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Using magnetocapacitance data, we directly determine the chemical potential jump at low
temperatures of about 25 mK when the filling factor traverses the spin gap=al and the cyclotron
gap aty = 2. The chemical potential jump for the cyclotron gap is found to increase proportionally to
the magnetic field with a slope that is determined by an effective }é@3%$m,. The data yield a spin
gap that also increas@soportionally with magnetic field and is described by an enhanced Landé factor
g = 5.2. This result has not been explained by existing theoretical models. [S0031-9007(97)03709-5]

PACS numbers: 73.40.Kp, 73.20.Dx

It is well known from early magnetotransport studiesThus, for determining gaps in the spectrum more direct
of Ref. [1] that in a two-dimensional electron systemexperimental methods are desirable.
(2DES) the spin gap is much larger than the single- In the present paper we directly measure the spin gap
particle Zeeman energy. The strong enhancement of the a 2DES by a capacitance technique on samples with
gap has been associated with electron-electron interactidield electrodes for controlling the electron density. The
effects [2—4] and is often described in terms of anenergy gap is deduced from the gate voltage dependence
effective “exchange-enhanced” Landé factor. In GaAfthe electron density in the 2DES. Up to a magnetic field
effective Landé factors are found that are roughly arof 16 T we find that the spin gap valuepsoportional to
order of magnitude larger than the bulk valgé = 0.44.  the magnetic field with good accuracy and corresponds to
According to the conventional theory [2], the effective ¢ = 5.2. This result cannot be explained by either the
Landé factorg should depend on the magnetic field model of exchange-enhancedfactor or the Skyrmion
as g « B~'/2. Following this model Smithet al.[5] theory.
indeed described relatively low-magnetic-field data from We use AlGaAs-GaAs single-heterojunction samples
Ref. [6], making allowance for considerable overlap ofwith a metallic gate on the crystal surface that contain
the Landau levels and the finite thickness of the 2DES. a highly doped 4 X 10'® cm™3 Si) layer with thickness

More recently it has been shown that taking account o200 A in the bulk of GaAs. This layer remains well
spin-spin correlations gives rise to a reduction of the spirconducting even at very low temperatures and serves as
gap that arises from formation of so-called Skyrmionsa back electrode. The inset of Fig. 1 displays a sketch
[7,8]—large distortions of the spin field including many of the bottom of the conduction band in our structure at
flipped spins. These are expected to be important aa positive biasV, applied to the front gate with respect
long as the Zeeman energy is small compared to th&o the back contact. The 2DES is field-effect induced
Coulomb exchange energy, i.e., in the weak-magneticin a way that is similar to Si metal-oxide-semiconductor
field limit. The Skyrmion concept has been tested usindield-effect transistors (MOSFET's). A blocking barrier
different experimental techniques like NMR and transportetween the gate and the 2DES is formed by a short-
measurements in tilted magnetic fields and under pressuperiod GaAs-AlAs superlattice capped by a thin GaAs
[9-11]. still, the information about the spin gap, which layer; this barrier is checked to be not transparent for
largely comes from activation energy measurements ielectrons over the range df, used in the experiment.
odd-integer quantum Hall states, remains restricted and wide but shallow tunnel barrier between the back
controversial (e.g., [6,10,11]). As a matter of fact, electrode and the 2DES is created by the weak residual
results of such experiments should be treated with care doping of the GaAs layer. Electron transfer across
because they yield a “mobility gap” which can, owing to this tunnel barrier establishes equilibrium between back
disorder, be very different from the gap in the spectrumcontact and 2DES.
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blocking! itunnel { | ' spatial electron charge distributions in the 2DES and the
barrier | ;barrier back electrode. In particular, they are not identical to
4L = /I'?ES ik ] the growth parameters of the epitaxial layers. Therefore,
/'/ we determinex, andx, from calibration experiments as
described below. Once the valueswpfandx,, are known
the dependenc&/(V,) is calculated from the measured
L % capacitance,, (V,) by integrating Eq. (2) [14].
y The capacitance&pign(V,) is determined from a fit
of the frequency dependence of the real and imaginary
current components at filling factar = 1 [12,13] for a
number of magnetic fields from 7 to 16 T [15]. The
obtained points including the values of the capacitance
. ' at vV, below the threshold voltage for the generation of
0.7 0.9 1.1 the 2DES are interpolated well by a straight line [13].
Vg V) The other calibration is made in a similar way to that
used in Ref. [14]. The gate voltage dependencex,pf

3.6

1.00 1.04

FIG. 1. Electron density in the 2DES as a function of gate; ; ; Hati
voltage in a magnetic fiel# — 8 T. A blowup of they — 2 1S obtained from the magnetocapacitance oscillations at

plateau region shows the way to determine the plateau widt® |0W magnetic field of~1T. Assuming thatx,, does
A sketch of the band diagram of the device is displayed in thé1ot change rapidly over the gate voltage regibVi; in
inset. which one Landau level is filled, we dedugg from the

integral form of the relation (2).
We have performed measurements on three differ-

The experimental method employed here to determinent samples with the gate are8200 um? for one of
the spin gap is based on the measurements of the elethem and870 um? for the others. We work in the fre-
tron density Ny, of a 2DES in a quantizing magnetic quency range 100 Hz to 10 kHz at magnetic fields up to
field as a function of gate voltage. In Fig. 1, we depictl6 T and temperatures25 mK. The amplitude of the
corresponding data that are determined from our capacac modulation ofV, does not exceed 1 mV and corre-
tance measurements as described below. At gate voltagsponds to the linear regime of response. To measure the
V, = 0.87 V andV, = 1.02 V plateaulike structures are ac current through the sample we employ a standard lock-
discernible that reflect the reduced density of states iin technique with a self-made low-noigeV converter.
the spin and cyclotron gaps, respectively: when the Fernirhe results obtained on all samples are similar.
level u lies in a gap of the energy spectrum, the 2DES Typical experimental dependence$(V,) are pre-
does not screen an incremental electric field so that sented in Figs. 1 and 2. Up to 1 K all the experimental
plateau arises in the dependen¥g(V,). The plateau data have been checked to be temperature independent.
width is obtained by linear extrapolation of the density
dependence as shown in the second inset of Fig. 1. If
the density of states in the center of the Landau levels is
sufficiently high, the extrapolated straight lines to a good
approximation reflect the geometrical capacitance given
by the distance between the front gate and the 2DES. If 41

the back contact and the 2DES remain in equilibrium, the N./ﬂ
plateau width directly reflects the jump of the chemical g =
potential between the centers of adjacent Landau levels, = ’
X Ap ot
AVg=x—g7, 1) T 2t 40 .
w 2]
where the quantities,, x,, are shown in the inset of Z,
Fig. 1.
From simple electrostatic considerations it follows 3.6 1(-)-‘8 E
[12,13] 0 . ! - -
dN. = dV xg C10W - Chigh 2 07 09 11
e VR 7 V, (V)

where Cio and Chigh = kA/x, are low and high fre- FIG. 2. Dependence of the electron density on gate voltage
quency limits of the device capacitance as measured be; 5 — 16 T. The plateau region fow = 1 is blown up.

tween the back electrode and the gate, ansithe sample  The inset shows the corresponding chemical potential jump
area. The dimensions, andx, are determined by the calculated from the thermodynamic density of states.

730



VOLUME 79, NUMBER 4 PHYSICAL REVIEW LETTERS 28 JLy 1997

" In Fig. 3 the chemical potential jump for the cyclotron
1 § gap atv = 2 is depicted as a function of magnetic field.
2 8 ] This linear dependence corresponds, taking account of the
g Zeeman splitting, to the effective mass valueOdf71m
12 0.1 WQ 3 7 (mo is the free electron mass) which is close to the
= 5 5 3 ] value of 0.070m, found in cyclotron resonance studies
Q U (meV) on similar samples [16]. Assuming that the deviation
é 8t - of the data from the straight line in Fig. 3 is due to
<]U experimental uncertainty, we can evaluate the accuracy
with which we determine the spin gap as presented below.
In the range of chemical potential jumps from 1.7 to
14 meV our procedure provides better than 10% accuracy
in determining gaps in the spectrum.
Figure 4 shows the behavior of the spin gap with
0 5' — 10 changing magnetic field. The range of magnetic fields
used is chosen so that the spin gap values fall within the
B (T) above indicated energy interval. To our surprise, the data
FIG. 3. Change of the cyclotron gap at= 2 with magnetic ~ are best described by@oportional increase of the spin
field. The behaviors of the thermodynamic density of states irgap with magnetic field.
the spin gap a8 = 16 T and cyclotron gap aB =3 T are In Fig. 4 we compare the data derived with the help
compared in the inset. of the above-described procedure with results of two
alternative methods for the determination of the chemical

Deviation of theN, value in the middle of the plateau Potential jump at filling factor» = 1. In the first

at integer filling factor from the calculated degeneracy off€thod, that, e.g., has been applied in Ref. [14], we
the Landau levels reflects the calibration procedure accigXtract from the experimental data the dependence of the
racy. The chemical potential jumps presented in Figs. 3n€rmodynamic density of states on electron density [13]
and 4 are determined by means of Eq. (1) from the pIateaﬁnd then calculate the chemical potential as a function

widths inN,(V,) data such as those in Figs. 1 and 2. of filling factor. The corresponding result f& = 16 T
is displayed in the inset of Fig. 2. Linear extrapolation

of the dependencg(v) at » < 1 and» > 1 as shown
. . . in the inset of Fig. 2 defines a jump of the chemical
A potential. We note that this method is less accurate. First,
A it requires for extrapolation a larger interval of filling
4l A ] factors. Second, the jumAw is much more sensitive
to the value ofx, and, third, the actual extrapolation
law is unknown [17]. In the second method we use
an empirical procedure to determine the spin gap. Here
oA 4 the thermodynamic density of statés'(u) at v = 1 is
a [ compared to the one at = 2 in different magnetic fields.
A u If the fields are chosen so that the gaps are equal, the
0 l dependence®*(u) can be expected to coincide. An
) E(rr?e\/) 2 example is given in the inset of Fig. 3. As seen from
' : Fig. 4, the data points obtained with the help of all three
10 15 . . .
B (T) methods are closg to a straight I|.ne. correspondlng to
the constant Landé fact@gr = 5.2. Within experimental
FIG. 4. Behavior of the spin gap at = 1 with changing uncertainty this behavior cannot be described by a square-
magnetic field. The values of spin gap are obtained from thgoot dependence as indicated by the dashed line in
plateau width (triangles), the conversion of the thermodynamlq:ig. 4.

density of states (diamonds), and the comparison of the Th b d i d d f th .
thermodynamic densities of states in the cyclotron and spin '€ ODSE€Ived linear dependence of the spin gap on
gaps (squares). Also shown is the spin gap value (dot) takefnagnetic field is very similar to that found in activa-

from optical studies [18]. The solid line corresponds to thetion energy studies [6]. According to Ref. [6], the acti-
effective Landé factog =~ 5.2. The dotted line is a square- vyation energy forv = 1 changes approximately linearly

root dependence drawn for comparison through the maximuMyith magnetic field over the range 1.2 to 8 T. The corre-
field point, which is expected from a simple theory, ignoring a

numerical factor. The inset displays the profile of the densitySPONdingg factor is about 7, which is appreciably larger
of states for the spin sublevels at= 1 in a magnetic field of ~as compared to the value observed here. The difference is

5T. likely to be due to particularities of the activation energy

16 1
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>
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