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Magnetic breakdown in periodically Si-doped GaAs
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The conduction band electronic structure in periodically Si-doped GaAs was studied by
Shubnikov —de Haas measurements in tilted fields of 0—14 T. The samples had a doping period of 140
A and 220 A, with a sheet carrier density per superlattice period of 2.8 x 10 cm and 2.2 x 10
cm, respectively. The periodicity and the intensity of the oscillations in the magnetoresistance, as
a function of the tilt angle, follow accurately the theoretical values obtained from a self-consistent
calculation of the Fermi surface. An extra period appears in the spectra when the magnetic-field
direction is tilted away from the axis of the superlattice, which is seen as a peak in the Fourier
transform of the oscillations. The angular dependence of the position and of the intensity of this
peak allows us to establish that it arises because of magnetic breakdown.

INTRODUCTION

The development of semiconductor epilayer growth
techniques has allowed researchers to obtain semicon-
ductor materials with a degenerate electron gas in which
the quantum-mechanical potential is tailored to achieve a
spatial modulation of the density distribution of free car-
riers. In periodically Si-spike-doped GaAs, sheets of sub-
stitutional Si atoms, described by an areal density Ng, are
introduced into equally spaced planes of the GaAs crys-
tal. The electrons released from the shallow Si donors are
confined by a periodic space-charge potential, of period-
icity equal to the spacing between the dopant sheets, a.
The conduction band electrons occupy a volume of phase-
space equal to sark&~, where k~ = 3+2ns/a, and n, = Nd
if Ng ( 2.0 x 10 cm . This volume of phase space is
centered around the I' point of the GaAs Brillouin zone,
hence the effective mass theory will be appropriate to de-
scribe the conduction band electrons, which can be seen
as an effective mass electron gas confined by a periodic
potential in one dimension. As pointed out by Koch and
co-workers, periodically Si-doped GaAs can be described
by its Fermi surface. 2 For the short-period superlattice,
the electric quantum limit can be achieved, in which case
the Fermi surface approaches a sphere. When the spac-
ing between the dopant sheets is increased, the number of
populated minibands increases, in which case the Fermi
surface will contain separate unconnected sections. The
gradual change in the shape of the Fermi surface which
occurs when the spacing between the donor sheets is re-
duced reQects the crossover ft.om a dimensionality of 2 to
3.3

Recently, experimental studies of periodically Si-
doped GaAsi and InAsi Sb /InSb strained-layer
superlattices5 by the Shubnikov —de Haas effect (SdH)

were performed, and the occurrence of magnetic
breakdown (MB) was suggested. In our previous
investigation, 4 magnetoresistance (MR) oscillations were
seen, which were tentatively attributed to the MB ef-

fect, although no extensive study was made. In the
present work the MB effect is investigated in the light of
self-consistent calculations of the Fermi surface for each
sample. The accuracy of the theoretical calculations is
demonstrated by the good agreement between the the-
oretical and experimental extremal cross sections of the
Fermi surface. The theoretical model also allows us to es-
timate the ftequencies of the MR oscillations associated
with the magnetic breakdown effect, and good quantita-
tive agreement is obtained with the experimentally ob-
served MB oscillatory magnetoresistance.

The MR oscillations were studied as a function of the
tilt angle (the angle between the magnetic-field direc-
tion and the axis of symmetry of the superlattice). The
Fourier transform of the experimental MR oscillations,
plotted in inverse magnetic field, displays peaks centered
at the fundamental magnetic-field values B~, which are
related to the extremal cross sections of the Fermi surface
in a plane perpendicular to the field direction A„through
the relation B~ = hA, /2vre. The Fourier peak positions
obtained &om the experiment are directly compared to
the calculated extremal cross sections of the Fermi sur-
face. The theoretical calculations included the exchange-
correlation correction in the local density approximation,
and the conduction band nonparabolicity; details of the
theoretical procedures are given in Ref. 3.

EXPERIMENT

The samples were grown on (100) GaAs undoped semi-
insulating substrates in a Varian GEN II molecular-beam
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epitaxy (MBE) system. An undoped GaAs buffer layer
was grown before doping. The intended doping level
was approximately Np 2.5 x 10 cm . The spac-
ing between the dopant layers was measured by a C—V
P4300 profiler, with an estimated error of +10 A. The
Shubnikov —de Haas measurements were made using a
four-contact geometry; the samples were approximately
square, with four contacts in the corners. The MR oscil-
lations were studied at a fixed temperature of T = 4.2 K
in magnetic fields up to 14 T. The sample holder allowed
for rotation of the sample, and the direction of the mag-
netic field relative to the superlattice axis was established
with an accuracy better than 1'. Hall measurements at
4.2 K were performed using the van der Pauw technique,
and the average Hall mobility was approximately 3500
cm /Vs for all samples.

RESULTS AND DISCUSSION

Figures 1(a) and 2(a) depict the MR traces of the sam-

ples studied (no. 1, with a superlattice period of a = 140
A. , and no. 2, with a = 220 A.), for a magnetic field
parallel to the growth direction (tilt angle 8=0). Figures
1(b) and 2(b) show the Fourier spectrum of the second
derivative (plotted in 1/B) of the oscillations shown in
Figs. 1(a) and 2(a), respectively. (The frequency, which
is the inverse of the period of the oscillations, is given in
units of T). For both samples, two periods are detected.
The Fermi surface can be represented by its rotationally
symmetric cross section, shown in Fig. 3 for both sam-
ples. In the theoretical calculation of the Fermi surface,
the input parameters were the superlattice period a and
the sheet carrier density ns. The carrier density ns was
the single adjustable parameter, used to obtain the best
match between the measured Fourier &equencies and the
calculated extremal cross sections of the Fermi surface.
The Fermi surface contains two separate sections: a cylin-
drical one, with a modulated cross section, due to the oc-
cupation of the fundamental miniband, and a lens-shaped
one, due to the occupation of the second miniband. For
sample no. 2, a small pocket due to electrons in a third
miniband is predicted theoretically; however, the energy
gap between the second and third minibands is only 0.7
meV, which is much less than the level broadening (see
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FIG. 2. Experimental trace of the SdH oscillations (a) and
Fourier transform (b) for sample no. 2.

below), and can be ignored. At 8 = 0', three extremal
circular cross sections exist: a "belly" at I(,=0 and a
"neck" frequency at k, = n/a, due to the modulated
cylinder, and the cross section of the lenslike surface at
k, = m/a, thus implying that three peaks should be de-
tected in the Fourier spectrum. It can be demonstrated,
however, that when the level broadening p is larger than
or approximately equal to the width I' of the miniband,
the belly and the neck cross sections will not be resolved
separately, but as a single oscillatory component, which
can be approximated by the average value of the belly
and neck cross sections. The level broadening at the
Fermi energy is related to the Dingle temperature T~,
which was estimated from the experimental MR traces,
through p = 7rk~T~. By bandpass filtering the Fourier
transform of the MR traces, each group of oscillations was
separated from the background spectrum, and for each
group TD was extracted &om the field dependence of the
amplitude of the oscillations; the numerical procedure is
equivalent to the one described in Ref. 8. This showed
that the level broadening was approximately equal to, or
larger than the calculated width of the first miniband,
thus making the belly and neck &equencies unresolved.
Table I summarizes the results of the calculations and
the measured level broadening for both samples.

The angular dependence of the Fourier spectrum for
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FIG. l. Experimental trace of the SdH oscillations (a) and
Fourier transform (b) for sample no. 1.

FIG. 3. Cross section of the Fermi surface for sample no. 1

(a) and sample no. 2 (b). Dashed lines show the breakdown
orbit at 8 = 90 . Vertical lines are the limits of the mini-
Brillouin-zone. Both figures enclose the same area of phase
space (0.05 A. ).
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TABLE I. Carrier density per superlattice period, as obtained from the analysis of the zero-tilt-angle SdH spectra. The
calculated width of the lowest-energy miniband (I') and energy gap to the next miniband (A). The Fermi energy Ez is given
relative to the bottom of the fundamental miniband. p~ and p2 are the values of the broadening of the Landau levels for the
first and second minibands, estimated from the SdH spectra for 8 = O'. Bo is the magnetic-field intensity which determines
the tunneling probability (see text).

Sample

No. 1
No. 2

SL period
a (A)

140
220

ns
(cm ')

2.8 x 10
2.2 x 10"

r
(meV)
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(meV)
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27.3

Ep
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pg ——xk gTD
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(meV)

5.7
5.2

m
heEF
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9.2

the sample no. 1 is shown in Fig. 4. The peak positions
detected in the spectra of Fig. 4 are shown by circles
in Fig. 5; the area of each circle is a measure of the
relative intensity of the corresponding peak. It is seen
that the high-frequency peak (due to the orbit in the
cylindrical surface) is displaced to higher fields as the tilt
angle increases, as expected for an open Fermi surface,
whereas the low-frequency peak (due to the extremal or-
bit in the lens-shaped surface), is displaced to lower fields,
also as expected. The theoretical angular dependence of
the position of these peaks, shown by solid lines in Fig.
5, is in excellent agreement with the experimental val-
ues. The dependence of the amplitude of the oscillations
on the tilt angle observed can also be described quanti-
tatively by the theory. As the tilt angle increases, the
cyclotron mass m, (0) =

2 && increases for the ex-p~ ~~, (e) .

tremal orbit in the cylindrical surface, which reduces the
cyclotron frequency, and when u, r ) 1, where w = h/pi,
is no longer attained within the range of Gelds in our ex-
periment (B & 14 T), the corresponding oscillations are
no longer detected experimentally. The cyclotron mass
was calculated theoretically, and we estimated the high-
frequency peak to vanish from our spectra when 0 ) 50',
in good agreement with the experiment. In contrast, the
cyclotron mass decreases for the orbit in the lens-shaped
surface, and the amplitude of the oscillations due to this

orbit increases, in agreement with the theory.
However, for sample Do. 1, for a tilt angle 8 larger than

40', a peak of &equency close to the high-&equency peak,
observed for 8 = 0', reappears in the spectrum, and at
0 = 90 attains an intensity comparable to the one de-
tected at 8 = O'. The reappearance of the high-&equency
peak was also seen for sample no. 2, although it is much
weaker than for sample no. 1, and the &equency was no-
tably lower than that of the 8 = 0' high-&equency peak.
The reappearance of the high-&equency peak when the
sample is rotated cannot be explained within the frame-
work of the semiclassical theory, which predicts only the
lens-shaped orbit for 8 = 90, and is attributed to the MB
effect. For electrons conGned by a one-dimensional peri-
odic potential, the theory of the MB effect was described
by Pippard and Stark and Falicov. The "closing net-
work" of coupled orbits consists of a pair of open orbits
[shown by arrows in the modulated cylinder section of the
Fermi surface in Fig. 3(a)], which are closed via smaller
linking orbits [shown by arrows in the lens-shaped section
of the Fermi surface in Fig. 3(a)], to give at MB a large
closed orbit [shown by dashed lines in Fig. 3(a)], whose
diameter exceeds the size 2m /a of the mini-Brillouin-zone.
If phase coherence of the electron wave function is main-
tained along the MB orbit, the closing network will give
rise to MR oscillations whose &equency is related to the
area enclosed by the orbit as before, i.e., By = hA, /27re.
The Geld and temperature dependence of the amplitude
of the MB oscillations in the transverse MR for the clos-
ing network was given by Young:
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FIG. 4. Angular dependence of the Fourier transform of
the SdH oscillations for sample no. 1. Peaks corresponding
to the semiclassical orbits in the cylindrical and lens-shaped
sections of the Fermi surface, and the breakdown orbit, are
indicated.

FIG. 5. Peak positions (circles) detected in the Fourier
transform for sample no. 1 (a) and sample no. 2 (b). The
solid lines are the extremal cross sections of the cylindrical
and lenslike sections of the Fermi surface. The dashed line is
the calculated area of the breakdown orbit.
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T 2w kg&(T + T~) Bo

)A —expB hu), B (B (Bp), No. 1

Q

where Bo ——
& & is the intensity of the magnetic

Geld at which the probability of tunneling between the
cylinder-shaped surface and the lens-shaped one, P =
exp( —Bo/B), becomes relevant. We find the MB oscilla-
tions to be well approximated by Eq. (1); however, we
could not estimate Bo from a fit of (1) to the experi-
mental oscillations because of the unknown value of TD.
TD is a measure of the scattering rate of electrons or-
biting in a plane perpendicular to the Si sheets, which
is different from Trp (Table I), which measures the rate
of scattering in an orthogonal plane. However, using the
theoretical parameters given in Table I, w'e can obtain
theoretical estimates of Bp = 8.3 T for sample no. 2, but
only 4.5 T for sample no. 1. Thus, the much stronger
reappearance of the circular orbits in the 140-A sample
at 8 90' than in the 220-A. sample is consistent with
the hypothesis of MB. Moreover, it can be seen that the
Fourier &equency corresponding to the breakdown orbit
is nearly the same as the semiclassical one for the sample
no. 1, whereas for sample no. 2 the breakdown Fourier
frequency is less than the semiclassical one. This is ex-
actly what we would expect, since for sample no. 2 the
electrons are more tightly bound to a given well, leading
to a larger deviation Rom the nearly-free-electron model
than for sample no. 1. As Fig. 3 shows, while for sample
no. 1 the breakdown orbit is nearly circular, for sample
no. 2 the orbit is elliptical, covering a smaller area than
the semiclassical orbit, predicted for 8 = 90 .

When the tilt angle is decreased &om 90', the tun-
neling of electrons through the gap in k space between
the open and closed semiclassical trajectories, Ak, will
persist as long as these trajectories can be linked by a
free-electron trajectory. Figure 6 shows the calculated
semiclassical trajectories as a function of the tilt angle
for sample no. 1. We Gnd that such a linkage can be
traced if 90' & 8 ) 40'; in this interval of values of 8,
the gap 6k changes weakly. These theoretical results in-
dicate that the MB effect should only be observed if the
tilt angle is greater than 40', and above this value of
8 the amplitude of the MB oscillations should be little
sensitive to the tilt angle, in good agreement with the
experimental observations.
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FIG. 6. Semiclassical electron trajectories (solid lines) for
sample no. 1, as a function of the tilt angle. Dashed lines are
the breakdown orbits for 90' and 60'. ki and kq are the wave
vector components perpendicular to the field direction.

CONCLUSION
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In summary, the good overall agreement between the-
ory and experiment, shown in this work, demonstrates
that the Fermi surface of short-period periodically Si-
doped GaAs can be modeled theoretically with a high
degree of accuracy. We have presented conclusive evi-
dence of the occurrence of the effect of magnetic break-
down in periodically Si-doped GaAs, which corresponds
very much to the idealized simplest systems of nearly
&ee electrons in a periodic potential in one dimension.
The observation of oscillations for the closing network
indicates that coherent magnetic breakdown takes place
in our samples. ' It is worthy of notice that magnetic
breakdown occurs when the electronic structure is in-
termediate between two and three dimensional, and the
Fermi surface is neither cylindrical (2D) nor spherical
(3D). The observation of magnetic breakdown in semi-
conductor superlattices, which can be shaped within a
wide range by adjusting the design parameters, makes
them promising for the observation of such effects as
nonlinear conductivity and quantum localization of elec-
trons under magnetic breakdown conditions, which are
predicted theoretically.
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