppositeto the well-known band nonparabolicity
semimetallig at five different wavelengths. The data were takeneffects. As described below, these effects manifest them-
with unpolarized FIR radiation, except for the lower two traces, forgglyes in the carrier-densitypr the Fermi energ¥ ) depen-
which circularly polarized FIR light at 250m was used. High-field  gance of the low-field cyclotron mass and in the magnetic-
lines observed in _the middle two traces are bulk CR in GaAs. In thgjg|qg dependence of the high-field cyclotron mass.
lower two traces it can be clearly seen that & line ande-CR  congideration of all the bizarre observations leads us to the
are electronlike and thi-X-line is holelike. idea that the electron confinement mechanism in type-II
tive x directions are affected by different Lorentz forces, andg\%gr;gg F'zyga\{\lll Sst:géziaeILde\;{;ire;;df;ﬁg éggiié?ing%illes
the subband structure is modified. However, usually the rar'nay play a role in determiningen;)rmalizing the mass of

dius of the cyclotron motiori81 A at 10 T is much larger  ojacirons in type-1l broken-gap QW’s through the Coulomb
than the well width, so that the magnetic field can be treate teraction between them.

as a small perturbatit_)n. It can b_e easily shown that this per- | the more common type-I semiconductor QW's in low
turbation causes adqmonal conf_lnement for both electron a”gerpendicular magnetic fieldsfi ¢.<Eg), the cyclotron
hole subbands, Wh.'Ch results in tim_kec_reaseof the band 355 of confined carriers is directly related to the value of
overlap. Hence an m-plane_ magnetic field tends to d_ecrea%ﬁ Er, whereE, is the energy of the lowest subband due
the number density &-h pairs, leading to a reduction in the y, e confinement in the growth direction, provided the well
intensity of thee-X line in favor ofe-CR. width is not extremely narrow and the mass enhancement
effect due to the wave-function penetration into the barriers
can be neglected. A larger mass for a QW with a larger
FIR laser magnetospectroscopy of samplex60.1) has  electron sheet density is expected under these conditions be-
exhibited rich spectra. An optically pumped FIR molecularcause of nonparabolicity. In QW’s made from materials with
gas laser was used to generate FIR radiation at wavelengtherge conduction-band nonparabolicity like InAs, this effect
of 61.6, 70.5, 96.5, 118.8, 250.0, 393, and 488. In Fig.  is very pronounced®!! CR masses are much larger than the
14 six representative traces are shown for five different FIRbulk band-edge masg).024n, (Ref. 47]. However, this
laser wavelengths. The top four traces were taken with unsimple expectation breaks down for samples 5 and 6 in the
polarized FIR radiation, whereas the bottom two traces wergeresent work. In Table 1l we summarize the low-field cyclo-
taken with circularly polarized radiation. At least three ab-tron masses obtained for four different samples, both before
sorption lines are clearly observed for each wavelength; wand after LED illumination, together with the corresponding
have attached arrows to only those features whose resonandensities. As can be seen, there is a systematic difference
fields can be easily determined. In order to determine thdetween samples 5 and 6 and samples 1 and 3. For samples
origin of the lines unambiguously, positions of the transmis-5 and 6, the low-field mass ikeavier after illumination,
sion minima are plotted in Fig.(8), together with results although the electron density iswer after illumination; on
obtained by Fourier-transform magnetospectroscopy of théhe other hand, for samples 1 and 3, which are type-Il stag-
same sample at the same temperature. It is clearly seen thgered “semiconducting” QW's, the mass after illumination
some of the features aeCR and others correspond to the is lighter than that before illumination. The latter behavior
e-X line. The most important point to note is that the linescan be understood in terms of the usual conduction-band
that are observed as broad low-energy tails in Fouriernonparabolicity. It should be also noted that samples 1 and 3
transform spectra are observed clearly(r@asonably shajp have much lighter masses than samples 5 and 6, although
minima in the laser spectra. This is because these (mes  they have similar densities and the same well width.

5. FIR laser magnetospectroscopy
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TABLE Il. Low-field cyclotron mass for four samples both before and after LED illumination, together
with corresponding electron densities. SC, semiconducting; SM, semimetallic. It can be seen that “semime-
tallic” samples exhibitheaviermasses after illumination, inconsistent with nonparabolicity.

Sample lllumination Density Low-fields mass
no. X condition SC or SM (x10' em™?) (in units of mg)

1 10 Before SC 9.5 0.03490.0005
After SC 6.0 0.03380.0005

3 05 Before SC 8.5 0.03410.0001
After SC 6.1 0.031%0.0001

5 02 Before SC/SM 6.4 0.03490.0003
After SM 5.8 0.0368:0.0005

6 01 Before SM 6.2 0.03780.0003
After SM 55 0.0395:0.0005

When the magnetic field value is increased, and the quarthat extrapolate to zero at finite magnetic field, but rapidly
tum limit is approached, the spectroscopic cyclotron masseapproach CR with increasing magnetic field, has been
(defined bym* =eB/ ., wherew, is the experimentally ob- predicted'® however, to date such lines have not been unam-
tained resonance frequencare no longer constant with biguously observed experimentally, to our knowledge. The
field. They are generally expected to be a strong function oéssential ide® on which calculations are based is that
the Landau-level filling factor, because different transitionsconduction-band states in InAs and valance-band states in
have different spectroscopic masses due to the band nonpgl)GaSb are coupled through boundary conditions on the
rabolicity: spectroscopic effective masses and effective envelope functions(and their derivatives at the InAs-
factors are energy dependent. In that case, the field depefAl)GaSb interface. The coupled in-plane dispersion rela-
dence of the masses should reflect the movemeBtofith  tions, computed in the framework of the envelope-function
applied magnetic field. This effect has been very clearly obapproximation, were shown to obey a no-crossing rule which
served in earlier work on InAs-AlSb QW¥:'! and also in
semiconducting samples in the present work. However, for
samples 5 and 6, as shown in Figsa)5and 8a), respec- Nonparabolicity Anti-nonparabolicity
tively, the field-dependence of the high-field spectroscopic
cyclotron mass in the presence of teeX line is very un-
usual. The mass oscillates strongly with field, as expected,
but in an unexpected way: it abruptly shiftstieaviervalues
at even integer filling factors; between two such adjacent
shifts, the mass clearlyecreasesin order to compare quali-
tatively the opposite behaviors for two cases—nonparabolic
and antinonparabolic—the characteristic ways in which split-
tings occur are shown pictorially in Fig. 15. We emphasize
that the semiconducting samples exhibit theial nonpara- ‘
bolic effects.

Finally, and most strikingly, the detailed studies with a
FIR laser (Sec. IllB5 have unambiguously shown that
there exist FIR lines whose transition energies extrapolate to
zero atfinite magnetic fields but quickly approach the clas- Magnétic Field Magnetic Field
sical CR withextremely large slope vs magnetic fi¢kke
Fig. 8@)]. None of these anomalous magneto-optical phe-
nomena have been observed in any existing 2D semiconduc-

-

Transition Energy
AN
Transition Energy

tor systems to the best of our knowledge, and require us to ~
reconsider the electron subband structures in the “semime- d \
tallic” regime both in the absence and the presence of mag- / 2 \
netic fields. = = S
(&) - (&3
2. Hybridization of in-plane dispersion relations . )
integer v integer v

Very interesting results of a series of theoretical investi-
gations on InAs/GaSb type-Il broken-gap heterostructures
have been reported by Altarelli and co-work&tst’ which Magnetic Field Magnetic Field
appear to be consistent with part of the present experimental
results for samples 5 and 6. It is particularly interesting that FIG. 15. Characteristic difference in the way in which a splitting
the existence of magneto-optical transitions having energiesccurs between parabolic and antiparabolic cases.
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FIG. 16. Schematic energy-band diagram inkthgarallel plane /
(left pane) and in real spacdright panel for “semimetallic” el
InAs-Al,Ga _,Sb single QW structure&=0.2 and 0.1 c + B |
x=0 B ‘

opens up small (<10 meV) energy gaps between —
conduction-band-like and valence-band-like subbafds. i 17. Schematic energy-band diagram inkiearallel plane
These results strongly indicate that iniatrinsic sample N0 (jeft) and in real spacéight) for an InAs-GaSh single QW struc-
truly semimetallic band structure exists; the semimetallic betyre. (a) The case where the Fermi level lie above the hybridization
havior observed for real systems thus arises from extrinsigap and(b) below the gap.

effects.

We believe that anomalies observed in the present workelatively large band overla@~150 meV} in this case. Both
arise from the fact that the positions Bf in samples 5 and of these situations can be called “semimetallic,” but they
6 are close to the above-mentioned energy gaps. This situghould have completely different carriers dominating the
tion has never been achieved experimentally, primarily dueonductivity with different natures; e.g., holes in the former
to the pinning ofEg far above the gaps in the InAs/GaSb case are populated in a pocket né&g=0, but in the latter
samples studied previously. In Fig. 16 schematic diagrams afase they are in the donutlike pocket nég= kg . Experi-
band structure for InAs/AGa, _,Sb(x=0.2 and 0.1both in  mental distinction between these two situations has not been
k space(left pane) and in real spacéight panel are shown. reported, but we believe that improvements in sample quality
We assume that the mechanism that determines the positiam terms of the control oE will lead to such observations.
of Eg is predominantly the surface-donor-pinning In particular, samples whosgg is very close to the gap
mechanisri’*8since the top barriers in all the samples stud-should have carriers that have unusual properties, since those
ied are very thin(15 nm. This results in asymmetric QW's carriers should have mixed character of the InAs conduction
in real space, as shown in the figure; we assume that thigand and the GaSb valence band. In fact, recent results of
holes are confined only at the “bottom” interfadeo the  FIR magneto-optical studies on InAs/GaSb systems in other
right in the figure. In k space, energy vs in-plane wave laboratorie®~>’have shown strong CR oscillatioffs;*° an-
vector (k,) relations show small band gaps at firkig i.e., at  tinonparabolic behavid and a line at higher frequency
k,=kg . For sample 5x=0.2), before LED illuminationEx  than CR in some situatior{§*° Some of these results appear
is slightly higher than the band extremumkatO; no holes to be similar to the results we have obtained for sample 6
exist. However, after LED illuminationEg is lowered to- (x=0.1), but there are also some significant differences. We
ward the gap, leading to the coexistence of electronlike antdelieve that the small band overlap in our system coupled
holelike Fermi surfaces; thus the system is now a “semi-with the position ofE; led to the first realization of a situa-
metal.” Hence dramatic changes in magneto-optical propertion in which the predicted unusual behavior is directly ob-
ties due to illumination can be expected. For sampl&x 6 served.
=0.1) there is a larger band overlap, which makes it possible The Landau-level spectrum based on the above picture is
for Eg to lie always below the extremum kt=0. It can be  very complext® reflecting the “antinonparabolic” nature of
understood how illumination in this case results in an in-the E vs k; relationship which results from the band overlap
crease(decreasein the hole (electror) density, consistent and band repulsion. However, the most essential points can
with experimental observations. be qualitatively understood by a simple two-band model as-

Although we have not investigated samples withO, we  suming parabolic conduction-band-like and valence-band-
can predict very interesting situatiofsig. 17) based on the like bands. In Fig. 1&), Landau levels for interacting elec-
idea presented above. It is possible Ey to lie both above tronlike and holelike bands, calculated within such a two-
[Fig. 17@] and below[Fig. 17b)] the gap because of the band model, are presented. The intraband transition energy
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350

450 —— similar to what it would be without the coupling. When the

[ ) magnetic field becomes strong, however, more and more
CR-like transition Landau levels successively depopulate, and finally the sys-

350  An=1 , § tem approaches a point where the effects of the hybridization

/ ] are significant. Then the simple oscillator strength vs Landau

index relation breaks down, and notable chan@lexrease

in CR intensity should be expected. The remarkable field-

induced reduction in CR intensity observed for sample 5

[Fig. 5(b)] could be explained in this way.

As we saw, the theoretical model proposed by Altarelli
and co-workerS~” can successfully explain some part of
the present experimental results. However, several important
points remain unresolved in this framework: e.g., CR line-
width and amplitude oscillations, the temperature depen-
dence of the CR oscillations, and the appearance oiXthe
lines. It appears that some of the experimental aspects cannot
be understood in terms of one-electron theories without in-

FIG. 18. (a) Schematic Landau-level Spectrum calculated for avoklng many_body ef-fects These |Ssues W|” be d|Scussed |n
two-band system. The coupling between the two bands leads the remainder of this paper.

unusual magnetic-field dependence: electronlike levels at low fields
become holelike at high fields, and vice verda.Transition energy
between adjacent energy levels calculated fif@mn The existence
of lines whose transition energy goes to zero at finite magnetic The filling-factor-dependent CR linewidth oscillations in
fields, consistent with the experimental resykee Fig. 8], is  quasi-2D systems, observed over the yearsdipeworkers
clearly seen. in somesystems, has provoked a great deal of controversy. In
the past there have been numerous attempts, both theoretical
between two adjacent energy levels, namely the CR-likeand experimental, to elucidate this and other filling-factor-
transition, is shown in Fig. 18). The transitions indicated dependent properties of 2D CR, but a complete understand-
by the arrows in Fig. 1@) correspond to the transition en- ing is still elusive. The filling-factor-dependent screening of
ergies shown by the thick solid line in Fig. @8. The cal- impurity scatterers by 2D electron gas@DEG’S (Refs.
culated results are consistent with our experimental results iB9—47) and unresolved nonparabolicity-induced CR
two major areastl) because the conduction-band bottom issplittings'” have been suggested as possible interpretations to
lower in energy than the top of the valence band, the interunderstand some of the experimental data. By comparing the
action isoppositeto the usuak-p interaction between the present results with other theoretical and experimental
bands in narrow-gap semiconductors; this leads to antinoneports!®'3°-43ye shall examine these possibilities for the
parabolic effects such asdecreasen cyclotron mass with  origin of the oscillations in the present work, as well as ex-
increasing magnetic field and an increase in energy separpiore possible alternative interpretations.
tion between adjacent levels with increasing Landau index; a. Filling-factor-dependent screening of ionized impuri-
and (2) there exist lines that have unusually large slope vsjes by 2DEG’s. The screening properties of a 2DEG in a
magnetic field and become normal CR at high fields,strong perpendicular magnetic field, and their effects on CR
strongly reminiscent of the experimental observations in th@inewidth have been theoretically studied by several
present worKsee Fig. 8)]. _ o authors® In a strong magnetic field the electronic energy
An important question arises as to the pictures in Figs. 1§eye|s are completely quantized, and a singular, discrete den-
and 17: what value would be obtained for carrier densitieg;jyy, of states arises in the ideal cases. Since the strength of
fror_n CR measurements? .Smce. the ele_ctrbelgwthelgap the screening is determined by the density of states at the
areinert, they cannot participate in electrical conduction, andc, energy, which depends sensitively on Landau-level
hence should not be counted. The valu&otioesnotreflect broadening in real systems, which in turn is determined by

; ; 12
the number density through the equatig=(2n)™, as the screening, these effects must be determined self-
expected for usual 2D carriers. Instead, the real electron den-~ tently. Th ing is st t when the hiahest
sity, which could be very small if we do not count the inert consistently. The screening IS strongest when the highest oc-

: ; cupied Landau level is half-filledodd-integer filling fac-
electrons, should be obtained from the relatié@,— k2, P d 9 9

=2n. However, the apparent CR intensity should alwayst[ors)’ and weakest when it is nearly filled or emigven-

be larger than expected from the real electron density penteger fi!ling factor assymingnegligible spin spl?tting. .
cause of the large value & , which corresponds to a large Hence this leads '.[O. a variation qf Landau-level W|qlth with
Landau index. It is important to note that the oscillator the Landau-level filling factor. This effect has been invoked
strength of CR increases with the Landau index in such &' many cases to 561}X5pglam anomalies in CR line shape in
way that the CR intensity invariably gives thetal electron ~ quasi-2D system&:51-

density despite the fact that in CR we can probe only elec- Experimental observation of CR linewidth oscillations
trons acros€r . Therefore, electron densities obtained fromWith filling factor was first reported, and interpreted with the
CR inevitably contain the inert electrons. This is particularlyabove screening idea, by Englest al®® In a 2DEG in
true when the Fermi level is far away from the hybridization GaAs/ALGa, _,As heterojunctions, they observed linewidth
gap, and the energy \srelation in the vicinity ofkg is very ~ maxima nearv=4 and 2. They also observed that the line-
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width oscillation became weaker with increasing tempera-oscillations observed in samples 5 and 6 absentin semi-
ture, approaching the mean value between the maxima armbnducting samples. In addition, linewidth maxima occur at
the minima at the highest temperature40 K), similar to  evenfilling factors. However, unresolved CR splittings due
the present observations. Heitmann, Ziesmann, and Ghango antinonparabolicityshown in Figs. &), 15, and 18, in-
observed very pronounced oscillations of CR amplitude andtead of nonparabolicity, can also produce very similar oscil-
width for electrons in InAs/GaSb single QW’s. The oscilla- latory linewidths, since they are also correlated with filling
tions were much larger than the earlier results forfactor. At an even integer filling factor two CR lines are
GaAs/AlLGa, _,As*® Maximum linewidths and minimum expected(neglecting possible spin splittiltgone (high en-
amplitudes occurred under the condition that the highesérgy) has a normal slope and the othaw energy has an
Landau level(both spin statesis fully filled, corresponding unusually large slope vs field. With increasing field, the
to eveninteger filling factors. These authors also attributedformer decreases and the latter increases in intensity rapidly,
the oscillations to filling-factor-dependent screening of thesince the Fermi energy moves from one Landau level to an-
2DEG. Subsequent studies on GaAs@4 _,As systems, other around this filling factor. As the field increases further,
however, produced a confusing array of sample-dependenite low-energy line becomes the only feature with a normal
results®®51-%8 At present the only experimental results thatslope vs field, until the next even filling factor where it be-
are fully consistent with the idea of screening are those otomes the high energy line, and a low-energy line is ex-
Ref. 39 in InAs/GaSb/QW’s—a “semimetallic” system. pected to appear. Thus if these lines are unresolved, in a

The present results, however, pose serious problems f@imilar manner to nonparabolicity-induced oscillations, the
this interpretation. First, the observability of the oscillationsCR linewidth oscillates with the filling factor. Experimental
in the present work is correlated only with the existence ofresults, at least those at 4.2 K, appear to be qualitatively
band overlap,not with impurities; grown under the same consistent with this model.
conditions, all the samples should have similar residual im- However, this interpretation fails to explain the anoma-
purity densities irrespective of whether they are semiconious temperature dependence: the mass shifts with tempera-
ducting or semimetallic. In addition, samples 1 and 2, whichture toward anaveragemass, the direction of which criti-
have lower mobilitiegmore scatterejghan samples 5 and 6, cally depends on the filling factor, and the dramadtie
no oscillations were observed. Second, as shown by Mendenarrowing with increasingtemperature with a concomitant
Esaki, and Chan® the important filling factor for a 2-h decrease in the intensity of tleeX line around even filling
system should be the difference— v,,, not theelectron factors. These effects appear to be outside the realm of
filling factor v, ; the variation of the density of states at the single-particle band-structure theories. We thus believe that
Fermi energy imot simply connected to a single parameterthe observed CR oscillations are in part due to unresolved
ve. Thus it can be concluded that the filling-factor-dependenantinonparabolicity-induced CR splittings, but that some
screening of ionized impurities by the 2DEGnistthe origin ~ other mechanism, particularly many-body effects, must be
of the strong electron CR oscillations observed in the preserihvoked to explain all the observed phenomena consistently.
work. c. Other possible mechanismsFrom the above consid-

b. Nonparabolicity and anti-nonparabolicity. An alter-  erations, we are led to explore other possible mechanisms
native explanation for the CR oscillations was proposed bywhich can give rise to the CR oscillations. As we mentioned,
Hansen and HanséA,who showed that nonparabolicity in existing single-particle theories appear to fail to explain the
conjunction with occupation effects produces an oscillatoryanomalous temperature dependence. Particularly, the experi-
behavior of CR mass, linewidth, and amplitude. They per-mental fact that the cyclotron mass at high temperature ap-
formed calculations for an InAs QW and a proaches a value which imdependentof magnetic field
GaAs/ALGa, _,As heterojunction. Their results resemble to strongly suggests that the low-temperature masses are af-
the experimental results of Heitmann, Ziesmann, andected by correlation effects, which are more and more im-
Chang® in some qualitative aspects. However, there is gportant at lower temperatures. An important point to note is
very important difference: the calculations showed thathat Kohn's theore® is broken by the existence of holes
maximum linewidths and minimum amplitudes occuodt  (i.e., the existence of the Coulomb attraction between elec-
filling factors, whereas these features were observetyett  trons and holes In this section we consider two typeseth
filling factors3® More recently two groups independently interactions: scattering and binding; these may play signifi-
performed CR measurements on high-mobility InAs/AlSbcant roles in determining CR linewidth.
single QW's'%!! clearly showing maximum linewidthéor Before considering each case, first let us discuss a general
larger splitting$ at odd filling factors, inconsistent with the property of 2De-h systems in strong perpendicular magnetic
screening idea but consistent with the nonparabolicityfields—namely, carrier density oscillations with magnetic
interpretatiorf? Scribaet all° concluded that the oscillations field. This was theoretically studied by Lerner and Loz8Vik
result from unresolved splittings caused by nonparabolicityand Bastarcet al*® The basic idea is that in order to retain
based on the fact that they observed strong oscillations irthe charge neutrality condition while keeping the chemical
stead of splittings in early samples with low mobilitiesl0°  potential constant throughout the system, electrons must
cn?/V s). move back and forth between conduction- and valence-band

It is obvious that this interpretation does not apply to thestates, which overlap, with magnetic field; this leads to a
present resultéor to those of Ref. 39 since the pronounced variation of both electron and hole densities.
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levels. It is seen that the carrier density oscillates around the
zero-field value 1.45102 cm™2 with increasingB, exhibit-

ing very large jumps when the number of levels that are
completely occupied changes. The amplitude of the oscilla-
tion continuously increases witB, until finally the carrier
density drops to zero at 60 T, which corresponds to a field-
induced semimetal-semiconductor transition. It is interesting
to note that in this ideal 2[2-h system the Fermi energy
does not oscillate with field while the density does, contrary
to the usual 2D electron systems in magnetic fields, in which
the Fermi energy oscillates with field while the electron den-
sity is constant.

If the Landau-level widths are sufficiently narrow that this
oscillatory carrier density is realized in real systems, the fre-
quency of the scattering of electrons by holes should also
oscillate with the field, which may lead to CR linewidth os-
cillations. In real systems).>n,, is always the case due to
extrinsic effects. Hence only part of the total electron density
oscillates; i.e.ny(B)=ng;+ng,(B), whereng; is indepen-
dent of B, andng,(B) =ny(B). The larger the=-h pair den-

0.0
0 10 20 30 40 50 60

sity, the stronger the oscillations that are expected; this is
Magnetic Field (T)

consistent with experimental observation that the CR oscil-
lations become stronger with increasiegh pair density.
However, we are not satisfied with this model in two re-
spects. First, in the present experiment we did not see any
clear oscillations in the CRntegratedintensity. The line-
width maxima and amplitude minima occur at the same field,

. . . . so that their product remains approximately constant, indi-
Here we consider an ideal system in which there are two b bp y

parabolic bands, one of which is conduction-band-like anacatmg that the electron density does not oscillate signifi-

the other valence-band-like, with different masses, and cantlyl. tsle condl, atndthmor::f |Tpo:ctarl]nttl)y: d_thet_ aboverz]_ pr:ctu(;e
my , with a band overlag\(B) which is a function of mag- completely heglects the efiects of hybrndization, which ad-

netic field, and an equal density of electrons and holes, i'e.mixes electron and hole Landau levels in the region of cou-

n=n,=n, (or equivalently, »=v.=v,). The field- pling, invalidating any arguments based on separate, inde-
dependent overlap(B) is simply the energy difference be- Pendent electron and hole levels. _ _
tween the lowest electronlike Landau level and the highest A model based ore-h binding also can explain oscilla-
holelike Landau level, and is determined by the relationtory linewidths. As described in Sec. IV B, at present the
A(B)=Ag— w2~ hw/2=Ag—hw /2, Wheretfiw,=hwg+ only possibility for the origin of thee-X line which is con-
hog, we=eB/m, wgp=eB/m , andA,=A (B=0) is the sistent with all the experimental observations is an internal
band overlap at zero field. The zero-field carrier densitytransition (1s—2p_-like) of stable magnetoexcitons. From
No (=Ng=nyo) is determined by the effective massesthe experimental results, particularly those on sample 5, it
of electrons and holes through the equatidn=Eg. can be said that the existence of holeslow enough Fermi
+Epp=h2mNneo /M + A% /mf =h2mng/u, where w  energy in the hybridized band structuis indispensable for
:(m’;71+ m;fl)*l is the reduced mass. If, for instance, we the oscillations. Electrons localized in the InAs QW and
choose the parametenst =0.03n,, mf =0.1, andA,=150 holes localized in the AGa, _,Sb barrie(s) interact via their
meV, then we obtaim,=1.45<10" cm ™2, mutual Coulomb attraction, forming stable excitons at suffi-
At finite magnetic field, the carrier density is determinedciently low temperatures and high magnetic fields. Strong
by counting the number of Landau levels contained in thenagnetic fields should yield a large binding energy for the
energy rangeA(B), when the inequality(»—1)iw.< 2D excitons and, therefore, are expected to enhance the ef-
A(B)<vhw., Wherev is an integer, holds; the carrier den- fectiveness of the Coulomb interaction. In the low-field re-
sity n(B)[=n.(B)=n,(B)] is given by n(B)=vXng gimeB<4 T, the exciton binding energy increases strongly
=pyXeB/hx2, whereng=eB/hX2 is the degeneracy of with field, stabilizing the excitonic state. In the high-field
each Landau leve(the factor 2 takes account of the spin regime 4-7 T, where the quantization of the electron energy
degeneracy of each Landau leveh Fig. 19 carrier density levels is significant as evidenced by SdH and QHE measure-
oscillations, calculated by the above equations, are shown iments, the stability of the excitonic state must depend on
the lower panel for this ideal system, together with a Landau.2>% This idea is strongly supported by the oscillatory in-
level spectrum(in the upper pangl In the upper panel the tensity exchange betweea-CR and thee-X line, the
solid (dashedl lines correspond to electrothole) Landau  »-dependent temperature dependence ofeth€ line inten-

FIG. 19. The Landau-level energypper pangland carrier den-
sity (lower panel as functions of magnetic field for an ideal 2D
semimetal(see text The parameters used amg =0.03n, and
m} =0.1m,, and the zero-field band overlafgi;=150 meV. A
Fermi energy of 115 meV is obtained from these parameters.
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sity, and ther-dependent CR¢ separation. The overall ten- donors(D°), negative donor ion¢D ) (Ref. 69 being the
dency is that the excitons are more stable at everthan at  only possibility; this fact makes this interpretation for the
odd v's. e-X line very unlikely. The binding energy of hydrogenic
As we discussed above, there are several possibilities fareutral donors in InAs is very smallRy*=1.67 me\} be-
the origin of the CR oscillations observed in “semimetallic” cause of its small electron effective mass. In addition, the
samples in the present work. Although we cannot clearlybinding energy ofD ™~ is much smaller—0.055Ryin the
pinpoint which mechanism, or which combination of them, three-dimensional case. The increase of binding energy due
is dominant at this point, we believe thath interactions to confinement can be estimated from results for a GaAs QW
(along with this unique band structymglay a central role in  with a width of 100 A%® where the zero-field binding energy
the origin of the oscillations. of D~ is aboutiRy* for impurities at the well center. At9 T,
which is in the high-field limit, this value becomes approxi-
mately Ry*. Using thesgvery optimistig values for InAs
wells, the binding energy oD~ is estimated to be at most
1. Possibilities that can be ruled out 1.1 meV—still much smaller than the experimentally ob-

. . . tained value of~4 meV.
In previous FIR magneto-optical studies on InAs/GaSh e .
P 9 b The very symmetric line shapes for teeX line also op-

multiheterostructur and double heterostructur€sdouble . . . i ) .
CR peaks have been observed, and the higher-energy peé%?_:se the idea of an impurity transition. _Regdual donors in
attributed to the CR of electrons in the second electric subtiS case could be expected to be distributed randomly
band. However, it is clear that such an interpretationds throughout the InAs wells. However, unless the donorséare
appropriate for the presenmuch narrower QW’s, the doped in the center of the wells, the impurity absorption lines
samples which exhibited double peaks in the earlier {dtk ~ should always have an asymmetric line shape broadened to
have much larger well width&=1000 A) than the present lower energies, since off-center impurities have reduced

sampleg150 A). From the sample dimensions and densitiesPinding gnergle§7 o .
it can be estimated that the subband separations for a square More importantly, thee-X line is observed onlyn the
well, including the energy-dependent mass, is about 11§amples that are semimetalliand in the case of sample 5
meV, andE for 6x 101 cm~2 with m* =0.035n, is about pnly after iIIumi_natipn which creates ho_lasthe ob_servabil-
40 meV. It is thus impossible to populate the second subly Of the e-X line is correlated only with the existence of
band. holes(or the overlap of the bangisnot the existence of im-
Apart from the simple estimate above, this interpretationPurities. There was no evidence of tKelines in any of the
is also in strong disagreement with several aspects of théemiconducting samplgg=0.4, 0.5, 0.8, and 1)Qunder any
present experimental results. First, for narrow QW'’s inconditions, although the background impurity density is
which electrons are confined by the entire well potential, nonominally constant for all the samples; also, two of them
at the interface, the upper subband will always have a largeisamples 1 and)zhave lower mobilitiesso possibly more
mass than the lower subband, and therefore CR from theesidual impurities than samples 5 and 6. In addition, the
upper subband would havesanallerslope vs magnetic field. observation of thd-X line only in the strongly semimetallic
The separation between the two lines should thus increassample is completely inconsistent with shallow donor impu-
with increasing magnetic field, whereas tlkeX line is rities associated with InAs.
nearly parallel tce-CR. Second, if the-X line was the CR An absorption line due to the excitation of quasi-2D mag-
of a second subband, it should appear at low fields and disietoplasmons should appear at energies above CR, and have
appear at high fields due to depopulation by magnetic fielda field dependence nearly equal to CR in high magnetic
This behavior, which isoppositeto our observations, was fields. However, in the Faraday geometry, coupling of FIR
observed in GaAs/AGa,_,As QW's® Third, thee-X line light to the plasmon modes at finite wave vedtarequires a
should increase with temperature if it is the CR of the secondvell-defined periodic lateral modulation, which does not ex-
subband, whereas experimentally it decreased. Finally, thist in the present experiment. Sample inhomogeneity could
postulate of the second subband population cannot explai@so contribute to the plasmon excitatitut it is unlikely
why thee-X line increasesn intensity after LED illumina- to result from, say, random impurity potentials. If inhomo-
tion, which reduce€,. If both lines were due to CR, one geneity is responsible for the excitation, a well-defined peak
from the ground subband and one from an upper subbands impossible, unless the inhomogeneity happens to have a
they should bothdecrease in intensity &g is decreased. well-defined periodicity, which seems to us to be pathologi-
The data on sample &=0.2) exhibit thee-X line only after  cal.
illumination and at high magnetic fields—behavior which is  Again, the strongest argument against this interpretation is
clearly opposite to that expected for a populated second sulthe fact that thee-X line does not appear iany of the
band. All of the above argue against the possibility of thesemiconducting samples, in particular in sample 3, which has
population of a second subband. the largest electron densithence the largest plasmon fre-
Residual impurities, more specifically residual shallowquency, as well as the highest mobility. In addition, the fact
donors in the InAs wells, can bind electrons and yield arnthat thee-X line appears only after LED illuminatiofiower
absorption line which lies above-CR in energy and is electron densityfor sample 5 also argues against the mag-
nearly parallel to CR in energy vs field in the high-field limit. netoplasmon interpretation. Data on semiconducting samples
However, the existence of such a large density of electronwith x=1.0, 0.8, and 0.4samples 1, 2, and)4which have
(>10"* cm?) in the wells precludes the formation of neutral lower mobilities than samples 5 and 6 and consequently

B. Origin of X lines
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more possible inhomogeneity and scatterers, did not showxpense of theX line). Third, the density of holes is much
any sign of thee-X line. greater than the density of electrons; the opposite is true in
Finally, if we assume that the-X line is due to magne- the present work. Fourth, the masses vs filling factor exhibit
toplasmon excitation, its transition frequency=(w?  Opposite behavior to that of the present work; between even-
+“’r21)1/2’ where w, and w, are the cyclotron and plasma integerv's the masseslecreaseand the masses jumyp at
frequencies, respectively. However, using the experimentalljnteger v's. We offer no alternative explanation for these

sition energy w,~100 el whereas experimentally the ton et al>° were correct for their data, since the behavior of

e-X-line transition energy approaches a very small intercep{:R and theX line is significantly different in the important

at zero field(less than 20 cmt), qualitatively different be- aspects listed above, such an interpretation is inappropriate.

havior. Therefore, we can rule out this possibility In addition, it is difficult to reconcile this interpretation with
Spiﬁ—resolved ’2D CR, first reported for InAs/AISb ow the fact that semiconducting samples with identical structure

structure<%1 exhibits two(or more peaks at certain fields, and with essentially the same electron density show no signs

. . f the X line or the oscillations.
h h | houl o .
but the energy separation between the two lines should b8 Interband transitions across the InAs-GaSb interface,

much smaller than the CR-separatiorisee also Fig. Bt is " .
P " 9.8 Qamely, transitions from the valence-band states in GaSb to

possible that the conduction band splits into two branche duction-band states in nAs. h b red :
even at zero magnetic field, due to strong built-in electrictonauction-band states in InAs, have been reportéd previ-

field in the growth direction, resulting from the asymmetry ously in Refs. 62‘. 72, and 73 for ,I'nA_s/GaSb mt_JIt|het_ero-
of the QW structure, combined with the strong spin-orbitSt.rUCtures' Accordmg to the_ smplg pictur@s dep|cteq n
' f|g. 1), such transitions are impossible at zero magnetic field

coupling® However, all the samples possess this possibilit o .

equgllyg—again inconsistent Wifh thep appearancep ofthe due to the fact that the valence-band states lie higher in en-

lines only in tﬁe semimetallic samples. Moreover, if Spinergy than the conduction-band states; such transitions should
: ’ &appear only at finite magnetic fields, have a much larger

were really the cause of the two peaks, the separation b i field than CR. and ext late t i )
tween them should increase with field, especially at highS Ope vs Tie an , and extrapolate 1o negative energies

magnetic fields. Furthermore, in spin-resolved CR a IoW_at zero field because of the band overlap—qualitatively con-

: - . sistent with the results of Guldnest al®* but completely
energy line should disappear and be replaced by a high=. . : .
energy line at integefevenor odd v's, clearly different different from the behavior of th¥ lines. However, in order

from the behavior of the-X line. Lo gqggdgr mte:crt:re]mdbtragsmotn? n:gre cortrebctlyt, 'Lhe p_ec;uhar
Warburtonet al>° recently reported an observation of two ybnidization of the bands at finitg, must be taken Into

electron CR lines irp* asymmetric InAs/GaSb/AISb single- account explicitly, S.i.nce the above simple picture tota!ly ne-
quantum-well structure&loped in the AlSh These lines are glects the §malb0_5|t|veenergy gaps which a'Feady exist in
only observed in the presence of a large density of hole uch “semimetallic” samples even at zero field. The two-

(remote from the electrons in the InAs QWbnly a single and _model Qf Fig. 18 can he usec_j to calcql_ate transition
line is observed in a similar structure doped in the AISb energies for interband magneto-optical transitions, i,

near the InAs QW. The two lines bear some resemblance tgo' As can be easily seen from Fig. (@8 however, the

CR and thee-X line of the present work. In particular, they galculatec]ic tﬁansﬂolr; energl_(zs vs field .StEOW an |r:1|'|[|al rapid
exhibit oscillations in amplitude, linewidth, and mass with ~ 2S¢reaseloliowed by a rapidincreasewith a much larger

the amplitudes of both lines are at a minimum, and the ”n_s_,lope than CR; this is clearljot the behavior of thes-X
ewidths are at a maximum near even-integsr These au- line
thors argued that the two lines are associated with
nonparabolicity-induced splitting between CR transitions
originating from two different spin states of the same Landau As shown in Figs. 10 and 1@emperature dependenc
level (a Ag transition occurring at even-integets) or two  lines appear to be associated with a bound state, since they
different Landau levels having the same sfdnAm transi-  increase in intensity with decreasing temperature with con-
tion occurring at odd-integew's) with the spin-splitting comitant reduction of the CR intensity, which is proportional
greatly enhanced and field dependent through the spin-orbib the density of free carriers. This bound state can exist only
effect and the asymmetry of the struct@Pdn this picture  when both electrons and holes, spatially separated, are
the v-dependent oscillations are due to resolving then present, and the strength of the transitions increases with
transitions around odd-integets, while the Ag transitions increasing hole densityor decreasingeg). These experi-
around even-integer's are not resolved due to hybridization mental facts strongly suggest that electrons and holes are
of the two transitions bye-e interactions between the two bound in the form of estableexcitonic state. Unlike typical
sets of electron& 7110 excitons, this state is a ground state rather than an excited
In spite of some superficial similarities, there are severaktate of the system, so that it can exist without optical exci-
significant differences between these results and the presetattion. In fact, many of the experimental observations are
work. First, unlike the CR line of the present work, neither of qualitatively explainable through the assignment of ¢hx
the lines extrapolates to zero energy at zero magnetic fieldandh-X lines to excitonic resonandds—2p, in the low-
Second, the temperature dependence of the intensities is vefigld notation, and00)—(11) in the high-field notation; the
different; both lines broaden and exhibit a reduction in am- latter is more appropriate in the present dafee electrons
plitude, but the integrated intensities are independent of temand holes, respectively(l) The excitonic interaction be-
perature(in the present work, the CR linearrows as tem-  tween electrons and holes is strengthened by magnetic fields
perature is increased, and gains integrated intensity at thepplied perpendicularly to the plane; thus the intensity of the

2. Intraexcitonic resonance and an excitonic ground state
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e-X line rapidly increases with fieldand CR decreases due the binding energy of a second electron iba ion at the
to removal of free carrieys(2) for semiconducting samples center of the well(which has the largest possible binding
(x=0.4, 0.5, 0.8, and 1)heither of theX lines is observed, energy can be estimated to be at most 1.1 meV. The binding
since there are no hole$3) for sample 5 thee-X line is  energy of arX™ should be even smaller than this value since
observed only after LED illumination, which creates holesholes are mobile; if we assume that the electron mass is
(and lowers the Fermi energy into the region of peculiar0-04Mo and the hole mass is Grl, and that the holes are
band structurk (4) for sample 6, both the-X andh-X lines ~ located at the center of the same layer as the electrons, the
are stronger and can be observed, and they increase in intd@/gest possible binding energy for ax™ is 1.1
sity after illumination, which increasesh pair density. meVx0.1/0.1+0.04=0.79 meV. This small value leads to
The binding energy of the exciton can be estimated to béhe conclusion t_hat th_e binding of a secor_ld electron by a hole
4 meV from the CRX separation in the hydrogenic model. is extremely unlikely in the present experimental temperature
This value is reasonable since spatial separation does ntthage 15-50 K.
reduce the binding energy significantly due to the long-range
nature of the Coulomb interaction, and is consistent with the
calculated binding energy for similar spatially-separateil
systems$>3 The magnetic field should also increase the We have carried out FIR Fourier transform and laser mag-
binding energy substantialfy;>*and more detailed calcula- netospectroscopy in magnetic fields up to 15 T in the energy
tions including these effects are needed to compare with oulange between 10 and 450 ¢ on a set of
data. The slope of the-X andh-X lines can be understood InAs/Al,Ga _,Sb single QW samples in a wide range of Al
from simple considerations. For excitons the use of the reeompositionx, 0.1<x<1.0, covering both “semiconduct-
duced mass is correct in the low-field limit; however, in theing” and “semimetallic” regimes. Samples witk>0.3 are
high-field limit appropriate to the present situation “semiconducting,” containing only electrons in the InAs
(y=hoJ2Ry* =1 corresponds to 1.4 T, where Rys the  QW; samples withx<0.3 are “semimetallic:” electrons and
electron effective Rydbejgit can be shown that the exci- holes coexist with the holes in the &a _,Sb at the inter-
tonic resonance near electrdmole) cyclotron resonance is face. Distinctly different behavior has been observed in these
determined by the electrotin-plane hole effective mass, two regimes. The “semimetallic” case exhibited particularly
consistent with experimentally obtained energy vs field.  interesting anomalous magnetooptical properties, indicating
Based on all the above experimental facts and considethe participation of and the interaction between both types of
ations, we conclude that, if their assignment is correct, thearriers.
observation of theX lines provides the first spectroscopic ~ Semiconducting samples exhibited sharp CR with split-
evidence for the existence of a stable excitonic ground staténgs due to large conduction-band nonparabolicity, consis-
for a spatially separategth system. The existence of excess tent with results of other groug$!! A negative persistent
electrons (.>n;,) may complicate the problem, but does not photoeffect was observed in all samples, and was used to
alter the conclusion that th¥ lines originate from thee-h  control the Fermi level of the samples over a small range. It
Coulomb interaction. Simple considerations of screening efwas found that the sample wit=0.2 is still “semiconduct-
fects may lead to the idea that the excitonic binding energyng” before LED illumination but becomes “semimetallic”
should be significantly reduced, or the Coulomb interactiorafter illumination due to the decrease of the Fermi level.
should be totally “screened out” due to excess electrons. We observed very strong filling-factor-dependent oscilla-
However, it is important to note that the present situation idions in electron CR linewidth, amplitude, and mass in the
very different from, say, modulation-doped GaAs/ “semimetallic” regime. The present results have made clear
Al,Ga;, _,As heterostructures, in which there is a large denthe fact that the oscillations are correlated with the existence
sity of electrons, and excitons are usually absent in photoluef holes(or the overlap between the InAs conduction band
minescencePL) spectra. In those systems the density ofand the AlGa _,Sb valence bandnot impurities. Thus the
photocreated hole€l0°—10° cm™2, depending on excitation frequently suggested mechanism, the filling-factor-dependent
intensity) is many orders of magnitude smaller than that ofscreening of ionized impurities by 2DEG's, i@t the origin
the electron gas, whereas in the present system the hole desf-the oscillations. This finding resolves some of the discrep-
sity is at least-0.1 of the electron density. In addition, in the ancies reported on CR in InAs type-Il QW’s. We believe that
presence of high magnetic fields, which quantize the electhe Coulomb interaction between spatially separated elec-
tronic states and thereby make screening ineffective, even imons and holes, at least partly, plays a role in the origin of
the above-mentioned GaAs{a _,As systems, excitons the oscillations.
appearin the PL. Furthermore, recent results on “screen- We have shown that some of the anomalous phenomena
ing” of shallow impurities in QW's(Refs. 65 and 74show  observedonly in the “semimetal” situation arise from hy-
that excess electrons can cause a “blygther than “red”) bridization of in-plane dispersion relations between InAs-
shift in the transition energy of thB~ singlet states, con- like conduction band and AGa _,Sb-like valence band.
trary to the simple static screening ideas. Most dramatically, we have seen the appearance of lines
Finally, it should be also made clear that e line isa  whose transition energies extrapolate to zero at finite mag-
transition arising fromneutral excitons (X% that are com- netic field but rapidly approach typical CR with an extremely
posed of one electron and one hole, megativeexcitons large slope vs field. We believe that the observation of this
(X7), in which two electrons are bound to one hole, andbehavior in CR is the first conclusive evidence of the reso-
hence the binding of the second electron is very weak comrant coupling between conduction-band states in InAs and
pared to the first one. As we mentioned earl®ec. IV B 1, valence-band states ifAl)GaSb, in qualitative agreement

V. SUMMARY AND CONCLUSIONS
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with the theories of Altarelli and co-worket3:!’ It should  data. Furthermore, this work should encourage theorists who
be noted that this coupling always opens up an energy gapave predicted various interesting states/phenomena for 2D
making intrinsic(or idea) “semimetallic” systems semicon- e-h systems in high magnetic fields.

ducting.

New far-infrared absorption lingghe “X lines™), which
have been observeahly in the “semimetallic” situation at
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field notation, and00)—(11) in the high-field notation; the 91-J-1939. We would like to thank M. O. Manasreh and R.
latter is more appropriate in the present da#fethis assign- K. Evans for sample preparation, W. J. Li, G. S. Herold, S.
ment is correct, this work represents the first spectroscopi®. Ryu, Z. Jiang, and S. K. Singh for experimental assis-
evidence of the existence of a stable excitonic ground statéance, R. J. Wagner, J. R. Meyer, and B. V. Shanabrook for
in which excitons can exist with no optical pumping. stimulating discussions on hybridized in-plane dispersion re-
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this paper will stimulate interest in the problem of spatially- sor B. A. Weinstein, Professor A. Petrou, and Professor J. J.
separated 2D electron-hole systems in high magnetic fieldQuinn for useful discussions. One of (kK.) acknowledges
and more theoretical calculations, with many-body interacfinancial support from the Ishizaka Foundation, Japan. I.L.
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