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In-plane magnetic field studies of INAs/GaSb superlattices
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We present a theoretical study of electron and hole states in InAs/GaSb superlattices using a realistic
microscopic pseudopotential complex-band-structure approach. A rectangular potential is used to predict the
critical in-plane magnetic field that will result in a semiconducting state for a variety of InAs/GaSb superlat-
tices. It is found that the critical field is insensitive to increases in superlattice period beyond a particular value.
[S0163-18207)00508-0

I. INTRODUCTION confinement for states an orbit radius from an interface. This
leads in the limiting case of a heterojunction, and also a long
InAs/GaSb semiconductor heterostructures have the urperiod superlattice, to the transition occurring between bulk-
usual property that the InAs conduction band ke$50 meV  like Landau levels. Thus, higher magnetic fields are required
below the valence-band edge of the GaSb matéf@rmi-  to induce the semimetal-to-semiconductor transition. Clearly,
energy equa“zation throughout the structure then leads to '[H@is transition to semiconducting behavior will have dramatic
spontaneous creation of spatially separate hole- and electrofiffects on the transport properties of the system.
accumulation layers at the interface. Within InAs/GaSb su- Considerable work® has been carried out on the
perlattices, quantum confinement serves to rdseer) the ~ Semimetal-to-semiconductor transition in InAs/GaSbh super-
energy of the electrohole) states — the size of the con- lattices with the field applied perpendicular to the interfaces
finement energy increasing with decreasing layer width(i-e., parallel to the growth directionFor a typical superlat-
Thus, for a superlattice with a narrow period there is notice (103 A InAs/158 A GaSh Barneset al* have shown
effective band overlap resulting in a semiconducting state. Ithat the semimetal-to-semiconductor transition occurs be-
a superlattice constructed from InA80 A)/GaSk30 A), the  tween 40 T and 50 T. In the perpendicular geometry, the size
sum of the confinement energies of the electron and holéf the field required to cause the transition is proportional to
subbands approximate to the band overlap. Larger period§e energy difference between the lowest occupied electron
will result in a semimetallic phasg.e., both holes and elec- state and highest occupied hole state at zero field. An in-
trons present crease in the InAdor GaSh layer width will result in an
All semimetallic InAs/GaSb heterostructures can undergdncrease in the effective band overlap, and hence increase in
the transition to a semiconducting state by the application othe size of the critical magnetic field. Correspondingly a de-
a magnetic field or by the application of pressure. The magcrease in the layer width will lead to a reduction in the mag-
netic field induced transition may be understood by considhitude of the critical magnetic fiefti.This is because the
ering a superlattice period such that there are two occupiegonfinement energies of the subbands at zero field will be
electron levelsE, andE;) in the InAs material and one hole greater, thus reducing the energy difference between the
level (Ho) in the GaSb material. As shown in Fig(al, the highest hole states and lowest electron states.
Fermi level lies above the occupied electron subbands and Experimental work has also been performed on
below the occupied hole subband and hence the system 18AS/GaSb quantum wellswhich clearly demonstrate the
semimetallic at zero field. The application of a magnetic fieldseémimetal-to-semiconductor transition upon the application
will increase the energy of the electron states and lower théf magnetic field. Theoretical studies of these systems have

energy of the hole states due to the increased confinemer@en conducted using tiep method:~*°A 200 A InAs/50
At some critical value of magnetic field, the highest-holeA GaSb superlattice has been shown to have a critical field

level will lie at a lower energy than the lowest-electron levelOf 36 T In this system the electron and hole states become

[see Fig. 1b)], resulting in complete carrier transfer back
across the interfaces. At higher magnetic fields there will be
the formation of an energy gap — the system is then semi-
conducting. This process is independent of the direction of
the applied magnetic field, though the strength of the field
required to affect the transition will be quite different for
different geometries. For the case of a perpendicular mag-
netic field, quasi-zero-dimensiondD) states are formed as
magnetic confinement and superlattice confinement act in GaSb GaSb

different directions. Thus, relatively low magnetic fields are

required to affect the transition. In the parallel geometry, FIG. 1. The magnetic field induced semimetal-to-semiconductor
quasi-one-dimensiondlLD) states are formed. In this case, transition for an InAs/GaSb superlatticéa) B<Bgiicar (b)
magnetic field localization reduces the effect of superlatticeB>Bjica -
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coincident in energy and mix strongly; thus it is critical that Here VP{G—-G')=v(|G—G’'|)S(G—G’') is the micro-

a comprehensive treatment of the states is considered for atopic crystal pseudopotential and is written as a product of

accurate representation of the disperg@and hence uncross- the structure factor and the pseudopotential form factors.

ing) of the Landau levels with magnetic field. It is important to include the effects of spin-orbit coupling
To our knowledge there is no published work that exam-in the present study. The spin-orbit interaction in real space

ines the semimetal-to-semiconductor transition in InAs/GaSlis

superlattices subjected to an in-plane magnetic field. In this

work we examine this problem using a realistic microscopic

pseudopotential approach. This method is ideal for the study Heo= gmecz (YVXP)- o ®

of INAs/GaShb superlattices with a magnetic field applied par-

allel to the interfaces. Hamiltonian periodicity is destroyedIln momentum space, the spin-orbit matrix element is given

due to the magnetic field and hence a finite superlattice mu

be studied for an accurate representation of the physical sys-

tem. The predicted critical in-plane field required to induce Hg o= —IA(G-G o [(k+G)X(k+G")], (7

the semimetal-to-semiconductor transition is found to de- ) )

pend upon the energy difference between the lowest-electrofhere A(G—G')=\AS(G—G’) is the strength of the spin-

and highest-hole subbands at zero field. Section Il contains (&l’blt interaction. With the inclusion of the spln-prblt interac-

description of the theoretical method used, and in Sec. I1l wdion, each element of s, becomes a X 2 matrix, and the

shall present the results and give a discussion. wave function is a spinor.
In a real semiconductor heterostructure, crystal symmetry

is retained in two directions, but in the thifghe growth
direction the symmetry is broken. For a given incident par-
In order to determine the single-particle states in InAs/allel momentum and energy one must solve Exj.for al-
GaSb heterostructures, we use a complex-band-structulewed values ofk,. This equation can be made linear by
method'®~*based on local empirical pseudopotentiand ~ forming a polynomial expansion ik, ,*?
a layer boundary conditiot?:**
If z represents the growth direction, the Salinger equa- Hee(K)=HpK:+H;k,+Ho, 8
tion for the system can be written as

2

Il. THEORY

with
2v2 hZ
{— 5m +V(r) ¥ (r)=EW¥(r), (1) H2=ﬁ5eer,
where the crystal potentidl is given as h?
leﬁgzb‘ee' , 9
VinAs ze InAs region 5
V:[A+VGaSb, ze Gasb region, 2 Ho= Zﬁ—m(k"2+g”2+g§)—|z Sea+V(G—G).

with A as the appropriate band offset between InAs and' his process must also be performed on the spin-orbit part of
GaSb, which gives the band overlap between the conductiof® €guation, giving
band edge of InAs and valence band edge of GaSb as 150

meV. We use a plane wave expansion for the wave function: ~ H™=(H{g +H) )k, + (HI+Hig+Hl+Hgg), (10
with
-3 A i(k+G)r .
d0)=2 AdG)e (3) HLL = ALG,+iGy],
and a similar Fourier expansion for the microscopic crystal Hégl:A[_GeriGy],

potential. Then Eq(1) can be expressed’8s
HU =i A[G,(Kky+ Gy) = Gy(Kyt G,

%‘, Hee(k)A(G)=0, (4 Hid=A{= Gkt Gy +i(k,+Gy)]+G,G,+iG,G,},
(11
where
Hib= = A{=G [kt Gy—i(k,+Gy)]+G,G,~iG,G,},
h? _
HG,G(k)=H o (K G)?— E] 5G,YG+VPS(G’—G)}. His=—iA[Gu(ky+G,) — Gy(ket+Gy)].

(5) Hence the matrix in Eq5) may now be written as
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0 0 1 0 At At
0 0 0 1 Al Al

Hy (Ho—HLD) —HL Hy'Hy  —H || kAT [ =K kAT |- (12)
(HL* Hy Y(Ho+HL)  (HI* HyH, || kAl kAl

The eigenvalues of this matrix equation are the allowed valwhereA ; is the vector potential in the layer. The procedure
ues of the perpendicular component of the electron wavevill not adversely affect the results produced by the method
vector. The eigenfunctions are the coefficients of the wavei the digitization (artificial layen width is smaller than the
function expansion and the derivatives of the wavefunctiormagnetic length® Having fully specified the Hamiltonian
with respect tk,. Hence, given an incident parallel compo- Eqg. (12) can now be solved.
nent of wave vector and an energy range, the complex band The center of the electron Landau orf@yclotron center
structure for a given material may be computed easily. lies within the layer where the in-plane wave veckqr; is
For a superlattice calculation we consider a finite numbeeero, e.g., the central layer in Fig. 2. Hence, the cyclotron-
of InAs/GaSb layers along the growth direction. Once thecenter-dependent dispersion of the states can be examined by
layer-wave-function coefficients are determined, the transehanging the initial value of the parallel wave vector, as this
mission coefficient and wave function in the heterostructurewill result in a change of the layer where the in-plane wave
are found using a scattering matrix approach as described wector is zero.
earlier publication$®**!° Bound states within a structure  The digitization of the vector potential is compatible with
can be identified by searching for energies at which coeffithe inclusion of electrostatic potentials. For example, for an
cients in the scattering matrix become very large and theinAs/GaSb heterojunction, a Thomas-Fermi approximation
calculating the wave function at these energies. The methomhay be used to simulate the band bending at the intefface.
is highly flexible since it does not require that the hetero-In that case a functional form for the electrostatic potential is
structure under consideration be periodic in the growth ditaken and digitized in the above fashion. The change in the
rection. value of the potential at an artificial interface is then included
Application of an in-plane magnetic field to the structureas an offset to the energy in E), i.e., it changes the
is considered by digitizing the vector potential: the structureenergy position of the band edge.
is divided into a number of artificial layers and the vector
potential is taken as a constant in each layer as shown in Fig.
21 The effect of the digitization procedure is to change the
parallel momentum such that in tih layert*

Ill. RESULTS AND DISCUSSION
FOR THE InAs/GaSb SUPERLATTICE

A. Superlattice in zero magnetic field

eA, The interface poteptial was assum_ed to_be of a rectangular
kjji—k)+ = (13)  form for all superlattices under consideration, with the band
overlap set to 150 meV as indicated in Fig. 2. Under increas-
ing magnetic field, charge recombines across the interface as
corresponding Landau levels pass through the Fermi energy.
Hence, at the critical transition fieldhe field that results in
the recombination of the last free chargeo charge is
present to screen the band offset and thus a rectangular po-
tential is accurate at the transition field. If the InAs or GaSb
layer width is less than-100 monolayers there is negligible
band bending and so the rectangular potential also represents
a good approximation at zero fiefdl.

0.20 GaSb InAs GaSb InAs GaSb InAs GaSb InAs GaSb

0.10

0.15 —10.05

010 + rr,.l"J
r.-""H A InAs(211 A)/GaSk30 A) superlattice is first examined
005 | ’_,_r"'J for the case of no applied magnetic field. In order to mini-
r'_I_.-'J mize computational time, the smallest structure which not
does compromise the results is required. Here we consider
0.00 -0.10 the transmission through a four-, five-, and six-period super-
0 100 200 300 400 .
Distance Through Structure (Monolayers) lattice.
Figure 3 shows the transmission spectra corresponding to
FIG. 2. The InAs/GaSh superlattice structure under considerfhe four-, five-, and six-period superlattices. There are three
ation (left scalé and the digitization of the magnetic vector poten- Wide plateaus which begin at 20 meV, 75 meV, and 150
tial (thick line) (right scale. The digitization length is taken as 10 MeV above the bulk InAs conduction band bottom, which
monolayers, indicated by the small tickmarks on the diagram, thugorrespond to the ground-, first-excited and second-excited
each material contains five artificial layers. The cyclotron center ilectron(InAs) minibands, respectively. The widths of the
at the edge of the structure. minibands increase for the higher excited states, which is a
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FIG. 3. The transmission coefficient for an electron incident on ] ] ) )
a four-(solid line), five- (dotted ling, and six-(dashed lingperiod FIG. 4. The cyclotron dispersion of the major states in an 211 A
InAs/GaSb superlattice. The energy reference is at the bottom of thi#AS, 30 A GaSb superlattice at 5 T. The energy reference is at the
bulk InAs conduction band. bottom of the InAs conduction ban@. represents a spin-up lowest-

electron state[] a spin-down lowest-electron state, a spin-up

. . irst excited electron stat a spin-down first excited electron
consequence of increased wave-function overlap between ﬂi% . P

. ate, * the highest-hole state, amnd the antisymmetric combina-
guantum well states. The increased overlap can be more 2
. . - . .~ tions of the highlighted states.
readily seen for the second-excited miniband, which contains

a finite number of peaks highlighting the nonperiodie., L , )
finite) nature of the structure. The number of peaks in theTh'S increased confinement will force the electron levels to a

miniband corresponds to the number of wells in the structurdigner energy and the hole levels to a lower energy. Using
and the miniband widths do not increase significantly withth® Landau gauge for the vector potential, the dispersion of
increasing periodé The narrow resonance-antiresonanceth® Landau levels W|tH<X2rema|n_s free particlelike, and a
feature 100 meV above the bulk InAs conduction band botdispersion of the fornii?k5/2mg |, is expected with a mini-
tom corresponds to the highest-hd@aSh state. There is Mum in the energy of the Landau levellgt=0. The disper-
little interaction between the states in successive GaSb layeféon of the Landau levels in thie, direction is critical be-
due to the large InAs layer width. All the superlattices showncause a change ky, will alter the cyclotron center. Figure 4
are semimetallic since the highest_ho|e state HeBD meV shows the diSperSion of several of the lowest-electron and
above the low energy edge of the electron ground minibandhe highest-hole states with a cyclotron center for an in-plane
The difference between the spectra for the superlattices i§agnetic field of 5 T. This dispersion is typical of electron
not significant. Moreover, the position of the lowest electron@nd hole states in superlattices under in-plane magnetic
state at 10 T varies by less than 0.1 meV between the strudields™
tures. This is much smaller than the cyclotron energy of elec- The form of the electron dispersion in Fig. 4 is due to the
trons in the InAs materigls meV T~ 1) and thus an increase interaction (i.e., anticrossing between the electron states
in the number of periods will not Signiﬁcant'y improve the W|th|n the GaSb |ayerS and the hOle states W|th|n the InAs
accuracy of the predicted transition fields. The behavior of dayers, as well as interaction between neighboring electron
four-period superlattice is thus a good approximation to thafnd hole states; these interactions lead to the appearance of
of a superlattice with a much larger number of periods, aglefinite bands. The interaction between the lowest-electron
has been shown experimentdfiyand theoretically? states is depicted in Fig. 5. It is clear that there is consider-
At zero field the subband density of states can be approxi@ble interaction between the states of like spin. The two
mated to that of a two-dimensional electron gas. Since th&Pin-up electron states from each side of the GaSb layer an-
miniband width is narrow this is a very good approximationticross leading to two distinct bandsC (reading left to
for the holes, as the GaSh layers are behaving as isolatétght) at the lower energy an@A at the higher energy. The
quantum wells, and is also reasonable for the electrofinimum gap between the different combinations~s3
states’? Taking the experimental band-edge values of for themeV at the center of the GaSb layer. The situation is the
effective mass of the electro8.023n,) in InAs, and heavy Same for the spin-down states, but as is clear from Fig. 5,
holes(0.33n,) in GaSb the Fermi energy lies 73 meV above OPposite spin states do not interact. The upjpetisymmet-
the lowest-electron subband. From Fig. 3 this indicates thafiC) €lectron state has the minimum of its dispersion in the

the first two electron subbands and the highest-hole subbarfd@Sb material, where it interacts with the symmetric electron
are occupied. state. The strength of this interaction is weaker because the

electron states are now separated by more than 10 monolay-
ers of GaSb — this reduces the anticrossing gap-th9
meV. This higher electron state does not interact signifi-

An in-plane magnetic field will split the electron and hole cantly with any of the other states shown due to the large
subbands into quasi-one-dimensiofdD) Landau levels. spatial separation between states in that band.

B. Superlattice in finite magnetic field
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FIG. 5. The anticrossing of electron levels around a GaSb layer. FiG. 7. The cyclotron dispersion of the lowest-electron level,

The lowest spin-up electron states anticross formingAfie(solid  ang the highest-hole level in the 211 A InAs, 30 A GaSb superlat-
line) and CA (dashed ling bands. The lowest spin-down electron tice at 55 T. The energy zero is taken at the top of the bulk InAs

states anticross to form tHeD (dotted ling andDB (dot-dashed  conduction bandO represents the spin-up lowest-electron state,
line) bands. There is no interaction between states of different spin- the spin-down lowest-electron state, ard the highest-hole
state.
A similar description applies for the hole levels. Figure 6

shows the hole levels anticrossing in the center of an INA$ence the states |y|ng in this region are effective|y “bulk’”
layer. The interaction between the hole states is clearly andau levels. The width of this region depends upon the
weaker and the size of the gap between the hole states jglative sizes of the magnetic length and the superlattice
~1.3 meV. This is a consequence of the greater separatigayer width. Bulk Landau levels will exist in the center of the
between the hole levels, which serves to reduce the wavigiyer, and persist until the cyclotron center is shifted to
function overlap and thus the magnitude of the interaction. within a cyclotron orbit radius of a material interface. There
There is a more pronounced dispersion of the electron andre no bulk GaSb Landau levels at this magnetic field since
hole states with a cyclotron center as the magnetic field bethe magnetic length is longer than the GaSb layer width.
comes stronger. This is due to the fact that when the magrhus, to estimate the transition field, the dispersion of the

netic length is of the order of the superlattice period, theglectron and hole states witty must be examined, witky
Landau energy reflects directly the superlattice potentialget to zero.

Figure 7 shows the cyclotron-center dispersion of the

spin-up and spin-down components of the lowest-electron ) . -~

state, and the highest-hole state under an in-plane magnetic C. The semimetal-to-semiconductor transition

field of 55 T. The flat region exhibited by the electron states The heterostructure will be semiconducting when no

occurs when the Landau orbit is confined to the InAs andsaSh valence-band states lie higher in energy than InAs
conduction-band states. When both layer widths in the super-

InAs lattice are very long, the transition will occur for bulklike

‘ states whent w8+ 1 0!1°® is equal to the band overlap

(150 me\). Taking the bulk values of the band-edge effec-

tive masse$0.023n, for electroné* and 0.38n, for hole$?)

97 ;B A ] this gives a critical field strength 6f56 T. The value of the

W critical field required to turn the system semiconducting is a

function of the InAs and GaSb width. For a fixed GaSb

96 - 8 width, the transition field will increase with increasing InAs

layer thickness up to a critical InAs layer width, after which

the transition field will remain constant as a result of the

95 - | appearance of the bulk states in the InAs layers. For the

in-plane magnetic field the critical InAs width is found to be

98

Energy (meV)

A ~120 A. Figure 8 shows how the energy difference between
o ‘ ‘ ‘ 8 the lowest-electron state and the highest-hole state changes
-10.0 5.0 0.0 5.0 10.0 as a function of magnetic field for a variety of superlattices.
Cyclotron Center (ML from Center of Structure) For the InA$210 A)/GaSii30 A) superlattice the magni-

tude of the energy difference decreases with increasing mag-
FIG. 6. The highest-hole states from neighboring GaSb quanturfietic field until, at~58 T, the system becomes semiconduct-
wells anticrossing in the center of an InAs layer forming %  ing. There is no effective increase in confineméne.,
band (OJ) and theAB band ©). energy until the magnetic length is shorter than the material
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FIG. 8. Variation in the energy difference between the lowest- FIG. 9. Anticrossing features of the lowest-electron state and

felectron stla :je_ﬁand Tl?hist]hole stggehwnzulnﬁreasmg magnrclatlc flelﬁiighest-hole states within an InAs lay€r. are states with electron-
or several different InAs layer widths. the structures have QJike character,[] are states with holelike character, add are

iast; ]Yél)i(jl&th of 30 A and InAs widths db—90 A; 0—150 A; states with mixed character.

width in the superlattice. For the InAs layers considered her@rgy order at high magnetic fields. The minimum size of the
this occurs at~20 T. Thereafter the electron states in thegap between the lowest electron and highest hole state is of
center of the InAs layers do not experience the superlatticéhe order of 30 meV and is the result of a substantial wave-
confinement, and the semimetal-to-semiconductor transitiofunction overlap. There is an initial rise in the energy of the
occurs when the bulk like InAs Landau levels pass to dowest electron state before it gains considerable holelike
higher energy than the hole states in the GaSb material. lpharacter, and moves to a lower energy as the magnetic field
the high field regime the reduction in energy difference isjs increased from- 7 T to ~ 22 T. The energy difference
approximately linear with field, and the effective mass whichpetween the highest-hole state in this system and the lowest-
is calculated from this dependence is twice the band-edggjectron state increases from 40 meV to nearly 50 meV over
effective mass in InAs. This enhancement is due to the nongis field range, i.e., the system becomes more metallic as the
parabolic effects in InAs and the interaction with the h°|emagnetic field increases. However, beyond 40 T the upper

levels in the superlattice. The hole states do not develop int@,e hecomes electronlike and exhibits a bulklike dispersion

bulk Landau levels for the fields shown due to the mUChand the system becomes semiconducting &8 T.

narrower GaSb width in this superlattice, although the hole Similar behavior is seen in the IN&20 A)/GaSk30 A)

states begin to feel the influence of the magnetic c;onfinemenstu erlattice. althouah the maanetic lenath now becomes
at ~55 T — just as the system becomes semiconducting. P ' 9 9 9

The behavior of INAQO A)/GaSii30 A) superlattice is shorter than the InAs layer width at30 T, which coincides

straightforward. The sum of superlattice confinement enerWith the transition to a semiconducting state. The situation is
imilar as the InAs width increases, albeit to a lesser extent.

gies of the electron and hole subbands is greater than th& : ,
band overlap, resulting in a semiconducting state at zerg e INAS180 A)IGasli30 A) superlattice has an anticross-

field. Subsequent increases in magnetic field force the ele¢?@ 9ap of 17 meV and no significant increase in the effec-
tron and hole states further apart thus increasing the enerdive energy difference. In InA810 A)/Gasii30 A) superlat-

difference. This increase is not linear due to nonparabolidice this anticrossing gap has reduced to 3 meV.
effects, particularly in the InAs material. Increasing the GaSb width will serve to increase the criti-

The situation is more complex in superlattices with inter-cal transition field, since a wider GaSb period will result in a
mediate  InAs  widths. For example, in the reduction in the confinement energy for the hole states, thus
InAs(150 A)/GaSki30 A) superlattice the magnetic length is generating a larger band overlap at zero field. As an example,
comparable to the width of the InAs layer as the lowest-we calculate that a InA$20 A)/GaSl120 A) superlattice
electron state passes the highest-hole state. As a result, themedergoes the semimetal-to-semiconductor transition at
is considerable interaction between the two states keeping 90 T. In this case there is little interaction between the
the system semimetallic over a larger range of magnetitowest-electron and highest-hole states close to the transition
field. field, because the magnetic length is shorter than 120 A re-

Figure 9 shows the effect of interaction between holesulting in a suppression of the wave function overlap. The
stategarising from GaSb corresponding to orbits centered infowest energy electron state will be the bulk Landau level in
the InAs layey and the highest available electron state. ThelnAs, and similarly the highest energy hole state will be the
highest-hole state changes character from holelike at lowulk Landau level in GaSh. Once these Landau levels are
magnetic fields to electronlike at high field, while the reverseproduced superlattice confinement plays no part in governing
is true for the lowest state. The middle state remains essefhe transition field, and hence a reduction in superlattice con-
tially holelike but switches nodal character reflecting the enfinement will not result in a further increase in transition
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field. A InAs(210 A)/GaSk§120 A) superlattice will undergo  enough for bulk states to appear in the center of the layers,
the transition at~90 T, as will the InAs/GaSb heterojunc- after which there will be no increase in transition field with

tion. an increasing layer thickness. The maximum in-plane mag-

netic field required to cause the semimetal-to-semiconductor

V. CONCLUSIONS transition in InAs/GaSb heterostructures is found to be

) _ ~90 T, and occurs when the InAs and GaSb layer widths are
We have used a microscopic complex-band-structure aRyreater than-120 A.

proach to study the magnetic field induced semimetal-to-
semiconductor transition in InAs/GaSb superlattices. The
magnetic field is applied parallel to the interfaces rather than
in a more conventional perpendicular direction. This results
in a much higher required magnetic field to cause the transi- A.R.R. has been supported by EPSR&). We thank Dr.
tion than in the perpendicular geometry since the effect of. Ikonic and Dr. W. Tan for useful discussions. The com-
magnetic confinement is reduced. The transition is a functioputational work has been supported by the EPERQ

of superlattice period until the layer widths become widethrough the CSI scheme.
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