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Using Burt’s envelope function theory and the scattering matrix method, we investigate the hybridized
electron-hole Landau levels in strained InAs/GaSb quantum wells sandwiched between wide-gap AISb barrier
layers under electric and a quantizing magnetic fields applied perpendicular to interfaces. At zero magnetic
field, in the structures studied here, the lowest electron level in the InAs layer lies below the highest heavy-hole
level in the GaSb layer. With increasing magnetic field, the electron levels move up and the heavy-hole levels
move down, producing anticrossings and gaps in the Landau level structures. We have found that the Landau
level structures depend strongly on the lattice-mismatched strain and the applied voltage. As a result, in the
region before anticrossings, thegactor of the lowest electron Landau level has a larger value for the quantum
well structure grown on GaSb than that for the structure grown on InAs, while in the region after anticrossings
the situation reverses for tlgefactor. Under low magnetic field, the difference between the elegr@actors
for the structures grown on different substrates is found to be as large as 10 for zero bias and decreases
significantly with increasing bias. When all electron levels become higher than hole levels at high magnetic
fields, the semimetal-semiconductor transition occurs. The critical magneti®fidtt the phase transition in
structures grown on InAs is found to be lower than that in structures grown on GaSh. It is also obtained that
a positive voltage biased across the InAs/GaSh well essentially decigas&berefore, for a fixed magnetic
field, the semimetal-semiconductor transition can be controlled by a bias.
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[. INTRODUCTION GaSb valence band can move to the InAs conduction band,
producing a positive hole charge in the GaSb layer and a
The semimetal-semiconductor phase transit®8P7 in negative electron charge in the InAs layer. In this case the
InAs/GaSh/AlSb heterostructures has been a subject of irparallel transport of both electron gas and hole gas contrib-
vestigations for more than 20 yedr$! Going from the utes to the current in the InAs/GaSh well when an external
semimetal phase to the semiconducting phase, the bipoldias is applied parallel to interfaces. This is a semimetal
conductivity of InAs/GaSb superlattices and InAs/GaSb/phase. An external magnetic field shifts down the hole levels
AISb quantum wells changes to a unipolar electron conducin the GaSb layer and shifts up the electron levels in the InAs
tivity. Such an SSPT was studied in the InAs/GaSb superlayer, eventually driving the electrons from the InAs conduc-
lattices with decreasing peridd>®>’1829The SSPT was
also observed experimentally and studied theoretically under
high magnetic field§58912-141618 a5 well as in 5 .
InAs/Al,Gg _,Sb quantum wells with an increasing Al
concentratiof:*>1” The observation of the SSPT in InAs/ AISb InAs  GaSh| AlSb
GaSb superlattices under hydrostatic pressure was also
reportedt® The lattice-mismatched strain can also induce a
SSPTs in InAs/GaSb quantum well structufésin the
present paper, we investigate the Landau level structures in
strained InAs/GaSb quantum wells sandwiched between two ok i
AISb barrier layers, and the SSPT under the influence of a
bias across the structures and/or a magnetic field perpendicu- I :
lar to the interfaces. -100 0 100 200 300
Ina broker_1-gap AISb/InAs/GaS_b/AISb guantum well, the position (A)
InAs conduction band overlaps with the GaSb valence band,
as shown in Fig. 1. If the lowest quantized electron level in  FIG. 1. Conduction and valence band diagram of the AISb/InAs/
the InAs conduction band lies below the highest hole quan&ash/AISb quantum well structure with a 15-nm InAs layer and a
tized level in the GaSb valence band, the electrons from the-nm GasSb layer.
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tion band back to the GaSb valence band. The system is thepin splitting of the lowest electronlike Landau levels after
in a semiconducting phase and exhibits a unipolar electroanticrossings with the holelike states, and this spin splitting
conductivity with an electron concentration much less tharis much larger than that of the highest holelike Landau levels
that in the semimetal phase. at high magnetic fields. We also found that the critical mag-
The Landau level structures and the SSPT in InAs/Gashetic field, at which the SSPT occurs, depends on substrate
superlattices under a magnetic field applied perpendicular teaterials. Furthermore, because the normal_electric field re-
interfaces have been studied theoretically in Refs. 6 and gluces the overlap between the InAs conduction band and the
using the flatband approximation. The same approximatiof asSh v_a_lencg band, this crltlpal field decreases with increas-
has also been used to investigate the Landau level structurd¥d POsitive bias voltage applied across the InAs/GaSb quan-
in InAs/AIGaSb quantum well¥ In the present paper, we UM wells. As a result, the electronlike and_ holelike states
will show that the SSPT can be induced by a magnetic fiel@PProach each othét. Consequently, at a given magnetic
and an electric field both applied perpendicular to the interfi€ld, a semimetal phase will change to a semiconducting
faces. We will calculate the Landau level structures in InAs/Phase when the electric field increases. In the present paper,
GaSb quantum wells, using the Burt envelope functionVe descrlb_e our theoretical model in Sec. I, and the method
theory?? and its application to zinc-blende structures devel-o_f cal(_:ulatlon in Sec. Ill. The results and a discussion are
oped by Foremaf® The scattering matrix methdd,as de-  9iven in Sec IV.
scribed in Ref. 25, will be employed to obtain the energy
levels in structures with thick InAs layers. In these struc- Il. THEORETICAL MODEL

tures, in the absence of external magnetic and electric fields, |, investigate the peculiarities of the Landau level struc-

. . Sures in INAs/GaSb quantum wells, we add the strain
hole quantized level at zero in-plane wave vector. RecentlyHamiltoniar?z to the six-band model described in Ref. 33
such q‘f;}?é‘;g; wells have been |nvest|g'at<'ad EXPETG hich takes into account the electron, light-hole, and heavy-
mentally. In these quantum wells and similar super- hole states. We suppose that the structures are grown along

lattices, anticrossings of electron and hole subbands at no 001] direction, which will be regarded as texis. We take

zero in-plane wave vectors cause strong hybridizations of th : ' : .

electron and hole stafe&-1618-2125-3ccompanied by the -« o> to be a'llondloo] and they axis to b,e along010}.
en the resulting total 86 k-p HamiltonianH can be

appearance of gaps in the in-plane dispersions. Then, neaf
the highest gap conduction-band-like and valence-band-lik€*Pressed as
subbands are formed with positive and negative effective
masses, respectively. This can result in a semiconducting be-

havior in spite of the. _formation O.f a negative charge in t.heHere Hy depends on the canonical momentum operators
InAs layer and a positive charge in the GaSb layer. The situ- -~ ) _
ation changes when a magnetic field is applied, and the stat@(' =—ihaldl+elAlc (I=x, Y a_ndz), whereA,_ is thel
are characterized by a quantum numbe this case, only component of the vector ;30tentmal;s the electronic cparge,
the states with the same quantum numbeinteract, and andcis the speed of light; is the Zeeman term arid. is
hence similar anticrossings and gaps have been found in thtee strain Hamiltonian. The matricefﬂ;K and I:|Z are pre-
Landau level structures of InAs/GaSbh superlatfi¢eand  sented in Ref. 33. They include, as parameters, the spatial
InAs/AIGaSh quantum well$> However, the highest hole variations of the conduction and valence band edggg)
and lowest electron Landau levels have different quantunandg,(z), the magnetic fiel® normal to the interfaces, the
numbers and do not interact. They cross at some criticahterband momentum matrix elementwhich is supposed to
magnetic fieldB, at which no strong hybridization of the be a constant value for all layers, and the modified Luttinger
electron and hole levels exists. Then the SSPT occurs. Thearametersy;, y,, and y;. The Luttinger parameters are
behavior of the system at the intermediate magnetic fieldfunctions ofz since they depend on the materials of the struc-
(0<B<B,) is still unclear. Hence, a detailed investigation is ture.
necessary to identify the magnetotransport processes. Since the off-diagonal terms of the strain tenggrare

An important feature in the present paper, as compared tequal to zero and,,= eyy,34 the strain Hamiltonian is rep-
previous works, is the consideration of the lattice-mismatchresented by a diagonal matrix with elements
strain effect on the hybridized electron-hole Landau level
structures in broken-gap heterostructures. The strain comes H.1=H s=ace,
from the lattice mismatch between the InAs/GaSbh quantum
well and the InAs substratg'or the GaSb sub_strate. Itis found H 0= H s5= (2, — b/2) (€4 + €y T(8,Th) ey, (2)
that the energy level positions in the considered structures
and spin splittings of th_e levels are sensitive to Wh,ICh sub- Heaz=Hg6= (8, T b/2) (e4xt €yy) +(a,—b) €.
strate the quantum well is grown on. The use of Burt’s theory
for the investigation of the Landau level structures is also arHere e= €, + €,y + €,,, 8¢, a,, andb are the deformation
aspect of the present work. We believe that because of thipotential constants, and the components of the strain tensor
for both sample structures, interesting results are obtaineare” e, = eyy=(ap—a)/a, €,,= —2C176,,/C1q, Whereay
here which are qualitatively different from those in Ref. 15.anda are the lattice constants of the substrate and layer ma-
For example, we have found a strong enhancement of thterials, respectively, an@,, and C,, are the stiffness con-

H:HK+QZ+HG' (1)
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stantg. Thg Hamiltonian has begn written using a set of basis Vb= Voi— Ep[6(E— Ec—ace)] % (6b)
functions in the same order as in Ref. 38, 1,2, |P32.1/2 _
P33 S22, . The disper- WhereE,=2mP?/#?, andmis the free electron mass.
sions and wave functions are then obtained using the eigen- The boundary condltlonz f;” the vector functioRsare
value equationd &/=Ew. where Tis formulated by mtegratlng Ed5) across the mterfaces_of the
the multcllcompongnt elrfvelope ful’l;lctfépnl%%%%%) abrupt heterojunction:?*As a result, the vector functiors
Note that we neglect the split-off valence bands becausand HgF are continuous at the interfaces, whétg is a 4
the energy levels of hybridized electron-hole states are muct 4 matrix with nonzero elementsi B11= HB33— GB, H|322
higher than the edge of these bands. We also disregard thefy,, —FB, Hy,,=SB,, Hgz=SB., Hgi=TB_,
linear-ink terms in the Hamiltonian, KaneB parameter, the o _+p —CB_ . andHa..=CB. . where
interband deformation potential resulting from the lack of 3! B o B43 o
inversion symmetry in bulk zinc-blende crystals, and the 52 A
spin-orbit interaction terms in the strain Hamiltonf&r® GB:—%(Z’yé'F vk,
This is because the contributions of the related terms to the
Hamiltonian are negligibly smaff The described model dif- 52
fers from those used previously for investigation of the Lan- = (2~ —
Y FB (27,
dau level structures by taking into account the proper order 2
of canonical momentum operators and material parameters in

Hy in accordance with Burt's envelope function theory. This ——\/_| YR )
is important even for bulk solutions, because the operators of N iR 3 =
canonical momentum do not mutually commute.

’YJ,_)RZ il

. ivV2

IIl. SOLUTION OF THE SCHRO DINGER EQUATION CB+=T\/;N

We obtain the solutions for the bulk dispersions and wave
functions similarly to Ref. 33, but taking into account the #2 NERA
difference between second and third Luttinger parameters TB+=2i\/§(ﬁ7é+T K
and the lattice-mismatched strain. Also, the boundary condi-
tions are formulated to match the wave functions at the inin Eq. (7), N_= —(ﬁ2/2m)(y1—2y§+ 1). Neglecting the
terfaces. To exclude unphysical spurious solutions from the . ing terms il ss, Flss, ey, andyss, which are
model?® we disregard quadratic-ik-terms in HKll and  proportional toy,— y; as in Ref. 15, a solution for the en-

Hyas. Also, we neglect the ternfd,;; andH5,,in A, asin  velope functions can be found in terms of a finite number of
Ref. 33. The vector potential is taken in the following form: harmonic oscillator functionsf (x'), where f, (x")=
A,=Bx and A,=A,=0. ThenK,=—idldx, K,=—idlay e><_p(—q><’2/2)Hy_(JEx'), fgr v=0,1,2... H,(t) is the Her-
+|e|Bx/Ae, andk,=—idloz=k,. mite polynomial and x’'=x—xX, with xof—ky/q: q
The conduction band envelopeg; and ¢, can be ex- =|e|B/(Ac). f,(x')=0 for v<0. The resulting multicom-
pressed in terms of valence band envelopes similarly to ReponeNt envelope function for each bulk state can be written

33 as in the following form:
Y= (E—Eg—aze) H(\2iPkyhp/\3+ PR, 5 Cifa(x')
K szn(X,)
+PK_i5/43), 3) ot
M= | T explikyy +ik,z 8
4= (E~Ec—a56) 1(V2iPkyyhs/ 3+ PR g PN Catpatey | ORIy, @
K Csfnia(X')
+PKyh2/3), )
. Cofns2(X")

WhereR:= Ii(iniRy)/\/f. Accordingly, the 66 matrix . . o
equation fory can reduce to the ¥4 matrix equation with where the coefficient€; determine the contribution of the

vector functionF= (i, raisibe) " corresponding Landau states tq t.he tota_l wave function. The
A values ofk, as well as the coefficiens;, i=1,2,...,6 for
HH,F=EF. (5) a given energy are independent of, and can be obtained

. similarly to Ref. 33. Ifn=—2, only one heavy-hole state
The 4x 4 HamiltonianH,, which depends on the enery  with v=n+2=0 and spins= — 1/2 makes a contribution to
can be obtained from the Hamiltonidt by removing the wave function(8). Forn=—1, the electrorilight-hole) state
rows and columns corresponding to the conduction band, anaf index v=n+1=0 and the heavy-hole state of index

replacingy;, y,, andys; with =n+2=1 with spins opposite to the magnetic field direc-
) . tion are included in the solution. Five components enter the
1= 71— Ep[3(E—Ec—ace)] 7, (68 solution forn=0: two electron(light-hole) states of indices
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v=n=0 andv=n+1=1 with spins along and opposite to
the magnetic field direction and the heavy-hole state of index
v=n+2=2 with spins=—1/2. If n=1, the contributions

to the solution are from two electroflight-hole) states of
indicesn and n+1 with spins along and opposite to the
magnetic field and two heavy-hole states of indicesl and
n+2 with opposite spins.

We use the stepwise constant approximation for the po-
tential distribution to obtain the solution of the Sctiimger
equation employing the scattering matrix method, as de-
scribed in Ref. 25. In each sublayer, the wave function is
composed of all bulk states for a given quantum nuner
energyE, andx,. The boundary conditions are then used to
match the wave functions at the interfaces between sublay-
ers. In accordance with these boundary conditions, the mix-
ing of the states at the interfaces occurs only for a given
guantum numben so that we can solve the eigenvalue prob-
lem for each quantum numbarone by one. Iih=—2, only
one heavy-hole state with spi+ —1/2 exists, and the scat-
tering matrix is a X2 matrix. Forn=-1, n=0, andn
=1 we have a 44, a 6X6, and 8<8 matrices because of
the mixing at the interfaces of two, three, and four bulk
states, respectivefiy. The employment of the scattering ma-
trix algorithm, which has been shown to be more numeri-
cally stable than the conventional transfer matrix method,
allows us to investigate the Landau level structures in thick
InAs/GaSb broken-gap quantum wells. The details of calcu-
lation algorithm are presented in the Appendix.

energy (eV)

IV. RESULTS AND DISCUSSION

To calculate the energy levels in the quantum wells under
quantizing magnetic fields normal to the interfaces, from
Ref. 30 we take parameters such as the energy gaps, the magnetic field (T)
;gglgaﬁrvg?éi?: tg;'dtgifslzgcfirct?]r;stjannstfra%ne% tﬁ;:&?&? g FIG. 2. Land_au level structures for the AISb/InAs/GaSb/AISb
tions. The deformation potentials and the stiffness constanfaantum well with a 15-nm InAs layer and a 5-nm GaSb layer
are taken from Ref. 37. The interband momentum matrix " or_l(a) the InAs substrate an) the GaSb substrate at zero

. . . electric field.
elementP is obtained according to the InAs electron effec-
tive mass, which is 0.028. The quantum well structures
grown on InAs and GaSb are considered. In the first case, theeled as 1hh and 2hh for the first and second heavy-hole
GaSb layer of the well is strained. Because of this, the edggubbands andeifor the first electron subband. The electron
of the heavy-hole valence band shifts upwards by 0.019 eVevel atB=0 is lower than the 1hh level in each panel of Fig
and the edge of the light-hole band shifts downwards by2. At nonzero magnetic fields each level splits into a number
0.029 eV. In the quantum well structure grown on GaSb, théf levels due to the formation of Landau levels and the Zee-
InAs layer of the well is strained and the conduction bandman effect, which is responsible for the spin splitting. We
edge shifts by—0.029 eV. The lattice-mismatched strain Show the electron and hole Landau levels for four quantum
also changes the subband dispersions in the absence of mdgmbersn=-2, —1, 0, and 1, which are indicated in Fig.
netic fields?®2! This results in the modification of the Lan- 2. Forn=—2, only one 1hh level and one 2hh level with a
dau level structures. Landau level index=0 and spins= —1/2 exist in each of

In Fig. 2, we show the Landau level structures for thethe considered quantum well structures. For—1, we
InAs/GaSb quantum wells with a 15-nm InAs layer and ahave a lhh level and a 2hh level witt=1 and spins oppo-
5-nm GaSb layer under flatband conditions. Pdagis for ~ site to the magnetic field direction. There also existsea 1
the quantum well structure grown on the InAs substratelevel with spins=~—1/2 andv=0. Forn=0, there are two
while panel(b) is for that grown on the GaSb substrate. Thele levels ofv=0 and 1 with spins along and opposite to the
InAs conduction band edge in the absence of strain is takemagnetic field and heavy-hole states of index2 and
as the energy reference. Levels of three subbands resultirsg= —1/2. Forn=1, we have two & states ofv=1 and 2
from spatial quantization are shown in each panel of Fig. 2with opposite spins and heavy-hole statesvef0 with s
The states of these subbands at zero magnetic field are la=1/2 andv=3 with s~ —1/2.
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With the magnetic field increasing, the electron levels
move upward while the 1hh levels move downward. The 2hh
level of index »=0 with spin s=—1/2 moves downward
while the other 2hh levels move upward. This difference can
be explained by the mixing of the heavy-hole states with the
electron(light-hole) states for nonzero magnetic fields. The
2hh state of indexv=0 and s=—1/2 does not mix with
other states so that its behavior is typical for the hole states.
At some nonzero magnetic fields the evels anticross with
the 1hh levels of the same quantum numierhis produces
gaps in the Landau level structures of the wells both grown
on InAs and on GaSb. As shown in Fig. 2, different strain
conditions[in panel(a) the GaSb layer is strained while in
panel(b) the InAs layer is strainddesult in different Landau
level positions. Comparing the results presented in pael
and panel(b), we can conclude that the neglect of lattice-
mismatched strain can produce an error of the order of 10
meV in Landau level positions. It should be noted that the
band-bending caused by charge accumulation in the quantum
wells can also produce the shifts in the energy level posi-
tions. Such shifts are of the order of 10 meV in the absence
of magnetic fields!® for the structures where the electron 0.10
and hole charges result only from the carrier transfer through
the InAs/GaSb interface. However, they can be considerably
reduced in realistic structures with the donor and acceptor
impurities or defects, whose charges compensate the nega-
tive electron charge in InAs and the positive hole charge in
Gasbh.

Let us consider the lowest electron-like levels before and
after anticrossings in Figs.(@ and 2b). The le state ofv
=0 and spin along the magnetic field is the lowest state
before the anticrossing in each panel. It anticrosses with the
1hh-like state ofv=2 and spins~ —1/2, which in turn an-
ticrosses at lower magnetic fields with the &tate ofv=1

and spins~—1/2. The latter state eventually becomes the g 3. Landau level structures for the AISb/InAs/GaSh/AlSh
lowest electronlike state of=0 ands~1/2 after two anti- quantum well with a 15-nm InAs layer and a 5-nm GaSb layer

crossings. The & state ofy=0 ands~ —1/2 is the second grown on(a) the InAs substrate an(b) the GaSb substrate at the
lowest state at low magnetic fields in each panel of Fig. 2. lelectric field|&|=25 kv/cm.
is slightly higher than the corresponding state wstha1/2.
This state anticrosses with the 1hh statevefl and spins  separation between theellevel and the 1hh level at zero
~ —1/2 which become the electronlike=0 ands=—1/2  magnetic field decreases. This can be clearly seen from Fig.
after anticrossing in each figure. It can be clearly seen thas, where we show the Landau levels of the quantum well
the spin splitting between the states of the Landau level instructures identical to those for Fig. 2 except under an elec-
dex »=0 is more significant in Fig. ®) than in Fig. 2a) tric field |£] =25 kV/cm. Similarly, panela) in this figure is
before anticrossings and vice versa after anticrossings. ThHer the structure grown on InAs and pan@) is for the
spin splitting of the next Landau levels of=1 is negligible  structure grown on GaSh. We suppose that the reference zero
at low magnetic fields, but becomes noticeable at higheenergy is at the conduction band edge of the left boung&ry
magnetic fields after the anticrossings. It is greater for the=0, see Fig. 1 of the InAs layer. Since at zero bias the
structure grown on InAs than for the structure grown onhighest heavy-hole-like Landau level is above the lowest
GasSbh. It should be noted that the spin splitting of the holeelectronlike Landau level at magnetic fields up to 2%s@&e
levels of indexv=0 after the anticrossings with the electron- Fig. 2), the electron-hole system in such situations is in a
like states is greater in pan@) than in panela). Contrary = semimetal phase at sufficiently high magnetic fields, where
to the results presented in Ref. 15 for a similar structure, it islectrons in the InAs layer can coexist with holes in the
much less than the spin splitting of the electron levels of theGaSb layer. This means that the critical magnetic fizld at
same Landau level index. Also, unlike Ref. 15, the latterwhich the SSPT occurs, is higher than 25 T&at0. The
considerably enlarges after anticrossings with the hole statesritical magnetic field decreases with the voltage increasing.
A positive voltage bias applied across the InAs/GaShlt reduces approximately to 20 T for the structure grown on
quantum well causes shifts in the positions of the electroninAs for |£] =25 kV/cm, and approximately to 21.5 T for the
like and the heavy-hole-like energy levels. As a result, thestructure grown on GaSb under the same bias voltage. At

0.15

energy (eV)

005

0.00

magnetic field (T)
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|£]=35 kV/cm, B, decreases approximately to 15.5 T for the 5
structure grown on InAs and approximately to 16.5 T for the
guantum well grown on GaSb, as our calculations show. For
B>B., the highest heavy-hole-like level is below the lowest
electronlike level and accordingly, the system is in a semi-

conducting phase. As the Landau level structures show, for a 210
sufficiently high magnetic field, the semimetal phasefat

=0 can change to a semiconducting phase with the normal -15
electric field increasing. A phase transition can also occur at

a given electric field but with the magnetic field increasing, -20
as can be seen from Fig. 3. Note that, in the structures with

thick AISb barriers only a small fraction of the total bias -25

drops across the InAs and GaSb layers, which decreases with 30

the increase of carrier concentrations in the well due to the

screening of external electric field. This results in less pro- 5 _35 ! ! ! !
nounced shifts of the electron and hole levels towards each ‘g 5 10 15 20 25
other yvith the external eIeptric fiefd.on the oth_er hand, the ‘:D 5 F , , , -
negative electron charge in InAs and the positive hole charge 2

in GaSh produce the band-bendings which reduce the sepa- 0 1 i
ration between the 1hh andtlevels at zero bia3°A self- (b)

consistent calculation is required to clarify the resultant in- -5 F 8

fluence of these two effects on level positions @&hd

Finally, in Fig. 4 we present the results for the effectiye
factors calculated for the lowest electron and the highest hole
states of Landau level indexv=0. We define g
=AE/(ugB), whereAE is the energy separation between
the spin-up and spin-down electronlikieolelike) states and

ug is the Bohr magneton. Note that both the Zeeman effect 25 | i
and the Rashba effect contribute to the so-defipéaictors.
Panels(a) and (b) in Fig. 4 correspond t&€=0 and |£]| -30 .

=25 kV/cm, respectively. Curves 1 and 2 in each panel re-

flect the variations of the heavy-hole effectigdactors with

the magnetic field for the quantum well structures grown on

InAs and GaSb, respectively. The variations of the corre- magnetic field (7))

sponding electron effectivey-factors are represented by

curves 3 and 4. This is interesting that the hole effective FIG. 4. Dependencies of the electron and hole effedifactors

factor oscillates with the magnetic field because of multiplein the AISb/InAs/GaSb/AISb quantum wells on the magnetic field at

anticrossings of electron and hole levels. Also, it changes thé) zero electric field andb) the electric field|£]=25 kv/cm.

sign several times. The positions of maxima and minima offurves 1 and 2 in each panel are for the effectjfactors of heavy

the holeg factor shift to lower magnetic fields with the ap- holes in the structures grown on InAs and GaSb, respectively.

plied bias increasing, because of the changes in the positioffd!rves 3 and 4 are for the effectigefactors of electrons in the

of the electron-hole level anticrossings. The effectjfactor ~ Structures grown on InAs and GasSb, respectively.

of holes at high magnetic fields is positive and does not

depend essentially on the voltage across the quantum weBults in additional regions of zero magnetoresistance, the po-

Its value is greater for the structure grown on GaSb than fositions of which depend on the lattice-mismatched strain and

the structure grown on InAs. The effectigefactor of elec- the applied voltage. The values of critical magnetic fiB|d

trons is always negative as in a bulk InAs and its absolutdor structures under different growth conditions can be found

value has the maxima &~0 and at the point of the anti- by reducing to zero of carrigthole) concentration with in-

crossing with the hole states. Since the positions of the antiereasingB. However, so-obtained values Bf are less than

crossings vary with the bias, the effectigefactor also de- those at which the lowest electron level crosses the highest

pends on the bias. The difference between the electrohole level when the excess of electrons exigts!®?62"The

effectiveg factors in structures grown on InAs and on GaSbeffect of lattice-mismatched strain on the spin splitting of

can be as large as 10 at low magnetic fieldsder0, but it  levels and critical magnetic fields, to our best knowledge, has

becomes very small fof£]=25 kV/cm, as can be seen in not yet been investigated experimentally, although some de-

Fig. 4. tailed investigations of the dependenceBgfon the structure
The variations in the Landau level positions and in theparameters for InAs/AGa _,Sb quantum wells and InAs/

spin splitting of the Landau levels in structures with differentGaSb superlattices at zero bias were carried out in Refs. 8

strains can be detected in cyclotron resonance and magnand 9. The obtained valu&~40 T for structures with lay-

totransport measuremerft&®1617:262frhe spin-splitting re-  ers of different thickness&sire in a satisfactory agreement

_35 1 1 1 1
5 10 15 20 25
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with the value found heréabout 30 J. Some discrepancy right boundaries of théth layer. The coefficienta(" and
can be due to the heavy-hole effective mass anisotropy in thg{)  respectively, are for the forward and the backward
plane of the structure neglected in the present work. Thaves in theth layer. The vector functions!) for the for-

values ofB, for InAs/Al,Ga ,Sb quantum wells with the \ard and the backward waves are defined as
15-nm InAs layet for x=0.2 and 0.1 B.=5 and 14 T,

respectively are also in agreement with our predictions tak- [eij1fn(x’)etjzfn_l(x’)eij3fn+l(x’)eij4fn+2(x’)]T,

ing into account the dependence Bf on x. The investiga- dth btained f h di
tion of InAs/GaSb quantum wells both under magnetic an ndt gvectoreij are o 'tame rom the correspon Ing vec-
orsC in Eq. (8) by deletingC, andC,. We sete.. =0, if

i~ i 2,16,26,27,
electric fIEIC.iSl’ showed a decrease Bt to 4 T for the the corresponding harmonic oscillator function is zero. Then
structure with 30-nm InAs and 15-nm GaSb layers separate T . :
by a 5-nm AISb layer at the external electric field] e coefficients fOf two neighboring layers can be connected
by a transfer matrix

~ 140 kV/cm ® which was considerably screened by carriers
in the well. (Our model giveB.=4 T at|£]~80 kV/cm for DO-1 o\ __ I 0
the parameters described abov@n the other hand, the hole M('“):( ) M('“)( (|+1))
concentration was found negligibly small at the positive volt- I 0D
ages across the thinner layer structtfr®® because of very as
high electron concentrations.

In summary, we have applied the scattering matrix a(')) (a('ﬂ)

, . . e —M(+D

method and Burt’s envelope function theory for investigation p®" p(+1)
of the electronic band structures of InAs/GaSb quantum
wells under the magnetic and the electric fields perpendiculaherel is the mxm identity matrix, andD() is anmxm
to the interfaces. The quantum well structures grown on InAgliagonal matrix with the elementhi(f):_f?ijeXF{ikg}(&
and GaSb have been investigated taking into account thez_,)]. The (2m) X (2m) nonsingular matrixv ! *%) can be
lattice-mismatched strain. The Landau level positions and thexpressed as
spin splitting of Landau levels are found to be sensitive to 0) A =1/ 4D 4D
the lattice-mismatched strain and the applied voltage. We 141 €y € € €
have found that the spin splitting of the lowest electron lev- MEZZ=1 o (i qurn ) (A4)
els is larger for the structure grown on InAs than that for the A N B
structure grown on GaSh at high magnetic fields. The spinwhere for m=4, e(i')=(e(i')1 e(i')z e(i')3 e(¢')4) and f(i')
splitting of the highest hole levels of index=0 is greater :(f(tl)l £, £, f(il)4), f(il)j=|:|Be(¢|)j . In operatofig, k, is re-
for the structure grown on GaSb than for the structure grow laced byrkg’} for the forward and the backward waves,

on InAs and is much less than that of the electron levels a velv. th ~ | \/— h
high magnetic fields in the model used. We have shown thd€SPectively, the operatdt.. is replaced byyq/2, and the

the positive voltage bias across the InAs/GaSb quantum wefiperatork _ in TB_, CB_, andSB_ is replaced by 2t

can reduce the critical magnetic fieB} of the SSPT. The +1)a/2, 2nyg/2, and 20+2)\/a/2, respectively in ac-
critical field B, is slightly higher for the structure grown on cordance with the definition off,(x’) in Sec. Ill. However,
GaSb than grown on InAs. We have also found that for eoperators are replaced by zero, if they are applied to a har-
given magnetic field the SSPT can be conditioned by thénonic oscillator function equal to zero. For=3, 2, and 1

(A2)

: (A3)

positive bias across the InAs/GaSb quantum wells. the matricess), andf) are formed by 3, 2, and 1 vectors
e(i')j andf(t')j with zero components removed. In this way we
ACKNOWLEDGMENTS obtain the 8<8, 6X6, 4X4, and 2< 2 transfer matrices for

) i ) quantum numbers=1, n=0, n=-1, andn=—2, respec-
The authors would like to thank Yoshiro Hirayama andjely These matrices depend on the lattice-mismatched

Kyoichi Suzuki for stimulating discussions of their experi- g ain hecause the strain influences both the bulk solutions in

mental data. This work was financially supported by thegach jayer and the boundary conditions. Using the obtained

Russian Foundation for Basic Research under Grant NQuansfer matrices, we calculate, as in Refs. 24 and 25, the

03-02-16788. scattering matrice§(l,k), defined as

APPENDIX a® alh
. L b =$5(1,k) b |- (A5)

In accordance with Eq8), the envelope functiof in the
Ith layer can be written as In Eq. (A5) indices| andk correspond to théth andkth
m layers. The dispersions in the quantum well are then solved
F=explikyy) 3, [afexitik}(z-2-21h%) + b)) using the equaticft

1= S51(1,N)S1(1))[ =0, (A6)

X — ik (z—2z)1n"7, Al
exil —ikz, (2= 2)Ih5] (A1) where the left barrier layer is the first layer and the right
wherem=4 forn=1, m=3, 2, and 1 fom=0, —1, and barrier layer is theNth layer, 1I<I<N, §;(l,k) is the m
—2, andz _, and z are thez coordinates of the left and X m submatrix of the corresponding scattering matrix.
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