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DENSITY OF STATES OF GaAs-AlGaAs-HETEROSTRUCTURES DEDUCED FROM TEMPERATURE DEPENDENT
MAGNETOCAPACITANCE MEASUREMENTS
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We have analyzed the density of states of a two dimensional electron
gas 1n a GaAs-AlGaAs hetereostructure by measuring the magnetocapaci-
tance in magnetic fields up to 6 Tesla at temperatures below 10 K.
The experimental data are well described by a Gaussian-like density
of states where the linewidth T' 1s proportional to vB.

Introduction

The energy spectrum of a two-dimensional
electron gas 1n a strong magnetic field consists
in the 1deal case of discrete Landau levels with
a degeneracy corresponding to the number of flux
quanta within the area of the sample. Scattering
processes lead to a broadening of the energy
levels. Several attempts [2-4,6,8] have been
made to determine the real shape of the density
of states (DOS).

The analysi1s of the quantized Hall resis-
tance of silicon MOSFETs i1ndicates that the
density of states at midpoint between two Landau
levels 1s nearly independent of magnetic field
{1]. Gornik et al. LZT measured the specific
heat of a GaAs-AlGaAs multilayer and found that
the data are best described by a Gaussian-like
density of states superimposed on a constant
background. Temperature dependent measurements
of the resistivity in the regime of the Hall
plateaus [3] confirmed the existence of a flat,
mobility dependent background between Landau
levels, but this method 15 restricted to measur-
ements in the tails of the Landau levels. Eisen-
stein et al. 4] fitted their magnetization data
with a Gaussian DOS. They found a magnetic-field
dependent Landau level width varying roughly as
YB but with a magnitude about four times larger
than predicted by the theory based on short-
range potential scattering [5].

Capacitance measurements seem to be a
straightforward method to obtain information
about the DOS | 6]. Varying the magnetic field,
changes in the DOS are reflected by oscillations
of the magnetocapacitance. Recently Smith et al.
| 6] tried to deduce the DOS from capacitance
measurements. They analyzed mainly the minima of
the oscillations at 1.3 K, but this method
failed at magnetic fields larger than 1.6 Tesla.
Moreover, they found a remarkable discrepancy
between the theoretical and experimental values
of the maxima 1n the DOS.

Measurements at higher temperatures and
careful interpretation of the data not only at
the capacitance minima but also at the maxima,
allow an extension of the analysis to higher
magnetic fields.

Theoretical background

The capacitance of a system consisting of
a metal-insulator (with 10ni1zed 1mpurties)-semi-
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conductor sandwich (e.g. Au-AlGaAs-GaAs-hetero-
structure) depends not only on the thickness of
the 1nsulator but also on the DOS at the semi-
conductor side and on parameters of the mate-
rial. The calculation of the capacitance 1s
based on a solution of the Poisson equation
which yields (Fig. 1) [7]
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Ly 1s the thickness of the AlGaAs layer, €, 18
the dielectric constant of the insulator, and K
takes into account fixed charges 1n the AlGaAs
layer and barrier heights at both i1nterfaces. At
Tow temperatures, carriers 1n both materials are
frozen out, so that K 1s a constant. VG 15 the
gate voltage, Ng denotes the carrier density n
the channel and’e 1s the elementary charge. Eq.
(1) can be rewritten as

e?L
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Differentrating Eq. (2) with respect to n, with
1n the variational approximations of Stern [8],
which take 1into account the n_ dependence of th
subband edge Eo, one obtains ?or the capaci-
tance

e
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where C 1s the measured differential capacitance
at a given magnetic field, Cp 1s the capacitance
of the 1nsulating AlGaAs layer, e¢ 15 the
drelectric constant of GaAs, z, 13 the average
position of the electrons 1n the channel, vy 1s a
constant numerical factor between 0.5 and 0.7,
and dn./d(Ep-E,)} 1s the thermodynamic DOS at the
Fermt ?evel, 1n the following denoted as dng/du.
The first two terms on the right hand side of
Eq. (3) are assumed to be constant 1n a magnetic
field, and thus changes 1n the capacitance are
directly related to changes 1n the thermodynamic
DOS of the 2DEG. At T=0 the total 1nverse
capacitance w1n a magnetic field can be expressed
as

) R S R U (4)
T~ T e2D, e2D

where C, denotes the value of the total capaci-
tance ag B=0, D 1s the DOS at the Ferm1 level 1n
the presence of a magnetic field and D, is the
DO0S within the lowest subband, equal to

2.9x10!'9% cm~2meVv=! 1n the absence of a magnetic
field. At finite temperatures D has to be re-
placed by dng/du.
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F1g. 1 Schematic diagram of the conduction

band edge (a) for a gated modulation
doped GaAs-AlGaAs heterostructure
showing the quantities used 1n the
derivations and schematic experimental
set-up (b)

Experimental results

The sample used 1n th1s study was a gated
(gate area 0.8 mm2, evaporated gold) GaAs-AlGaAs
heterostructure with a Hall geometry. For
capacitance measurements all the Hall contacts
were short-circurted and acted as a channel
contact. The carrier density at V=0, as given
by the periodicity of the capacitance oscilla-
tions was ng= 2.25x101'em=2 1n agreement with
Shubnikov-de Haas and low field Hall data and
the mobi1T1ty was 190,000 cm2/Vs.

The si1gnal was obtained by measuring the
voltage drops at the sample and a high precision
Boonton capacitance decade. Thi1s arrangement
allows both a precise determination of the phase
and the absolute value of the signal (see
Fig. 1). The frequency chosen for the
measurements was 223 Hz. Measurements between
22.3 Hz and 446 Hz showed no change 1n the
signal, The modulation amplitude was 5 mV, which
corresponds to a modulation of An_~4x10%m-2,
Further reduction of this amplituae showed no
change 1n the signal., At each temperature the
real part of the signal was monitored, and we
checked that the signal was always purely capa-
citive for C>C(B=0), even in the case of very
low temperatures (T= 1.64 K) and high magnetic
fields., Warming up and cooling down of the samp-
le 1ntroduced no change 1n the signal. The tem-
perature was stabi1l1zed 1n the presence of a
magnetic field by a capacitance temperature
controller and measured at B=0 with a calibrated
carbon-glass resistor. Temperatures below 4 2 K
were achieved by reducing the vapour pressure of
the surrounding liquid-helium-bath

The experimental results were compared
with calculations of C(B) assuming a Gaussian
plus a constant background DOS Dygq

-(E-(3+3)ho )?
D(E} = A-& . % expl———mr—5—) + Dy (5)

where the constant A 1s determined by the number
of electrons 1n one Landau level, T 1s the
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oroadening parameter of the Gaussian distribu-
tion, and w. the cyclotron frequency. For a
given electfon density n. (assumed to be con-
stant in the investlgatea temperature and
magnettic field range), magnetic field B,
temperature T, and DOS D(E) the position of the
Fermi level u 1s determined by solving
numerically the equation

ng = Z D(E) f(E-u)dE (6)

Then

dn

e - Z D(E) 4E{E-u) 4 (7)

1s calculated numerically, too. All energies are
taken relative to the subband edge E,. With the
temperature dependent form of Eg. (4? and Egq.
(7) one obtains C(B). Sptn splitting, which 1s
small compared to the cyclotron energy for GaAs,
1s neglected 1n the calculation.

Some further considerations are necessary
to fit the data using the expresstions above. The
minima and maxima of the measured capacitance
are connected to minima and maxima in the DOS 1n
the two-dimenstonal electron gas A minimum 1s
obtained when the Fermi level 1s between two
Landau levels. Additional calculations, assuming
a Gausstan distribution of the electron density
n., show that inhomogeneities strongly i1nfluence
tﬁe minima but not the maxima of the capacitance
at suffrcient high magnetic fields (> 1 Tesla).
Furthermore at low temperatures the capacitance
signal 1s no longer purely capacitive, 1f the
Fermt level position 1s between two Landau
levels (o =0). For th1s reason, 1t 1s advis-
able to concentrate on the maxima of the meas-
ured capacitance to fi1t the data.

F1g. 2 shows the capacitance data at dif-
ferent temperatures. Also shown 1s the fit to
these data assuming a linewidth T=0,37B[T][meV]
and a background of 3 6x10%cm~2meV-!, The value
of the constant background 1s obtained from
temperature dependent resistivity measurements
1n the regime of the Hall plateaus carried out
on the same material [9]. At all 1nvestigated
temperatures the calculated maxima of the ma-
gnetocapacitance are 1n excellent agreement with
the experimental ones up to 5 Tesla., A fit of
the experimental data with a magnetic field
1ndependent Tinewidth or a linewidth which dif-
fers from the assumed value by more than 10 %
was not possible. It should be mentioned that
the assumption of a vanishing background DU
broadens T only by about 10 % The depths o? the
measured minima at low temperatures are smaller
than the calculated ones as long as resistivity
effects in the channel are negligible (low B-
f1eld). This 1s attributed to i1nhomogeneities,
Their 1nfluence decreases with i1ncreasing tem-
perature. At higher magnetic fields the capaci-
tance signal at the minima 1s governed by the
small conductivity o which becomes Tess 1m-
portant at higher temperatures Therefore the
fi1t works well for minima and maxima of magneto-
capacitance at higher temperatures. The differ-
ence between experiment and calculation 1f only
one Landau level 1s filled cannot be explained
yet.

Actually not the carrier density ng but
the electrochemical potential 1s kept constant
during experiments., As the variation of ng only
influences the width of the maxima and minima
and not the absolute value of the magnetocapaci-
tance minima and maxima, the assumption of a
constant carrier density seems applicable to fit
the data. This will be discussed 1n more detatl
in a further publication.
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Experiment

Capacitance Signal C(B)-Co
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Fig. 2 Measured magnetocapacitance and
corresponding fit assuming a Gaussian
DOS with a broadening parameter =
0.37B[T][meV] superimposed on a
constant background DOS Dg=
3.6x10%cm-2ZmeV-1. For the sake of
clarity the curves are shifted
vertically

Summary

By measuring the magnetocapacitance i1n the
temperature range from 1.64 K to 9.3 K 1n magne-
tic fields up to 6.2 Tesla we have shown that
maxima 1n the DOS are directly related to maxima
1n the capacitance. The good agreement between
theory and experiment not only at one temper-
ature but also 1in the whole temperature range
confirms strongly our model. As the method is
sensitive to maxima 1n the DOS, magnetocapaci-
tance measurements and temperature measurements
of the resistivity 1n the regime of the Hall
plateaus - a method which 1s used for the deter-
mination of the DOS 1n the tai1ls of the Landau
levels - are complementary methods.
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Assuming a Gaussian DOS with a linewidth
F= 0.3/B[T][meV] and a superimposed constant
background of 3.6x10%cm-2meV-! we are able to
fit the magnetocapacitance data 1n the whole
temperature range 1.64 K<T<9,3 K for a sample
showing a mobility of 190,000 cm?/Vs. The result
1s summarized i1n Fig. 3, where the experimental-
ly deduced DOS 1s compared with the self-consis-
tent Born approximation (SCBA), assuming short-
range scatterers |[5].

Density of States at 4 Tesla
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Fi1g. 3 Compartison of the experimentally

deduced DOS with the theoretical curve
based on the self consistent Born
approximation (SCBA), assuming
short-range scatterers
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