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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 atn  1 and the cyclotron
gap atn  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 mass0.071m0. The data yield a spin
gap that also increasesproportionally with magnetic field and is described by an enhanced Landé factor
g ø 5.2. This result has not been explained by existing theoretical models. [S0031-9007(97)03709-5]
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It is well known from early magnetotransport studie
of Ref. [1] that in a two-dimensional electron syste
(2DES) the spin gap is much larger than the sing
particle Zeeman energy. The strong enhancement of
gap has been associated with electron-electron interac
effects [2–4] and is often described in terms of
effective “exchange-enhanced” Landé factor. In Ga
effective Landé factors are found that are roughly
order of magnitude larger than the bulk valuejgj  0.44.
According to the conventional theory [2], the effectiv
Landé factor g should depend on the magnetic fie
as g ~ B21y2. Following this model Smithet al. [5]
indeed described relatively low-magnetic-field data fro
Ref. [6], making allowance for considerable overlap
the Landau levels and the finite thickness of the 2DES

More recently it has been shown that taking account
spin-spin correlations gives rise to a reduction of the s
gap that arises from formation of so-called Skyrmio
[7,8]—large distortions of the spin field including man
flipped spins. These are expected to be important
long as the Zeeman energy is small compared to
Coulomb exchange energy, i.e., in the weak-magne
field limit. The Skyrmion concept has been tested us
different experimental techniques like NMR and transp
measurements in tilted magnetic fields and under pres
[9–11]. Still, the information about the spin gap, whic
largely comes from activation energy measurements
odd-integer quantum Hall states, remains restricted
controversial (e.g., [6,10,11]). As a matter of fac
results of such experiments should be treated with c
because they yield a “mobility gap” which can, owing
disorder, be very different from the gap in the spectru
0031-9007y97y79(4)y729(4)$10.00
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Thus, for determining gaps in the spectrum more dire
experimental methods are desirable.

In the present paper we directly measure the spin g
in a 2DES by a capacitance technique on samples w
field electrodes for controlling the electron density. Th
energy gap is deduced from the gate voltage depende
of the electron density in the 2DES. Up to a magnetic fie
of 16 T we find that the spin gap value isproportional to
the magnetic field with good accuracy and corresponds
g ø 5.2. This result cannot be explained by either th
model of exchange-enhancedg factor or the Skyrmion
theory.

We use AlGaAs-GaAs single-heterojunction sampl
with a metallic gate on the crystal surface that conta
a highly doped (4 3 1018 cm23 Si) layer with thickness
200 Å in the bulk of GaAs. This layer remains we
conducting even at very low temperatures and serves
a back electrode. The inset of Fig. 1 displays a ske
of the bottom of the conduction band in our structure
a positive biasVg applied to the front gate with respec
to the back contact. The 2DES is field-effect induce
in a way that is similar to Si metal-oxide-semiconduct
field-effect transistors (MOSFET’s). A blocking barrie
between the gate and the 2DES is formed by a sho
period GaAs-AlAs superlattice capped by a thin GaA
layer; this barrier is checked to be not transparent
electrons over the range ofVg used in the experiment.
A wide but shallow tunnel barrier between the bac
electrode and the 2DES is created by the weak resid
p doping of the GaAs layer. Electron transfer acro
this tunnel barrier establishes equilibrium between ba
contact and 2DES.
© 1997 The American Physical Society 729
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FIG. 1. Electron density in the 2DES as a function of ga
voltage in a magnetic fieldB  8 T. A blowup of then  2
plateau region shows the way to determine the plateau wid
A sketch of the band diagram of the device is displayed in t
inset.

The experimental method employed here to determ
the spin gap is based on the measurements of the e
tron density Ns of a 2DES in a quantizing magnetic
field as a function of gate voltage. In Fig. 1, we depi
corresponding data that are determined from our capa
tance measurements as described below. At gate volta
Vg  0.87 V and Vg  1.02 V plateaulike structures are
discernible that reflect the reduced density of states
the spin and cyclotron gaps, respectively: when the Fer
level m lies in a gap of the energy spectrum, the 2DE
does not screen an incremental electric field so tha
plateau arises in the dependenceNssVgd. The plateau
width is obtained by linear extrapolation of the densi
dependence as shown in the second inset of Fig. 1.
the density of states in the center of the Landau levels
sufficiently high, the extrapolated straight lines to a goo
approximation reflect the geometrical capacitance giv
by the distance between the front gate and the 2DES.
the back contact and the 2DES remain in equilibrium, t
plateau width directly reflects the jump of the chemic
potential between the centers of adjacent Landau level

DVg 
xg

xw

Dm

e
, (1)

where the quantitiesxg, xw are shown in the inset of
Fig. 1.

From simple electrostatic considerations it follow
[12,13]

dNs  dVg
xg

xw

Clow 2 Chigh

Ae
, (2)

where Clow and Chigh  kAyxg are low and high fre-
quency limits of the device capacitance as measured
tween the back electrode and the gate, andA is the sample
area. The dimensionsxg and xw are determined by the
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spatial electron charge distributions in the 2DES and t
back electrode. In particular, they are not identical
the growth parameters of the epitaxial layers. Therefo
we determinexg and xw from calibration experiments as
described below. Once the values ofxg andxw are known
the dependenceNssVgd is calculated from the measure
capacitanceClowsVgd by integrating Eq. (2) [14].

The capacitanceChighsVgd is determined from a fit
of the frequency dependence of the real and imagin
current components at filling factorn ø 1 [12,13] for a
number of magnetic fields from 7 to 16 T [15]. Th
obtained points including the values of the capacitan
at Vg below the threshold voltage for the generation
the 2DES are interpolated well by a straight line [13
The other calibration is made in a similar way to th
used in Ref. [14]. The gate voltage dependence ofxw

is obtained from the magnetocapacitance oscillations
a low magnetic field of,1 T. Assuming thatxw does
not change rapidly over the gate voltage regionDVLL in
which one Landau level is filled, we deducexw from the
integral form of the relation (2).

We have performed measurements on three diff
ent samples with the gate areas9200 mm2 for one of
them and870 mm2 for the others. We work in the fre-
quency range 100 Hz to 10 kHz at magnetic fields up
16 T and temperatures*25 mK. The amplitude of the
ac modulation ofVg does not exceed 1 mV and corre
sponds to the linear regime of response. To measure
ac current through the sample we employ a standard lo
in technique with a self-made low-noiseI-V converter.
The results obtained on all samples are similar.

Typical experimental dependencesNssVgd are pre-
sented in Figs. 1 and 2. Up to 1 K all the experiment
data have been checked to be temperature independ

FIG. 2. Dependence of the electron density on gate volta
at B  16 T. The plateau region forn  1 is blown up.
The inset shows the corresponding chemical potential jum
calculated from the thermodynamic density of states.
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FIG. 3. Change of the cyclotron gap atn  2 with magnetic
field. The behaviors of the thermodynamic density of states
the spin gap atB  16 T and cyclotron gap atB  3 T are
compared in the inset.

Deviation of theNs value in the middle of the plateau
at integer filling factor from the calculated degeneracy
the Landau levels reflects the calibration procedure ac
racy. The chemical potential jumps presented in Figs
and 4 are determined by means of Eq. (1) from the plate
widths inNssVgd data such as those in Figs. 1 and 2.

FIG. 4. Behavior of the spin gap atn  1 with changing
magnetic field. The values of spin gap are obtained from t
plateau width (triangles), the conversion of the thermodynam
density of states (diamonds), and the comparison of
thermodynamic densities of states in the cyclotron and s
gaps (squares). Also shown is the spin gap value (dot) ta
from optical studies [18]. The solid line corresponds to th
effective Landé factorg ø 5.2. The dotted line is a square-
root dependence drawn for comparison through the maximu
field point, which is expected from a simple theory, ignoring
numerical factor. The inset displays the profile of the dens
of states for the spin sublevels atn  1 in a magnetic field of
5 T.
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In Fig. 3 the chemical potential jump for the cyclotro
gap atn  2 is depicted as a function of magnetic field
This linear dependence corresponds, taking account of
Zeeman splitting, to the effective mass value of0.071m0
(m0 is the free electron mass) which is close to th
value of 0.070m0 found in cyclotron resonance studie
on similar samples [16]. Assuming that the deviatio
of the data from the straight line in Fig. 3 is due t
experimental uncertainty, we can evaluate the accura
with which we determine the spin gap as presented belo
In the range of chemical potential jumps from 1.7 t
14 meV our procedure provides better than 10% accura
in determining gaps in the spectrum.

Figure 4 shows the behavior of the spin gap wit
changing magnetic field. The range of magnetic fiel
used is chosen so that the spin gap values fall within t
above indicated energy interval. To our surprise, the da
are best described by aproportional increase of the spin
gap with magnetic field.

In Fig. 4 we compare the data derived with the he
of the above-described procedure with results of tw
alternative methods for the determination of the chemic
potential jump at filling factor n  1. In the first
method, that, e.g., has been applied in Ref. [14], w
extract from the experimental data the dependence of
thermodynamic density of states on electron density [1
and then calculate the chemical potential as a functi
of filling factor. The corresponding result forB  16 T
is displayed in the inset of Fig. 2. Linear extrapolatio
of the dependencemsnd at n , 1 and n . 1 as shown
in the inset of Fig. 2 defines a jump of the chemic
potential. We note that this method is less accurate. Fi
it requires for extrapolation a larger interval of filling
factors. Second, the jumpDm is much more sensitive
to the value ofxg and, third, the actual extrapolation
law is unknown [17]. In the second method we us
an empirical procedure to determine the spin gap. He
the thermodynamic density of statesDpsmd at n ø 1 is
compared to the one atn ø 2 in different magnetic fields.
If the fields are chosen so that the gaps are equal,
dependencesDpsmd can be expected to coincide. An
example is given in the inset of Fig. 3. As seen from
Fig. 4, the data points obtained with the help of all thre
methods are close to a straight line corresponding
the constant Landé factorg ø 5.2. Within experimental
uncertainty this behavior cannot be described by a squa
root dependence as indicated by the dashed line
Fig. 4.

The observed linear dependence of the spin gap
magnetic field is very similar to that found in activa
tion energy studies [6]. According to Ref. [6], the act
vation energy forn  1 changes approximately linearly
with magnetic field over the range 1.2 to 8 T. The corr
spondingg factor is about 7, which is appreciably large
as compared to the value observed here. The differenc
likely to be due to particularities of the activation energ
731
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method because also atn  2 the measured gap exceed
the cyclotron splittingh̄vC by 40%. Since, in theory, the
gap values obtained by the activation technique may,
cause of disorder, be only smaller than gaps in the sp
trum, the actual origin of the discrepancy remains to
seen. We note that optical investigations yield values
the spin gap at filling factorn  1 and of the cyclotron
gap atn  2, 4 (see Figs. 38–40 from Ref. [18]), which
are consistent with our data (Fig. 4).

A simple estimate of the Coulomb exchange ener
e2ykl (l is the magnetic length) gives values that a
about an order of magnitude larger than the experime
tally determined spin gaps. Two physical mechanism
may lead to decreasing exchange energy: nonzero th
ness of the 2DES and the disorder broadening of quant
levels. With the 2DES thickness and the level width
adjustable parameters, Smithet al. [5] succeed in describ-
ing the magnetic-field dependence of the spin gap fou
in Ref. [6]. In our case, knowing the density of states w
easily find the width and overlap of quantum levels [13
The behavior of the density of statesDsEd atn  1 for the
lowest magnetic field used is shown in the inset of Fig.
One can see that the corrections to the exchange ene
due to level overlap do not exceed 1% atB $ 5 T. As far
as the finite thickness of the 2DES is concerned, it giv
rise to a considerable decrease in the exchange energ
high magnetic fields, while in the low-field limit its effec
is negligible. Hence, this mechanism alone fails to provi
an increase of the power of the theoretical square-root
pendenceDSsBd [19]. Obviously, the approach [5] does
not explain our experimental data at strong magnetic fiel

According to a recent model [7,8], Skyrmion-cause
modification of the excitation spectrum at odd-integ
fillings results in a stronger change ofDS with magnetic
field in the region of competition between the Zeema
and Coulomb energies. Measurements of the activat
energy in tilted magnetic fields [10] indicate that th
change of the spin gap attributed to Skyrmion effec
is smaller than 10% ifgmBByse2ykld $ 0.015. Using
this condition we estimate that in our experiment th
Skyrmion effects can be neglected atB $ 5 T.

In our opinion, the theory failure to explain the ob
tained experimental data is caused by the fact that
many-particle phenomena should be very sensitive to c
relations of a disorder potential which is present in re
systems. Thus, more theoretical work is needed tak
into account disorder effects.
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