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Fermiology of Two-Dimensional L ateral Superlattices
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We present magnetotransport experiments on high mobility two-dimensional electron systems
subjected to a weak, short period superlattice potential. The imposed periodic potential modifies the
contours of constant energy of the free electrons such that new clespdce trajectories, involving
magnetic breakdown, become possible. Their existence is heralded by a novel type of low-field quantum
oscillations.

PACS numbers: 73.20.Dx, 73.23.Ad, 73.61.—r

Tailoring the band gap along one spatial dimension bylation was introduced by means of patterned top gates.
stacking a skillfully chosen sequence of semiconductor§he miniband structure formation is manifested by modi-
with different band gaps to produce new materials and defied Shubnikov—de Haas oscillations (SdH oscillations) of
vices with modified electronic and optical properties hasstrikingly higher periodicity. While related modified SdH
reached a high degree of sophistication. Vertical superlaBscillations have been reported for transport experiments
tices are a well established example for altering the eleosn vicinal surfaces with 1D periodicity [4,5], their obser-
tronic properties and band structure. The dispersion in theation has been illusive in 2D lateral superlattices so far.
vertical direction is determined by the artificial periodicity The samples are prepared from a high-mobility GaAs-
and the coupling between successive quantum wells rathé&iGaAs heterojunction, located8 nm underneath the
than by the properties of the individual semiconductor lay-crystal surface. Prior to electron-beam lithography, the
ers [1]. Its generalization, that is, an artificial crystal with carrier densityny; and electron mobilityuw are 3.0 X
a tunable band structure in all spatial degrees of freedomi0'! cm™2 and 2.1 X 10° cm?/V's, corresponding to an
as the ultimate goal was envisaged in the 1970s. A twoelastic mean free patfy = 19 um. The samples are
dimensional electron system (2DES) on which a periodishaped into Hall bar geometries using standard photolitho-
square lattice potential is superimposed may be one posgiraphic techniques. The 2D lateral modulation potential
ble route to achieve this target. The period of the latticas implemented using a metallic top gate covering a grid-
and the amplitude of the periodic modulation are adshaped electron-beam resist layer, containing holes with
justable parameters to engineer the width of the minibanda diameter of approximatel§0% of the lattice period
and the minigaps [2]. Early attempts to realize and detect. This patterned resist layer, working as a template for
the electronic miniband structure on 2DES where the pethe metallic gate, has a thickness 10 nm. The lat-
riodic potential was introduced by grid-shaped top gategice period is eitherl00 or 120 nm. The average areal
displayed a modified conductance due to the superlatticelensity can be tuned by applying a bias voltage on the
but it turned out to be difficult to nail down clear miniband top gate. This bias voltage hardly affects the modulation
effects [3]. In order to resolve the miniband structure itstrength, because a strong intrinsic modulation is present
is necessary (i) to reduce the periods of the superlattice tdue to, e.g., mechanical stress originating from the dif-
length scales comparable to the Fermi wavelength of théerent thermal expansion coefficients of the patterned gate
electrons {50 nm in GaAs heterojunctions), (ii) to have and the semiconductor underneath [6]. Four-point magne-
a 2DES close enough to the surface in order to impose #resistance measurements were carried out in a dilution
sufficiently strong potential modulation via patterned toprefrigerator using standard ac lock-in techniques with the
gates, e.g., and (iii) to employ homogeneous, high moexternal magnetic field applied perpendicular to the two-
bility 2DES such that broadening due to impurities anddimensional electron gas.
inhomogeneities does not obscure the minibands. Here, For a120 nm lattice Fig. 1 depicts a typical measure-
we report clear evidence of the band structure inducedhent of the longitudinal resistanég, and Hall resistance
by a 2D lateral superlattice. The periodic density modu-R,, at zero gate bias. The following magnetotransport
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FIG. 1. Longitudinal resistance R,, and Hall resistance R,
for a 2D superlattice with period ¢ = 120 nm for two tempera-
tures [7]. The triangles indicate the flat band positions. The
top inset shows a sketch of the lateral superlattice on top of the
heterojunction [7].

phenomena can be observedin R,,.: awell devel oped posi-
tive magnetoresistance around zero magnetic field with
a saturation field By of 0.145 T and three types of 1/B
periodic oscillations. The latter can be identified more
clearly after replotting the data as a function of the in-
verse magnetic field, as shown in Fig. 2. At the higher
fields, in region 1, the influence of the modulation poten-
tial is strongly suppressed and the usual SdH oscillations
are observed. From their period A(1/B)sqy = 0.170 T~!
we extract an areal density of 2.84 X 10'' em™2. Inre-
gion 2, the SdH oscillations are superimposed on top of
the well-known semiclassical commensurability oscilla-
tions [8—10]. These display minima for the flat band
condition,

2R, = a(A — 1/4), (1)

where A is an integer and R. is the cyclotron radius.
Their period is A(1/B)rg = 0.682/T. Finaly, in region
3 unexpected oscillations show up with a distinct 1/B
periodicity A(1/B)nover = 0.313/T, which fits neither the
periodicity of the SdH oscillations nor the periodicity of the
commensurability oscillations for the given areal density.
Their amplitude is modulated by the above mentioned
semiclassical commensurability oscillations [11]. These
novel oscillations, reported in preliminary form previously
[12], are the subject of this Letter. It will be shown that the
miniband structure induced by the electrostatic modulation
needs to be invoked to account for these oscillations.
Moreover, there exists an intimate connection with the
mechanism of semiclassical magnetic breakdown [13,14].

The novel oscillations develop in the transition re-
gion between the positive magnetoresistance and the
onset of the SdH oscillations. Two models have been
put forward to describe the positive magnetoresistance
and its saturation. Previous experiments were best
explained within a classical model [15]. For magnetic
fields where the electrical force due to the modulation
potential is greater than the Lorentz force, electrons

may be trapped in the minima of the potential and
runaway orbits in rea space cause the positive mag-
netoresistance. It saturates when the magnetic force
exceeds the electrical force. A second approach, rele-
vant for the case at hand, is the semiclassical theory of
magnetic breakdown [13]. Electrons suffer Bragg reflec-
tions at the boundaries of the Brillouin zone defined by the
periodic potential. The free electron energy dispersion is
perturbed and displays energy gaps at these boundaries.
Under the influence of the magnetic field electrons move
on constant energy contours in k space. In real space
the corresponding path has the same shape, yet is rotated
by 77/2 and scaled by 7i/eB. As a consegquence of the
Bragg reflections, the motion of electrons at the Fermi
energy is modified and two classes of orbits coexist:
closed orbits and undulating open runaway trajectories
(Fig. 3b). Asintheclassica model, the latter enhance the
magnetoresistance. Transitions between these different
orbits would require the crossing of the energy gap at the
Brillouin zone boundary. This tunneling is made possible
by increasing the magnetic field [13]. The probability for
tunneling becomes significant when the cyclotron energy
hw,. reaches a value close to the relevant energy gap AE.
If the tunneling rate is sufficiently large, the positive mag-
netoresistance saturates. Electrons now predominantly
describe closed trajectories in k& space—resembling the
well-known cyclotron orbits for the case without modu-
lation—by crossing the gaps instead of tracing the open
orbits. This mechanism is called magnetic breakdown. It
was introduced in the context of bulk metals [14].

With the reappearance of free cyclotronlike orbits the
SdH oscillations develop. The Bohr-Sommerfeld quanti-
zation rule allows only closed orbits that enclose a quan-
tized amount of magnetic flux. Thisrestriction leadsto the
oscillatory behavior of quantities dependent on the density
of states at the Fermi energy, such as the SdH oscillations
in the longitudinal resistivity. Their period A(1/B) isin-
versely proportional to the area Ag in k space enclosed by
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FIG. 2. Magnetoresistance as a function of the inverse mag-
netic field [7]. There are oscillations with three different 1/B
periodicities. Triangles indicate flat band positions. The very
regular oscillations in region 3 have a new fundamental period
A(I/B)novel-
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FIG. 3 (color). (&) Miniband structure of the weakly modu-
lated 2DES with amplitude V, = 2 meV and period a =
100 nm of the modulation potential. The dashed line marks
the energy position of the Fermi section in the lower plot.
AE, and AE, are the main gaps at the Fermi energy due to
the modulation potential. (b) Fermi section at Er = 9.0 meV
in the repeated zone scheme. The small red area and the
large yellow shaded area determine the periodicity of the novel
oscillations and the SdH oscillations, respectively. The dark
and light shaded boxes in the lower left corner mark the first
and second Brillouin zones.

the Fermi contour:
2me 1

It will be shown that for the 2D lattice, prior to the
appearance of the regular SdH oscillations, a different
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closed orhit of constant energy Er with a smaller areais
more favorable and leads to the unexpected oscillations in
region 3 with larger periodicity.

Theoretically we describe the modulated 2DES in the
absence of a magnetic field within the effective mass
approximation by the Hamiltonian

pe o[ T )] @

with the effective mass m* and a phenomenologica po-
tential of amplitude V}y and lattice period a. To obtain the
energy spectrum the Hamiltonian H is diagonalized using
the basis of plane waves ¢k &) where G is areciprocal
lattice vector and k is a wave vector within the first Bril-
louin zone. Figure 3a shows an example of the miniband
structure calculated for a lattice with period ¢ = 100 nm
and modulation amplitude Vo = 2.0 meV. Two impor-
tant energy gaps open up at the Brillouin zone boundaries:
AE; and AE,. Interms of the plane wave expansion of
the electrostatic potential

V(r) =D Vge'©r, (4)
G

the larger gap AE; is determined by the Fourier coeffi-
cients V(=) and V(o.+1), whereas the smaller gap AE,
is related to V(= +1). For the assumed amplitude V, =
2.0 meV and the Fermi energy Egp = 9 meV, they take on
the values 0.5 meV and 0.25 meV, respectively.

The constant energy contours at the Fermi energy are de-
pictedin Fig. 3b using the repeated zone scheme. Because
of the appearance of energy gap AE; aong the boundary
of the first and energy gap AE, at the boundary of the
second Brillouin zone, the Fermi surface is broken up into
threeimportant sets of disconnected contours: closed orbits
(red colored) and two sets of undulating open contours that
run aong either the M-A (blue) or I'-M (green) and their
equivalent directions. In the limit of very weak magnetic
fields, the motion of electrons at the Fermi energy proceeds
exclusively along these continuous constant energy con-
tours and the observed positive magnetoresi stance around
zero magnetic field arises from electrons moving along the
open trgjectories. With increasing field, this condition is
relaxed and the finite probability for tunneling across the
energy gaps allows transitions between the different con-
tours. It modifies significantly the topology of the electron
trajectories. Electrons can first overcome the smaller en-
ergy gap AE,, which originaly prevented transitions be-
tween the red and green contours. Thereby aclosed pathis
formed. It is the above proposed orbit bringing about the
oscillationswith larger periodicity A(1/B)yover inregion 3
and encloses approximately half of the areain k space (red
shaded area in Fig. 3b) in comparison with the cyclotron
orbit for the case without 2D modulation. The larger yel-
low shaded areaindicates the size of this cyclotron orbit in
the unmodulated system. An orbit resembling this one is
aso possible in the modul ated system; however, it is com-
posed of segments of all three sets of contours. There-
fore, its execution would require, besides tunneling across
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FIG. 4. 1/B periodicity of the novel oscillations as a function

of the Fermi energy Er for two lattice periods a. Experimental
data are compared with the corresponding values from the
calculated areas enclosed by the smaller orbit in k space.

AE,, transitions between the red and blue contours sepa-
rated by the larger energy gap AE;. Thus, there is a
range of magnetic fields where the trgjectories encircling
the smaller area Aq,a;; rulethe transport propertiesand itis
this areathat determinesthe 1/B periodic oscillations here.
The experimentally observed periodicity agrees well with
the theoretical value obtained from the enclosed area in k
space in Fig. 3b. Beyond a certain critical magnetic field
the larger cyclotron orbits are restored and the regular SdH
oscillations show up.

To further support our interpretation the periodicity was
investigated as a function of carrier density n, by either
applying a bias voltage on the top gate or successive
illumination of the sample with an infrared light-emitting
diode. The results for two different lattice periods a are
depicted in Fig. 4. Our calculations show that the precise
amplitude of the modulation potential [16] does not alter
significantly the predicted value of A(1/B)yover as Well
as its dependence on the carrier density, since the effect
merely lives from the existence of energy gaps. The
modulation amplitude sets only the size of the energy gaps
and thereby the magnetic field range where the oscillations
occur. In thelimit of vanishing modulation amplitude the
area Agma11 1S given by

v

2 2
Asman(kp, a) = wk2 + 4(1) 4T kE - (—)
a a a

2 . T
4kg arcsin ke (5)
The resulting theoretical values (solid curves in Fig. 4)
for A(1/B)nover depend only on the lattice period a and
the carrier density ng via kg = /27ns. The agreement
is striking and makes a strong case for the theoretical
explanation, which does not require any fitting parameters.

In summary, we have studied the fermiology of 2D
superlattices and found unequivoca evidence for modi-
fications to the contours of constant energy. Hitherto

unobserved magnetoquantum oscillations mediated by
magnetic breakdown ensue. Our experiment opens the
way to study the quantum transport in bands defined
by externally tunable paramaters like the geometry and
modulation amplitude of the lateral superlattice.
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