ANISOTROPIC BAND STRUCTURE OF A PARABOLICALLY CONFINED ELECTRON SYSTEM
SUBJECTED TO AN IN-PLANE MAGNETIC FIELD
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The anisotropy of the effective mass in a wide electron layer confined in a parabolic
potential well has been determined from plasmon resonance experiments for the case of
an in plane magnetic field. For this system, the resulting band structure can be described
in terms of a hybridization of the electrical and the magnetic confinement and free motion
in the plane of the electron system. The effective mass shows a strong anisotropic
behavior along the two principal directions with respect to the magnetic field. For a purely
parabolic confining potential one can derive analytical expressions for this anisotropy
which are in excellent agreement with the experimental results. Similarities to the
collective excitation spectra of one-dimensional quantum wires are discussed.

The collective excitation spectrum of an electronic
system contains valuable information as it is one of its most
fundamental properties. For two-dimensional electron
systems (2DES) as realized in space charge layers in semi-
conductors the study of plasmonic (intrasubband-) excita-
tions as well as intersubband-transitions have proven
invaluable in the characterization and understanding of
these systems!. More recently2, also the collective excita-
tions in quasi-one-dimensional electron systems (Q1DES,
quantum wires)3:4 and quasi-zero-dimensional (QODES,
quantum dots)> have attracted very much attention. On the
other hand, the collective intersubband-like excitations of
wide electron layers in so-called parabolic quantum wells
(PQW) which form a quasi-three-dimensional electron
system6-9 (Q3DES) has led to the generalization of
Kohn’s theorem1C, Subsequently, this theorem has been
very successfully applied to explain many experimental
observations also on QIDES and QODES. It states that in a
purely parabolically confined electron system long-wave-
length radiation couples only to the center of mass coordi-
nates and its motion. Relative coordinates and thus particu-
larly electron-electron interactions in such systems do not
affect the resonance frequency of the observed transitions.

Here, we report on the investigation of the collective
excitations of a wide electron system in a PQW at finite
wave vectord. If such a system is subjected to an in-plane
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magnetic field the resulting band structure is very closely
related to the one of a 1D quantum wire in a perpendicular
magnetic field. The reason is that 1D quantum wires in
most cases can be described in good approximation by an
external parabolic confining potential. The main advantage
of a PQW, however, is the exact knowledge of the shape
of the potential which allows to directly deduce analytical
expressions for the expected spectrum of the collective
excitations. Moreover, the case of an ideal parabolic
quantum well in a parallel magnetic field is particularly
simple and can be quantized in analytical form11.12,
Referring the reader to a more detailed description of
the growth procedure and fundamental properties of a
PQW in refs. 6..9, we give here only a short list of the
parameters for the sample used in the present experiment:
Our sample is a parabolic AlxGa].xAs quantum well of
width W=200nm and energetical depth of A1=150meV. It
has additional vertical sidewalls of height A2= 75meV. The
curvature of the parabolic part of the well corresponds to
the potential of a positive background density
n+=2-2.1016cm-3. On top of the sample we have a
semitransparent NiCr gate and an Ag grating coupler of
periodicity a=2pm. Ohmic contacts are made to the electron
system by alloying In at T=4300C in reducing atmosphere.
By application of a bias between the gate and the electron
system!3 we can change the carrier density in the well from
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Ns=0 to Ns=2.6-1011cm-2. The grating coupler provides
a plasmon wave vector q = 2x/a = x-106 m-1,

As has been shown before!4:15, a quasi 3DES
confined in a PQW can support intra-subband excitations
that for small q resemble the well known surface
plasmon!6 of a 2DES. Its dispersion is given by
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where £(q) denotes an effective dielectric constant
containing sample parameters and geometry, and mp an
effective plasmon mass. The other symbols have their
usual meaning. For our sample %®, =15cm™, depending
on the carrier density in the well. The sample is mounted in
Voigt geometry in the center of a superconducting solenoid
providing magnetic fields up to 15T parallel to the plane of
the electron system. It is held at a temperature of T=4.2K.
The experiment are performed in transmission using a rapid
scan Fourier transform spectrometer under normal
incidence of unpolarized far infrared radiation (FIR).
Experimentally we determine the relative change in
transmission

AT _T(0)=T(Ny)
T T(0)
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which is proportional to the real part of the dynamic
conductivity 6(w)of the electron system. The geometry of
our experiment is depicted in Fig. 1. Here, both principal
orientations of the plasmon wave vector with respect to the
magnetic field are already sketched. By rotating the sample
by 1/2 we can excite surface plasmons with q being either
parallel or perpendicular to the magnetic field.

Fig. 1. Sketch of the geometry of the experiment. The
unpolarized far-infrared radiation is incident in y-direction,
the magnetic field is directing paralle! to the electron layer
(x-y-plane). The plasmon wave vector q is defined by use
of a metal grating on top of the sample, and can direct either
parallel or perpendicular to the magnetic field.
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Fig. 2. Typical spectra as obtained in transmission and
Voigt geometry for different magnetic fields B. Both cases
of q being perpendicular (a) and paraliel (b) to B are
depicted. In both experiments we observe three resonances,
which are related to the intra-subband plasmon at finite
wave vector (0,q), the inter-subband plasmon at finite wave
vector (1,q), and the inter-subband plasmon at zero wave
vector (1,0). The latter is also called plasma shifted
cyclotron resonance. In (a) the resonance (0,q) has a
characteristic negative magnetic field dispersion, whereas
(1,9) and (1,0) follow the dispersion for a magneto-electric
hybrid excitation as described in the text. In contrast to (a),
for parallel configuration (0,q) has no magnetic field
dependence as expected from the simple model (b).

Typical spectra for both orientations of the plasmon
wave vector with respect to the magnetic field are shown in
Fig. 2. Here, we plot the observed relative change in
transmission vs. energy for different magnetic fields. In
perpendicular geometry, i.e. the plasmon wave vector
being normal to the magnetic field (Fig.2a) we observe
basically three resonances. The lower frequency mode
(9,q around 16cm-1 at low B is identified with the surface
plasmon and exhibits a negative dispersion with the
magnetic field, which is a unique feature of an edge
magnetoplasmon type of oscillation!7:18. The higher
frequency modes ] q and )0 are the grating coupler



induced intersubband-type excitation? and the plasma
shifted cyclotron resonance’8 at g=0, respectively. The
oscillator strength of the later is zero for zero magnetic
field and then increases as the field increases8, which can
be clearly seen in the figure. This excitation is formally
identical to the rﬁagneto-electric subband hybrid in a 1D
quantum wire. For parallel geometry (Fig. 2b), we also
observe three oscillations, but g q now has no significant
magnetic field dependence. This striking difference
contains information about the magnetic field induced
anisotropy of the effective band structure that we like to
discuss in this Communication.

Using the coordinate system of Fig.1 and omitting the
spin, the initial eigenenergy equation for a PQW subjected
to an in-plane magnetic field readsi2
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where m* @}, /2 characterizes the parabolic potential in

growth (y-) direction. This frequency is given by the bare '

external potential of the PQW and due to Kohn's theorem
independent of the number of electrons in the well. It has
been shown beforeS--10 that this frequency ) g for q=0 is
solely determined by the curvarure of the external parabolic
potential and is given by

o?, =Wi$nL; @)
where Aj is the energetical height of the parabolic part of
the potential, and W its width in confining direction. At
finite wave vector q, the mode exhibits a dispersion14.15
which is determined by the quantity qd, d being the width
of the electron system in the direction of confinement:

w2
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Taking A= —(By,0,0) and separating the variables in the
usual way one obtains form (3)
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where Q% = wﬁ, + coz is the effective hybrid frequency,
¥=y-y, with y,= hky@./ m* Q. The resulting energy
dispersion then turns out to be given by
2
Rky @, Bk
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This dispersion describes a harmonic oscillator-like quan-
tization in the confining direction of the parabolic potential
with a characteristic frequency €, representing the inter-
subband-type collective excitation that obeys Kohn's
theorem. The free motion in the plane of the Q3DES is
represented by the quasi-momenta ky and k5. Eq. (7) has .
exactly the same form for a 1DES in parabolic
approximation (quantum wire) if one replaces the term
containing k; by a 2D subband energy, since it is also
confined in this direction. The term containing ky is then
related to so-called one-dimensional plasmons propagating
along the wire4. The hybrid oscillator term is governed by
the 1D intersubband plasmon. The interesting fact for a
PQW, however, is the occurrence of an anisotropic band
structure in the plane of the electron system with respect to
the direction of the magnetic field. The same anisotropy has
been observed before, although as a much weaker effect,
for high quality 2DES on GaAs/AlGaAs heterostruc-
tures!9. The theoretical description in that case, however,
is rather complex and not straightforward?0, Using eq. (7)
one can define a very simple expression for the effective
mass for a PQW and the geometry under consideration

wl
mi=m*(1+—F) and mpy=m* ®
le

in the plane of the electron system. The subscript symbols
for m* indicate the direction with respect to the magnetic
field. With increasing magnetic field the 'perpendicular’
effective mass increases quadratically. The effective mass
parallel to the magnetic field, respectively, remains
unaltered and is given by m*. Using this expression for the
plasmon mass we obtain the magnetic field dispersion of
the surface plasmon.
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The result is shown in Fig. 3, where we plot the ex-
tracted resonance positions of 9,q for both principal
orientations of q as a function of the magnetic field. For
high magnetic fields (B>3T) we are not able to follow the
negative dispersion of (Woq (¢, ) since we are approaching
the noise limit of our spectrometer close to 10cm-1. The
magnetic field independent resonance Woq for q Il B,
however, does not deviate significantly from its low field
behavior up to B=15 T. This part of the data has been
omitted in the plot for clarity. Note that no fit parameter has
been used since all quantities can be measured independent-
ly. From cyclotroh resonance’s8 in Voigt-geometry one can
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Fig.3. Resonance positions as extracted from Fig. 2 for
both orientations of the plasmon wave vector q with respect
to B. They reflect the magnetic field induced anisotropy of
the plasmon mass. Symbols represent the experimental
data, whereas the solid lines are the result of the simple
model as described in the text. The parameters used are
given in the inset.

extract m*. Plasmon resonance experiments!4 in Faraday
geometry, i.e. the magnetic field directing normal to the
sample surface are used to extract 0 q. The g=0 resonance
] 0 can be determined by tilted field experiments3.6:8,
where no grating coupler is needed to exite it.

In summary, we have investigated the collective
excitations of a parabolically confined electron system
subjected to a magnetic field perpendicular to the gradient
of the confinement. The magnetic field induces a strong
anisotropy of the effective band structure, which is
reflected in the magnetic field dispersion of a finite q
plasmon parallel to the electron layer. The resulting band
structure is formally identical to the one of a 1DES as
confined in a quantum wire in harmonic approximation.
The orientation where q is normal to the magnetic field
results in an edge magneto-plasmon type excitation that in a
1DES is propagating along the wire and usually is referred
to as a 1D plasmon.

ACKNOWLEDGEMENT - We gratefully acknowledge
useful discussions with J.P. Kotthaus. Financial support
for this work has been provided by both the Deutsche
Forschungsgemeinschaft and the U.S. Airforce Office of
Scientific Research under Contract No. AFOSR-88-099.
A.W. wishes to express his gratitude for the hospitality of
the QUEST- Center at UCSB during a sabbatical stay.
REFERENCES

1. see, e.g., D. Heitmann, Two-Dimensional Systems :
Physics and New Devices (ed. G. Bauer, F. Kuchar,
and H.Heinrich, Springer, Berlin) p 285 (1986)

2. for arecentreview, see.e.g., :W. Hansen, U. Merkt,

and J. P. Kotthaus, in Semiconductors and Semimetals,

(ed. R. K. Williardson, A. C. Beer, E. R. Weber), Vol.

35, (Academic Press, San Diego 1992) p. 279.

K. Kern, D. Heitmann, R.R. Gerhardts, P. Grambow,

Y. Zhang, and K.Ploog, Phys. Rev. B44, 1139 (1989)

T. Demel, D. Heitmann, P. Grambow, and K. Ploog

Phys. Rev. Lert. 66, 2657 (1990)

T. Demel, D. Heitmann, P. Grambow, and K. Ploog,

Phys. Rev. Lett. 64, 788 (1990)

K. Karrai, H.D. Drew, H.W. Lee, and M. Shayegan,

Phys. Rev. B39, 1426 (1989)

K. Karrai, X. Ying, H.D. Drew, and M. Shayegan,

Phys. Rev. B40, 12020 (1989)

A. Wixforth, M. Sundaram, K. Ensslin, J.H. English,

and A.C. Gossard, Surf. Sci. 267, 523 (1992)

A. Wixforth, M. Sundaram, K. Ensslin, J.H. English,

and A.C. Gossard, Phys. Rev. B43, 10000 (1991)

10. L. Brey, N.F. Johnson, and B.I. Halperin,

Phys. Rev. B40, 647 (1989)

11. J.C.Maan, Two Dimensional Systems:
Heterostructures and Superlattices (ed. G. Bauer, F.
Kuchar, and H.Heinrich, Springer, Berlin) p. 183
(1984)

12. W. Zawadzki, High Magnetic Fields in Semiconductor
Physics Il (ed. G. Landwehr, Springer, Berlin),

p. 220 (1989)

13. A. Wixforth, M. Sundaram, K. Ensslin, J.H. English,
and A.C. Gossard, Appl.Phys.Lert. 56,454 (1990)

14. M. Kaloudis, K. Ensslin, A. Wixforth, M. Sundaram,
J.H. English, and A.C. Gossard, Phys. Rev. B, in press

15. P.R. Pinsukanja, E. Yuh, E.L. Ansmar, E.G. Gwinn,
M. Sundaram, and A.C. Gossard,

Phys. Rev. B, in press
16. F. Stern, Phys. Rev. Letr. 18, 546 (1967)
17. G. Eliasson, I.W. Wu, P. Hawrylak, and J.J. Quinn
Sol. St. Comm. 60, 41 (1986)
18. D.B. Mast, A.J. Dahm, and A L. Fetter,
Phys. Rev. Lett. 54, 1706 (1985)
19. E. Batke, and C.W. Tu, Phys. Rev. B34, 3027 (1986)
20. F. Stern, Phys. Rev. Lett. 21, 1687 (1968)

e R A T o



