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We report the first infrared optical measurements of a two dimensional electron gas (2DEG) in
periodically modulated magnetic field. The 2DEG is produced using epitaxial regrowth on a corruga
surface, so that the component of an externally applied magnetic field perpendicular to the 2DEG is
tially modulated. Two active modes are observed, with intensities and frequencies which depend on
amplitude of the field modulation as well as the total external magnetic field. These modes arise fr
field modulation-induced coupling between the 2DEG magnetoplasmons. Calculations of the magn
plasmon band structure in a modulated field are in excellent agreement with the experimental data.

PACS numbers: 78.66.–w, 73.20.At, 73.20.Mf
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Band structure effects arising from periodic modulatio
can be observed in a wide range of a physical syste
Electron energy bands produced by the periodic poten
in a crystal, photonic band structures in systems with
riodic dielectric constants, and plasmons in charge den
modulated systems, are just some examples of system
which mode dispersions show energy gaps at the ed
of the Brillouin zone due to a periodic modulation. Th
effects of periodic electrostatic potentials on a two dime
sional electron gas (2DEG) have been extensively stud
theoretically and experimentally [1], and there is now
creasing interest [2–12] in the effects produced by a no
form of periodic potential—that produced by a period
cally modulated magnetic field (PMMF).

PMMF investigations to date have been largely the
retical. It has been predicted that the sharp Landau
els produced in the presence of a uniform perpendic
magnetic field become broadened by introducing a sm
periodic componentBm, and the width oscillates withB
[3]. At very low magnetic fields, when the periodd of
the modulation is comparable with the cyclotron rad
Rc, so-called commensurability oscillations are expect
and a series of subsingularities (van Hove singulariti
at the edges of the broadened Landau levels appear
which should produce splittings of the cyclotron res
nance (CR). ForRc ø d, new magnetoplasmon (MP
modes arising from the PMMF have been predicted th
retically [4,9,12], and variations in the electron wave fun
tion are expected to change the local occupancy of
Landau levels, producing a modulation in the local ele
tron density [4,11]. In the presence of large magnetic fi
modulations, this effect should produce a transition fro
a modulated 2DEG to an array of isolated wires [4].

Few of these theoretical predictions have been verifi
with experimental data confined to d.c. transport m
surements of commensurability oscillations in which t
PMMF was produced by evaporating stripes of either
perconducting or ferromagnetic materials on top of
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2DEG [6,8,10]. But experimental observations of the o
tical properties of a 2DEG in a PMMF have yet to b
reported.

Here we report the first optical measurements on
2DEG in the presence of a PMMF. We have investiga
the far infrared response of a 2DEG produced using e
taxial regrowth on the canted facets of an etched grat
structure so that it has a corrugated profile [13,14]; t
component of an externally applied magnetic field perp
dicular to the 2DEG is thereby spatially modulated, pr
ducing a PMMF without the need for partially obscurin
metal stripes. Two active modes are observed, with int
sities and frequencies which depend on the amplitude
the magnetic field modulation as well as on the total ext
nal magnetic field. The long period of the modulation
our structure (d $ 2 mm ¿ Rc) means that the direct ef
fects on the Landau levels themselves are not observa
Since no plasmon mode is observed atB � 0, implying
that the corrugated structure does not itself act as a gra
coupler, the two modes are interpreted as arising from
PMMF-induced coupling between MPs. We also pres
calculations of the MP band structure and absorption sp
tra in the presence of the PMMF, which successfully d
scribe all the experimental data.

The devices were fabricated on a (100) GaAs substr
and optical lithography was used to produce an array
equally spaced stripes of photoresist withd � 2 mm up
to d � 3 mm. Using an anisotropic buffered hydrofluori
etch,�n11�B �n � 5� facets were exposed after a vertic
etch of 95 nm. After hydrogen radical surface cleani
[15], a superlattice structure was regrown using mole
lar beam epitaxy on top of the patterned surface. 3
of GaAs were grown first, followed by 20 multilayers o
1 nm AlAs and 1 nm GaAs. The 2DEG quantum we
(QW) was then realized by growing 7 nm AlGaAs, 15 n
GaAs, 20 nm AlGaAs, a Si-doped (2 3 1018 cm23) Al-
GaAs layer 40 nm thick, and finally a 100 nm GaAs ca
ping layer. Since both�n11�B, n $ 3, and (100) planes
© 1999 The American Physical Society 4425
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are known to support electron gases [13,16], the 2DEG
produced after the epitaxial regrowth should be continu-
ous and periodically corrugated in one direction. Fig-
ure 1(a) shows an atomic force microscope (AFM) image
of the 2 mm period sample. The inclination of the facets
to the substrate was measured as a � 13± after the epi-
taxial regrowth.

In a 2DEG, the orbital motion is determined by the
perpendicular component of the magnetic field. The
2DEG shown in Fig. 1(a) experiences, in the presence
of a uniform applied magnetic field B, a perpendicular
component B� which is periodically modulated in the
direction perpendicular to the originally etched stripes.
The strength of this modulation can be tuned by changing
the angle b between B and the perpendicular to the
sample substrate, as shown in Fig. 1(b).

A squared mesa without any uncorrugated regions
was etched, and Ohmic contacts made to the 2DEG to
measure the resistance both along and perpendicular to
the corrugation for several devices characterized by a
different period. A flat QW was also grown as a reference
sample. Similar behavior was observed in all samples,
and we concentrate here on the data for the sample with
d � 2 mm, which had after regrowth a top (100) facet
�800 nm wide, a bottom (100) facet �600 nm wide, and
two lateral facets �400 nm wide, as shown in the AFM
image in Fig. 1(a). Magnetoresistance measurements on
the corrugated samples (at T � 3.3 K, with B up to 8 T,
and a bias current of 100 nA) verified the continuity of
the 2DEG, and that the resistances along and perpendicu-
lar to the corrugation were similar. Commensurability

FIG. 1. (a) AFM image of the d � 2 mm sample taken after
the epitaxial regrowth. (b) Component of the external magnetic
field B perpendicular to the corrugated 2DEG.
4426
oscillations were not observed because of the large period
of the sample. The optical measurements were performed
at T � 3.3 K with a Fourier transform infrared (FTIR)
spectrometer using unpolarized radiation. The devices
were wedged at 5± to avoid interference effects. The
relative transmission �2DT�T � 1 2 T �B��T �B � 0��,
or absorption, were recorded at various B and b to vary
the magnitude of the field modulation.

The uncorrugated reference sample shows a single
CR absorption peak at vc � eB��m� � eB cosb�m�,
corresponding to m� � 0.071me, e being the electronic
charge and me the free electron mass, as expected for
transitions between adjacent Landau levels and in accord
with Kohn’s theorem [17]. Changing b produced only
the expected reduction in vc arising from the reduction in
B�, confirming that introducing an in-plane component
of B does not affect the CR. (Another small peak at
112 cm21 was independent of b, and therefore not due
to absorption from the 2DEG.)

Figure 2(a) shows absorption spectra for the d � 2 mm
corrugated sample at B � 8 T and various b. For this
sample, SdH measurements gave a carrier density of Ns �
4.5 3 1011 cm22 after illumination with band-gap light.
A single peak at �100 cm21 is observed for b � 0±; this
shifts down in energy with increasing b, and a second
peak evolves on its high energy shoulder. The intensity of

FIG. 2. (a) Absorption spectra measured at various b. Con-
tinuous line, dashed line, and dotted line show spectra mea-
sured, respectively, at b � 0±, 15±, and 22±. (b) Peak positions
vs b; dots are experimental points, while continuous lines are
the lowest two modes obtained from Eq. (3) for various b.
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the high energy peak increases with b, as does the energy
separation between the two observed peaks. b � 22± is
the maximum angle usable without strongly affecting the
quality of the absorption spectra.

Figure 3(a) shows spectra for b � 22± at various B.
It is clear that the two modes are coupled: at B � 8 T
the intensities of the two peaks are similar, while with
decreasing B the intensity of the low frequency peak
increases and that of the high frequency peak decreases,
until, at B , 4 T, only the lower frequency peak is
observed. The separation between the two peaks also
increases with increasing B, as shown by the data points
in the dispersion diagram in Fig. 3(c). The splittings we
observe are very robust: increasing the temperature up to
T � 80 K produces only a decrease in the intensity and
an increase of the linewidth of the two peaks.

This coupling clearly shows that the two peaks are not
simply different CR modes on the different facets, and that
something more intriguing is going on. In particular, the
high energy branch in Fig. 3(c) clearly shows nonlinear
behavior and does not pass through the origin, indicating

FIG. 3. (a) Absorption spectra measured at b � 22± and
various B. (b) Absorption spectra A�v� calculated from
Eq. (4). (c) The data points mark the peak positions measured
at various B for b � 22±. Continuous lines are the lowest two
modes obtained from Eq. (3).
that it might be related to a magnetoplasmon (MP) mode.
A MP mode, normally optically inactive, could be excited
because of the periodicity of the PMMF, and its intensity,
determined by its degree of coupling to the CR mode,
should increase with the strength of the PMMF.

To model the optical response of the MP, and to calcu-
late its band structure in the corrugated samples in a uni-
form applied field B, we treat the 2DEG as if it were planar
rather than corrugated, and the external magnetic field as if
it were, in fact, periodically modulated as in Fig. 1(b). We
neglect the in-plane component of B which we know from
the reference sample does not affect the infrared spectra,
and also any contribution from the edges between the (100)
and the lateral facets where B� changes. We also ignore
any changes the corrugation may have on the electron-
electron interactions in the 2DEG since the facet angles
are relatively small (a � 13±), and assume that Ns for the
“fl at” 2DEG is uniform with a value given by the SdH
measurements. In this scenario we can define a local cy-
clotron frequency vc�x� � eB��x��m�, and we calculate
the MP band structure by assuming that the PMMF couples
together MP modes with wave vectors q differing by re-
ciprocal lattice vectors Gn � 2pn�d, n � 0, 61, 62, . . . .
In the absence of such coupling the MP dispersion with q
is given by

vMP�q� �
q

v2
c 1 v2

p�q� �

s
v2

c 1
Nse2q

2ee0m�
, (1)

where vp is the 2DEG plasma frequency in the absence
of B, and e � 12.5 is the average dielectric constant
of the system surrounding the 2DEG. The coupling
terms between modes with different q can be determined
by considering the spatial Fourier components of the
PMMF, i.e.,

Dij �
1
d

Z d

0
ei�Gi2Gj�xvmod�x� dx , (2)

where vmod�x� � vc�x� 2 vavg, vavg � eBavg�m�, and
Bavg is the average perpendicular magnetic field. The

Hamiltonian bH of the system, considering all the MP
modes coupled together, can be written asbHij � vMP �q 1 Gi�dij 1 Dij . (3)

The energy dispersion of the coupled modes are then
determined by calculating the eigenvalues of bH.

Figure 4 shows the MP band structure calculated for
b � 22±, with energy gaps at edges of the Brillouin
zone; the dots show the two modes at the zone center
which are observed in the infrared spectra. Continuous
lines in Fig. 3(c) show the v vs B dispersion for these
lowest two modes, calculated by including the coupling
terms up to jnj � 4 in Eq. (3); inclusion of higher order
modes produces a negligible effect. We show only the B
dispersion of the lowest two modes because the intensities
of the higher modes are very small; their only effect is
to add a tail on the high frequency side of the main
4427
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FIG. 4. Magnetoplasmon band structure for B � 8 T and
b � 22±. Dots indicate the two main optically active modes
observed experimentally.

absorption peaks [see b � 22± in Fig. 2(a)], without
affecting their positions. The effect of the strength of the
PMMF on the two peaks can also be determined from
Eq. (3) by varying b. Figure 2(b) shows experimentally
observed peak positions vs b (data points), and the
corresponding mode energies calculated from Eq. (3) for
various b (continuous lines).

It is important to note that the continuous lines in
Figs. 2(b) and 3(c) are calculated without any fitting pa-
rameters; all the physical quantities [Ns, d, Bmod�x�, m�]
used in the calculation have been determined experimen-
tally, and the agreement between the calculated curves and
the experimental data is excellent. The energy dispersions
calculated for various b for samples with different periods
d are also in excellent agreement with the corresponding
experimental data.

The infrared absorption spectra can also be calculated
from the response of bH in the presence of an external per-
turbation, the infrared electromagnetic field. We should
again note that the MP is not observed at B � 0, which
implies that direct coupling with the diffracted light pro-
duced by the surface modulation is negligible, and that the
MP mode is excited only via PMMF-induced coupling to
the CR-like mode. The absorption spectra can therefore
be determined by solving

� bH 2 bI�v 1 ig��C � Q , (4)

where C is the response of the driven system to Q,
the external driving force (the FIR electromagnetic field),
and bI is the identity matrix. The elements ui of Q

are given by the different spatial Fourier components of
the external electromagnetic field, and g represents the
energy broadening present in the real spectra. Since the
wavelength l of the infrared radiation is much larger than
d, and any diffracted fields resulting from the corrugation
are negligible, we take ui � di0, i.e., only the G � 0
4428
MP mode is directly driven. The absorption A�v� can
be then calculated from the imaginary part of c0, i.e.,
A�v� � �	c0
.

Figure 3(a) shows the infrared absorption measured
at b � 22± and various B, while Fig. 3(b) shows the
corresponding spectra calculated as described above;
here, we have introduced the broadening parameter
g � 2.5 cm21, which was determined from the linewidth
of the spectra at B � 8 T and b � 0±. This value of
g is also very similar to that measured for the uncorru-
gated sample under the same experimental conditions.
The agreement, in terms of peak positions and relative
intensities, is again excellent.

In conclusion, we have reported the first optical mea-
surements on a 2DEG in the presence on a periodically
modulated magnetic field. The absorption spectra show
two modes, with relative intensities and separation de-
pending on the strength of the magnetic field modulation,
as well as on the total external magnetic field. The two
modes have been interpreted as arising from coupling be-
tween magnetoplasmon modes due to the magnetic field
modulation. Magnetoplasmon band structure and absorp-
tion spectra calculations have been used to model all the
experimental results without fitting parameters, and the
agreement between the experimental data and the theory
is excellent.
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