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We present far-infrared cyclotron resonance measurements on a strongly coupled symmetric 
GaAs/GaAlAs double quantum well sample. Cyclotron resonance is measured at several discrete 
wavelengths and tilt angles of the sample with respect to the magnetic field. The width and strength 
of the resonance peaks depend strongly on the tilt angle and the laser wavelength, demonstrating the 
complexity of this system. 

Keywords: Cyclotron resonance; far-infrared; double quantum well. 

1. Introduction 

Coupled Double Quantum Wells (DQW) consisting of two two-dimensional electron 
gases (2DEG), are exciting systems because the extra degree of freedom allows 
correlated electron states not possible in single quantum wells. For thin barriers the tunnel 
coupling between the two quantum wells leads to a splitting of the ground state in 
symmetric and antisymmetric levels, while for typical doping levels the particle 
separation in the layers is comparable to the barrier thickness. 
To study the level structure of such a system far-infrared (FIR) cyclotron resonance 
spectroscopy in tilted magnetic fields can be performed. Cyclotron resonance (CR) 
experiments on asymmetrically doped as well as symmetric shallow DQW have been 
reported in the past1'2'3 and analyzed in terms of semiclassical and perturbative quantum 
mechanical calculations4. In this paper, we report on cyclotron resonance experiments on 
a symmetric rectangular DQW sample in high magnetic fields. The DQW sample has 
been characterized by transport5'6 and magnetization7 measurements before. Due to a 
symmetric doping from both sides, the electronic wavefunction is distributed equally 
between the two wells. This leads to a nearly perfectly symmetric coupled DQW whose 
energy levels can be characterized rigorously. 
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2. Experiment 

Far-infrared radiation is generated in a molecular gas laser pumped by a C02-laser. This 
system is capable of producing several milliwatts of FIR radiation on discrete lines in the 
wavelength range between 35|J.m and 1200|J.m. The FIR radiation is guided into a probe 
in a 33T Bitter-magnet and the radiation transmitted through the sample is detected by a 
liquid He-cooled bolometer. Cyclotron resonance is measured as a change in transmission 
with magnetic field and normalized by the laser output power. We measure cyclotron 
resonance in a modulation doped double quantum well sample consisting of two 1 Onm 
wide GaAs quantum wells in GaAlAs, spaced by a 25A AlGaAs layer. The symmetric 
modulation doping of the outer GaAl As barriers provides a total electron concentration of 
n=3.9xl0~15 cm"2 with a mobility of 19 m2/Vs. The tunnel splitting between the symmetric 
and antisymmetric Eigenstates is ASAS=2.5meV, smaller than typical cyclotron energies 
but large enough to be considerably influenced in tilted magnetic field. 
In the experiments presented here, the sample temperature was held at 4K. The sample 
substrate was wedged to avoid etalon effects. 

3. Results and Discussion 

A typical set of cyclotron resonance data is shown in Fig. 1. The data was taken by 
sweeping the magnetic field for different laser wavelengths and several angles of the 
sample with respect to the magnetic field. Angles and wavelengths are indicated in the 
figure, where an angle of 0° indicates that the sample is perpendicular to the field. The 
traces consist out of single resonance peaks due to the cyclotron resonance of free carriers 
in the bilayer. The top trace shows the corresponding quantum oscillations from which 
can be determined that at e.g. 118|im the filling factor is 2.5. This means that the CR is 
dominated by transitions from the spin-degenerate symmetric state of the lowest Landau 
level (OS) to the US state in the next Landau level. These transitions are marked by the 
large arrows in the right panel of Fig. 1. A smaller contribution to CR stems from 
transitions between the only partly filled asymmetric state 0A to the 1A levels (small 
arrows in Fig. 1). 

In
t. 

J.
 M

od
. P

hy
s.

 B
 2

00
7.

21
:1

58
9-

15
93

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 R
A

D
B

O
U

D
 U

N
IV

E
R

SI
T

Y
 N

IJ
M

E
G

E
N

 U
N

IV
E

R
SI

T
Y

 L
IB

R
A

R
Y

 o
n 

11
/2

7/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Cyclotron Resonance in Coupled Bilayers in High Magnetic Fields 1591 

6 4 3 
1 p MM i • i • — r 

0 -
H 1- I I I I I I I 
699um 170um 118 urn 

(v=15) (v = 3.6) (v = 2.5) 
70um 

(v = 1.5) 

60 

40 

45° 

i • 

1A-

«-os-

> 

CD 

UJ 

4 6 8 

BnC0 

e d) 

Fig. 1. Upper panel: Resistivity pxx of the sample as a function of magnetic field. Total filling factors v are 
indicated on the top axis. 
Lower panel: Transmission of FIR radiation through the sample, divided by the laser intensity, as a 
function of perpendicular magnetic field. 
In the right panel we show the calculated energy level structure of the sample at 0° and at 45° near the 
resonance of 118 p.m (tilling factor 2.5) and the possible transitions. 

At very long wavelengths, the wedge angle of the sample is not large enough to 
completely avoid etalon effects, which can cause the bipolar shape of the 699|J.m curves. 
The narrow peaks at the low-field side of the 0° data is attributed to a spurious 2DEG 
with low carrier concentration in the sample and was not seen for other experimental 
conditions. From the CR data at 0° an effective mass for the free carriers of m*=0.072 is 
determined which is slightly higher than expected from non-parabolicity. The 
transmission minimum is close to 50% implying that for unpolarized light the cyclotron 
active circular polarization is almost fully not transmitted. Therefore, the linewidth (0.4T) 
for all wavelengths is determined by the carrier density rather than by the width of the 
resonance . 
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In tilted magnetic fields the CR peaks move to follow almost perfectly the cos(f>) 
behavior as expected for purely 2D systems. However the linewidth increases 
dramatically with photon energy at 45° as shown in Fig. 2. 

200 150 

12 16 
photon energy (meV) 

Fig. 2. Full width at half maximum of the CR peaks as a function of laser energy for 0° and for 45° tilt angle. 

In the right panel of Fig. 1 we show the calculated lowest four energy levels at 0° (where 
in-plane motion and z-quantization are decoupled) and at 45° where the Hamiltonian in a 
tilted magnetic field is solved exactly by brute force integration. The possible transitions 
are indicated by the arrows. A tilted magnetic field destroys the pure symmetry of the 
symmetric and antisymmetric levels and FIR transitions between all states indicated are 
in principle possible. However here, we only observed transitions from the OS to the 
quasi degenerate 1A and IS levels. The near degeneracy of these excited states 
demonstrates that the in-plane motion (cyclotron) is strongly coupled to the interwell 
motion, while this coupling is absent at zero tilt angle. Well width fluctuations lead to 
fluctuations in the subband energies, which at zero tilt angle are decoupled from the 
cyclotron motion and therefore do not contribute to the CR linewidth. However at high 
tilt angles these energies are coupled, in particular for the first excited state, and this can 
cause the strong broadening of the resonance. 

4. Conclusion 

We observed cyclotron resonance in a symmetrically doped rectangular double quantum 
well sample in tilted magnetic fields. Although transitions between symmetric and anti
symmetric states could not be observed, the dependence of the CR peak width and height 
on photon energy and tilt angle give a clear indication of the complexity of the level 
structure of our system. A large tilt angles a field dependent broadening of the resonance 
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line is observed which we attribute to the coupling of well width fluctuations to the 

cyclotron energy. 
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