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Two-dimensional versus three-dimensional motion of
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The infrared absorption of inversion electrons on InSb is measured in a magnetic field parallel to the in-

version layer. The experimental results are explained by a simple model of surface electrons in crossed
electric and magnetic fields. The dependence on resonance magnetic field and electron density shows a
transition from two-dimensional- (2D) to 3D-like motion of the electrons.

In space-charge layers of metal-oxide-semiconductor
(MOS) structures electrons are bound to the surface in elec-
tric subbands by the Coulomb force eF, perpendicular to the
surface. The electrons are free to move parallel to the sur-
face and thus form a quasi-two-dimensional (2D) electron
gas. ' In a magnetic field B parallel to the surface the elec-
trons are also subjected to the Lorentz force that, in the
limit of a 2D electron gas, acts perpendicular to the surface.
In contrast to the Coulomb force, its direction depends on
the direction of the electron momentum tk» (F, II z and
B II x). Accordingly, the Lorentz force will either pull the
electrons into the bulk of the semiconductor, or it will bind
them to the surface. The former case is energetically more
favorable, and in sufficiently strong magnetic fields all elec-
trons will eventually complete Landau circles as 3D elec-
trons do. In the latter case, the classical trajectories are
skipping orbits originating from periodic specular reflection
at the surface, as is the situation in the electric limit
(8 =0).'

In the magnetic limit (F, =O) the corresponding quan-
tized surface levels have been studied at metal surfaces. 3

On semiconductors, the combined action of the electric field
and the magnetic field creates surface states that are re-
ferred to as hybrid subbands or hybrid surface levels. "
These have most extensively been studied in silicon space-
charge layers" and show an essentially 2D dispersion in a
parallel magnetic field, whereas in PbTe accumulation layers
3D-like behavior has been reported.

Here we demonstrate the transition from 2D- to 3D-like
motion of surface electrons. As a system of investigation
we have chosen InSb where the cyclotron radius can be
made comparable with the spread of the subband wave
function. We study the resonant infrared absorption of in-

version electrons in InSb MOS structures in a magnetic field
parallel to the surface. The observed spectra and their
dependence on carrier concentration are explained by a
model that analytically describes the transition from 2D to
3D motion in hybrid surface levels.

In this model, the electric surface potential is approximat-
ed by a triangular well potential, ' and effects of spin and
nonparabolicity are neglected, In the gauge
A = (0, —Bz, 0), the total surface potential only depends on
the z coordinate. Therefore the ansatz
U(z) exp(ik„x+ik»y ) reduces the Schrodinger equation to
an equation for U(z). For this, dimensionless variables are
introduced by means of the cyclotron radius I = (f/eB)'I',
the cyclotron energy frp„and the wave vector kD ——m'F, /tB
that corresponds to the classical drift velocity va = F,/8 in

crossed electric and magnetic fields. The dimensionless

A kx kDl zpE=, +lao, —a;+kD1 +-
2m' '

2 l
(3)

The parameters a; can be found with the aid of Fig. 1

(kDI=0) with the zeros of Weber functions taken from
literature. '

Hybrid surface levels are obtained by adding
kal(kDI/2+zp/I) to the kDI =0 curves (see Fig. 1). The
physical meaning of the parameter kDI is illustrated by
kDI = (I/1. )'/2, L = (f'/2m'eF, )' 3 being the relevant elec-
tric length of the system. " In Fig. 1, also, the correspond-
ing abscissas k»l =zp/I —knl are included. Their origin is

shifted with respect to the subband minima, reflecting the
diamagnetic shift. '

For center coordinates well outside the semiconductor
(zp/I (( —1) the energy eigenvalues can be approximated
by

i/3

E =Ezn+, (fk»f&a, +feF, ) (i+ —) . (4)8m' C 5 4 ~

Such electrons constitute a 2D electron gas. For center
coordinates inside the semiconductor (zp/I » +1) the en-
ergies

kx 1 m &DE = +fee, (i+ z)+ +eFzp
2m

(5)

of 3D electrons in crossed electric and magnetic fields are
obtained. " At intermediate values the model describes the
transition from 2D to 3D behavior. Note from Fig. 1 that
at a low enough kDl value and Fermi vector kF, taken with

space coordinate is defined by

$ = J2(z —zp)/I

where zp= I (k» —kD) turns out to be the center coordinate
of the motion. A dimensionless energy parameter is de-
fined by

—a = (E —Etp)/fry, + (zp/I)'/2

with the 2D dispersion Ezn=f'(k„'+k»z)/2m". The equa-
tion for U(z) then has the standard form of the differential
equation of the Weber functions. ' The motion of surface
electrons thus is described by "oscillations" U(a, () around
zp, Dependent on k» Q kD, the center lies inside or outside

the semiconductor (zp (& 0). The allowed energy parame-

ters a; (i = 0, 1, . . . ) and the hybrid subband wave func-
tions U(a;, $) follow from the boundary condition
U(a;, z = 0) = 0. The energies in the hybrid subband i are
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TWO-DIMENSIONAL VERSUS THREE-DIMENSIONAL MOTION. . .
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FIG. 3. Absorption spectra of inversion electrons at a laser ener-

gy Ace=10.4 meV in parallel magnetic fields (8=90'). The hor-
izontal lines at 8 =0 mark successively the value —hT/T = 0.

electron gas on InSb. ' %e interpret the structures as
caused by transitions between nonparabolic hybrid sub-
bands. Unlike the situation in Fig. 2(b), two transitions and
nonparabolicity are apparent, because the density of states
decreases with decreasing magnetic field, approximately as

D(E) = nt'(1+0.4ko/ " ')'/'/rrt (i =O, ko/ ) 1)

In experiments with linearly polarized light, the resonant
structures at both laser energies are only observed in the
CR active polarization. The weakly field-dependent back-
ground is not sensitive to the polarization as is, in fact, ex-
pected for Drude absorption.

Our model can semiquantitatively explain the transition
from 2D to 3D behavior observed in the experimental spec-
tra. For this, the kal parameter is calculated with the
resonant magnetic field of the corresponding conduction
band CR' and the electric field F, =en, /caw, 'T. he Fermi
vector is approximated by kF = (27m, )' ', provided that
only one hybrtd subband 1s occupied and kol + 1. %e ex"
pect 3D-like CR in the ground hybrid subband for inversion
electrons that oscillate around positive center coordinates
zt//. This means that the position (zt//);„of the energy
minimum in the ground hybrid subband must lie at least ap-
proximately kFI inside the semiconductor (see Fig. I). For
the lowest density studied in Figs. 2(b) and 3, one obtains
kF/ =1.3, (zt//);„=0. 8, and kF/ = 2.5, (zt//);„= —4.0,
respectively. This explains why 3D-like CR is observed in

Fig. 2(b), but not in Fig. 3.
Also by the dependence of the center coordinate (zo//)

and Fermi vector on density, the transition to 2D behavior
that is observed in Fig. 2 with increasing density can be ex-
plained. However, the observed 3D-like CR structures are
astonishingly strong even at relatively high densities. To
understand this feature in a quantitative way, a more realis-
tic, screened electrostatic potential should be used and oscil-
lator strengths must be calculated.

In conclusion, we have experimentally demonstrated the
transition from 2D- to 3D-like motion of inversion electrons
by their resonant infrared absorption in a parallel magnetic
field. This transition is of different origin than the transi-
tion from 2D to 3D conduction by reducing the channel
thickness" and is successfully described by a simple model
of hybrid surface levels that form in a magnetic field parallel
to the surface.
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