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We present torque-magnetometry measurements of a bilayer two-dimensional electron 
gas (2DEG) with an inter-well barrier thin enough to enable a strong coupling between 
the quantum wells. We observe magnetization steps related to symmetric-anti-symmetric 
(SAS) transitions. Increasing the in-plane magnetic field leads to a reduction of the SAS 
splitting. Surprisingly, the heights of the magnetization steps related to Landau-level 
transitions are reduced relative to those measured for single-layer 2DEGs, suggesting 
that an in-plane magnetization component plays a role. Finally, at total filling factor 
v = 4, we observe an unidentified magnetization peak superposed upon the Landau-level 
step. 
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1. Introduction 

A two-dimensional electron gas (2DEG) in a perpendicular magnetic field B± is 
subject to Landau quantization. This quantization of the energy levels gives rise to 
sawtooth-shaped oscillations in the 2DEG magnetization. The oscillatory behavior 
of the magnetization has been predicted theoretically already in 1930 by Landau1 

and is now known as the de-Haas-van-Alphen (dHvA) effect. Because the oscilla­
tions are extremely small, it took years to develop techniques sensitive enough to 
measure the signals. The first measurements of the dHvA effect of many parallel 
2DEGs became possible just in 1983,2 and the sawtooth behavior was measured 
only recently in single 2DEGs.3 - 5 

The sawtooth-shaped oscillations in the magnetization are related to oscillations 
in the chemical potential \i of the 2DEG, which is at T = 0 K equal to the Fermi 
energy. Since the degeneracy eB±/h of the energy levels is dependent on the mag­
netic field B, the number of filled levels, i.e. the total filling factor i/, depends on 
B. At the magnetic field where an energy level empties, the Fermi energy jumps to 
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the level below; this step in the Fermi energy is directly reflected as a change A/x 
in the chemical potential. 

The chemical potential /x of the 2DEG is related to the magnetization by a 
Maxwell equation, which reduces to 

A/x = AM 
B N [ ] 

at the step A/x. The change in chemical potential is seen to be directly proportional 
to the change AM in the magnetization of the 2DEG.3 

An additional degree of freedom can be added to a 2DEG by using a bilayer, a 
system with two 2DEGs separated by a thin inter-well barrier.6 The two quantum 
wells are, therefore, strongly coupled and this coupling gives rise to an additional 
energy level splitting: each Landau level now consists of a symmetric and an anti­
symmetric state, which are each spin-split. The energy gap that is associated with 
this symmetric-anti-symmetric (SAS) splitting is denoted AS AS. The SAS splitting 
is electronic in nature and does not involve a direct change in spin or orbital angu­
lar momentum. However, because AS AS, representing a step in the Fermi energy, 
should give rise to A/x, we expect to observe this electronic splitting as an oscillation 
in the magnetization of the 2DEG. 

This paper presents the magnetization measurements we performed on a bi­
layer 2DEG using a torque magnetometer with optical detection.7 We observed the 
sawtooth-shaped oscillations related to Landau-level transitions and to enhanced 
spin transitions, and also steps reflecting the SAS transitions. Since an in-plane 
magnetic field B^ is known to influence ASAS,6,8 '9 we investigated the magnetiza­
tion of the bilayer for two different configurations, realized by mounting the sample 
at different angles. We will discuss the B^- and B-dependence of the observed SAS 
transitions, and we will explain why the measured Landau-level step heights are seen 
to be reduced relative to those observed for single-layer 2DEGs. Finally, we will fo­
cus on a peculiar peak, appearing in the magnetization on top of the Landau-level 
step at v = 4, of which the origin remains yet unknown. 

2. Experiment 

Our sample is an MBE-grown GaAs/AlGaAs double quantum well with a 25 A 
thick Alo.35Gao.65As inter-well barrier and an area of 0.78 x 0.64 cm2. After illu­
mination, the total electron density is ntotai = 7.4 * 1011 c m - 2 with a mobility of 
2-105 cm2 V - 1 s"1. 

The sample is mounted onto a thin wire of a home-built torque magnetometer7 

with the normal to the sample tilted an angle 6 with respect to the magnetic field 
direction. If the magnetization M is perpendicular to the 2DEG, M causes a torque 
r to be exerted on the sample: 

r = MB sin(0) (2) 

Here we conform to the definition used by Shoenberg10 that the magnetization M of 
a 2DEG equals its magnetic moment. The torque will rotate the sample, and, using 
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the back of the sample to reflect a laser beam, this rotation is detected optically as 
the displacement of the laser spot on a detector. The sample is mounted together 
with a current coil, which is used for feedback: by sending a current through the 
coil a magnetic moment is created that exactly counteracts the magnetization of 
the 2DEG. The 2DEG magnetization is now defined as the magnetic moment of 
the feedback coil, i. e. a directly measurable quantity. Operating our magnetometer 
in feedback mode offers the additional advantages that the sample stays in a fixed 
angular position and that mechanical oscillations can be damped actively. 

3. Resul ts and Discussion 

Figure 1 shows the magnetization of the bilayer as a function of total filling factor 
v = hnt0tai/eB± for the tilt angles 6 = 13° and 6 = 23°, measured at a temperature 
of 1.2 K. The magnetization is normalized to the total number of electrons iVtotai 
in the bilayer 2DEG. The steps in the magnetization that are visible in the figure 
originate from Landau-level (LL) and SAS (SAS) transitions. Enhanced spin (S) 
transitions are also indicated. At the given experimental temperature all Landau-
level and SAS steps have reached their saturation heights. 

We will first consider the SAS transitions. Although it is clear from thermo­
dynamics that any change in chemical potential, A//, is always accompanied by a 
corresponding change in the size of the magnetic moment of the 2DEG, it is still 
surprising to observe the purely electronic SAS transition as a step in the magneti­
zation of the bilayer. Figure 1 shows such SAS transitions at total filling factors 6, 
10 and 14 for both tilt angles. The heights AM of the steps, which are measures of 
the energy gaps AS AS = AM/N x B (see Eq. (1)), are smaller for the higher tilt 
angle, indicating that an increase in 0, i.e. an increase in in-plane magnetic field, 
decreases the coupling between the layers. A further observation is that, surpris­
ingly, the step heights are roughly independent of total filling factor, and, thus, of 
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Fig. 1. Magnetization of our bilayer as a function of total filling factor for two different tilt angles: 
6 = 13° (a) and 6 = 23° (b). The insets show enlargements of the steps at v = 4. 
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magnetic field. Therefore, ASAS must be strongly dependent on B (see Eq. (1)), 
contradicting the picture that ASAS is determined solely by the confining potential. 
This discrepancy is brought about by the assumption that ASAS is equal to A/i, 
which is only valid in the case of an ideal density of states (DOS). Nonetheless, our 
data show magnetization steps of a finite width, indicating that a background DOS 
is present with an average, constant fraction of states in the gap of 6% (determined 
using the approach described in Ref. 3). Figure 2 depicts the influence of the shape 
of the DOS. An ideal DOS of ^-functions leads to an infinitely sharp step, whereas 
a DOS consisting of a constant background and broadened peaks invokes a rounded 
step of finite width. The finite step width makes that the gap A/x = AM/N x B, 
deduced from the measured magnetization step AM, is smaller than ASAS. At 
higher filling factors the Landau levels are steeper, and, considering Fig. 2, it is 
clear that steeper Landau levels result in smaller steps AM/N x B, while ASAS 
remains constant. When we calculate AM, using the ASAS value of 1.6 meV from 
our self-consistent calculations and taking the finite step width into account, we find 
that we can reproduce the observed SAS step heights for 9 = 13°. For the larger 
in-plane magnetic field, 9 = 23°, a smaller ASAS value of 1.4 meV is needed to give 
results of the same quality. 

Landau-level transitions are observed at total filling factors 4, 8, and 12. The 
additional feature that is superposed upon the Landau-level step at v = 4 will be 
discussed in detail later. It is clear from Fig. 1 that the Landau-level step heights 
decrease with increasing v, A decrease of energy gap with increasing v is character­
istic for Landau-level gaps, since this gap increases linearly with magnetic field, and 
a further decrease in magnetization step height with v is caused by the non-ideal 
shape of the DOS, discussed in the previous paragraph on the SAS transitions. Fig­
ure 1 also shows us that all Landau-level steps are considerably reduced in height 
in comparison to those determined for a single-layer 2DEG with only one filled 
sub-band: for a single-layer 2DEG the step heights saturate to a magnetization of 

magnetic field magnetic field 

Fig. 2. Effect of the shape of the DOS (insets) on the transition from the anti-symmetric energy 
level (dashed line) to the symmetric energy level (thin solid line) for a DOS of (^-functions (a) and 
for one consisting of a background and broadened peaks (b). 
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2 iVtotai I^B a^ l ° w V^ whereas we find 0.7 iVtotai 1^% ^OI ^ e bilayer 2DEG. This 
height reduction cannot be explained by the two effects mentioned above, since these 
occur in both single-layer and bilayer 2DEGs. A step height decrease that is, how­
ever, typical for the bilayer is associated with AS AS: in a bilayer the Landau-level 
transition is a transition from the symmetric energy level in the higher Landau 
level to the anti-symmetric energy level in the Landau level below. Nevertheless, 
ASAS is too small to explain the observed large reduction in step height relative 
to Landau-level steps measured for single-layer 2DEGs. Since it is rather unlikely 
that the cyclotron energy itself is reduced, we have to take a closer look at which 
quantity we really measure in our experiment: the torque. The torque Y is given 
by Eq. (2), which is only valid if the direction of M is perpendicular to the 2DEG. 
If, however, the direction of M deviates an angle <j> away from the normal to the 
2DEG, the torque is given by 

T = MBsm(0-(f)) (3) 

Assuming <p = 0° then leads to an underestimation of the actual magnetization. 
We will now concentrate on the additional feature that is visible superposed upon 

the Landau-level step at v = 4. Magnifications of this step are shown in the insets 
in Fig. 1. At T = 1.2 K, the height of the additional peak measures 0.3 iVtotai l^% 
for 6 = 13° and it increases to 0.5 iVtotai 1^% ^OI ® = 23°. We observed the extra 
feature only at temperatures below 2 K, and we found that its height increases with 
decreasing temperature. We studied the sweep-rate dependence of the peak, and, 
since we did not observe any dependence on the sweep rate of the magnetic field, 
the results demonstrate that this peak is not due to an eddy current.11 We did, 
however, notice a dependence on the sweep direction. A typical example of v = 4 
is shown in Fig. 3 for both sweep directions; in both cases the additional feature is 
clearly visible. Since the height difference between the peaks of both sweep directions 
is smaller than the smallest of the two peaks, we are convinced that this feature 
presents a real magnetization signal. From a thermodynamical point of view such a 

1.0 

*^PQ 0.5 

S -0.5 

-1.0 
3.8 4.0 4.2 4.4 3.8 4.0 4.2 4.4 4.6 

v v 

Fig. 3. Typical example of a magnetization measurement for v = 4, where (a) shows the result 
for the positive sweep direction of B and (b) the result for the negative one. 
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peak in the magnetization hints toward an enhancement of the chemical potential 

just before the second Landau level empties. However, the physical origin of the 

effect still remains unknown. 

4. Conc lus ions 

We measured the magnetization of a bilayer 2DEG for two different tilt angles. 

We observe steps in the magnetization arising from SAS transitions, and we find 

tha t AS AS decreases with in-plane magnetic field, agreeing with the expectation 

tha t an in-plane magnetic field decreases the inter-layer coupling. When a DOS 

consisting of a background and broadened peaks is regarded, the observed step 

heights are accounted for by the constant AS AS values of 1.6 meV for 0 = 13° and 

1.4 meV for 9 = 23°. Furthermore, we observe Landau-level steps tha t are reduced 

in height relative to those measured for single-layer 2DEGs. We tentatively suggest 

tha t this reduction is caused by a magnetization component parallel to the 2DEG. 

Additionally, at temperatures below 2 K a peculiar peak is visible superposed upon 

the Landau-level step v = 4, and we observe tha t the height of this feature increases 

with decreasing temperature . We rule out the possibility tha t the magnetization 

peak is due to an eddy current, but we are not yet able to explain its actual origin. 
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